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ARTICLE INFO ABSTRACT

Keywords: Disaster risk assessment in Urban Built Environments (UBEs) must consider the joint impacts of
Risk assessment possible hazard conditions and dynamics in UBE use, and thus the spatiotemporal variations in
Flood risk

the number (exposure) and typology (individual vulnerability) of the hosted population. The
integration of such concepts could be boosted by multiscale approaches representing the complex
Urban open spaces interactions among the UBE subsystems, supporting scenario creation. Building-level data should
User exposure be aggregated at the scale of urban public open spaces (e.g., streets, urban squares), due to their
User vulnerability relevance for user UBE use in normal and emergency conditions. This work adopts this open-
space-centred approach and defines a novel methodology for dynamic single-risk assessment in
UBEs, combining physical vulnerability, hazard, user exposure and vulnerability. The method-
ology is applied to flood and earthquake risks, as relevant disasters for UBEs, and allows to mark
relevant “hot-spots” in UBE, in these two relevant disasters, and considering different spatio-
temporal dynamics in user factors. Validated methods for building-scale analysis of risk factors
are adapted to calculate risk assessment indexes at the open space level, including alternative
scenarios of hazard (in terms of flood/earthquake severity) and typical occupancy schedules in
UBE use. The application to a relevant UBE demonstrates the approach capabilities in detecting
open spaces which represent recurrent and scenario-sensitive “hot-spots” to floods and earth-
quakes, and remarks how consistent risk-level differences exist due to the use dynamics. The
proposed method can support decision-makers in intervention prioritisation, focusing on common
“hot-spots”, and tailoring risk-mitigation and management strategies, depending on the specific
scenario.

Earthquake risk
Urban built environment

1. Introduction

Performing disaster risk assessment tasks in Urban Built Environments (UBEs) implies understanding which scenarios can be
generated by the combination of several factors related to cities and their communities, as well as to the complex multi-interactions
among them [1-4]. It hence represents one of the pillars within the disaster risk management cycle, mainly comprising activities
referred to the preparedness stage [5,6]. In fact, as also remarked by the Sendai Framework for Disaster Risk Reduction (Priority 4) [71,
preparedness-oriented risk assessment aims to anticipate the potential consequences of hazardous events before they occur, moving
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towards a more effective response and towards “Build Back Better” (BBB) in recovery, rehabilitation, and reconstruction, exploring
plausible scenarios that combine components about hazard, vulnerability and exposure. This perspective is particularly relevant for
Sudden Onset Disasters (SUODs), such as earthquakes, floods, urban and wildfires, terrorist acts, volcanic events, tsunamis, cyclones
and landslides [8-11]. SUODs can rapidly emerge in the UBE, potentially causing significant damage to the population, buildings, and
infrastructures, while simultaneously requiring the activation of emergency procedures and immediate response. These effects depend
on the specific characteristics of parameters about hazard, physical vulnerability of UBE placed in SUOD-prone areas, and user factors
(including their exposure, individual vulnerability and behaviours) and on how they are combined in a given emergency scenario
[12-16].

Considering the different SUODs, the importance of such issues is mainly relevant considering floods and earthquakes, in view of
their massive and widespread effects on UBEs. These effects, in fact, are exacerbated by rapid and growing urbanisation phenomena, as
also demonstrated by statistics on the impact and damage levels on the urban communities [16-20]. Moreover, these data underline
how the severity of such disasters also depends on the spatiotemporal variables, which are strictly connected to the dynamics in the use
of the UBE by the population [14,21-24]. Cities as attractor poles in the surrounding territories and touristic cities own additional
complexities due to the spatiotemporal variability in the number, position and typologies of users, considering both residents and
non-residents [25,26].

Therefore, scenario creation and, thus, risk assessment tasks in these UBEs have to include the analysis of variations about daily
commuting, touristification, and seasonal fruition conditions, along with the definition of possible event conditions due to the com-
bination between hazard and physical vulnerability [27,28]. These actions can hence move towards structured comparisons between
multiple scenarios and the joint analysis of their effects [29]. Therefore, further contribution to support the application of BBB
principles would be reached [30-32]. In fact, although BBB is traditionally associated with post-disaster recovery and reconstruction
its core concepts are highly relevant for preparedness-oriented assessments, since they stress the importance of (a) understanding
multiscale interactions within urban systems, (b) integrating both social and physical dimensions, and (c) integrating the effects of
dynamics on presence and behaviors of users [11,31,33-36]. In this sense, BBB also advocates for people-centred approaches,
comprising alternative configurations of UBE use that may reduce vulnerabilities or improve risk management [33].

In view of the above, the following two research questions should be considered in UBE risk assessment and mitigation:

1. “How do different user factor conditions influence risk levels for the same SUOD?”
2. “How do different SUODs conditions affect the risk levels for the same user factor conditions?”

A multi-layer single-risk approach can be particularly suitable to face these questions [29]. In fact, it can synthetically analyse the
intensity and spatial distribution of risks associated with different hazard sources in urban environments, especially when hazards
coexist without directly interacting [37]. This methodology enables separate assessments for each hazard type, while ensuring
comparability between scenarios through uniform analytical tools and consistent contextual conditions [38].

The multi-layer single-risk assessment approach could be applied to the multiple spatial scales which capture the variability and
interactions of urban elements [39-42]. The microscale focuses on individual buildings and their immediate surroundings, focusing on
detailed structural and functional characteristics, as well as their relationship with adjacent buildings and open spaces. On the opposite
side, the macroscale addresses the urban system as a whole, including city size, spatial distribution of population and jobs, urban
morphology, development patterns, and landscape connectivity, allowing the assessment of broader systemic resilience and city-wide
interactions. Finally, the mesoscale represents an intermediate level encompassing public open spaces (such as streets, urban squares,
riverfront promenades), as well as neighbourhoods and building blocks [4,43]. Therefore, the mesoscale is especially suitable for the
aforementioned perspective in scenario creation and multi-layer single-risk assessment, since it captures dynamic patterns of UBE use,
exposure, and vulnerability while maintaining sufficient detail to support targeted preparedness and mitigation strategies. In
particular, considering short and long-term urban adaptation processes [9,25,43], focusing on public open spaces ensures analysing
the minimum spatial units where users effectively move and gather under normal conditions, as well as where they behave and react
during emergencies. Their physical characteristics, including size, accessibility, and adjacency to buildings, influence both hazard
impacts and user exposure. Given the dynamics in user presence introduced above, the open spaces can significantly act as risk am-
plifiers, because high user densities can exacerbate risk by increasing potential losses during disasters [25].

In view of the above, this work aims at incorporating spatiotemporal use dynamics into urban risk assessment by adopting a multi-
layer single-risk approach and an open-space-centred perspective in “what-if” scenario development. In line with the multi-layer
single-risk approach [29], the methodology is applied to earthquake and flood through independent analysis (which means that no
interaction and spatiotemporal relationships are considered). Hazard-specific urban hot spots can be identified, enabling a final
comparison and integration of results across different risks thanks to a coherent and harmonised structure.

First, alternative scenarios in terms of user exposure and vulnerability are defined and elaborated to trace different use dynamics,
representative of typical conditions in the fruition of the urban built environment. These scenarios explicitly account for temporal
variability across hourly-based typical day periods, weekdays versus weekends, seasonal conditions and special-use periods, and are
constructed based on the intended functions and regulatory temporalities of spaces, rather than on high-frequency population density
data. Second, parameters on physical vulnerability and hazards are collected and combined, also allowing to consider the impacts of
floods and earthquakes on the UBE. Boosting previous multiscale interaction perspective between interdependent sub-systems in urban
areas [4,39,43], data on these risk factors are derived by organising building-related data (microscale analysis) for each open space to
which they are linked (mesoscale assessment). Evaluations of risk scenarios are hence sensitive to both spatial configuration and
spatiotemporal user dynamics, effectively bridging detailed microscale analyses and broader macroscale assessments.
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Then, basic evaluations on these risk factors are combined to derive risk levels, which are indeed associated with the mesoscale
representation of the UBE. These steps are elaborated by applying and adapting existing, consolidated methodologies, fostering rapid
assessment techniques and ensuring reliable outputs [41,44-46]. The application to a historic UBE (a part of the old town of Senigallia,
in Italy) demonstrates the approach capabilities in relevant real-world scenarios.

This work hence contributes to the development and showcasing of methods for the comparison, at the open space level, of single
risk levels (1) for different spatiotemporal use dynamics under the same disaster conditions, and (2) for different disasters under the
same spatiotemporal use conditions, in line with the two main research questions. In this process, the contribution hence lies in
integrating spatiotemporal use dynamics, multi-risk assessment and mesoscale representation within a single, operational framework
tailored to complex urban built environments. While the pursued standpoint aligns with recent advances in dynamic population
modelling [21], the proposed approach also contributes to frame spatiotemporal variability of components within an overall
hazard-agnostic structure, suitable for refinement an application to diverse risks, as well as to complex UBEs as historical ones [33,47].

Considering the work aims, Section 2 traces the background for the work, while Section 3 provides the assessment methodology.
Then, Section 4 introduces the case study and provides an overview of the use dynamics considering the method application. Section 5
shows the case study application results, and Section 6 finally points out the main research key findings, limitations and needed future
research steps.

2. Background

Understanding the role of urban public open spaces in this context allows the development of more effective methods for risk
scenario creation and assessment, and to move towards multi-layer single risk assessment. On this basis, the pursued novel open-space-
centred approach is framed through a targeted literature review focusing on: (1) the role of dynamic user factors in urban risk
assessment (Section 2.1); (2) open-space-centred and mesoscale methodologies for scenario creation (Section 2.2); and (3) multi-layer
single-risk assessment frameworks (Section 2.3). This structured review allows the proposed methodology to be clearly positioned
within the relevant state of the art and clarifies its contribution with respect to existing approaches.

2.1. The role of public open spaces for risk scenario creation and assessment

Considering normal fruition, the public open spaces in the UBE, where the hosted population daily live, gather, move, and behave
[25,48], represent the spatial units at which user exposure and vulnerability can be analysed as time-dependent and scenario-specific
variables, rather than as static attributes. In fact, in case of an emergency, users respond to SUODs and activate immediate emergency
behaviours by interaction with the elements of the open spaces [9,49,50]. In this sense, defining possible fruition scenarios becomes
paramount to determine [41,51]: (a) how many users are present and where they are placed, contributing the definition of user
exposure factors; and (b) identifying their typologies, in terms of gender, age, motion abilities, knowledge of the UBE/risks/emergency
procedures, by then characterizing their individual vulnerability. Open spaces and their surrounding buildings are characterised by
occupancy schedules per typology of intended use in indoor and outdoor areas, and which can also consider exceptional occupancy
conditions (e.g., due to mass gatherings, touristic seasons) [41,52]. Occupancy variability contributes to the effective spatiotemporal
distribution in the number and typology of exposed users, and thus affects the expected losses and casualties over UBE space and time
[21,22,27,53,54].

Moreover, the organisation of public open spaces forms the foundation of the urban form and morphology, along with the structure
and layout of neighbourhoods and blocks [40,43,55]. In this mesoscale and open-space-centred perspective, microscale data on risk
factors should be collected considering each building facing a street or an urban square, and the outdoor areas hosted in the open space
[41,43,56]. Then, such input data can be aggregated per open space, given its discretisation in the urban street network as an element
limited by two nodes (crossroads, plano-altimetric variation). This allows to consider internal conditions as homogenous as possible.
This mesoscale aggregation can also contribute to the macroscale level assessment tasks [4,57], by organising related results at the
district levels, or even at the overall urban scale [58].

Recent studies highlight the need to apply these principles to historical UBEs, characterised by complex morphology, structural
fragility, exposure to multiple hazards, and intense human activity, often amplified by tourism [41,59,60]. In view of these charac-
teristics, comprehensive risk assessment in historical UBEs is more and more relevant, and represents a basic step to balance risk
reduction strategies deployment and heritage conservation [41,61,62].

2.2. Relevant approaches for flood and earthquake risk assessment at the public open space scale

The Sendai Framework emphasises the importance of understanding disaster risk, strengthening risk-informed planning, and
investing in disaster risk reduction to enhance preparedness and ensure more effective responses [7,32]. In this context, recent works
highlighted the need to move beyond static representations of risk, explicitly acknowledging the role of exposure dynamics, social
vulnerability, and spatial configurations in shaping disaster impacts [21,27,41]. These concepts share many similarities with
people-centred approaches to disaster risk management promoted by the BBB principles [31,32]. While encouraging community
involvement in planning and decision-making, BBB also promotes the exploration of alternative spatial and functional urban con-
figurations to support risk reduction and mitigation. Therefore, it needs the deployment of structured frameworks for the inclusion of
user dynamics in the whole assessment process, under different use conditions and their temporalities. Considering the mesoscale level
(Section 2.1), preparedness activities can exploit related assessment results [33,61], to: (a) effectively design strategies depending on
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identified risk-sensitive open spaces; (b) anticipate the impacts of potential hazard scenarios; and (3) prioritise interventions that
reduce vulnerability while respecting social and cultural values.

To support these actions, many previous studies investigated the role of public open spaces in UBEs under flood and earthquake
scenarios, focusing initially on interactions between hazards and physical vulnerability factors [11,43,63-66]. For floods, hazard
conditions can be described by different sources (e.g., fluvial, pluvial) and related scenarios in terms of return periods, including
floodwater propagation in the urban fabric [36,67-69]. Physical vulnerability is defined by the morphology and construction of open
spaces, infrastructure, and buildings, as well as mitigation measures, and thus it strongly influences flood impacts [70-75]. In the case
of earthquakes, impacts depend on seismic events (e.g., peak ground acceleration at given return periods) and are influenced by
building and infrastructure vulnerability, as well as urban morphology (e.g., dimension and plano-altimetric configuration) due to
potential earthquake-induced debris [9,46,76-78].

Holistic scenario creation and risk assessment have also considered spatiotemporal dynamics of user presence, which affect
response and evacuation conditions [11,21,24,27,41,79,80]. Public databases (such as statistics institutes, local authorities, census
surveys) provide basic data on user numbers and vulnerability characteristics (e.g., age), but these are static and cannot capture daily,
weekly, or seasonal variability [27]. Consequently, implementing daily and hourly profiles of user factors, considering public function
timetables and mobility patterns (e.g., weekdays vs weekends), can improve scenario realism [21,22,25]. User numbers, and thus
potential casualties, vary with exposure. For instance, nighttime earthquakes may have more casualties than daytime events, while
roads and public buildings are more exposed during the day or on weekdays, as most individuals are likely to be indoors, at home [22,
54]. On the contrary, road networks and public buildings will be more exposed during the daytime, due to visitors’ presence.
Furthermore, on weekdays, the concentration of users in urban areas and infrastructures increases exposure, while during holidays it
tends to shift toward residential or recreational zones. These variations significantly influence both risk assessment and management
[21].

The analysis of risk factors and the risk assessment can be carried out at several scales (see the Introduction). The macroscale allows
rapid data collection and processing, using large areas in UBEs (e.g., based on GIS data aggregation) and grid-based techniques
(ranging from the discretisation of UBEs of some tens of meters up to kilometres) [1,22,27,81,82]. The adoption of grid-based ap-
proaches enables the definition of quick-to-use maps of hot (and cold) spots, which can support decision-makers in the easy identi-
fication of critical UBEs parts, by also ensuring dynamic scenarios representation and comparison [22]. However, it could oversimplify
user patterns in UBE, ignoring the contribution of conditions for the public open spaces. In contrast, the mesoscopic scale, applied in
this study, allows a more detailed reading by capturing the interactions between UBE and users while remaining operationally feasible
for urban-scale applications [39-41,43].

This approach has been used for earthquake [24,58,78] and flood [21,83] scenarios, often relying on microscale data to enhance
detail [41,84]. Previous works in this direction widely exploited GIS sources, quick assessment methods or simulation-based tools,
mainly oriented towards the definition of effects and damages in the UBE (e.g., floodwater modelling to define floodwater depths and
speeds [49,85], building damage level and expected debris [86]). They support high-resolution outputs, capturing interactions among
hazards, infrastructure, and user behaviour within narrowly defined spatial contexts, such as street segments, urban squares, or
building fronts.

In this perspective, microscale GIS analyses integrate detailed spatial data (e.g., urban morphology, land use, building distribution)
with modelling tools (e.g., 3D, hydraulic and structural models) to simulate realistic risk scenarios, such as flooding or earthquake-
induced collapses, and identify vulnerable micro-areas [86]. These methods also support localised emergency management [42,87,
88]. Nonetheless, most research linking micro and mesoscale analyses focuses on hazards and physical vulnerability, while few studies
explicitly account for dynamic user exposure and its temporal variability within open-space-centred assessments. This remains a
significant gap for preparedness-oriented risk scenario creation [41].

2.3. Connecting multi-layer single-risk assessment in UBE

Efforts to integrate flood and earthquake into multi-hazard risk modelling and assessment [29,89], risk management [90], loss
assessment [91] and resilience analysis and mitigation [16,92] have been recently performed. These actions are based on the adoption
of a common spatiotemporal framework, along with consistent indicators [16,29]. Furthermore, they should rely on the analysis of risk
interactions due to hazard and vulnerability levels, also comprising events occurring simultaneously, sequentially, or in a cumulative
way, that may generate cascading effects that exacerbate the overall impact on urban systems [29,93,94]. These interactions influence
both hazard levels and the vulnerability of the exposed environment, making integrated risk modelling a complex task [95]. Due to
these challenges, risks are often assessed independently, while still using harmonised assessment procedures and final metrics [37].
Indeed, applying a multi-layer single-risk approach can enhance integrated decision-making, provided that outputs use the same
spatiotemporal resolution, which facilitates the comparison of results, maintaining the specificity of each hazard type [29]. Although it
does not explicitly address hazard interactions [93], multi-layer single-risk assessment offers clear advantages for UBE planning,
particularly when data availability is limited or hazard interdependencies are difficult to model. Moreover, this approach allows the
stratification of multiple scenarios reflecting different UBE use patterns or hazard configurations, thereby supporting the exploration of
combined effects of spatiotemporal variability in exposure and hazard intensity.

In this context, research has identified joint indicators for assessing resilience to floods and earthquakes [16,92]. These studies
suggest that, given the same built environment and population characteristics, comparing indicators (e.g., Expected Annual Loss for
floods and earthquakes) can help identify (1) the predominant risk in each part of the assessed area, and (2) “hot-spots” between them
[29]. Similar approaches have been noted for other risks, including slow-onset ones, such as heatwaves and pollution [96]. However,
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these methods mainly address macroscale aspects and, when applied to UBEs, they consider population and land-use factors [16], but
do not fully capture risk at the level of individual open spaces. This limitation can be addressed through harmonised single-risk as-
sessments at a consistent mesoscale resolution [27,29,96]. In this sense, applying a multi-layer single-risk approach at the mesoscale
allows systematic comparison of hazard scenarios under varying user conditions, reinforcing the role of open spaces as common
reference units across layers.

As a final outcome, multi-layer single-risk approaches could also be applied to assess the co-benefits, trade-offs and maladaptation
policies of possible measures aimed at separately reducing flood and earthquake risks [4,97,98]. In this way, they can extend the point
of view from the one related to the combination between flood and other climate-change disasters.

3. Phases and methods

This research is organised in the following four main phases (comprising specific sub-sections in which related methods are re-
ported), according to the workflow shown Fig. 1:

1. The Data collection and organisation (Section 3.1) is first performed by considering the identification of the public open space
structures. Related data sources for database development have also been defined;

2. The Users' Exposure and Vulnerability Assessment (Section 3.2) comprises the spatiotemporal analysis of users' presence and typology,
respectively, and is essentially based on the spatial location of functions in the UBE. Data are hence collected at the scale of each
function hosted in the UBE, also considering the related occupancy schedules, first based on hourly periods. Then, data are
aggregated for every single open space and organised into typical day periods (i.e., nighttime, morning, noon, afternoon, evening)
to provide a quick overview of recurring conditions for the users' indexes. Exposure (E) is calculated uniformly across both flood and
earthquake scenarios. Contrarily, vulnerability indexes (UV) consider common issues related to age and familiarity with the UBE, and
disaster-specific parameters about the position of users in the UBE (i.e., indoor and outdoors);

3. The Single-risk Physical Vulnerability and Hazard (PVH) Assessment (Section 3.3) is performed considering the specificities of flood
and earthquake scenarios. In this sense, building features and return periods used in the assessment process are firstly identified, to
respectively evaluate the levels of building Physical Vulnerability (PV) and the Hazard (H). Then, data are aggregated at the open
space level, and a matrix-based approach is proposed to determine the overall PVH level in terms of effects due to each assessed risk.
The methodology distinguishes general parameters and criteria from risk-specific issues;

4. The Multi-layer single-risk assessment (Section 3.4) is finally aimed at combining PVH, E and UV to generate the final risk matrices,
depending on the day period, on the public open space of reference, and on the selected risk scenario. The results are visualised
through risk maps, useful to facilitate identification of worst-case emergency scenarios, hot-spots and the most critical open spaces
in the study area, while also comparing flood and earthquake conditions.

This workflow is hence intentionally designed as a single-layer multi-risk approach [29]. Each risk is hence assessed under separate
conditions, but through a coherent and harmonised structure ready for comparisons and results merging. More specifically, the
approach maintains analogous procedures for user exposure and vulnerability, following consolidated mesoscale methods [41],
ensuring direct comparability between flood and earthquake scenarios. Therefore, the workflow is ideally applicable to multiple
hazards, adopting a hazard-agnostic structure for framing temporal variability in spatiotemporal user distribution and behavioural
assumptions [47].

The workflow is then applied in this work to a relevant neighbourhood within the riverine historical UBE of Senigallia, Ancona,
Italy, placed along the Adriatic seacoast and crossed by the Misa River, which has been introduced in the Case Study section (Section
4.

3.1. Data collection and organisation

The adopted methodology follows the mesoscale approach (see Section 2.2), according to validated methodologies for quick single
risk assessment in UBEs [41].

In the first phase, all relevant data to characterise the study area are collected, comprising: UBE boundaries, buildings, public open
spaces and their intended uses. Buildings are considered as both isolated units and structural aggregates, typical of historical UBEs
[46]. Geometrical information (i.e., covered surface area and number of floors) can be obtained through, for instance, Google Maps,
Street View and Calc Maps tools,’ enabling remote surveys when GIS-based data are unavailable.” Moreover, constructive, material
and structural data could be retrieved using remote surveys (e.g., using Google Maps, Street View or any updated photographic
source), existing municipal databases or in-situ surveys.

An inventory of indoor and outdoor intended uses has been created. Each of them is associated with the related building and with
the specific open space (street or square) based on the position of its entrance/access point. Then, the gross area is calculated by
multiplying the covered surface area and the number of floors where the intended use is deployed. Each intended use is also classified

1 https://www.google.it/maps; https://www.calcmaps.com/map-area/(last access: 15.05.2025).
2 https://ottomilacensus.istat.it/sottotema,/042,/042045/2/(last access: 15.05.2025)> https://ottomilacensus.istat.it/sottotema,/042/042045/2/
(last access: 15.05.2025)2 https://ottomilacensus.istat.it/sottotema/042/042045/2/(last access: 15.05.2025).
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Dynamic Risk Assessment

Physical Vulnerability
PVH & Hazard for
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section 3.3

section 1.4

Fig. 1. Workflow of this research, including references to each section in which specific methods are discussed.

by floor and linked to an occupant load [persons/m?] to estimate maximum potential user numbers. This allows the reconstruction of
horizontal (indoor/outdoor) and vertical (floor-dependent) user distributions. For occupant loads, this study refers to the Italian Fire
Prevention Code [99]. Opening and closing times are recorded for summer and winter to derive hourly occupancy schedules. These
hourly schedules are then aggregated into typical day periods.

Outdoor areas hosting events or mass gatherings (e.g., fairs, exhibitions, festivals) are also identified. Then, additional occupancy
load is assigned to these areas to represent seasonal conditions and specific events/mass gatherings, ranging from low (0.1-0.2 per-
sons/m?) to critical (i.e., 4 persons/mz) density values, according to the Levels of Service (LOS) Theory [100]. Supplementary Material
S1 provides a structured overview of these data for the case study. The proposed approach adopts standardised values and could
provide overestimation in maximum crowding levels. Nevertheless, it ensures rapid applicability by decision-makers in real-world
operational contexts and can support conservative assessment results, as also remarked by previous research [41].

Moreover, demographic information is collected at the whole UBE or city level from public statistical and census databases,
including those freely available on public websites (for this study: Istat, 2023 census,- see Section 4). Main data concerns basic user
typologies by age. The age categories considered in the analysis are: Toddlers (T), 0-4 years; Parent-assisted Children (PC), 5-14 years;
Young Adults (YA), 15-19 years; Adult users (AU), 20-69 years; Elderly users (EU), 70 years and older. The percentage of users by age
category is retrieved from these available statistical databases.

Finally, all data are organised according to the UBE road network, and consider that each public open spaces are represented as a
link between two adjacent nodes (e.g., crossroads, plano-altimetric variations of the road network). Therefore, indoor and outdoor uses
are linked to the open space they face or occupy, enabling spatially consistent representation of user exposure.

3.2. User exposure and vulnerability

User exposure and vulnerability are assessed using mesoscale methodologies [41], which rely on the approach for spatial data
collection and organization defined in Section 3.1.

User locations within the UBE are defined according to the two main categories of spaces (i.e., indoor and outdoor), described in
Section 3.1. Indoor areas include residential buildings, commercial spaces, public and private services, and institutional facilities. They
accommodate indoor users, both residents (R) and non-residents (NR). Outdoor areas include carriageways, parking lots, sidewalks,
dehors and courtyards (excluding non-walkable surfaces), and they host prevalent outdoor users (PO), such as customers of shopping
areas, bars and restaurants, and only-outdoor users (OO), such as passers-by.

According to reference works [41], this categorisation of space and user types is relevant both for assessing familiarity with the
built environment, and for capturing temporal variation in user exposure and age-based vulnerability.

Residents are assumed to be fully familiar with the UBE and aware of its risks. The following assumptions are considered to trace
their temporal framing at home, depending on age and typical home occupancy schedules. Toddlers and elderly individuals are
assumed to remain at home due to limited or no mobility. Parent-assisted children and young adults are away from home (i.e., at
school) between 8:00 and 13:00. Adults are away for working/studying activities from 8:00 to 18:00. Moreover, unemployed adults
are assumed to remain in indoor residential spaces during typical working hours. The number of unemployed adults is rapidly
calculated considering the percentage of unemployed adults in the UBE, according to the demographic databases selected in Section
3.1.

Non-residents, prevalent outdoor users and only-outdoor users are conservatively treated as non-familiar users, being unaware of
possible risk conditions. The presence of NR and PO depends on the opening hours of the related public functions, respectively indoors
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and outdoors. Since opening times of public functions vary by weekdays, weekends and seasons, different scenarios can be created
using the same methodology. In this way, NR and PO include commuters, day visitors and occasional users accessing these functions
(regardless of their place of residence), and do not rely on official resident population statistics, but on regulatory occupancy loads,
according to Section 3.1 assumptions. Additionally, critical scenarios, such as mass gathering events (identified as in Section 3.1),
account for extra occupant loads. These users are classified as PO, and their presence depends on event timings. Conversely, a
simplified temporal framing is assumed for OO. They are considered present from 07:00 to 24:00 and absent during nighttime.

Intersecting schedules of public and private spaces on an hourly-based scale, it is possible to derive the spatiotemporal distribution
of users per intended use in indoor and outdoor areas. Then, it is possible to perform their mesoscale aggregation per public open space.
The calculation of time-dependent user exposure E [—] and user vulnerability UV [—] parameters is then provided on these bases, with
respect to general (Sections 3.2.1) and risk-specific issues (Section 3.2.2). According to the general rationale of this work, these indices
are defined to be normalised factors, thus numerically ranging between 0 (generally excluded in the presence of users, but included in
case of abandoned places, i.e., open spaces) and 1 (as the maximum factor value).

3.2.1. General assessment methods
The user exposure E is assessed in all the hazard conditions according to validated methods at the mesoscale [41], as shown in
Equation (1):

Rin NRin Ooou Poou on
{{Ed( i+ NRt) + 20000 + )}/ }:{TOTM/AOS}

E=
OLax OLpax

@

where: R and NR refer to the related indoor intended uses ind, while OO and PO refer to the outdoor intended uses out, so at to
calculated the sum of all the users of the OS (TOT,s.rs) [persons]; Aps is the outdoor surface area of the OS [mz]; and OL g, = 4 persons/
m? is the maximum acceptable occupant load for user permanence in outdoors, in emergency conditions (i.e., referring to LOS F). The
outdoor surface area is used for normalisation because the indicator focuses on crowding levels in open spaces, which are critical for
emergency gathering and evacuation. At the same time, during SUODs, people located indoors can rapidly move toward adjacent open
spaces, thereby contributing to possible outdoor crowding levels [41]. This approach ensures that E represents a worst-case but
realistic estimate of outdoor crowding, supporting preparedness planning and scenario-based decision-making at the meso-scale.

The user vulnerability UV, as previously outlined, is influenced by physical characteristics of the individual (i.e., age), behavioural
aspects (i.e., familiarity with the UBE) and spatial positioning, both vertically (building floor level) and horizontally (location in open
or built spaces) [21,22,27,51]. For these reasons, vulnerability is disaggregated into three parameters, according to previous ap-
proaches [41].

UVa represents the user vulnerability by age, estimated through Equation (2). Toddlers, parent-assisted children and elderly in-
dividuals are considered the most vulnerable categories due to their possible limited autonomy in both movement and decision-
making.

UVa= (T +PC+EU) | TOT s @)

UVf accounts for user vulnerability by familiarity with the UBE and its typical risks, computed through Equation (3). It reflects the
proportion of users with low familiarity who can be associated with OO, PO and NR.

UVf = (00 +PO+NR) / TOT sers 3)

UVp refers to the user vulnerability depending on their position in the UBE before the emergency conditions appear. Considering
the different phenomenology of floods and earthquakes, UVp needs disaster-specific assessment methods, thus reported in Section
3.2.2.

3.2.2. Risk-specific assessment methods

In flood emergencies, the main users exposed to risk are those located at ground floors of each building, and outdoors, as these
spaces are directly affected by rising water levels [45,59,72]. Therefore, the user vulnerability to flood depending on their position
UVpy [—1 should consider the number of users placed at the ground floor (GFu) [persons] along with OO and PO, as shown by Equation
4.

UVps = (GFu+ 00 + PO) / TOT s )

In earthquake scenarios, users exposed to risk mainly include all individuals located within buildings, and thus indoors, regardless of
floor level, encompassing both R and NR [22,79]. Therefore, the user vulnerability to earthquake depending on their position UVp, [—]
is calculated through Equation (5).

UVpe = (R+NR) / TOTysers 5)
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3.3. Physical vulnerability, hazard and their combined impact

Section 3.3.1 traces general criteria for assessing PV, H and their combination, moving towards the aforementioned hazard-agnostic
standpoint. Nevertheless, PV and H are disaster-specific: Section 3.3.2 defines PVH in flood scenarios [44,45], while Section 3.3.3
assess PVH in earthquake scenarios [46].

3.3.1. General assessment criteria

According to common issues in basic disaster-specific calculation methodologies and rapid risk assessment and management ap-
proaches [37,45,46,101], the process of PVH assessment in flood and earthquake scenarios essentially relies on the following basic
concepts:

- PV characterises buildings in terms of their material, structural, geometrical, damage and conservation features, which determine
their predisposition to damage under a given hazard intensity. In this context, “damage features” refer to pre-existing deficiencies
or observable conditions (e.g., cracks, material degradation, or general state of conservation) that affect the building current
structural capacity. These features are commonly included in rapid vulnerability assessment methods. Each building has its own PV
value, considered constant in all the scenarios. These features can generally be evaluated through remote surveys (see Section 3.1),
although some uncertainties may require a scenario-based approach, selecting different reference conditions (i.e., for earthquakes,
see Section 3.3.3 discussion);

H represents the severity of the disaster event according to its basic components (i.e. floodwater depth [m] and speed [m/s] for
floods; Peak Ground Acceleration [g] for earthquakes). Different scenarios for floods and earthquakes describe varying severity
levels depending on boundary and return period conditions. To pursue a rapid assessment, in each given scenario, H is assumed
homogeneous for all the buildings, and for the entire historical UBE. Nevertheless, the same methodology could be applied,
considering local amplification/reduction factors of hazard at meso and microscales;

PV is combined with H using a matrix-based approach to ensure quick application by decision makers and their technicians. Each
PV-H combination corresponds to a PVH value expressed in terms of possible effects (damage or consequences), using discrete
classes of values which range from negligible to extreme. PVH is calculated for each building. The PVH class for each public open
space is the most frequent value among its facing buildings, weighted by the building gross covered area. Therefore, while PV
remains constant across scenarios, PVH varies depending on hazard severity and expresses the scenario-dependent damage po-
tential. The higher the PVH, the higher the damage status of buildings, as well as the higher the effects on the facing open space, due
to direct building damage effects (i.e., for earthquakes and floods) and to outdoor emergency conditions (i.e., considering flood in
terms of floodwater depth and speed).

Finally, the open space-related PVH will vary in the range O to 1, as the maximum value, as for E and UV values, to ensure
comparability in the final risk assessment process.

3.3.2. Flood-specific parameters and assessment

Flood conditions are assessed according to the integration of previously validated methodologies [44,45].

H is expressed in terms of the Flood Hazard Index (FHI) [mz*s], while PV is expressed in terms of Flood Vulnerability Index, Ivf [—].
Then, PVH is given by the combination of H=FHI and PV=Ivf according to the matrix provided in Fig. 2.

In particular, FHI is computed as a function of water depth [m] and speed [m/s], as shown in Equation (6). Five related classes of
values are then identified for the matrix-based assessment application, as shown in Fig. 2.

FHI = depth - (speed +0.5) (6)

If is calculated using a simplified index-based method that combines Exposure Index (EI) and Sensitivity Index (SI) [—]. The
calculation of these indicators is adapted from the validated methods [44,45] to reflect the specific context and physical characteristics
of the case study application in an Italian historical UBE. EI is based on a single parameter (i.e., wall orientation [44]) as the main
leading factor in view of quick application to riverine UBEs. This parameter evaluates the susceptibility of the building based on the
orientation of its main facade with respect to flood flow direction. Thus, the direction of floodwater spreading and flow across the UBE

Haozard [H=FHI]
v

Flood PYH MNegligible Low Moderate High Extreme
[H<0.75] [0.75<H=<1.25] [1.25<H=2.5] [2.5<H<7.0] [H=7.0]
Extreme 75 < ivf < 100 Moderate High Extreme Estreme Extreme

Flood X = = S i
Vulnerability High 50 <=k <75 Lew Meodenate High Exireme Extreme
Inicifex Moderate 25 < Ivf < 50 Leow Low Maderate High Extrame

Low W = 25 MNegligibile Low Low Moderate High

Fig. 2. General flood risk matrix: combination of hazard and physical vulnerability (PVH).
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can be assumed to create different hazard scenarios, characterised by the same FHI classes defined above. Considering riverine contexts
as the application one, the main scenarios could relate to floodwaters spreading parallel and perpendicular to the river axis, as opposite
conditions [59]. The wall orientation is categorised into four classes:

- Class A: Partially exposed, no openings;

- Class B: Partially exposed, with openings;
- Class C: Fully exposed, no openings;

- Class D: Fully exposed, with openings.

EI could also be evaluated by including the parameters considered in other reference works [45]. Nevertheless, in this work, the
type and use of activity are directly included in the E and UV assessment. The surface condition is assumed to be constant, as the
analysed UBE refers to a homogeneous floodplain context. Hence, the heritage value is included in SI, considering the intrinsic feature
of the building [44].

SIis composed of seven parameters to integrate reference methods [44,45], each associated with four vulnerability classes (A-D), as
follows:

- Structural materials (A = steel/reinforced concrete, B = masonry, C = timber, D = earth);

- State of conservation (A = good, B = slight existing damage, including minor cracking and moisture, C = generalised existing
damage, including cracking, and erosion, D = serious decay and expressive cracking);

- Number of floors (A = one, B = two, C = three, D = four or more);

- Age (A = 21st century, B = from 20th to 21st century, C = from 15th to 20 to century, D = older than 15th century);

- Heritage status (A and B = unclassified, C = national interest and protection, D = international interest and protection);

- Facade materials (A = steel/concrete/glass, B = brick/plaster/regular dressed stone, C = unglazed tile/irregular stone/wood
panels, D = adobe or rubble stone);

- Window/door frames at ground floor (A = plastic, B = metals, C = wood, D = fully exposed and thus without frames).

The existence of basement and door threshold height, proposed in previous research [45], could still be included to calculate SI, but
they are here excluded due to their poor relevance in the application context, with homogenous conditions referring to a negligible
vulnerable configuration of this parameter. Conversely, openings at ground level (considered in Ref. [45]) are instead covered by the
wall orientation parameter under EI.

Each class in EI and SI is associated with an increasing value: A =10, B =40, C =70, D = 100. The final sensitivity score is obtained
by summing the scores from the related parameters, while Ivf is then calculated as shown in Equation (7), obtaining a normalised value
ranging from 0 to 100:

If— (EL -SI) — (Elwin Slyn) 100 (EL-SD)— (10 -70) o (EI - SI) — 700

(Elnar - SInax) — (Elpin + Slin) (100 - 700) — (10 - 70) 70000 — 700

100 )

where min and max respectively refer to the minimum and maximum values of EI and SI, which are also numerically shown in Equation
(7). Then, Ivf is divided into classes according to Fig. 2. Considering mainly two floodwater spreading scenarios, two EI values are
retrieved, and then two Ivf values are calculated, indeed one for parallel and one for perpendicular flow directions.

Finally, the flood PVH index, resulting from the matrix-based combination between H=FHI and PV=Ivf as shown in Fig. 2, is divided
into five hazard levels (negligible to extreme), associated to numerical values to ensure their application in the risk assessment metrics
defined in Section 3.4: negligible, 0.2; low, 0.4; moderate, 0.6; high, 0.8; extreme, 1.0. The “negligible” class is associated with PVH =
0.2 to capture potential operational impacts on public spaces, rather than representing an absolute “dry/no-effect” state (which would
ideally imply PVH = 0). This choice reflects a conservative, application-oriented approach: even minimal flood conditions (small
depth, low speed, or partially sheltered facades) can affect open-space usability, accessibility, and user safety.

3.3.3. Earthquake-specific parameters and assessment

Earthquake conditions are assessed according to previous validated methods [46], which are consistent with the Italian application
context of the case study.

H is expressed by the return periods [years] according to the site hazard provided by national seismic hazard maps, which report
Peak Ground Acceleration (PGA) [g] on the Italian territory at the city level [102]. Four return periods are selected to represent H
corresponding to the Limit States defined by the Italian Building Code [103], and to typical damage grades of the EMS-98 scale [104].
50-years and 101-years return periods refer to two Damage Limit State, respectively considering negligible to slight damage for
structural/non-structural elements (without impact on user safety or building resistance) and light damages to very few walls (e.g.,
light cracks; fall of small or fairly pieces of plaster; fall of loose stones from the upper parts of buildings; partial collapse of chimneys).
These conditions can be generally associated with DO, D1 and D2 damage grades in EMS-98. The 475-year return period refers to Life
Safety Limit State, and implies moderate damage to non-structural elements (from cracks and partial falls, up to roof tiles detach,
chimneys fracture at the roof line, and failure of individual partitions and gable walls), and substantial damage to structural elements,
with loss of stiffness to horizontal forces, moving towards possible subsequent collapse conditions. This return period can be associated
with D2 and D3 grades in EMS-98. Finally, the 975-year return period refers to Collapse Limit State (CLS), implying serious damage to
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non-structural elements, very heavy damage to structural elements and total/near-total collapse, essentially corresponding to D4 and
D5 grades in EMS-98.
PV is expressed by the Seismic Vulnerability Index (Ivs) [—] [105]. Ivs is determined as shown in Equation (8) by the combination of:

- basic parameters, each having a specific weight w; [—] depending on its importance in the whole PV assessment; and a coefficient c;
depending on the type of parameter conditions, as shown in Table 1. Each coefficient is assigned to a class representing increasing
vulnerability (A, B, C, D);

- the status of conservation k; [-], equal to 1.00 in the absence of cracks, to 1.05 in case of minor out-of-plane cracks, and to 1.10 in
case of many cracks;

- the presence of anti-seismic devices kz [-]. Anti-seismic devices are applied to the building with the aim of improving its seismic
performance, mainly by preventing the out-of-plain failures of buildings. They do not only comprise aseismic devices (e.g., but-
tresses) [106], but also seismic retrofitting solutions (e.g., stainless-steel ties). k> is classified depending on:

o no anti-seismic devices: equal to 1;

o anti-seismic devices with poor performance levels®: presence of anti-seismic devices on all floors, equal to 0.55; devices at the top
and in floor n-1, equal to 0.65; devices at the top or in floor n-1 or n-2, equal to 0.85;

o anti-seismic devices with good performance levels and effective position: presence of anti-seismic devices on all floors, equal to
0.26; at the top and in floor n-1, equal to 0.31; at the top or in floor n-1 or n-2, equal to 0.43.

<Zci ~wi) -ki - ko

100 (€))
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This work assumes that roof types and the effectiveness of anti-seismic devices could be affected by relevant uncertainties due to the
possible lack of detailed analysis. Therefore, different vulnerability scenarios, “C”, are proposed based on the following combinations
of characteristic parameters, homogeneously assigned to all the buildings, as opposite scenarios:

- C1: sloped/pitched roof, considering the complete effectiveness of wall-to-roof connections in non-pushing roofs + anti-seismic
devices with poor performance levels;

- C2: sloped/pitched roof, considering the complete effectiveness of wall-to-roof connections in non-pushing roofs + anti-seismic
devices with good performance levels and effective position;

- C3: pushing sloped/pitched roof + anti-seismic devices with poor performance levels;

- C4: pushing sloped/pitched roof + anti-seismic devices with good performance levels and effective position.

In these scenarios, a “pushing roof” refers to conditions in which “the thrust is transferred to the top of the facade wall” [105]. These
conditions negatively affect the building seismic response because “the horizontal action due to vertical loads are added to the hor-
izontal seismic action”, and because “the vertical seismic component increases the horizontal thrust” [105].

In view of the proposed seismic assessment method, each building is characterised by its Ivs for each of these vulnerability sce-
narios, being then classified into three categories, as shown in Fig. 3. Furthermore, each vulnerability scenario, characterised by a
specific building Ivs, is developed around the four return periods representing H, within the damage matrix offered by Fig. 3 [46]. This
results in a total of sixteen final values of the earthquake PVH index, which provide the probability of a building being damaged at
increasing return periods in terms of damage grade. This deterministic structure does not aim to capture the full variability of damage
across buildings, but provides a rapid, consistent, and operational tool for meso-scale assessment, suitable for historical UBEs
composed of traditional unreinforced masonry [46,105].

The damage levels resulting from the damage matrix correspond to the EMS-98 scale, each of them associated with a numerical
value to ensure their application in the risk assessment metrics defined in Section 3.4:

- DO: PVH = 0, no damage. This class represents no effects of the building damage on the facing open space (e.g., no debris). It hence
provides a clear and consistent baseline for damage assessment, ensuring that only damaged buildings contribute to open-space risk
evaluation

- D1: PVH = 0.2, negligible to slight damage, comprising no structural damage and slight non-structural damage;

- D2: PVH = 0.4, moderate damage, comprising slight structural damage and moderate non-structural damage;

- D3: PVH = 0.6, substantial to heavy damage, comprising moderate structural damage and heavy non-structural damage;

- D4: PVH = 0.8, very heavy damage, comprising heavy structural damage, very heavy non-structural damage (i.e., serious failure of
walls, partial structural failure of roofs and floors);

- D5: PVH = 1.0, destruction, with very heavy structural damage leading to total or near-total collapse.

3.4. Risk assessment metric and mapping

The single-risk assessment metric R for each given open space in the UBE [—] is calculated as a weighted linear aggregation of

3 Poor devices refer, for example, to stainless-steel ties not well distributed within the facade, under-dimensioned or deteriorated.
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Table 1
Parameters for the Ivs assessment. *: this value is operationally assumed for sloped/pitched roofs, considering the complete effectiveness of wall-to-
roof connections in non-pushing roofs, so as to amplify the representation of low-PV conditions.

Number of floors Specific Weight [kN/m>] Slimness Roof Type Openings
wi 29.69 8.59 30.08 22.66 8.98
class type ] type ¢ type [ type ] type [
A 1 0.25 >23 0.76 9 0.23 flat* 0 <4% 0.54
B 2 0.36 20 <sw < 22 0.80 10<s <12 0.30 non-pushing 0.42 5% < o0 < 10% 0.77
C 3 0.52 17 <sw <19 0.83 13<s<17 0.49 slightly-pushing 0.59 11% <0 < 18% 0.88
D >3 1.00 11 <sw <16 1.00 >18 1.00 pushing 1.00 >18% 1.00

Hazard [Retun Periods (years)|

Earthquake PVH
120] [101] [475] [975]

Seismic Low lvs < 0.55 Do D1 D2 D3

Vulnerability
Index

Ivs High lvs = 0.70 D2 D3

Moderate 0.55 < lvs < 0.70 D1 D2 D3

Fig. 3. Damage matrix.

independently derived and normalised indices, thus according to a Weighted Linear Combination Method [75]. R hence depends on
each specific and conceptually distinct component of disaster risk, as shown in Equation (9):

R=wpyg X PVH+wyy, X UVp +wyy, x UVa+wyy x UVf +wg x E 9

where w; [—] is the weight of each risk factor, representing its relative importance.

Equation (9) is applied separately to flood and earthquake scenarios, yielding two single-risk metrics in line with the adopted multi-
layer single-risk approach [29,37]. While E, UVqa, and UVf remain unchanged across scenarios, PVH is defined separately for floods
(Section 3.3.2, Fig. 2) and earthquakes (Section 3.3.3, Fig. 3). In fact, PVH captures the probability of physical damage conditional on
hazard type and intensity. Similarly, UVp is hazard-specific, as discussed in Section 3.2.2, since it represents the proportion of users
directly exposed to risk depending on their position.

R ranges from O (no risk, due to the absence of users) to 1 (maximum risk) since PVH, UV and E components are discretised into
consistent classes, and normalised to the [0,1] range. Normalisation ensures comparability among heterogeneous indicators with
different units, scales, and uncertainty sources, enabling transparent and reproducible aggregation in multi-dimensional risk
assessments.

The weights w; associated to each component in Equation (9) are computed using the Analytic Hierarchy Process (AHP) [107,108],
adopting distinct weighting schemes for flood and earthquake scenarios. AHP is a decision-support method that derives relative
weights through pairwise comparisons based on a linear integer scale from 1 (equal importance) to 9 (extreme importance). Weights
are calculated using the Row Geometric Mean Method (RGMM), ensuring that priorities sum to one for each risk assessment, while the
Consistency Ratio (CR) is required to be below 10% to validate the comparisons. This approach combines qualitative expert judgment
with quantitative processing, supporting complex decision-making while ensuring consistent and comparable results [75,109,110].
Following consolidated methods [41], experts in flood and earthquake risk assessment and mitigation from the Polytechnical Uni-
versity of Marche (Italy) were asked to independently perform the AHP procedure using consolidated Excel tools [108]. Individual
judgments were then aggregated into a consensus matrix [111]. The consensus group included eleven participants for floods and eight
for earthquakes.

The results of the AHP process are shown in Fig. 4 for flood scenarios and Fig. 5 for earthquake scenarios. In both figures, panel A
reports the comparison matrix, while panel B presents the resulting weights (using columns to trace the mean values, and vertical bars
as standard deviations due to the aggregation of results from the consensus group). The simplified matrix structure reflects the syn-
thesis of expert judgments rather than a simplification of the methodological framework. The AHP matrices represent a static, expert-
based weighting scheme, as commonly adopted in AHP applications, and are not intended to explicitly model temporal dynamics [75,
109,110]. Nevertheless, the proposed framework still traces time- and scenario-dependent variability of the input variables (E, UVa,
UVf, UVp, and PVH) to which the AHP-derived weights are applied in Equation (9). This allows the resulting risk index R to vary across
scenarios and, mainly, in a dynamic way over time, while maintaining methodological consistency.

Given the above, the use of linear aggregation is motivated by its transparency and decision-oriented nature, as it enables rapid
comparison and prioritisation across multiple open spaces, hazard scenarios, and time slots, supporting preparedness planning and risk
mitigation rather than statistical prediction. In fact, such index-based aggregation approaches are widely adopted in multi-hazard and

11



E. Quagliarini et al. International Journal of Disaster Risk Reduction 142 (2026) 106072

A B
Matrix 15
- &
.3
T 2
£,
g 2
g I
i
B
»
]
z
1 1
E Uvp ua i PHY
werghts 23.0% 25.1% 7.7% 6.6% TER

risk factor

Fig. 4. Results of the flood-related AHP process: A-AHP comparison matrix; B-risk factors and related weights (columns), and vertical bars rep-
resenting weight uncertainties (standard deviation).
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Fig. 5. Results of the earthquake-related AHP process: A-AHP comparison matrix; B-risk factors and related weights (columns), and vertical bars
representing weight uncertainties (standard deviation).

multi-risk assessment, as well as in resilience studies, because they allow combining heterogeneous risk components, each charac-
terised by different scales, units, and sources of uncertainty, in a transparent, interpretable, and reproducible way [29]. Second, the
linear aggregation moves towards a direct decision-maker's support in outputs interpretability, since each index is associated with a
simple weight [41,75,109,110]. Basic values of PVH, UV and E are thus directly connected to the final risk levels for each open space. It
provides a clear ranking of open spaces, making it easy to communicate, and ensures direct comparison across multiple scenarios
(hazard severities, use temporalities and conditions). Therefore, it also allows decision-makers to identify priority areas for in-
terventions or emergency planning, which is the primary objective of our work, rather than performing statistical prediction. More-
over, for a meso-scale urban context, where rapid assessment across multiple open spaces and scenarios could be very useful, this
index-based aggregation can also offer efficiency in data organisation.

E, UV, PVH and R, are then shown using maps visualisation, by classifying them into five categories of increasing into five levels of
risk:

- Negligible = 0 < index <0.2;
- Low = 0.2 < index <0.4;

- Moderate = 0.4 < index <0.6;
- High = 0.6 < index <0.8;

- Extreme = 0.8 < index <1.

In particular, R can be used for assessing single-risk conditions (Section 3.4.1) and multi-risk conditions (Section 3.4.2), to support
comparisons among flood and earthquake scenarios. In both cases, maps ensure a rapid visualisation of data for decision-makers,

supporting them in identifying the most critical open spaces in the UBE, as well as the most critical times of the day.

3.4.1. Single-risk assessment criteria
In single-risk assessment, specific maps of R are provided by combining:

12
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1. Each time of the day, spatiotemporal characterisation of E and UV factors (see Section 3.2);
2. Each disaster-specific scenario, and thus:
a. For flood, given the specific PV conditions, distinguishing floodwater flow parallel and perpendicular to the river axis, addi-
tionally considering that each of them can have five H levels (negligible to extreme — see Section 3.3.2);
b. For earthquake, distinguishing four scenarios (C1, C2, C3, C4) affecting PV values at the building level, additionally considering
that each of them can be assessed by four return periods (50, 101, 475 and 975 years) representing alternative H conditions.

As an output, for each of the five daily periods defined in Section 3.2, 10 scenarios can be provided for flood emergencies, and 16 for
earthquake emergencies. Therefore, different maps over time support the analysis for each of these scenarios.

3.4.2. Multi-risk comparison criteria

Multi-risk comparison is intended to support the analysis of the relative significance of flood and earthquake risk within the study
area, according to previous approaches [29]. The Risk Ratio RR [—] is hence proposed, according to Equation (10), still focusing on
each urban open space, providing a decision-support tool for prioritising mitigation actions:

R
_ FLOOD (10)
ReartrQUAKE

In Equation (10), Rrroop and ReartHquake are the risk values calculated for each hazard according to Equation (9) and its specific
disaster-specific weights.

As a comparative indicator, RR allows for the identification of areas where one hazard represents a more significant threat than the
other. Values of RR > 1 indicate greater flood risk, while values of RR < 1 point to a predominance of earthquake risk. This normalised
approach supports a nuanced interpretation of risk patterns and offers valuable guidance for site-specific emergency planning and
hazard mitigation strategies, oriented towards the prioritisation towards flood and earthquake depending on the RR value related to
each open space. As for the other risk factors and metrics, RR is also visualised using maps-over-time, and considering the different
scenarios defined in Section 3.4.1, as a combination of PVH, E and UV values.

4. Case study

Senigallia is a seaside city located in the Marche region of Italy crossed by the Misa River and populated by approximately 44,000
people. The city was the first Roman colony on the Adriatic coast and holds significant historical, architectural and geographical
importance. Senigallia boasts a rich cultural heritage, including building heritage with national interest and protection, such as the
“Rocca Roveresca” and “Palazzo del Duca”, built during the Medieval period, the “Portici Ercolani”, and the “Foro Annonario”, a
historic market area along the Misa River.

The city has experienced damage from natural disasters such as floods and earthquakes over the years, which highlight the critical
role of public open spaces in the distribution and intensity of risk in this UBE:

e For flood events, public open spaces located near the Misa River have historically suffered the most during flooding episodes.
Notably, the floods of 2014, September 2022, and 2024 inundated streets, squares, and riverfront promenades, often causing
partial damage to adjacent historic buildings. These events demonstrate how the location, morphology, and connectivity of open
spaces near the Misa River can significantly influence both exposure and potential consequences for users. These incidents have
also underscored the urgent need for the implementation of flood risk mitigation plans;

For seismic events,” the most severe earthquake recorded in Senigallia occurred in 1930, resulting in the collapse of portions of
buildings and impacting nearby streets and squares. The last events occurred in 2022, which caused relevant disruptions, although
localised, and no casualties. All these events consistently highlighted the vulnerability of historical buildings adjacent to open
spaces and the role these areas play in evacuation, emergency access, and temporary sheltering.

In addition, Senigallia is one of the most relevant tourist destinations in the Marche Region, as well as along the Adriatic coast, with
more than 100 beds/km? (which means more than +25% of the exposed population, considering a resident density of about 370
persons/kmz).5 Moreover, it is renowned for the international music and cultural festival known as Summer Jamboree,® which takes
place in the seafront and in the historical city centre, creating a temporary and relevant increase in the population (more the 5 times
the residential population). Most of the related public events are also generally hosted outdoors. Therefore, due to the combined
presence of tourists for holidays and specific mass gatherings, the high intensity in terms of temporary user exposure makes Senigallia
an ideal case study for the joint challenge of local heritage valorisation and risk management.

Fig. 6 describes the historic UBE of Senigallia chosen as the case study application, considering the adjacency with the Misa River

4 https://emidius.mi.ingv.it/CPTI15-DBMI15/query_eq/(last access: 13.08.2025).

5 https://statistica.regione.marche.it/Marche-in-Numeri/Turismo; https://statistica.regione.marche.it/Portals/0,/Enti/42045 Senigallia.pdf (last
access: 13.08.2025).

6 https://www.feelsenigallia.it/en/(last access: 13.08.2025).
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A

Fig. 6. Identification of the whole historic centre of Senigallia, along with the specific study area (a), and of buildings and open spaces in the
analysed UBE (b).

(in blue). In particular, the selected areas are those comprising the main building heritage and the streets and urban squares hosting
mass gatherings all over the year. Fig. 6a shows the whole historic town boundaries, and the part investigated in the following (marked
in red). Fig. 6b offers the organisation of the case study area into buildings, and the open spaces, identifying the links and nodes along
with the specific codes used in the following in association with each street and urban square. Most of the open spaces are pedestrian
areas, except for the riverside avenue, which is usually open to vehicular traffic, apart from mass gathering conditions. The areas that
host mass gatherings are highlighted in Fig. 7c.

In addition to Google Maps and Google Street View surveys, buildings and open spaces have been surveyed using architectural
interventions planning by the Municipality of Senigallia.” The documents also reported updated visualisation and data of facades and
plans. These sources have been also used for the identification of the activities hosted in the study area (Fig. 7), in particular the
residential function (Fig. 7a), and public intended uses (Fig. 7b), such as bar, commercial, museum, restaurant, church, hotel and
office, which have been both associated with the building floor level when placed indoors.

Occupant loads have been defined as described in Section 3.1 and shown in the Supplementary Material S1. Regarding seasonal
variations, two periods are considered: winter (from October to May) and summer (from July to September). In particular, higher risk
levels are expected in summer periods due to the increase in E and UV factors. In fact, in summer, the population increases due to the
arrivals of tourists, commercial activities widely operate into the night (i.e., bars and restaurants), also being hosted in dehors and
outdoor areas, and most mass gatherings are organised.

For the purposes of this study, the following use and crowding scenarios are identified, by identifying the season and the opera-
tional conditions of mass gatherings (considering typical occupancy loads from Italian Fire Prevention Code [99]) and pedestrian areas
(according to basic LOS [100]), being associated with different frequencies during the year:

- SC01: Winter, working day with low crowding conditions (No mass gatherings + pedestrian areas = 0.2 people/m?, ideally
referring to LOS A conditions): occurring 57% of the year;

- SC02: Winter, weekly market trade day (i.e., Thursday) and related crowding conditions (Mass gatherings areas = 1.2 people/m?
from 6AM to 1PM + pedestrian areas = 0.2 people/m?): occurring 10% of the year;

- $C03: Summer, working day with no event and low crowding values (No mass gatherings + pedestrian areas = 0.2 people/m?):
occurring 19% of the year;

- SC04: Summer, working day, with normal crowding values (Mass gatherings areas = 1.2 people/m? from 3PM to 12PM -+
pedestrian areas = 1.7 people/m?, ideally referring to LOS F conditions): occurring 4% of the year;

- SC05: Summer, working day, with mass gathering events (Mass gatherings areas = 2.0 people/m? from 3PM to 12PM + pedestrian
areas = 1.7 people/m?): occurring 10% of the year.

To contemplate most recurring scenarios and the main levels of potential users’ presences (from basic to critical), SC01, SC03 and
SCO5 are then selected for assessment purposes, in the given PV and H conditions as described in Section 3.4, and considering the five

daily periods defined in Section 3.2, that are:

- NT = nighttime, from 1AM to 5AM;
- EM = early morning, from 6AM to 10AM;

7 https://www.comune.senigallia.an.it/documento_pubblico/p-p-c-s-senigallia/(last access: 13.08.2025).
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Fig. 7. Identification of the activities in the study area, considering residential (a), public (b) and mass gathering (c) intended uses.

- N = noon, from 11AM to 2PM;
- A = afternoon, from 3PM to 7PM;
- E = evening, from 8PM to 12PM.

In all these scenarios, demographic information about the city's population was collected from the Italian National Statistics
website (ISTAT-2023 census database®) and divided into the five social categories, described in Section 3.2. Moreover, the percentage
of unemployed adults in 2023 was set equal to about 8%, according to Italian national statistics.’

Finally, the following PV and H scenarios are considered in the case-study application:

- For flood, floodwater flows are considered perpendicular to the river axis (as in overflow) in view of the general configuration of the
river in the case study area. The five H levels (negligible to extreme — see Section 3.3.2), and, thus, 5 PVH combinations have been
assessed;

- For earthquake, all the return periods are considered in combination with scenario C3, to take into account the worst conditions on
roof typology and effectiveness of seismic devices, which then could have higher impacts in terms of damage for the buildings and
the facing open spaces. Other scenarios would be expected as less critical than the selected one, at each return period. Therefore, 4
PVH combinations have been assessed.

Finally, some additional details are provided to support the application of the methodology for earthquake PVH assessment. A
uniform seismic hazard is assumed for all buildings: the municipality of Senigallia is entirely classified as seismic Zone2'?, and the
historic centre analysed lies within a single homogeneous microzone according to the microzoning maps by the local Civil Protection.'!
No internal subdivisions or amplification hotspots are identified in maps, justifying the assumption of a spatially uniform PGA across
the study area defined in Section 3.3.3. Moreover, buildings in the assessed UBE are traditional unreinforced masonry structures,
which is the prevailing typology in the historic centre. The Ivs parameters implicitly capture the typical behaviour of masonry
buildings, including lateral load-resisting characteristics, construction materials, and pre-code design levels. This justifies the use of
the Ivs methodology for the entire building stock in its standard form, according to Section 3.3.3 methods.

5. Results

Results are represented by focusing on maps-over-time describing the different levels of risk of the open spaces for flood and
earthquake scenarios selected in Section 4, providing them according to Section 3 outline, that is: users' exposure and vulnerability
(Section 5.1); Physical Vulnerability and Hazard (Section 5.2); combination of PVH and Exposure, to represent the single risk-
assessment and multi-risk comparison (Section 5.3). In particular, results are shown herein for SC03 and SC05, while SCO1 is re-
ported in Appendix A, being less critical in terms of users’ presence. Moreover, all the values for the adopted indicators are reported in
Supplementary Material S2, for these three scenarios.

5.1. Results on user exposure and vulnerability

Fig. 8 resumes the exposure E values in the case study area for SC03 and SC05, at the single open space level. Results are presented
using the five-level representation scale (ranging from negligible to extreme exposure), and for the five daily periods defined in Section

8 https://demo.istat.it/app/?1=it&a—2023&i—POS (last access: 13.08.2025).

9 https://istat.it/it/archivio/occupati+e-+disoccupati (last access: 09.12.2025).

10 https://www.regione.marche.it/portals/0/Paesaggio_Territorio_Urbanistica/Sismica/Norme/DGR_1142_22/Allegato_A.pdf — in Italian (last ac-
cess: 30.12.2025).

1 https://www.protezionecivilesenigallia.it/piani-di-emergenza/rischio-sismico/- in Italian (last access: 30.12.2025).
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Fig. 8. Maps over time of E values at the open space scale: comparison between SC03 and SCO5 for the considered five daytime periods (nighttime
NT, early morning EM, noon N, afternoon A, evening E).
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3.2. E is the same for flood and earthquake. SCO3 shows limited temporal variability, with exposure levels ranging from negligible to
low throughout the day. In contrast, SCO5 exhibits significantly higher E values and a relevant variation between nighttime and
daytime. This result is essentially due to: (a) the main presence of users in residential areas during nighttime, in both scenarios; (b) the
limited crowding levels in SCO3; (c) the relevant mass gathering conditions considered for SCO5, which imply that the density of users
during the day is more than three or four times the nighttime one; (d) the relevance of public activities such as bars and restaurants as
users’ attractors, increasing E especially in evening periods. As expected, higher E values are also associated with open spaces hosting
public intended uses, as those of the main urban squares (see also the related markers in Fig. 7b).

As for the above, Figs. 9 and 10 show the users' vulnerability values related to age (UVa) and familiarity (UVf) issues, respectively,
for SCO3 and SCO5. As for E, UVa and UVf are the same for flood and earthquake. Differences between SC03 and SCO5 are based on the
typology of hosted users, which is essentially affected by the opening times of public functions. Considering age issues (Fig. 9), dif-
ferences between nighttime and daytime are generally slighter, especially for SCO5, limiting UVa values up to moderate. Open spaces
characterised by the highest UVa levels are essentially affected by the balance between vulnerable and non-vulnerable users according
to Equation (2). In particular, four streets reach moderate UVa levels. With respect to the other open spaces, they are mainly char-
acterised by residential uses rather than public activities, and thus the daily presence of vulnerable users (who are more likely to
remain at home) increases. These streets could represent the effective “hot-spots” in emergency conditions, considering the vulnerable
users’ response and possible assistance needs.

Considering familiarity issues (Fig. 10), SCO3 shows higher variability with respect to SC05, due to the higher importance of
residents’ presence. Nevertheless, the areas which mainly host public intended uses can be easily identified by those open spaces
characterised by higher UVf values. These areas could represent hot-spots in emergency conditions: they can host a valuable quantity
of users unaware of safety plans and procedures with respect to residents, possibly needing further assistance on where to go and how
to behave. Furthermore, SCO5 also graphically underlines how almost the whole historical UBE is an attractor of visitors during
summer days and events, remarking the capabilities of the methodology in distinguishing between different use scenarios and related
UV characterisation.

Finally, Fig. 11 compares users’ vulnerability by position UVp considering disaster-specific characterisation of the indicators for
flood (left side of Fig. 11, UVpy) and earthquake (right side of Fig. 11, UVp,). Fig. 11 underlines the capabilities of the methodology in
identifying the main UV drivers in the given scenarios, and confirms general outcomes from previous works [21,22]. In particular, UVpy
seems to be generally higher than UVp,, apart from the time period, in both SC03 and SCO05. In fact, UVpy considers users placed at the
ground floor and outdoors, whose number is higher than that of users placed indoors at the upper levels, considering the predominance
of ground floor activities and outdoor uses (compare with Fig. 8). These conditions are more relevant in SC05, where most people are
visitors of mass gathering areas, thus being placed outdoors. In this sense, in SC0O5, UVp values seem to be quite homogeneous over time
due to the long-lasting presence of these users over time. As expected, afternoon and evening periods seem to be the most critical ones,
in view of opening times of public intended uses at the building ground floors, such as bars and restaurants, providing higher UVp
values in both flood and earthquake since they are hosted indoors. Nevertheless, nighttime in earthquake conditions is more relevant
than daytime periods, in view of the paramount role of residential uses.

5.2. Results on physical vulnerability and hazard

As expected, the proposed PVH assessment ensures tracing the increasing impact of the increase in H values, given the same PV
conditions for each of the open spaces. Critical PVH threshold scenarios are then selected on these bases, considering the most critical
ones in which users can generally activate emergency and evacuation procedures, for each of the analysed disasters.

In greater detail, Fig. 12 shows the PVH maps for flood (perpendicular to the river) under the five H levels (negligible to extreme —
see Section 3.3.2). As expected, increasing H values implies that critical PVH values are first reached by open spaces placed along the
riverside. A relevant H threshold could be represented by a moderate level, which could be assumed as the last one ensuring users’
motion in a flooded scenario, since floodwater depths and speed conditions still allow pedestrian stability [49]. Under the moderate H
scenario, Fig. 12 points out how the inner parts of the historical UBE seem to show limited PVH levels, as for the lower H levels. This
scenario is then considered in the final risk comparisons (i.e., Section 5.3.3).

Fig. 13 shows the PVH maps for earthquake, considering C3 as PV condition and the four return periods defined in Section 3.3.3.
When the return period is equal to or greater than 475 years, most of the open spaces are widely characterised by very heavy damage
levels, especially considering the inner part of historical UBE. Nevertheless, although the high percentage of open spaces areas
occupied by possible debris (mainly, non-structural ones), H = 475 years can still allow users to activate emergency response and
evacuation process, and thus this scenario is then selected in the final risk comparisons (i.e., Section 5.3.3).

5.3. Final single-risk assessment and hot-spots identification
The final single-risk R maps of open spaces result from the combination of E and UV (Section 5.1) with PVH (Section 5.2),
aggregated in the five time-periods. To demonstrate the proposed approach capabilities, according to Section 5.2, SC03 and SCO5 are

herein assessed at the open space level, in two different ways according to the research questions:

1. “How do different user factor conditions influence risk levels for the same SUOD?”, in section 5.3.1. In particular, single risk maps
are provided in the following, by occupancy load scenarios;
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Fig. 9. Maps over time of UVa values at the open space scale: comparison between SC03 and SCO5 for the considered five daytime periods
(nighttime NT, early morning EM, noon N, afternoon A, evening E).
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Fig. 11. Maps over time of UVpy (left) and UVp, (right) values at the open space scale: comparison between SCO3 and SCO5 for the considered five
daytime periods (nighttime NT, early morning EM, noon N, afternoon A, evening E).

2. “How do different SUODs conditions affect the risk levels for the same user factor conditions?”, considering the same SUOD under
different H levels, in Section 5.3.2;

Moreover, as a combination of the previous questions, the direct comparison of flood and earthquake risk levels, under related
scenarios that still ensure the activation of the emergency and evacuation process, is provided in Section 5.3.3, allowing to qualify
multi-risk hot-spots depending on the most relevant disaster.

Nevertheless, other input conditions could be considered by applying the same methodology.

5.3.1. How do different user factor conditions influence risk levels for the same SUOD?

Figs. 14 and 15 show the final R maps, respectively in flood and earthquake scenarios, by comparing SC03 and SCO05, under the
considered H conditions, which still ensure the activation of emergency and evacuation procedures (respectively, i.e., moderate H
levels, and return period of 475 years). Values are reported for each of the daily time periods.

Nighttime periods are the less risky ones, being affected by the limited presence of users, apart from areas generally involved in
mass gatherings. This remark is mainly valid for flood scenarios, apart from the occupancy load conditions, while, in earthquake
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Fig. 12. PVH flood maps at the open space scale, for conditions of flood flow perpendicular to the river axis, under different H scenarios, as defined
in Section 3.3.2.

nighttime scenario for SC03, risk levels are comparable to those of early morning and noon, in view of the influence of residential uses,
confirming what discussed in Section 5.1. The other time periods show a more limited variability in R levels, essentially due to the
relative variations of the risk factors discussed in Section 5.1. Additional differences in final R values in flood and earthquake scenarios
are mainly due to the position of these users, depending on the PVH conditions. Nevertheless, as expected, afternoon and evening
scenarios are the most critical ones. This is due to the combination of the increasing number of hosted users (E), mostly of them
unfamiliar and unaware (UVf) and placed in risky locations (UVp), and the critical UBE conditions (PVH), which exacerbate final R
levels. In fact, the higher the exposure and the more critical the users’ vulnerabilities, the higher the risk given the same PVH
conditions.

In this sense, from a general standpoint (that is, considering the historical UBE as a whole), it could be argued that flood scenarios
seem to have a greater impact than earthquake ones, especially in SCO5, essentially in view of UVpy, which consider how most of users
are placed at the ground floors (in bars/restaurants) and outdoors during mass gatherings. Conversely, SCO3 maps demonstrate how
more “normal” use conditions would imply higher risk levels for earthquakes, being mainly connected to the indoor functions.

5.3.2. How do different SUODs conditions affect the risk levels for the same user factor conditions?

Figs. 16 and 17 show the final R maps for SCO5, respectively in flood and earthquake scenarios, depending on the considered H
conditions (respectively, i.e., in terms of floodwater depth and speed, and in terms of return period). Values are reported for each of the
daily time periods.

Considering flood risk (Fig. 16), H-related impact on R is more relevant during nighttime, due to the more limited (and less critical)
E and UV values in this time period. Risk conditions during afternoon and evening timings seem to be similar in all the assessed
scenarios, thus, regardless of the H conditions, being generally equal to moderate R levels. Moreover, for some hot-spots (i.e., open
spaces along the riverside, main urban squares), high R levels can be noticed. In high and extreme H conditions, indeed, only a couple
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Fig. 13. PVH earthquake maps of PV scenario C3, at the open space scale, for each of the H levels defined in Section 3.3.3 in terms of return periods.

of open spaces, susceptible to mass gathering conditions, are added to these riskiest areas. As a result, it could be underlined that
decision makers could select hot-spots identified in high/extreme H conditions to solve all the H-related scenarios.

Considering earthquake risk (Fig. 17), risk increases with the return period, as expected. 101 years and 475 years hot-spots are
similarly identified in nighttime, early morning and noon occupancy conditions, while differences in afternoon and evening periods
are limited to some main urban squares, mainly in view of the attraction of users in their buildings. In 975 years-related scenarios, R
values are similar apart from the time period, remarking how damage conditions correlated to PVH maps seem to be more relevant for
earthquake risk assessment than the use dynamics, as expected.

5.3.3. Multi-risk comparison

The Risk Ratio RR (Section 3.4.2) is applied to SC03 and SCO05, for all the time periods, considering moderate H levels for flood and
a return period of 475 years for earthquake (as explained in Section 5.3.1). Fig. 18 provides the related results, marking RR values
lower than 1 in red (predominance of earthquake risk) and higher than 1 in blue (predominance of flood risk). As an output, Fig. 18
graphically traces the open spaces that are, respectively, hot-spots, especially for earthquake and flood scenarios. This can support
decision-makers on where to focus efforts to solve related issues and promote disaster-specific strategies. Related numerical values of
RR are reported in Appendix B.

In SCO3, Fig. 18 shows how the distribution of RR values reveals that disaster conditions due to earthquake seem to be more
relevant than those referring to flood, although a relatively balanced interplay between the two disasters can be noticed. In fact, RR
generally ranges from 0.4 to 1.4. Indeed, flood risk tends to dominate in focused hot-spots located near riverbanks, especially when
public intended uses are present. These conditions can be mainly noticed in the nighttime scenario for SC03, due to the poor presence
of residential uses in these open spaces. On the contrary, in the same nighttime scenario, earthquake risk is higher than in daytime
periods due to the higher presence of residents among the users.

Conversely, SCO5, which relies on higher user presence, presents a more marked spatial differentiation, with a more relevant
impact of flood risk. In fact, RR ranges from 0.6 to 2, being unbalanced towards critical expected flood risk conditions. In particular,
flood risk becomes clearly predominant in open spaces adjacent to the river and in several large public squares, as indicated by RR
values consistently greater than one. These areas are mainly populated by users placed on the ground floors and outdoors, making
them highly exposed to flood scenarios. In contrast, the historic core, especially those streets characterised by dense building and
higher PVH values, but more limited users’ exposure and vulnerability, shows RR < 1, indicating that earthquake risk remains the
primary concern in these zones. Moreover, as for SC03, the analysis of SCO5 still remarks the predominant role of earthquake risk
during nighttime, as expected in view of the effects of residential uses [21,22].

6. Discussions and final remarks

Assessing risk in flood and earthquake emergencies can take advantage of a spatiotemporal characterisation of both user-related

22



E. Quagliarini et al. International Journal of Disaster Risk Reduction 142 (2026) 106072

- l-Pu
RN A -rg!s".-: REN y .
Flood risk W negligible " low lmademle .high I extreme
flood flow perpendicular

[PYH+E] [1.25<H<2.5]

Fig. 14. Maps over time of single risk for flood at the open space scale: comparison between SC03 and SCO5 in moderate H scenarios allowing the
activation of emergency and evacuation procedures.
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Fig. 15. Maps over time of single risk for earthquake at the open space scale: comparison between SC03 and SCO5 in scenarios (C3, H = 475 years)
allowing the activation of emergency and evacuation procedures.
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Fig. 16. Maps over time of single risk for flood at the open space scale: comparison between different H levels for water flows perpendicular to the
river, under time periods for SCO5 as occupancy scenario.

factors and physical features of the built environment, differentiated across hazard scenarios. This work proposes a rapid methodology
to compare multiple scenarios through a multi-layer single-risk approach applied at the mesoscale, that is considering open spaces as
critical for user dynamics and emergency response. By adapting validated building-level methods to the mesoscale deployment, the
approach overcomes the limits of traditional assessments based on static or point-based analyses. In particular, it addresses a “dy-
namic” perspective in risk assessment thanks to the developed time-dependent framework, which allows the explicit spatiotemporal
evolution of exposure and vulnerability (based on an hourly-based representation scale, for each analysed open space). This allows for
a more comprehensive risk evaluation.

The proposed methodology effectively meets the research objectives defined in Section 1, by enabling both single- and multi-risk
comparisons: (1) across different hazard types under consistent spatiotemporal use conditions, and (2) across varying user dynamics
under constant hazard scenarios. This dual comparison framework enhances the granularity and operational relevance of urban risk
assessments, providing insights into how user presence patterns influence exposure and vulnerability across different risk contexts.

The application of the methodological workflow to a representative historical UBE confirms its feasibility and practical relevance,
supports decision-making processes (Section 6.1), and highlights both current limitations and directions for future research (Section
6.2).

6.1. Key findings and implications for the approach application
The application of the methodology to the historical UBE of Senigallia (Italy) demonstrates its capacity to identify scenario-
sensitive hot spots for earthquake and flood risk by integrating physical vulnerability with the spatial and temporal dynamics of

users. The following key findings from the case study emerge:

a. While overall criticality levels are comparable for earthquakes and floods, their spatial distributions diverge significantly. Flood
risk concentrates in open spaces near the river, where hazard intensity and user exposure converge. These areas are the widest
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Fig. 17. Maps over time of single risk for earthquake at the open space scale: comparison between different H levels for PV condition C3, under time
periods for SCO5 as occupancy scenario.

streets and squares, hosting many users on ground floors or outdoors, especially during mass gatherings. Earthquake risk hot spots,
instead, occur along the internal street network, where high building density and pedestrian circulation increase exposure and
vulnerability;

b. The distinction provided by point (a) emphasises the importance of hazard-specific mapping to support targeted mitigation. The
combination of strategies oriented towards flood risk awareness (including alerts and evacuation activation) and mitigation (e.g.,
structural solutions like flood barriers) would be beneficial for the open spaces placed along the river. Physical interventions on
building seismic vulnerability would be more effective for the inner parts of the UBE. At the same time, deeper vulnerability
assessment actions could be proposed in the same areas, to reach a more detailed analysis of seismic effects. This can guide decision
makers in the allocation of related resources;

c. Differences in occupancy scenarios imply differences in risk levels for both the assessed disasters. Nevertheless, impacts also depend
on the specific single risk. In fact, conditions typical of days with mass gatherings (SC05) are affected by the most critical risk
effects, as expected. However, in this context, the high concentration of people in exposed open spaces, particularly in urban
squares as public attractors, leads to increased risk levels, as flood scenarios pose greater threats to outdoor users. Conversely, for
earthquake risk, typical winter days and summer days without public events (i.e., SC03) are affected by more severe risk levels, due
to the assumption of predominantly indoor user presence. This is due to the expected higher number of people staying indoors,
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C3 conditions of PV).
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where vulnerability to structural collapse is significantly greater in the event of an earthquake. Such scenarios mainly refer to
residential buildings, especially during the night, and to indoor public facilities, especially during the afternoon;

d. The spatiotemporal comparisons between flood and earthquake risk maps (through the Risk Ratio RR) under the considered oc-
cupancy scenarios stress how the use dynamics alter the predominance of the more relevant disaster in the assessed historical UBE.
These results confirm point (c) findings, leading the decision-makers to rapidly identify the most critical disaster-specific hot-spots
already traced by point (a);

e. Finally, findings from points (c) and (d) underscore the necessity of integrating temporal and seasonal variations into risk as-
sessments, useful to adopt a spatiotemporal approach to the design, deployment and adaptation of risk reduction and mitigation
strategies defined at point (b). Structural interventions to mitigate seismic vulnerability of building heritage would be beneficial in
all the scenarios (mainly, during the majority of the year, since SCO1 and SC03 represent more than 60% of the year days).
Conversely, risk alerts and emergency planning in flood conditions should be more detailed for the touristic season (as in SC05).
This also implies balancing the efforts of management planning and non-structural strategies, such as rescuers' deployment, to
increase response capabilities in case of critical occupancy loads. These reasonable results, which are commonly borne in mind by
decision makers, are quantitatively supported in terms of risk impacts by the maps provided in this work methodology, boosting the
identification of hot-spots among the public open spaces.

In view of the above, the streamlined yet adaptable nature of the methodology underscores its transferability to other UBEs. While
the current application focuses on Senigallia, the framework can be readily applied to diverse urban contexts, supporting integrated
risk governance approaches that are both scalable and responsive to local specificities from the standpoint of decision-makers’ needs.

On the one hand, the key strength of the proposed approach relies on its ability to incorporate user-centric variables into risk
mapping at the urban scale, which proved essential for interpreting how temporal fluctuations in users' distribution affect the severity
and localisation of risk [14,21-23,41]. The open-space-centred perspective, combined with the flexibility of scenario-based modelling,
can significantly support the integration of additional, consistent indicators to existing frameworks focused on a spatiotemporal
perspective of risk levels [16,29]. The multiscale (micro-to-meso) structure of the assessment allows the aggregation of building-level
data to the operational scale at which many emergency decisions are made (urban streets, squares and mass gathering areas). Such
outputs are aligned with real-world decision-making contexts [4,41,43,57,58]. In addition, the methodology's ability to incorporate
typical occupancy schedules, both considering the quantity and quality of the users, can provide a reliable basis for the definition of
alternative “what-if” scenarios, which can then also be assessed using additional quick methodologies at both the building and open
space scale. For instance, the users' typology and presence can be overlapped with the intended use characterisation and with the
physical vulnerability analysis, so as to estimate dynamics in expected losses, including casualties or economic losses, using and thus
enriching the contents and outputs of other established methodologies [22,29,91].

In this context, it is worth noting that the proposed workflow can move towards some relevant improvements over the state of the
art. First, the adoption of hourly-based analysis on the user presence aligns with recent advances in dynamic population modelling [21,
27,411, but this work represents an improvement by framing temporal variability within a hazard-agnostic structure, suitable for
application to diverse risks and especially to complex historical UBEs [47]. The authors would clarify that, unlike previous studies
[21], the proposed framework does not model dynamic exposure and vulnerability through direct variations in population density. In
fact, according to consolidated approaches [25,41], population densities are derived from the application of occupancy schedules and
standardised occupancy loads from fire safety regulations. Instead, dynamism is captured through a multi-scenario representation of
user presence, built upon the intended use of spaces and their presence temporalities (e.g., by opening times for public buildings, and
by typical home use schedules). Exposure and vulnerability vary according to hourly, daily and seasonal shifts in functional occupancy,
rather than through density measurements, therefore offering a structure that is transferable across hazards and applicable also where
high-frequency population data are unavailable. Second, previous reference work for the characterisation of user factors focuses
exclusively on floods and on a single-risk framework. [41]. Conversely, this work extends the dynamic exposure-vulnerability
methodology to a multi-risk context, adapting and recalibrating parameters so that the same mesoscale logic can be consistently
applied to both floods and earthquakes. Third, recent applications of the single-risk multi-layer approach, such as in regional-scale
studies [15], operate at a broad territorial scale using aggregated information. By contrast, the present work applies the same con-
ceptual framework at a meso-scale, enabling a more detailed representation of the built environment, users, and hazard interactions
within a historical UBE. This finer resolution allows the methodology to capture localised spatial dynamics and facilitates its opera-
tional use for urban-scale decision-making.

On the other hand, the workflow outputs can provide a more nuanced emergency management planning, offering a basis for
dynamic, context-specific risk-reduction mitigation strategies, also providing a quantitative and easy-to-apply basis for their local-
isation through the hot-spot-based analysis [29,87,112]. This action can pave the way toward proper, informed decision-making
support in UBEs [2,85], especially for emergencies where rapid access to localised and scenario-specific risk information can signif-
icantly improve the efficiency of resource allocation and intervention prioritisation. In particular, the proposed approach can hence
contribute to the implementation of dynamic people-centred assessments in the operationalisation of BBB principles within the pre-
paredness phase, in line with the Sendai Framework priorities on understanding disaster risk and investing in risk reduction [7,31-33,
61]. The methodology for scenario creation can be evaluated by combining alternatives in preparedness and awareness strategies
(mainly acting, e.g., on UVf), UBE uses (affecting E and UV) and physical interventions on buildings and open spaces (impacting PVH),
according to the aforementioned key findings list. Finally, the operational workflow could also be extended to other kinds of SUODs
affecting UBEs and other large urban areas, such as wildfires and landslides.
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6.2. Limitations and future works

While the proposed methodology demonstrates significant potential, some limitations must be acknowledged, which also indicate
directions for future developments.

First, the data collection on the use patterns of buildings has been conducted manually through the analysis of available docu-
mentation about building use and occupancy. This procedure is time- and resource-intensive, and it may limit applicability in larger or
data-scarce urban areas [56,88]. Nevertheless, different techniques and databases could be implemented in the workflow without
altering its basic structure, to facilitate more rapid and comprehensive data collection and organisation. Concerning user factors, this
work adopts standardised occupancy loads from fire safety regulations for the creation of critical (but theoretical) scenarios. Never-
theless, the workflow could be updated using density-based variations [21], overcoming the simple association between standardised
loads and typical use schedules. Moreover, taking into account previous approaches [42,54], additional integrations could rely on: (a)
the use of databases on public intended uses, thanks to integration between BIM-GIS integration (e.g., net areas); (b) the use of
point-of-interest data or online presence estimation tools (e.g., using Google Maps to get information about busy areas and activities'?).
These steps will move towards more effective and sensitive scenario creation on user presence and typologies. Concerning building
vulnerability, this work estimated basic parameters using quick, standardised methods (i.e., relating to anti-seismic devices), and could
be refined with further in-situ surveys or detailed structural assessments [105]. The manual collection of data represents, also, a limit
for real-time data sources, such as seismic and hydrometric sensors, real-time crowd data, or dynamic GIS platforms [42,82]. Thus,
embedding real-time monitoring could update risk outputs continuously, enhancing operational value for both preparedness and
emergency response. The authors would acknowledge that all these data collection techniques (and, in particular, survey-related tasks)
can be very time- and resource-consuming. However, they could improve the reliability of outputs, and they may therefore be used to
enhance the quality of results after a general rapid assessment. In this sense, they could also be focused and tailored towards the main
criticalities which emerged from the rapid methodology application. The proposed indicators would just be arranged depending on
these outcomes, and, thus, without methodological changes in the criteria and workflow steps.

Second, indicators for risk assessment consider the conditions of the UBE before the event, and the severity of the disaster, but do
not include results from emergency simulations. Hence, future steps should include the integration of simulation-based assessment,
comprising floodwater spreading, earthquake debris, and evacuation simulation [24,49,85,86]. This integration would allow a more
accurate, scenario-specific assessment depending on the number and typology of exposed users. It would also provide actionable
insights for emergency planning, crowd management, sheltering deployment, user relocation and behavioural response to warnings. In
this context, combining indoor/outdoor user distributions would allow estimating the number of individuals moving into and occu-
pying each open space under specific emergency scenarios, as well as the identification of potential bottlenecks. Overall, the inte-
gration of such dynamic evacuation modelling would complement the current index-based approach through a more detailed
representation of risk dynamics while preserving meso-scale applicability.

Third, the aggregation structure adopted for the risk metric could present a potential assessment limitation for decision-makers.
The overall risk score is obtained through a weighted linear aggregation of normalised indices. This approach ensures trans-
parency, interpretability, and an easy comparison across scenarios, being consistent with the decision-oriented objectives of the study
[75,109]. Nevertheless, it does not explicitly model non-linear interactions among risk components, including potential threshold
effects, feedback mechanisms, or compounding behaviours between hazard intensity, physical vulnerability, and user-related factors.
The proposed framework and the use of comparison indices also support preparedness planning and scenario comparison at the urban
open-space scale, rather than statistical prediction, providing clear prioritisation cues for decision-makers across multiple hazards,
time slots, and use conditions. Furthermore, the use of Artificial Intelligence techniques, such as Machine Learning, could boost the
process, by also allowing to screen risk factors which are not currently included in the proposed methodology [113-116].

Closely related to the aggregation structure, it is also important to acknowledge how modelling assumptions may influence the
resulting risk patterns and their interpretation for decision-making purposes [75,109]. On the one hand, the indicators adopted for
hazard, physical vulnerability, user exposure and user vulnerability are derived from validated methodologies [25,41,44-46,59,105],
but their parametrisation may still influence the relative risk rankings across open spaces. Assumptions related to occupancy levels,
temporal distribution of users, and the weighting structure of the risk components can also affect the magnitude and spatial pattern of
the resulting risk indices. On the other hand, the weighting rules of risk components should also be further explored. A formal
sensitivity analysis is not included in the present study, due to the above reliability remarks, and considering that this preliminary work
contributes to the capability demonstration of the proposed methodology. While the current implementation prioritises transparency
and operational applicability, future developments should include formal sensitivity and uncertainty analyses to systematically
evaluate the influence of individual parameters and weights on the final outcomes. Such analyses could explore variations in
AHP-derived weights, alternative normalisation schemes, or different assumptions regarding user presence and behaviour across time
slots, thereby providing quantitative insights into the robustness of the proposed rankings. Incorporating sensitivity analysis would
also support the adaptation of the workflow to different urban contexts, hazard conditions, or decision-making priorities, helping
decision-makers understand which factors most strongly drive risk levels and where targeted data refinement efforts would yield the
greatest improvements in reliability.

Fourth, within the modelling assumptions, the current approach provides two different minimum PVH class values, equal to 0.2, for

12 E.g. see https://support.google.com/business/answer/6263531?hl—en&sjid—14839815015492539827-EU (last access: 25.08.2025).
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flood, and to O for earthquake, respectively associated with the negligible class and the DO class in the damage matrices. The con-
ceptual meanings of this minimum condition in PVH and its effects on the facing open spaces are different:

- For earthquakes, DO truly denotes absence of building damage (hence PVH = 0), which does not contribute debris or building-
related adverse effects to the open space;

- For floods, the practical focus of the adopted flood matrix is on the effects that even small inundation conditions (shallow water/
low speed) have on open space functionality and user safety; therefore, the flood matrix was calibrated so its lowest category
corresponds to a small but non-zero operational effect.

Under this logic, the “negligible” flood condition can coherently encompass both the DO and D1 seismic classes. This alignment
does not affect the present study but offers a structured pathway for future refinements aimed at ensuring full cross-hazard consistency.
In particular, a more harmonised treatment of the lowest hazard classes could be achieved by introducing an explicit “dry/no-impact™
flood condition (FHI = 0), which would correspond to a PVH equal to the theoretical “zero”. Such a condition would be suitable for
preventive emergency and evacuation scenarios, e.g., when users receive early warning and are requested to respond before the flood
event strikes the given open space [117]. This adjustment could be mainly provided by modifying the flood matrix to include a
“zero”-hazard class. Such an update would make the two PVH scales more directly comparable and would enhance the interpretability
of both the maps and the resulting Risk Ratio, without altering the conceptual structure of the method. At the same time, given the need
for sensitivity analysis [75,109], future works could also systematically evaluate how alternative PVH scores may influence the pri-
oritisation of open spaces. This approach would entail conducting scenario-based sensitivity tests in which, for example, “negligible” is
mapped to 0.0 instead of 0.2. Such an analysis would provide a robust understanding of the consequences of adopting more or less
conservative assumptions in practical applications.

Fifth, the proposed framework focuses on users located in open spaces and incorporates the effects of building damage [46], but it
does not explicitly account for user exposure associated with transportation networks and mobility infrastructures (e.g., bridges, roads,
or public transit). This limitation is mainly relevant for the earthquake risk. Similarly, other typologies of infrastructures, including
drainage systems and blue-green infrastructures, are not included in the current study, considering, for instance, their impacts on PVH.
This limitation, indeed, can be mainly relevant for the flood risk. Future works should address this limitation by integrating infra-
structure vulnerability and its consequences for users and UBEs [14,24,57,97]. This can enhance the comprehensiveness of the
assessment, particularly in densely populated urban areas, and support a more complete multi-hazard risk evaluation that comple-
ments the current building- and open-space-centred approach.

Sixth, the absence of explicit loss assessment criteria can restrict the analysis to the comparison of relative risk levels without
quantifying potential consequences in terms of physical damage, economic loss, or social impacts [22,29]. Incorporating loss esti-
mation, particularly those accounting for different user categories and their specific vulnerabilities, would enhance the
decision-making value of the methodology, enabling more precise prioritisation of interventions and resources [52,53]. Indeed, the
proposed definition of use scenarios could support the analysis in alternative “what-if” scenarios. In this perspective, future extensions
could also explore alternative aggregation schemes, including non-linear formulations or probabilistic combinations of risk compo-
nents (e.g., based on fragility curves or damage matrices), as well as formal sensitivity and uncertainty analyses to assess the influence
of weighting assumptions, as discussed above.

Despite these limitations, the proposed methodological framework provides a robust foundation for advancing integrated ap-
proaches to seismic and flood risk management in UBEs, particularly within complex and historically stratified contexts. Due to its
capabilities, this work can support the development of risk urban management strategies to be more effective and context-sensitive.
This perspective can enhance adaptive planning and design of mitigation and risk-reduction interventions, starting from their disaster-
specific allocation and their combination, too, and incorporating risk factors in the multi-layer single-risk perspectives to overcome the
fragmentation of current approaches [27,29,80]. The focus on public open spaces and, in particular, on UBE hot-spots, could better
optimise efforts and intervention costs, defining informed prioritisation rules by decision makers and local authorities.

From the perspective of risk management, planning and mitigation, future developments could explicitly integrate flood early
warning-based storylines [11,21,36,117]. In line with reference approaches in flood risk and evacuation modelling (discussed before),
early warning activation can be modelled by modifying not only the exposure parameter E, but also the vulnerability of users by their
position (UVpy). In this sense, when warnings are issued sufficiently in advance, users may evacuate earlier or move to upper floors,
thus mainly reducing the number of individuals located in undergrounds, ground floors or outdoor spaces. As demonstrated in
storyline-based flood modelling approaches [11,36,117], such assumptions can be incorporated by creating alternative temporal
scenarios with reduced occupant loads in exposed areas, or with different distributions of user types depending on the warning level
and behavioural response. Such storyline-based adjustments would account for the mitigating role of forecasts and alerts, while
remaining coherent with its scenario-based and spatiotemporal structure [117].

Furthermore, the current deterministic approach could be integrated into future applications by probabilistic fragility functions.
This would allow accounting for variability in damage among buildings with the same hazard intensity and vulnerability, differen-
tiating macro-building classes, construction age, masonry sub-typologies, or effectiveness of retrofitting solutions (including anti-
seismic devices). Such refinements would complement the operational matrix with probabilistic damage estimates, increasing accu-
racy while maintaining the scenario-based and meso-scale consistency of the framework moving from risk assessment to mitigation
[46]. This extension is particularly relevant for earthquake risk, by mainly considering pre-code historical buildings, where deter-
ministic assignment of Limit States [36] may be less precise, enabling a more nuanced representation of potential damage for
urban-scale risk management. Similarly, considering earthquake risks, future works could also improve the damage assessment
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reliability by: (a) extending and adapting the Ivs assessment methodology to other construction types (such as reinforced concrete or
mixed typologies), by appropriately calibrating parameters and vulnerability classes according to materials, structural systems, and
code levels; (b) include the relevance of local amplification phenomena by including microzonation inputs and finer-scale PGA maps in
the assessment process. Concerning point (b), indeed, the framework can readily integrate local amplification factors as a function of
soil classes or distance from the river, in line with existing literature on river-related site effects.

Finally, the applications of the methodology should be extended to other relevant contexts, including both historical and modern
UBEs, in different Countries, with occupancy loads adapted to local conditions. This would strengthen the validation of the approach
and promote further modifications and integrations. In this sense, the framework is inherently scalable and transferable, and its
application beyond the initial case study (particularly in cities with similar morphological or functional characteristics) could support
the diffusion of standardised procedures and shared analytical tools. This would promote the establishment of a common foundation
for multiscale urban risk assessment, helping cities build resilience through evidence-based planning and adaptive risk management.
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Fig. A.1. Maps over time of E, UVa, UVf, UVpsand UVp,, for SCO1.
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Fig. A.2. Maps over time of single risk for flood at the open space scale in SC01, depending on H scenarios, and considering floodwater flow
perpendicular to the river axis.
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Fig. A.3. Maps over time of single risk for earthquake at the open space scale in SC01, depending on H scenarios (50, 101, 475 and 975 years), and
considering C3 for PV conditions.
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Fig. B.1. Comparison of the RR values for the SC03 and SCO5 in association with Fig. 18.
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Main data to support results are reported in the document, appendices and supplementary materials. Additional data will be
available on reasonable request.
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