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Abstract

:

Open spaces (OSs), such as streets, squares, and green areas, in existing built environments (BEs) are key places in disaster risk management. The seismic risk in the OSs is strictly related to BE characteristics. Scientific literature mainly focuses on extrinsic factors affecting risk, which are related to BE elements on the OSs frontier (e.g., buildings) that could cause indirect effects on the OSs. Conversely, just a few risk assessment studies consider intrinsic factors, which are related to OS elements that could suffer direct effects. Moreover, synoptic studies on such factors are still missing. Through literature-based research, the paper identifies specific factors influencing seismic risk in the OSs, focusing notably on intrinsic vulnerability. The literature review methodology includes both a systematic review from Scopus databases and a traditional bibliographic search using snowball analysis. According to the final selected papers, risk factors are classified into five categories of OS characteristics: morpho-typology; physical; construction; use and users; and context. Statistical analysis of the categories’ recurrence in the final papers firstly allows current literature gaps to be defined. The results also provide a preliminary OSs risk index weighting each category in terms of such recurrences, thus representing a first useful step to support non-expert stakeholders in a preliminary assessment of priorities to define the seismic risk of Oss.
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1. Introduction


The existing built environment (BE) plays a key role in each stage of the disaster risk management process [1]. The need to reduce urban seismic risk leads to the BE as a system of buildings, infrastructures, and open spaces (OSs) (e.g., roads, parks, and squares) [2] coexisting and interacting to create vibrant urban functions. The well-being of society depends on the services provided by Bes and Oss give communities’ inhabitants character and vitality, providing spaces to gather, rest, and participate in events, increasing social interaction and influencing behavior [3]. In urban fabrics, Oss correspond to the negative imprint of the building blocks and can be classified into linear spaces (LSs; e.g., streets and promenades) and areal spaces (ASs; e.g., squares, parks, parking areas), bordered by a built or open frontier [4]. Moreover, many factors influencing seismic risk in existing cities are closely related to the characteristics of the OSs.



1.1. Towards a Seismic Risk Assessment of Open Spaces


So far, most research has focused mainly on the performance of buildings and infrastructure [3,5,6], and few studies are conducted on spaces complementary to the building footprint, which in urban areas correspond to OSs. The OSs network has a crucial role before, during, and after the disasters to satisfy survival needs, i.e., escaping, gathering together, and finding safety and shelter [7,8]. In particular, the urban street network should guarantee access to help from outside and safety paths to reach the equipped areas, shelters, and storage inside the urban fabric [9]. Therefore, these linear OSs are required to ensure an adequate functionality and level of efficiency, both in ordinary conditions and in post-disaster event phases, to manage the critical moments of an emergency. The affected population should walk towards the nearest emergency areas, hosted by areal OSs, without preventing emergency vehicles from moving conveniently [10]. In this sense, the amount and location of safe OSs available during and after a disaster become a pivotal factor that needs to be assessed [7,11,12] with different contributions depending on the type of disaster and specific conditions. Following an earthquake, one of the most critical factors is the type of secondary disaster (e.g., landslides, floods, tsunamis, and fires) [13,14]. The EMDAT database reports the European natural and technological disasters of the last century, highlighting the correlation between primary and secondary disasters [15].



In this overview, the OSs should be investigated to provide insights for seismic risk mitigation by considering their form, their relation with the physical components of the BE (and possible earthquake-induced modifications), and the complex interaction systems of the BE and its users [16,17,18]. Hence, a comprehensive assessment of the seismic risk in an urban area cannot be exclusively dedicated to the study of buildings. It should be extended to the OSs and the use of public facilities (e.g., churches, schools), which can be used as temporary shelters after disastrous events [9,12].



In this sense, regarding the extension of the seismic risk assessment concept from buildings risk to the OS risk, different considerations were made, starting from the division of the concept of risk into extrinsic and intrinsic risk factors [9,19,20,21,22]. Extrinsic factors relate to elements that do not directly belong to the OS itself but to its frontier, hereinafter defined as the physical (e.g., building) and non-physical (e.g., overlooks, water) boundary of the OS, which could hinder its use, causing indirect effects. Intrinsic factors are related to the elements that are part of the OS content itself, hereinafter defined as the physical space delimited by the frontiers including the infrastructural and interfering elements (e.g., paving, urban furniture, lifelines, underground cavities) which could be directly affected by disasters. Specifically, these concepts introduce the extension of the three main risk factors—hazard, exposure, and vulnerability—to the OS system.



The concept of a seismic hazard factor is based on the study of elements common to both BE and OS, i.e., the seismological and seismogenic characteristics [23,24] and the geological characteristics of the soils [25].



In the same way, the concept of exposure in a BE and in OSs is linked [9,26] because they share the objects exposed to risk: people and goods. The expected movement in terms of people represents a crucial aspect of a seismic risk assessment procedure in the urban OS network. Furthermore, the concept of public exposure can be defined by direct and indirect elements. Direct exposure is determined by the users who, being on the road infrastructure, may suffer direct damage due to the collapse of structural elements (e.g., bridges, viaducts, tunnels, and trenches). The concept of indirect exposure is oriented to the assessment of the effects due to the earthquake after its occurrence and not at the same time [9,20,27]. In this perspective, all the population in a specific area must be considered as indirectly exposed to the earthquake, as they are potentially subject to damage resulting from the inefficiency of the street system [28,29].



Regarding the concept of physical seismic vulnerability, the infrastructure engineering literature [19,20,21] proposes a differentiation between the extrinsic vulnerability and intrinsic vulnerability of the OSs in a BE. Intrinsic vulnerability refers to elements that compose the infrastructure, e.g., the paving, substrates, embankments, technological networks, bridges, and retaining walls. Extrinsic vulnerability refers to buildings that are part of a structural aggregate or structural unit, whose collapse would damage the street itself. Both are part of the physical (or structural) vulnerability since they refer to the structural characteristics of the streets and the buildings facing them [6,30]. In this sense, urban seismic vulnerability is intended as the attitude to the physical and functional damage of OSs that depends on the functional organization of the systems that ensure the urban effect (current operating standards and the role of the individual physical elements in the overall functioning of the system) and their spatial organization (concentration of territorial diffusion and the relationship between systems and the physical environment) [31,32].




1.2. Research Approach and Work Aims


In view of the above, the present research adopts a systematic review process to explore factors influencing the intrinsic seismic risk of the OSs in the scientific literature, in line with other recent studies, which developed systematic reviews concerning the role of OSs in relation to seismic events.



Koren et al. [8] conducted a systematic review in the field of disaster management about the role of OSs pre- and post-disaster in enhancing urban resilience. Based on the review, the research also proposes a conceptual evaluation model of the urban system—composed of buildings, infrastructures, and OSs—to identify and evaluate its critical points. The review published by French et al. [17] focused on the emergency phase, reporting the potential of OSs during the short-term disaster response and long-term recovery needs. Among the results, the research identifies specific themes of interest to efficiently support seismic resilient OS planning and design processes. Both studies highlight the importance of including OSs in the seismic performance assessment of the urban system. Although the role of the OSs in a BE under earthquake emergency conditions is recognized, there is no systematic study in the literature about the factors influencing seismic risk in existing OSs. Most seismic risk assessment studies focus mainly on building, structure, and infrastructure performances.



Considering OSs as one of the components influencing the risk in a BE, the present paper addresses the seismic risk assessment in existing OSs in BEs, aiming at defining risk factors for its evaluation related to specific risk factors, e.g., morphology and typology, the geometry of the space, materials and paving, uses and users of the surrounding buildings over time, and accessibility condition. Risk factors represent key thematic aspects of the seismic risk assessment in the existing OSs in a BE. They are herein defined as macro-categories in which a variety of risk factors, defined as specific features of the OS, are collected. Using a systematic review process [33,34], it was possible to gain a broad insight into how studies are currently facing the evaluation of the risk factors of urban OSs. The systematization of the results has the following objectives:



	
Accomplishing a critical state-of-the-art based on a comprehensive literature review and organized by major themes deducted from the analyzed papers;



	
Identifying factors influencing seismic risk in the OSs, both for LSs and ASs;



	
Providing a first systematization of the risk factors identified, with the aim of a holistic characterization of seismic risk in urban OSs;



	
Proposing, in this perspective, the organization of these factors in main categories to move toward a preliminary, quick, and literature-based risk index for the OS.






Starting from these results, the paper provides preliminary criteria for evaluating the seismic risk of urban OSs in emergency conditions. The methodological process of documents identification and selection is explored in Section 2. A synthesis of the review contents is presented in Section 3. A brief descriptive and bibliometric analysis of the documents involved in the review process is reported in Section 3.1, including an analysis of the trend and recurrence of thematic keywords. A report of the results organized in five thematic categories is presented in Section 3.2. Section 4 describes the systematization of the risk factors, along with their distribution analysis by authors and by thematic area. Finally, Section 5 presents the conclusions.





2. Phases and Methods of the Systematic and Bibliographic Review


The systematic and bibliographic screening process applied in this paper was set according to the PRISMA guideline [34] (http://www.prisma-statement.org/ accessed on 18 October 2021. The structure of the selection steps is reported in Figure 1, both for the systematic and the bibliographic process.



2.1. Documents Identification: Search Strategy


According to the definition of systematic review given by [33], recurring themes, approaches, and results can be recognized with the qualitative analysis and synthesis of data. Moreover, by providing a transparent and organized procedure, the process of a systematic review can be replicated efficiently [35] and reduce biases and the lack of evidence [36]. In the systematic search process, journal papers, conference paper—both peer-reviewed—and book chapters were included; grey literature (e.g., theses, preprints, working papers, technical reports) was excluded.



The search was carried out using the Scopus database (www.scopus.com; last accessed 18 October 2021). To develop an effective search strategy, the process of establishing the keywords to combine in a search code was iterative, and the impact in terms of the numbers and appropriateness of the results was checked.



The final keywords are summarized in Table 1. In order to represent and summarize the research question, the keywords were grouped into their respective homogeneous technical categories: risk factors, disaster type, OS, and data characterization. The search code was composed using the operator “AND” among the main columns (risk factors, disaster type, OS, data characterization) and the operator “OR” among the rows. Using an iterative process, the authors refined the keywords (Table 1). Limiting the results only to the English language and filtering documents for “subject area” (eliminate: immunology and microbiology, pharmacology, toxicology and pharmaceutics, health professions, economics, econometrics and finance, and nursing) and “document type” (limit to: article, conference paper, book chapter, review), the total number of preliminary documents identified in the databases was 836.



In order to include grey literature and books suitable for this review, an expert judgment screening of these kind of publications was conducted through an online public access catalogue (OPAC).




2.2. Documents Screening: Inclusion Criteria


To reduce the number of studies while avoiding the loss of important contributions, the process of selection was divided into three consecutive stages. As summarized in Table 2, each stage involved a defined action and took into account different eligibility criteria, which were chosen to be appropriate in relation to the actions. The eligibility criteria encompassed the key aspects of the research question: the risk assessment as the core field of research, the earthquakes as the main disaster type, the focus on the existing BE, the intrinsic vulnerability of OSs, and the identification of risk factors as the result.



The first selection was conducted by evaluating titles and keywords (both author and index keywords). Therefore, the eligibility of the papers was controlled by checking the global pertinence of the keywords, the research fields, the object of the case studies, and the types of disasters considered. Moreover, irrelevant documents were excluded in this first stage. The second sorting process involved the reading of the abstract and conclusions of each document previously included. In this case, the authors verified the pertinence of the objectives and the results, searching for studies which address the intrinsic risk assessment of OSs. The third stage encompassed reading the full text, to exclude those documents which do not provide any explicit risk factors definition.



To include relevant documents not identified with the described procedure, a final snowball search [37] was conducted among the references of the final studies found through the systematic process, applying the same selection criteria used for the systematic screening (Figure 1).




2.3. Documents Inclusion: Identification and Classification of the Final Studies Selected for the Review


In total, 32 documents were selected for the in-depth analysis and critical review.



Table 3, 21 were identified with the systematic process and 11 were added by a traditional bibliographic method (Figure 1). The final documents were cataloged, highlighting the type of publishing source, the hazard type considered, the locations of the case studies, the risk factor involved (hazard, vulnerability, exposure), and which BE open spaces were of interest (ASs or LSs). This preliminary classification was useful to control the subject of the selected documents and to organize the following review steps.




2.4. Bibliometric Description and Classification of Documents


A bibliometric analysis based on the co-occurrence of the index keywords was conducted using VOSviewer software (www.vosviewer.com; version 1.6.14) [64,65], both on the documents of selection stage 1 (836 results) and stage 2 (291 results).



The authors imported the .ris file (Research Information Systems), downloading it from the Scopus database, selected a minimum occurrence of 10 for the keywords for the results of stage 1 and of 7 for the results of stage 2, and performed a data cleaning, both merging variants of similar terms with a thesaurus file and deleting geographical indication and a few minor terms.




2.5. Collection and Analysis of the Risk Factors


The frequency of the risk factors was retrieved by counting their related recurrences into the analyzed literature, to trace which elements seem to be more investigated by the considered works. The factors were organized into categories and examined using statistical analysis. Then, a multi criteria decision model was provided to organize the prominence of categories of risk factors into a preliminary and quick literature recurrence-based index for the risks of OSs. The analytical hierarchy process (AHP) was applied to evaluate the priorities among the retrieved documents [66]. The pairwise comparison between the categories was based on their related frequencies. We verified how many times the number of recurrences of the first category occurred in the second one by normalizing the ratios by maximum and minimum values and then scaling each ratio into the AHP scale from 1 (equally frequent) to 9 (extremely more frequent). The consistency ratio was calculated, thus verifying that the result was over the acceptability threshold of 10%.





3. Results


3.1. Descriptive and Bibliometric Analysis of Documents Involved in the Review Process


According to [8], a general increase in the number of publications about the risk assessment of OSs can be observed in the last twenty-one years (Figure 2; Stage 1: 836 documents). Focusing on the contributions more related to the existing urban context (for all the selection criteria see Table 2), a similar trend can be noted in the growing rate of publications, but with a different starting point, approximately in the last decade (Stage 2: 291 documents). Despite the attention on the risk assessment of OSs being relatively recent, the graphic in Figure 2 clearly depicts the rising interest in the field, confirming the trend already shown by [8] for the OS resilience.



Referring to the bibliometric analysis based on the co-occurrence of the index keywords, Figure 3 shows that the final neural map of the stage 1 set of documents (836) includes 138 terms. The size of the circles represents the occurrence of terms; the links represent the co-occurrence. The colors identify different clusters that represent groups of keywords that are more related to each other.



In Figure 3, it is possible to observe four clusters, which show thematic grouping around different topics: the red cluster is related to buildings, structures in general, and seismology studies; the blue cluster depicts the relevance of roads/streets, evacuation, and emergency management; the green cluster identifies geological and geotechnical studies that also connect earthquakes with consequent landslide events; and the yellow cluster shows research involving the urban area as a whole, considering the correlation with tsunamis and flood risk. Observing the center of the neural map, seismic risk assessment appears to be strictly related to the vulnerability (106 occurrences) and hazard (112 occurrences) aspects of risk, while the exposure aspect is not mentioned. The main objects of the research are urban areas (78 occurrences), roads and streets (88 occurrences), and buildings (60 occurrences). Squares, parking areas, or other types of ASs do not appear in the map as main objects of research.



Considering the neural map colored by the average of the publication years, the most recent studies involve topics that have lower link strengths to the core of the neural map, such as evacuation, information management, behavioral research, the structural analysis of masonry buildings, the vulnerability assessment of urban areas, and the correlation between earthquakes and other hazards (i.e., floods, tsunamis, and fire).



For the stage 2 set of documents, the final neural map includes 73 terms (Figure 4). The six clusters identified highlight some interesting topics, which also emerged during the review process. The red and green clusters point out the crucial role of the infrastructures (roads/streets, bridges, and transportation network) in the emergency management, response, and evacuation strategies; simulations, structural analysis, and fragility curves stand out as main tools. The purple cluster represents a group of studies in which earthquakes are connected to tsunamis and floods, in a multi-hazard prospective. The green and purple clusters are adjacent to the light blue one, which includes GIS systems and remote sensing, showing the close correlation among these tools to the seismic risk assessment involving OSs, especially LSs. The yellow cluster represents terms related to hazards, landslides, the evaluation of debris, and the geotechnical aspects of the seismic risk assessment. Lastly, the blue cluster groups the terms in relation to cities, e.g., damage detection, computational methods, and surveys are the most frequent tools linked.



The neural map colored by the average of the publication years detected recent subject terms that have lower link strengths to the core of the map, such as fragility curves, structural analysis, uncertainty analysis, simulation, and GIS, showing a growing tendency towards analytical studies.



The final set of documents selected for the review process were analyzed for their publishing sources—the 32 papers are distributed as follows: 23 from journals, 7 from conferences, 1 from books, and 1 from grey literature.




3.2. Analysis of the Final Selected Documents and the Synthesis of the Results


It was possible to group the several recurring risk factors found from the literature review (Appendix A) by identifying five categories useful for the classification and analysis of the results. The category of “morpho-typological characteristics” gathers the factors related to the morphological and typological classification of urban systems; the category of “physical characteristics” identifies the geometric and dimensional features of the OS and its main elements; the factors included in the “constructive characteristics” category highlight the constructive aspects of the OS; the category of “characteristics of use” describe the space occupation (temporal and spatial) and the functions of the OS (usual or temporary); and the “characteristics of context” category defines the context in which the OS is located from a geological, infrastructural, and multi-hazard point of view.



According to the five categories, the factors are organized as follow and are discussed in their corresponding sections:



	
Morpho-typological characteristics (Section 3.2.1): morpho-typology of the space, dimensions of the OS, number of lanes of LS;



	
Physical characteristics (Section 3.2.2): quote difference of the OS, slope of the OS, slope near the OS, fixed obstacles, temporary obstacles;



	
Constructive characteristics (Section 3.2.3): paving type, paving conditions;



	
Characteristics of use and users (Section 3.2.4): presence of parked vehicles, accessibility for vehicles/pedestrians, types of users, density of users, preparedness of users;



	
Characteristics of context (Section 3.2.5): seismicity, multi-hazard potential, ground type, lifeline utilities, urban OSs network, underground cavities.






3.2.1. Morpho-Typological Characteristics


The morpho-typological characteristics of the OS are a key factor for the risk assessment of the BE. The analysis of the urban context morphology is essential since it has an implication on the functionality of the general infrastructure system, in particular on the street network vulnerability [42,45].



Some morpho-typological analyses consider the whole OS in the urban area, applying the space syntax approach proposed by Hillier [67] with various techniques. These studies evaluate the spatial configuration of the OS network as being composed of nodes and links [46,56], with the aim of establishing the relationship between the different parts of network structures and identifying high-risk paths in the OS urban system [50]. Moreover, some studies express additional indicators to characterize the overall urban OS typology. Among them, [12] includes the relation between unbuilt and built areas (the “balance index”), the roads redundancy (the evacuation route index), and the roads connectivity (the walkability index), while [29] introduce a classification by location type (level path/square, hillside, in a tunnel, on a bridge). Other morpho-typological analyses deal with the local scale, supporting comparisons between different urban paths in terms of their ability to allow a smooth pedestrian evacuation. Among studies that propose typological indexes, it is possible to find the “pedestrian route directness index”, defined as the ratio between a route’s actual distance throughout urban space and the geodetic (or straight-line) distance between its origin and destination [54,55]; the “road resistor coefficient”, defined as the ratio between road length and the road width [62]; the path “tortuosity index”, defined as the difference between the minimum linear path length and the average evacuees’ path length [41]; and the “difference-in-path ratio”, that expresses the ratio between the effective evacuation path length and the ideal one [63].



The dimensions of the OSs are assessed considering their width, length, and area. Many studies examine the OS’s width in relation with the height of the building facing it, considering the risk of debris formation on the road after a seismic event [9,22,23,40,41,42,47,48,52,57,63]. Others recognize the role of the OS width for the estimation of the potential pedestrian evacuation flow [51,58,62], sometimes also considering the interfering obstacles (e.g., urban furniture), that could limit the effective width of the paths and consequently the evacuation speed [29,39,54] (see also Section 3.2.2), or the sudden narrowing of the OS [45,57]. The literature shows how the OS’s length has a relation to the access and smooth movement of the emergency services, evaluating both the ante- and post-event scenarios [24,46], and with the time required for pedestrian evacuees to reach a safe destination [12,29,50]. Moreover, it is also possible to use the overall OS length to compare different urban areas, using the street network density index, defined as the ratio between the total length of streets within a sector and the sector’s overall area [55]. Lastly, the OS’s area has a particular role in estimating the ability of ASs (e.g., squares, parking) to be used as secure spaces [29,61]. The “temporary secure OSs” index expresses the ratio between the total area of secure OSs and the number of evacuees [12].



The number of lanes should be considered as one of the risk factors identified in the literature, as it is particularly useful to analyze the LSs [38]. Although it could be considered similar to the aforementioned dimensions of the OSs, it is particularly useful in expeditious studies to classify a large number of LSs in relation to the escape capacity [54] or to assess the presence of the single/double direction of traffic travel [29], crucial for both the provision of emergency services and the assessment pedestrian escape flow. In this sense, this index should also be correlated to the “evacuation route distance” describing the maximum Euclidean path length [12] and be used to identify the riskiest conditions for pedestrians due to their exposure time while moving. The “effective areas surface” index describes similar conditions referring to the OSs’ area and the debris presence due to building debris, which can affect both the evacuation process and the users’ possibility to remain in non-overcrowded conditions while waiting for the rescuers’ arrival [63], thus being combined in the “temporary secure OSs” index. Table 4 lists the above-mentioned indices.




3.2.2. Physical Characteristics


The section on the physical characteristics of the OSs primarily includes the discussion around the micro-vulnerability of the BE, which can reduce the capacity of an efficient evacuation [39,55]. It can be considered a micro-vulnerability amongst all the factors influencing the pedestrian flow and the access for emergency services during the evacuation process, in terms of speed and safety.



The quote difference of the OS (e.g., stairs or steps) and the slope of the OS (i.e., the inclination of the OS itself) can be considered a factor influencing the overall urban vulnerability [45,57]. In particular, they affect the patterns of people’s movement, especially of the vulnerable categories [46], their speed [39,55,60], and the access to safe ASs, both for pedestrians and vehicles [42].



The slope near the OS factor describes the possibility of having a sloping ground condition on the frontier of the OS, which, potentially becoming unstable after a seismic event, can have a detrimental effect on the OS [29,38,45,58,60].



Among the fixed and temporary obstacles, all the elements of urban furniture that can produce an obstruction to smooth evacuation should be considered [39]. Fixed obstacles could include trees, fences, signboards, poles, canals, and low walls [22,29,55,58]; temporary obstacles may include street vendors, kiosks, garbage bins, and restaurant areas (i.e., dehors) [55]. From a long-term assessment point of view, the provisional structures that secure the buildings’ façades should also be considered as temporary obstacles, since they reduce the movement of vehicles along the road [47]. Table 5 lists the above-mentioned index.




3.2.3. Constructive Characteristics


The constructive characteristics of the OS aim to describe the type and condition of the OS pavement, which affect the intrinsic vulnerability of the BE.



Paving type includes its characterization in terms of materials (e.g., asphalt, tiled), finishing (e.g., smooth, rough), and laying (e.g., compact or not). It could be useful for the comparison of a huge variety of LSs [38], in order to assess the accessibility [29] and the maximum speed of the evacuees [39,55], which are especially affected by slippery surfaces [46].



Paving condition refers to both maintenance and the post-event damage state. The maintenance (e.g., cracked roads) affects the safety of the evacuation [38], influencing people’s speed [55] and the potential of pedestrian injuries during the escape [29]. After the event, the condition of the pavements can change due to the fall of elements related to the context [54,55] and the soil liquefaction phenomena, which can cause a permanent ground deformation [24,44,56]. These events can damage the pavements, resulting in a slowdown of the emergency operations and/or an interruption of a part of the OS network [59].




3.2.4. Characteristics of Use and Users


The characteristics of the use and users of the OS collect the features related to the functions of the OS and the type of people present in it, which affect the risk in the OS in terms of exposure.



The presence of parked vehicles along the LSs and ASs is included among the OS functions that have an impact on its safety [45]. Both legal and illegal parking spots should be mapped to have a comprehensive awareness of the urban OS uses [62]. Parked vehicles occupy part of the LSs, reducing the available width of the evacuation paths and affecting the road risk for pedestrian evacuation [29,39,54,55,62]. Moreover, the location of the parking spots should also be evaluated to assess their accessibility during the post-event phase, when a combined pedestrian/vehicular evacuation could be carried out [59].



The accessibility for vehicles/pedestrians describes the exclusive use or not of the OS, which notably affects the type and speed of evacuation flow after a disastrous event [42,59] or the possibility of being reached by emergency services [61]. Different types of flows along the same LS during the evacuation phase have an impact on the risk for pedestrians, especially considering the different mental state of the drivers compared to ordinary days [57,62] or the possibility of having multi-directional movements in the same OS, especially in the ASs [29]. Pedestrian-only evacuation paths are strongly recommended [9,49]. Where it is not possible to grant this condition, a “walkability index” should be considered to assess the percentage of pedestrian streets and walkways separated from roads for vehicles [12]. Moreover, if part of the roadway is occupied by the vehicular flow or a traffic jam, the speed of the evacuation can be compromised; the “pedestrian speed conservation index” has been proposed to evaluate the percentage of speed loss of the evacuation flow [54,55].



Different types of users affect many aspects of the immediate post-event phase, among them the response capacity and rescue operations [46], since differences in age [48,49,60], in physical condition [41,54,55,59], and in local knowledge of the place (e.g., residents vs tourists or occasional visitors) [23,42] can have an impact on the speed and efficiency of the evacuation flow. It could also be useful to compare the night and day distribution of the population, to highlight the worst possible scenario [55].



The density of the users influences the safety and the effectiveness of the evacuation flow [9]. It is possible to find many approaches in the literature to estimate in advance the expected evacuees’ density. Some of them consider a static amount of people, including only the residents in the count [12,48,52]; others add at least the employees of business activities and/or the tourist flow facing the OS considered [40,49,60,63]; finally, more in-depth studies consider the concentration variation along different times of the day (e.g., the daily movement of the users) [9,23], the week (e.g., weekday, weekend) [23,61], or the year (e.g., seasonal use of property, touristic flows) [59]. The density could be approximated on a semi-quantitative basis [29], using a demographic database [46] or by comparing the ordinary situation with the evacuation demand [56]. The density of the users can also influence the behavior of the people. In the case of high crowding, some people could choose a longer evacuation path that is less dense of evacuees [50] or try to move against the evacuation stream to find their relatives [62].



The preparedness of users describes the level of formation of both the competent authorities and the local users. The literature shows how having clear information about the best evacuation path and the location of safe places can support a smooth evacuation process [60], especially if training exercises have been organized [48]. People aware of the vulnerability of the area can have a role in triggering the evacuation and leading other evacuees [49]. The ability to have an efficient and prompt response should also be supported with adequate emergency response planning and evacuation management strategies [12,48,63]. Table 6 lists the above-mentioned indices.




3.2.5. Characteristics of Context


The section on the characteristics of the context includes factors that connect the analyzed BE with more general aspects of the surrounding area, which can affect the overall safety of a specific OS.



The seismicity is among the pivotal factors that influence the seismic local vulnerability of the BE and the OSs [38,45,53], primarily important for a complete evaluation of the vulnerability of LSs identified as evacuation paths [9] or ASs as safe areas [61]. A seismic hazard could be evaluated qualitatively by adopting the values of the seismic zonation, if available, or quantitatively using the peak ground acceleration [22,23,24,29,40,43,48,63].



The multi-hazard potential considers the possibility that a second event can occur due to the first (with a correlation, e.g., landslide, tsunami, fire) or simply after (without a correlation, e.g., flood), worsening the effects and limiting the availability of LSs as evacuation paths [42] or ASs as temporary safe areas [61]. Some research considers scenarios where a second disaster is induced by the earthquake (e.g., landslide, slope instability, subsidence of river embankment), producing unexpected damages or obstructions along the evacuation path [9,29,38,60]. Among these cases, the loss of function of the electrical and water pipes can also be included, which can generate a cascade effect [29,48], or the direct damages on the BE induced by a tsunami [59]. The ground type describes the soil typology and topography of the surrounding area. The material which the soil is made of (e.g., hard or soft) and the soil stratification influence the propagation frequency of the seismic waves [38,53,61]. To assess this risk, the topographic amplification factor can be included in the risk evaluation [29]. Local vulnerability scenarios should include evaluations on the location of the BE with respect to the geomorphology of the territory (e.g., ridge or edge area, area with poor-quality soil) [42] and assess the risk of soil liquefaction [24,48,56,61].



The lifeline utilities include all the entities that provide essential infrastructure services to the community, i.e., water, wastewater, transport, energy, and telecommunications. Loss of resiliency of part of them can compromise the overall infrastructure after a disastrous event [42,48]. Damages to the lifeline utilities can create obstacles in the evacuation path, falling on the OSs (e.g., electric wires) [42,54] or locally damaging the surface of pavement [29].



The urban OSs network considers the relation between each OS and the system to which it belongs, recognizing the connectivity among the OSs as one of the vulnerability factors of them [12,22,29,42,51,58,62,63]. It can be evaluated qualitatively, through morpho-typological analysis (e.g., regular or irregular geometry), or quantitatively, using metric computation and more complete indicators capable of estimating the specific features of urban OSs networks, such as robustness, steadiness, and accessibility. The vulnerability of a specific OS could be influenced by the loss of functionality of part of its network (e.g., a link or node interruption or blockage). It is possible to assess the connectivity resilience of OSs network using the “flow robustness indicator”, defined as the ratio of the number of available flows (before and after the event) to the total number of possible flows in a network [43], or evaluating the steadiness of the spatial properties with configurational-based indices, such as the “mean connectivity” and “frequency” indices [46]. Although a general “evacuation route” index [12] can be used to take into account the overall and homogeneous distribution of inhabitants among the evacuation routes, local damages to buildings and roads can affect the accessibility of urban OSs network as well [47,59]. Some evacuation paths may no longer be available, increasing the density of the evacuees along other evacuation paths (“congestion degree index”) [50] or the distance that evacuees should cover [52]. A “connectivity index”, defined as the ratio between the street links (i.e., street sections between intersections) and the street nodes (i.e., intersections), could be useful to evaluate how accessible a OSs network is and if it enables short evacuations [55].



The presence of natural or human-made underground cavities (e.g., caves, cisterns, artificial underground structures) has an impact on the overall risk of urban OSs, since their position and dimension influence the frequency spectrum amplification of seismic waves [53]. Moreover, they could provoke local instability and cause damages or collapse to the LSs [29]. Table 7 lists the above-mentioned indices.






4. Discussion


The distribution of the risk factors found in the analyzed literature by category (Table A1) is summarized in Figure 5. The characteristics of context category records the highest number of occurrences (50), followed by the characteristics of use and users (49) and the morpho-typological characteristics (39), all three being above the mean values (35.0). The physical characteristics (24) and the constructive characteristics (13) show values lower than the mean, suggesting more evaluations should be conducted on these two aspects of risk.



Comparing the overall occurrence of the risk factors with the mean occurrence in each category (Figure 6), it is possible to highlight their influence in the current literature. In Category 1, the dimension of OS is the most recurring aspect with 24 occurrences—scoring strongly above the mean value—while morpho-typology is just below the mean with 12 occurrences. This category shows higher mean values compared to the others, indicating that morpho-typological studies are one of the research areas currently most connected to the risk assessment of OSs. The distribution of Category 2 is rather uniform, with a slight prevalence of the slope of the OS with 6 occurrences. The low mean value of this category compared to the others highlights micro-vulnerability as one of the most promising research areas for further research. In particular, the evaluation of the temporary obstacles along the LSs and into the ASs should be included in the next studies. In Category 3, the paving condition records 8 occurrences, while the paving type has 5. The potentially wide variety of the paving that it is possible to have, especially in the ASs, suggests that more studies should evaluate the effect of the typology and quality of the paving on the risk in the OSs. In Category 4, the density of users shows the higher occurrence (17), while the preparedness of users records has a lower occurrence (5), strongly below the mean values, highlighting this aspect as a significant research line to explore. In Category 5, the urban OSs network (15) and the seismicity (13) show values clearly above the mean, while the lifeline utilities (4) and the underground cavities (2) appear to be of minor importance, although further research should verify the real impact of these factors. The multi-hazard potential and the ground-type (8) have an occurrence in line with the mean value, nevertheless with a high impact on the risk implications.



The distribution of the risk factors by authors shows the correlation between the categories considered (Figure 7, Figure 8 and Figure 9).



Of the 32 papers analyzed, 17 consider factors that belong to three categories (53.1%), 5 to four categories (15.6%), 4 to five categories (12.5%), 4 to one category (12.5%), and 2 to two categories (6.3%) (Figure 8). As Figure 7 shows, factors included in the characteristics of context are often taken into account as the main topics of monothematic studies. Among those, the seismicity is the most frequent factor included in the research. Considering the studies that include factors from three categories, a recurrent combination is represented by morpho-typological characteristics, the characteristics of use, and characteristics of context, that recurs 10 times in the 17 studies (Figure 7). Among those, considerations of the dimensions of the OSs (10; 20%), density of users (10; 20%), and seismicity (6; 12%) are the most frequent, covering over 50% of the total. Conversely, in Category 4 the risk factors which are included less are parked vehicles (4; 8%), types of users (4; 8%), preparedness of users (4; 8%), and accessibility for vehicles/pedestrians (4; 8%); in Category 5, they are ground type (2; 4%) and multi-hazard potential (3; 6%) (Figure 9).



The Figure 10 shows the counting of documents including risk factors that belong to each category. From the total amount of 32 papers, 27 consider factors listed in Category 5, 26 in Category 1, 23 in Category 4, 13 in Category 2, and 10 in Category 3. According to such recurrences, Table 8 displays the priorities for each of these categories according to the AHP application.



The complete calculation values are included in the AHP.csv file in the Supplementary Materials (Table S1). The consistency ratio of the AHP is acceptable since it is equal to 6.6% < 10%. The greater the weights, the greater the availability of assessment methodologies, and the greater the reliability of performing analyses on the considered categories. In this sense, the proposed index can also support designers and non-expert stakeholders in risk assessment. Designers could perform specific evaluations for each category. Then, the evaluation results could be weighted by the related AHP priority values in Table 8, thus linearly combining them to describe the overall risk of the OS. Categories affected by a more limited availability of evaluation methodologies will have a lower impact on the OS risk. Therefore, a conservative standpoint in the risk assessment is pursued, since the index tries to limit uncertainties under such circumstances (e.g., data availability to apply the methodology; level of knowledge on the effective risk factors affecting the OS risk).




5. Conclusions


The importance of the open spaces (OSs) in the existing built environment (BE) is critical for the overall safety of the urban context and its users against seismic events. Since the risk assessment of the OSs is strictly related to the BE components, a broad evaluation of the different aspects that characterize the BE is of significant importance.



A systematic and bibliographic literature review on the intrinsic factors influencing the seismic risk of the existing OSs and the safety of their users was presented and analyzed in the present paper. The nature of the documents involved in the review process was investigated using a quantitative trend and correlation analysis and described using neural maps. From the final 32 publications selected for the in-depth review, 21 risk factors were identified. Five categories were highlighted, each one representing peculiar characteristics of the OSs in relation to seismic risk assessment: the morpho-typological characteristics, physical characteristics, constructive characteristics, characteristics of use and users, and characteristics of context.



The systematization of the whole factors in the five categories gave a qualitative overlook of the different aspects that affect urban OS safety during an emergency condition. A quantitative statistical analysis was conducted on the factors identified through the in-depth review. According to the defined categories of risk factors, this analysis also allowed a preliminary and quick literature-based index for the risks of the OSs to be outlined, which relied on the availability of previous existing methodologies. The impact of each category of risk factors was assessed according to an analytical hierarchy process approach, and the calculations showed its theoretical effectiveness. Hence, future works should try to apply the index to real-world OSs to define its reliability. Since the index is based on weighted categories, further activities should try to include the effect of each factor. In particular, the discussion shows some aspects for enhancing further research, including the importance of considering factors that belong to all five categories, currently a minority of the total final papers, and the consolidating role of some factors (e.g., the dimension of the OS, the morpho-typology of the space, the density of users, the urban OS network, and the seismicity), highly recurring in the literature compared to others, whose role should be explored in future research (e.g., the fixed and temporary obstacles, the paving type and condition, the preparedness of users, the multi-hazard potential, the lifeline utilities, and the underground cavities).



The results of the present paper can support the definition of strategies for improving the safety standard of the existing BE, providing a holistic view of the seismic risk in the OSs. Moreover, the identification of specific features of the OSs affects the overall safety of the BE in that it allows stakeholders to evaluate, plan, and prioritize projects at the micro- and meso-scale with a high impact on the urban scale. Also considering the improvement of the resilience of the BE, the paper contributes and supports the transition between a prevention phase to a preparation phase. Additional studies should be conducted to verify and deepen the results highlighted in the present paper. Nevertheless, these results represent a necessary first step towards the global characterization and modeling of Oss in a digital environment, to accomplish simulations and define more efficient mitigation strategies.
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Table A1. Summary of the whole factors influencing the intrinsic seismic risk of the OSs found in literature and grouped by the five categories identified by the authors.
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Authors

	
Category 1

	
Category 2

	
Category 3

	
Category 4

	
Category 5




	

	

	
Morpho-Typological Characteristics

	
Physical

Characteristics

	
Constructive Characteristics

	
Characteristics

of Uses and Users

	
Characteristics

of Context




	

	

	
Morpho-Typology

	
Dimension of OS

	
Number of Lanes of LS

	
Quote Difference of OS

	
Slope of the OS

	
Slope Near the OS

	
Fixed Obstacles

	
Temporary Obstacles

	
Paving Type

	
Paving Condition

	
Parked Vehicles

	
Accessibility for Vehicles/Pedestrians

	
Types of Users

	
Density of Users

	
Preparedness of Users

	
Seismicity

	
Multi-Hazard Potential

	
Ground Type

	
Lifeline Utilities

	
Urban OSs Network

	
Underground Cavities




	
[38]

	
Adafer and Bensaibi (2015)

	

	

	
X

	

	

	
X

	

	

	
X

	
X

	

	

	

	

	

	
X

	
X

	
X

	

	

	




	
[39]

	
Álvarez et al. (2018)

	

	
X

	

	
X

	

	

	
X

	
X

	
X

	

	
X

	

	

	

	

	

	

	

	

	

	




	
[40]

	
Battegazzorre et al. (2021)

	

	
X

	

	

	

	

	

	

	

	

	

	

	

	
X

	

	
X

	

	

	

	

	




	
[23]

	
Bernabei et al. (2021)

	

	
X

	

	

	

	

	

	

	

	

	

	

	
X

	
X

	

	
X

	

	

	

	

	




	
[41]

	
Bernardini and Ferreira (2020)

	
X

	
X

	

	

	

	

	

	

	

	

	

	

	
X

	

	

	

	

	

	

	

	




	
[42]

	
Cremonini (2004)

	
X

	
X

	

	
X

	
X

	

	

	

	

	

	

	
X

	
X

	
X

	

	

	
X

	
X

	
X

	
X

	




	
[9]

	
D’Andrea and Condorelli (2006)

	

	
X

	

	

	

	

	

	

	

	

	

	
X

	

	
X

	

	
X

	
X

	

	

	

	




	
[43]

	
Der Sarkissian et al. (2020)

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
X

	

	

	

	
X

	




	
[44]

	
Ertugay et al. (2016)

	

	

	

	

	

	

	

	

	

	
X

	

	

	

	

	

	

	

	

	

	

	




	
[45]

	
Fazzio (2004)

	
X

	
X

	

	
X

	
X

	
X

	

	

	

	

	
X

	

	

	

	

	
X

	

	

	

	

	




	
[46]

	
Giuliani et al. (2020)

	
X

	
X

	

	
X

	
X

	

	

	

	
X

	

	

	

	
X

	
X

	

	

	

	

	

	
X

	




	
[47]

	
Goretti and Sarli (2006)

	

	
X

	

	

	

	

	

	
X

	

	

	

	

	

	

	

	

	

	

	

	
X

	




	
[48]

	
Hajibabaee et al. (2014)

	

	
X

	

	

	

	

	

	

	

	

	

	

	
X

	
X

	
X

	
X

	
X

	
X

	
X

	

	




	
[49]

	
Ito et al. 2021

	

	

	

	

	

	

	

	

	

	

	

	
X

	
X

	
X

	
X

	

	

	

	

	

	




	
[50]

	
Kanno et al. (2016)

	
X

	
X

	

	

	

	

	

	

	

	

	

	

	

	
X

	

	

	

	

	

	
X

	




	
[51]

	
Kheliouen, Bouder (2020)

	

	
X

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
X

	




	
[52]

	
Kumagai and Hatao (2013)

	

	
X

	

	

	

	

	

	

	

	

	

	

	

	
X

	

	

	

	

	

	
X

	




	
[53]

	
Lancioni et al. (2014)

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
X

	

	
X

	

	

	
X




	
[54]

	
León and March (2014)

	
X

	
X

	
X

	

	
X

	

	

	

	

	
X

	
X

	
X

	
X

	

	

	

	

	

	
X

	

	




	
[55]

	
León et al. (2019)

	
X

	
X

	

	
X

	

	

	
X

	
X

	
X

	
X

	
X

	
X

	
X

	

	

	

	

	

	

	
X

	




	
[24]

	
Lo et al. (2020)

	

	
X

	

	

	

	

	

	

	

	
X

	

	

	

	

	

	
X

	

	
X

	

	

	




	
[29]

	
Quagliarini et al. (2018)

	
X

	
X

	
X

	

	

	
X

	
X

	

	
X

	
X

	
X

	
X

	

	
X

	

	
X

	
X

	
X

	
X

	
X

	
X




	
[22]

	
Santarelli et al. (2018)

	

	
X

	

	

	

	

	
X

	

	

	

	

	

	

	

	

	
X

	

	

	

	
X

	




	
[56]

	
Sasabe et al. (2020)

	
X

	

	

	

	

	

	

	

	

	
X

	

	

	

	
X

	

	

	

	
X

	

	

	




	
[57]

	
Tsionas et al. (2016)

	

	
X

	

	

	
X

	

	

	

	

	

	

	
X

	

	

	

	

	

	

	

	

	




	
[12]

	
Tumini et al. (2017)

	
X

	
X

	

	

	

	

	

	

	

	

	

	
X

	

	
X

	
X

	

	

	

	

	
X

	




	
[58]

	
Utami and Nurhadi (2018)

	

	
X

	

	

	

	
X

	
X

	

	

	

	

	

	

	

	

	

	

	

	

	
X

	




	
[59]

	
Wang and Jia (2021)

	

	

	

	

	

	

	

	

	

	
X

	
X

	

	
X

	
X

	

	

	
X

	

	

	
X

	




	
[60]

	
Wood et al. (2016)

	

	

	

	

	
X

	
X

	

	

	

	

	

	

	
X

	
X

	
X

	

	
X

	

	

	

	




	
[61]

	
Yao et al. (2021)

	

	
X
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X

	
X

	
X

	

	

	




	
[62]

	
Zhang et al. (2015)

	
X

	
X
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X
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X

	




	
[63]

	
Zlateski et al. (2020)

	
X

	
X
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X

	
X
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Figure 1. PRISMA flow diagram of the systematic and bibliographic methodology for the selection of documents applied in this paper (last accessed: 18 October 2021). 
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Figure 2. Publishing years of both stage 1 (836) and stage 2 set of documents (291): 2008: 5; 2009: 6; 2010: 8; 2011: 11; 2012: 22; 2013: 19; 2014: 10; 2015: 29; 2016: 27; 2017: 26; 2018: 12; 2019: 25; 2020: 229; 2021: 39. 
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[image: Sustainability 14 00042 g002]







[image: Sustainability 14 00042 g003 550] 





Figure 3. Neural map of the Scopus index keywords’ recurrence in the set of documents of stage 1 (836 papers), realized with VOSviewer: colored by clusters (above) and publication years (below). 
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Figure 4. Neural map of the Scopus keywords’ recurrence in the set of documents of stage 2 (291 papers), realized using VOSviewer: colored by clusters (above) and by publication years (below). 
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Figure 5. Distribution of the risk factors in the analyzed literature listed by categories. The values on the x axis indicate the total occurrences of the risk factors in each category. 
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Figure 6. Distribution of the risk factors in the analyzed literature. The values on the x axis indicate the total occurrences of each risk factor. 
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Figure 7. Distribution of risk factors in the analyzed literature listed by authors. The values on the x axis indicate the occurrences of the factors into each category. 
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Figure 8. Number and percentage of studies involving risk factors that belong to different categories. 
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Figure 9. Occurrence and percentage of the risk factors in studies that involve three categories. The colors indicate the category to which the parameters belong. 
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Figure 10. Number of documents including risk factors that belongs to each category, from the total of 32 document analyzed in the review. 
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Table 1. Final keywords selected for the systematic search in Scopus.
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Risk Factor

	
Disaster Type

	
Open Space

	
Data Characterization




	

	

	

	
Geometry

and Space

Characteristics

	
Constructive

Characteristics

	
Use over Time and Space






	
Risk

	
Earthquake

	
Open space

	
Morphology

	
Construction

technique

	
Pedestrian




	
Vulnerability

	
Seismic

	
Public space

	
Typology

	
Pavement

	
Vehicular




	

	

	
Urban area

	
Geometry

	
Obstacle

	
Evacuation




	

	

	
Road

	
Slope

	

	
Users




	

	

	
Square

	
Underground cavities

	

	




	

	

	
Park

	

	

	




	

	

	
Access
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Table 2. Summary of the criteria applied for the selection process.
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	Selection Stage
	Actions
	Eligibility Criteria





	Stage 1
	Title and keywords evaluation
	Keywords:

	
global pertinence of the keywords.





Research fields:

	
included: risk assessment, emergency management, disaster preparedness, and evacuation strategies.





Case studies:

	
excluded: viaducts, highways, dams.





Disaster/hazard type:

	
included: multi-hazards studies;



	
included: earthquakes induced by other hazards studies, if the effect on the OS was considered (e.g., tsunami);



	
excluded: irrelevant documents.








	Stage 2
	Abstract and conclusion evaluation
	Objectives of research:

	
excluded: risk assessment of buildings and aggregates;



	
included: risk assessment of monuments and historic elements.





Research results:

	
included: intrinsic vulnerability of the OS;



	
excluded: extrinsic vulnerability of the OS.








	Stage 3
	Full-text reading
	Research results:

	
included: explicit definition of risk factors;



	
excluded: without any evaluation of the effects on the OS in urban area.
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Table 3. Summary of the final documents selected for the review.
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Authors

	
Hazard 1

	
Case Study

	
Identification

Methods 2

	
Type of Publishing Source 3




	

	

	

	

	
Sy.

	
Sn.

	
Bi.

	
J.

	
C.

	
B.

	
G.L.






	
[38]

	
Adafer and Bensaibi (2015)

	
Earthquake

	
Ain Temouchent, Algeria

	

	
X

	

	

	
X

	

	




	
[39]

	
Álvarez et al. (2018)

	
Tsunami

	
Iquique, Chile

	

	
X

	

	
X

	

	

	




	
[40]

	
Battegazzorre et al. (2021)

	
Earthquake

	
-

	
X

	

	

	

	
X

	

	




	
[23]

	
Bernabei et al. (2021)

	
Earthquake

	
-

	
X

	

	

	

	
X

	

	




	
[41]

	
Bernardini and Ferreira (2020)

	
Earthquake

	
Coimbra, Portugal

	
X

	

	

	

	
X

	

	




	
[42]

	
Cremonini (2004)

	
Earthquake

	
-

	

	

	
X

	

	

	

	
X




	
[9]

	
D’Andrea and Condorelli (2006)

	
Earthquake

	
Catania, Italy

	

	

	
X

	

	
X

	

	




	
[43]

	
Der Sarkissian et al. (2020)

	
N.H.

	
Baalbek-Hermel Governorate, Lebanon

	
X

	

	

	
X

	

	

	




	
[44]

	
Ertugay et al. (2016)

	
Earthquake

	
Thessaloniki, Greece

	

	
X

	

	
X

	

	

	




	
[45]

	
Fazzio (2004)

	
Earthquake

	
Nocera Umbra, Italy

	

	

	
X

	

	

	
X

	




	
[46]

	
Giuliani et al. (2020)

	
Earthquake

	
Lucignano, Italy

	
X

	

	

	
X

	

	

	




	
[47]

	
Goretti and Sarli (2006)

	
Earthquake

	
Potenza, Italy

	

	
X

	

	
X

	

	

	




	
[48]

	
Hajibabaee et al. (2014)

	
Earthquake

	
Tehran, Iran

	
X

	

	

	
X

	

	

	




	
[49]

	
Ito et al. (2021)

	
Tsunami

	
Zihuatanejo, Guerrero, Mexico

	
X

	

	

	
X

	

	

	




	
[50]

	
Kanno et al. (2016)

	
Earthquake

	
Shinjuku, Tokyo, Japan

	
X

	

	

	
X

	

	

	




	
[51]

	
Kheliouen and Bouder (2020)

	
Earthquake

	
Boumerdés, Algiers

	
X

	

	

	

	
X

	

	




	
[52]

	
Kumagai and Hatao (2013)

	
Earthquake

	
Neyagawa, Japan

	
X

	

	

	

	
X

	

	




	
[53]

	
Lancioni et al. (2014)

	
Earthquake

	
-

	

	
X

	

	
X

	

	

	




	
[54]

	
León and March (2014)

	
Tsunami

	
Talcahuano, Chile

	

	
X

	

	
X

	

	

	




	
[55]

	
León et al. (2019)

	
Tsunami

	
Viña del Mar, Chile

	

	
X

	

	
X

	

	

	




	
[24]

	
Lo et al. (2020)

	
Earthquake

	
Taipei City, Taiwan

	
X

	

	

	
X

	

	

	




	
[29]

	
Quagliarini et al. (2018)

	
Earthquake

	
Offida, Italy

	

	
X

	

	
X

	

	

	




	
[22]

	
Santarelli et al. (2018)

	
Earthquake

	
Civitanova Marche, Italy

	
X

	

	

	
X

	

	

	




	
[56]

	
Sasabe et al. (2020)

	
Earthquake

	
Nagoya, Japan

	
X

	

	

	
X

	

	

	




	
[57]

	
Tsionas et al. (2016)

	
Earthquake

	
Thessaloniki, Greece

	
X

	

	

	
X

	

	

	




	
[12]

	
Tumini et al. (2017)

	
Tsunami

	
Mehuin and Dichato, Chile

	
X

	

	

	
X

	

	

	




	
[58]

	
Utami and Nurhadi (2018)

	
Earthquake

	
Yogyakarta, Indonesia

	
X

	

	

	

	
X

	

	




	
[59]

	
Wang and Jia (2021)

	
Tsunami

	
Seaside, Oregon, USA

	
X

	

	

	
X

	

	

	




	
[60]

	
Wood et al. (2016)

	
Tsunami

	
Aberdeen, Hoquiam, and Cosmopolis,

Washington, USA

	
X

	

	

	
X

	

	

	




	
[61]

	
Yao et al. (2021)

	
Earthquake

	
Great Victoria, Canada

	
X

	

	

	
X

	

	

	




	
[62]

	
Zhang et al. (2015)

	
N.H.

	
Beijing, China

	
X

	

	

	
X

	

	

	




	
[63]

	
Zlateski et al. (2020)

	
Earthquake

	
Coimbra, Portugal

	
X

	

	

	
X

	

	

	








1 Hazard: N.H. = natural hazard in general; 2 identification methods: Sy. = systematic, Sn. = snowball, Bi. = bibliographic; 3 type of publishing source: J. = journal, C. = conference; B. = book; G.L. = grey literature.
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Table 4. Risk factors related to the morpho-typological characteristics and related indices, proposed or cited in the analyzed literature.
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Factor

	

	
Index

	
Definition






	
Morpho-typology

	
[12]

	
Balance

	
Ratio between the overall surface of the unbuilt useful ASs and the overall surface of the built areas




	
[55]

	
Pedestrian route directness

	
Ratio between a route’s actual distance throughout urban space and the geodetic (or straight-line) distance between its origin and destination




	
[62]

	
Road resistor coefficient

	
Ratio between the road length and the road width




	
[41]

	
Tortuosity

	
difference between the minimum linear path length and the average evacuees’ path length




	
[63]

	
Difference-in-path ratio

	
Ratio between the effective evacuation path length and the ideal one




	
Dimension of the OSs

	
[12]

	
Temporary secure OSs

	
Ratio between the overall surface of the temporary secure ASs and the number of inhabitants in the same area




	
Evacuation route distances

	
Distance of evacuation routes from the farthest point in Euclidean distance




	
[63]

	
Effective areas surface

	
Difference between the OS area and the area occupied by debris
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Table 5. Risk factors related to the physical characteristics and related indices, proposed or cited in the analyzed literature.
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	Factor
	
	Index
	Definition





	Temporary obstacles
	[39]
	Friction rate
	Impact of the micro-vulnerabilities along the evacuation path on the evacuation speed
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Table 6. Risk factors related to the characteristics of use and users and related indices, proposed or cited in the analyzed literature.
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Factor

	

	
Index

	
Definition






	
Accessibility for vehicles/pedestrians

	
[12]

	
Walkability

	
Ratio between the pedestrian walkway length and the total street length




	
[54]

	
Pedestrian speed conservation

	
percentage of evacuees’ speed loss




	
Type of users

	
[59]

	
Walking speed variability

	
Adjustment in the walking speed due to age and physical condition




	
Density of users

	
[23]

	
Daytime, night-time, holiday time exposure

	
Evaluated as the sum of exposure for the outdoor and indoor areas for different times (daytime, night, holiday)




	
[12,48]

	
Population density

	
Ratio between the total inhabitant and the urban area




	
[50]

	
Congestion degree

	
calculation of the crowding condition along evacuation paths




	
[63]

	
Occupancy

	
Calculation of the crowding condition in the OS, considering the area reduction due to debris
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Table 7. Risk factors related to the characteristics of context and related indices, proposed or cited in the analyzed literature.
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Factor

	

	
Index

	
Definition






	
Urban OSs network

	
[43]

	
Flow robustness

	
Ratio between the number of available flow and the total number of the possible flow in the network




	
[46]

	
Mean connectivity

	
Ratio between the connectivity values and the total number of segments




	
Frequency

	
Ratio between the maximum actual choice in the set of segments and the maximum value it could virtually reach




	
[12]

	
Evacuation route

	
between the number of evacuation paths and the overall inhabitants




	
[50]

	
Congestion degree

	
Calculation of the crowd along evacuation paths




	
[55]

	
Connectivity

	
Ratio between street links and street nodes
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Table 8. Priority of the categories of risk factors according to the AHP application.
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	Category
	(1) Morpho-typological
	(2) Physical
	(3) Constructive
	(4) Uses and Users
	(5) Context



	Weight
	31.4%
	4.9%
	2.8%
	19.3%
	41.5%
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