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Abstract: For a city to perform successfully, and its citizens to feel safe and comfortable, the health of
basic urban components and the overall resilience of the urban system is crucial. As the importance
of the resilient urban system has been recognized in the scientific literature, many studies have been
done on this topic. Therefore, to find out the gaps in the existing literature and the opportunities for
further research, a new systematic literature review has been performed in three stages. Different
bibliographic techniques (co-occurrence and co-citation analysis) have been applied and, in the final
stage of the analysis, an in-depth study of the content of the selected papers addressing open space in
relation to urban seismic resilience has been carried out. The obtained results and trends have shown
a lack of research on the potential of open space for enhancing urban seismic resilience, as well as
a challenge for its quantitative assessment. The ability of the affected resilient system is to achieve
at least a pre-disaster performance level in an acceptable time, which can be gained, among others,
by using the restorative potential of open space. Based on the synthesis of these findings the authors’
draft model of an urban system integrating the potential of open space is presented in terms of a
complex network theory.

Keywords: urban resilience; urban system; earthquake; open space; city performance; complex
network theory

1. Introduction

A city is a large-scale interdependent networks system composed of four main components
(buildings, infrastructure, social community, and open space), which coexist and interact creating
liveable and rich urban functions [1,2]. The societal well-being is dependent on the services provided
by the built environment, the infrastructure and open space which, however, cannot be absolutely
guaranteed due to the different hazards that threaten the quality of life of the citizens and the
functionality of urban systems. A quick response and constant adaptation are required to cope with
the various stressors causing modifications to the basic system structures and functions.

Stressors can be of a natural (earthquake, floods, tsunami, hurricane, landslide, heat waves,
drought etc.,) or man-made origin (terrorist attack, cyberattack, industrialisation, war, rapid economic
and population growth etc.,); they are either acute events (e.g., earthquake) or long-lasting processes
(climate change). In recent decades, the occurrence of natural disasters has significantly increased [3].
Consequently, there is a noticeable increase in the total damage, expressed as a direct economic
loss, an indirect economic loss (downtime due to the loss of operations, occupancy and business
interruptions), and human victims (injured, homeless, and dead) [4,5]. According to the UNISDR and
CRED report [6], between 1998 and 2017, climate-related and geophysical disasters killed 1.3 million
people and left a further 4.4 billion injured, homeless, displaced or in need of emergency assistance. Most
of the disasters (91%) were related to climate changes, while the majority of fatalities (747,234 deaths)
were due to geophysical events, mostly earthquakes and tsunamis. Although the occurrence of

Sustainability 2019, 11, 5942; doi:10.3390/su11215942 www.mdpi.com/journal/sustainability


http://www.mdpi.com/journal/sustainability
http://www.mdpi.com
https://orcid.org/0000-0001-6939-267X
https://orcid.org/0000-0001-6609-7974
http://www.mdpi.com/2071-1050/11/21/5942?type=check_update&version=1
http://dx.doi.org/10.3390/su11215942
http://www.mdpi.com/journal/sustainability

Sustainability 2019, 11, 5942 2 of 20

earthquakes is much lower than extreme weather events, the consequences of an earthquake could be
more catastrophic in terms of deaths, as well as other victims and economic losses.

In order to avoid the worst scenarios, it is necessary to ensure a sufficiently good resilience of the
urban systems. Although the notion of resilience has already appeared in the science of material in the
19th century [7], the research on the resilience of ecological systems started very much later, in the
1970s, according to Holling [8] and has recorded significant growth in the last decade. Resilience is
often confused with the notion of sustainability and vulnerability, as all three notions are closely related
and overlap in their meaning. Therefore, in the literature their interrelationship and contradictions are
often discussed [9-11]. However, the meaning of urban resilience is very wide and covers different
scientific fields, from social and environmental science, to engineering. Consequently, there is still
inconsistency in the definitions between an engineering and socio-ecological aspect. The concept
of urban resilience should combine both approaches. Therefore, urban resilience is a capacity of a
complex urban system, composed of interacting physical and social components, to withstand an
external stress and bounce back to a state of equilibrium or bounce forward to improved new states of
equilibrium [2,12,13].

The goal of a resilient city can be achieved by smart urban management, as well as qualitative
urban planning. The latter includes enough qualitative open spaces providing plenty of benefits for
urban performance, both in normal (e.g., pre-disaster) conditions and in emergency situations when
a disaster occurs. Open space creates the character and pulse of the city by providing space for the
community to gather, to relax, and attend different cultural and sports events. Thus, it increases
social interactions and influences the community’s behaviour. Open public space supports constant
learning which tightens feedbacks and further enhances social capital and the adaptive response.
When a disaster strikes, another potential of open space is activated by providing spare capacities and
ecosystem services for the affected population. Moreover, a grid street network is a modular system
which has a built-in redundancy for a safe evacuation and successful rescue work [14]. Vacant land
provides spare capacity and flexibility, ensuring that there is a back-up or alternative available that has
the ability to change, evolve and adapt in the face of disaster [15,16]. Parallel to the reconstruction
of the affected buildings, open space has the potential for new buildings and the redevelopment
of a city in the recovery process [17]. However, the suitability of open spaces for urban resilience
depends on the type of open space in relation to the specific disaster and conditions. For example,
an alluvial plain could be good shelter after an earthquake occurrence, but very dangerous in a case
of inundation. In addition, a safe open space should be protected from a secondary hazard which
depends on particular site conditions. Therefore, when planning for resilience, an assessment of open
space suitability should be performed in advance.

There is an extensive range of literature covering urban resilience assessment from varied
perspectives. To find out what are the recent trends on this topic, where are the gaps and what are the
opportunities for further research, a new systematic literature review should be performed. Several
authors have addressed this in distinctly different ways. Most of them studied the thematic evolution
of the topic and current trends, by analysing the number of published papers, leading scholars, research
centres, countries and journals [18-22]. As there is still inconsistency in the definitions of urban resilience,
some authors deal with that problem [18,23]. Another common approach is to analyse the similarities
and differences of the concept of urban resilience applied in different research areas (e.g., environmental
science, engineering, social science, computer science, etc.) [19,20,24]. Some reviews are interested in
the assessment approach of urban resilience which can be qualitative or quantitative [2,23], among them
some surveys deal with specific disaster resilience measures (e.g., composite indicator building) [24].
Moreover, more targeted studies have been focused on special issues. Some researchers consider only
one of the phases of the system’s lifecycle (e.g., after a disaster occurrence [21]), while others are focused
on the specific actions and the particular urban system component (e.g., a design of a public open
space for seismic resilience [25]). Besides searching for academic literature, sometimes grey literature
including government papers, and documents from professional associations and enterprises have
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been part of the investigation, too [25]. Among review articles, bibliometric studies [18,19,22,23,26]
applying different techniques for data analysing (e.g., co-citations, co-authorship, co-occurrence of
terms, etc.,) are often recognized. Some of these techniques are also applied in the presented paper,
while in contrast to previous literature reviews, the focus of this study is on the potential of open space.

The purpose of this paper is to reveal recent trends in studies on urban resilience, find the
gaps in the existing literature, recognize opportunities and set directions for further research.
Specifically, the research attempts to reveal the potentials of open space and its main characteristics for
the purpose of holistic urban seismic resilience assessment. As a starting point, the research hypothesis
was developed that open space has an important role in enhancing urban resilience. On the other hand,
open space has a different impact on system performance when coping with diverse types of disasters.
In the case of a severe earthquake, the open space could significantly contribute to sufficient city
performance. Therefore, open space and its restorative capacity should be included in a comprehensive
assessment of urban seismic resilience, considering both its quantitative, as well as qualitative attributes.
On the basis of the resilience assessment, the actions for a quick emergency response and strategies for
the effective recovery of the affected urban system could be planned. Finally, on the basis of a literature
review, the draft model for the seismic resilience assessment of a complex urban system is presented.

2. Materials and Methods

The presented research was conducted in the first quarter of the year 2019 and consists of three
stages displayed in Figure 1. In every stage a different search code was used according to the topic
researched. At the same time, the study followed the standard process of systematic literature review
including identification, screening, eligibility assessment and inclusion of searched documents [27].

STAGE 1 STAGE 2 STAGE 3
URBAN RESILIENCE URBAN RESILIENCE URBAN SEISMIC RESILIENCE
& OPEN SPACE & OPEN SPACE
SEARCH CODE: SEARCH CODE: SEARCH CODE:
(TITLE-ABS-KEY ((city OR urban) AND resilien*)) (TITLE-ABS-KEY ((city OR urban) AND resilien*) (TITLE-ABS-KEY ((seismic OR earthquake)
AND (LIMIT-TO (LANGUAGE, "English")) AND ("open space" OR "public space" OR AND ("open space" OR "public space" OR
AND ( EXCLUDE (PUBYEAR, 2019)) void OR "green space")) void OR "green space")))
AND (LIMIT-TO (LANGUAGE, "English")) AND (LIMIT-TO (LANGUAGE , "English"))
7495 AND (EXCLUDE (PUBYEAR, 2019))

records identified
through Scopus
database searching

46 8 3
additional records || additional records || additional records
identified through || identified through || identified using the

Scopus Web of Science Snowball aproach
and screened and ResearchGate and screened
and screened

. !

235
records identified
through narrow down
search and screened

— 5 | documents excluded 57
(not eligible abstract) additional full-text
articles assessed
for eligibility
180

full-text articles . 10 .
assessed for eligibility| — recognized StUd'e_S B
and included on the target topic

in the analysis

67
studies included
in the analysis

‘ Included ‘ ‘ Eligibility ‘ ‘ Screening ‘ ‘Identification‘

Figure 1. Analytical framework (according to PRISMA [27]) for the performed systematic
literature review.
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First, a systematic literature review was carried out to identify recent trends and gaps in the
research on urban resilience. The Scopus search engine was adopted to find academic literature related
to urban resilience. Only documents limited to the English language were selected. All the literature
dated to 2018 was included. To get proper statistical results, the later research was excluded as the
year 2019 was not yet finished at the time of the research. There were 7495 results that met the set
conditions. By reviewing the obtained literature regarding the urban components that were considered
in these studies, gaps and opportunities for further research were discovered.

Second, with regard to the results of the first stage, additional research on open spaces was made.
The search was narrowed down to synonyms for open space (open space, public space, void or green
space) which were detected in the preliminary study of the relevant literature. 235 results were found
on the topic of urban resilience and open space. Among them only relevant papers directly addressing
the topic (180 documents) were selected. The documents which did not directly concern the topic were
excluded (e.g., no disaster resilience, resilience of animal species, no urban resilience, etc.). An analysis
of selected papers on different types of disasters was conducted, as well as a co-occurrence analysis
of terms in the titles and abstracts [22]. The later was conducted by using the bibliometric software
VOSviewer [28].

Finally, a review of the urban resilience literature that presented open space in relation to an
earthquake was studied. As the concept of urban resilience has a broad meaning covering different
disaster management phases and properties of an urban system, there are some more focused documents
addressing one specific issue (e.g., emergency response, system vulnerability etc.). Therefore, some
relevant documents considering open space in the case of an earthquake disaster do not include the
term urban resilience and were therefore not identified in the first two stages (only 10 documents
were recognized). To get a broad range of relevant literature, the term urban resilience was omitted to
set a new search code (Figure 1). Beside Scopus database searching, the search (using a new search
code) was also extended to some other databases (Web of Science and ResearchGate). In addition,
a few documents were identified using the snowball approach [29]. The criteria to include additional
papers was a topic on open space in relation to seismic hazards in urban environments, while all
other documents (considering animal and plant species, mental health, building materials, non-urban
environments etc.) were excluded. The final selection consisted of 67 academic works related to urban
seismic resilience and open spaces. On this final assortment of papers, a co-occurrence analysis of
the terms in the titles and abstracts, as well as citation analysis and a survey on the geographical
issue of documented case studies, were conducted. Besides the analysis of trends, an in-depth study
of the content was performed. A classification of the types of open space according to the disaster
management phases and an assessment approach was made on the final literature selection.

3. Trends and Opportunities in Urban Resilience Research

3.1. Research on Urban Resilience and System Components

An increased interest in urban resilience in the last decade is clearly evident from the graph of
published scientific literature per year (Figure 2). Starting point of the graph was set at 1973 when the
topic on urban resilience was launched with the publication of Holling [8]. To get a broader objective
view of the quantity and trends on the issue of urban resilience in the scientific literature, a notion of
urban resilience was compared to the related concepts of urban sustainability and urban vulnerability.
All three concepts are intertwined and cannot be separated. With regard to the number of publications,
the notion of urban sustainability dominates followed by urban resilience and urban vulnerability.
On the other hand, the trend of publications on urban resilience has a similar curve but approximately,
a five-year time lag behind the trend of urban sustainability.
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Figure 2. Published scientific literature on urban resilience, urban sustainability and urban vulnerability
according to Scopus database.

An analysis of the individual urban components was implemented on the 7495 documents related
to urban resilience. The results show that 20% of the papers consider buildings, 18% infrastructure,
21% social community, and just 3% of the documents deal with open space. Some of the documents
consider two or more components and were therefore taken into account more than once. Consequently,
the shares cannot be summed up to reach 100%. The rest of the papers (around one third of all the
documents) do not address a specific urban component but consider urban resilience in general.
There can be seen an obvious deficit in the researches addressing open space in relation to urban
resilience (Figure 3). Hereinafter, this research was focused on open space and its opportunities for
urban resilience.

buildings infrastructure social community open space
235
5978 6120 5894 7260
. Documents considering a specific component Other documents on urban resilience

Figure 3. Distribution of individual components considered in research on urban resilience.
3.2. Urban Resilience and Open Space

The literature considering urban resilience and open space was revised and 180 relevant documents
were selected for further investigation. The co-occurrence analysis of terms was performed using the
VOSviewer software: terms from the title and abstract were considered with a minimum occurrence
of 25, which was selected by the authors to get a transparent but still data-rich image. Thus, the 50 most
influential terms were selected to be presented in the circles connected to the concept network of terms
(Figure 4). The size of a circle represents the occurrence of a term (the larger the size, the greater the
occurrence), while the links between the circles represent a co-occurrence of terms. The most common
terms are city, resilience and green space, followed by planning, study, approach and management. From the
colours of the circles it can be seen that the recent terms detected in the analysed documents are open
space, concept and approach, while landscape, ecosystem services, sustainability and management appear
in relatively older literature. When it comes to the designation of open space, the term green space
(Figure 4, bottom left) is more frequently used than the concept of open space or public space. Parallel to
this, there is also a noticeable interest in climate change (Figure 4, top left), while no other type of disaster
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is included in the term selection. Therefore, in the selected literature the terms of ecosystem services and
green infrastructure have an important role, both of them closely related to the reduction strategy of
climate change impacts. In addition, by using the co-occurrence analysis the main actions of resilience
management have been exposed: planning, development, strategy, analysis, change, practice, adaptation, etc.
These are mostly related to disaster prevention with the emphasis on adaptation (Figure 4, centre),
while there are no terms of response or recovery.

sustaigability
plagging
climateiechange quality )
strategy effect analysis
. development 4
impact
water use open space
man‘ment adaptation _
/ Clty space
reen infrastructure ‘envirgmment
¥ challenge v pregess community
article paper
urbamarea
health
benefit case study
opportunity site
approach area study
change need place
. e
resilience
nature Ian |‘ pe
ecosystem service pragtice
&green space public space
research rale
concept
person
PRk ———
440 167 47 25 20145 2015.0 2015.5 2016.0
Occurrences Average year of publishing

Figure 4. Results of a preformed co-occurrence analysis of the terms in 180 documents reviewed on
open space related to urban resilience.

Within the co-occurrence analysis the average year of publishing a paper which includes a
particular term has also been taken into consideration. In Figure 4 it is presented by the different
colours of the circles representing the selected term. It can be seen, that the recent terms detected in the
analysed documents are open space, concept and approach, while landscape, ecosystem services, sustainability
and management appear in relatively older literature. It indicates a trend from nature conservation
towards a more proactive understanding of resilience including a human-space oriented approach.

Parallel to the co-occurrence analysis, the selected 180 papers were read through to be classified
with regard to the disaster types considered and the period of publishing (Figure 5). Most of the
researches consider climate related issues. These are researches dealing with floods (16%), urban heat
islands (9%) or climate change impacts (37%). The latter include stormwater, heat waves, air pollution,
drought, landslides, erosion, water pollution, etc. Even though floods and urban heat islands can
be related to climate change, too, we considered them separately if in the documents they were not
explicitly linked. Other documents were focused on general hazards (27%) with no specific disaster
exposed or other disasters (6% of the analysed studies) related to man-made (war, terrorism and air
pollution) and other natural disasters (drought, tsunami, hurricane, wind, fire, etc.). Relatively few
(only 5%) articles dealt with an open space in the event of an earthquake. Considering the period
of publishing, the vast majority of documents were published within the last 3-years (2016-2018).
Studies dated before 2010 considered only general hazards or other types of disasters. Researches
dealing with heat, floods or climate change appeared after 2010, while studies on seismic hazards were
published only after 2013. This fact indicates that the importance of open space for seismic resilience is
an emerging topical issue which calls for further research.
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Figure 5. A chronological distribution of disaster types considered in the literature on open space
related to urban resilience.

3.3. Open Space Related to Urban Seismic Resilience

The findings obtained in the previous analyses (see Sections 3.1 and 3.2) indicate a lack of studies
on open space and seismic resilience. To get the relevant results, the same objective criteria for searching
were established for all the investigated components. It is assumed that the relations stay the same
if we equivalently expand or limit the search for all individual components. Therefore, to gather a
wider range of literature considering the target topic on the impact of open space for seismic resilience,
an extended systematic review using the snowball approach, and additional search in the relevant
databases (Scopus, WoS, ResearchGate) were performed (see Section 2). It was observed that the
concept of urban resilience was not usually used when addressing open space in relation to seismic
hazard, even though the researches directly or indirectly consider that issue. Thus, the additional
search was implemented without searching for terms of urban resilience. Finally, 67 relevant papers
examining the role of open space in the event of an earthquake were found.

As in the previous stage, a co-occurrence analysis of the 67 finally selected papers was conducted.
The selected results are presented in Figure 6. Terms from the title and abstract with a minimum
occurrence of seven were included to get the 50 most frequent terms. City, earthquake and open space
have the highest frequency in the 67 finally selected papers. The importance of these terms is also
supported by the link strength. The strongest links were related to city or earthquake to area, resilience,
study and open space. When addressing the average time of publishing, accessibility, shelter, urban system
and resilience were recognized as the most recent terms. On the other hand, the oldest terms were
vulnerability, planning and urban design. In contrast to the previous analysis of 180 researches related to
open space and urban resilience, the term open space is much more frequently used than green space.
It can be concluded that in terms of earthquake occurrence, greenery does not play such a big role
as in terms of climate change. As in the previous analysis, among the most frequent terms, resilience
and planning appear. This indicates the importance of planning ahead to ensure urban resilience.
In contrast, the most presented resilience management actions were evacuation (response) and recovery
(Figure 6), while prevention actions do not appear in the co-occurrence analysis carried out in this
stage of the research.
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Figure 6. Results of a preformed co-occurrence analysis of terms in 67 documents reviewed on open
space related to urban seismic resilience.

Besides the analysis of trends and topics, an in-depth study of the content of the 67 finally selected
documents was performed. As recognized in previous stages, the topic on open space in relation to
urban seismic resilience has not been well researched yet and it is still developing. The most influential
research groups with the highest number of cited papers under consideration are Allan et al. [14,30-32]
and Villagra et al. [33-37], which have till the time of this research achieved around 80 and 35 citations,
respectively. On the other hand, due to this emerging topic many of the documents of the other authors
had only just been recently published and therefore received fewer citations. It is expected that their
impact will grow in the future in parallel with the topic evolution.

As an earthquake is a specific type of hazard which is closely related to a local context, a correlation
between the location of a case study and the seismic hazard was analysed. The results are shown in
Figure 7 presenting the sum of documents considering a case study of a certain country attached to a
map of a global seismic hazard (obtained on-line [38]). Similar to the identified citations of specific
research groups, a concentration of case studies on certain countries was observed. Moreover, the most
influential and prolific research groups recognized, were directly related to the most presented case
studies, both in terms of authors’ origin and case studies’ location. A New Zealand research group
around Allan did a wide research on the case studies of New Zealand, Chile and Japan, while Chilean
researchers around Villagra presented the case studies pertinent to Chile. Nevertheless, some areas
exposed to extreme seismic hazards are poorly researched in case studies which can be observed from
the results shown in Figure 7. It indicates a lack of local awareness of the importance of open space for
seismic resilience. Consequently, these areas may not benefit the whole potential of open space for
urban seismic resilience.
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Figure 7. The sum of the case studies (pertinent to a specific country) on open space related to
earthquakes, which is presented on a map of global seismic hazard (adopted from [38]).

An in-depth content study revealed that quality urban open spaces provide the essential properties
(e.g., flexibility, modularity, redundancy, etc.) and abilities (e.g., for spare capacity, limited or safe
failure, rapid rebound, room to move, ecosystem services, etc.) to improve the resilience of the
urban system. But not all open spaces provide the same level of resilience. There are some specific
characteristics of resilient urban structures. Resilient streets should be straight, wide enough and
free of obstacles [39]. A regular grid structure of street networks creates flexible, well connected and
redundant systems. Mixed land use and a diversity of open spaces increase social capital, rather than
exclusive land uses or private residences [15]. Both spatial and functional diverse open spaces are
important for the enhancement of flexibility and adaptability, allowing individuals and communities
to actively choose appropriate shelter sites [40]. Green spaces providing local and widely dispersed
ecosystem services (food from urban gardens, multiple sources of water) enable a faster recovery
and a successful adaptation after a disaster strike [30]. Furthermore, when planning for the urban
resilience to earthquakes, the secondary hazards should not be neglected. Safe places for evacuation
and refuge should avoid objects susceptible to fires or explosions, the soil has to be solid and not
exposed to landslide or liquefaction, and places in the proximity to water require an elevated terrain
for evacuation and sheltering. Hills provide appropriate space for the latter as a safe area protected
from tsunamis, as well as strategic viewpoints in case of fire [30].

From the selected literature, it was found that three main types of open space dominate: green
open space, built-up open space and undeveloped open space. The most represented types were
classified and presented in Table 1. Green open spaces consist of natural elements (e.g., grass, shrubs,
trees, water bodies, etc.) with little human intervention. Built-up open spaces consist of built elements
with little or no vegetation. The third type of open space is called undeveloped space or vacant land.
Allan et al. [14] defined it as residual or left-over space, sometimes referred to as urban voids—large
tracts of public space unfit for development, with permeable edges and integrated within or adjacent
to the urban fabric. Many of these spaces have no particular function or are very loosely programmed,
making them essentially redundant to the everyday operations of the city. Some studies which address
open space do not define a specific type or it is not recognized. Therefore, in Table 1 they were placed
in the fourth group labelled “not defined”. There are also some types of open space that could be
classified either as green open spaces or built-up open spaces. For example, playgrounds could be
formed on grass, sand or artificial surface and could be consisted of natural or mostly built-up elements.
The same dilemma exists when considering sports facilities. Therefore, a decision on how to classify a
specific open space depends on expert judgement and the specific situation. It should be stressed that
most of the 67 analysed papers consider several types of open space, while only a few are focused on
one specific type.
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Table 1. Seismic resilience actions (pre- and post-disaster) and the assessment approach (qualitative, quantitative and semi-quantitative) of different (sub)types of

open space.
. . 1 1
Types of Subtypes of The Sum of Disaster Management Actions Assessment Approach
Open Space Open Space References Documents PRE-Disaster POST-Disaster Qualitative Quantitative  Semi-Quantitative
(%) (%) (%) (%) (%)
parks [2,14,15,25,30-33,37,39-66] 37 43 95 54 30 16
[2,14,25,31,32,42,43,46,48-50,
gardens 52,54,56,59,67] 16 56 94 81 13 6
Green open water bodies [14,15,30,33,35,37,41,43,48,56] 10 40 90 50 40 10
spaces
P wetlands [14,30,35-37,50] 6 50 100 50 50 /
forests [43,48,50,63] 4 100 75 50 25 25
hills [14,30,33,35,41] 5 20 100 60 40 /
playgrounds [43,44,46,47,54,56,59,63] 8 88 88 25 38 38
sport facilities [33,35,50,63,64,68] 6 67 100 33 50 17
[2,14,15,25,30-33,35,37,39-46,
streets 48°50,53-59,64 67 69-76] 38 42 95 55 34 11
Built-up [14,15,25,30-33,37,39-42,44-46,
open spaces squares 48,49,53,55,58,59,69,70,77,78] % 44 100 68 24 8
car parks [33,43,56,78] 4 75 75 25 50 25
courtyards [33,44,56] 3 67 100 / 67 33
[2,14,15,30-33,35,37,39,44,46,
Undeveloped spaces 48,50,52,53,55,67,70,71] 20 40 100 65 30 5
Not defined [34,68,74,75,77,79-93] 12 83 50 50 17 33

! The results are displayed as a percentage of the total number of documents addressing the particular subtype of open space.
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After classifying the prevailing groups of open spaces, an analysis of pre- and post-disaster
actions as well as an assessment approach was conducted (Table 1). The pre-disaster phase includes
mitigation and preparedness actions, while the post-disaster phase is oriented towards response and
recovery. Adaptation is usually a long-term process which takes place both before and after the disaster
occurrence. Besides resilience management actions, the assessment approach used in documents was
analysed. The assessment approach is divided into qualitative, quantitative and semi-quantitative.
The latter presents a simple counting method or basic statistics of qualitative attributes. The results
presented in per cent refer to the sum of documents for each individual type of open space. The sum of
the shares of disaster management actions is not obviously 100% as some documents may include both,
pre- and post-disaster actions. The results of the analysis show that in terms of resilience, open space is
especially important in the post-disaster time, playing a crucial role in the evacuation and recovery of
the whole system. Furthermore, a lack of quantitative studies addressing open space related to urban
seismic resilience was observed.

4. Integrating the Potential of Open Space into the Complex Urban System

The concept of urban resilience is a topical issue indicated by a significant increase in interest.
However, not all urban components are equally researched. Since there is a lack of studies on open
space for urban resilience, this issue has been investigated in the presented paper. The meaning of
green space for resilience management actions was recognized as a core topic in the literature on urban
resilience and open spaces. On this point, the concept of urban resilience overlaps the notion of urban
sustainability. Since green open space has an important role when coping with a disaster in an urban
environment, it should be included in the strategies of disaster management. In the selected literature
(180 documents on open space and urban resilience) the concept of green space has a much greater
occurrence than the notion of open space. It is related to the prevailing theme of the climate change
issue, as greenery plays an important role in reducing the adverse impact of this specific disaster.
When considering the resilient management actions, there is an emphasis on disaster prevention that is
also related to the topic of climate change, as it is a long-lasting progressive process. Coping with such
a type of disaster requires actions of adaptation for the reduction of adverse effects which could be
planned ahead.

Even though, most of the researches considering open space in relation to urban resilience are
focused on climate change issues; there are also other types of disasters which deserve more attention.
In this research, a lack of studies on open space for urban resilience in the case of an earthquake
occurrence was recognized. A strong increase in interest on open space related to seismic resilience
has appeared only in the last decade. Based on the literature review performed we can state that in
the process of resilience management actions, the open space is particularly important during the
evacuation time and crucial for the efficient recovery of an urban system affected by an earthquake.
A network of open spaces, called “a second city”, is activated when an earthquake strikes and provides
a safe place for evacuation, community gathering, and temporary shelters. It provides essential
life support in terms of ecosystem services and the distribution of aid as goods, health services and
commerce. Open space is an agent for recovery and adaptation as a site of operational bases for
reconstruction work. While at the pre-disaster time most actions are focused on retrofitting the built-up
environment and lifelines [94-97], open space (as well as social community) contributes to resilience
the most at the emergency response (evacuation) and during the reconstruction phase. On the other
side it is important to plan ahead and thus ensure the restorative capacities of both open space and
social community before the earthquake strikes.

There is a noticeable difference between coping with climate change or an earthquake. Climate
change is a slowly progressive process which can be measured and the impact quite accurately
predicted. On the other hand, an earthquake is an acute disaster which strikes suddenly and could
not be foreseen. Therefore, dealing with a seismic hazard requires a quick and effective response
as well as planning ahead for an effective coping strategy. Moreover, all the resilience management



Sustainability 2019, 11, 5942 12 of 20

actions are mutually dependent and cannot be treated separately. For example, the action of response
should be planned in advance and therefore requires a good community preparedness. Nevertheless,
urban resilience to both climate change and earthquake could be enhanced through the process of
sustainable urban management including stakeholders’ participation [98]. Furthermore, another
difference between coping with these two types of disaster exists. When considering the impact of
climate change, greenery plays a key role for the mitigation of adverse effects, as it helps to reduce
the air temperature, pollution and extreme weather events. In the case of an earthquake occurrence,
green space is not more important than built-up and undeveloped open space. Built-up open space as
a primary place for evacuation and emergency rescue operations has thus a crucial importance for
recovery after an earthquake. In addition, undeveloped space is essentially redundant and therefore
flexible to meet the need for recovery, providing unused space for new development.

To sum up, not all open spaces are suitable for all types of disasters. While lawns near water
sources present a threat in the case of flooding, it can be a shelter when an earthquake strikes.
Besides this, certain properties of individual types of open spaces are required. In the case of an
earthquake, a grid street network with straight, wide and free passes contribute to efficient rescue
actions. Open spaces on public premises with access to ecosystem services provide shelters when
recovering. While undeveloped lands offer a space for new constructions and urban development.
Last but not least, resilient open spaces should be safe from secondary hazards (e.g., tsunami, landslide,
liquefaction, floods, fire, and explosion).

An important part of planning for resilience is also a holistic resilience assessment of a considered
urban system. As the topic is new and still developing, there is no consistency in seismic resilience
evaluation. For the purpose of resilience assessment, a spatial analysis of build environment [99]
should include an evaluation of open space. Nevertheless, a lack of quantitative studies on open
space for urban seismic resilience has been recognized in this study. There are some attempts at the
quantitative assessment of the quantitative and qualitative properties of the open space [100-102],
but it is still a challenge on how to measure qualitative attributes. When measuring urban system
resilience, besides the degree of damage, there is also an uncertainty about population response and its
evacuation behaviour. To enhance urban resilience by using comprehensive evaluation and successful
resilience planning, these issues should be addressed in further research.

When analysing the time of the terms occurrence in the literature (Figure 6), recent research
trends were recognized to address a city as a complex urban system and assess resilience by using a
complex network approach. Focus is not only on the vulnerability of built-up structures, but also on
the accessibility of shelters and the overall system performance. The research tendency has switched
from vulnerability assessment towards a more comprehensive resilience assessment, since the urban
planning approach has been replaced by a complex system approach, where different urban components
form interdependent networks.

The potential of open spaces should not be missed when evaluating urban resilience. Therefore, the
authors’ draft proposal for modelling an urban system incorporates open spaces, as well as other
urban system components (buildings, infrastructure and social community) in the computational
model (Figure 8) [2,5]. An urban system can be presented as a graph using vertices (buildings and
open spaces) and edges (infrastructure). Social community is the capacity of vertices (representing
buildings), which dictates the system response and influences the recovery process. Similarly, every
vertex of open space has its specific characteristics represented by the vertex weight in the mathematical
model. The value of the weight is the composed index of different measures of quantitative [100,101]
as well as qualitative attributes [102] (Table 2). While measuring quantitative features are quite clear,
measuring open space qualities requires the conversion of the descriptive properties into the metric
values. Expert judgement and normalization would be applied to get comparable and compatible
values. The higher the sum of all the measures, quantitative as well as qualitative, the more valuable is
a specific open space for the overall system performance, both in normal conditions and under the
influence of a disaster. Furthermore, open space should also be assessed at the system level.
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urban system before an earthquake urban system during an earthquake

urban system just after an earthquake urban system after recovery process
O infrastructure - intersection @ building @ affected building @ new building
/ infrastructure - link @ open space / affected infrastructure // new infrastructure

Figure 8. Proposed draft computational model of an urban system with the potential vertices of open
spaces, which could be activated after an earthquake strike.

Table 2. Qualitative and quantitative attributes of a single open space given by the index, description

and expressions for quantitative measures.

Quantitative Attributes Qualitative Attributes
Area size given in absolute . vegetation, bare soil and
A . A= L - .
rea or relative measure size and cover impervious land
I Distance to city centre, . water, food, raw materials,
Accessibility hospi Y D = dyearest ~ Ecosystem services
ospital, nearest road, etc. energy sources
. Complexity of Er Exposure to tsunami, landslide, liquefaction,
h d - . LSI = ’ . L !
Shape index shape configuration [100] 2vVnA  secondary hazards floods, fire, explosion

The performance of the whole system would be then assessed using algorithms of the graph theory
at different times—before, during, and immediately after the disaster occurrence and after the system’s
recovery process. A total system performance is proposed to be expressed by a composite measure
which combines multiple figures-of-merit [103-106] (Table 3). Before a disaster occurrence, open spaces
(green colour in Figure 8) serve a different purpose than in the time of emergency. For evaluation,
only the properties for the performance in normal conditions were considered, while the potential for
seismic resilience has not yet been activated. When disaster strikes, some vertices are affected and
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some edges are interrupted (red colour in Figure 8). The potential of open space vertices is activated
and new edges can be formed to ensure a still sufficient system performance in the time of the response
to a disaster. Later, during the evacuation and adaptation, open spaces present places for temporary
shelters as well as sites for an operational base. They can provide space for new constructions where
the reconstruction of the affected buildings cannot be conducted on site. Therefore, new vertices
and edges (blue colour as seen in Figure 8) form a new graph with a different performance from the
initial ones. The goal of a resilient system is to achieve at least the pre-disaster performance level in
an acceptable time. The adaptive and highly resilient urban systems are capable of improving their

performance in comparison to their pre-disaster functioning.

Table 3. An ensemble of measures and indices of graph theory appropriate for the assessment of urban

system performance.

NetwoFk Measures and Indices Description Equation
Properties
Vertices/ edges The number of vertices/edges. v, e
Route Route length of the network [km)]. R
The territorial occupation of a transport
Overall health Network density network in terms of km of links (R) per p= %
square kilometre of surface (S).
Pi index The ratio of total route length and the R
length of the network diameter D. T=D
Eta index Average length per link. n= %
Average number of edges incident on the T_1% ..
Average degree vertices (11). d=3 El n;
Number of fundamental circuits in the
Cyclomatic number network, where p is the number of u=e—-v+p
sub-graphs.
Alpha index Degree of CyChClty; ratio of number of cycles "
Connectivity to the possible maximum number of cycles. 20-5
The ratio between the number of edges and
Beta index number of vertices, equivalent to the B=¢%
average degree.
Gamma index Ratio of the number of edges to the y=
maximum possible number of edges. 3(v-2)
Betweel'mess Ceptrahty Number of times a vertex is crossed by the =Y k(i)
(applies to a single shortest paths in the graph (oix) & iz K
vertex) P graph 9ji)- /
. The length of the shortest path between the _
Diameter most distanced vertices of a graph. b= max(d,] )
Radius The length .of the shorte.st path between the e min( d; )
least distanced vertices of a graph. ]
Accessibility

Characteristic path

The average shortest path length between

length all pairs of vertices in the network.
- The average inverse shortest path length in E=-Ll_y 1
Global efficiency the network [107]. o(o-1) 2 4

Note: d;j—distance of the shortest path between O-D pair (i, j).

5. Conclusions

In the presented research, it was found that most studies on urban resilience consider buildings,
infrastructure and social community, while there is a significant lack of research on the impact of urban
open space on urban resilience. Among the latter there was observed a dominant focus on the climate
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change issue. On the contrary, a topic on the importance of open space for urban seismic resilience is
rare in the existing scientific literature. The interest in this issue has only appeared in the last decade,
which offers an opportunity for further research.

There are some important differences considering resilience to a climate change or an earthquake.
While climate change is a long-lasting and slowly progressive process, an earthquake strikes suddenly
and unannounced. Therefore, coping with climate change requires constant adaptation, while seismic
impact reduction addresses a quick response and effective recovery strategies. Green open spaces
contribute to climate resilience enhancement. On the other hand, not only green space, but also built-up
and undeveloped open space have an important role for urban seismic resilience.

Resilient open spaces are distinguished by their specific characteristics which depend on specific
types of disaster and particular site conditions. These characteristics are the qualitative and quantitative
properties of resilient open spaces which should be evaluated for the holistic resilience assessment
of an urban system. In the performed literature reviews, a lack of quantitative studies on open
space for urban seismic resilience has been recognized. To address this issue, the authors’ conceptual
proposal for the quantitative assessment of an open space, including interactions with other urban
components, is presented. The proposed draft concept applies a complex network approach for
the seismic resilience assessment of the urban system as a whole. The urban system modelled as
a mathematical graph, contains all urban components, including open space. Beside the general
resilience, the conceptual evaluation model allows the identification of critical points and bottlenecks
in the system. Therefore, it can serve as a basis for the actions of urban resilience enhancement.

The strategy of urban resilience enhancement has an important impact on urban landscape
configuration, city layout, engineering, hydro-engineering, urban economy, agriculture, mobility,
and especially emergency management of urban systems. To achieve the goal of a resilient system,
the qualitative and well-distributed open space can make a significant contribution to emergency
response and city recovery. Considering this, for further research it is planned to work on the realization
of the proposed draft model, which would allow seismic resilience assessment by applying algorithms
of the graph theory. Moreover, to contribute to resilience enhancement different simulations of the
urban system recovery scenarios based on the potential of open space would be performed.
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