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Abstract 

Guaranteeing the safety of populations within the built environment constitutes an essential 

aspect for the engineers. However, populations are more exposed to sudden-onset 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 surroundings. 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, risk-mitigating solutions were widely 

implemented by Civil Defence Bodies of different countries. However, the adopted strategies 

(e.g.: guiding people towards safe areas, provide them the first aid, improving buildings' 

strength) can result incoherent with the real emergency that may occur. Predicting 

environmental modifications (e.g.: damages) and human reactions (e.g.: evacuation choices) 

to such stimuli could allow intervening incisively on citizens’ safety levels. The present thesis 

delineates a methodological framework able to collect, assess, and predict the effects of all 

the risk-influencing 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 environment's physical vulnerabilities and human exposure-related factors are 

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

to having knowledge of urban centre criticalities that could impede inhabitants’ evacuation 

and, at the same time the rescue teams’ intervention. On such basis, effective risk-reduction 

solutions are tested on a post-intervention scenario by iterating again the outlined process. 

The elaborated workflow can support public administrations in emergency plans redaction. 

Meanwhile, the collecting data process (where the adopted methodologies can be replaced) 

can be employed in simulation-based activities aimed at scenarios prediction. Although this 

study takes widely into account the human-based approach, future works should 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 environments. 
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𝐴𝑟𝑢𝑖𝑛𝑠 𝑚2 Link area occupied by ruins and debris presence 

𝑁𝑎𝑣,𝑙𝑖𝑛𝑘  - The average number of pedestrians using the path 

%𝜎𝑁,𝑠𝑖𝑚 - Correction factor on pedestrian's link usage 

 𝑑𝐴𝑝𝑒𝑑,𝐸−𝐹 𝑚2 Average moving pedestrian's area (fixed at 1 𝑚2) 

𝑊𝑙𝑖𝑛𝑘 𝑚 The average width of the link 

𝐿𝑙𝑖𝑛𝑘 𝑚 The total length of the link 

𝐹𝑙𝑖𝑛𝑘 
- 

Interference between the evacuating pedestrians 

evaluating through the normalized flow along the link 

𝐿𝑂𝑆 𝑚2 𝑝𝑒𝑟𝑠𝑜𝑛⁄  Level of Service  

𝐴𝑒𝑓𝑓 
𝑚2 

Link effective area removing the inaccessible area and 

the area occupied by ruins 

𝑁𝑝 - Number of gathered pedestrians in a AA 

𝑆𝑎𝑟𝑒𝑎,𝑆𝐴𝐴 
 

The intrinsic safety level of a spontaneous assembly 

area 

𝐴𝑒𝑓𝑓,𝑆𝐴𝐴 

𝑚2 

The effective area of spontaneous assembly area 

removing the inaccessible area and the area occupied 

by ruins 

𝑊𝑆𝐴𝐴 𝑚 Width of the SAA from one side to another 

𝑊𝑐𝑒𝑛𝑡𝑒𝑟,𝑏 
𝑚 

Distance from the geometrical SAA centre and the 

interfering building side 

𝑑𝑟𝑢𝑖𝑛𝑠,𝑏 𝑚 The average depth of ruins along the link 

𝑁𝑎𝑣,𝑆𝐴𝐴 - Average simulated number of pedestrians in SAA 

𝑛𝑒𝑥𝑖𝑡𝑠 - The number of possible accesses to the area 

𝑆𝑝𝑎𝑡ℎ,𝑆𝐴𝐴 
- 

Represents the sum of all 𝑆𝑙𝑖𝑛𝑘𝑠,𝑆𝐴𝐴 normalized for the 

number of links that compose the rescuers’ access path 

𝑆𝑙𝑖𝑛𝑘,𝑆𝐴𝐴 
- 

The safety level of a link employed to reach a 

spontaneous assembly area by rescuers 

𝑛𝑙𝑖𝑛𝑘 
- 

Number of links that compose the rescuers’ access 

path 

𝐴𝑝𝑙𝑎𝑛,𝑡𝑜𝑡 𝑚2 Link total area 

𝐴𝑝𝑙𝑎𝑛,𝑖𝑛𝑐  𝑚2 Link inaccessible areas (e.g.: private courtyards) 

𝐴𝑒𝑓𝑓,𝑙𝑖𝑛𝑘 
𝑚2 

The effective area of links removing the inaccessible 

area and the area occupied by ruins 

𝑝𝑜𝑠𝑙𝑖𝑛𝑘 
- 

Assumed positions of the considered link inside the 

rescuers' path 

𝑛𝑙𝑖𝑛𝑘,𝑝𝑎𝑡ℎ - Total number of links composing the path 
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Chapter 1 

1 Introduction 

Recent natural disasters have rekindled the debate on inhabitant safety levels and the 

introduction of sustainable solutions to mitigate the risk and to make a more resilient Built 

Environment (BE). Sudden onset disasters such as earthquakes cannot be predicted, 

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 injuries can 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 consideration all those risk components that could drastically 

influence the evacuation process.  

Currently, widely encouraged are preventive action and the need for maintenance 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 instance, after the 

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 many studies have 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 of risk-reduction solutions are 

been proposed. However, these works should be aimed 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 time-consuming field surveys. Nowadays, 

emergency management and safety planners have to face the evacuation process by 

considering not only the BE elements but also their users (i.e.: citizens) at the centred of their 

solutions preferring behavioural-based approaches. Hence, typical and specific human 

behaviours performed in emergency conditions can heavily influence the evacuation. 

Additionally, the eventual presence in the BE of individuals with scarce familiarity with 

places or affected by physical impairments slows down the dynamics process towards safe 

points (e.g.: assembly areas) especially in the case of overcrowded open spaces conditions.  

On such basis, a complete and holistic workflow is here implemented to collect all the 

necessary data to create an urban emergency scenario the more similar to the reality. To this 

aim, simulation-based tools to detect the weaknesses of the Built Environment and the 

criticalities of the hosted population are employed. Finally, on such basis, resilient solutions 

to mitigate the risk and to improve the inhabitants’ safety levels can be adequately proposed 

and tested. 



 

2 

1.1 Background 

First of all, many studies [8–10] converge on the definition of the effective component that 

constitutes the risk. The formulation R=HVE provides the main risk components (i.e.: 

Hazard, Vulnerability and Exposure). Two of these (H and V), are widely discussed and 

analysed. The hazard is located at the centre of past studies regarding the physical entity of 

the natural events, the ways to measure their severity, and their effects on the environment. 

Although the hazard constitutes a fundamental element to take into account in this thesis, it 

will be not furtherly discussed. Vulnerability for instance, according to [11], is subdivided 

into physical vulnerability, as the vulnerability of the physical environment, and social 

vulnerability as experienced by people and their social, economic, and political systems. 

Social vulnerability is then subdivided into individual vulnerability (this study mainly 

focuses on) and collective vulnerability regarding the whole community. Finally, 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 services [9]. 

Physical vulnerability in earthquakes mainly concerns the physical and structural features of 

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 man-made structures and infrastructures 

(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 etcetera [3,12,13]. 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 analysis. 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 urban scale. Speed up 

the currently available processes to detect and assess BE elements' physical vulnerability is 

one of the main aims pursued in this work. 

Social vulnerability, according to [14], can include human-related factors such as physical 

features of individuals, their psychological and behavioural aspects, since these elements 

compose the “set of characteristics and circumstances” of individuals and communities 

towards the damaging effects of the considered disaster hazard. People’s characteristics (e.g.: 

age, gender, disabilities, difficulties in motion [6], health fragility [15,16], culture, 

socioeconomic status of the household [17]) and people’s response to the hazard [18] (e.g.: 

susceptibility, disaster preparedness, coping capacity, which also refers to their behavioural 

aspects and their reactions) can influence positively or negatively their propensity to be 

threatened by disaster effects [19]. These elements can be evaluated for the whole disaster-

prone community (collective vulnerability, e.g. evacuation and emergency management 

issues; social issues at the community scale) and the specific individual (individual 

vulnerability, e.g. behaviours, gender, age, health fragility, other features and motion 

quantities). In earthquakes, for instance, the exposure is strictly related to the presence of 

persons in a specific environment [20] 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 
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seismogenic sources). Recent literature [21–23] has started to analyse the behavioural-related 

issue of the human being under certain stressful conditions of risk. A large number of them 

are aimed at developing simulation models able [6,24,25] to predict human motion features 

and the overall evacuation dynamic. Such models have to be based on data retrieved from 

empirical experiments or detected from real emergencies recorded around the world. 

However, some limits are related to the practical employments of such simulation outputs 

and how advantageous instructions to emergency planners can be derived. 

Exposure is known as the presence and number of people, property, livelihoods, systems or 

other elements in hazard areas (and so thereby subject to potential losses)1. Moreover, the 

presence in stricken areas of industrial and manufacturing activities and commercial 

transportation systems could lead to economic losses and the interruption of productive 

capacity as a consequence of disastrous events[26]. However, such economic aspects are not 

encompassed in this thesis. In earthquakes, for instance, the exposure is strictly related to the 

presence of persons in a specific BE prone to such events [20] the occurring of additional 

situations can exacerbate the exposure (e.g.: high-density population areas, eventual presence 

of mass gathering events that contributes to giving origin to overcrowding conditions, and 

the proximity of such people to the risk sources). Exposure issues can also concern urban 

paths and areas when citizens pass through repetitively or when they remain there for a long 

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 instant. However, 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 

citizens’ 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 inhabitants’ life. In view of the above, widely debated literature 

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 starting from the collection of all risk-influencing 

factors from a holistic point of view, from both a Built Environment and behavioural-based 

perspective. Then, the same workflow can guide safety planners through the simulation of 

different scenarios able to implement 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, scenarios criticalities are evinced, 

specific interventions 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 can be considered the 

innovative and tangible contribution of this exhaustive work towards programmed 

emergency planning and evacuation management in adherence to the reality to make the 

environment where we live more resilient. 

 
1 https://www.preventionweb.net/risk/vulnerability last access 19/11/2020 

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


 

4 

1.3 Methodological framework 

The main aim of this thesis, according to Section 1.2 is to delineate a well-determined 

workflow to be followed during the entire process. To do this, the PDCA (Plan, Do, Check, 

Act) approach (described in Figure 1) is adopted as a general operational framework, which 

has been used by previous works for disaster safety and emergency management evaluations 

[27–29]. The work proposed below is developed following such steps. The presented 

methodologies elaborated by the author can be singularly considered as supporting works for 

the final implementation of the workflow. Different case studies will be employed for testing 

each developed methodology, the methodological framework here presented will be then 

implemented in an additional case study at the end of the thesis. Indeed, the methodologies 

described below are aimed at obtaining data on urban scenarios prone to earthquakes and to 

assess the interactions between individuals and: (i) the urban scenarios, buildings, and related 

earthquake-induced modifications, especially in relation to the evacuation path conditions 

(e.g.: debris formation due to damaged buildings and street network vulnerability); (ii) the 

emergency management system, including evacuation plan aspects (e.g. positions of 

assembly areas); and (iii) other individuals. Synthetically the workflow can be resumed as 

follow: 

• PLAN the action by creating scenarios for safety assessment analysis 

• DO by performing evacuation simulation 

• CHECK the safety levels by analysing simulation results 

• ACT by proposing risk reduction solution 

PLAN. The definition of possible emergency scenarios for urban centres should involve the 

characterization of the physical scenario. In order to speed up the urban scale application and 

the definition of different scenarios [30], the use of the more expedite collection, assessment, 

evaluation, and representation approaches is preferable. From the BE side, the developed 

methodologies in Sections 2.2.1 and 2.3.1 can support the data collection process to the 

scenarios creation task. The behavioural-based approach described in Section 3.2.1 allows to 

include exposure-related issues to quantifying human presence in the environment. 

DO. The evaluation of safety levels for the exposed population in immediate aftermath 

conditions should be performed by adopting validated evacuation simulation models and 

related software tools [6,31,32], that should jointly analyse both the earthquake-induced 

scenario modifications and the evacuation process. Regarding the evacuation process, it 

should be evaluated from the analysis of the individuals’ actions in earthquake-modified 

conditions that can be based on the considerations outlined in Section 3.1. 

CHECK. After simulation implementation, the quantitative analysis of their results is 

performed through Key Performance Indicators (KPIs). KPIs are essentially based on a 

human-centric metrics standpoint [33,34] and combine main factors to evaluate the scenario 

criticalities for both building vulnerability and damages, population and rescuers’ paths 

conditions in evacuation strategies and related safety levels. Such results can be represented 

through indexes for the overall urban fabric and represented through risk-maps to quickly 

localize specific risks for each urban component. 

ACT. The final step of this workflow is to consider the risk-mitigation strategies by 

implementing them to the initial scenarios by creating a post-intervention scenario and so to 

close the PDCA cycle by going back to the very first stage of the process. Proposed strategies 



 

5 

come from literature and experimental evidences-based, for example, concerning: building 

retrofitting interventions; evacuation planning (i.e. the position of assembly areas, rescuers’ 

access paths, evacuation path definition); preparedness and population awareness; and 

emergency management, including support to population (i.e. wayfinding signage 

implementation, the position of rescuers on the urban layout, etc.). 

 

Figure 1 The proposed operational framework according to the PDCA cycle [27,28]; image 

source: [29] re-elaborated by the author  



 

6 

1.4 Phases 

The work outlined below is organised in the following manner made by three main phases 

developed in the next three chapters (2, 3 and 4). After this first chapter (introduction), 

chapter 2 and chapter 3 collect a series of assessment and data collection methodologies 

subdivided into two main themes regarding 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 chapter 4. The methodological sections and 

the results are here outlined in the following way: (M) stands for Methodology and (R) for 

Results. 

1st Chapter. It contains the introduction, the background knowledge, and the presentation of 

the work aim that is expected in this thesis and the methodological framework to employed 

in the overall research activity; 

2nd Chapter. A large part of the present work is widely focused on the “Plan” step according 

to Section 1.3 above. In detail, this chapter contains the development and testing of rapid and 

easy-to-use methodologies necessary to assess and collect all the data needed for the scenario 

creation task. Here, the physical vulnerability assessing methodologies are provided from a 

Built Environment point of view: Sections 2.2.1 (M) and 2.2.2 (R) regard buildings related 

aspects, while Sections 2.3.1 (M) and 2.3.2 (R) investigate the availability of the urban paths 

network;  

3rd Chapter. Section 3.1 is deeply focused on human behaviours-related aspects influencing 

the emergency. While, in Sections 3.2 (M) and 3.3 (R) the Behavioural-based approach is 

presented. Sections 3.2.1 (M) and 3.3.1 (R) converge on individual vulnerability and 

exposure-related factors data collection.  

4th Chapter. Sections 4.2 (M) and 4.3 (R), try to give tangible employment of all the 

information and data about the risk-influencing factors evaluated above in order to conclude 

de PDCA cycle by “Doing, Checking and Acting” in the view of emergency management 

and planning from a holistic and reliable perspective. The outputted metric is aimed at 

pursuing the objectives declared in Section 1.2 by taking advantages of the propaedeutic work 

of the second and third chapters. 
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Chapter 2 

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 related safety issues 

for the hosted population (hence inhabitants and tourists), at the whole urban scale [35]. 

However, buildings are not the only elements to take into consideration. Indeed, the Built 

Environment (BE) can be defined as a network of (1) buildings (that could be monumental, 

with historic-artistic-cultural features e.g.: govern palaces, churches, monasteries, bell 

towers, obelisks, theatres, castles, triumphal arches and arch bridges, or ordinary, embodied 

by common dwellings or modern public facilities [36]), (2) open spaces (that are the main 

urban voids, such as squares) and (3) urban paths (facing buildings and connected open 

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

the earthquake-damaged scenario) [37–40]. Mutual interactions among such elements and 

specific factors characterizing historic centres could lead to exacerbating the urban fabric 

complexity in emergency conditions [13,39]. A synthetic and not exhaustive list of such 

aspects is here provided: a) interactions between buildings placed in the same urban block or 

even composing the same aggregate; b) urban fabric characterization essentially based on the 

narrow and tangled street network; c) possible related streets blockage due to debris 

formation; d) streets instability because of soil conditions; e) interferences with inhabitants’ 

and rescuers’ mobility in the immediate aftermath.  

From this overall perspective, inquiring the seismic vulnerability of buildings can assume a 

key role in emergency planning. Many methodologies have been developed in this direction 

with the aim to predict what are the possible earthquake-induced effects and damage at the 

full historical city centre scale. Among such methodologies [41,42], mechanical methods can 

provide accurate data on building features, vulnerability and possible damages (and 

mechanisms) [12], but, for wide-scale applications, they usually imply huge costs for surveys 

and specific analysis on buildings (mainly performed by high-trained technicians), and are 

very time-consuming [43]. Such an approach can easily collide with the scarce resources’ 

availability for local government authorities. On the contrary, empirical methods (including 

the macroseismic ones) can be quickly adopted at the 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 buildings database analysis (i.e.: the lowest detail limit is represented 

by building typology [7]). Although, data from indoor surveys should be needed (e.g.: walls 

distance, thickness and connections, foundations levels and types) [3,44] the present thesis is 
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aimed at demonstrating how qualitative information can be collected without in situ surveys. 

By applying and testing a “remote approach” reliable data for vulnerability evaluation are 

obtained [46]. 

Vulnerability assessment methods can support emergency planning by tracing vulnerability 

maps [44,47]. Such maps embody the role of providing a quick representation of which areas 

could suffer more significant earthquake-induced problems related to building features. 

Usually, they can be also linked with the aim to list intervention strategies with different 

priority on specific buildings [39].  

To do this with effective results, these maps should interest wide urban areas. However, a 

large part of the well-known and most reliable vulnerability assessment methodologies 

assume the single structural units2 that compose the buildings aggregate3 as the objectives of 

the analysis. Hence, transferring the inspection from single structural units to the whole 

aggregate without lacks in terms of vulnerability estimation could be considered a smart 

solution to speed up the evaluation process of the whole BE. A rapid model to convert the 

seismic vulnerability indexes of each structural unit (starting by the values obtained with this 

method [3]) into the seismic vulnerability index of the whole building aggregate is essential 

in this case [39]. Such rapid scale passage can reduce the requested of resources in money 

and time avoiding the application of additional methodologies inquiring aggregates 

vulnerability. Moreover, organizing information about vulnerability level at the scale of the 

aggregate could be useful to predict emergency path conditions in the aftermath of a 

disastrous event. 

Earthquake-induced modifications to the urban fabric can influence the effective safety levels 

for the population moving along evacuation paths and the related possibility to reach safe 

areas (e.g.: no possibility to reach assembly points because evacuation paths could be blocked 

by debris) in which individuals could receive the first responders’ support [28,48–50]. Debris 

formed from building collapse could be added to street pavement cracks or land failure by 

provoking additional risks for citizens’ evacuation and rescuers’ access to the damaged 

scenario [30,51–53]. According to a general risk assessment approach [8–10], the evacuation 

path risk depends on the combination between: 

• 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 the top of a hill) [54]; 

• physical vulnerability as a function of: intrinsic vulnerability, which relates to the 

elements composing the street itself, the related infrastructural elements (i.e.: street 

pavements, foundations, embankment, and lifelines) [55] and the interfering 

 
2 Structural unit (SU): The Structural unit must 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 by structural joints, or by structurally contiguous 

buildings but, at least typologically, different. (NTC2018 §.8.7.1) 

3 Buildings aggregate (Agg): «non-homogeneous set of buildings (structural elements), in contact or with a more or 

less effective connections, 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 Protection Department definition: http://www.protezionecivile.gov.it/ (last 

access on 19/11/2020) 

http://www.protezionecivile.gov.it/
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elements, such as underground structures) [52,56]; extrinsic vulnerability, 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 historic city centres (i.e.: 

narrow streets with high facing buildings; network complexity); 

• exposure conditions (i.e.: high density of citizen, tourists’ presence, mass-gathering 

events) [57,58]. 

Methods for estimating the influence of extrinsic vulnerability have been largely debated, by 

proposing different methodologies for building vulnerability assessment [59–61] as 

described above. Therefore, macroseismic methods seem to be more suitable for urban scale 

applications because their application is based on easy-to-detect building parameters [3]. A 

quick methodology for assessing the seismic vulnerability of paths network by considering 

interferences with building damages was also proposed [4]. 

On the contrary, few works inquired about intrinsic path vulnerability. Previous studies 

principally focused on paths’ network capabilities evaluating earthquake-induced effects in 

terms of variations on possible traffic flows or social-economic consequences generated by 

one or more unusable paths [62]. Other approaches dealt with particular structural features 

(i.e.: technical provisions, structural project, soil compaction rather than liquefaction) of 

highway networks systems, by focusing their attention on typologies whose presence in urban 

fabrics (especially in historical ones) is limited (i.e.: trenches, embankments, bridges) 

[53,63]. Other researches proposed to analyse the paths network by separately considering 

intrinsic and extrinsic vulnerabilities for each composing element [55]. The application of 

this methodology needs a detailed description of each path link, by including specific local 

surveys and related data collection processes 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 

response [2].  

The intrinsic vulnerability features have been also associated with their seismic response 

through fragility curves [64,65]. These curves describe the possibility for buildings, streets 

and pipelines to reach a certain damage state in correspondence to specific earthquake 

severity values (e.g.: Peak Ground Acceleration - PGA). In this way, the extrinsic 

vulnerability could be combined with the analysis of intrinsic one by means of combinations 

of earthquake-induced effects. Since this approach associates its fragility curve for each 

studied street element, it seems to be quite onerous for application to a wide-scale urban area. 

Concerning such description of street damages due to earthquake effects, simplified methods 

based on discrete damage scale for paths elements (called “Road Damage Scale“ - RDS) have 

been proposed [1]. Correlations between variables characterizing a seismic event (i.e.: 

magnitude, distance from the epicentre and hypocentre distance) and street damages were 

provided on real cases observations. Nevertheless, such approaches seem to overlook all the 

path risk-affecting factors. 

Finally, the method for path risk assessment developed by Task-4 of SAVE project activities 

[58] tried to give a preliminary comprehensive overview of the risk-affecting factors 

concerning the aforementioned emergency path-related issues. In general terms, this method 

(called “Cherubini’s method” in the following) is aimed at evaluating the seismic risk of the 

whole historical centre by defining the risk of each composing urban paths elements (i.e.: 
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streets; squares; crossroads). To this end, differently from previous studies, aspects involving 

paths structure and geometrical features are merged to the ones referring to paths conditions 

in terms of traffic and exposure (i.e.: establishing if the path is an interconnection route or an 

access route, if it is travelled in one-way, and evaluating its average traffic flow). Such 

aspects are then combined according to a weighted approach to defining the final path risk 

index. Cherubini’s method offers wide capabilities on how to collect and merge the risk-

affecting factors and innovatively includes path exposure issues, but it should be improved 

by including the local seismic hazard and the seismic effects on soil-related to the 

infrastructures. Currently, discussed improvements are recently reached only through the 

publication [39]. 

Other typologies of existing studies focusing on urban paths network after an earthquake are 

aimed at providing a quick methodology totally centred on emergency paths (that is the urban 

street) availability prediction in the immediate after the earthquake. The possible two status 

that could be occurred (depending on the interferences due to building debris) are: 

1.  “blocked”, when debris from a considered building completely occupy the facing 

path section;  

2. “clear”, otherwise.  

In this sense, the emergency plans should consider such conditions for each element of the 

path, to evidence which paths [66,67]: will have to be avoided because they could be blocked 

(unavailable) by debris; will maintain their usability allowing rescuers’ access to stricken 

areas and possible inhabitants’ evacuation in safe conditions. 

In the last decades, rapid solutions to esteem the probability that debris falling from 

surrounding buildings could partially or totally occlude the urban streets, are widely debated 

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

in the same case study [68]. Methods based on geometrical aspects are the simplest and quick-

to-be applied and they could be collected in the first group visible in Table 1. They generally 

consider that hazardous interferences (leading to possible paths blockage) are connected to 

streets local conditions where the ratio between buildings height (ℎ) and streets width (𝑊) is 

equal or higher than 1. This approach is codified in the analyses of the Limit Condition for 

the Emergency (LCE) of an urban settlement [48]. 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. A more restrictive geometrical algorithm is 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 not include buildings vulnerability or 

earthquake intensity/magnitude.  

Other approaches try to jointly combine the geometrical aspects to the vulnerability of 

buildings assessed through rapid and low-cost methodologies. The method of [69] 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 street). However, this approach does not directly determine a 

condition for paths blockage that leads to predict their inaccessibility. 

The second group of works involves two other alternative approaches that try to relate 

different factors (i.e.: geometrical features, earthquake intensity, and buildings vulnerability) 

proposing to assess the debris amount produced along the streets from facing buildings 
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through empirical relationships. For each building facing the street, these approaches 

calculate the debris percentage on the facing street QX [%] by jointly considering the effects 

of the moment magnitude associated with the seismic event and the building's vulnerability. 

In particular, macroseismic building vulnerability methods can be applied to ensure rapid 

implementation of the approach. For each building b, the multiplication between the 

calculated QX and the street width facing the considered building Wb [-] allows evaluating 

the effective debris depth 𝑑𝑟𝑢𝑖𝑛𝑠 [m] according to the following Equation (1): 

𝑑𝑟𝑢𝑖𝑛𝑠 = 𝑄𝑋 · 𝑊𝑏 (1) 

According to Equation (1) and the “blocked” path definition provided above, if the druins is 

higher or equal than the street width, the street is considered as “blocked”. Two different 

debris estimation criteria have been proposed by literature to calculate QX. The criterion 

suggested by [51], called debris estimation criterion 1 in the following, adopts the rapid 

methods of [2] to define the building vulnerability. Then, the quantity of building produced 

external ruins (QX1 [%]) is calculated through the experimentally based relationships 

reported in Equations (2) and (3): 

𝑉∗
1 = 𝑉𝐹𝑃 ∙ 𝑀𝑒𝑣 𝑀𝑒𝑣,𝑚𝑎𝑥⁄   (2) 

 

𝑄𝑋1(%) = {

0                                    𝑖𝑓 𝑉∗
1 ≤ 0.17

295.28𝑉∗
1 − 49.47         𝑖𝑓 0.17 < 

100                               𝑖𝑓 0.51 ≤ 𝑉∗
1

𝑉∗
1 < 0.51 (3) 

where VFP [-] is the normalized building vulnerability evaluated thanks to [2] and Mev is the 

earthquake moment magnitude of the event normalized for the maximum moment magnitude 

expected Mev,max. 

The criterion suggested by [70], called debris estimation criterion 2 in the following, takes 

advantages from the macroseismic building vulnerability method by [3], and additionally 

considers the building height/facing street width ratio to evaluate the debris percentage. It 

proposes to esteem the quantity of produced external ruins (QX2 [%]) from buildings through 

the experimentally based relationships reported in Equations (4) and (5): 

𝑉∗
2 = 𝑉𝐺𝐿 ∙ 𝑀𝑒𝑣 𝑀𝑒𝑣,𝑚𝑎𝑥 ∙ ℎ 𝑊⁄⁄  (4) 

𝑄𝑋2(%) = {
115.55𝑉∗

2      𝑖𝑓 0 ≤ 𝑉∗
2 < 0.87

100        𝑖𝑓 0.87 ≤ 𝑉∗
2

 (5) 

where VGL [-] is the normalized building vulnerability evaluated thanks to [3]. Although they 

can predict the debris depth, by allowing a punctual estimation of building-facing path 

interferences in a detailed way, these methods reliability is connected to their experimental 

database dimension. 

The third group of works in Table 1 gives the possibility of introducing in the path blockage 

prediction algorithm the evaluation of the damage grade suffered by buildings. The method 

proposed by [71] for reinforced concrete buildings and extended to masonry buildings in the 
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conference paper by [72] elaborating a methodology to plan safe paths in case of emergency 

predicting possible occlusion for Civil Protection interventions. Thanks to a GIS tool the 

work proposes the definition of two different buffer zone (equal to 1/3 of buildings height 

that suffers by the 4th damage grade and 2/3 of the height for the 5th damage grade) 

establishing a maximum probable distance that the ejected material can reach, in this way it 

is possible to predict which part of the street will be cluttered with debris. The study provides 

a novel buildings damage grade estimation method (according to the vulnerability classes 

depending on the type of structure [7]). Then, damage grades are assigned by comparing the 

vulnerability index of a studied building with the established vulnerability thresholds (one 

for the 4th and another the 5th damage grade) for each macroseismic intensity level. 

The macroseismic damages-based methodology proposed by [4] allows relating the building 

vulnerability to post-earthquake damage scenario prevision based on earthquake EMS-98 

intensity obtaining the related damage grades [7], according to a probabilistic approach 

associating the 95𝑡ℎ
 percentile of its cumulative distribution function [3]. In such conditions, 

the critical debris level can block the facing path also according to geometrical ratios as 

reported by Equation (6). 

𝐵𝑙𝑖𝑛𝑘 = {
𝐵𝑙𝑜𝑐𝑘𝑒𝑑, ∃ 𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔 ∊ 𝑝𝑎𝑡ℎ ∣ ℎ 𝑊⁄ ≥ 1 ˄ 𝑘95 ≥ 4 𝑔𝑟𝑎𝑑𝑒 𝐸𝑀𝑆98  

𝐶𝑙𝑒𝑎𝑟, 𝑒𝑙𝑠𝑒𝑤ℎ𝑒𝑟𝑒
 (6) 

This methodology requires the use of rapid detectable parameters (external inspection, by 

evaluating e.g. building typology, geometrical aspects, plano-altimetric irregularity) that can 

be obtained through “remote” inspections (e.g. by using photographic documentation and 

satellite sources) [46]. 

Finally, in literature is possible to find other methods that try to focus on out-of-plane walls 

failure modes combined to fragility curves [73] or probabilistic and fuzzy logic analyses of 

the potential interaction between building and roads [49]. Anyway, such models are complex 

since they require accurate on-site surveys (mainly: building geometry including data from 

internal inspections; building materials strength) to effectively produce a good estimation of 

a single failure model (out-of-plane). Hence, they are not applied to this study. 

Table 1 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 to [3]. 

Inquired 

methods 

Limit 

Condition 

for the 

Emergenc

y (LCE) 

Ferlito 

and 

Pizza 

Debris 

estimation 

criterion 1 

Debris 

estimation 

criterion 2 

Artese 

Achilli  

k95 

macroseismic 

damages-

based  

Grouped 

by type: 

(1) Geometric 

approaches 

(2) Debris formation 

criteria 

(3) Macroseismic damage-

based approaches 

Ref. [48] [2] [51] [70] [72] [4] 

Blocked h/W ≥ 1 h/(W/2) 

≥ 1 

druins ≥ W druins ≥ W Damage=4; 

1/3h ≥ W  
Damage=5; 

2/3h ≥ W 

ℎ 𝑊⁄ ≥ 1 ˄ 𝑘95
≥ 4 𝑔𝑟𝑎𝑑𝑒 𝐸𝑀𝑆98 



 

13 

Clear h/W < 1 h/(W/2) 

< 1 

druins < W druins < W Otherwise Otherwise 

Influenc

ing 

factors 

Geometric

al ratios 

Geometr

ical 

ratios 

Vulnerabil

ity, 

Magnitud

e, 

Geometric

al ratios 

Vulnerabil

ity, 

Moment 

Magnitud

e, 

Geometric

al ratios 

Damage 

grade as a 

function of 

Vulnerabilit

y, Intensity; 

Geometrical 

ratios 

Damage grade 

as a function of 

Vulnerability, 

Intensity; 

Geometrical 

ratios 

Advanta

ges from 

other 

studies:  

  [2] for 

vulnerabil

ity 

estimation 

[3] for 

vulnerabil

ity 

estimation 

[7] [3]  

2.2 About buildings 

2.2.1 How to speed up the buildings seismic vulnerability assessment through 

a low time and cost-consuming method 

As previously said, a “remote” approach is aimed at 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, photographs and aerial maps to perform remote rapid 

visual screening on examined buildings. In particular, data from Google Street View and 

Google Maps4 are here used. Anyway, this approach is not limited to employing only these 

tools. Indeed, other strategies to quickly collect information from buildings can be adopted 

by taking advantage of the application of different innovative technologies i.e., on-board 

cameras [74] or drone surveys [75,76]. 

Two well-known macroseismic vulnerability assessment methods (the Giovinazzi and 

Lagomarsino 2006 [3] and the Ferreira Vicente Varum 2014 [5]) are adopted in this thesis to 

verify the reliability of this approach and to quantify an eventual lack of information. To 

implement the second-mentioned method measure of façade geometry and area of wall 

openings for instance are required. In this sense, the remote approach tries to solve this data 

acquisition through images captured from Google Street View application. Then, such 

photographic material will be rectified and scaled. The rectification is conducted by using 

specific software (TriDmetriX5), while the scaling process is implemented through CAD 

elaborations starting from known measures assumed as benchmarks within the urban fabric. 

Needed geometrical information can now directly detected on such images with the CAD 

tool “Measure”. 

However, the application of chosen macroseismic vulnerability assessment methods 

(MVAMs) [3,5] through such a simplified approach, can affect the evaluation of some 

vulnerability influencing parameters by possible lack of information (i.e.: data connected to 

 
4 Google Maps direct link: https://www.google.it/maps/ last access: 19/11/2020. 

5 TriDmetriX rectification software website: http://www.tridmetrix.com/ last access: 19/11/2020. 

https://www.google.it/maps/
http://www.tridmetrix.com/
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indoor surveys and deep analyses). To overcome this issue, a conservative approach is 

proposed by “assigning” the worst related vulnerability-affecting factors condition as follow: 

• in Lagomarsino and Giovinazzi 2006: “Structural System” parameter is assumed 

equal to 0.04 [3];  

• in Ferreira Vicente Varum 2014: “Masonry quality” parameter is assumed equal to 

37.50; “Connection to orthogonal walls” and “Connection to horizontal 

diaphragms” parameters equal to 25.00 [5]. 

The “remote” approach reliability can be verified by making comparisons between the 

detected damage grades from a real-world event and the predicted damage grades obtained 

through vulnerabilities indexes outcoming from methods application by following the 

proposed approach on the same sample of buildings6. The effects on buildings of a recent 

earthquake7 are adopted thanks to both Satellite Grading maps of Copernicus European 

project8 and photographs9 (referring to the immediate aftermath). Both these damage grades 

are defined according to the European Macroseismic Scale EMS-98 [7] in discrete classes 

from 1 to 5 as reported in Figure 2. 

 
6 The considered sample suffered from the 2016 Central Italy earthquake, and in particular the Accumoli (RI) (42.70, 

13.23) earthquake, 03:36:32 (UTC+2), 2016/08/24, Mw=6.06. It is composed by 118 structural units in masonry 

building typology, whereas a part of these is collected in 22 historic aggregates and the other one is referred to 15 

isolated building. The whole sample is representative of European historical city centre. 

7 Seismic event information: http://cnt.rm.ingv.it/en/event/7073641 last access: 19/11/2020. 

8 Copernicus web portal: https://emergency.copernicus.eu/ last access: 19/11/2020. 

9 Images of buildings damages are collected from institutional web site: Corpo Nazionale dei Vigili del Fuoco 

http://www.vigilfuoco.tv/ last access 19/11/2020, Italian Civil Protection 

http://www.protezionecivile.gov.it/jcms/it/multimedia.wp last access 19/11/2020.  

https://it.wikipedia.org/wiki/UTC%2B2
http://cnt.rm.ingv.it/en/event/7073641
https://emergency.copernicus.eu/
http://www.vigilfuoco.tv/
http://www.protezionecivile.gov.it/jcms/it/multimedia.wp
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Figure 2 Damage grades scale for masonry typologies (source: EMS98 [7]). 

Meanwhile, Equations 7 and 8 define how to calculate the predicted damage grade from 

methods application. The mean damage grade µ𝐷 (0 <µ𝐷< 5) for the Lagomarsino and 

Giovinazzi 2006 [3] and the Ferreira Vicente Varum 2014 [5] methods, respectively, are 

given as a function of earthquake intensity 𝐼, of the vulnerability (respectively, VL for [3] and 
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VF for [5]), and of the ductility index 𝑄 (in this study, respectively, QL equal to 2.3 [3] and 

QF equal to 2.0 [5]). 

𝜇𝐷 𝐿 = 2.5 [1 + 𝑡𝑎𝑛ℎ (
𝐼 + 6.5𝑉𝐿 − 13.1

𝑄𝐿

)] (7) 

𝜇𝐷 𝐹 = 2.51 + 2.5 𝑡𝑎𝑛ℎ (
𝐼 + 5.25𝑉𝐹 − 11.6

𝑄𝐹

) (8) 

Either, to make the damage grades comparison immediate, MVAMs offer a possible 

estimation of expected discrete damage 𝑘 for a building of certain µ𝐷 through the Probability 

Mass Function (PMF) defined in Equation 9. It shows the probability 𝑝𝑘 that a building 

suffers from a damage 𝑘 according to EMS-98 degrees (0 to 5) [3].  

PMF: 𝑝𝑘 =
5!

𝑘!(5−𝑘)!
(
µ𝐷

5
)
𝑘

(1 −
µ𝐷

5
)
5−𝑘

, 𝑘 = 0,1,2,3,4,5 (9) 

For each building, predicted damage grades (calculated by applying each of the two 

MVAMs) considered in this study are: the most probable, according to a simplified approach 

[77]; the ones corresponding to the 95th (k95), 75th (k75) and the 50th (k50) percentile of its 

cumulative distribution function, according to a semi-probabilistic method [4].  

Reached this point, each predicted damage grade is compared to the real-world damage grade 

and outcoming comparisons are organized to evidence the percentage of cases for which: 

• predicted and real-world damages are equal; 

• predicted ones are higher than the real-world ones (it means “the MVAM 

overestimates the building vulnerability”); 

• predicted ones are lower than the real-world ones (it means “the MVAM 

underestimates the building vulnerability”). 

Percentages about differences among damage grade classes are also calculated. According to 

a conservative approach in damage prediction [70], the “more reliable” method is the one 

that: 

• does not underestimate the earthquake-induced damage; 

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

predicted damage grade.  

Finally, the best performing MVAM according to the remote approach is selected to be 

employed in the subsequent phase of this thesis. 

Assuming that the “remote” approach can be adopted to speed up the data collection process 

to assess the seismic vulnerability of buildings an additional passage of scale should be 

implemented to take under control wide urban areas. Various attempts to individuate a 

formulation that rapidly permits to pass from available (because already evaluated according 

to the most reliable MVAM that will be outlined from previous consideration) vulnerability 

index of single structural units (𝑉𝐿,𝑆𝑈 𝑜𝑟 𝑉𝐹,𝑆𝑈) to a unique seismic vulnerability index for a 

building aggregate (𝑉𝐿,𝐴𝑔𝑔  𝑜𝑟 𝑉𝐹,𝐴𝑔𝑔). Moreover, it is necessary to specify that, for this 

evaluation phase each vulnerability index from the applied MVAMs has to be normalized by 
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considering the related absolute maximum values (according to their references are adopted 

1.02 for [3] and 275 for [5]). To reduce the length of this section, equations in the following 

are reported only for the aggregate vulnerability assessed by the Lagomarsino and Giovinazzi 

2006 method (𝑉𝐿,𝑆𝑈 and 𝑉𝐿,𝐴𝑔𝑔), but the same hold for Ferreira Vicente Varum 2014 method.  

The first idea to consider to establish this formulation could be to propose the highest 

vulnerability value among the structural units composing the aggregate itself (𝑉𝐿,𝐴𝑔𝑔,𝑀𝑎𝑥) as 

the seismic vulnerability index of the whole aggregate. This significant simplification could 

lead to an important overestimation of the aggregate vulnerability, especially in case of great 

vulnerability values differences between the structural units composing the aggregate.  

Considered this, an alternative idea can otherwise assume the average value of the 

vulnerability indexes of all the structural units within the aggregate (𝑉𝐿,𝐴𝑔𝑔,𝐴𝑣𝑒). However, in 

this case, the influence of some structural units could be overestimated while others could be 

underestimated, leading to a sensible inaccuracy 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 follows: 

• by considering the covered area of every single structural unit (𝐴𝑟𝑒𝑎𝑆𝑈) within the total 

covered area of the aggregate (𝐴𝑟𝑒𝑎𝐴𝑔𝑔), as shown in Equation 10. However, in the case 

of two structural units with equal covered area, the influence of differences in height or 

number of storeys is not considered, by limiting the effectiveness of vulnerability-

induced effects in earthquake aftermath (e.g.: debris generation depending on building 

heights and consequent obstruction of facing escaping path within the historic centre 

[70]). 

𝑉𝐿,𝐴𝑔𝑔,𝐴𝑟𝑒𝑎 = ∑ [(𝐴𝑟𝑒𝑎𝑆𝑈 𝐴𝑟𝑒𝑎𝐴𝑔𝑔⁄ )𝑉𝐿,𝑆𝑈]
𝑛

 (10) 

• by considering the ratio between the volume of every single structural unit (𝑉𝑜𝑙𝑆𝑈) and 

the one of the whole aggregate (𝑉𝑜𝑙𝐴𝑔𝑔), as reported in Equation 11. 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 vulnerability like a structural 

unit with the same vulnerability level but with more extended dimensions. 

𝑉𝐿,𝐴𝑔𝑔,𝑉𝑜𝑙 = ∑ [(𝑉𝑜𝑙𝑆𝑈 𝑉𝑜𝑙𝐴𝑔𝑔⁄ )𝑉𝐿,𝑆𝑈]
𝑛

 (11) 

The proposed ratio on volumes in Equation 11 could generally produce differences in 

aggregate vulnerability assessment in respect to the ratio on areas in Equation 10. Anyway, 

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 ones organized 

on urban narrow lots), such differences could be not influent. Hence, some basics statistics 

are proposed in the employed sample to understand how the results could be influenced by 

such aforementioned aggregates features. Statistical analysis is conducted on the per cent 

differences 𝛥𝐴
𝑉⁄
(%) obtained for each structural unit through Equation 12:  

𝛥𝐴
𝑉⁄
(%) = |(𝐴𝑟𝑒𝑎𝑆𝑈 𝐴𝑟𝑒𝑎𝐴𝑔𝑔⁄ ) − (𝑉𝑜𝑙𝑆𝑈 𝑉𝑜𝑙𝐴𝑔𝑔⁄ )|/(𝐴𝑟𝑒𝑎𝑆𝑈 𝐴𝑟𝑒𝑎𝐴𝑔𝑔⁄ )  (12) 
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Finally, a further approach is based on Equation 11, but it tries to include further aggregates 

features connected to differences among the composing structural units (i.e.: main typology, 

number of composing units), as shown by Equation 13: 

𝑉𝐿,𝐴𝑔𝑔 = (
∑ [(𝑉𝑜𝑙𝑆𝑈 𝑉𝑜𝑙𝐴𝑔𝑔⁄ )𝑉𝐿,𝑆𝑈]𝑛

𝑑
) ∗

1

𝑞
 (13) 

where vulnerability values of structural units belonging to the same aggregate are summed 

and weighted on volumes ratio. Coefficient d is introduced to increase vulnerability index 

depending on the presence of structural units having different masonry typologies (Equation 

14). This parameter considers the main (more frequent) masonry typology within the 

aggregate and evidences the number of structural units having different ones. At the same 

time, 1/𝑞 can be seen as a corrective factor > 1, that takes into account the number of 

structural units within one aggregate: higher the number of composing structural units, higher 

the possible impact of interferences among them, and thus the final vulnerability value. In 

this way, for aggregates composed by only 1 structural unit, this parameter does not have to 

increase the vulnerability value, thus 1/q = 1 (Equation 15). 

𝑑 = {

    1                  𝑖𝑓 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑎𝑙 𝑢𝑛𝑖𝑡𝑠 ℎ𝑎𝑣𝑒 𝑡ℎ𝑒 𝑠𝑎𝑚𝑒 𝑚𝑎𝑠𝑜𝑛𝑟𝑦 𝑡𝑦𝑝𝑜𝑙𝑜𝑔𝑦

 1 −
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑎𝑙 𝑢𝑛𝑖𝑡𝑠 𝑓𝑟𝑜𝑚 𝑝𝑟𝑖𝑛𝑐𝑖𝑝𝑎𝑙 𝑡𝑦𝑝𝑜𝑙𝑜𝑔𝑦

𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑎𝑙 𝑢𝑛𝑖𝑡𝑠 𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑛𝑔 𝑡ℎ𝑒 𝑎𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒

 
(14) 

1/𝑞 = {

    1                  𝑖𝑓 𝑜𝑛𝑙𝑦 𝑜𝑛𝑒 𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑎𝑙 𝑢𝑛𝑖𝑡 𝑖𝑠 𝑝𝑟𝑒𝑠𝑒𝑛𝑡

𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑎𝑙 𝑢𝑛𝑖𝑡𝑠 𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑛𝑔 𝑡ℎ𝑒 𝑎𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒

𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑎𝑙 𝑢𝑛𝑖𝑡𝑠 𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑛𝑔 𝑡ℎ𝑒 𝑎𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒 − 1

 (15) 

As for Equation 10 and Equation 11, Equation 13 is additionally valid for both building 

aggregates and single buildings (since the final value is reduced to 𝑉𝐿,𝑆𝑈 𝑜𝑟 𝑉𝐹,𝑆𝑈 itself, d=1 

as well as the corrective factor 1/𝑞) by extending the capabilities of MVAM by proposing a 

unique theoretical definition.  

Among the different approaches of the attempts proposed above, now the one that registers 

the capability to manage this scale passage without an excessive loss of accuracy in 

vulnerability estimation has to be determined. This preliminary validation can be solved by 

making comparisons between the novel aggregates vulnerability index obtained through the 

Equation above (i.e.: maximum index (𝑉𝐿,𝐴𝑔𝑔,𝑀𝑎𝑥), average index (𝑉𝐿,𝐴𝑔𝑔,𝐴𝑣𝑒), (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 method to make the comparisons 

evaluates the seismic vulnerability directly of the whole building aggregate. It is named 

SISMA [24] and has been proposed by Mazzotti 2008. Here, the vulnerability index is 

obtained from an algorithm based on the evaluation of 10 independent parameters reported 

in Table 2. They underline the differences between the real aggregate and an ideal regular 
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condition, the more these differences are considered the more every single parameter assumes 

a higher value. Then, each parameter contribution (𝑣𝑝) (maximum range from 0 to 1 

according to the Mazzotti 2008 method) is weighted on its importance (𝑤𝑠) to calculate the 

vulnerability index 𝑉𝑠 [-], according to Equation 16. 

𝑉𝑠 = ∑𝑣𝑝 ∗ 𝑤𝑝

10

1

 (16) 

However, its application follows in this thesis the “remote” approach by applying the worst 

vulnerability conditions to the parameters below form a conservative point of view: 

“Construction age or last intervention date" and “Presence of buildings without box 

behaviour” that they cannot be remotely retrieved without local surveys. Finally, the 

aggregate vulnerability index is normalized on a scale from 0 to 100 by dividing it by a fixed 

value previously established by the method and equal to 5.4 (this value represents the 

maximum value of Vs from Equation 16).  

Table 2 Vulnerability-influencing parameters are reported for assessment vulnerability 

method by Mazzotti 2008 (SISMA) specifying also their assignable range of variation (𝑣𝑝) 

and their weights (𝑤𝑠). 

 
Assessed parameters 

Contribution 

range (𝑣𝑝) 

Weight 

(𝑤𝑝) 

1 Volumetric differences in elevation 0-0.6 1.0 

2 Planar volumetric differences 0-0.6 1.0 

3 Maximum differences between the number of building floors 

and the average number of floors 
0-1 0.6 

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 non-box 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 

The effectiveness of possible correlations between aggregates vulnerability indexes obtained 

through proposed attempts and the others (outcoming from the SISMA method) is then traced 

on the same sample. Such comparisons are based on the possibility to define an increasing 

regression line, by verifying its double goodness through the Regression Coefficient analysis 

(𝑅2) and the Pearson Correlation Coefficient (𝜌) [79]. Simple linear regression models, if 

they exist, are to be preferred in this study according to previous approaches [51] and to have 

coherently simple correlations to be used. In addition to the main regression line (𝑀𝑅𝐿), other 

two trend lines are also highlighted: the monotonic increasing regression function on 

maximum values (𝑀𝐼𝑅𝐹𝑚𝑎𝑥) and the one on minimum values (𝑀𝐼𝑅𝐹𝑚𝑖𝑛). These last two 

functions are obtained interpolating only those 𝑉𝐿,𝐴𝑔𝑔 − 𝑉𝑆 pairs that are higher (for 

𝑀𝐼𝑅𝐹𝑚𝑎𝑥) or lower (for 𝑀𝐼𝑅𝐹𝑚𝑖𝑛) than the previous ones proceeding from left to right of the 



 

20 

abscissa axis omitting the 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 obtained VAgg values and the detected damage grade according to EMS98 

(as done before to demonstrate the reliability of the "remote" approach), underline if 

increasing VAgg could represent the possibility to suffer from an increasing damage grade. 

However, this demonstration to be implemented requires an additional step: the damage 

levels definition for the whole aggregate. Firstly, through photographic material of each 

structural unit of the same sample collected after the earthquake by First Responders’ 

associations is compared with the EMS-98 definitions to derive the detected damage levels 

(discrete values from 0 to 5) that from this point can be identified with k. Hence, a damage 

level index for the entire aggregate kAgg in adherence with the formulations above is 

calculated as the mean damage level of the structural units weighted on related volumes, as 

shown by Equation 17:  

𝑘𝐴𝑔𝑔 = ∑ [(𝑉𝑜𝑙𝑆𝑈 𝑉𝑜𝑙𝐴𝑔𝑔⁄ )𝑘]
𝑛

𝑛⁄  (17) 

Where n is the number of SUs composing the aggregate. In conclusion, the experimental-

based correlation between kAgg and VAgg can be now traced through a linear regression model 

where kAgg is here considered as an independent variable since it refers to direct experimental 

data. In compliance with the previous tools to investigate the regression line, two additional 

trend lines for maximum and minimum increasing pairs will be adopted. 

2.2.2 The “remote” approach and the rapid passage of scale for vulnerability 

visualization 

The remote approach described in Section 2.2.1 and proposed to speed up the data collection 

process to assess the seismic vulnerability of masonry buildings is here tested. 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 the detected damage grades from a real event observation. Table 3,Table 4, andTable 5 

summarize the evidence of such results on a case study (as described in Section 2.2.1). 

This simplified approach, in general terms, tends to not underestimate the predicted damages 

for both MVAMs [3,5], by supporting conservative evaluations on post-earthquake damage 

scenarios. However, a relevant presence of overestimated cases is noticed especially in 

relation to lower damage grades 2 and 3 as shown by Table 4. Hence, it is possible to affirm 

that lower damage grades correspond to a major uncertainty in the damage prediction process 

through the remote approach. On the contrary, the adoption of k95 damage estimation can be 

conservatively adopted because it avoids damage underestimation cases as well as 

maximizing the occurrence of correspondence between predicted and real building damages. 

Apparently, from Table 3 no considerable difference between Lagomarsino and Giovinazzi 

2006 and Ferreira Vicente Varum 2014 methods are noticed considering the 95th percentile. 

However, in detail, the first method limits the excessive overestimation case frequency in the 

2nd damage grade, but the contrary is registered for the 3rd grade (Table 4). Anyway, an 
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overestimation of 3 damage grades is more probable by adopting the Ferreira Vicente Varum 

2014 method (Table 5). These observations establish that the Lagomarsino and Giovinazzi 

2006 method (related to the 95th percentile) seems to be the better choice in damage 

prediction if it is supported by the remote data collection approach. Therefore, for such 

reason, it will be used for carrying out the novel vulnerability index for building aggregates. 

Table 3 Percentages results of correspondence/overestimation/underestimation cases 

according to the different approaches in Section 2.2.1 (most probable; k95, k75, k50) for 

each method are reported.  

 
Most 

probable 
k95 k75 k50 

Method [3] [5] [3] [5] [3] [5] [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% 

Table 4 Percentage of overestimations related to each detected (from real event) damage 

grade (2nd, 3rd, and 4th); no effective damage grade equal to 1 are collected in the studied 

sample.  

Overestimation 

cases for each 

damage grade 

according to EMS-

98 definition 

Most 

probable 
k95 k75 k50 

Method [3] [5] [3] [5] [3] [5] [3] [5] 

2nd damage grade 22% 28% 23% 28% 23% 28% 22% 28% 

3rd damage grade 23% 21% 26% 21% 25% 21% 23% 21% 

4th damage grade 9% 19% 18% 19% 15% 19% 2% 13% 

Table 5 Percentage of overestimations with a difference of 1,2 or 3 damage levels between 

the detected (real event) and predicted ones. 

Differences between 

the detected and 

predicted damage 

level (by 

considering 

overestimation 

cases)  

Most 

probable 
k95 k75 k50 

Method [3] [5] [3] [5] [3] [5] [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 Section 2.2.1 to 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 application on the same case study of such formulations 

and the existing one proposed by Mazzotti 2008 are revealed through the following graph.  

In detail, part A of Figure 3 highlight how the first attempt (that considers the maximum 

vulnerability values 𝑉𝐿,𝐴𝑔𝑔,𝑀𝑎𝑥) in spite of a considerable regression coefficient (𝑅2=0.59), it 

cannot be considered appropriate to the aggregate vulnerability evaluation because of its high 

probability in overestimate this index. On the contrary, the average ones (𝑉𝐿,𝐴𝑔𝑔,𝐴𝑣𝑒) does not 

gain a suitable correlation (𝑅2=0.34) confirming the excessive divergence between the 

structural unit vulnerability values and the aggregate vulnerability index so estimated.  

Part B of Figure 3 displays the almost correspondence of the regression lines obtained by 

weighting the influence of single structural units vulnerability on the areas (𝑉𝐿,𝐴𝑔𝑔,𝐴𝑟𝑒𝑎) and 

volumes (𝑉𝐿,𝐴𝑔𝑔,𝑉𝑜𝑙) according to Equation 10 and 11 of Section 2.2.1. However, these results 

seem to be affected by collected sample features, in particular by the presence of many similar 

structural units within the aggregate in terms of plan and 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 approach. In fact, the average value evaluated on the 𝛥𝐴
𝑉⁄
(%) 

ratios, involving all the sample structural 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 zero as well as the mode demonstrates how casually the 

adopted sample of structural units is featured by very similar heights.  
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Figure 3 Lagomarsino and Giovinazzi 2006 based vulnerability indexes are paired with 

Mazzotti 2008 (SISMA) ones. Correlation trend lines with their equations, coefficient of 

regression, and their Pearson value are reported for 𝑉𝐿,𝐴𝑔𝑔,𝑀𝑎𝑥 and 𝑉𝐿,𝐴𝑔𝑔,𝐴𝑣𝑒  (Graphic 1), 

and for 𝑉𝐿,𝐴𝑔𝑔,𝐴𝑟𝑒𝑎  and 𝑉𝐿,𝐴𝑔𝑔,𝑉𝑜𝑙 (Graphic 2). 

Finally, Figure 4 point out the main regression line (MRL) for 𝑉𝐿,𝐴𝑔𝑔-VS pairs adopting also 

the other increasing regressions defined in Section 2.2.1 (𝑀𝐼𝑅𝐹𝑚𝑎𝑥  and 𝑀𝐼𝑅𝐹𝑚𝑖𝑛). 

Results evidence how the MRL (black line) seems to be quite reliable according to its 

coefficient of determination (𝑅2) equal to 0.52 and to its consistent Pearson value (𝜌) equal 

to 0.72 (fairly high correlation since 𝜌 > 0.6 [80]). On the other hand, both the monotonic 

increasing regression function on maximum and minimum values embody a more 

conservative role, with a higher correlation coefficient due to the more restricted selection of 

sample elements less scattered. They constitute a conic domain in which all pairs can be 

retained satisfying. This last graph proved that a satisfying correlation between the existing 

SISMA by Mazzotti 2008 and the novel proposed approach from Equation 13 seems to exist. 
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Figure 4 Vulnerability indexes pairs for aggregates evaluated through Equation 13 (𝑉𝐿,𝐴𝑔𝑔) 

of Section 2.2.1 and Mazzotti 2008 SISMA (VS). The main regression line (𝑀𝑅𝐿) with its 

equation, coefficient of regression and the Pearson value are offered. The graph evidences 

also the monotonically increasing regression function on maximum (𝑀𝐼𝑅𝐹𝑚𝑎𝑥) and 

minimum values (𝑀𝐼𝑅𝐹𝑚𝑖𝑛) of the sample with the related regression coefficients.  

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

damage grade the graphical results outlined in Figure 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 grade KAgg 

(according to Equation 17) pairs confirm this trend: the main regression line (equation: 

y=1.42x-1.13) is delineated by a consistent R-squared value of 0.54 and a Person correlation 

coefficient (ρ) equal to 0.73. In adherence with the previous comparison tests the monotonic 

increasing regression function on maximum values (equation: y=2.06x-1.80) and the one on 

minimum values (equation: y=0.86x-0.69) show linear regression too, respectively with an 

R-squared of 0.78 and 0.87, and a Person coefficient (ρ) equal to 0.89 and 0.93. 
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Figure 5 KAgg - VAgg pairs for aggregates and related regression lines. 

Summarizing the obtained results, firstly a novel methodology to ensure in a quicker way the 

required data to enquire buildings vulnerability is proposed and tested (remote 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 requiring specific training level from the 

technicians. The further achieved contribution lead to extend expeditious Vulnerability 

assessment methodologies methods implementation on the entire urban centre passing from 

the single structural units to the scale of the aggregate, without losing in reliability. In this 

way, it is possible to link microscale rapidly (structural unit-related) 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 which urban fabric 

parts could evidence critical safety situations, and so where interventions should be provided. 

A graphical example that supports these statements is given by comparing the vulnerability 

map in Figure 6 (microscale) from the one in Figure 7 (macroscale) on the implemented case 

study of Offida. 
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Figure 6 Vulnerability map of the Offida (Italy) case study, seismic vulnerability values are 

given on a chromatic scale for each structural unit according to the MAVM of Giovinazzi 

and Lagomarsino 2006 
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Figure 7 Vulnerability map of the Offida (Italy) case study, seismic vulnerability values are 

given on a chromatic scale for each aggregate according to Equation 13 proposed in this 

work 

2.3 Paths network and open spaces 

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 

has to define univocally which those elements are. A path network is defined as a set of urban 

streets, faced by buildings, that put into communication the open spaces of a built-up area. 

Such streets becoming paths from an emergency point of view, indeed urban paths 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 composed of links that connect nodes 

according to the definitions given in Table 6 [4,6]. A graphical example is offered in Figure 

8. 
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Table 6 Street network schematization; Links definition, the subdivision between types of 

Nodes and related assessment tools. 

Path elements Definition Identification code 

Nodes Crossroads, significant plano-altimetric and structural 

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] 

Numeric code 

Square10 Nodes that can be considered assembly points or 

rescuers’ first-aid areas (e.g. wide open spaces, where 

people spontaneously gather and can safely wait for 

rescuers’ arrival) [6] 

Alpha-numeric code 

Links The connection between two different nodes. A path 

composed of segments with different features can be 

schematized as an ensemble of consecutive links, divided 

by nodes. 

Alphabetic code 

 

 
10 A Square is a particular node where building facades projections do not entirely cover the square’s area itself. 

Such condition allows Squares to hold people during an emergency. For this reason, Squares need an ad hoc 

earthquake evaluation. 
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Figure 8 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 variations (Black circles). Squares defined according to Table 6, are 

highlighted by black polygons. 

According to literature studies collected in Section 2.1 about which factors influence the 

seismic response of an urban path network, this thesis proposes to subdivide them into six 

categories. The collected risk factors are combined in topics and discussed in the following 

sub-sections. Following the approach of other literary works [58,81,82], each parameter can 

be associated with different conditions, named “alternatives” (generally between two and 

five), which are furtherly attributed to a numeric value. In such a way, this work tries to 

quantify numerically a risk index for each network element defined above. All the risk 

influencing factors are defined by considering both the path network itself (intrinsic 

vulnerability and exposure conditions) and the elements that could directly compromise its 

state (extrinsic vulnerability and seismic hazard).  

Path analysis and Exposure. Link accessibility is firstly given to preventively investigate 

only usable paths in emergency conditions. Subsequently, within the exposure factor is 

necessary to assess the role of the path network element and the importance that it assumes 

among the others during the emergency through functional analysis. Hence, some links can 

constitute an access path to the urban centre of primary importance in emergency phases. 

Otherwise, they represent an interconnection among safe areas or strategic buildings [30]. 

Moreover, the link itself can be considered an effective evacuation path only in the case of 

the absence of barriers, traffic lane dividers, bollards, or further obstacles that could impede 

or make difficult the passage reducing the available width of lanes. Another aspect that 

influences exposure (according to its definition provided in Section 1.1) is the average flow 

referring to a semi-quantitative assessment of the traffic along the path. Speaking about 

squares the correspondent parameters involve their intended use: wide crossroad, 

characterized by the multi-directional movement of both vehicles and pedestrians; pedestrian 

zone; parking area, characterized by possible available areas limitations due to parked 

vehicles. In addition, other square-specific parameters refer to the presence of architectural 

elements like street furniture, fences, low walls, trees which could be widespread in the 

square area and could interfere with pedestrians’ motion/rescuers’ access or emergency 

operations. 

Geometric features. The link length is not a futile parameter to consider, indeed it could 

affect the travel time required to reach a destination by an evacuee. At the same time, the link 

width can influence the evacuation flows especially in overcrowding conditions. Moreover, 

the presence of interfering obstacles (e.g.: urban furniture, parked vehicles, debris presence 

due to damaged buildings, etc) could also limit the effective width of the path. Longer and 

narrower links are considered more hazardous than others. The related dimensional 

parameters are the link width W and length L. The area extension can be considered as a 

geometrical parameter for squares evaluation. 

Physical-structural features. Street surface conditions (asphalted, paved or rough) could 

influence the streets’ accessibility also related to their conservation state. Indeed street 
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pavement typologies and their state of conservation could affect the evacuation process 

causing pedestrians accidents or injuries during the escape [83]. Potential slide down of soil 

and rocks on both sides of the path and the preventing measures (e.g.: retaining walls) are 

identified to include risks due to the blockage of the path to evacuees and rescuers’ vehicles, 

causing problems and delays to the emergency mobility [54]. Furtherly, a specific parameter 

is innovatively added in this evaluation process to include the existence of caves, cisterns, 

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 collapses. Additionally, the presence of pipes placed at insufficient depths could 

be considered as weak points for the street integrity in case of an earthquake. Lifelines are 

distinguished between [84–86]: low-risk lifelines such as electrical power or water supply 

systems with restrained pipes dimension; high-risk lifelines like gas and oil distribution 

networks. In this way, the eventual cascade effects connected to pipelines of gas or water 

supply systems (i.e.: dangerous gas leaks, fires, local soil destabilization) are evaluated as 

well. 

Extrinsic vulnerability. The here developed method following a holistic perspective is 

aimed at considering among the potential state of a paths network element also the extrinsic 

vulnerability aspects. Debris presence due to collapsed buildings indirectly influences the 

availability of passing through a link or the integrity of a square. The related rapid surveys 

are here performed by taking advantage of an existing street vulnerability method [4]. The 

method is referred to aspects concerning extrinsic vulnerability assessment by directly 

inquiring about the buildings facing paths or squares. Ad hoc vulnerability index for links 

(𝑉𝑙𝑖𝑛𝑘) is provided. Thus, such index considers a building incidence 𝐼𝑏  on the studied link 

defined as the ratio between building 𝐿𝑏 and link 𝐿 lengths, respectively (𝐼𝑏 = 𝐿𝑏 𝐿⁄ ). At the 

same time the building vulnerability 𝑉𝑏  is expressed according to the macroseismic method 

of Lagomarsino and Giovinazzi 2006 [3] to ensure a quick application at historical city centre 

scale. For each link j, 𝑉𝑙𝑖𝑛𝑘, 𝑗 is calculated as shown in Equation 18 by considering all the 

buildings facing the link j: 

Vlink,j = ∑Vb ∗ 𝐼𝑏
𝑏∈𝑗

 (18) 

In order to compare links belonging to the same urban centre, the obtained vulnerability index 

must be normalized by the maximum 𝑉𝑙𝑖𝑛𝑘,𝑗 obtainable in the studied scenario. According to 

[2,4], 𝑉𝑁 𝑙𝑖𝑛𝑘, 𝑗 values are subdivided into four intervals (i.e.: four alternatives). 

Seismic hazard. Seismic hazard factors are innovatively introduced by this work on path 

risk assessment. The observation of real cases highlights how both base and local features of 

soil can be relevant for the paths’ damaging, because of cracks or damages occurring on the 

ground and directly affecting the link/square state [54]. Taking advantages of Eurocode 8 

[87] this approach proposes to evaluate the seismic hazard basing on the design ground 

acceleration (𝑎𝑔) [g] related to each seismic zones, the ground types and also, according to 

Italian building code, on the topographic amplification factors [88]. The adoption of the 
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Eurocode 8-based criterion ensures a quick application even if low-detailed resources and no 

geotechnical documentation or local surveys on soil (such as micro zoning studies) are 

available [89]. Here, the risk influencing factors discussed above are organized in two 

assessment tables one valid for the assessment of the link (Table 7) and the other where 

squares specific parameter are added/substituted to the ones specific for links (Table 8). 

The proposed method arrangement and the assessment table construction are based on similar 

literature work presented by [58] already discussed in Section 2.1. Further consideration 

among differences between the literature reference and the proposed one will be provided 

below (Table 9). Furthermore, it is necessary to specify that nodes assume the maximum risk 

index of links converged in it. Additionally, parameters linked to specific street typologies 

(e.g.: bridges, viaducts, and tunnels) are omitted in the current work proposal because they 

are rarely present in historic city centres. 

Table 7 Link assessment table: factors, parameters, and associated alternatives are reported 

to evaluate the risk-influencing aspects of links within the urban paths network. IDs for 

factors and parameters are assigned to connect this table with Table 10. 

ID Factors ID Parameters Alternatives 

A Path analysis A.1 Link code - 

   1° Node code - 

   2° Node code - 

  A.2 State Clear 

    Partially obstructed 

    Obstructed 

B Exposure B.1 Street type 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 

features 

C.1 Length (m) 0 < L ≤ 0.33 Lmax 

   0.33 Lmax < L ≤ 0.67 Lmax 

   0.67 Lmax < L ≤ Lmax  

 C.2 Width (m) 0.67 Wmax < W ≤ Wmax 

   0.33 Wmax < W ≤ 0.67 Wmax 

   0 < W ≤ 0.33 Wmax 

D Physical-

structural 

features  

D.1 Finishing surface Asphalted 

   Paved 

   Rough 

 D.2 Potential landslides No landslide, retaining walls on 

both sides 

  
 

Landslide, retaining walls in one 

side 
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   Landslide, no retaining walls 

 D.3 Underground elements Low-risk pipes 

   High-risk pipes 

   Caves, cisterns, or cavities 

 D.4 Conservation state High 

   Medium 

   Low 

 D.5 Street Typology Level link 

   Hillside link, with retaining walls 

  
 

Hillside link, without retaining 

walls 

   Tunnel 

   Bridge and viaduct 

E Extrinsic 

vulnerability 

E.1 VNlink 0 < VNlink ≤ 25% 

   25% < VNlink ≤ 50% 

   50% < VNlink ≤ 75% 

   75% < VNlink ≤ 100% 

F Seismic hazard F.1 Design ground acceleration 

(ag) 

ag ≤ 0.05g 

   0.05g < ag ≤ 0.15g 

   0.15g < ag ≤ 0.25g 

    ag > 0.25g 

  F.2 Ground-type A 

    B 

    C 

    D 

    E 

  F.3 Topographic amplification 

factor 

T1 

   T2 

   T3 

   T4 

Table 8 Squares assessment table: parameters and associated alternatives are reported only 

for factors B, C, and D (and the related parameters) that are different from the links 

assessment table according to Table 6 definitions. The other factors (A, E, and F) are the 

same as reported in Table 7. 

ID Factors  ID Parameters Alternatives 

B Exposure B.1 Usage Wide crossroad 

    Pedestrians’ zone 

    Parking area 

  B.2 Presence of obstacles Absence 

    Presence 

  B.3 Square type  Urban  

    Suburban 

  B.4 Average Flow Low 

    Medium 

    High 

C Geometric 

features 

C.1  0.67 Amax < A ≤ Amax 

   0.33 Amax < A ≤ 0.67 Amax 

   0 < A ≤ 0.33 Amax 
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D 
Physical-

structural 

features 

D.2 Potential landslides 
No landslide, retaining walls in 

more than one sides 

  
 

Landslide, retaining walls in one 

side 

   Landslide, no retaining walls 

 D.5 Square Typology Level Square 

  
 

Hillside Square with retaining 

walls 

  
 

Hillside Square without retaining 

walls 

The final Risk Index 𝐼𝑅,𝑗 for each link and square can be pursued according to three different 

calculation approaches. The risk-influencing factors proposed in Table 7 and Table 8 are here 

combined. Both approaches are operatively based on a Multi-Criteria Decision Making 

process [90] in which the above factors do not necessarily have the same relevance in the 

overall risk index. The main features of the three calculation approaches are resumed in Table 

9 and the main differences between the literary work assumed as reference are highlighted as 

well. 
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Table 9 Features of the three calculation approaches are reported with the aim to compare the introduced modification in respect to [58]. 

 Task-4 SAVE project [58] Modified Cherubini’s approach Expert judgment Analytical Hierarchy Process 

Modified 

parameters 

and factors 

- Added the parameter “Underground elements” in the Physical-structural features factor 

- Added the factor “Extrinsic vulnerability” with a single parameter (Vlink) 

- Added the factor “Seismic hazard” with the following parameters: “Design ground acceleration”, 

“Ground-type” and “Topographic amplification factor”  

Values Cherubini’s approach Values are given following 

Cherubini’s approach 

Values are given by the Expert 

judgment 

Given through Analytical 

Hierarchy Process 

Weights Cherubini’s approach approach Weights are given by the Expert 

judgment 

Two sets of weights are given 

for each factor and parameters 

through the Analytical 

Hierarchy Process 

𝐼𝑅,𝑗  

calculation 

approach 

The weighted sums are 

firstly normalized on 

factors maximum 

obtainable value and then 

on related weight for each 

factor  

 The weighted sum is firstly 

normalized on factors 

maximum obtainable value 

and then on related weight for 

each factor  

The index is obtained through 

the sum of 𝑆𝑝𝑖𝐾 values 

weighted on related 𝑊𝑐𝐾  for 

each factor 

The calculation is given by a 

first weighted sum on 𝑊𝑖𝐾 

for each parameter and then 

on 𝑊𝑐𝐾  for each factor 

𝐼𝑅,𝑗  

formulation 
∑ [

(∑ 𝑆𝑝𝑖𝐾𝑖 )

(∑ 𝑆𝑝𝑖𝐾
𝑀𝐴𝑋)𝑖

∗ 𝑊𝑐𝐾]

5

𝐾=1

 ∑ [
(∑ 𝑆𝑝𝑖𝐾𝑖 )

(∑ 𝑆𝑝𝑖𝐾
𝑀𝐴𝑋)𝑖

∗ 𝑊𝑐𝐾]

5

𝐾=1

 ∑ (∑𝑆𝑝𝑖𝐾 ∗ 𝑊𝑐𝐾

𝑖

)

5

𝑘=1

 ∑((∑𝑆𝑝𝑖𝐾 ∗

𝑖

5

𝑘=1

WiK) ∗ 𝑊𝑐𝐾) 



 

35 

Modified Cherubini’s approach. In detail, the first calculation approach based on Task-4 

of the SAVE project [58], tries to fill its lacks through some changes including influencing 

factors and parameters defined in previous Table 7 and Table 8. Each factor containing 

influencing parameters is associated with a weight to establish a hierarchy of influence 

(values and weights are reported in Table 10). In this case, the final Risk Index 𝐼𝑅,𝑗  is assessed 

through the Equation 19: 

𝐼𝑅,𝑗 = ∑ [
(∑ 𝑆𝑝𝑖𝐾𝑖 )

(∑ 𝑆𝑝𝑖𝐾
𝑀𝐴𝑋)𝑖

∗ 𝑊𝑐𝐾]

5

𝐾=1

 (19) 

where:  

• 𝑆𝑝𝑖𝐾  is the value conferred to the i-th parameter of the K-th factor;  

• 𝑆𝑝𝑖𝐾
𝑀𝐴𝑋 is maximum attributable value to the i-th parameter of the K-th factor; 

• 𝑊𝑐𝐾  is the weight related to the K-th factor;  

According to [58], Equation 20 permits to obtain the correspondent normalized index for 

each link (𝐼𝑅𝑛,𝑗): 

𝐼𝑅𝑛,𝑗 = 
𝐼𝑅

∑ 𝑊𝑐𝐾
5
𝑘=1

 
(20) 

Expert Judgement. The second approach establishes an alternative hierarchy among factors 

based on expert judgment [91]. Different weights are associated with each factor and different 

values are linked to each alternative according to Table 10, while considering the Expert 

Judgement approach, thus another formulation for Risk Index 𝐼𝑅,𝑗 assessment is defined in 

Equation 21: 

𝐼𝑅,𝑗 = ∑ (∑𝑆𝑝𝑖𝐾 ∗ 𝑊𝑐𝐾

𝑖

)

5

𝑘=1

 (21) 

According to the previous definition of 𝑆𝑝𝑖𝐾 , 𝑆𝑝𝑖𝐾
𝑀𝐴𝑋  and 𝑊𝑐𝐾 , Equation 22 normalizes the 

obtained Risk Index: 

𝐼𝑅𝑛,𝑗 = 
𝐼𝑅,𝑗

∑ (∑ 𝑆𝑝𝑖𝐾
𝑀𝐴𝑋 ∗ 𝑊𝑐𝐾𝑖 )5

𝑘=1

 
(22) 

Analytical Hierarchy Process. The third proposed way to reach the Risk Index 𝐼𝑅,𝑗 can be 

supported by the Analytical Hierarchy Process (AHP) developed by [82] and used with the 

same purpose in this field by [92]. This approach needs to introduce a second level of weights 

to each parameter (WiK) establishing an influence scale among them. The AHP considers 

that the sum of conferred weights must be equal 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 (reported in Table 10 in AHP section) 
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are obtained through the open-source tool AHP Online System11 and the calculated Ratio of 

Consistency (lower than 10%) confirms the acceptability of the proposed weights. Equation 

23 shows the proposed calculation of the Risk Index, which is gained by defining WiK as the 

weight related to the i-th parameter: 

𝐼𝑅,𝑗 = ∑((∑𝑆𝑝𝑖𝐾 ∗

𝑖

5

𝑘=1

WiK) ∗ 𝑊𝑐𝐾) (23) 

Regardless of the chosen approach, 𝐼𝑅,𝑗  and 𝐼𝑅𝑛,𝑗 can be collected in tables and graphically 

represented on urban centre maps to directly recognise where most dangerous paths (links) 

are collocated and how the safe areas (squares) are connected between them. 

Table 10 Weights of factors (𝑊𝑐𝐾), weights of parameters (𝑊𝑖𝐾) and the related values 

(𝑆𝑝𝑖𝐾) are reported for the three different considered approaches: Modified Cherubini’s 

approach, Expert judgment, and the Analytical Hierarchy Process. 

  Modified 

Cherubini’s 

approach 

Expert 

judgment 

Analytical Hierarchy Process 

(AHP) 

Factor  
ID 

Parameter 
 ID 

𝑊𝑐𝐾  𝑆𝑝𝑖𝐾 𝑊𝑐𝐾  𝑆𝑝𝑖𝐾 𝑊𝑐𝐾  𝑊𝑖𝐾 𝑆𝑝𝑖𝐾 

B B.1 0.2 0.4 0.333 0.4 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.1 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 

   0.4  0.4   0.67 

   0.6  0.6   1 

D D.1 0.80 0.3 1.000 0 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 at: https://bpmsg.com/ahp/ last access: 23/11/2020. 
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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   0.5 

   0.6  0.6   0.75 

   0.8  0.8   1 

E E.1 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 are compiled for a real paths sample12 concerning Italian 

historical city centres struck by the 2016 Central Italy seismic sequence, the 2012 Emilia 

Romagna region (Italy), and the 2009 Aquila (Italy) earthquake (Figure 9 reports some 

examples). 𝐼𝑅,𝑗 and 𝐼𝑅𝑛,𝑗  values are calculated following the three risk index calculation 

approaches (Modified Cherubini’s approach, Expert Judgment, and the AHP approach) to 

evaluate their capabilities in describing possible critical conditions in post-earthquake 

scenarios and offer a preliminary validation of each one. To this aim, risk index – damage-

state level correlations are traced, based on damage levels given by [1]. 

 
12 The database is uploaded as supporting file and also available at: https://goo.gl/yzHNTQ last access: 23/11/2020  

https://goo.gl/yzHNTQ
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Figure 9 Urban scenario damages in the Central Italy seismic sequence in 2016: on the left 

side, street pavement cracking due to unstable slopes and landslides-induced effects 

(Intrinsic vulnerability); right side, a view of Amatrice’s street (RI, Italy) blocked by ruins 

formation provoked by buildings collapse; debris impeded rescuers’ interventions 

(Extrinsic vulnerability). Single video frames by “Corpo Nazionale dei Vigili del Fuoco” 

http://www.vigilfuoco.tv/ (last access 23/11/2020) re-elaborated by the author. 

The damage level of each path is evaluated by comparing photographic documentation of 

links before and after the earthquake event, and by adopting the description of post-

earthquake damages effects according to the Road Damage Scale (RDS) [1]. RDS can vary 

from 0 to 5 (integer scale). The adopted damage scale for paths considers damages due to 

landslides, unstable slopes and cracks to the street, debris presence along the street, and 

presence of failed external elements that could impede partially or completely the path 

accessibility (Figure 10 reports an example of damage state assignation to a case study link).  

Then, 𝐼𝑅𝑛,𝑗 − 𝑅𝐷𝑆 pairs are organized to evaluate if a higher risk index corresponds to a 

higher link damage grade. the risk index could demonstrate capability in describing possible 

critical conditions in post-earthquake scenarios. According to general tri-linear trends in 

earthquake safety and damage assessment, by including fragility curves and studies on 

seismic vulnerability [3,51,64,93], a linear interpolation between 𝐼𝑅𝑛,𝑗 − 𝑅𝐷𝑆 pairs is then 

performed according to previous studies’ approaches [1]. Finally, a comparison of produced 

regression lines is provided through the evaluation of the coefficient of determination R2 to 

define the more suitable calculation approach (based on data fitting effectiveness) among the 

considered ones. The best performing calculation approach to determine the risk index, (i.e.: 

the one having the highest coefficient of determination R2) is chosen to be applied on a 

significant13 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 research. To conclude, 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 at a wide scale and the Priority Intervention map defined to assign resources for 

 
13Seismic activity of Offida (Italy): https://emidius.mi.ingv.it/DBMI11/query_place/ last access on 23/11/2020. 

http://www.vigilfuoco.tv/news/2016/08/24/
https://emidius.mi.ingv.it/DBMI11/query_place/
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risk-reduction strategies. The Priority Intervention Indices 𝐼𝐼𝑃 are obtained according to the 

Equation 24 below: 

𝐼𝐼𝑃 = 𝐼𝑅𝑛,𝑗 𝐼𝑚𝑎𝑥,𝑆⁄  (24) 

According to literature studies [2,81], each map adopts four risk levels: Low risk (0%-25%), 

Medium-Low risk (25%-50%), Medium-High risk (50%-75%), High risk (75%-100%).  

 

Figure 10 The left side of the figure reports the description of the third Road Damage Level 

according to the Road Damage Scale (RDS) [1], While the right-side displays a damaged 

urban street of Norcia (Central Italy Earthquake 2016) adopted as an example. 

Alternative literature studies on emergency path availability (according to Section 2.1) allow 

to differently evaluate the obstruction of evacuation paths due to ruins formation by 

employing geometrical and damage-related criteria. In such cases, the preliminary evaluation 

of the risk index can be totally useless in case of a building collapse that impedes the rescuers’ 

access point. Although the literature review (Section 2.1) provides different methods, only 

six (reported in Table 1) 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 condition in the 

emergency of historical urban fabrics with particular focus on masonry building typology. 

Other methods cited in Section 2.1 are excluded from the analysis because of their 

computational commitment and for the specific data required to be applied, also they could 

not be considered as methods of rapid implementation. For such reason, this thesis is aimed 

at individuating which one of such methodologies can be considered as the more affordable 

for this work scopes, by comparing and applying them on the same sample of urban street 

faced by vulnerable buildings. Such comparisons are made by combining the predicted result 

from a method application and the corresponding real-world effective observation registered 

after an earthquake. This last detention is possible to be realized another time thanks to the 

Satellite Grading maps visualization of Copernicus European project that is here used 

defining if the street-facing each building in the sample results blocked by debris 

accumulation. The involved sample composed of masonry buildings suffers from 1st to 5th 

damage grade according to EMS-98 scale and it is placed in a limited area comply the 

following urban centres: Accumoli, Amatrice, Arquata del Tronto, Capodacqua and Illica 

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=6.014. According to previous works [46], vulnerability evaluation, structural 

units height (ℎ) and facing streets width (𝑊) are remotely 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 predicts a “blocked” path, but the 

real-world observation refers to “clear” path conditions. In this case, the method 

prediction produces a conservative result; 

3. underestimation, in cases the considered method predicts a “clear” path, but the real-

world observation refers to “blocked” path conditions. In this case, method 

prediction produces an “unsafe” result. 

For each method, the percentages of correspondence, overestimation, and underestimation 

cases are evaluated. The most reliable methods should minimize the underestimation cases 

to err on 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 Section 2.3.1 is here tested in its reliability. 

Among the three calculation approaches the individuation of the best performing is pointed 

out. Following the comparative approach of the previous methods tests outlined in Section 

2.2.1 further correlations are here verified. The tri-linear regressions are offered in Figure 11 

between noticed street damages (RDS values) and the assessed new indices. For both 

methods, a trilinear trend can be confirmed. Table 11 summarizes and compares the 

analytical results of such correlations demonstrating an 𝑅2 values generally acceptable. 

While the modified Cherubini’s approach has the lowest 𝑅2, the Expert Judgement approach 

seems to expresse the more reliable regression model in respect to the other two approaches. 

However, the AHP-based approach is developed so as to follow an evaluating calculation 

approach previously applied in other studies (i.e.: [81,92]) that limits subjective 

interpretations about weights assignment. Anyway, comparing Appendices Table A 1 results 

among the three approaches they are slightly different (supported by an average percentage 

difference equal to the 5%) by confirming their similarities. For these reasons, could be 

preferable to adopt the most rigorous calculation format the one that follows the AHP.  

 
14 Seismic database: http://cnt.rm.ingv.it/en/event/7073641 last access 23/11/2020 

http://cnt.rm.ingv.it/en/event/7073641
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Figure 11 Tri-linear correlation between analysed path risk indices (IRn,j, and IR,j ) and 

related street damages levels (RDS): Graphic (1) Modified Cherubini’s approach; Graphic 

(2) expert judgment; Graphic (3) Analytical Hierarchy process. Dashed lines predict 

expected trends in domains where data samples are not currently present. Equations for the 

three regression trends are offered in Table 11. 

Graphical representations are used also to note that both graphs present a lower risk index 

limit (about 20-30%) corresponding to the absence of damages. Indeed, the final risk index 

cannot be close to zero because of its construction that considers some risk-affecting 

parameters that are always present and different from zero (e.g.: the local seismic hazard). 

At the same time, from RDS 4 to RDS 5 the trend is only traced by forecasting it because of 

the lack of real-world data, due to the currently analysed sample characterization. The 

reliability of the proposed risk index is confirmed by observing that for higher the IRn,j the 

RDS values increase. The novel holistic method leads to a satisfying sensitivity of the links 

assessment tables independently reached from the three involved approaches. 

Table 11 Comparisons among proposed approaches in terms of trend lines equations. The 

table also shows data about the domain in terms of risk index and the obtained R-squares 

for 𝐼𝑅𝑛,𝑗- RDS pairs correlations.  

Compared 

approaches 
Equations Domains 𝑅2 

Modified 

Cherubini’s approach 
{

𝑅𝐷𝑆 = 0
RDS =  10.13 𝐼𝑅𝑛,𝑗  −  2.24

𝑅𝐷𝑆 = 5

 

𝐼𝑅𝑛,𝑗  < 24% 

24% ≤ 𝐼𝑅𝑛,𝑗 ≤ 73% 

𝐼𝑅𝑛,𝑗 > 73% 

0.57 

Expert judgment {
𝑅𝐷𝑆 = 0

RDS =  8.86 𝐼𝑅𝑛,𝑗  −  1.79

𝑅𝐷𝑆 = 5

 

𝐼𝑅𝑛,𝑗 < 20% 

20% ≤ 𝐼𝑅𝑛,𝑗 ≤ 77% 

𝐼𝑅𝑛,𝑗 > 77% 

0.78 

Analytical Hierarchy 

process 
{

𝑅𝐷𝑆 = 0
RDS =  11.46 𝐼𝑅,𝑗  −  3.47

𝑅𝐷𝑆 = 5

 

𝐼𝑅,𝑗  < 30% 

30% ≤ 𝐼𝑅,𝑗  ≤ 74% 

𝐼𝑅,𝑗  > 74% 

0.74 

Graphically representing the results of novel risk index applied to the case study paths of 

Offida historic centre the risk maps permit to immediately have under control the overall 
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risky situation of the urban fabric. The Seismic risk maps allow us to compare maps of 

different city centres thanks to its risk index absolute scale representation. For this reason, 

from a general point of view, the paths that belonging to the sample seem to be all affected 

by the same Medium-Low level of risk. These results are also due to the involuntary 

homogeneity of the adopted urban fabric. However, some critical conditions can be 

determined especially for those links that show higher risk, for instance, the link “V” is 

located close to slope edges with possible landslides. In addition, the seismic risk map could 

be highly influenced by exposure factors. In fact, the same “V” link constitutes access to the 

urban centre, and it is used as a one-way street. For these reasons, it results in Medium-High 

risk. Otherwise, the intervention priority map because of its different formulation (see 

Equation 24) permits a deep detection of risk variation between links of the same urban paths 

network. Figure 12 highlights links “S” and “T” with a Medium-High priority level because 

they are placed near areas prone to landslides. Moreover, links “M” and “R” reach the same 

risk level due to the presence of facing buildings with relevant seismic vulnerability. 

Furtherly the critical conditions of link “V” previously described are here remarked as well 

confirming its strategic role for emergency planning. Additionally, Appendices Table A 2 

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 permits to decompose itself 

in values referred to every single risk main section (i.e. accessibility, exposure, geometrical 

features, physical and structural features, extrinsic vulnerability, and hazard). Taking 

advantage of this subdivision the method is capable to justify and determine case by case the 

effective causes of a high-risk level rather than a low one, in this sense emergency planners 

can inquire punctually which factor leads inquired elements to a specific risky situation and 

they can promote ad hoc interventions. 
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Figure 12 Intervention priority map of the emergency paths network of Offida (Italy) case 

study 

To conclude on this presented method, all the risk-influencing factors are evaluated and 

merged from a holistic point of view. In fact, the overall evaluation does not involve a 

description for separate layers [2]. At the same time, the adoption of quick evaluation 

methods also guarantees to use it straightforwardly by detecting wide urban historical areas. 

In particular, differently from other previous studies, it tries to combine path intrinsic and 

extrinsic vulnerability. Special attention is here paid to eventual structural failures, 

landslides, or street pavement cracking. In respect to previous researches, the proposed 

methodology considers important factors that could represent vulnerable elements in 

historical urban areas such as caves, cisterns, or hypogeum hidden under street pavement or 

lifelines, pipes, and culverts according to the base reference method [58]. Moreover, it can 

also give significant basis for the integration of exposure factors in such evaluations. 

Then, a preliminary methodology validation was performed, and a good agreement was 

found. Anyway, outlined risk maps allow to have under control the overall risk situation of 

emergency paths in historical centres and so to provide evaluation tools for scenario creation 

and emergency planning. Indeed, such results could suggest which links should be excluded 

from selected paths because of their high-risk level, and which could be considered safer 

toward an emergency plan definition. local authorities could take advantage of this method 
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to suggest where directing risk-reduction interventions and resources following the order of 

intervention priority. 

As already explained in Section 2.3.1 from an emergency planning point of view, whatever 

effort aimed at evaluating the seismic risk (by considering streets intrinsic vulnerability 

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 this preliminary 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 down the evacuation process. Hence, the path 

availability control should be associated in each case with a deeper paths network risk index 

evaluation. 

Appendices Table A 3 reports the results of the tested sample (made by 50 structural units 

suffered by the Central Italy seismic sequence in 2016) in terms of “blocked” or “clear” paths. 

Each one of the existing rapid methods discussed in Table 1 of Section Errore. L'origine 

riferimento non è stata trovata. has been applied to every single building and the related 

street of the inquired sample.  

Then, outcomings of such applications are compared firstly to the real-world conditions of 

the sample after the occurred seismic event (verifying their reliability) and secondly among 

them to determine which is the best performing (Table 12).  

Table 12 Percentage results of comparisons between each considered method and real-

world scenario conditions are reported indicating the total percentage of cases of 

correspondence (C), Overestimation (O), and their sum (C+O) on the overall sample made 

by 50 structural units associated to their underlying urban streets. 

Method Limit Condition for 

the Emergency (LCE) 

Ferlito and 

Pizza 

Debris estimation 

criterion 1 

Debris estimation 

criterion 2 

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

C 64% 52% 50% 60% 

O 36% 48% 2% 26% 

C+O 100% 100% 52% 86% 

Method Artese Achilli  Observed Artese 

Achilli15 

k95 macroseismic 

damages-based 

Observed 

macroseismic 

damages-based16  

Ref. [72] - [4] - 

C 46% 76% 64% 96% 

O 12% 2% 36% 4% 

C+O 58% 78% 100% 100% 

 
15 This method is based on the Artese Achilli [72] and obtained by substituting of the damage prevision algorithm 

with the damage observed from a real-world event (a better description is provided in the followings) 

16 This method is based on the k95 macroseismic damages-based [4] and obtained by substituting of the damage 

prevision algorithm with the damage observed from a real-world event (a better description is provided in the 

followings) 
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Discussing percentages of comparisons between methods application and the effective 

conditions it emerges that the LCE one predicts correctly the street blockage in 64% of cases 

but for the remaining 36% a considerable overestimation is noticed. Ferlito and Pizza’s 

method shows 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 passage. Nevertheless, both methods do not lead to 

underestimation errors. Thus, they could be used for the emergency plan definition according 

to a conservative approach. Anyway, they seem to be not the most appropriate ones to suggest 

available paths to rescuers. In fact, too many streets could be wrongly predicted as 

unavailable, slowing down the emergency team’s arrival. 

Similar considerations are then traced for the debris estimation criterion 1 proposed by [51] 

Avoiding its implementation in urban emergency planning because of its scarce capability in 

predicting correctly the blockage of the path (in 48% of cases the method suffers from 

underestimation by declaring as clear the blocked paths in real conditions). On the contrary, 

in the other approach debris estimation criterion 2 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 from the reality of the Satellite images. In the remaining 14%, the 

algorithm errs because of the employed vulnerability assessment method that underestimates 

the vulnerability of buildings suffered by very heavy structural damages. The debris 

estimation criterion 2 confirms better reliability rather than the debris estimation criterion 1 

since it limits the underestimation occurrences due to a better method to esteem the buildings’ 

vulnerability and to its capability to influence results by also considering the buildings height 

and streets width ratio. 

Passing through the analysis of the macroseismic damage-based approaches the one named 

by Artese Achilli evidences a relevant percentage of cases 46% where the blockage of the 

path is correctly predicted. Although this method considers not only geometrical features but 

also the macroseismic damage grades as a function of buildings vulnerability and seismic 

intensity, it considerably errs underestimating the blockage in 42% of cases. A further 

reliability test can be performed on such macroseismic damages-based approaches by 

substituting the damage grade prevision assumed by the method with the effective damage 

grade observation on a real post-earthquake scenario according to the EMS98 scale (made 

possible thanks to the large availability of seismic damages photos). Thus, the Observed 

Artese Achilli reveals a notable increase in reliability until 76% of correspondences. 

However, an underestimation of 22% is also noticed confirming previous observations of the 

original method application. Finally, the k95 macroseismic damages-based approach shows 

the punctual correspondence between the predicted availability of paths in emergency and 

the real-world conditions in 64% of analysed sample cases. The residual 36% of the algorithm 

tends to overestimate the path blockage. Hence, this method provides the best conservative 

results for 100% of inquired cases. Considering the same further reliability test done for the 

Artese Achilli approach involving the substitution of the damage prevision method with the 

observed one from the real-world the new “Observed macroseismic damages-based” is 

established. This investigation is additionally performed by subdividing the whole tested 

sample in the suffered five damage grades analysing separately the reliability in relation to 

the different damage grades. Its application results register an optimization of the percentage 

of correspondence between the prediction capabilities of this method. From real-world 
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images analysis emerges that the ℎ 𝑊⁄ ≥ 1 constitutes the main driver in facing path 

blockage especially for buildings that suffered from high damages. In addition, low damage 

grades equal to 1st, 2nd, and 3rd does not interfere with rescuers’ access, confirming the 

goodness of the literature limit fixed for the macroseismic damages-based method at the 4th 

grade. At the same time, buildings that suffered from the 4th damage grade are related to paths 

blocked in 71% of cases and to the 88% when buildings are affected by the 5th damage grade. 

The hypothesis that the higher the building damage grade suffered higher the probability that 

paths can be blocked by debris formation is confirmed. Figure 13 shows a typical result 

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

reported as an example. 

 

Figure 13 Comparison between the Observed macroseismic damages-based approach 

prevision and real conditions of path blockage for a building of the sample (Element ID 

code: 4.a_IL in Appendices Table A 3): the path is effectively blocked because the 

observed damage is higher than the 4th grade and the ratio between building height and 

street width is higher than 1. 

To conclude on this theme, it can be affirmed that the current methodologies (often adopted 

by Local Authorities and Civil Protection Bodies) based only on geometrical aspects (i.e. 

building height and street width) seem to be affected by many scenario prediction limitations. 

Unfortunately, such approaches neglect the evaluation of other fundamental factors that alters 

the urban path network especially in historical contexts (i.e.: the vulnerability of the 

buildings). In this way, they ideally consider as “blocked” the majority of possible 

access/evacuation paths. Moreover, they do not take into account the possibility to predict 

different scenarios in terms of earthquake severity. For these reasons, macroseismic 

approaches are preferred, including the vulnerability and the earthquake severity as input 

data, which seem to be the most appreciable. At the same time, such methods can be 

preventively employed by safety planners (e.g.: Local Authorities and Civil Protection 

Bodies) to investigate different emergency scenarios. Figure 14 reports as an example of the 

application of the macroseismic damages-based method to predict path blockage on the 

general Offida case study. This map as the ones previously presented for the other developed 

inquiring methods constitutes a rapid visual screening of the whole urban centre conditions. 
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Figure 14 Graphical outputs of the application of the macroseismic damages-based 

criterion for paths blockage according to [70] on the Offida (Italy) case study 
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Chapter 3 

3 The Behavioural-based approach 

3.1 The human being in an emergency: an investigation on 

behavioural aspects 

According to the definitions provided in Section 1.1 the exposure, intended as one of the risk 

components, is mainly oriented towards the human presence detection in the scenarios (e.g. 

to determine the impact in terms of potential human losses) [94,95]. However, the exposure 

should be also put into relation to 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, codifies typical or specific behavioural aspects 

performed by evacuees connected to the emergency (collective vulnerability, e.g. population 

risk awareness and response) and by individuating users’ categories (individual vulnerability, 

e.g.: based on people ages and familiarity with places) [6,37,38]. On such basis, several types 

of research are developed in the last decades to improve the inhabitants' resilience through 

the study of human response to emergencies [96,97]. However, this kind of work can be 

retained relevant only if dealing with all the situations in which the disaster conditions can 

appear unpredictably or rapidly (SUODs) [98]. In these cases, the individuals’ response to 

BE disaster-induced modifications is mainly critical during the first emergency phases, i.e. 

the evacuation process [99]. Indeed, occupants decide how to quickly behave and move while 

interacting with the surroundings and 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 rules [97]. Hence, 

understanding evacuees’ spontaneous behaviors are essential to find proper strategies (e.g. 

emergency management, BE layout configurations, interventions on most vulnerable BE 

elements interfering with evacuees, interactive solutions based on rescuers-damaged 

population cooperation, individuals’ training) to reduce the possibility of risky choices 

adoption, thus limiting the number of injuries and deaths resulting from heavy earthquakes 

[97]. Recent works (one among all [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 events [99], which are generally characterized by 

particular disaster features that are difficult to be replicated in evacuation drills, such as the 

presence of debris and dust, the building damages, the ground shaking [96,97]. 

Although several methods and tools exist [96], a critical literature analysis underlines how 

the most significant and sustainable ones in the earthquake context seem to be mainly two 

[101–106]. Firstly, the analysis of real-world videotapes, e.g. by CCTV (Closed Circuit 

Television), whose approach was consolidated over time and allows to evaluate effective 

emergency situations without additional biases. Secondly, the novel immersive technologies 

like the Virtual Reality (VR)-based ones, which can ideally reproduce the earthquake-prone 
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BEs with a high level of realism [106] and by considering complexity issues (e.g. BE features, 

earthquake-induced damages). 

Besides what it concerns the immersive virtual reality not influent for this study purpose, the 

material from surveillance cameras can be handled with the support of dedicated software for 

video analysis to extract specific actions and physical measures that can be easily employed 

for evacuation process modelling purposes. From a qualitative point of view, the emergencies 

videos are employed to directly individuate and categorize the human behaviors in reference 

to typical actions of responders, that could recur in each emergency situation or be specific 

for the earthquake case, as well as for an evaluated particular event or BE [23,107]. 

Additionally, detected behaviors are organized by associating them to a specific evacuation 

phase chronologically divided into [23]: pre-movement time, motion towards the evacuation 

target, safe area reaching. From a quantitative standpoint, output data can be obtained by 

tracking systems for pedestrians’ trajectories, which allow evaluating, for every single 

individual, his/her instantaneous position, speed, and acceleration, to additionally derive 

fundamental diagrams of pedestrians dynamics (e.g.: speed-density and flow-density) [23]. 

Similarly, the individuals’ time spent to reach a safe area from the starting point can be 

calculated to establish the diagram of people arrivals during the time and evaluate the overall 

BE evacuation capacity [99].  

Further quantities involve [6]: (a) pre-movement times, in relation to the ground shaking and 

to the related self-protection activities; (b) distances among evacuees to avoid collisions, so 

as to additionally evaluate the possible density of crowds or the presence of social 

aggregation behaviors (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. earthquake-damaged BE elements, debris). 

Existing literature works [28] take advantage of such data directly for developing evacuation 

simulation models. In microscopic modelling approaches (especially, Agent-based models 

and Social Force models) videotapes data can be essential to determine the factors that could 

influence every single agent’s choice made in the evacuating environment depending on [13, 

15, 17, 18]: the agents’ surrounding conditions of the BE (i.e.: damages generated by 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 guided by an evacuation leader; repulsive 

mechanisms to avoid physical contact during the escape). Additionally, each simulated agent 

owns particular individual characteristics that influence his/her response to the surrounding 

stimuli. A decision tree creation made by actions that exposed people could perform in the 

aftermath of an earthquake can be obtained by videotapes data [101], depending 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 time, individual 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 create seismic-induced modifications to the scenario but also 

concerning the human figure and its main involved typologies. To this aim, in the following 

subsections, a unique methodological framework for exposure and social vulnerability 

detection is outlined. The novel proposed framework adopts specific literature-based 

methods in a combined, cooperative, and structured way. According to adaptability criteria 
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in line with previously proposed methodologies, the employed 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 replicate the workflow by non-expert technicians. According to individual 

vulnerability issues, different BE users' typologies (e.g. for different ages and different 

familiarity with places) will be defined also considering time-dependent variations. The 

proposed framework provides also the possibility to rapidly detect possible exposure peak 

scenarios (in terms of people presence) by overlapping ordinary conditions to eventual mass 

gathering events from a multi-hazard point of view. 

3.2 Methodology 

3.2.1 BE users’ typologies and their distribution the urban centre: time and 

space issues 

According to individual vulnerability aspects, among the individuals that populate an urban 

centre, some users' typologies have to be determined in relation to specific features that could 

influence the evacuation process[94,95]. In fact, when an individual is used to frequent a 

specific place (that is an urban 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 possible different typologies: 

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 people with 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 the same time, a 

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 well. Hence, knowing a specific 

condition that interests the studied urban centre constitutes a key aspect that cannot be 

omitted. 

At this point the attention is moved to the exposure issue, hosted population quantities have 

to be esteemed. A critical peak of exposure could be defined in terms of the maximum human 

presence in the BE, so as to consider the maximum impact on direct (e.g. casualties due to 

buildings damage/collapse [94,110]) and indirect (e.g. evacuation related ones [38]) losses. 

The most rapid exposure evaluation could just consider the density of people (pp/km2 where 

pp stands for the number of people) according to [9] and census databases referred to the 

considered urban centre (e.g.: national on-line census, local municipalities or tourist office) 

[95]. In rare fortune cases, census databases could be linked to the detailed position of the 

population (e.g. street survey-based; integrated with GIS tools), by mainly focusing on 

standard occupancy levels, e.g. residents [95]. However, the number and position of exposed 
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people can additionally vary over time and space essentially depending on uncertain factors 

collected and discussed in Table 13 below. 

Table 13 Time and space issue influencing the human presence variation in the BE. 

Human 

presence 

typologies 

and their 

combinations 

Visitors Inhabitants + 

neighboring of 

the local 

municipality area 

Inhabitants + 

visitors 

Visitors presence 

in mass 

gatherings events 

People 

familiarity 

with places 

and 

emergency 

plans 

Scarce familiarity 

with the urban 

spaces and with the 

emergency plans 

Satisfying level 

of familiarity 

with spaces 

depending on 

their (frequent) 

BE attendance  

Different 

familiarity levels 

Generally scarce 

familiarity with 

the urban spaces 

and with the 

emergency plans 

Time issue By considering 

visitors’ flows 

during the year: 

critical conditions 

in exposed 

individuals’ 

presence (e.g. 

monthly) 

correspond to the 

periods with the 

higher number of 

tourists’ presence 

(considering both 

daily visitors and 

holidaymakers).  

By considering 

inhabitants and 

neighbors during 

the week: 

estimating 

critical 

conditions in 

exposed 

individuals’ 

presence (e.g. 

weekly)  

By considering 

inhabitants and 

visitors during 

the day: these 

analyses allow 

considering the 

variations during 

the working time 

and between 

night and day 

(e.g. sleep time, 

working time, 

working, and 

resting time). 

Critical 

conditions 

characterized by 

a high crowd 

density can occur 

in the urban 

tissue (e.g. 

concert venue, 

festivals).  

Space issue Visitors can be 

mainly placed in 

accommodations 

(e.g. hotels, tourist 

homes, such as for 

night-time periods) 

depending on their 

effective capacity, 

or even according 

to a homogenous 

dispersion 

(including public 

buildings, as for 

day-time periods). 

Local markets, 

recurring fairs, 

or festivities 

hosted by the BE 

bring in town 

habitual visitors 

from near towns 

or peripheral 

areas that 

populating open 

spaces. 

For some 

municipalities 

(e.g.: tourist 

cities/areas), 

further 

evaluations 

should consider 

the daily 

presence of 

individuals 

spending their 

time in some 

urban attraction. 

Specific risk-

increasing BE 

features (e.g. in 

historical 

scenarios, the 

crowd in narrow 

spaces) have to 

be considered. 

Such an event in 

the BE can be 

overlaid to the 

critical 

conditions for 

resident people 

obtaining 

overcrowding 

conditions among 

narrow urban 

environments. 

References [111] [112] [95] [112] 
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Census databases and municipal tourism promotion companies, regional tourism 

management bodies, trade organizations17 can be jointly inquired to esteem the capacity [pp] 

and the related people positioning in the BE layout. To do this, Table 14 reports specific 

references for the Italian case-study application. Hence, the capacity estimation can take 

advantages of standard data from occupant load [pp/m2] assessment as described in the 

following bullet points: 

• buildings open to the public, and their use have to be identified, especially if they 

can be affected by potential high occupants’ density/overcrowding conditions. For 

such public building’s occupants’ capacity [pp] is rapidly provided by the occupant 

load factors ([pp/m2] or [m2/pp]) also employed in the code of practice for Fire 

Safety Design. This factor is multiplied for the building area extension depending 

on the hosted functions (see Table 14). Further similar sources for different 

countries can be used to this end18; 

• residential buildings capacity can be determined by evaluating the number of hosted 

inhabitants [pp]. A detailed map of residents can be generally provided by the 

General Land Office19 surveys, such maps could report additional useful data as 

previously said (e.g. age, disabilities) for each housing unit identified by the own 

civic number. However, data about disabled people can be collected according to 

the Privacy Act by local healthcare agencies or civil protection bodies [113]. Finally, 

time-dependent assumptions of Table 13 has to be considered to adequately evaluate 

the inhabitants’ presence in their house and other buildings intended use according 

to Table 14 [95]; 

• Public spaces occupant capacity [pp] evaluation can be susceptible to overcrowding 

phenomena in case of temporary mass gatherings. According to a conservative 

approach, the maximum crowding-related occupant load range20 of assembly areas 

could be reasonably considered from 2 to 4 pp/m2. Moreover, to simplify this 

process the occupant load of outdoor local markets can be considered equal to 

commercial buildings data (compare to Table 14). Precautionarily the occupant 

capacity is esteemed in reference to gross (including parking, events stages, stands, 

and other urban furniture) or net area of the public spaces. Speaking about possible 

exposure peak situation, hypothetically occupants could leave their dwellings and 

occupy public spaces by overlapping to the people presence bring in town by 

organized mass gathering events. Thus, such conditions constitute a multi-hazard 

scenario due to the merging of inhabitant and visitor’s presence in the same open 

spaces. Hence, in such cases, the overall overcrowding can be esteemed through the 

evaluation of its density [pp/m2] in reference to the whole public spaces. From a 

 
17 E.g.: for Italy, the National Institute of Statistic https://www.istat.it/; for USA, United States Census Bureau 

https://www.census.gov/data.html last access 30/11/2020 

18 E.g.: in England https://bit.ly/2JcT6Vi, in the United States https://bit.ly/2UweLwX, and in Canada 

https://bit.ly/3dmj6v8 last access 30/11/2020. 

19 (e.g. http://www.protezionecivile.gov.it/resources/cms/documents/Manuale.pdf, last access 30/11/2020 

20 e.g. from Italian regulations such as Ministerial Decree (DM) 19/08/1996; Ministerial circular letter (Ministry of 

interior) 18-07-2018, n. 11001/1/110/(10) 

https://www.istat.it/
https://www.census.gov/data.html
https://bit.ly/2JcT6Vi
https://bit.ly/2UweLwX
https://bit.ly/3dmj6v8
http://www.protezionecivile.gov.it/resources/cms/documents/Manuale.pdf
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simulation perspective, this data can be also expressed in terms of capacity [pp] as 

well, so as to outline the effective maximum exposure scenario that can constitute 

input data for simulation-based methodologies [29,94,95]. 

Table 14 Evaluation of the crowding density in buildings opens to the public in relation to 

the Italian fire safety codes due to their connection with the case-study application. In the 

case of historical buildings hosting the intended use, regulations could be integrated, from a 

general point of view, according to the rules provided by Ministerial Decree (DM): 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 

load factor 

References to Italian 

regulations 

Residential 

buildings 

The crowding density for 

private dwellings is related to 

their surface 

0.05 pp/m2 

(imposed by 

regulations) 

For residential 

buildings: DM 

3/8/2015  

Institutional 

buildings 

including 

architectural and 

historic ones 

used as offices, 

museum, and art 

gallery 

Infield survey to trace 

information about the number 

of the occupant (personnel) with 

a precautional increase of 25% 

rounded to the upper bound-. 

The number of possible visitors 

has to be added by considering 

the area extension of public 

office  

In the absence of further 

information, use the quick 

occupant load factor. 

Office close to the 

public: 0.1 pp/m2 

Office open to the 

public: 0.4 pp/m2 

Areas gathering 

public: 0.7 pp/m2 

Generally, 

assimilable to the 

crowding of 

working place: DM 

10/3/1998, DM 

3/8/2015; for other 

public exhibition 

places, i.e. hosted by 

historical buildings: 

DM 20/5/1992, DPR 

30/6/1995; for areas 

hosting cultural 

events with the 

public: DM 

19/8/1996, DM 

6/3/2001, DM 

3/8/2015; 

Religious 

buildings 

For each building, the number 

of seats has to be counted 

adding the number of standing 

places  

0.7 pp/m2 applied 

to the available 

area extension 

For this intended 

use, assimilable to 

entertainment and 

public exhibition 

places: DM 

19/08/1996, DM 

6/3/2001, DM 

18/12/2012;  

Hospital and 

healthcare 

buildings  

Infield survey to trace the 

information regarding the 

number of available beds. The 

number of in-service personnel 

is added and the variation due to 

visitors esteemed through the 

average data of at least three 

typical days  

Ambulatory and 

similar: 0.1 pp/m2 

Spaces for visitors: 

0.4 pp/m2  

For this intended 

use, assimilable to 

the crowding for 

working places: DM 

10/3/1998  
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School buildings The number of seats for each 

classroom and eventual annexes 

(e.g.: refectory, gym) has to be 

collected in relation to the 

number of students, teachers, 

and personnel, according to the 

headteacher declaration 

Refectory and 

gymnasium: 0.4 

pp/m2  

A maximum of 26 

individuals can be 

considered for 

each classroom 

DM 26/8/1992, DM 

12/5/2016, DM 

3/8/2015 

Cultural and 

entertainment 

buildings (public 

exhibition and 

sports facilities) 

Evaluation of the main activities 

and the presence of seats for the 

public (number of seats) 

In a precautional 

way: ballroom - 

0.7 or 1.2 pp/m2; 

theaters parterre -3 

pp/m2, standing 

places - 3.5 pp/m2 

Sports facilities: 2 

pp/m2 

DM 18/3/1996, DM 

6/6/2005, DM 

19/8/1996, DM 

18/12/2012 

Commercial 

buildings 

The crowding index is related to 

the surface of the overall floor  

0.4 pp/m2   DM 27/7/2010, DM 

3/8/2015 

Accommodation 

facilities 

Data about a general scale could 

be provided by tourism 

organizations subdivided for 

periods or seasons (e.g.: the 

municipal tourism promotion 

companies, regional tourism 

management bodies, trade 

organizations). Infield surveys 

are necessary to obtain the 

single structures maximum 

capacity, the number of beds 

and personnel (increased by 

20%)  

0.4 pp/m2 (i.e. 

common spaces) 

DM 27/7/2010, DM 

3/8/2015 

Public shops 

such as 

restaurants bars 

and cafes 

The crowding values can be 

reasonable esteemed in relation 

to the extension of the area, for 

bars and cafes infield surveys 

are desirable to esteem the 

number of customers during 

each time slot 

0.7 pp/m2 

(precautionary 

evaluations) 

For this intended 

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 planning process [29] concerning the collective 

vulnerability-related factors regard the individuation of urban outdoor areas where the 

population (inhabitants and visitors) can gather and wait for the rescuers’ arrival [48,49,57]. 

The definition of assembly areas should encompass some criteria. Such area for instance 

should be easily reached by pedestrians at whatever moment by guaranteeing a free entrance 

to the area (e.g. no access gates closure) over time, as well as the absence of obstacles related 

to particular space uses (e.g. spaces used to host fairs and exhibitions; parking areas). At the 

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

overcrowding situation by avoiding the possibility of physical contact among individuals 

(i.e., maximum Level of Service D according to [114]). To guarantee that, related occupant 
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load values can essentially range from about 2 pp/m2 to about 3.5 pp/m2 [115]. Finally, the 

counting of assembly areas extension Aa [m2] should be reduced 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 vehicles access (3.5 m, 

considering the width of the heavy rescue vehicle). 

Another time, the proposed data collection activities are performed on the case study of 

Offida (Italy) which is representative of a typical European settlement. Besides the fact that 

Offida is highly affected by earthquake risk, exposure-related factors are furtherly 

exacerbated by many hosted tourist attractions in the BE from the cultural and architectural 

points of view and several numbers of mass gathering events are organized during the year 

bringing in town a considerable number of tourists. 

3.3 Results 

3.3.1 A quick methodology to point out the individuals' distribution in the BE 

The data collection methodology established in Section 3.2.1 provides rapid tools to delineate 

the social vulnerability scenarios and to precautionary consider possible exposure peaks from 

a multi-hazard point of view. Related databases and provided sources are investigated 

adopting Offida’s case study to provide evidence of the method's capabilities. On such basis, 

the maximum daily presences [pp] is esteemed. To do this, the visitors flow during the year 

is firstly assessed by using monthly data from the Regional Observatory of Tourism21. Results 

can be resumed in Figure 15-A. At the same time, Figure 15-B displays the daily visitors’ 

presence directly retrieved according to databases from museums and tourist attractions22. 

From both these graphs, a considerable increase in population is registered in the city during 

the summertime especially in August (holiday season in Italy) when the urban centre is 

crowded by sightseers. 

 
21 http://statistica.turismo.marche.it/DatiTurismo, last access:30/11/2020 

22 http://www.fabbricacultura.com/socio/oikos, last access: 30/11/20 

http://statistica.turismo.marche.it/DatiTurismo
http://www.fabbricacultura.com/socio/oikos
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Figure 15 Monthly presences related to: A) visitors (tourist flows; years 2011-2015) of the 

whole historic centre (source: http://statistica.turismo.marche.it/DatiTurismo; last 

access:30/11/2020); B) daily visitors (years 2014-2016) to museums and tourist attractions 

(source: http://www.fabbricacultura.com/socio/oikos; last access 30/11/2020); image 

source: [116] re-elaborated by the author 

In order to precisely distribute the inhabitant within the urban fabric, the municipal database 

is investigated by jointly considers every single residential unit and the resulting value for 

each building aggregate, in terms of the total number of inhabitants. Moreover, additional 

information related to hosted communities can be retrieved including the citizens’ age. Users’ 

typologies by age are obtained by subdividing the population into different age-related ranges 

[117] (i.e.: 0-14 years, parent-assisted children; 15-19 years, autonomous young people; 20-

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

that affect the evacuation times). Figure 16 below summarizes results for the overall historic 

http://statistica.turismo.marche.it/DatiTurismo
http://www.fabbricacultura.com/socio/oikos
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centre of Offida. However, specific information about age-related users’ typologies is 

provided only for the study area (black contour) of previous methods described in chapter 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 the study area. 

 

Figure 16 Characterization of inhabitants for the historic city centre by outlining the 

number of inhabitants for each aggregate (the black contour highlights the case-study area). 

The detailed planimetry excerpt (inside the circle) focuses on aggregates occupation in 

terms of the number of people by distinguishing them into four typologies according to [6]: 

parent-assisted child, young people, adult, and elderly; image source: [116] re-elaborated 

by the author 

Focusing the attention on the occupant capacity of public buildings and facilities, results can 

be pursued according to the indication provided in Table 14 of Section 3.2.1 implemented 

through the use of a quick evaluation of the occupant load [pp/m2]. The needed passage 

before consists of the preliminary determination of the building's intended use, separating 

common dwellings by public structures. These data are merged in the map reported in Figure 

17 where numerical results are shown for private buildings as well in order to quantify the 

scenario in a complete vision. Then, indoor occupancy should be furtherly combined with 

the occupant load esteemed for outdoor public spaces. The total crowding density (pp/m2) in 

open spaces and urban streets is graphically provided in Figure 18. This map also highlights 

the main urban spaces (both squares and links) susceptible to overcrowding conditions due 

to mass gathering events (multi-hazard). Potential risky areas for the inquired case study 

could be the main street “Corso Serpente Aureo” due to the local market presence on 

Thursday morning and of the main square “Piazza del Popolo” that frequently hosts festivals, 

popular and cultural celebrations. In particular, the above mentioned central urban square 

during Saturday night could be host additional visitors due to open activities (e.g. restaurants 
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and pubs) also considering that in the same square stand on the foyer of the local theatre. 

Additionally, tourists’ presence during the summer can be added to the overall capacity. In 

such conditions, the square is able to host a maximum level of crowding equal to 3200 people 

on a limited gross area of 1600 m2 (by considering a density of 2 pp/m2, according to Table 

14 of Section 3.2.1). 

 

Figure 17 Overall planimetry of Offida with the individuation of the total occupant capacity 

of buildings, expressed in terms of the number of hosted people (the black contour 

highlights the case-study area). The upper circle shows an excerpt from the analysis in 

terms of the buildings’ intended use; image source: [116] re-elaborated by the author 

To conclude, it possible to comprehend the urban fabric's main criticalities from an exposure 

point of view by overlapping through the maps the obtained data. Occupants’ presence in the 

case-study area allows delineating critical scenarios. Additionally, such results can be 

analytically quantified in   
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Table 15 below contributes to delineate a complete framework assumed as representative of 

recurring maximum achievable crowding conditions all over the year. 

 
Figure 18 Planimetry of the case-study 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 evidenced by the hatching texture; image source: [116] 

re-elaborated by the author 
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Table 15 Case-study maximum crowding scenarios 

Building intended 

use: 

Thursday (9-12 a.m.) [pp] Saturday (8-11 p.m.) [pp] 

Building heritage 

(museums, 

churches) 

considering offices in the 

municipal buildings  

121 considered as closed  - 

Hospital and 

healthcare 

buildings 

both personnel and patients 110 long term care 40 

Cultural buildings 

(i.e. theatres) 

cultural activities normally 

held during evenings and 

weekends  

- cultural activities held 

imply maximum crowding 

conditions  

300 

Commercial 

buildings 

holding maximum occupant 

loads  

176 are closed  - 

Tourists 

accommodation  

 closed due to day-time 

activities 

- empty due to evening-time 

activities 

- 

Restaurants are closed because of out of 

the lunchtime  

- maximum crowding 

conditions  

189 

Bars and café  holding maximum occupant 

loads  

47 maximum crowding 

conditions  

47 

Inhabitants people between 20 and 65 

years old are supposed out 

of the historic centre, at 

work  

143 dwellings are occupied by 

residents at the dining time  

319 

Open spaces:     

Pedestrians  crowding conditions in 

open spaces of the BE 

hosting the weekly market 

along the main street 

“Corso Serpente Aureo” 

considering 0.4 pp/m2 

560 BE could host additional 

events (e.g. other local 

markets), assuming an 

occupant load equal to 0.4 

pp/m2 

560 

Total:  1157  1455 
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Chapter 4 

4 Risk reduction solutions based on 

evacuation simulation outputs 

4.1 Combining scenarios modifications and human-centred 

aspects to test the effectiveness of proposed risk 

mitigating strategies 

Resuming what presented since this point, it is possible to affirm that the complexity of the 

Built Environment entails considering a challenging relations system between its physical 

(i.e.: buildings, path network and spaces layout), human (i.e.: hosted occupants) and 

organizational (i.e.: emergency planning and management) factors to move towards better 

design and operation in both normal and emergency conditions [32–34,118].  

On the basis of previous discussions related to human and BE interactions, in this last chapter 

a proposal to evaluate the effectiveness of whatever safety-increasing solutions of natural 

hazard-prone areas will be advanced [27,119–122]. The present work follows the 

methodological approach validated before in [29]. Especially, sudden-onset disasters such as 

earthquakes have the potential to trigger critical situations, mainly in the first disaster 

aftermath phases, impeding the evacuation and rescuers’ access to damaged areas 

[4,30,67,123]. 

Special attention has to be paid to inhabitant safety, especially during the evacuation process 

along urban paths network. In many cases, human losses are related to people that are not put 

in condition to reach an assembly area because of blockade paths. At the same time, 

modification to the scenarios could limit the operativity of the emergency management plan 

by first responders [4,67,124,125]. To avoid such impediments, Local authorities and Civil 

Defense Bodies foresee interventions on buildings to reduce their vulnerability and damage 

possibility through retrofitting actions [126–128] or they prevent critical situations by 

promoting emergency management strategies to improve citizens’ safety 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, first of all, the analysis of disaster scenario conditions should be preliminarily adopted 

to plan appropriate risk-mitigation strategies. For such purpose, a performance-based 

standpoint able to jointly combine human behaviour-related aspects and seismic effect on the 

BE should be preferred [28,34,118,125,130]. To this end, the rapid seismic vulnerability 

assessment of buildings (mainly historical one and in masonry typology) have to be 

performed [67,131]. The one that necessitates expeditious data (e.g. typology, state of 

preservation, geometry, presence of aseismic devices) [3,132] that can be also analysed 

through external or remote surveys [5,70,77], are preferred, as already indicated in Section 

2.2.1. The prediction of post-earthquake damages scenarios for instance able to understand 

eventual ruins presence along the urban paths is then employed. Empirical-based methods 
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that adopt a quick correlation between earthquake severity and vulnerability values can speed 

up the scenario creation process [3,70]. In this way, a macroseismic earthquake 

characterization and real-world data can be used to validate these approaches [77] as proved 

in Section 2.3.2. Indeed, the statistical significance of the out-of-plane response of the façade 

walls, which can block the urban paths increases the importance of ruins formation prediction 

algorithms. 

Additionally, pedestrians’ evacuation process has to be adopted to understand which and 

where critical conditions can occur and where to direct rescuers’ access procedure by 

including the abovementioned post-earthquake scenario conditions [8,28,124,133]. For such 

purposes, microscopic models [134] have to be preferred since they take into account 

behavioural aspects associated with each simulated individual. Moreover, specific 

interactions among evacuees and between them and the modified BE are adopted to perform 

the evacuation simulation [6,28,135,136].  

Finally, to analyse evacuation simulation outputs necessitate objective tools. For such scopes, 

the definition of Key Performance Indicators (KPI) can be considered a rapid way to directly 

evaluate the effective impact of proposed risk-reduction strategies [126]. Such tools provide 

numerical quantities to compare obtained results among different scenarios conditions [137]. 

These indices allow to analyse the overall populations’ safety levels [31,32] and also possible 

related hazards that can affect them while reaching rescuers [28,125,129]. KPIs giving the 

possibility to focus on the safety level of specific BE elements as 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 in Figure 1 of Section 1.3. All the above issues are here 

addressed proposing an innovative simulation-based 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 strategies. 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 

The first step necessary to propose resilient solutions against seismic disasters should involve 

a detailed characterization of the whole physical scenario. Thus, to speed up the process in a 

way that can be implemented at the urban scale rapid data collection methodologies are 

chosen to perform different scenario conditions as well [30]. This step (i.e.: PLAN) and its 

tools to be actuated are widely debated in the previous chapters of this thesis. Essentially the 

first data to collect should concern the urban layout. The related key role elements are the 

paths’ width in relation to the facing buildings’ height and the overall configuration of the 

urban path network including its composing elements. Links, nodes, and squares assessment 

are crucial in emergency planning. Wide-open spaces could embody the role of assembly 

areas. Additionally, the possible access point for rescuers to this network constitutes another 

fundamental element to depict [4,6,48]. Moreover, exposure issues are often related to the 
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building intend use, the presence in the BE of strategic buildings (e.g. hospitals, hotels, public 

administration structures) characterize the position and the number of inhabitants involved 

in the evacuation, especially for those who require special cares. Finally, man-made 

constructions (both buildings and path network elements) should be inquired from a 

vulnerability point of view employing simplified assessment techniques. Differently from the 

works proposed above, for this last goal, the methods of Tiago M. Ferreira, Vicente, and 

Varum (2014) for masonry buildings and the one proposed by Santarelli et al. (2017) for 

urban paths are chosen. In this way, the replicability of the general operational framework is 

pursued because the employed methods are not exclusive, but they could be replaced with 

similar others, improved in the future, guaranteeing general adaptability. Although the 

seismic input intended as the hazard component of the risk is not deeply analysed in this 

thesis, different emergency scenarios (related to the severity of the seismic event) can 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 a validated experimentally-based method that proposes correlations 

between seismic magnitude, geometrical building/facing street characterization, and building 

vulnerability [70]. Finally, eventual current predisposed emergency plans in each case should 

be considered by verifying their adequacy. In the cases where there is no evacuation plan, 

national or international evacuation guidelines can be used.  

4.2.2 DO by performing evacuation simulation  

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

elements and hosted inhabitants in case of an earthquake [6,31,32]. Related software tools 

are able to jointly analyse both the earthquake-induced scenario modifications and the 

evacuation process. 

On the first matter, how previously said this operational framework adopts the Santarelli et 

al. (2018)’s method that is focused on the estimation of debris depth formed in the immediate 

aftermath of an event. The eventual availability of post-event evacuation paths are so 

esteemed by taking into account the earthquake magnitude, the analysed building 

vulnerability, and the analysed building/facing street geometry. 

Meanwhile, regarding the evacuation process, it should be evaluated from the analysis of the 

individuals’ actions performed during and in the aftermath of the earthquake. For this 

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

behaviour through the techniques discussed in Section 3.1. In this way, such microscopic 

tools are able to describe the recurring individual-individual and individual-environmental 

elements interactions, while preserving the general adopted holistic approach [138–141]. 

Additionally, an Agent-Based Model (ABM)-oriented approach [142] can enrich the overall 

advanced simulation model by deeply focusing on specific evacuees’ behavioural rules in 

motion simulation and by modelling environmental modification as separate agents [6,142]. 

In this thesis, the Earthquake Pedestrians’ Evacuation Simulator (EPES) [6] is adopted also 

because it is developed a few years ago in the same research department of the author. This 

validated software is based on a combination of the ABM and Social Force Model (SFM) 

techniques [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 provided in Appendices 6.2. 
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Describing deeply the purposes of the evacuation process simulated by the model, the final 

objective of each agent is to reach an assembly area (AA) where to wait for rescuers’ arrival. 

Such assembly areas are previously determined also according to the current local emergency 

plan. According to Section 2.3.1, the evacuation path followed by evacuees is made by the 

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

square correspond to the assembly area. However, like in the real-world unfortunately not all 

the simulated people are able to reach the predisposed AA often because of the surrounding 

environmental modification (e.g. blocked paths by ruins) or because of behavioural issues 

related to path choices criteria (e.g. influenced by other evacuees). Through the employed 

techniques discussed in the introduction of chapter 3, it is demonstrated how in these cases 

trapped evacuees tend to gather around the same point remaining together. Such additional 

assembly areas can be defined as “spontaneous” (SAA). So as described at the end of Section 

3.3.1 for AA such places are often characterised by the following points. Those areas should 

offer the best safety and comfort conditions to evacuees such as the limited presence of 

debris, higher distance from tall and damaged buildings, enough space to gather and 

accommodate people preferably not in overcrowding conditions. 

In view of the above, the simulations are performed according to the following necessary 

assumptions [6,28,124,136,143]. The individual’s path choice could be influenced by links’ 

geometry, damage levels, and social attachment phenomena [6], as furtherly described in 

Appendices 6.2. The evacuation starts to be performed by the agents after the earthquake 

shake (do not move during the earthquake shake, according to Civil Defence Bodie's 

dispositions [97] by avoiding riskiest conditions due to human body instability and possible 

falling of objects [144]). All the produced debris are considered already generated at the 

starting of pedestrians’ motion. Simulated agents can be generated directly outside of the 

buildings where they are hosted or randomly scattered in the scenario’s opens spaces 

according to what is discussed in Section 3.2.1. They start their evacuation from such points 

and ends it in three possible ways: reaching an AA, gathering with others into a SAA, 

stopping along an emergency path at the end of the simulation time, or remaining in the place 

where they are trapped (e.g.: enclosed by debris presence). According to previous EPES tools 

validations, the individual’s motion preferred speed 𝑣𝑝𝑟𝑒𝑓,𝑖(𝑡) in the SFM is equal to 

2.1±0.5m/s (Gaussian distribution). The maximum simulation time could be fixed by 

considering the time needed to reach a AA 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 deviations) are considered to highlight possible variations of simulated pedestrians’ 

behaviour due to introduced stochastic errors [6,141]. According to [6,139], 10% is the 

maximum allowed difference in the simulation outputs. An HP ProDesk 400 G1 MT 

workstation (Intel® CoreT2M i-4570 CPU @ 3.20Ghz, RAM: 8GB; OS: Windows 7 

Professional 64-bit) is used for simulation running. 

4.2.3 CHECK the safety levels by analysing simulation results  

Evacuation simulation outputs have to be quantitatively analysed through the employment of 

ad hoc Key Performance Indicators (KPIs). Hence, KPIs, based on human-centric metrics 

[33,34], have to be defined aimed at combining the main factors that are able to characterise 

urban scenario criticalities. Such factors involve vulnerability and damages issues, trapped 

population, and the state of rescuers’ access paths, implemented risk-reduction strategies, and 
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community safety levels. Results, according to previous work developed in chapter 2, should 

permit the rapid evaluation of the entire urban fabric. Therefore, such determined indexes 

could be synthetically reported on risk-maps to quickly localize specific risks for each urban 

component (e.g. buildings, paths, assembly areas). According to the employed software for 

simulation, each of the KPI should be referred to all the different simulation outputs giving 

their punctual interpretations. For such reason, each urban tissue element has a related KPI, 

a complete description of all the involved KPIs is offered in Appendices 6.3.  

The safety level of each link of the urban paths network (Table B 1 Appendices 6.3) is 

obtained by considering both its usage by evacuees and the possible interaction among them 

(evacuee-evacuee due to the overcrowding condition) and to debris presence along the path. 

Additionally, every single link if combined with the contiguous ones can be assessed by KPIs 

in the view of constituting rescuers’ access paths to reach the assembly areas.  

The assembly areas (AA) are evaluated in (Table B 2 Appendices 6.3). Firstly, AA safety is 

connected to the minimization of directional variations and coming-and-going behaviors. 

Then, according to its definition given in Section 3.3.1, each AA has to host evacuees in safe 

conditions (adequate levels of crowding and satisfying surface without debris and away from 

unstable buildings). Moreover, AAs should be directly reached by rescuers after the event. 

For such purpose, the path conditions toward the analysed AA necessitate a specific KPI that 

evaluates the possibility to find streets devoid of debris minimizes interferences between 

rescuers and seismic-induced scenario alterations [4,48,49,124,136]. 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.: ambulances or fire trucks) thus a street 

width of at least 3.5 m should be guaranteed for main street accessibility [67]. Anyway, in 

the historic urban fabric, this could be not possible for many alleys, so 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 B 3 Appendices 6.3). In these areas, evacuees decide to spontaneously stop 

their motion induced by visible low-risk conditions. However, such areas could not be easily 

reached by rescuers. Hence, alternative paths should be established and singularly evaluated 

through KPIs. Related results will be compared to define which is the best path. 

Focusing on further technical aspects of KPIs definition, it is worth noting that some indexes 

are normalized within the area data to define a priority list for interventions, by characterizing 

risk levels into 4 classes: low (0-0.25), medium-low (0.25-0.50), medium-high (0.50-0.75) 

and high (0.75-1). 

4.2.4 ACT by proposing risk reduction solutions 

According to different authors [121,126,127,145,146], risk-mitigation strategies are 

generally based on building retrofitting interventions, evacuation planning (i.e. the position 

of assembly areas, rescuers’ access paths, evacuation path definition), preparedness and 

population awareness (by providing to citizen the right actions to perform), and emergency 

management, including support to population (i.e. wayfinding signage implementation, 

positioning of rescuers within 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. Hence, the proposal of a risk-mitigation strategy has to be based on 
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the more critical aspects outcoming from the evacuation simulation of a specific case study 

by taking advantage of KPIs description and resulting risk maps as well [28,32,125,147].  

Risk-mitigation strategies proposed in this thesis are based on results outcoming from the 

simulation of an “initial scenario”. Then, the “post-intervention scenario” (i.e.: the one that 

includes the proposed strategies is simulated) so as to close the PDCA cycle by going back 

to the very first stage of the process (according to Figure 1 of Section 1.3). Therefore, the 

PDCA cycle can be reiterated to evaluate again the safety levels and to test the effectiveness 

of different adopted risk-mitigation strategies. Specifically, each risk-mitigating strategy 

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

reiterations a strategy can be assumed as valid if: the Aeff,AA is maximized, the JSAA is 

maximized as well, by minimizing the number of AA, avoiding the formation of many SAA 

and by limiting the evacuation time, so as to focus rescuers’ access (and by considering that 

LOSAA≥ 0.3m2/pp). On the contrary, Vlink, T, Slink,AA, SAA, should be minimized by guiding 

people towards the AA. Comparisons among such results of different scenarios (with risk-

strategies differently implemented) have to be determined by evaluating their mutual 

differences dx [%] defined in Equation 25: 

𝑑𝑥(%) =
𝑥𝑝𝑖 − 𝑥0

𝑥0

 ∙ 100 (25) 

where x is a general KPI, and the subscripts refer to simulation in the original (subscript 0) 

and post-intervention (subscript pi) conditions. In conclusion, each KPI variation to improve 

the safety levels should be minimized or maximized depending on the considered KPI 

definition. 

The entire PDCA cycle is here performed on the Coimbra (Portugal) case study to better 

evidence the effectiveness of the proposed operational framework. The city of Coimbra is 

one of the oldest and most important Portuguese cities, especially for its historical and 

cultural significance [148]. A complex and irregular 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 such as the one of Offida 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 intensity [149]. 

4.3 Risk reduction solutions based on evacuation simulation 

outputs: a case study results 

According to Section 4.2.4, two different scenarios are simulated in this work. The first, 

“initial scenario” is discussed in the following Section 4.3.1 and represents the current 

conditions of the case study area. The second one (“post-intervention scenario”), addressed 

in Section 4.3.2, considers the adoption of a series of risk reduction strategies specifically 

designed to mitigate the criticalities pointed out by the first scenario. 
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4.3.1 PDCA to assess the initial scenario 

Starting from the PLAN, the case study area is the one marked in Figure 19 within 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 proposed by Tiago M. 

Ferreira, Vicente, and Varum (2014)) are directly retrieved taking advantages from the 

previous study of [67]. In such contribution, the main classes of buildings vulnerability 

distribution are provided for the case study area. Additionally, Figure 19 identifies those 

buildings that are excluded from the evaluation because the adopted vulnerability assessment 

method could lead to not significant values (i.e. monuments, churches, and other different 

typologies from masonry buildings). 

 

Figure 19 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 45; image source: [29] re-elaborated by the author 

Figure 20 highlights the urban paths network of the case study and subdivides the network 

elements according to Section 2.3.1. A total amount of 32 links delimited by nodes are 

determined. Since no data about the current emergency plan have been retrieved, within the 

same area are preventively determined nine possible assembly area (AA). Individuated areas, 

according to their definition (Section 3.2.1), are preferably the one that is placed in the widest 

open spaces (i.e. squares, wide avenues) and the ones placed out of the narrowest paths area 

because their peripheral location allow rescuers to reach them more easily (e.g. the ones 
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placed along the main roads). Finally, 3 main access points for rescuers’ vehicles are 

highlighted by arrows. Figure 20 reports through a chromatic scale the outcomes of the paths 

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

values according to Santarelli et al. (2018)’s method. As can be seen in this figure, the most 

vulnerable links are the numbers 7, 9, 10, 13, and inner parts of links 2 and 6 (characterized 

by most vulnerable buildings, by comparing with Figure 19).  

 

Figure 20 Urban paths network schematization and Vlink values for the case study area. 

Rescuers’ vehicle access and possible designated assembly areas (AA) from the number 0 

to the 8 are also evinced; image source: [29] 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 of magnitude 

and assumed equal to 5.6 Mw that is the maximum historical local magnitude [150]. 

According to chapter 3, the hosted individuals are determined with the aim of the exposure 

scenarios creation. 1200 agents are simulated, but to simplify the simulations (also in terms 

of computational time) they are assumed only as inhabitants. Hence, residents are distributed 

in the environment according to the buildings where they live. Is also necessary to underline 

how for the only inhabitant category (compare to Section 3.2.1) it is supposed that all the 

evacuees know very well the surrounding environment and the position of the designated 

AAs. Rapid visualization of the exposure scenario is provided in Figure 21. 

According to Section 4.2.2, the maximum evacuation time is fixed equal to 350s, since the 

evacuation paths are much shorter than 350m and earthquake evacuation speeds are generally 

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. 

 

Figure 21 Exposure scenario: hosted inhabitants within the area buildings; image source 

[29] 
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The performed evacuation simulations of the initial scenario give their first results (CHECK), 

indeed Figure 22-A reports the average evacuation curve in terms of arrived evacuees to the 

designated assembly area (AA) in the simulation time. Because of the 5 simulations, the same 

graph shows the maximum and the minimum evacuation curve as well. The maximum 

differences among these curves according to Equation 25 is equal to 5%. According to [6] it 

is possible to assume that the analysis converged to an accurate solution (<10%). Figure 22-

A highlight the presence of 766 evacuees that corresponds to the 64% of the simulated agents 

that are able to reach an AA within the adopted simulation time equal to 350 s. Going deeper 

to analyse each assembly area, Figure 22-B displays the average evacuation curves for each 

single assembly area individuated by their codes. In addition, Table 16 summarizes for each 

assembly area its main KPIs giving an idea of the evacuees’ number and their occupancy in 

safe conditions while they are waiting for rescuers’ arrival. 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 paths. Figure 23 

reports the percentage of ruins along paths. These links conditions, especially for the 

narrowest ones (e.g. links 5 and 6), could slow down the evacuation motion towards the AAs 

and in many times impede evacuees to reach the nearest assembly area. Possible paths 

occupied by ruins in the initial scenario could be links 1, 22, and 23 where evacuees try to 

reach AA2 and AA6, links 5 and 6 towards AA4, and finally, links 14 and 15 towards AA7. 

Such AAs are reached only by those agents that are placed in proximity of the assembly area 

at the start of the evacuation process. Moreover, KPIs for AA2 (Table 16) evidence how this 

assembly area is underused in comparison 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-reduction 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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Figure 22 Original scenario evacuation curve results: (a) average, minimum and maximum 

curves for the whole area; (b) Evacuation curves obtained for each assembly area (AA); 

image source [29] 
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Figure 23 Case study debris percentage on links for the initial scenario according to the 

Santarelli et al. (2018)’s method. The map reports also the assembly area (AA) risk 

characterization according to KPIs and the possible rescuers’ access paths for the internal 

AA0, AA5, and AA6; image source: [29] re-elaborated by the author 

The highest JAA and LOSAA values in Table 16 for the AA0 demonstrate how many people 

reach this AA. Indeed, AA0 is placed in a central part of the Coimbra BE also exacerbated 

by the high values of inhabitants’ density due to the urban fabric configuration. Additionally, 

the links that connect this AA to the others are affected by debris presence (compare to Figure 

23) that impede the evacuation towards the nearest AA3 and AA7. 
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Table 16 Key Performance Indicator related to overcrowding conditions in each assembly 

area (AA). The “*” refers to evacuees who, although have not reached the AA, have 

stopped close to it and therefore are not included in the JAA calculation. 

AA 0 1 2 3 4 5 6 7 8 

Aeff,AA [m2] 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 2.9 12.5 4.3 3.3 3.5 5.2 5.3 3.9 

Table 17 Key Performance Indicators related to the level of safety in each assembly area 

(AA). 

AA 0 1 2 3 4 5 6 7 8 

T [-] 1.254 1.157 1.059 1.265 1.034 1.437 1.323 1.227 1.402 

ΣSlink,AA 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 

SAA (Norm) 57% 34% 13% 48% 17% 97% 100% 40% 63% 

Slowing down effects of the evacuation are shown for links 9,10, 11, and 12 converging to 

the AA3 such link are the longest ones in the area. In some situations, the evacuation time 

increases because of debris-related slowing down effects. The same conditions are registered 

along link 10 which is characterised by no crossroads. Table 17 summarises the KPI values 

of Slink,AA, SAA and SAA,norm. Figure 23 displays the SAA,norm values directly on the urban centre 

map and by highlighting the possible access paths for rescuers towards the inner assembly 

areas that could not be reached by the main peripheral streets of the study area. While, for 

the remaining AAs the Slink,AA is evaluated. The Slink,AA for the AA2, AA3, AA4, AA7, and 

AA8 is equal to 0 since they are placed at the boundary of the area, and so are considered as 

directly reached by rescuers coming from the external parts of the studied area. Finally, it is 

possible to conclude from Figure 23 how the highest 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 tortuosity (T) and the overall safety link values. 

On the contrary, the average number of simulated agents that gatherings together out of an 

assembly area is about 316, generating different spontaneous safe areas. Individuals out of 

assembly area (AA) and the spontaneous assembly area (SAA), about 10% of the total 

number of inhabitants, stop their evacuation along links because of blocked by debris, slowed 

down by their disabilities in motion, or by the tortuosity of the path. Figure 24 offers the 

SAAs risk map by only evidencing the ones with JSAA>5%: such spontaneous assembly areas 

contains the 62% of pedestrians gathering in SAA. The same figure also evidences two main 

alternative rescuers’ access routes towards such SAA placed in the inner part of the urban 

fabric. To determine which is the best path for rescuers the related KPI is involved by each 

comparing the Sroute,SAA values. The Sroute,SAA reported in Table 18 is referred to the better 

alternative. The same Table resumes the remaining evaluated KPIs providing SSAA and 

SSAA,norm values as well.  
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Table 18 Key Performance Indicator for spontaneous assembly areas (SAAs). 

SAA 0 1 2 3 7 8 

Aeff,SAA [m2] 18 39 33 23 63 63 

Sarea,SAA [-] 0.345 0.075 0.118 0.193 0.056 0.046 

Sroute,SAA [-] 0.091 0.044 0.044 0.083 0.042 0.042 

Jp,s [%] 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 to previous works on real-world scenarios analysis [28], people collect in such 

SAAs because paths to a near AA is blocked by debris or surrounding conditions along the 

urban fabric are better in terms of damage levels and available space. In narrow and very 

damaged areas, i.e. SAA0 and SAA6, evacuees seem to spontaneously gather in intermediate 

nodes. In particular, SAA0 is characterized by the worst conditions 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 (compare with Aeff,SAA and Adebris,SAA in Table 18). 

The same hazardous conditions characterize both the links converging to the SAA0 and the 

possible access routes (see Sroute,SAA value). Similar conditions are fundamental along the most 

vulnerable and long links, i.e. for SAA1 and SAA2 (along link 2), SAA3 (along link 7), 

SAA7 and SAA8 (along link 10). According to Table 18, SAA2 is less safe than next SAA1, 

mainly because of a significant risk in the SAA surface (i.e., due to debris presence, see 

Sarea,SAA and smaller Aeff,SAA). On the contrary, SAA3 is more “dangerous” than the other 

nearby ones because the better choice for access route is sensibly influenced of debris and 

evacuees’ density conditions along it (i.e., people moving towards AA3), as shown by related 

Sroute,SAA. About SAA7 and SAA8, they can be affected by a minor facing buildings 

vulnerability and by related lower debris presence, as suggested by Aeff,SAA and Sroute,SAA. 

Anyway, similar Sroute,SA characterize the two alternative access routes, so the shortest path is 

assumed to be the best one (rescuers access from AA8).  

To conclude on the determined spontaneous assembly areas simulations evidence that some 

agents also can gathers in areas very close to an AA, as for SAA9 and SAA10, mainly because 

of slowing down phenomena in groups moving together (such areas not furtherly analysed 

collect only the 4% of not arrived evacuees) [28,129]. 
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Figure 24 The spontaneous assembly area (SAA) risk maps in original scenario conditions: 

SAAs identification form 0 to 10 (SAAs where the JSAA>5% are marked by a coloured 

circle), risk characterization (circle radius roughly define a priority in the SSAA,norm values). 

Paths to reach SAA: dashed lines represent the better alternative paths to reach each SAA 

(related KPIs results are reported for the worse case as well, continuous 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 main risk-reduction strategies adopted in this thesis are resumed into two 

main points (according to Section 4.2.4, the ACT phase is now started). 
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• Retrofitting interventions on buildings are proposed starting from the most 

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

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

Decreasing this impediment for the evacuation and rescuers’ actions should be 

visible in the next “post-intervention scenario” for what it concerns the related KPIs 

(T, Spath,AA and Sroute,SAA values). Figure 25 display 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 wall-to-wall 

connections by means of effectively tying walls together with steel tie-rods; 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 steel tie-rods 

underneath the ceiling joists. 

• The second level of possible solutions involves the evacuation management by 

providing a new plan (Figure 25) to optimize the AA number and location from the 

criticalities previously discussed and emerged by KPIs analysis. In this way, 

rescuers’ actions will be focused and directed to fewer points where collects a major 

concentration of agents in difficulties. In detail, the AA7 is removed in the 

emergency plan because of its excessive proximity to the AA0 and for its low JAA 

level by also supporting people to move towards it through plan dissemination 

actions or installing wayfinding signs; at 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 conditions; finally, a new AA, named AA5 in Figure 25, 

is adopted instead of both the previous AA5 and AA6. The new AA5 is placed in 

correspondence with a crossroad of two main rescuers’ paths (see Figure 24) and it 

could be aimed at collecting evacuees from nearby links. 
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Figure 25 Proposal of risk-mitigation strategies: a) buildings with retrofitting interventions 

are marked in red b) the new assembly areas (AAs) position from an emergency planning 

perspective by including related identification codes; image source: [29] re-elaborated by 

the author 

4.3.2 Verifying the effectiveness of proposed resilient solutions: post-

intervention scenario 

The possible solution discussed above (Section 4.3.1) are then both implemented to perform 

another time the entire PDCA cycle on the post-intervention scenario. Table 19 introduces 

the effectiveness of the first risk-reduction strategy that is aimed at reducing the amount of 
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produced debris along the paths by intervening in the seismic behaviour of buildings. Here, 

vulnerability values (Ivf) are compared to directly underline the introduced difference between 

the initial scenario (PLAN). The involved buildings are highlighted in Figure 25 as well, the 

identification code is also provided to compare their position with the values of Table 19. 

Table 19 Selected buildings vulnerability index for seismic retrofit, before and after the 

retrofitting interventions.  

Link Building code Original Ivf Post-intervention condition Ivf Ivf Reduction [%] 

Link 4 
6.1 35.78 26.13 26.97 

7.7 32.61 23.04 29.35 

Link 6 6.1 35.78 26.13 26.97 

Link 7 

7.1 50.00 42.17 15.66 

7.2 48.48 41.30 14.81 

7.3 59.57 52.61 11.68 

7.5 34.5 24.50 28.99 

7.7 32.61 23.04 29.35 

Link 9 

9.1 42.17 23.91 43.30 

9.2 45.00 33.48 25.60 

9.3 33.61 26.02 22.58 

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 

Link 10 

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 

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 reduction affects not only the depth of produced debris on the links where 

the buildings rest but also on the values of urban path network vulnerability [70] (i.e.: the 

links 4, 6, 7, 9, and 10). Figure 27 shows the graphical outputs to compare with the previous 

Figure 23). Such strategy demonstrates how is possible to reach a visible safety increase by 

intervening on a limited and well-determined number of buildings. Evacuation improvements 

are translated into the availability for pedestrians’ motion of the effective area especially 

within a typical historical scenario 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 rescuers. To confirm 

such statements, Table 20 offers a comparative framework of the obtained KPIs from both 
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the inquired scenarios (pre and post). The effects of the second implemented risk-reduction 

strategy will be observable only after performing the simulations (DO). 

Table 20 Links vulnerability index, debris amount, effective areas before and after retrofit 

interventions the considered earthquake magnitude. 

  Original condition Post-intervention conditions 

Link Total Area [m2] Vlink Adebris [m2] Free Area [%] Vlink Adebris [m2] Free Area [%] 

Link 4 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 0.65 122.90 18 

Link 9 240.72 0.66 210.93 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 post-intervention scenario (CHECK) openings with the 

graphical outputs given in Figure 26 where the evacuation curves are considered for both the 

whole simulated scenario (average, maximum, and minimum evacuation curves) and for each 

AA. Comparing such results with the ones obtained for the initial scenario, the difference 

between the maximum and minimum evacuation curves is acceptable since it is equal to 4% 

(<10%). Average results show that 746 evacuees (62% of the hosted population) seem to be 

able to reach a AA within the considered simulation time (350s), which is almost the same 

conditions for the original scenario. Table 21 summarizes the occupancy conditions of each 

AA and in Table 22, SAA and SAA,norm are evaluated by also reporting the comparisons with 

the initial scenario data. 
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Figure 26 Post-intervention scenario evacuation curve results: A) Average, minimum and 

maximum curves for the whole area; B) Evacuation curves obtained for each of the new 

considered AA according to Figure 25; image source [29]  
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Figure 27 Post-intervention building debris estimation scenario; image source: [29] re-

elaborated by the author  

The previous graphs and the evaluated KPIs confirm that a number of agents very similar to 

one of the initial scenario conditions can gather in a reduced number of AA (see dJAA data in 

Table 22), without significant LOSAA levels increase, with not increasing risk conditions 

along the access routes (see ΣSlink,AA data in Table 22). 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 buildings (compare to Figure 27), the 

evacuees’ motion conditions get worsen. In particular, the risk for the AA4 is more evident 

than the initial scenario. Although the retrofit actions on the two most vulnerable buildings 

along link 4 allow preventing the path blockage, the JAA can so increase by boosting negative 

interactions between evacuees and debris, as mainly shown by T (and so SAA) higher values. 

For this reason, AA4 has now SAA,Norm=100%. Figure 27 graphically summarizes with four 

different colours such as SAA,norm values on the urban risk map.  
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Table 21 KPIs for overcrowding conditions for each assembly area (AA) in post-

intervention conditions and comparison with the original scenario. (*) refers to people not 

arrived in the AA but stopped really close to it and that are not included in the JAA 

calculation. The subscript Pi stands for “post-intervention” and the subscript 0 stands for 

initial scenario conditions. 

AA 0 1 2 3 4 5 

Aeff,AA [m2] 303 237 930 545 265 167 

Np [pp] 196 89 152+5* 76+11* 152 
84+17

* 

LOSAA 1.546 2.663 5.931 6.279 1.743 1.653 

JAA,pi [%] 26% 12% 20% 10% 20% 11% 

Compare to initial scenario 0-7 1 2-8 3 4 5-6 

J AA,0 [%] 18%+7% 11% 
6%+13

% 
15% 10% 

9%+6

% 

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

 

Table 22 KPIs for assembly area (AA) in post-intervention conditions and comparison with 

the initial scenario. The subscript Pi stands for “post-intervention” and the subscript 0 

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 

ΣSlink,AA,pi 0.001 0 0 0 0 0.170 

SAA [-] 0.421 0.216 0.341 0.104 0.613 0.494 

SAA,Norm 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% 

ΣSlink,AA,o 0.020 0.000 0.000 0.000 0.000 0.288 

SAA,o [-] 0.369 0.219 0.408 0.314 0.110 0.630 

dSAA [%] 14% -1% -16% -67% 457% -22% 

In this new performed scenario, the average number of evacuees who decide to gather in a 

spontaneous assembly area is about 320. The value is similar to the one of the original 

scenario, but the majority of evacuees gather in a reduced number of SA, as shown by Figure 

28 that offer the SAAs risk map by mainly evidencing the ones with JSAA>5%: such SAA 

contains the 62% of pedestrians gathering in a SAA. Figure 28 also evidences the two main 

alternative rescuers’ access routes to reach each SAA. Table 23 resumes the related KPIs for 

them by finally providing SSAA and SSAA,norm values. Sroute,SAA is referred to the better alternative 

route within the ones of Figure 28. In Table 23, SAA0 and SAA1 can be respectively 
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compared to SAA0 and SAA2 of the original scenarios because they are placed in the same 

areas.  

 

Figure 28 Analysis of the improved urban scenario: spontaneous assembly areas (SAAs) 

risk characterization and identification of the best paths to reach each SAA, rescuers’ 

access points to the area are also reported on the urban layout map; image source: [29] re-

elaborated by the author 

In detail, SAA0 hazardous conditions are reduced in terms of the number of gathered 

individuals and in terms of debris influence, while Sroute,SAA increases because of the higher 

number of evacuees moving along the access route. SAA1 in post-intervention conditions 

owns a higher risk in respect to SAA2 of the initial scenario, but this is mainly due to the 

significant increase in the number of gathering individuals and its effect on Sarea,SAA. For this 

reason, SAA1 is the most risk area in post-intervention conditions.  
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Risk reduction interventions along link 10 allow limiting the formation of SAA. Now people 

seem to spontaneously gather in SAA4 since they were slowed down by debris interference, 

but not blocked by them. The variation of AA position influences the evacuation process for 

the nearest area. The deletion of AA7 provokes a higher crowding in the AA0 while evacuees 

from areas near links 15, 16, and 20 prefer to collect in SAA6, which is placed in a wider 

square. SAA6 can host them without significant interactions with debris (see related Aeff,SAA). 

Anyway, the SSAA for the SAA6 is affected by the significant evacuees’ usage conditions. 

To conclude, SAA1, SAA4 and SAA6 can be easily reached by rescuers, as pointed out by 

Sroute,SAA values in Table 23. Furthermore, they are also located very close to AAs: gathering 

evacuees could be invited to continue their evacuation towards AAs through, for instance, 

the punctual installation of wayfinding systems.  

Such results underline how absolute SSAA values are generally lower than the ones for the 

original conditions, by demonstrating the effectiveness of both the implemented risk 

reduction strategies. 

Table 23 KPIs for spontaneous assembly areas (SAAs) in the post-intervention scenario and 

comparison with the initial one. 

SAA 0 1 3 4 6 

Aeff,SAA [m2] 21 33 54 45 122 

Sarea,SAA [-] 0.077 0.157 0.013 0.150 0.021 

Sroute,SAA [-] 0.110 0.042 0.024 0.020 0.003 

JSAA [%] 5% 15% 9% 13% 20% 

SSAA [-] 0.144 0.221 0.094 0.203 0.197 

SSAA,norm [-] 65% 100% 43% 90% 89% 

Original SAA to compare 0 2 - - - 

Aeff,SAA,o [m2] 18 33 - - - 

d Aeff,SAA [%] 33% 0% - - - 

Sarea,SAA,o [-] 0.345 0.118 - - - 

dSarea,SAA [-] -78% 33% - - - 

Sroute,SAA,o [-] 0.091 0.043    

dSroute,SAA [%] 20% -2%    

JSAA,o [%] 19% 10% - - - 

dJSAA [%] -73% -55% - - - 

SSAA,o [-] 0.345 0.118 - - - 

dSSAA [%] -61% 41% - - - 

Discussing about adopted risk-reduction solutions, the reduction of AAs combined to retrofit 

interventions on specific buildings, lead to evacuation improvements. Although the same 

number of evacuees arrives at a similar time to the AAs, differences in evacuation curves 

slope are evinced. Such discrepancy is essentially due to the individuals’ traveled distance to 

an AA. From the rescuers’ standpoint, evacuees are collected in a few AAs, so first aid actions 

can be better focused on them. At the same time, access paths have a lower risk (see Table 

22). On the other side, evacuees-debris interactions are reduced, especially for the narrowest, 
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most complex, and longest links in the historical urban path network, and for the urban 

network areas hosting the most used SAAs, by improving motion and gathering conditions. 

Effects on links are mainly noticed for links 7, 8, and 9 towards the AA3 and SSA5 (reduction 

in difference-in-path-ratio index T and related reduction of SAA) and for link 10 in relation to 

the SAA4 (i.e., access paths conditions). Effects on areas hosting SAA are also evidenced by 

an increase of the effective area (i.e., not occupied by debris), especially in SAA1 (see related 

Sarea,SAA in Table 23). 

Finally, the analysis of post-intervention conditions allows to point out how some additional 

strategies should be implemented (ACT). Figure 29 offers an additional plan for the historic 

part of Coimbra based on the following notes. 

• Although their new position and optimization, the AAs are not totally exploited in 

terms of hosted people capacity. A further selection of AAs could be promoted (e.g.: 

merging the AA1 with the AA5 also trying to collect evacuees from the SAA6). 

Anyway, many SAAs are now very close to previous AAs (i.e.: SAA1 and AA5; 

SAA4 and AA3): this result suggests that wayfinding strategies could be adopted to 

guide people towards the nearest AA [28]. In particular, evacuation signs could be 

installed along the paths or small first responders’ groups should be immediately 

sent to such SAAs (i.e. see the green arrows in a row in Figure 29).  

• Additional retrofit interventions could involve other buildings along critical links, 

especially along links 9 and 10 since they connect the two AAs, and link 7 since this 

remains the most vulnerable one within the case study area. Economic analyses for 

supporting public-private partnerships in such operations could be evaluated to 

define the sustainability optimization of such solutions.  

• Analyses on the selected area of the Historic Centre of Coimbra should be combined 

with other ones in surrounding parts of the overall historical urban fabric. The 

division within sectors (for simulation and emergency management purposes) could 

be more effective to plan focused and agile solutions also by involving different 

input scenario configurations (i.e. a different earthquake magnitude, considering 

visitors and tourists among the hosted population). Boundaries between sectors (and 

related AA on the boundary), nevertheless, should be jointly analysed as far as 

possible. 
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Figure 29 Proposal of additional risk-mitigation strategies on the post-intervention scenario, 

by defining possible wayfinding solutions, additional retrofit interventions, and proposed 

access routes to assembly area and spontaneous assembly area; image source: [29] re-

elaborated by the author 
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Chapter 5 

5 Conclusions and future works 

Currently, local administrations and Civil Protection Bodies generally underestimate the 

influence of emergency management based on the innovations introduced by recent research 

achievements. They plan evacuation strategies (e.g.: earthquakes in this thesis) without 

jointly considering both a comprehensive prediction of the disaster-induced modification on 

the Built Environment and their possible interactions with the hosted populations. From this 

point of view, earthquakes are one of the most important disasters to face off that modify the 

daily scenarios and frightened hosted communities. 

The present thesis is aimed at developing a general operational framework that could guide 

safety planners through the proposal of calibrated, effectiveness and resilient solutions 

towards different scenarios where the combined effects of multi inputs are dynamically 

implemented. Firstly, this work tries to define immediate criteria for urban scenario 

characterization in case of a seismic event through rapid data collection approaches. Indeed, 

literature is populated by many works on the same issues that deeply focus on specific aspects 

and require detailed and dispendious analysis to derive a risk quantification on single BE 

elements (e.g.: public buildings, private dwellings, but also infrastructures, bridges, etc). 

Otherwise, the main aim of this kind of work is to rapidly provide an overall risk 

characterization on wide urban areas.  

Hence, the adoption of speditive and holistic methodologies to investigate such aspects can 

be adopted to have a quick and interdisciplinary knowledge of the scenario and disaster 

conditions and hence to manage the risk-reduction operations. A large part of this thesis is 

aimed at proposing methodologies to answer this necessity for emergency planning. 

Developed and tested tools are centred on the quantification of buildings aggregates 

vulnerability by speed up the evaluation process by taking advantage of existing methods. 

Moreover, the innovative employed tools are based on available and easy to detect parameters 

without the necessity to conduct costly in-situ surveys on materials quality and constructive 

techniques by trained personnel. Vulnerability issues are deeply investigated because of their 

connection to building damage levels. Indeed, debris presence due to buildings collapse has 

heavily consequence on the availability of evacuation paths, which play a key role in 

immediate earthquake aftermath conditions for both rescuers and hosted population. Thus, 

the risk levels of the urban path network including both direct and indirect damages to the 

infrastructure system are here determined by developing an innovative and holistic tool. 

Differently from similar previous studies, here the involvement of a reliable and “remote” 

approach allows to rapidly create scenarios by non-expert technicians as well. Although the 

thesis developed ad hoc methods such evaluations can be also performed by replacing 

suggested but not exclusive methods with others that giving the same inquired parameters 

(also in the view of future methodological improvements). This adaptability criterion 

enriches the operative framework innovation. 

The other side of the emergency management medal is the employment of a behavioural 

based perspective pursued to evaluate the impact of exposed individuals' behaviours in an 
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emergency. Understanding which evacuation threats could influence people while moving in 

the earthquake-affected urban fabric, and where people stop their evacuation because of 

behavioural, psychological, and surrounding environmental conditions (i.e. group 

phenomena, familiarity with the urban spaces, debris presence in post-earthquake 

environment), becomes essential to identify which are the emergency process requirements. 

Innovatively, this work takes into account and widely debates the exposure issue introducing 

several users' typologies that populate the BE at different times and for different purposes 

(e.g.: age-related inhabitants typologies, presence of tourists, and daily visitors). 

Furthermore, the crowd density of outdoor spaces and public buildings are detected and 

considered to determine eventual overcrowding conditions that could exacerbate the 

emergency from a multi-hazard perspective. Buildings with specific intended uses (e.g.: 

hotels, hospitals, theatres, restaurants) are recognised to this end. All these kinds of data will 

be considered to create more detailed scenarios on hosted populations in simulation-based 

risk assessment. 

In view of the above, a validated urban earthquake pedestrians’ evacuation simulation 

software allows to retrieve and compare probable behaviours and motion evacuation 

decisions in relation to different environmental conditions, including damages and different 

emergency management decisions. In this way, the different risk-influencing factors are 

jointly combined, and man-man and man-environment interactions are simulated to 

determine their effect on citizens' safety levels. Then, simulation-based raw data have to be 

interpreted. To this purpose, ad hoc Key Performance Indicators (KPIs) are defined to 

provide inquired safety levels on risk maps and related suggestions for risk-reduction 

strategies to be implemented in the urban paths network (management and retrofit action). 

The method can be applied in an iterative way, so as to compare different scenarios based on 

the proposed risk-reduction strategies. This way, the operational framework appears able to 

offer a more comprehensive community resilience assessment in a given scenario. Results 

reached in this thesis, constitute the starting point to plan the emergency from a sustainable 

and incisive perspective.  

The capabilities of the proposed work are evidenced by significant case study applications 

which demonstrate how the proposed framework is: holistic since it handles input data on 

seismic hazard, vulnerability, exposure, and emergency response; structured, because it 

combines data to define emergency scenarios to move towards advanced simulation-based 

methodologies; sustainable, since it is mainly based on available and quick-to-access 

databases and tools; reliable, due to its experimental-based approach; and finally oriented 

towards a human-centred perspective that constitutes the main significant novelty of the 

proposed work in view of risk assessment and emergency management actions. 

Future efforts should firstly apply the general operative framework to other case studies, to 

possibly derive some general rules and trends in the evacuation management and safety 

levels. Furthermore, the investigation of different solutions impact should actively involve 

additional factors, by also including deeper characterization of population, i.e. in terms of 

age/gender classes, differences due to population densities and localization of individuals 

(e.g. creating scenarios at a different time of the day/week/year), emergency procedure and 

plan awareness, interaction with wayfinding and rescuers’ motion (including vehicles 

access). Defined KPIs can provide quantitative support to safety designers, urban planners, 

not only by assessing the impact of different risk mitigation strategies but also by defining 

the effective use of assembly areas by evacuees. In this way, the number of people arriving 
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in assembly areas can be improved and rescuers’ priority actions are guided. Anyway, future 

works could combine such KPIs to additional elements (e.g. economic aspects also in relation 

to cost assessment issues; social vulnerability aspects) to move towards a more 

comprehensive community resilience assessment in the given scenario. From a general point 

of view, the outputs of this novel proposed framework could be integrated with the GIS tool 

as fundamental improvements for a quick urban scale application, thus being useful for its 

management and analysis. The possibility of spatial presentation of results, associating the 

whole probabilistic algorithm, makes GIS a very effective tool in the dissemination of such 

data and for supporting the definition of seismic risk mitigation and management strategies 

for both urban safety planners and policymakers and Civil Protection Bodies. Finally, this 

novel proposed framework can be employed with other disaster typologies (e.g. further multi-

hazard conditions and climate change-related disasters). To do this, some adjustments will 

be required on the definitions of risk-related factors connected to different disaster sources 

to face off. 
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6 Appendices 

6.1 Supplementary material 

Table A 1. Method validation sample data. The assessed link is identified through to the 

relative ID by showing related: location and reference earthquake; evaluated risk index (IR,j) 

and normalised index (IRn,j) according to the three approaches (in the AHP approach, such 

values are equal); Road Damage Levels (RDS). 

code Location Earthquake 

Modified 

Cherubini’s 

approach 

Expert 

judgment 
AHP RDS 

   IR,j IRn,j IR,j IRn,j IR,j  

A 
Arquata del 

Tronto (AP) 

Central Italy 

2016 
1.22 41% 3.57 40% 44% 2 

B 
Pescara del 

Tronto (AP) 

Central Italy 

2016 
1.65 55% 5.13 58% 58% 3 

C Norcia (PG) 
Central Italy 

2016 
1.18 39% 3.36 38% 43% 1 

D Norcia (PG) 
Central Italy 

2016 
1.30 43% 3.73 42% 46% 1 

E Norcia (PG) 
Central Italy 

2016 
1.50 50% 4.79 54% 56% 3 

F 
Castelluccio di 

Norcia (PG) 

Central Italy 

2016 
1.51 50% 4.92 55% 60% 2 

G 
Castelluccio di 

Norcia (PG) 

Central Italy 

2016 
1.54 51% 4.99 56% 60% 3 

H 
Tra Valli Umbre 

(PG) 

Central Italy 

2016 
1.53 51% 5.18 63% 63% 4 

I 
Forca Canapine 

(PG) 

Central Italy 

2016 
1.61 54% 3.17 65% 63% 4 

J Amatrice (RI) 
Central Italy 

2016 
1.16 39% 1.96 36% 45% 1 

K Offida (AP) 
Central Italy 

2016 
0.75 25% 2.00 22% 32% 0 

L Tolentino (MC) 
Central Italy 

2016 
0.76 25% 5.33 22% 31% 0 

M Accumoli (RI) 
Central Italy 

2016 
1.72 57% 4.58 60% 59% 3 

N Amatrice (RI) 
Central Italy 

2016 
1.73 58% 4.83 51% 54% 3 

O Amatrice (RI) 
Central Italy 

2016 
1.83 61% 4.82 54% 58% 3 

P Onna (AQ) 
Aquila (Italy) 

2009 
1.36 45% 4.29 59% 56% 4 

Q Onna (AQ) 
Aquila (Italy) 

2009 
1.32 44% 4.29 48% 53% 2 
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R Fossa (AQ) 
Aquila (Italy) 

2009 
1.41 47% 4.86 59% 58% 4 

S Arischia (AQ) 
Aquila (Italy) 

2009 
1.44 48% 4.66 52% 51% 3 

T 
San Felice sul 

Panaro (MO) 

Emilia (Italy) 

2012 
1.28 43% 3.84 47% 44% 2 

U San Carlo (FE) 
Emilia (Italy) 

2012 
1.24 41% 3.49 39% 47% 2 

V San Carlo (FE) 
Emilia (Italy) 

2012 
1.29 43% 3.62 41% 48% 3 

W Mirabello (FE) 
Emilia (Italy) 

2012 
1.33 44% 3.62 41% 47% 2 

X 
Sant’Agostino 

(FE) 

Emilia (Italy) 

2012 
1.40 47% 3.66 41% 50% 2 

Y San Carlo (FE) 
Emilia (Italy) 

2012 
1.29 43% 3.62 41% 48% 3 
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Table A 2. Case study application results from the historical centre of Offida (Italy), by 

collecting obtained values from AHP approach subdivided into topics for each link and 

squares. For both paths network elements, the evaluated risk indices (IR,j) and the 

normalised ones (IRn,j) are shown. 

ID case A  B C D E F IR,j IRn,j 

Links 

A Clear 0.47 0.20 0.73 0 1.25 2.65 29% 

B Clear 0.50 0.33 0.97 0.25 1.00 3.05 33% 

C Clear 0.43 0.33 0.97 0.50 1.00 3.24 35% 

D Clear 0.50 0.60 0.97 0.50 1.00 3.57 39% 

E Clear 0.60 0.47 1.27 0.50 1.00 3.84 42% 

F Clear 0.50 0.60 0.97 0.75 1.00 3.82 42% 

G Clear 0.60 0.33 1.27 0.50 1.00 3.70 40% 

H Clear 0.50 0.33 0.97 0.75 1.00 3.55 39% 

I Clear 0.50 0.33 1.57 0.50 1.00 3.90 42% 

L Clear 0.50 0.33 1.57 0.25 1.00 3.65 40% 

M Clear 0.50 0.73 1.47 0.50 1.00 4.20 46% 

N Clear 0.50 0.33 1.27 0.75 1.00 3.85 42% 

O Clear 0.60 0.20 1.27 0.50 1.00 3.57 39% 

P Clear 0.67 0.60 1.27 0.75 1.00 4.29 47% 

Q Clear 0.60 0.33 1.27 0.75 1.00 3.95 43% 

R Clear 0.67 0.33 1.27 0.75 1.00 4.02 44% 

S Clear 0.53 0.93 1.63 0.25 1.25 4.60 50% 

T Clear 0.53 0.33 1.93 0.25 1.25 4.30 47% 

U Clear 0.53 0.33 0.63 0.50 1.25 3.25 35% 

V Clear 0.73 0.60 2.47 0.25 1.25 5.30 58% 

Z Clear 0.53 0.33 0.33 0.25 1.25 2.70 29% 

Squares  
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P1 Clear 0.43 0.07 1.73 0 1.25 2.45 30% 

P2 Clear 0.47 0.67 0.33 0.25 1.25 2.96 35% 

P3 Clear 0.53 0.07 1.67 0.50 1.00 3.77 45% 

P8 Clear 0.67 0.07 1.27 0.50 1.00 3.50 42% 

P10 Clear 0.67 0.07 1.27 0.50 1.00 3.50 42% 

P11 Clear 0.50 0.07 0.97 0.50 1.00 3.04 36% 
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Table A 3. Results of the case study buildings application (50 structural units with their 

streets). For each of them, the table shows their geometrical measures and ratios, the 

buildings damage grades (µD) according to EMS-98 and results from the application of: 

civil protection method, Ferlito and Pizza’s 2011, both debris estimation criteria, the 

original Artese Achilli method and the Observed one, the k95 macroseismic damages-based 

method and the Observed macroseismic damages-based one and finally, the conditions of 

the real scenario (C stands for “clear” and B for “blocked”). Each element ID is related to a 

structural unit, according to the following criterion: the numbers identify the aggregate; the 

letter identifies the related structural unit; the capital letters stand for the urban centre of 

origin (IL for Illica, AS for Amatrice south part, AN for Amatrice north part, CD for 

Capodacqua, AC for Accumoli, AT for Arquata del Tronto). 
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4.b_IL 7.1 3.5 2.03 1 B B C B C C B C C 

4.c_IL 6.5 4 1.63 1 B B C B C C B C C 

21.a_AS 7.1 5.5 1.29 2 B B C C C C B C C 

21.e_AS 5.7 3.1 1.84 2 B B C B B C B C C 

21.f_AS 5.5 3.1 1.77 2 B B C C C C B C C 

21.g_AS 2.9 3.1 0.94 2 C B C C C C C C C 

2.g_AN 3.0 3.8 0.79 2 C B C C C C C C C 

1.a_CD 6.4 8.5 0.75 2 C B C C C C C C C 

8.e_AC 10.2 3.5 2.91 2 B B C B C C B C C 

1.b_IL 7.3 5.6 1.30 2 B B C C C C B C C 

4.h_IL 6.8 1.5 4.53 2 B B C B B C B C C 

9.a_IL 6.7 3.1 2.16 2 B B C B C C B C C 

9.b_IL 9.2 1.9 4.84 2 B B C B B C B C C 

2.c_AN 10.7 9.7 1.10 2 B B C C C C B C C 

9.c_AS 7.0 2.1 3.33 3 B B C B B C B C C 

9.c_IL 4.8 3.1 1.55 3 B B C B B C B C C 

1.f_AS 7.5 5.7 1.32 3 B B C C C C B C C 

1.b_AT 12.5 6 2.08 3 B B B B C C B C C 

6.f_AN 8.7 3.7 2.35 3 B B C B C C B C C 

19.a_IL 7.5 2.5 3.00 4 B B C B B B B B C 

20.a_IL 7.3 3.8 1.91 4 B B C C C C B B B 

9.d_AS 6.6 2.1 3.14 4 B B C B C B B B B 

21.c_AS 7.1 5.5 1.29 4 B B C C C C B B B 

22.a_AC 9.0 4.5 2.00 4 B B C B C C B B B 

1.a_IL 8.6 5 1.72 4 B B C B C C B B C 



 

95 

2.e_AN 10.9 12 0.90 4 C B C C C C C C C 

6.a_CD 10.1 6.7 1.51 4 B B C B C C B B B 

6.b_CD 11.5 3.7 3.11 4 B B C B B B B B B 

1.a_AT 16.3 4 4.08 4 B B C B C B B B B 

1.d_AS 8.8 6.5 1.35 4 B B C C C C B B B 

6.b_AN 10.9 3.7 2.93 4 B B C B C C B B B 

6.g_AN 8.1 2.8 2.89 4 B B C B C C B B B 

2.b_AN 8.9 9.7 0.92 4 C B C C C C C C C 

4.a_IL 7.5 2.3 3.26 5 B B C B B B B B B 

6.a_AN 5.9 3.7 1.59 5 B B C B C B B B B 

6.b_AS 9.6 3.7 2.59 5 B B C B C B B B B 

2.d_AN 9.4 3.5 2.67 5 B B C B C B B B B 

2.a_IL 5.3 4.9 1.08 5 B B C C C C B B B 

3.b_IL 3.5 6.5 0.53 5 C B C C C C C C C 

4.d_IL 4.1 4 1.03 5 B B C C C C B B B 

7.a_IL 3.8 8.4 0.45 5 C C C C C C C C C 

1.a_AS 9.2 3.4 2.71 5 B B C B B B B B B 

1.b_AS 8.2 3.4 2.41 5 B B B B B B B B B 

1.c_AS 9.1 6.5 1.40 5 B B C C C C B B B 

6.c_AS 10.0 2.9 3.45 5 B B C B C B B B B 

21.b_AS 8.3 5.2 1.60 5 B B C B C B B B B 

6.c_AN 11.9 3.7 3.22 5 B B C B C B B B B 

6.d_AN 11.0 3.7 2.97 5 B B C B C B B B B 

6.e_AN 12.1 3.7 3.27 5 B B C B C B B B B 

  



 

96 

6.2 Earthquake Pedestrians’ Evacuation Simulator: further 

notions about the employed tool 

The Earthquake Pedestrians’ Evacuation Simulator (EPES), developed and validated by 

previous works for historical city centers evacuation simulation [6], is used to perform 

evacuation simulations of Sections 4.2 and 4.3. EPES uses a combined ABM-SFM model to 

solve pedestrians-pedestrians and pedestrians-built environment interactions in emergency 

conditions.  

In the ABM model, the Buil Environment (BE) is modelled like a specific agent, and so 

criteria for earthquake-induced modifications can be autonomously described. The original 

rules are based on a rough and discrete quantification of building debris according to building 

vulnerability and earthquake EMS-98 intensity. In the adopted EPES version, the building 

debris on urban paths ddebris [m] proposed by [39] is introduced to include continuous and 

experimentally-validated debris estimation criteria. For each building, the input values of the 

method are: 

• buildings vulnerability VF [-], determined according to [5]; 

• magnitude ratio RM [-], that varies from 0 to 1 and is the ratio between the seismic 

event Moment Magnitude and the maximum expected Magnitude (equal to 9.5 

according to the World seismic history); 

• the ratio between building height and facing street geometry h/W [-]. 

The inputs are combined as shown by Equation A.1 to define the Modified Vulnerability 

index 𝑉𝐹
∗ [-], which includes three factors.  

𝑉𝐹
∗ = 𝑉𝐹 ∙ 𝑅𝑀 ∙ ℎ 𝑊⁄  (A.1) 

Finally, for each building, Equation A.2 calculates ddebris [m] as a function of 𝑉𝐹
∗ and the width 

W of the facing street [m]. Debris distribution is constant for all the building sides along the 

considered street. 

𝑑𝑑𝑒𝑏𝑟𝑖𝑠
𝑝𝑟𝑒𝑑

= {
(213.09 ∙ 𝑉𝐹

∗/100) ∙ 𝑊 , , 𝑉𝐹
∗ ≤ 0.47

𝑊, 𝑉𝐹
∗ > 0.47 

 
(A.2) 

About the pedestrians’ evacuation criteria, the motion of each simulated individual is 

influenced by the decisions of surrounding evacuees, debris, historical buildings, and path 

features. According to the SFM approach [141], each pedestrian moves in a “forces field” 

characterized by repulsive forces from obstacles  𝐹𝑟𝑒𝑝,𝑤
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   [N] (i.e. obstacles and debris 

avoidance; keeping a safety distance from buildings and debris) and people 𝐹𝑟𝑒𝑝,𝑖
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ [N] (i.e. 

avoid physical contact) and attractive forces from evacuation target 𝑂𝑔(𝑡)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   (i.e. desire to reach 

an assembly area) and from other individuals ∑𝐹𝑎𝑡𝑡𝑟,𝑖(𝑡)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ (i.e. social attachment between 

evacuees in the same group) and phenomena. Synthetically, he/she tries to adequate its 

preferred speed to such forces. Equation A.3 resumes the SFM motion equation, where the 
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individual’s acceleration 
𝑑𝑣𝑖(𝑡+𝑑𝑡)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  

𝑑𝑡
 [m/s2] at the instant of time t depends on the 

aforementioned forces resultants and on their random variation 𝜀(𝑡)⃗⃗ ⃗⃗ ⃗⃗  ⃗ [N]. Equation A.3 is 

solved for each simulated pedestrian at each simulation time. 

𝑚𝑖

𝑑𝑣𝑖(𝑡 + 𝑑𝑡)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗

𝑑𝑡
= 𝑂𝑔(𝑡)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  + ∑  𝐹𝑟𝑒𝑝,𝑖(𝑡)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ + ∑  𝐹𝑟𝑒𝑝,𝑤(𝑡)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  + ∑𝐹𝑎𝑡𝑡𝑟,𝑖(𝑡)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ + 𝜀(𝑡)⃗⃗ ⃗⃗ ⃗⃗  ⃗ (A.3) 

Equation A.4 resumes the evacuation target attractive force, which depends on the 

individual’s: mass mi [kg]; preferred speed 𝑣𝑝𝑟𝑒𝑓,𝑖(𝑡) [m/s]; velocity at the next simulation 

step 𝑣𝑖(𝑡 + 𝑑𝑡)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   [m/s]; reaction time 𝜏𝑖 [s]; dt [s] is the time difference between two 

consecutive calculation instants. 

𝑂𝑔
⃗⃗ ⃗⃗ =

𝑚𝑖 (𝑣𝑝𝑟𝑒𝑓,𝑖(𝑡)𝑒𝑖(𝑡)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ − 𝑣𝑖(𝑡 + 𝑑𝑡)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  )

𝜏𝑖

 (A.4) 

About decisional rules included in the ABM, the evacuation path choice in “spontaneous” 

evacuation conditions (considering no wayfinding elements, so without any specified paths 

to be used) is influenced by the following non-dimensional parameters:  

• paths geometry in terms of: RW/h - average W/h ratio along the path; ds - ratio between 

geometric distances of shortest pedestrian’s evacuation path and the considered path 

p;  

• visible damage levels of the path in terms of: Al,p - ratio between the path area 

without debris and the total path area; Lp - ratio between p average width and the 

largest selectable path, by considering debris depth on them; 

• social effects in terms of Np - ratio between the number of people moving along p 

and the total number of visible surrounding pedestrians; 

• the support of wayfinding elements (i.e.: the presence of rescuers or wayfinding 

signage or level of knowledge of the evacuation plan) by the term Op (binary value: 

0-no wayfinding support or 100-support presence). When no support of wayfinding 

elements is present in any path (i.e. in “spontaneous” conditions), Op=100 for all 

the paths. 

• level of knowledge of urban spaces, by considering Mp - memory effects on the 

considered path. 

The evacuation direction choice is performed when the simulated individual is placed in an 

intersection between paths, i.e. crossroads and path plano-altimetric variations. A choice 

probability Pp [%] is calculated according to such parameters and expressed in percentage 

terms according to Equation A.5 (variable from 0% - the path will be not chosen to 100% - 

all the people will follow the path). 

𝑃𝑝 = 𝑅𝑊/ℎ ∙ 𝑑𝑠 ∙ 𝐿𝑝 ∙ 𝐴𝑙,𝑝 ∙ 𝑁𝑝 ∙ 𝑂𝑝 ∙ 𝑀𝑝 [%] (A.5) 
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The pedestrian choice the path with the higher Pp values. Anyway, if more than one available 

path has the same Pp, the simulated pedestrian will randomly choose one of them. If the path 

from which the evacuees come from has a Pp greater than possible alternative ones, the 

individual can go back (for a maximum of 3 times). A stochastic error (10%) is introduced 

to describe behavioral differences between individuals about this selection path criteria. 

Finally, in simulations: 𝜏𝑖 = 0.5𝑠, dt=0.1s, mi=80kg, Mp=100 (considering people familiar 

with the urban layout) and attractive/repulsive forces are activated for elements within 3m of 

distance from the evaluated individual. 
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6.3 Key Performance Indicators (KPIs) definitions 

In this Appendix Section the Key Performance Indicators (KPIs) introduced in Section 4.2.3 are defined to evaluate the outputs of the 

simulations performed in Sections 4.3.1 and 4.3.2. The following tables (i.e.: Table B 1, Table B 2 and Table B 3) provide the KPIs 

definitions respectively for each fundamental element of the emergency plan (i.e.: links, Assembly Areas (AA) and Spontaneous 

Assembly Areas (SAA)). 

Table B 1. Key Performance Indicators for the link. 

KPI (symbol) [unit of 

measurement] – KPI 

domain 

Computation procedure Interpretation 

Link vulnerability Vlink [-] – 

from 0 to 100 

See Section 2.3.2 The higher Vlink, the higher the 

possibility of debris generation. 

Number of evacuees using a 

certain link to reach a certain 

AA (Nav,link) [pp] - ≥0 pp 

Simulation output by tracking pedestrians’ path; it is calculated as the 

average value for the performed simulations. It can be associated with 

 [%] which is the related percent standard deviation. 

The higher this value, the higher the 

importance of the link in respect to the 

considered AA. 

Link surface occupied by 

debris (Adebris,link) [m2] - ≥0 

m2 

Calculated according to the debris generation algorithm (see Santarelli et 

al. (2017)) 

Interferences with debris. 

Effective AA surface 

(Aeff,link) [m2] - ≥0 m2 

Difference between the link area (without considering courtyards and 

other not accessible areas) and Adebris,link 
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Occupancy index for the 

given link (Olink) [-] – from 0 

to 1 𝑂𝑙𝑖𝑛𝑘 = 𝑚𝑖𝑛 (
𝐴𝑟𝑢𝑖𝑛𝑠,𝑙𝑖𝑛𝑘+𝑁𝑎𝑣,𝑙𝑖𝑛𝑘⋅(1+%𝜎𝑁𝑎𝑣,𝑙𝑖𝑛𝑘)⋅𝑑𝐴𝑝𝑒𝑑,𝐷

𝑊𝑙𝑖𝑛𝑘⋅𝐿𝑙𝑖𝑛𝑘
; 1)  

where Adebris,link [m2] is the area of debris along the considered link 

(according to the debris generation algorithm Santarelli et al. (2017)) and 

is dAped,D [m2] the average moving pedestrian's area (fixed at 0.25 m2) in 

Level of Service D conditions [115] 

Describes the crowding conditions 

(including debris influence) by ideally 

considering all the pedestrians moving 

together. 

Safety index for rescuers’ 

access to the link of a 

defined access route 

(Slink,SAA) [-] – from 0 to 1 

𝑆𝑙𝑖𝑛𝑘,𝑆𝐴𝐴 = (
𝐴𝑑𝑒𝑏𝑟𝑖𝑠,𝑙𝑖𝑛𝑘

𝐴𝑒𝑓𝑓,𝑙𝑖𝑛𝑘+𝐴𝑑𝑒𝑏𝑟𝑖𝑠,𝑙𝑖𝑛𝑘
) ⋅ (𝑚𝑖𝑛(

𝑁𝑎𝑣,𝑙𝑖𝑛𝑘
𝐴𝑒𝑓𝑓,𝑙𝑖𝑛𝑘

𝑑𝐴𝑝𝑒𝑑,𝐷

; 1)) ⋅ (1 −
𝑝𝑜𝑠𝑙𝑖𝑛𝑘

𝑛𝑙𝑖𝑛𝑘,𝑟𝑜𝑢𝑡𝑒
)  

where poslink is the position of the considered link inside the rescuers' path 

can be evaluated by considering the number nlink,route of links composing 

the access path. The overall value is 1.0 for the link closer to the SAA. 

The terms respectively consider: the 

debris influence, the evacuees’ density 

conditions (Aeff,link/dAped,F is the 

maximum reachable number of people 

along the link itself); the position of 

the link within the access path. The 

value can be normalized within the 

area Slink,SAA,norm to define a priority list 

for interventions. 
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Table B 2. Key Performance Indicators for the AA. 

KPI (symbol) [unit of 

measurement] – KPI 

domain 

Description and computation procedure Interpretation 

Percentage of evacuees 

arrived at AA (JAA) [%] 

– from 0% to 100% 

The ratio between the total of Nav,link and the total number of 

evacuees involved in the simulation 

The higher this value, the higher the 

importance of the AA in the evacuation 

process, the higher the possibility to reach 

overcrowding conditions. Risk-reduction 

proposals should maximize the number of 

evacuees who arrived in a AA, by 

minimizing the number of AA to focus 

rescuers’ actions. 

Difference-in-path ratio (T) 

[-] – 0 to 2 

Length ratio between the effective evacuation path and the ideal one; 

calculated as the average value for all the evacuees arrived at the AA. 

Values higher than 2 are arbitrarily considered equal to 2. 

The higher T, the more winding is the path to 

reach AA, the higher the number of times in 

which the pedestrians change their direction 

(i.e. for pedestrians’ and debris avoidance, for 

coming-and-going behaviors on the links) 

Interference between 

evacuees moving towards 

the AA on the link (Flink) [-

] – from 0 to 1 

𝐹𝑙𝑖𝑛𝑘 =
𝑁𝑎𝑣,𝑙𝑖𝑛𝑘

∑ 𝑁𝑎𝑣,𝑙𝑖𝑛𝑘
𝑛
𝑙𝑖𝑛𝑘=1

  it expresses the interferences between 

evacuees by considering how many people 

arrive in a certain AA by using the considered 

link 
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Safety index of a link to 

a AA (Slink, AA) [-] – from 

0 to 1 

Applied to a link that is placed along a rescuers’ access route by 

multiplying Olink and Flink 

It describes the possible interferences to the 

rescuers’ access connected to evacuees and 

path debris interaction. The higher this 

value, the more sensible interferences are 

noticed in the link. The value can be 

normalized within the area Slink,AA,norm to 

define a priority list for interventions. 

AA surface occupied by 

debris (Adebris) [m2] - ≥0 m2 

Calculated according to the debris generation algorithm (see Appendix 

D) 

Interferences with debris. 

Effective AA surface (Aeff) 

[m2] - ≥0 m2 

Difference between the AA area (without considering courtyards and 

other not accessible areas) and Adebris 

 

Evacuation curve at the 

AA ([pp] versus [s]) 

Number of arrived people against the simulation time, through a 

graphical representation 

Risk reduction proposals should minimize the 

evacuation time by maximizing evacuees’ 

flows towards a few selected AA (i.e., 

increasing the curve slope). 

Occupancy in the AA 

(LOSAA) [m2/pp] – >0 

m2/pp 

The ratio between Aeff and the total of Nav,link; values <0.18 m2/pp can be 

considered as unacceptable since they are connected to evacuees’ 

densities > 5.3 pp/m2 (physical contacts) 

Risk reduction proposals should allow actions 

for areas management (i.e.: localization, 

evacuees’ wayfinding support) aimed at limit 

LOSAA≥0.3 m2/pp (no physical interactions 

between individuals) 

AA safety index SAA [-] – 

from 0 to 1.73  𝑆𝐴𝐴 = √𝐽𝑝,𝑠
2 + (𝑇 − 1)2 + (∑ 𝑆𝑙𝑖𝑛𝑘,𝐴𝐴

𝑛
𝑙𝑖𝑛𝑘=1 )

2
  

It describes the safety of AA due to the 

number of arrived people and their 

interference in motion along the used links.  



 

103 

Table B 3. Key Performance Indicators for the SAA. 

KPI (symbol) [unit of 

measurement] – KPI 

domain 

Description and computation procedure Interpretation 

Percentage of evacuees 

spontaneously gathering 

in a SAA (JSAA) [%] – 

from 0% to 100% 

The ratio between the total of simulated individuals gathering near the 

same urban fabric area and the total number of evacuees not arrived in an 

assembly area. Since an error in path choice is introduced (10%) and 

simulation output differences could exist and be ≤10%, it is proposed that 

SAA are considered as effective if they collect at least the 5% of not 

arrived people to AAs 

The higher this value, the higher the 

importance of the SAA in the evacuation 

process. Hence, significant SAA could be 

turned into AA and the number of evacuees 

who arrived in a AA should be maximized. 

SAA surface occupied by 

debris (Adebris,SAA) [m2] - 

≥0 m2 

Calculated according to the debris generation algorithm (see Santarelli et 

al. (2017)) 

Interference with debris by including data 

on each facing building 

Effective SAA surface 

(Aeff,SAA) [m2] - ≥0 m2 

Difference between the SAA area (without considering courtyards and 

other not accessible areas) and Adebris,SAA 
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Debris occupancy (Rb,SAA) 

[-] – from 0 to 1 𝑅𝑏,𝑆𝐴𝐴 = ∑(

𝑊𝑆𝐴𝐴
2

𝑊𝑐𝑒𝑛𝑡𝑒𝑟,𝑏
⋅
𝑑𝑑𝑒𝑏𝑟𝑖𝑠,𝑏

𝑊𝑐𝑒𝑛𝑡𝑒𝑟,𝑏
)

𝑏

 

where b is the considered building facing the SAA, WSAA [m] is the SAA 

width, Wcenter,b [m] is the distance from the geometrical SAA center and the 

interfering building side, and ddebris,b [m] is the debris average depth for the 

considered building  

 

SAA intrisic safety 

(Sarea,SAA) [-] – from 0 to 1 𝑆𝑎𝑟𝑒𝑎,𝑆𝐴𝐴 = 𝑅𝑏,𝑆𝐴𝐴 ⋅ (𝑚𝑖𝑛(
𝑁𝑎𝑣,𝑆𝐴𝐴
𝐴𝑒𝑓𝑓,𝑆𝐴𝐴

𝑑𝐴𝑝𝑒𝑑,𝐷

; 1)) ⋅ (
1

𝑛𝑎𝑐𝑐
)  

where nacc [-] is the number of possible accesses to SAA (4 for a four roads 

crossroad and wide squares; 2 along a street; 1 for blind alley) 

Data related to the SAA itself affect the 

possibility to wait in that SAA in safe 

conditions considering geometry versus 

damages and hosted individuals’ density, 

and the possibility of access to the area. The 

higher the value, the more “dangerous” 

conditions can be noticed for the hosted 

evacuating pedestrians. 
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Safety index for rescuers’ 

access route Sroute,SAA [-] – 

from 0 to 1 

𝑆𝑟𝑜𝑢𝑡𝑒,𝑆𝐴𝐴 =
(∑ 𝑆𝑙𝑖𝑛𝑘,𝑆𝐴𝐴

𝑛𝑙𝑖𝑛𝑘
𝑛𝑙𝑖𝑛𝑘=1 )

𝑛𝑙𝑖𝑛𝑘
  

where nlink represents the number of links composing the rescuers’ access 

route. 

The index considers all the number of links 

that compose the rescuers’ access path. The 

higher the value, the more “dangerous” 

conditions for rescuers’ access. 

SAA safety index SSAA [-] 

– from 0 to 1.73 𝑆𝑆𝐴𝐴 = √𝐽𝑝,𝑠
2 + 𝑆𝑝𝑎𝑡ℎ,𝑆𝐴𝐴

2 + 𝑆𝑎𝑟𝑒𝑎,𝑆𝐴𝐴
2  

 

It describes the safety of SAA due to the 

number of arrived people; the access route 

conditions and the SAA conditions for 

evacuees’ staying. The value can be 

normalized within the area SSAA to define a 

priority list for interventions. 
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