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Cities operate as complex socio-spatial systems, composed of interconnected 
networks formed by diverse physical and social components. Dynamic 
interactions among these components sustain the city’s functionality, support 
the fulfilment of fundamental human needs, and ultimately determine the 
quality of life for urban residents. Urban resilience to earthquakes is traditionally 
assessed through physical damage analyses, yet such evaluations often overlook 
human-centred impacts on the quality of life. This study introduces a novel 
framework for evaluating the accessibility of citizens to essential urban 
functions post-earthquake, with these functions assessed through access to 
the corresponding facilities, and emphasising human needs rather than mere 
structural vulnerability. The proposed approach integrates seismic fragility 
assessments with graph theory-based accessibility metrics, capturing how 
damage to buildings and road blockages caused by earthquake-induced 
building debris affect the ability of residents to access vital urban functions. By 
integrating a panel of experts, the research examines the shifts in the hierarchy 
of human needs following seismic events. The proposed model is tested on 
a case study of a small Mid-European town under different seismic scenarios 
and evaluation approaches. The analysis shows that strong earthquakes can 
result in severe fragmentation of the urban network, with up to one-third of 
the population losing access to essential services. Educational and work-related 
functions emerge as particularly vulnerable, while healthcare accessibility proves 
more stable due to spatial distribution and facility robustness. Findings reveal 
a critical distinction between structural and functional vulnerability. A city may 
preserve most of its physical structures but still suffer major functional collapse 
if key services become inaccessible. This distinction underscores the need for 
spatial strategies that ensure the redundancy and dispersion of critical urban 
functions, particularly in historically dense or infrastructure-dependent areas. 
Building upon these findings, this study offers a methodology for assessing 
urban resilience by prioritising accessibility and human needs, aiding planners 
in improving emergency preparedness and long-term recovery.
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1 Introduction

1.1 Background

Earthquakes are typically classified as low-probability, high-
consequence events, characterised by their potential for catastrophic 
impacts despite their relatively infrequent occurrence. These seismic 
events can cause widespread destruction, significantly impacting 
urban environments and the communities that inhabit them. 
Such impacts are particularly profound in cities, which function 
as complex socio-spatial systems. Comprising interconnected 
networks of diverse physical and social components – such 
as infrastructure, transportation networks, public services, and 
social institutions – cities rely on the dynamic interplay of these 
elements to maintain functionality. This functionality is essential 
not only for meeting fundamental human needs but also for 
ensuring the quality of life for urban residents (Mouratidis, 
2021; Alsayed, 2024). A well-functioning urban system enhances 
accessibility, connectivity, and opportunities for social interaction, 
thereby reinforcing social capital and contributing to the city’s 
overall resilience (Bruneau et al., 2003; Aldrich and Meyer, 
2015; Bozza et al., 2017a; Meerow and Newell, 2019; Sharifi 
and Yamagata, 2016; Rus et al., 2018; Al-Humaiqani and Al-
Ghamdi, 2024; Zhao et al., 2025). The functionality of an urban 
system can be defined as the capacity to enable the fulfilment 
of basic human needs (Cardoso et al., 2021; Abubakar, 2022). 
This functionality is often evaluated through accessibility to 
urban spaces or functions that facilitate the fulfilment of these 
needs (Okulicz-Kozaryn, 2013; Guida and Carpentieri, 2021). 
However, it is important to recognise that the hierarchy of needs 
depends both on individual perceptions and external circumstances, 
making it context-dependent. For instance, immediately after a 
disaster such as an earthquake, the prioritisation of needs differs 
significantly compared to normal (pre-earthquake) conditions. 
Thus, the functionality of a city is a complex and dynamic concept, 
evolving over time based on circumstances and the priorities 
of its inhabitants. Additionally, the functionality of an urban 
system is significantly influenced by human-made components, 
such as transportation infrastructure and the building stock. 
Transportation networks serve as the backbone of urban systems 
and are critical infrastructure lifelines that enable successful 
operation by providing physical connections between various 
elements and facilitating social interactions and the flow of 
information. Although primarily designed for daily commuting 
and freight services, transportation systems also play a vital 
role in emergency response and recovery operations following 
disasters (Koren and Rus, 2021). The topology of transportation 
infrastructure is vital for resilience at the network level and can be 
assessed using graph theory (Cavallaro et al., 2014; Aydin et al., 2018; 
Rus et al., 2020; Gao et al., 2021).

Earthquakes can affect communities structurally, 
environmentally, socially, and economically (Bozza et al., 2017a; 
Hsu et al., 2022; Aksoy et al., 2024; Xie et al., 2025). Disturbance or 
destruction of infrastructure can destabilise society and impact 
the economy, health, and safety of the community; thus, the 
functioning of communities is closely related to infrastructure 
functionality, especially in response to disasters and during 
evacuations. Indirect impacts include obstacles to accessing urban 

functions, disruptions in essential services, and a general decline in 
overall city functionality. Damaged buildings often obstruct road 
infrastructure, impeding access to emergency services, evacuation 
efforts, and the delivery of vital supplies (Hassan et al., 2022; 
Ceferino et al., 2024; Lin J. et al., 2024). The consequences of an 
earthquake may manifest in many ways: direct damage to road 
infrastructure; obstructions caused by earthquake-induced building 
debris; or broader community disaster-related disruptions such as 
panic or chaos. In the aftermath of such events, urban residents 
may find their access to essential services significantly reduced. 
Blocked roads not only isolate neighbourhoods but also hinder 
emergency response efforts (Golla et al., 2020; Battegazzorre et al., 
2021; Liu et al., 2022; Pei et al., 2023; Hosseini et al., 2024; Costa and 
Silva, 2024; 2025). 

1.2 Literature review

In the context of evaluating the impact of earthquakes 
on urban systems, particularly regarding road permeability and 
accessibility disruptions due to earthquake-induced building debris, 
a wealth of literature has recently emerged that underscores these 
interrelated themes.

Probabilistic models have emerged as a cornerstone for 
predicting road blockages caused by building debris. These methods 
consider factors such as seismic intensity, building typologies, 
and debris distribution. For instance, Hosseini et al. (2024) 
developed a comprehensive probabilistic framework to evaluate 
urban road blockages and optimise network restoration using 
resilience metrics and resource allocation scenarios. Similarly, Yu 
and Gardoni (2022) proposed fragility curves to estimate blockage 
probabilities, integrating damage states and road characteristics 
into system reliability assessments. These approaches provide 
crucial insights for pre-disaster planning and post-event recovery
strategies.

The degradation of road accessibility due to earthquake-
induced debris profoundly affects emergency functionality. Studies 
like Lin X. et al. (2024) simulate seismic accessibility changes in 
urban networks, incorporating debris dynamics and road capacity 
reductions. Golla et al. (2020) emphasise the vulnerability of local 
road networks, highlighting how intrinsic road attributes and 
extrinsic building damage create isolated neighbourhoods. Similarly, 
Miano et al. (2024) propose a multidisciplinary framework to 
assess road network efficiency under seismic hazards, evaluating 
the probability of building debris causing road blockages and its 
impact on critical connections, including increased travel times. 
Their methodology, demonstrated through case studies in Naples 
and Turin, offers insights into mitigating functionality loss in 
road networks while enhancing the accessibility of critical urban 
services. This dual focus is critical for urban planners aiming to 
prioritise mitigation measures and minimise travel time disruptions 
to essential services. In general, travel times in cities depend on a 
number of factors (Verovšek et al., 2022).

Agent-based models and integrated frameworks are increasingly 
employed to assess the impacts of building debris on evacuation 
efficiency and accessibility to critical urban functions during 
disasters. Castro et al. (2018) and Battegazzorre et al. (2021) 
demonstrate that debris significantly delays evacuations. 
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Battegazzorre et al., for instance, developed the IdealCity 
model, which combines the built environment, transportation 
networks, and emergency response systems to simulate 
urban evacuations under seismic scenarios, offering valuable 
insights for enhancing emergency response and urban
resilience.

In the context of healthcare accessibility, Pei et al. (2023) 
introduced a gravity-based model that examines the interplay 
between road network disruptions caused by debris and reduced 
hospital functionality, offering strategies to improve emergency 
service response times. Complementing these efforts, Costa 
and Silva (2024) present a detailed analysis of how earthquake-
induced road network damage affects hospital accessibility. 
Their study uses a building-level exposure model for Lisbon to 
estimate the extent of debris and its impact on transportation 
network functionality. Furthermore, in another study, Costa and 
Silva (2025) use machine learning techniques to estimate road 
disruptions due to earthquake-induced debris, demonstrating 
how global datasets can predict accessibility losses in urban 
networks without relying on detailed exposure data. These 
frameworks underscore the importance of integrating debris 
impact assessments into urban disaster response planning to 
enhance both evacuation efficiency and post-event service
accessibility.

Resilience-based frameworks increasingly address the broader 
impacts of road network connectivity under earthquake scenarios. 
Zhou et al. (2019) introduced percolation theory to measure 
global and local connectivity in disrupted road networks, while 
Liu et al. (2022) assessed emergency response functionality using 
probabilistic metrics. El-Maissi et al. (2023), El-Maissi et al. 
(2021) expanded on these concepts, proposing integrated 
vulnerability assessments that correlate road damage with 
surrounding building conditions, emphasising the importance 
of holistic resilience strategies for complex urban systems. The 
integration of transportation, population flows, and critical 
facilities in multi-layered network models has provided a 
comprehensive perspective on urban disaster resilience (Li 
and Yan, 2024). These studies underscore the importance of 
balancing physical infrastructure robustness with functional 
accessibility to minimise disruptions and enhance recovery
capacities.

In summary, the review of existing literature reveals several 
critical gaps that shape the objectives and scope of this study. 
First, there is a notable absence of qualitative approaches in 
the assessment of urban resilience, emphasizing that the field 
remains dominated by purely quantitative, indicator-based metrics, 
which provide precision but often fail to capture human- and 
community-centered perspectives that are essential for decision 
makers in recovery planning. Second, while many of these 
studies provide precise and detailed analyses of urban system 
or network performance, they typically adopt a non-holistic 
approach, focusing on selected components while overlooking 
essential ones such as open urban spaces, the role of people 
and community services, and citizens’ accessibility to urban 
spaces or functions vital for fulfilling basic human needs. 
Third, the interactions between different urban components 
are often poorly addressed within proposed mathematical 
models, limiting the understanding of system-wide dynamics. 

Additionally, most existing works focus on specific case studies 
under narrowly defined conditions, which constrains their broader 
applicability. The reviewed literature does converge on the 
importance of incorporating the impact of building debris into 
road network assessments, highlighting the roles of predictive 
modelling, accessibility analysis, and resilience optimisation. It also 
underscores the need for interdisciplinary strategies that integrate 
technical, spatial, and social perspectives to improve disaster 
preparedness and response. From the above-mentioned research 
gaps identified in the current literature arises the central motivation 
for this study, which aims to present a more comprehensive 
and integrative contribution to the field of urban seismic
resilience. 

1.3 Objective of the study

The presented study introduces a novel model for evaluating 
the accessibility of residents to essential urban functions, 
shifting the focus from conventional assessments of physical 
damage to the human-centred impacts on quality of life. 
By prioritising the fulfilment of basic human needs during 
disasters, this research addresses how accessibility disruptions 
due to earthquake-induced debris can severely limit access 
to critical services such as healthcare, shelters, and essential
supplies.

This research examines the impact of earthquakes on urban 
functionality from the perspective of the city’s residents. Specifically, 
it evaluates how the accessibility of urban spaces, essential 
for fulfilling basic human needs, changes before and after an 
earthquake. By focusing on the consequences of earthquake-
induced building debris, this paper aims to contribute to the 
planning and development of urban resilience strategies, helping 
cities better prepare for the challenges posed by seismic events. 
Additionally, this paper presents, applies, and upgrades the authors’ 
recently developed framework for evaluating the resilience of 
urban systems in the context of earthquakes (Koren and Rus, 
2021; 2023; Rus et al., 2018). The study also incorporates a 
mixed-method approach, combining quantitative and qualitative 
assessments of functional urban spaces conducted by a panel 
of experts. These assessments are integrated into the model, 
providing a comprehensive evaluation of urban functionality from 
a human perspective. The presented case study, focusing on a 
small Mid-European town, explores the effects of various seismic 
scenarios, applied through a pseudo-probabilistic approach, on 
urban infrastructure and the system’s overall functionality. In this 
context, the results should be interpreted as reflecting residents’ 
accessibility to essential urban functions and their facilities, rather 
than the actual operational status of these functions, which 
would require considering vital infrastructure systems (e.g., water, 
electricity, telecommunications) beyond the scope of this study. 
While the present study focuses on a single Mid-European town, 
the proposed framework is not inherently location-specific and 
can, in principle, be transferred to other urban contexts, provided 
appropriate adaptations are made (e.g., using fragility curves derived 
for the local built environment, and considering hierarchies of 
needs and functions defined by the local population and/or expert
panel). 
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FIGURE 1
Workflow illustrating the main steps in the proposed model for urban seismic performance assessment.

2 Methodology – the authors’ 
framework proposal for the 
assessment of a city’s performance 
and citizen’s accessibility to urban 
functions

The authors of this article have recently developed and proposed 
a model for evaluating the resilience of urban systems to seismic 
events, which is described in more detail in their recent publications 
(Koren and Rus, 2021; 2023; Rus et al., 2018). For the sake of 
brevity, the present paper provides only a summary of the main 
procedures applied in the model (Figures 1, 2). However, this study 
introduces several important upgrades to the original methodology, 
thus constituting a significant advancement over the previous work. 
In particular, the following novelties are introduced: i) User-centric 
perspective – urban resilience is observed and analysed primarily 
from the viewpoint of its users, i.e., citizens, focusing on their 
post-earthquake quality of life; ii) Expanded scope of human needs 
– the study now covers the full spectrum of human needs (a 
total of nine), compared to only two basic needs (survival and 
protection) addressed in earlier studies; iii) Inclusion of a qualitative 
component – a qualitative approach is integrated into the model, 
including expert assessments of urban functions and evaluations of 
the hierarchy (weights) of human needs; iv) Broader and deeper 
analysis of accessibility – the assessment of citizens’ accessibility to 
urban functions has been significantly expanded; v) Consideration 
of urban open spaces – urban open spaces are explicitly included 
as a key resource in the evacuation phase; vi) Assessment of the 
recovery phase – the model includes a preliminary analysis of the 
urban system’s reconstruction phase, based on assumed repair times.

The methodology thus builds upon the foundations laid by 
previous work, but extends them into a more comprehensive 
and integrated framework that combines both quantitative and 

qualitative approaches to assess the functionality of urban system 
under varying earthquake scenarios. The procedure encompasses 
several key steps, including model preparation, analysis of the 
seismic impact on the urban system, assessment of earthquake 
damage to buildings and their inhabitants, the impact of debris 
on the road network and its permeability, and the final analysis of 
urban performance observed through the accessibility of citizens 
to main urban services (Figure 1). In the presented study, the city 
model was designed and analysed using GIS tools, which facilitated 
the integration of spatial data for the analysed network, supporting 
the visualisation and assessment of accessibility changes over time. 
The accessibility was assessed by running the Wolfram Mathematica 
software version 13.3 (Wolfram ResearchInc, 2023). 

2.1 Modelling of urban system’s 
components, earthquake damage 
assessment and its effect on road 
permeability

In the presented study, the city was modelled as a complex socio-
spatial system by constructing a multilayer network composed 
of four fundamental urban components (Figure 2). The built 
environment includes residential buildings, where the city’s 
inhabitants as representatives of the social component are located, 
and non-residential functional buildings, which serve as spaces 
for activities that fulfil fundamental human needs. In this context, 
functional buildings refer specifically to non-residential structures 
supporting essential services and the city’s functioning. Open 
spaces (OSs) operate as functional voids between buildings that 
contribute to the satisfaction of specific needs, and the entire 
system is interconnected through transport infrastructure. In this 
study, only the road transport network was considered within the 
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FIGURE 2
A flowchart presenting the authors’ framework proposal for urban seismic performance assessment.

infrastructure component, while the broader framework remains 
applicable to other urban (sub)components if they exist and their 
corresponding data are available. The urban system was thus 

modelled as a mathematical graph consisting of nodes (residential 
buildings with inhabitants, functional buildings, and OSs) and 
edges representing connections between them (roads and pathways) 
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(Cavallaro et al., 2014; Koren and Rus, 2019; Rus et al., 2020). The 
graph nodes correspond to the centroids of building footprints 
and OSs, while the edges represent the road centrelines that link 
residential buildings to functional spaces. All connections were 
assumed to be bidirectional as they allow movement in both 
directions during emergency situations. The graph nodes were 
weighted based on the number of inhabitants and the function of 
the buildings, while road connections were weighted according to 
their capacity or permeability. A visual representation of this graph 
structure, including the spatial distribution of all node types and 
their connections, is provided in Figure 6, which is part of the case 
study presented in Section 4.1. Additional explanations regarding 
the applied network model are also provided in that section.

In order to assess seismic vulnerability of building stock, the 
classification of buildings needs to be made (Silva et al., 2022). In 
our study [for more details see (Koren and Rus, 2023)], the building 
classes were based on the buildings’ construction type and material, 
the period of construction, and the number of storeys. Then, the 
seismic vulnerability for each building type was characterised by 
fragility curves adopted from the literature on similar (European) 
building stock (Pitilakis et al., 2014; Ahmad et al., 2011; Borzi et al., 
2007). Seismic fragility curves show the probability of exceedance of 
a limit state (e.g., yielding, collapse, etc.) against a ground motion 
intensity measure like peak ground acceleration (PGA). Thus, in 
the presented study, the probability of damage to buildings was 
estimated based on the assumed earthquake event (i.e., PGA for the 
area under investigation) and the associated set of fragility curves, 
which were harmonised in the set of two curves (yielding and 
collapse – Figure 3) and three damage states: D1 – no damage; D2 – 
slight to moderate damage, conditionally still-usable construction; 
D3 – severe damage, non-usable construction. For each building 
type and seismic intensity, the most probable damage levels were 
estimated based on the mean damage grade (Koren and Rus, 2023). 
However, the effects of an earthquake reach beyond structural 
damage, disrupting social and infrastructural networks, particularly 
roadways. For this purpose, the interaction between damaged 
buildings and the adjacent road segments needs to be considered. 
Furthermore, the usability (safety levels) of damaged buildings and 
the total number of affected citizens should be assessed in order 
to provide the information on the number of affected or homeless 
citizens, shelter demands, evacuation strategies, and other post-
earthquake emergency measures.

To model the effects of earthquake-induced building debris 
on road permeability, an impact radius was assigned to damaged 
structures, assessing how building debris obstructs road segments 
and reduces travel speeds. The impact radius was calculated 
individually for each building, based on the actual (measured) and 
assumed building parameters. It was computed in accordance with 
the Equation 1 proposed by Argyroudis et al. (2015):

Wd = √W2 +
2kvWY

tan c
−W (1)

where Wd is the debris width (i.e., potential damage to the building 
in the case of a severe earthquake), W is the width of the building 
(Figure 4), kv is the ratio between the collapsed volume and the 
original volume of the building, Y is the building height, and c is the 
inclination of the collapse (in the study, assumed as equal to 30°). The 
difference between the considered D2 and D3 damage states in the 

equation is expressed through the parameter kv. The values of kv used 
in our study (i.e., 0.3 for damage state D3 and 0.18 for damage state 
D2) were selected based on expert judgment and are supported by 
relevant literature (Argyroudis et al., 2015; Shang et al., 2022; García-
Torres et al., 2017; Iskandar et al., 2023). A sensitivity analysis of Wd
to kv, conducted for a reference building (W = 20 m, Y = 30 m, c = 
30°) showed that kv = 0.18 yields debris widths of about 30% of the 
building width, whereas kv = 0.30 results in approximately 40%. It 
should be noted, however, that the value of kv = 0.18 applied for D2 is 
a simplified assumption for debris spread and does not imply a fully 
re-occupiable structure; rather, it corresponds to a conditionally 
still-usable state, with minor structural compromise and possible 
nonstructural losses. Moreover, in our study the same kv and c
values were applied across all building types, regardless of differences 
in material, structural typology, etc. Therefore, the adopted values 
should be understood as average ratios and inclinations of collapsed 
material. In principle, a building-by-building exposure model would 
be required to quantify both parameters accurately. The constant kv
and c values used here should therefore be interpreted as an average 
approximation across the building stock, which in our case study 
is dominated by masonry structures (see Section 4.1), allowing the 
model to remain applicable despite limited data. In regions lacking 
detailed building data, the model can alternatively be applied using 
representative building classes, Building Information Models (BIM), 
GIS- or remote sensing-based proxies, or statistical distributions of 
building properties derived from sample surveys.

After determining the impact radii of affected buildings (based 
on the damage state in the selected earthquake scenario), a detailed 
analysis was conducted to assess the impact of these radii on nearby 
road connections using GIS-based spatial analysis tools. It was 
examined which road segments were in close proximity to damaged 
buildings, what was their width (Wr), and to what extent these 
segments overlapped with the impact radii. It was then estimated 
which roads would be partially (the P2 level of permeability, where 
Wd < Wr/2) or completely (the P3 level of permeability, where 
Wd > Wr/2) blocked and impassable due to earthquake-induced 
building debris (Figure 4). Additionally, the assumed average travel 
speed (by car) for fully permeable (the P1 level of permeability) 
road segments was set at 20 km/h (Knez et al., 2014), while for 
partially permeable (P2) segments, half of this value was used. For 
impermeable (P3) road segments, the assumed average travel speed 
was 0. This analysis was crucial for evaluating the overall accessibility 
and passability of the urban system after an earthquake as well as for 
planning appropriate measures for road infrastructure rehabilitation 
and ensuring unobstructed traffic flow within the system. 

2.2 Affected citizens, their human needs, 
and urban functions

A destructive earthquake can have severe consequences for 
people due to the direct damage it causes to the built environment. 
Affected individuals may experience the loss of safe housing, 
reduced access to essential services, personal injuries, or, in the 
most tragic cases, loss of life. While the residents of buildings 
classified under the D3 damage state are left without a safe shelter, 
those living in buildings classified under the D2 damage state do 
not need to evacuate their homes, although these buildings may 
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FIGURE 3
An example for a set of two harmonised fragility curves for two limit states (yielding and collapse) under conservative and risky approaches, framing 
three damage states (D1 – D3).

FIGURE 4
Impact radius of a damaged building and its influence on the nearby road: an isolated building (left), an actual row of buildings in different damage 
states (right).

require either minor or major repairs. However, for residents of D3 
buildings, it is necessary to provide safe temporary accommodation 
as their homes are either collapsed or unsafe for habitation. After 
a destructive earthquake, the main priority is to provide rapid and 
adequate assistance to those affected. This includes both emergency 
medical care in hospitals and the provision of temporary shelters 
for those who have lost their homes. The demand for hospital 
capacities and temporary housing was assessed on the basis of 
the study by Di Ludovico et al. (2023), which estimated that, under 
optimal conditions, 18% of the affected population lived in buildings 
that sustained damage classified as D3 (referred to as D4 and D5 

in their study). Among those, approximately 4% are expected to be 
fatalities – a figure that was incorporated into the overall assessment 
of affected residents as the focus was not on human casualties but 
rather on the functional changes within the urban system. Key 
data relevant to the research, therefore, included the number of 
individuals requiring hospital treatment and the remaining number 
of uninjured people left without safe housing.

In addition to the level of damage caused to homes, the quality 
of life for urban residents is also influenced by their limited access 
to urban functions, which consequently reduces their ability to 
meet basic human needs. While fundamental human needs are 
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universal for every individual, the ways of fulfilling them change 
depending on the local, temporal, social, and cultural context. 
Various scientific theories of human needs have been developed 
(Maslow, 1943; Max-Neef, 1991). Contemporary scientific literature 
in the field of urban studies (Cardoso et al., 2021; Abubakar, 
2022) most commonly refers to Max-Neef ’s (1991) theory of 
human needs, which views needs as an interconnected interactive 
system, without hierarchy, often presented in the form of a matrix 
intersecting the existential needs (being, having, doing, interacting) 
and the axiological needs: subsistence (n1), protection (n2), affection 
(n3), understanding (n4), participation (n5), idleness/leisure (n6), 
creation (n7), identity (n8), and freedom (n9).

The functionality of the urban system determines how well 
the urban environment provides opportunities for meeting various 
needs. In this study, functionality is defined as the residents’ 
accessibility to urban functions that facilitate the fulfilment of 
basic human needs. Carlos Moreno, in his concept of the 15-
min city, defines six essential social functions for the effective 
operation of an urban system: living (f1), working (f2), supplying 
(f3), healthcare (f4), education (f5), entertainment and recreation 
(f6) (Moreno et al., 2021). Additionally, based on a discussion with 
an expert panel, the seventh urban function – mental and spiritual 
care (f7) – was identified and addressed in the study. A survey on the 
interaction between urban functions, human needs, their hierarchy, 
and weighting is presented in Section 3. 

2.3 Urban functionality and citizens’ access 
to urban functions

The main parameter observed in the study was the accessibility 
of residents to functional urban spaces (non-residential buildings 
and OSs with a specific function) that enable the fulfilment of 
needs and, thus, improve the quality of life in the city. The 
accessibility measure provides a comprehensive insight into the 
spatial distribution of justice and the efficiency of the urban system. 
Furthermore, accessibility is measurable (a quantitative metric), 
allowing for comparisons between different cities and time periods. 
It is evident that the damage to functional buildings and the resulting 
obstacles and closures of the transportation network have a strong 
direct impact on the accessibility to urban functions. In the most 
critical case, residents in affected areas may become physically 
isolated due to impassable or blocked roads. At the same time, it 
should be noted that a limitation of the current framework is that 
it does not account for the operability of lifeline infrastructure (e.g., 
water, electricity, telecommunications), which may further affect the 
actual provision of urban functions.

In the proposed model, the reduction in accessibility for 
urban residents in the event of a severe earthquake was analysed 
using graph theory algorithms (Wilson and Watkins, 1990). Graph 
theory is a branch of mathematics that studies networks of nodes 
(vertices) and their connections (edges), allowing the representation 
of complex systems and relationships. In the urban context, nodes 
represent urban elements (such as buildings, OSs, road joints), 
and the connections (edges) between them represent paths and 
other networks (road segments, railways, water supply networks). 
This approach enables the evaluation of centrality, connectivity, 
and accessibility of individual network elements, which is crucial 

for understanding their functionality and resilience to various 
disturbances. Among the various measures and algorithms of graph 
theory used in the relevant literature to assess the resilience of urban 
transportation networks (Zhang et al., 2015; Derrible and Kennedy, 
2011; Koren and Rus, 2019; Cavallaro et al., 2014; Bozza et al., 
2017a; Bozza et al., 2017b), this study employed global efficiency 
and shortest path measures to evaluate earthquake impacts on 
accessibility to functional spaces fulfilling the nine basic human 
needs as defined by the Max-Neef ’s framework. These metrics are 
particularly suitable as they capture both the spatial configuration 
of the network and its ability to maintain connectivity between 
residential areas and essential urban functions after disruption. 
Compared to other graph-theory measures – such as alpha, beta, 
gamma indices or clustering coefficient – which provide topological 
insights but are less sensitive to accessibility loss (Aydin et al., 
2018), global efficiency more directly reflects the degradation of 
service reachability in spatially embedded networks. The selection 
of these metrics is grounded also in our previous studies (Koren 
and Rus, 2019; Rus et al., 2020), where a wide range of graph-theory 
indices was categorised according to three key network properties: 
overall health, connectivity, and accessibility. This framework, along 
with similar methodological approaches (Cavallaro et al., 2014; 
Bozza et al., 2017b), provided the foundation for the focused 
metric selection in this study. The methodological rationale and 
implementation of global efficiency in the context of earthquake-
induced disruptions are further discussed in Section 2.3.1. 

2.3.1 Global efficiency
Finding the shortest paths is one of the key steps in graph theory, 

which also serves as the fundamental measure for determining the 
global efficiency of the urban system. Global efficiency is defined as 
the average reciprocal value of the shortest paths between all pairs of 
nodes in the graph (Latora and Marchiori, 2001; Li et al., 2025). This 
metric makes it possible to assess how efficiently the urban network 
connects all of its components. According to its definition, global 
efficiency considers the relationships between all pairs of nodes in 
the system but does not address the overall state of the system 
regarding the quantity and quality of urban elements. For example, 
if some buildings collapse during an earthquake, their nodes are 
excluded from the graph and not considered in the evaluation, 
which can, in some cases, lead to greater connectivity between the 
remaining nodes. To gauge this, a modified measure for global 
efficiency denoted as E(G)r− f  (Equation 2) was employed (Koren and 
Rus, 2021; 2023):

E(G)r− f =
1

NrN f
∑

r≠ f∈G

wp

dr f
(2)

where: Nr is the initial number of residential buildings; N f  is the 
initial number of functional spaces f (functional buildings and 
functional OSs); wp is the number of people from a residential 
building; dr f  is the shortest path [km] from a residential building 
to the selected functional space f.

Global efficiency can be used in the urban system as the key 
measure for assessing connectivity and functionality of the urban 
network as well as for measuring accessibility to essential facilities, 
such as hospitals, schools, or business centres. Additionally, global 
efficiency can aid in understanding the urban system’s resilience to 
various disruptions, such as traffic congestion or natural disasters. 
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By monitoring changes in global efficiency, it is possible identify 
weak points in the urban system and develop strategies to improve 
resilience and efficiency. However, it is important to note that 
global efficiency alone does not provide a comprehensive picture 
of an urban system’s performance. For a more accurate assessment, 
other indicators must be considered, such as local accessibility and 
qualitative aspects (e.g., the distribution of urban functions, quality 
and adaptability of open spaces, social capital, etc.), which can 
influence the overall functioning of a city.

This study distinguishes between local and global accessibility. 
Local accessibility focuses on the quality of life for individual 
residents and assesses how easily they can reach essential services 
within the city from their location of residence. Global accessibility, 
on the other hand, looks at the broader urban level and evaluates 
how well the entire city is interconnected and how it functions 
from the perspective of an average resident. The use of both 
accessibility measures in the study provides a comprehensive insight 
into the functioning of the urban system. Accessibility is measured 
for each urban function separately. This means that accessibility 
to spaces is assessed through functions such as living, working, 
supply, healthcare, education, entertainment, and recreation as well 
as mental and spiritual care. This approach makes it possible to 
precisely determine which areas of the city have high or low levels 
of accessibility to specific urban functions, which is crucial when 
planning urban interventions or adopting measures to improve the 
functioning of individual neighbourhoods or a city as a whole.

In accordance with the 15-minute city theory, the shortest paths 
within the system are measured in kilometres. The 15-minute city 
concept assumes that basic urban functions are accessible within 
a 15-minute walk, which roughly corresponds to the distance of 
1 km. If the distance between two nodes is less than 1 km, it 
meets the criteria of the 15-minute city. Thus, the accessibility value 
indicates the extent to which an urban function is accessible to the 
average resident within a 1 km distance. Based on this concept, 
three different levels of accessibility are defined in the study: i) low 
(0–5 km−1), ii) medium (5–20 km−1), and iii) high (>20 km−1). 

2.3.2 Local accessibility
To measure local accessibility, the shortest path metric from 

graph theory is used and the average shortest path from each 
resident to various functional spaces in their vicinity is calculated 
in accordance with the Equation 3:

LD fs =
1

n fi

nfi

∑
1

wDiw fi

dsi
(3)

where: LD fs [km-1] is the local accessibility to the observed urban 
function f  for the residential building s; s is the residential building; 
i is the functional space; n fi is the number of all functional spaces 
of the observed function f; w fi is the weight of the functional space 
i (functional weight) for the selected urban function f; wDi is the 
weight for the damage state of the functional space i; dsi is the 
shortest path between the residential building s and the functional 
space i [km].

A particular feature is the evaluation of accessibility to the living 
function, where it is considered that each resident only has access to 
their own home. This means that the functional weight w f  is equal 
to 1 only for the connection between the resident and their home, 

while for all other connections, it is equal to 0. Similarly, the distance 
dsi for the connection between the resident and their home is equal 
to 1 as the resident always starts and ends their daily activities at 
their home. 

2.3.3 Global accessibility
For measuring global accessibility, modified metrics for global 

efficiency from graph theory are used (Koren and Rus, 2021; 2023). 
The distances from all residential buildings to all nodes with a 
specific urban function are taken into consideration. In addition to 
the basic parameters, functional weights and weights for the damage 
state are included in the calculation of global accessibility, and in 
all the steps, the total number of all residents ∑ws is taken into 
account, meaning that the affected residents are not excluded from 
the system. Furthermore, the reciprocal value of the shortest path 
between each pair of points is weighted by the number of residents 
(ws) of the relevant residential building, the functional weight (w fi), 
and the damage state (wDi) of the specific functional object:

D f =
1
∑ws
∑

s≠i∈G

wDiwsw fi

dsi
(4)

where: D f  [km−1] is global accessibility to the observed urban 
function f; s is the residential building; i is the functional space; G 
is the set of all nodes in the urban system graph; ws is the number of 
residents in the residential building s; w fi is the functional weight 
of the functional space i for the selected urban function f; wDi is 
the weight for the damage state of the functional space i; dsi is the 
shortest path between the residential building s and the functional 
space i [km].

Thus, global accessibility reflects the quantity, quality, and 
proximity of urban functions for the average resident of the observed 
urban system. 

2.3.4 Urban functionality
The final step in this thorough assessment process involved 

the evaluation of urban functionality. Specifically, the focus was on 
assessing accessibility to urban functions that can fulfil essential 
human needs even in the aftermath of a seismic event. In the 
study, the functionality of the urban system was evaluated based 
on local and global accessibility to urban functions, which were 
further weighted. Mathematically, functionality in relation to each 
need (Fn) is determined by the weights of various functions for each 
specific need:

Fn =∑
nf

1 wnfD f (5)

where: n f  is the number of urban functions; wnf  is the weight of the 
function f  (see Section 2.2) for fulfilling the specific need n; D f  is the 
global accessibility to the observed urban function f  (Equation 4). Fn
is measured in units of functionality [EF], defined in the study based 
on the unit for accessibility (km−1).

The overall functionality of the city F (Equation 6) is the sum of 
the functionality of individual needs, weighted by the corresponding 
weights wn based on the preferences, which are dependent on the 
residents’ perception and external circumstances:

F =
nn

∑
1

wnFn (6)

Frontiers in Built Environment 09 frontiersin.org

https://doi.org/10.3389/fbuil.2025.1602963
https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org


Koren and Rus 10.3389/fbuil.2025.1602963

FIGURE 5
Phases of urban system functionality represented as the resilience curve in relation to the damage state of urban components.

where: nn is the number of human needs; wn is the weight of each 
need in terms of its impact on the overall functioning of the city; 
Fn is the functionality of the urban system in relation to the need 
n (Equation 5).

The evaluation of the city’s functionality (F) represents the final 
step in assessing the overall performance. This includes integrating 
all previous analyses into a unified framework that allows for the 
evaluation of general functionality of the urban system. It considers 
how different components of the system interact and contribute to 
the overall quality of life in the city. It is particularly important 
to understand how well the city supports the dynamic needs of 
residents in various life situations and how these needs change over 
time. In order to construct a resilience curve (Figure 5) illustrating 
how network functionality varies over time, the study included 
the temporal phases of urban functionality – pre-earthquake, 
immediate aftermath, post-evacuation, and recovery (Table 1). In 
support of urban recovery, a restoration strategy was developed 
that prioritises incremental interventions based on damage severity. 
This strategy outlines a structured timeline to re-establish essential 
urban functions, providing a basis for more efficient recovery 
planning and contributing to enhanced resilience for future seismic
events.

The resilience curve (Figure 5) illustrates how the modelled 
accessibility to urban functions evolves over time, based on the 
considered components (building damage, affected population, 
and road network permeability). It should be noted that this 
representation does not capture the full functionality of the 
city, as other critical aspects such as the operability of lifeline 
infrastructure are not included in the present framework. 
By examining the area under the functionality curve, the 
resilience of the system can be assessed. When an earthquake 
event occurs, the functionality of the city drastically decreases. 

This is followed by the evacuation and emergency aid phase, 
during which the city’s functionality increases relatively quickly; 
however, the growth in functionality typically slows down 
after this phase. In the initial stages of recovery (R-1 and R-
2), restoration efforts usually focus on essential infrastructure, 
such as roads, water supply, electricity, and telecommunication 
networks. During this phase, the functionality of the city 
gradually increases due to improved connectivity within the 
system. The final phase, R-FIN, marks the achievement of a 
new equilibrium, where the city reaches full recovery and may 
experience permanent changes and even improvements in urban 
planning and operation, enhancing the city’s resilience to future
challenges. 

3 Assessments of functional urban 
spaces and human needs hierarchy 
pre- and post-disaster

3.1 Panel of experts

In order to identify (i) which buildings and OSs in the city 
perform specific urban functions and to what extent they contribute 
to their execution; (ii) which urban functions enable the satisfaction 
of particular human needs and to what extent; and (iii) the priority 
scale of individual needs both under normal conditions and in 
the event of a destructive earthquake, a qualitative assessment 
was conducted in collaboration with a panel of experts from 
diverse fields, including urban planning, psychology, sociology, 
architecture, and civil engineering. The panel was structured in two 
parts. In the first part, an extensive questionnaire was completed 
to determine the priorities and weights of individual needs and 
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TABLE 1  Different time phases considered in the study.

Time phase acronym Description

PRE Pre-disaster state – the initial state of the observed system representing its operation before the earthquake event. In this phase, the 
functionality, accessibility, and overall quality of life in the city are analysed in a normal state of operation

AFTER Immediately after the earthquake phase; all residents are at their homes, and they are either affected or not. The functioning of the 
transport infrastructure may also be impaired as certain road sections are interrupted due to the debris of damaged buildings. When 
assessing the functioning of the urban system, only accessibility for residents of buildings in D1 and D2 damage states is considered. With 
regard to the residents of buildings in the D3 state, it is assumed that immediately after the earthquake, their needs are not met.

EV The initial emergency evacuation phase that lasts the first few days after a disaster. The affected population (living in homes that suffered 
the damage state D3) is evacuated to safe places within the analysed system. This step considers the capacity of selected OSs to 
accommodate evacuees in temporary shelters (Koren and Rus, 2024). Buildings are still damaged and connections remain obstructed or 
interrupted. When assessing the accessibility for affected residents, the evacuation area is considered as the starting location. This urgent 
phase is carried out immediately to prevent further casualties, though in practice evacuations may last longer

R-1 The initial phase of reconstruction that starts a few days after an earthquake and involves a partial restoration of the urban road network. 
In this phase, the emphasis is on the debris removal from obstructed road sections so that the permeability state is changed from P3 
(non-permeable) to P2 (the permeability factor equals 0.5). Simultaneously, partially passable connections are established, marking a 
transition in status from P2 to P1 (the permeability factor equals 1.0). Other components remain unchanged

R-2 The second phase of reconstruction, which can last from a few weeks to several years (depending on the reconstruction capacities and, 
primarily, on the extent of damage done to the road network), involves the complete removal of all obstacles and blockages from the road 
network. The entire traffic network is fully permeable (the P1 state), similar to its pre-disaster condition. Other components remain 
unchanged in this phase

R-3 The third phase of reconstruction, which can last from several months to several years; the consequences of the earthquake on moderately 
affected buildings are eliminated (buildings previously in the D2 state are now in the D1 state). Reconstruction of the road network and 
the affected buildings can take place simultaneously

R-FIN The final phase of reconstruction, during which all the reconstruction work is completed, can result in one of two outcomes: i) the system 
returns to its original pre-earthquake state or ii) it even achieves certain adjustments and improvements. When aiming for the restoration 
to the system’s original state, the reconstruction of all affected building is planned, in addition to the establishment of the road network in 
phases R-1 to R-3. In this case, the affected population returns to their homes

functions as well as the positions they occupy in their complex 
interconnectedness. The Analytic Hierarchy Process (AHP) method 
(Saaty, 1987; Saaty, 1990; Markelj et al., 2014; Singh and Kumar, 
2024; Lin J. et al., 2024; Xie et al., 2025) was used to compare the 
importance and priorities of individual elements. The second part 
involved a discussion with invited experts, where the results were 
qualitatively refined. In the first part, 12 participants completed 
the questionnaire, while seven experts participated in the final 
discussion. While this number of experts allowed for a structured 
and diverse assessment, it may limit the range of perspectives 
captured. In order to streamline the large number of comparisons 
required by the basic AHP method, the express AHP method 
was utilised (Leal, 2020). This method first identifies the most 
important element and compares it with all the other elements under 
consideration. This makes the entire process significantly less time-
consuming and complex, without compromising the accuracy of the 
results. These comparisons were used to calculate the average values 
of the responses, which were then used to determine the weights of 
individual elements. Although expert judgment inherently involves 
some degree of uncertainty, this was mitigated by combining 
structured data collection (via AHP), aggregation of multiple 
responses, and a follow-up group discussion to validate and refine 
the outcomes. The mixed-methods approach ensured robustness 
and consistency, even though statistical confidence intervals were 
not derived.

3.2 Results obtained from the panel

Key results from the expert panel provide insights into the 
hierarchy of needs both before and after the earthquake, as well 
as an assessment of which urban functions satisfy particular needs 
and to what extent. These expert assessments inform the weightings 
and priorities of different functions within the model, providing a 
detailed picture of functional priorities as they shift in the aftermath 
of an earthquake.

In the first section of the questionnaire, the hierarchy of basic 
human needs was explored both in normal conditions and in a crisis 
situation immediately after a destructive earthquake. The hierarchy 
of needs and their weight values (Table 2) in different phases of 
the recovery process were determined using linear interpolation 
and limits, i.e., the initial (equal to final) state of equivalence. The 
results confirmed the equivalence of needs in the pre-earthquake 
and normal situation. Only minimal differences were observed 
between individual needs, which can be attributed to the subjective 
evaluation by participants. Before the earthquake, no different 
weights were assigned to individual needs, and their equivalence was 
assumed. In the aftermath of the destructive earthquake, the priority 
of needs changed significantly. The need for survival came to the 
forefront, followed by the need for protection. After the disaster, 
the original hierarchy of needs begins to be re-established over 
time. This is influenced by individual perceptions as well as external 
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TABLE 2  Weights describing the priorities of needs (n–for nomenclature see Section 2.2) in different phases of the urban system’s operation in relation 
to the earthquake intensity.

0.15 g 0.30 g n1 n2 n3 n4 n5 n6 n7 n8 n9

PRE (0)

PRE (0) 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11

AFTER (1) 0.35 0.17 0.09 0.07 0.10 0.04 0.05 0.07 0.06

EV (2) 0.23 0.14 0.10 0.09 0.11 0.08 0.08 0.09 0.09

AFTER (1) 0.17 0.13 0.10 0.10 0.11 0.09 0.10 0.10 0.10

EV (2) R-1 (3) 0.14 0.12 0.11 0.11 0.11 0.10 0.10 0.10 0.10

R-1 (3) R-2 (4) 0.13 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11

R-2 (4) R-3 (5) 0.12 0.12 0.11 0.11 0.11 0.11 0.11 0.11 0.11

R-FIN (5) R-FIN (6) 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11

TABLE 3  Weights describing the significance of urban functions (f) in 
fulfilling a specific need (n) – for nomenclature see Section 2.2.

Need (n) Function (f)

f1 f2 f3 f4 f5 f6 f7

n1 0.25 0.12 0.24 0.20 0.08 0.05 0.06

n2 0.26 0.12 0.17 0.26 0.08 0.05 0.07

n3 0.16 0.13 0.10 0.11 0.13 0.21 0.16

n4 0.10 0.14 0.08 0.09 0.37 0.10 0.12

n5 0.12 0.26 0.11 0.09 0.18 0.15 0.10

n6 0.13 0.09 0.10 0.09 0.13 0.33 0.13

n7 0.13 0.19 0.10 0.09 0.20 0.18 0.10

n8 0.15 0.17 0.10 0.10 0.16 0.15 0.17

n9 0.18 0.12 0.11 0.11 0.13 0.20 0.14

circumstances, which change with the recovery process of the urban 
system. In the study, it was assumed that at the end of the recovery 
process, when the system is restored to its original state, the original 
hierarchy of needs will also be reinstated.

Each need can be fulfilled by utilising multiple urban functions. 
At the same time, each urban function can fulfil several different 
needs, but not all to the same extent. The significance of urban 
functions in fulfilling a specific need was also assessed by 
the expert panel, and the results were quantified in the study 
as weights (Table 3). These weights represent the extent to which a 
given function can fulfil a specific human need. The total sum of the 
weights for each need represents the complete value, normalised to 1.

The expert panel’s assessment also involved identifying the 
urban functions of individual urban spaces, including buildings 
and OSs. It was necessary to determine the primary function of 

each urban space along with any potential secondary functions. 
Accordingly, every building and OS was assigned a share of its 
contribution to the operation of a specific urban function. The 
total sum of all shares for every function represents the whole, 
valued as 1 (Table 4). When determining the weights for urban 
spaces in relation to a particular urban function, the results of 
the questionnaire and the discussion with experts were taken into 
consideration. Every expert on the panel assigned points to every 
type of space for its primary function (3 points) and, optionally, 
for its secondary (2 points) or tertiary (1 point) function. Based 
on all the obtained evaluations for every function, average points 
were calculated and used to determine the final weights, expressed 
as the share of every type of building or space contributing to a 
specific function (Table 4). Functions that were identified as primary 
by only one expert or were recognised as tertiary by three experts 
were excluded.

In the second part of the panel discussion with invited experts, 
the quantitative results were qualitatively defined. The experts 
emphasised that for an average healthy resident, the need for survival 
is closely related to housing (f1) and material supply (f3). In cases 
of illness or other health issues, healthcare (f4) becomes especially 
important, in addition to shelter (f1) and material supply (f3). 
The discussion highlighted the fact that living arrangements can 
encompass various aspects; the notion can be understood as a 
physical location or as the very essence of human existence. The 
functions of living and healthcare were particularly prominent in 
the context of the need for protection, which includes saving lives 
during disasters or emergencies.

The need for affection is more complex and is expressed through 
relationships between people, as well as through interactions 
with nature, animals, and other environmental elements. It can 
be fulfilled through various urban functions, depending on an 
individual’s situation in terms of living arrangements and age. The 
varied responses in the questionnaire highlight the significance of 
individual experiences and preferences. Affection has a multifaceted 
impact on urban residents as positive relationships with other 
people, nature, and animals can enhance the quality of life. A key 
aspect of affection is entertainment and recreation (f6), which was 
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TABLE 4  The share that buildings and OSs contribute to the operation of a specific urban function (f).

Building type Building subtype f1 f2 f3 f4 f5 f6 f7

residential buildings (rb)
single or multi-apartments buildings 0.321 0 0 0 0 0 0

buildings for special social groups 0.295 0 0 0 0 0 0

hospitality buildings (hb)
hb for accommodation 0.205 0.036 0.012 0 0.039 0.076 0

food and beverage buildings 0 0.036 0.074 0 0 0.083 0

business and administrative buildings 
(bab)

public administration buildings 0 0.112 0.065 0 0 0 0

bank, post office, and insurance 
buildings

0 0.126 0.074 0 0 0 0

other business buildings 0 0.130 0.056 0 0 0 0

commercial buildings (rsb)
retail buildings 0 0.040 0.106 0 0 0.030 0

service buildings 0 0.049 0.088 0 0 0.040 0

public service buildings (psb)

cultural buildings 0 0 0 0 0.204 0.076 0.101

museums, archives, and libraries 0 0.031 0 0 0.262 0.043 0.067

entertainment and leisure buildings 0 0.018 0 0 0 0.119 0.040

educational buildings 0 0.040 0 0 0.350 0 0.040

sports buildings 0 0.018 0 0 0.049 0.119 0.034

religious buildings 0 0 0 0 0.058 0.013 0.242

healthcare and nursing facilities 0.036 0.027 0 0.610 0 0 0.027

protection and rescue buildings 0.063 0.022 0.047 0.390 0 0 0

industrial and agricultural buildings
non-residential agricultural buildings 0 0.103 0.085 0 0 0 0

industrial buildings and warehouses 0 0.099 0.085 0 0 0 0

green areas

parks 0 0 0 0 0 0.119 0.121

gardens 0 0.018 0.056 0 0 0.086 0.087

agricultural land 0 0.094 0.097 0 0 0 0

built-up areas

playgrounds 0.009 0 0 0 0.039 0.119 0.034

squares and streets 0.009 0 0.065 0 0 0.079 0

parking lots 0.063 0 0.074 0 0 0 0

cemeteries 0 0 0.018 0 0 0 0.208

undeveloped spaces 0.003 0 0 0 0 0 0

recognised by the experts, as the most important urban function in 
terms of fulfilling the need for affection.

Education (f5) stood out as the key function in relation 
to the need for understanding, highlighting the importance of 
continuous learning and research aimed at grasping the complexity 
of existence. This was followed by work, which may be a reflection 

of the fact that the participating experts come from the academic 
field. Work plays an important role in shaping and connecting 
communities in the city and was recognised as crucial in terms 
of fulfilling the need for cooperation by all experts except 
sociologists and psychologists. The latter prioritised education as 
well as entertainment and recreation. Entertainment and recreation 
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also stood out as essential in terms of fulfilling the need for
leisure.

The need for creation can be fulfilled through various urban 
functions, as evidenced by the evenly distributed weight values in 
the study results. Education had the most consistent rating and the 
highest overall priority, while work was most frequently recognised 
as the leading function. The study also found an even distribution of 
weight values across different functions aimed at satisfying the needs 
related to identity and freedom. 

4 Case study

4.1 Description of the analysed urban 
system and earthquake scenarios

The assessment of a city’s response to an earthquake was 
conducted in the form of a case study of the small Mid-European 
town of Brežice. The study area of about 5 km2 includes significant 
landmarks, such as a medieval core and a castle dating back to 
the 13th century as well as important emergency services (a health 
centre and two fire stations). The analysis utilises a test model of 
the town with 6,843 inhabitants and 1,446 buildings. Of these, 1,069 
are residential buildings, while the remaining 377 are functional 
structures serving various purposes that can satisfy human needs. 
The built facilities are connected by the road network spanning 
50.47 km. Several open spaces covering a total area of 345,794 m2

are distributed throughout the town, with a total of 50 of them 
recognised as either public or semi-public areas. Among these, ten 
serve essential public functions that cannot be altered (functional 
OS), while five have public functions that, in times of crisis, can be 
repurposed for evacuation purposes. Additionally, 35 OSs do not 
hold any significant functions (non-functional OS) and are available 
for use in emergency evacuation scenarios.

The selected system was modelled as a graph consisting of nodes 
representing the centroids of buildings’ footprints, OSs, and traffic 
intersections, as well as physical (transport network) connections 
between these nodes (Figure 6). Individual nodes of buildings 
and OSs were linked to the road infrastructure network through 
secondary (functional) connections, forming a unified graph. In 
this process, the social component of the city was incorporated 
by defining node attributes and their weights in the accessibility 
analysis. Thus, all objects were weighted according to the urban 
functions they perform (see Section 3.2), while residential buildings 
were additionally weighted according to the number of inhabitants. 
The number of inhabitants of each building was calculated on the 
basis of census data. In the study, the inhabitants were assumed 
to be uniformly distributed according to the total floor area of 
the buildings (buildings’ footprints area multiplied by the number 
of storeys) while considering that population density in multi-
residential buildings is two times larger compared to single houses.

The majority (approximately 75%) of buildings in Brežice are 
masonry and low-rise structures constructed in the 2nd half of the 
20th century, while the remained building stock is composed of 
reinforced concrete (RC) structures (9%) and structures made of 
other materials (16%) (Koren and Rus, 2023; Petrovčič et al., 2025). 
In the presented study, fragility curves for masonry and reinforced 
concrete (RC) building classes were selected using the Fragility 

FIGURE 6
Graph of the computational model of the town of Brežice.

Function Manager software (Syner-G, 2022; Pitilakis et al., 2014). 
For masonry low-rise (ML) and mid-rise (MM) structures, different 
fragility curves proposed by Ahmad et al. (2011) were selected, while 
for RC structures, the curves introduced by Borzi et al. (2007) were 
adopted. In the original classification, the building stock was divided 
into twelve classes according to construction material, height, 
and construction period, with an additional class for important 
buildings (IB) (Koren and Rus, 2023). However, in the FFM library, 
fragility curves were available only for masonry and RC structures, 
which restricted the analysis to three main classes. For structures 
made of other materials and for important buildings, no suitable 
fragility curves were available. Their damage states were therefore 
estimated qualitatively, based on typological characteristics and 
existing recommendations (Koren and Rus, 2023; Zuccaro and 
Cacace, 2015). In the case of important buildings (e.g., hospitals 
and emergency facilities), which were all renovated after 1982 under 
strict seismic codes, these were assumed to remain functional under 
the considered earthquake scenarios. These simplifications represent 
a limitation of the study, as the absence of class-specific fragility 
curves for some building types required assumptions that may affect 
the accuracy of the results.
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In the study, a pseudo-probabilistic approach was adopted: 
while the fragility curves and seismic hazard maps were derived 
from probabilistic principles, the two seismic scenarios were 
defined in a deterministic manner. Two seismic intensities were 
analysed: (i) a severe earthquake with a peak ground acceleration 
(PGA) of 0.30 g, which corresponds to the design PGA for the 
given study location (Slovenian Environment Agency, 2024), and 
(ii) a moderate earthquake with a PGA of 0.15 g (half of the 
design PGA). Due to the relatively small study area, a uniformly 
distributed PGA was assumed across the entire investigated region. 
We acknowledge that this simplification limits the accuracy of 
seismic demand representation, as PGA alone cannot capture the 
full complexity of earthquake ground motion; future work should 
therefore adopt more advanced methods and alternative intensity 
measures. Since a pseudo-probabilistic approach was applied, the 
obtained results (see Section 4.2) should not be treated as purely 
deterministic values. Both scenarios were considered as night-time 
earthquake events, assuming that at the time of the earthquake, 
all residents were at home (in residential buildings), while non-
residential buildings were assumed to be unoccupied. Each scenario 
was analysed from the perspective of a conservative (C) and a 
risky (R) approach, accounting for the uncertainties arising from 
structural design. In general, such approaches could be defined using 
statistical quantiles of the fragility curves; however, in this study 
they are applied in a simplified manner, based on the compactness 
of masonry structures. To capture the wide spectrum of possible 
seismic responses, two fragility curves were applied for each class 
of masonry buildings: one representing a low percentage of voids 
(the R approach) and the other a high percentage of voids (the 
C approach). For reinforced concrete buildings, the same fragility 
curves were used for both the risky and conservative approaches. 
In the case of buildings made of other materials, a difference of 
one damage level was assumed between the risky and conservative 
approaches. Important buildings (IB) were considered fully resistant 
to earthquakes in the selected scenarios and were assumed to sustain 
no damage during the analysed seismic events. 

4.2 Results and discussion

4.2.1 Affected urban components and evacuation 
of citizens to suitable urban OSs

To assess the impact of the earthquake on urban components, 
three distinct damage states were assumed. In the D1 damage state, 
structures remained undamaged, the population was unaffected, 
and road connections remained unobstructed (P1). The D2 state 
was characterised by light to moderate structural damage. Although 
buildings were still usable, their condition was compromised. Road 
connections were partially obstructed, making travel and access 
more challenging (P2). The most severe damage state D3 involved 
buildings that were either severely damaged or completely collapsed. 
Inhabitants of these buildings were left without suitable living 
conditions and road connections were fully interrupted, severely 
limiting mobility and access (P3).

In the case of a moderate earthquake (0.15 g), there was no 
major damage or collapse of buildings (no building reached the 
D3 damage state), so there was no need to provide temporary 
housing. By contrast, the severe earthquake (characterised 

by a PGA of 0.30 g) caused devastating consequences to the 
observed test model, which experienced widespread damage 
and disruption, necessitating a comprehensive evaluation of the 
aftermath (Figure 7). Approximately 20% of the town’s buildings 
were so badly damaged that they were rendered unusable. 
Furthermore, 12% of the road connections within the town 
were totally interrupted, exacerbating the challenges faced by 
residents and emergency responders. A considerable portion of 
the population, approximately 37%, found themselves in severely 
damaged buildings that were no longer suitable for habitation. This 
posed an immediate threat to the safety and wellbeing of affected 
residents. These residents were subsequently assigned to suitable 
OSs (35 in total) within the town based on different allocation 
principles and criteria including five qualitative parameters: 
capacity, safety, quality, function, and accessibility. It should be 
noted that not all OSs are suitable as shelters, as many may lack 
the necessary supporting infrastructures or the capacity to meet the 
required post-earthquake standards.

The evaluation of OSs was based on a multi-criteria assessment 
developed in our previous work, combining GIS-based analysis and 
expert judgement (Koren and Rus, 2024; Rus, 2025). Based on these 
assessments, the suitability of each open space (OS) for temporary 
shelters was evaluated (Figure 8), and strategies for allocating the 
affected population to suitable locations were defined. In this article, 
in line with the proposed concept of assessing urban quality of 
life, the focus is solely on the strategy for allocating temporary 
shelters to OSs with optimal accessibility to urban functions. In 
addition to ensuring accessibility to evacuation areas and temporary 
shelters, it is crucial to provide adequate living conditions in 
shelters until the damaged buildings are restored, which may take 
more than a year. Thus, in this study, the density of temporary 
shelters was assumed on the basis of literature regarding long-term 
replacement housing (Anhorn and Khazai, 2015) and was set at one 
inhabitant per 45 m2. In this study, a simplifying assumption was 
made that all affected residents are temporarily accommodated in 
shelters located in the identified OSs until their homes are restored.

4.2.2 Strategies for urban system reconstruction
For post-earthquake city recovery, this study adopted an 

approach based on gradual progression from less demanding 
interventions to more complex ones. The selected strategy assumes 
that initial actions focus on smaller interventions that require less 
time and resources (e.g., debris removal and the restoration of 
moderately damaged (D2 state) connections and buildings) and 
have an immediate impact on increasing the city’s functionality. In 
the secondary phase of restoration, more challenging interventions 
on heavily damaged (D3 state) components of the system follow, 
with restorations starting only after the buildings and road sections, 
which were in the D2 state after the earthquake, have been restored. 
The speed of restoration, referred to as the system’s recovery 
capacity, depends on the extent of the damage, available resources, 
organizational capacity, legal and administrative constraints, and 
socio-economic conditions. In this study, these factors were not 
modelled dynamically; instead, they were indirectly incorporated 
through fixed daily restoration capacities adopted from existing 
literature (ATC, 2021; Cook et al., 2022; Terzic et al., 2021). This 
simplification allowed for a clear and comparable representation of 
the recovery process across different earthquake scenarios, aligning 
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FIGURE 7
The damage to the investigated town after the severe earthquake (0.30 g_C) and its distribution within the system.

FIGURE 8
Overall evaluation of OSs (35 in total) based on five defined parameters (left) and selected OSs designated for temporary shelters for the affected 
population in the case of the scenario 0.30 g_C (right).
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TABLE 5  Estimated restoration time for the physical components of the urban system for different earthquake scenarios.

Earthquake PGA Urban component Damage (permeability)
state

Damage extent 
[m for roads; 
m2 for 
buildings]

Restoration
time [days]

_R _C _R _C

0.15 g

Road connections
P2 2,006 6,597 4 9

P3 769 1,937 12 28

Buildings
D2 208,640 359,640 116 208

D3 — — — —

0.30 g

Road connections
P2 8,331 8,416 10 10

P3 4,650 5,124 57 62

Buildings
D2 754,454 647,832 434 386

D3 203,807 310,429 1,453 1,938

with the primary aim of the study – to demonstrate the functionality 
of the proposed assessment framework rather than to simulate the 
full complexity of real-world recovery dynamics. The restoration 
strategy unfolds through seven consecutive phases (PRE, AFTER, 
EV, R-1, R-2, R-3, R-FIN), as outlined in Table 1; Figure 5. Each 
phase involves specific interventions that affect the functional state 
of the road network, buildings, and population distribution.

The restoration sequence prioritised roads over buildings and 
moderately damaged (D2) components over heavily damaged (D3) 
ones. Although the spatial movement of crews was not explicitly 
modelled, recovery progressed in parallel within each damage 
category, limited by fixed daily capacities. Based on the cited 
sources, the following recovery capacities were determined for 
our case study: 

• 1,000 m/day and 100 m/day for road connections in the P2 
and P3 states, respectively;
• 2,000 m2/day and 200 m2/day for buildings in the D2 and D3 
states, respectively.

It was assumed that the restoration process begins on the 
second day after the earthquake, as the first day is dedicated 
to establishing emergency evacuation routes and evacuating all 
residents to a safe location. The time needed for the restoration 
of the physical components of the urban system was estimated on 
the basis of these assumptions and the extent of damage caused 
by the earthquake (Table 5). The long D3 restoration times reflect 
both the above-mentioned sequential approach and the conservative 
restoration rates assumed, which are in line with literature and real 
post-earthquake experiences, e.g., Di Ludovico et al. (2023). While 
the model does not capture all real-world restoration dynamics 
(e.g., funding, policy priorities, institutional barriers), it provides a 
structured and replicable way to analyse system recovery potential 
and to illustrate the methodology’s practical value in a comparative 
scenario framework.

4.2.3 Local and global accessibility of citizens to 
urban functions

Local accessibility refers to the average accessibility of residents 
in a given residential building to functional facilities in their vicinity 
and has a direct impact on the functionality of the urban system. 
The analysis of local accessibility to all functional spaces of the 
studied town revealed that before the earthquake, most residents had 
a medium level of accessibility to urban functions, and following 
the earthquake, this level declined to a varying degree (Figures 9, 
10). In the case of a moderate earthquake (0.15 g), small changes 
in accessibility to urban functions occurred, but after a strong 
earthquake (0.30 g), much larger changes in local accessibility were 
observed. In this case, only 29%–43% of residents retained medium 
local accessibility, while 57%–71% had low accessibility, with one-
third of the population losing their homes or access to other 
urban functions (Figure 10). The greatest drop in local accessibility 
occurred in the old town centre and the southern part of the town. 
The smallest change in accessibility was observed in the eastern 
urban area, where accessibility was already low even before the 
earthquake.

In assessing local accessibility before the earthquake, differences 
were observed between various areas of the town (e.g., in the old 
town centre, accessibility to workplaces (f2) and material supply 
(f3) was significantly better than on the outskirts). For the sake of 
brevity, the results of these analyses are not presented in this article. 
Significant differences were also noted between different urban 
functions: i) low local accessibility for housing (f1), education (f5), 
and mental and spiritual care (f7); ii) high accessibility to workplaces 
(f2) and material supply (f3); and iii) medium accessibility to 
healthcare (f4) and leisure activities (f6).

Global accessibility as a general measure of the entire urban 
system provides a broader view of accessibility to functional 
facilities. Since global accessibility represents a single value of the 
whole system, accessibility was calculated (Equation 4) for every 
temporal phase under consideration (Table 1), and the results are 
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FIGURE 9
Proportion of residents with low, medium, and high level of accessibility to urban functions before and immediately after the earthquake, taking into 
account different earthquake scenarios.

presented as a function of time (Figure 11). When evaluating the 
residents’ global accessibility to key urban functions, significant 
differences were observed between earthquakes of different 
intensities (PGA 0.15 g and 0.30 g) as well as between different 
evaluation approaches (risky and conservative), particularly for 
the moderate earthquake (0.15 g). For example, the risky approach 
(0.15 g_R) shows a slight drop in accessibility, indicating that the 
system remains relatively functional despite the earthquake. This 
suggests that, in the case of moderate earthquakes, the impacts on 
global accessibility are relatively low. By contrast, the conservative 
approach shows more significant deteriorations in accessibility. 
The differences between the risky and conservative approaches 
are important as they highlight the uncertainties in assessing 
the earthquake’s consequences and their impact on the system’s 
functionality. In this case, the deviations between the conservative 
and risky approaches are primarily due to the relatively rough 
division of the assumed damage states into only three categories, 
which has a significant effect on the classification of individual 
buildings and the damage level assigned.

In the case of a stronger earthquake (0.30 g), the reductions 
in accessibility after the event were even greater, but no significant 
differences were observed between the risky and conservative 
approaches. The greatest drops were in accessibility to workplaces 
(79% for the risky scenario and 84% for the conservative scenario) 
and educational institutions (89% for the risky scenario and 90% for 
the conservative scenario). Accessibility to healthcare (f4) remained 
relatively stable due to the presumably adequate seismic resistance of 
healthcare facilities and their central location. An interesting aspect 
of this scenario is that accessibility to healthcare during the recovery 
phase was better than after the finalisation of the recovery process. 
This is due to the favourable location of healthcare facilities and the 
selected evacuation open spaces within the system. 

4.2.4 Evaluation of urban system’s functionality
The functionality of the selected urban system in terms 

of fulfilling basic human needs in different time periods (pre- 

and post-earthquake, including immediately after the event, 
in the evacuation phase, and at different stages of restoration) 
was initially analysed from the perspective of each of the nine 
basic needs (Equation 5), and then the overall functionality of 
the city was determined (Equation 6). The hierarchy of needs 
relative to different time intervals from the disastrous event, 
defined by the expert panel (Section 3; Table 2), was taken 
into account as well. The results for the total functionality 
of the urban system for both analysed seismic intensities 
(with PGA 0.15 g and 0.30 g) and both damage assessment 
approaches (risky and conservative) are shown in Figure 12. 
The initial functionality F0 (before the earthquake event) was 
found to be at a relatively high level and equalled 18.35 EF 
(calculated using Equation 6). After the earthquake, a decrease 
in functionality was observed in all four evaluation scenarios. In 
the case of a moderate earthquake, minimal functionality of the 
urban system is still ensured (above 50% of its original value) 
after the event. However, in the case of a stronger earthquake, 
the functionality is significantly reduced (to about 1/3 of the 
original value), threatening the continued existence of the entire 
urban system. The figure also shows that the range of results 
(defined by the two damage assessment approaches, risky and 
conservative) is narrower in the event of the stronger earthquake 
(0.30 g). By contrast, for the moderate earthquake (0.15 g), large 
discrepancies between the two extreme values are observed. 
The greatest disparities occur 1 week after the earthquake, 
but during the recovery process, the discrepancy gradually
decreases.

Immediately after the main strike (t = 0), a strong drop in urban 
functionality is identified. In the following days (t ≥ 1 day), the 
residents prioritise different needs as restoration begins and the 
system starts to recover. The shape of the obtained curves is in 
accordance with the concept of the resilience triangle (Bruneau et al., 
2003), which favours a steeper curve inclination in the early stages 
of the recovery process. In the case of a moderate earthquake, 
the system’s functionality returns to its original level F0 1 year 
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FIGURE 10
Distribution of local accessibility to all urban functions (functional buildings) BEFORE (left) and AFTER (right) the earthquake scenario 0.30 g_R.

after the earthquake, while in the case of a strong earthquake, the 
entire system is still in the recovery process, with functionality 
at around 3/4 of the original value F0. It turns out that in the 
case of a stronger earthquake (0.30 g) and under the considered 
assumptions, the recovery of the entire system is a long-lasting 
process, and it would take several years for it to return to its original 
level of functionality (F0) – more than 4 years in the case of the 
R scenario and more than five in the case of the C scenario. A 
quantitative resilience measure, represented by the area under the 
performance curve, illustrates the town’s resilience trajectory and 
recovery progress. Resilience is assessed as the proportion of the 
maximum potential area, with values ranging from 0 (indicating 
a system failure) to 1 (indicating a smooth system operation). In 
the analysed case, it was shown that the resilience of the urban 
system is highly dependent on the time of observation (Figure 13). 
The short-term resilience of the investigated urban system subjected 
to a moderate earthquake (0.15 g) is relatively high (65%–94%), 
meaning that in this case, the system is able to quickly restore 
the majority of essential urban functions. Conversely, in the case 
of a severe earthquake (0.30 g), the short-term resilience is only 
at approximately 40%, which indicates that the system cannot 
effectively provide basic functions in the early stages of recovery, 
which points to a critical vulnerability. However, the long-term 
resilience is found to be high, indicating a robust capacity for 

recovery over an extended period of time. This demonstrates 
that, while the immediate aftermath of a severe earthquake could 
significantly impair urban operations, the town is capable of robust
recovery.

In order to achieve a more detailed insight into the urban 
functionality, it should be divided in accordance with the extent 
to which every human need (n1 to n9) contributes to the 
overall functionality. In our case (Figure 14), the functionality 
values were normalised with respect to the need with the highest 
value, so that relative proportions among needs are preserved 
and the weakest functions become clearly visible. It was found 
that the contribution of survival needs (n1) increased after the 
earthquake, indicating the prioritisation of basic survival needs 
in crisis situations (Table 2). A stable level of functionality was 
maintained in relation to the need for protection (n2), whereas 
the functionality in relation to other needs notably decreased. The 
lowest level of functionality was observed in connection to the need 
for understanding (n4), both before and after the earthquake. This 
need is more dependent on the access to educational buildings 
(f5) and, to a lesser extent, on the access to workplaces (f2) 
and facilities providing mental and spiritual care (f7), whereas 
access to other urban functions has little impact on the need 
for understanding. A similarly low level of functionality was 
observed in relation to leisure (n6) and creativity (n7). These 
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FIGURE 11
Global accessibility to urban functions (f1-7) in different time phases for various earthquake scenarios.

FIGURE 12
Functionality of the investigated urban system for all analysed earthquake scenarios.

needs have a more limited impact on the overall functionality 
in a crisis situation as they are less prioritised compared to 
basic needs such as survival and protection. However, fulfilling 
the need for understanding is crucial for facilitating a quick 
response and an effective recovery of the city after a natural 
disaster such as an earthquake as it involves both informing 
and educating the residents. Furthermore, it plays an important 
role in developing the expertise related to the recovery and 
the ability of the authorities to effectively organise restoration
efforts.

5 Conclusion

This paper presents a unique model for evaluating the residents’ 
accessibility to essential urban functions, shifting the focus from 
traditional assessments of physical damage to the human-centred 
impacts on the quality of life. By prioritising the fulfilment of 
basic human needs during disasters, this research addresses how 
accessibility disruptions due to earthquake-induced debris can 
severely limit access to critical services, while not accounting for 
the operability of lifeline infrastructure (e.g., water, electricity, 
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FIGURE 13
Short-term (1 month), medium-term (half a year to 1 year) and long-term (5 years) resilience of the investigated urban system.

FIGURE 14
The town’s performance in the case of the 0.30 g_R scenario: normalised functionality levels in relation to different human needs (left) and weights of 
individual functions that contribute to satisfying the weakest need - the need for understanding (right).

telecommunications). This holistic approach offers distinct insights 
into the indirect impacts of earthquakes, emphasising how barriers 
created by debris isolate communities and hinder their resilience. 
The proposed methodology, although focused on earthquake 
resilience, holds potential for urban planning and resilience-
building in relation to various hazards. By adopting a complex-
systems perspective, it provides planners with a comprehensive tool 
to evaluate vulnerabilities, support interdisciplinary insights, and 
foster a more resilient urban design.

Comparing the functionality of the urban system (a small 
Mid-European town) before and immediately after the assumed 
earthquake scenarios revealed significant reductions in accessibility, 
particularly in the town’s historic core and on its southern 
periphery. The most significant changes appeared under the stronger 

earthquake scenario with a 0.30 g peak ground acceleration, where 
accessibility dropped sharply. In this severe case, approximately 
one-third of residents completely lost access to essential urban 
functions. The historic centre, once highly accessible, suffered 
the greatest decline due to severe damage to key buildings 
and infrastructure, highlighting the vulnerability of densely 
interconnected urban areas. The findings suggest that reinforcing 
access in central areas and strategically expanding functions into 
peripheral zones could substantially improve the overall resilience 
of an urban system. Furthermore, accessibility to educational 
services emerges as a critical point of vulnerability within the 
urban framework. Disruptions in this function could have cascading 
effects, emphasising the need for prioritised intervention in post-
earthquake recovery efforts to enhance the overall resilience of 
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the system. The analysis also reveals a critical distinction between 
structural vulnerability on one hand and functional vulnerability on 
the other. The results further demonstrate that urban functionality 
depends not only on the integrity of structures but also on the 
spatial distribution and accessibility of essential services. While 
structural strength and stiffness are crucial, a dispersed layout of 
essential functions across the urban area allows the city to maintain 
continuity of services, even when some locations are compromised. 
This type of distributed model enables faster recovery and reduces 
the risk of functional paralysis in critical areas. The resilience of 
the urban system is heavily influenced by the robustness of its 
interconnections, suggesting that strengthening the network of 
urban linkages is as crucial as reinforcing individual structures.

In general, enhancing the resilience of an urban system can 
be achieved by improving various urban functions (prioritising 
those identified as most critical) and accessibility to them. This 
can be achieved by increasing capacity, expanding the existing 
facilities and improving their seismic resilience, strategically placing 
new objects, reducing the traffic load on key transportation links 
by adding alternative ones, ensuring appropriate safety distances 
(based on impact radius) between roads and buildings, making 
seismic reinforcements to the critical transport infrastructure 
(such as bridges, overpasses, and underpasses, which were not 
part of the presented case study of the town of Brežice), and 
implementing other measures. Furthermore, urban open spaces 
can provide a significant contribution to the resilience of an 
urban system as they can serve as safe locations for evacuation, 
temporary housing, and the organisation of recovery efforts after 
an earthquake. Therefore, it is essential to maintain existing open 
spaces, ensure their adaptability, and establish strong connectivity 
with the transportation network. This study focused on allocating 
temporary shelters to open spaces with optimal accessibility, yet the 
framework is open to extension. Other buildings or infrastructures 
could also serve as shelters if case-specific assessments are made, 
while real-world strategies such as relocation or partial rebuilding 
lie beyond the present scope but warrant future research. In addition 
to measures aimed at reshaping the urban design and the layout 
of the city, strategic planning for post-earthquake recovery is 
crucial for enhancing urban system resilience. However, measures to 
strengthen urban resilience must be grounded in a comprehensive 
approach that includes analytical evaluation and actively involves 
local communities.

The study’s assumptions and specific parameters introduce 
certain limitations, highlighting areas for further research and 
refinement. By embracing a holistic, interdisciplinary approach to 
urban resilience, this model contributes valuable perspectives for 
advancing the resilience of complex urban systems in the face of 
growing disaster risks.
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