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A B S T R A C T

Transport infrastructure systems (TIS) are key enablers of economic development and welfare.
However, such infrastructures are exposed to natural and anthropogenic hazards that have
caused structural failures, traffic disruptions, injuries and fatalities, and damages to the
environment. These past events have underscored the need for more resilient transportation
systems. However, reducing risks and achieving more resilient infrastructure systems may result
in greater resource consumption and environmental impacts, demanding the consideration
of sustainability requirements in the management of TIS. Therefore, this paper conducts
an exploratory study to map the current knowledge in the domain of risk, resilience, and
sustainability management of TIS. As a first step, the system identification of TIS in the context
of their management is conducted for the purpose of providing the basis for searching for
relevant information. This step sets the baseline for conducting a bibliometric analysis of 16,395
scientific works extracted from the Scopus database between 1990 and 2022. Two quantitative
bibliometric techniques are used, namely term co-occurrence and bibliographic coupling. The
former technique allows to distinguish the different disciplinary contributions and to identify
research gaps. The latter technique facilitates the identification of the main contributors
(authors and countries) and the relatedness of research communities. The bibliometric analysis
performed provides the basis for future research and development to improve the management
of TIS and highlights the potential for transferring knowledge from other research domains.

1. Introduction

Transport infrastructures have a wide range of beneficial impacts on economic welfare and equity, as well as on reducing
prices and boosting levels of investment, trade, and productivity [1]. It is estimated that low and middle-income countries will
need to invest in new transport infrastructure between 0.5% and 3.3% of their gross domestic product (GDP) annually (US$157
billion to US$1 trillion) by 2030, plus an additional 1.1% to 2.1% of GDP annually for maintenance of existing and new transport
infrastructure [2]. Maintenance costs are even more relevant than new investment costs for countries with large transportation
networks, such as European countries, with the aggravating fact that failing to perform routine maintenance will result in poor
service and will cost 50% more overall because of additional rehabilitation needs [2].

Transportation networks have a wide geographical extension, exposing each infrastructure asset to stressors such as floods,
earthquakes, tsunamis, landslides, hurricanes, wildfires, or extreme temperatures. This exposure, in combination with the inherent
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vulnerability of transportation assets, have led in the past to huge economic losses. According to Koks et al. [3], Global Expected
Annual Damages (EAD) due to direct damage from natural hazards to road and railway assets range from US$3.1 to US$22 billion,
of which approximately 73% is caused by surface and river flooding. The estimated EAD can reach 0.5% to 1% of GDP annually
in some countries, which corresponds almost to their national transport infrastructure budget. Natural hazards not only damage
physical assets but also disrupt infrastructure services, with significant impacts on businesses and people. The World Bank estimated
in $107 billion a year the impacts of transport infrastructure disruption on the capacity utilization rates of businesses from low-
and middle-income countries [4]. The impacts included business losses and delayed supplies and deliveries. Other indirect impacts
in the long-term were not covered, such as loss of international competitiveness, which highlights the substantial cost of unreliable
infrastructure networks.

Challenges in the management of transport infrastructure systems are likely to be exacerbated due to the increase in frequency
nd magnitude of extreme weather events attributed to the warming of the climate system due to anthropogenic emissions of
reenhouse gases [5]. In fact, the World Meteorological Organization (WMO) has shed light on the escalating impact of weather-
elated disasters over the past five decades (1970–2019). Drawing from EM-DAT records, the report highlights an increase of
even times in economic losses from the 1970s to the 2010s. Specifically, the losses documented during 2010–2019 averaged
t US$ 383 million per day over the decade, a sevenfold increase compared to the amount reported from 1970–1979 (US$ 49
illion) [6]. The large evidence of direct and indirect impacts that transport infrastructure networks face due to natural hazards

t the global level has attracted the attention of the research community and the public authorities at local and global scales to
llocate resources in terms of knowledge, time, and money, for improved risk and resilience management of existing and new
ransport infrastructure systems. The concept of risk as a measure to deal with and communicate the uncertainties associated with
he outcomes of decisions has been used for decision support in engineered systems over many years [7,8], and has been incorporated
nto standards and regulations (e.g., [9,10]). However, conducting a risk assessment for transportation networks can be particularly
hallenging. Transport infrastructure systems have become increasingly complex due to the large number of interconnected physical
ssets and the different services that the system provides. In the case of an extreme natural event, physical damage may occur to
ne asset or to several assets simultaneously, in which each particular case would induce different direct and indirect impacts.
oreover, they are interconnected with other complex systems such as communication, power, and building infrastructure systems.
iven the extent of the system and budget constraints, it is evident that strengthening all transport infrastructure assets to a very
igh safety level is not a cost-effective measure [3]. Thus, the system modeling should enable the identification of the more relevant
cenarios contributing the most to the risks to prioritize the mitigation measures for the more critical assets, which could guarantee
minimum transportation functionality despite disrupted parts of the network. Several approaches have been developed to assess

isks for transport infrastructure networks (e.g., [11–13]). Nevertheless, there is usually a lack of completeness in integrating all
odeling aspects consistently in a spatial–temporal manner, i.e., hazard modeling, fragility assessment of system constituents,

ransportation network analysis, assessment of consequences to health, environment, and economy, and particularly in integrating
he quantitative risk modeling results into decision-making processes for the definition of mitigation measures. Significant challenges
or implementing these modeling frameworks arise from gathering all relevant data, computational costs associated with complex
odels (e.g., finite element structural models, agent-based traffic models), and major uncertainties involved in modeling and
redicting the performance of TIS. In addition, consequences typically considered are too narrowly defined to the transportation
ector and do not consider inequality of impacts across the population [14].

On the other hand, compared to risk assessment, resilience management of engineered systems is a more recent research
ield despite the concept being introduced some decades ago in the field of ecology [15]. Resilience is a more holistic system-
evel approach and can be understood as the ability of interlinked social-ecological-technical systems to sustain and recover from
isturbances over time without support from the exterior [16]. Several methodologies for resilience assessment of TIS have been
roposed in the literature, ranging from qualitative and semi-qualitative to fully quantitative methods, using a wide variety of
esilience indicators and metrics which are typically selected depending on the perspective, objective and scale of the analysis
see, e.g., [17–21] for an overview). Generally, the resilience of TIS has been quantified using the system recovery curve, also
nown as the resilience curve, through different mathematical formulations. The first and most influential formulation introduced
y Bruneau et al. [22] for seismic resilience of communities has been broadly used and adapted for resilience analysis of TIS.
ollowing this approach, resilience is quantified as the integral over time of the system recovery curve after a disturbance event.
herefore, resilience is characterized by the drop in the service provision after a disruptive event which relates to the robustness of
he system, and the particular shape of the recovery curve is related to systems characteristics such as preparedness and adaptive
apacity, which determine the time to fully recover the service and the rapidity of recovery. Resilience loss is then assessed by the
ifference between the service provided if no disturbance event occurs and the service provided if a disturbance event occurs, often
eferred to as the resilience triangle. More recent approaches have proposed extensions to this formulation, e.g., systems recovering
o higher/lower service provision than before the disruptive event (e.g., [23]), as well as more advanced mathematical formulations
or resilience analysis and metrics (e.g., [24]). In addition, great attention has been given to the representation of the impacts of
isturbance events on the service provision (e.g., [25,26]), and the characteristics of the recovery phase to define optimal strategies –
n terms of resource coordination and sequence of repairs – following the event (e.g. [27–29]). However, as highlighted in [16,30],
ystems resilience models and assessments should also explicitly address the generation of system capacity, which is critical for
uccessful and rapid reorganization, adaptation and restoration of service after disturbance events. This capacity develops over time
hrough the service provided by the system. When a disturbance event occurs, some of this capacity is lost as it is needed to restore
ystem functionality. At any given time, if any of the available system capacities, economic, social, and/or environmental, are no
2

onger sufficient to restore system functionality, this can be defined as a resilience failure event. Therefore, systems resilience should
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Fig. 1. Connections between risk, resilience, and sustainability with assessment metrics and techniques.
Source: Adapted from Faber [31].

e approached probabilistically and within a life cycle framework as the one proposed by Faber et al. [16], in which scenarios of
enefit generation and losses are modeled and analyzed. In addition, the resilience of infrastructure systems is generally addressed
t a small geographic scale, i.e., at the community or regional level, and at a short-term time scale. However, when the boundaries
f resilience assessment are extended to the global scale and the long-term time scale, the capacities considered in the modeling of
esilience failure must include the Earth system capacities, implying an evident coupling with sustainability. Therefore, by analogy
ith resilience failure, sustainability failure can be introduced as the event in which one or more of the Earth system’s capacities to

ustain human activities is exceeded. These formulations imply that sustainability and resilience failures are equivalent at the global
arth scale, and at the local level, resilience is conditional on sustainability [16]. Fig. 1 illustrates these interrelations between
isk, resilience, and sustainability in the context of decision support for resilient and sustainable societal developments [31]. It
an be observed that a resilient infrastructure system provides benefits to society in terms of economy, livelihoods, safety, and
ealth, but, at the same time, imposes resource consumption and emissions to the environment. Thus, these trade-offs must be well
nderstood when deciding how to optimize the resilience of infrastructure systems while guaranteeing long-term sustainability.
hese interrelations and conflicts between resilient and sustainable infrastructure systems have been recognized over the past years
nd have received increased attention (see e.g. [14,32–34]).

Based on the foregoing outlined challenges, the present study aims to establish a better understanding of the current state-of-
he-art in the domain of risk, resilience, and sustainability management of TIS, with a focus on flood hazards. This focus is chosen
iven the challenges posed by climate change effects and the fact that floods generate the largest amount of economic damage
or the transport sector among weather-related disasters. To the best of the authors’ knowledge, previous state-of-the-art articles
o not review risk, resilience, and sustainability concepts jointly, nor do they analyze the context of the TIS in terms of decision
akers, stakeholders and their preferences, decision alternatives, and state of knowledge for managing the system. To that aim,

his work outlines a generic and comprehensive system identification of TIS following the systems modeling framework of the JCSS
35]. This step sets the baseline for conducting a bibliometric analysis, which is a quantitative method for exploring and analyzing
arge volumes of scientific data, along with science mapping, that can facilitate deciphering and mapping a particular knowledge
omain [36,37]. Two quantitative bibliometric techniques, namely term co-occurrence and bibliographic coupling networks, were
mployed to analyze the scientific literature from the emergence of the field in 1990 until 2022. The Scopus database was selected
ue to its extensive publication coverage within the research domain under study. The term co-occurrence technique is useful
or identifying patterns and trends in the research field, studying how different sub-fields are interconnected, finding potential
pportunities for bridging the gaps between sub-fields, and searching for approaches in other research domains which could
e imported. The bibliographic coupling technique identifies the main contributors to the research domain (authors) and their
eographic distribution (countries).

Section 2 describes the methodology proposed for performing the bibliometric analysis. Section 3 presents the results and
nterpretation of the bibliometric analysis. Section 4 discusses the main research findings and the potential for filling out the
dentified gaps, which provide the basis for future developments. Finally, Section 5 provides conclusions and an outlook for future
3

esearch to improve the risk, resilience, and sustainability management of TIS.
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Fig. 2. Workflow of the methodology for conducting the bibliometric analysis.

2. Methodology for the bibliometric analysis

The methodology followed for conducting the bibliometric analysis consisted of four main steps, as depicted in Fig. 2. The first
step is termed the research design and comprises the definition of the aim of the analysis and the system identification for the
purpose of setting the scope of the analysis. The second step involves the definition of the search queries based on the research
design and the data collection and cleaning. In the third step, the techniques for the bibliometric analysis are selected, and the
networks to visualize the results are constructed. Finally, the fourth step consists of data interpretation and analysis. Further details
concerning each of the steps are given in the following.

2.1. Step I: Research design

The first step in any bibliometric analysis is planning the research. This includes determining the main objective of the study
and defining the research questions. In addition, the scope of the study should be defined, which requires an understanding of the
system under study. Usually, the scope of a bibliometric study is defined by search terms selected by experts. In this work, the
system identification is proposed as the basis for defining the scope of the bibliometric study. This approach allows for a thorough
understanding of the system under study, i.e., transport infrastructure systems, and provides the logic for searching the relevant
information in the context of their management.

2.1.1. Aim of the bibliometric study
The main goal of the bibliometric analysis in this study is to understand the current state of the art in the domain of risk,

resilience, and sustainability of TIS affected by flood events in the context of managing and governing the system. To gain
this understanding, the following research questions are formulated: (i) How has the research domain grown over the past few
decades? (ii) What are the main disciplines contributing to this research area? (iii) Are there potential gaps (research needs) in the
existing knowledge? (iv) Are there approaches in other research areas outside the specific context of floods that could be imported
4
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(knowledge transfer)? (v) How is the distribution of the research among expert communities and countries? It should be noted that
bibliometric studies allow us to identify where the major research streams have been concentrated, and the observations that can
be derived are consistent with this big picture, where outliers are not the focus.

2.1.2. Scope of the study: System identification
The system identification comprises a description of the system’s physical characteristics, temporal and spatial boundaries, main

unctionalities, exposure events and potential associated consequences, decision makers, stakeholders and their preferences, and
lausible decision alternatives for managing the system and their effects on system performance [35,38]. When analyzing TIS,
here may be different choices of scale to represent the system. For instance, Fig. 3 depicts an illustration of different choices of the
patial scale for the system representation. At the first scale (Level 1), the system can be a roadway network, and the constituents are
ifferent infrastructure assets, namely bridges, embankments, tunnels, retaining walls, and pavements, among others, which interact
ith each other to provide their intended service, i.e., transportation for people and goods. At the second scale (Level 2), each

nfrastructure asset is a system that provides connectivity at one specific location in the network. The asset system is comprised of
everal interacting constituents, namely structural components (e.g., bridge components might be deck, piers, abutments, foundation,
earing devices), non-structural components (e.g., pavements, guardrails), as well as monitoring and control systems installed at
he assets (e.g., structural health monitoring devices). Each component can be considered a subsystem, constituting the third scale
Level 3). Each subsystem consists of interacting constituents, e.g., the foundation subsystem can comprise individual piles and a
ile cap. Therefore, the system representation for decision analysis must be chosen in a way that facilitates the quantification of
he expected values of benefits corresponding to the decision alternatives under consideration. The decision alternatives can thus be
onsidered as the drivers for identifying the appropriate scale for the system model [39]. Fig. 3 presents some examples of relevant
ecision alternatives depending on the spatial scale of the system. At Level 1, decisions may relate to, e.g., the minimum safety
evel required for individual bridges, guaranteeing certain network functionality and connectivity for evacuation routes, among
thers. At level 2, decisions may pertain to strengthening bridge components to achieve safety, defining the optimal frequency of
nspection and maintenance, installing sensors to monitor the condition of components, and others. Finally, at Level 3, decisions
re more specific to the component under study, e.g., for a pier foundation subjected to scour, plausible alternatives may be to
rotect the foundation using riprap, installing sensors for monitoring the scour depth, among others. Moreover, the temporal scale
f the system representation should also be consistent with the planning horizon of the decision problem. For instance, decisions
ade at the strategic level typically have a long-term perspective, which requires modeling the system in the long run. Conversely,

t the operational level, decisions generally concern the management of the system from a more short-term perspective, focusing
n day-to-day inspection, monitoring, maintenance, and repair activities. Lastly, at the tactical management level, which generally
oncerns loss reduction, it would be relevant to have a temporal system representation that supports decisions to react during the
azard event, e.g., evacuation and emergency response plans.

Depending on the spatial and temporal scale of the system representation, the definition of the exposure of the system and the
onsequences would also vary. In general, TIS exposure may comprise any threat that potentially results in the failure of physical
nfrastructure or disruptions to their functionality. Characterizing these exposures requires a joint probabilistic model considering
ll relevant impacts relative to time and space. Since the emphasis of the present study is given to flood hazards, the system
epresentation of Fig. 3 provides examples of exposure events related to traffic overloading, floods, and degradation, at each spatial
cale of the system. At Level 1, the exposure characterization requires consideration of the spatial correlation between hazard
ntensities at each asset location in the network. In addition, individual assets may be threatened by different degradation processes
hat should be characterized, such as corrosion, fatigue, erosion, among others. At Level 2, the characterization of exposure is asset
pecific and should take into account the correlation of hazard intensities acting on each component and the degradation processes
pplicable to each bridge component. Similarly, the Level 3 exposure characterization is component-specific and may address in
ore detail the modeling of each phenomenon, e.g., using a computational fluid dynamics model to determine the hydrodynamic

orces acting on each pile of a pier foundation to derive the local scour depth. Given the exposure events defined, the systems
odeling approach recommended by the Joint Committee for Structural Safety [35] can be utilized to divide the scenarios of

vents leading to consequences into direct and indirect consequences to health, environment, and economy. Direct consequences
onsist of all losses caused directly by the hazard event and/or caused by the failure (or damage) of the constituents of the system.
ndirect consequences comprise all losses caused in the process of internal redistribution after the hazard event or any consequence
ssociated with the loss of the system’s functionalities. When the system under analysis is the pier foundation from Fig. 3 (Level
), a direct consequence of local scour would be pile failure due to the loss of lateral support, which could trigger loss of lives
nd injuries, and damage to the environment, e.g., pollution due to collapsed pile debris, while indirect consequences would be
oundation failure due to lack of robustness and redundancy in the pile group capacity, together with additional losses imposed
o health and environment. On the other hand, if the bridge is the system under analysis (Level 2), a direct consequence of an
xtreme flow discharge acting on the structure would be physical damage to any of the elements, loss of lives and injuries, and
amage to the environment caused by the failure of any bridge component (e.g., foundation failure), while indirect consequences
ould be additional losses due to complete bridge failure. Finally, when the roadway network is the system under analysis (Level
), the direct consequences of a flooding event would be any loss associated with the failure of individual bridges, while the indirect
onsequences would be wider and include monetary, environmental, and social consequences due to loss of network connectivity,
oss of functionality and business interruption. The distinction between direct and indirect consequences facilitates the modeling of
wo system characteristics, namely vulnerability and robustness. As depicted in Fig. 3, the relation between exposure or hazard events
5

nd the direct consequences is termed vulnerability, and the link between the direct consequences and the indirect consequences
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Fig. 3. System representation of TIS at different spatial scales.

is related to the concept of robustness. Essentially, the vulnerability of a system indicates the degree to which exposures generate
direct consequences, while robustness characterizes the degree to which a system is able to contain or limit indirect consequences
associated with a hazard event [40]. If the indirect consequences of a scenario outweigh the direct consequences, then the system
lacks robustness with respect to this scenario. The other two system characteristics which are crucial for the management of TIS
are resilience and sustainability. When modeling these system characteristics, not only the losses but the capacity of the system
(economic, social, and/or environmental) to sustain, adapt, and recover from adverse effects should be considered. The economic
capacity is based on the benefits that TIS generates through the provision of services, i.e., mobility for people and goods through taxes
or toll roads. In some cases, infrastructure assets such as bridges or viaducts may also provide a cultural and historical value that is
transformed into an economical service related to tourism (refer to Turksezer et al. [41]). Moreover, transport infrastructure assets
can assume other types of functionalities for economic benefits, such as carrying power and telecommunication lines, oil and gas
pipelines, or water pipelines. The social capacity in the context of TIS encompasses the ability of the governance system (comprised
of infrastructure owners/operators, local and national public authorities) to deal with hazard events in terms of reorganization,
restructuring, and adaptive learning in and after an event [16]. Lastly, the environmental capacity may relate to, e.g., emissions of
CO2 or the availability of natural resources for the development and maintenance of TIS, such as raw materials, space, and water.

Another relevant issue when defining the appropriate system representation is that it should be consistent with available
knowledge about the system, and it should facilitate that risks may be updated according to knowledge that may be available
in the future. The knowledge about the system to be managed is a crucial factor for optimal decision-making. Basically, the
‘‘best’’ of our knowledge is used to formulate models of the real world, and these models are the basis for our decision-making.
Generally, the best available knowledge about a system comprises phenomenological physical understanding and experience paired
with information (commonly referred to as evidence) that has been gathered and processed over time [42]. Lack of knowledge or
uncertainty, describes the typical condition in real-world decision-making. In the context of the management of TIS, there are large
6
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uncertainties involved since transport infrastructures such as bridges are designed for a long service life of 50 to 75 years, which
sometimes is even extended beyond this period. Then, our knowledge about the future state of the system is incomplete in regard
to, e.g., the structural condition, changing climate, socioeconomic developments, among others. Thus, it is crucial to appropriately
represent and treat uncertainties consistently to allow for more rational decision-making. In addition, when modeling complex
systems such as TIS, possible dependencies exist among random input variables and random events, which need to be properly
accounted for when assessing risks. There are different types of dependencies that can be grouped into statistical dependence and
functional dependence [35]. Statistical dependence exists when events or variables exhibit some correlation, e.g., spatial correlation
or correlated information sources. For instance, if near bridges in a road network have been constructed around the same time, using
concrete produced from a small concrete production plant near the construction site, as well as employing the same design standards,
their structural capacity will have a statistical dependence which may be appropriately represented through correlation of the
random variables used to model the capacities in the probabilistic modeling [35]. On the other hand, functional dependence exists
when various constituent failures are dependent. This type of dependence may have different representations, such as common cause
failures (CCF), cascading failures, or relief [43]. It is widely acknowledged that neglecting dependencies can lead to underestimating
the risk associated with the functioning of complex infrastructure systems (see e.g. [44]). Therefore, to aggregate the risks for a
portfolio of infrastructure systems correctly, it is necessary to account for all prevailing dependencies.

Lastly, the system identification should include the recognition of decision makers and stakeholders involved, along with
nderstanding their organizational structure. Typically, decision makers and stakeholders of TIS are organized hierarchically at
ocal, national, and global levels, and are connected by governance structures. At the local level (municipality or community level),
ecision makers are private or public asset infrastructure owners, managers, or operators in charge of operational decisions of
aintenance and repair activities at the asset level in the short- to mid-term, as well as strategical decisions for the management

f individual local projects at long-term. At the regional/state level, network managers are in charge of the entire transportation
etwork or all infrastructure assets in a large geographical area. At the national to the global level, the governance system manages
ll previous levels based on its objectives, which include but are not limited to maximizing benefits, minimizing economic losses,
atisfying population demands, maximizing the welfare of people, and minimizing environmental damage at local and global levels.
he extent by which an objective is accomplished can be measured by attributes or criteria, e.g., safety, monetary cost, minimum

evel of service, life quality, emissions to the environment, among others. Through the use of utility theory, several attributes can
e transformed (weighted) into a single metric — utility, which consistently reflects the preferences of decision makers and allows
ssessing the optimality of different decision alternatives [45,46]. Finally, the governance system ensures the achievement of its
bjectives by means of regulations. In other words, decision alternatives considered for the purpose of managing the system must
omply with the boundary conditions and/or constraints imposed through codes, standards, and trans/national or global scale
egulations. For instance, in the National Annexes of the European civil engineering technical standards (Eurocodes), individual
ations specify their National Determined Parameters (NDPs) and decide on the level of safety for the design of new structures and
ssessment of existing ones.

.2. Step II: Data compilation

.2.1. Search query
The identification of search terms is one of the most critical steps in bibliometric analysis since it significantly influences the

utcomes of the study. The system identification from Section 2.1.2 is used as a basis to formulate the different search queries. Five
roups of search terms were first established and were organized into eleven search queries as illustrated in the workflow given in
ig. 4.

The first group provides the context to the technical system under study: Transport infrastructure systems. As described in
ection 2.1.2, TIS can be modeled at different scales, i.e., from the component level to the asset level to the network level. Then, in
n effort to reach research at any spatial scale and understand possible effects of the considered scale of the system, search terms
n this group include component-level terms (e.g., bridge pier, bridge pile), asset-level terms (e.g., highway bridge, transportation
sset), as well as network-level terms (e.g., road network, bridge network). It should be noted that terms used to refer to Transport
nfrastructure Systems (as referred to in this study) are semantically different across many articles. For instance, some authors refer
o them as highway networks (e.g., [47]), transportation networks (e.g., [48]), road networks (e.g., [12,49,50]), bridge networks

when the focus is given to bridges as the most vulnerable asset in the network (e.g. [27,51]), traffic networks (e.g., [52]),
nd so on. However, they refer to the same technical system under study, i.e., a system comprised of all infrastructures enabling
errestrial traveling of people and goods. Thus, an extensive literature screening was conducted to find semantically-related terms
nd complete the collection of keywords to refer to the same technical system (the complete list of terms belonging to each group is
rovided in Appendix). Moreover, wildcards are used to represent different combinations of characters in the construction of a query
e.g., ‘‘road* *structure’’ to represent road structure, roadway infrastructure). Lastly, the Boolean operator ‘‘OR’’ was employed to
etrieve records containing any of the terms from Group 1 (𝑛0).

The second group corresponds to the system characteristics explained in Section 2.1.2: vulnerability, robustness, resilience, and
sustainability. Risk is included in the search query together with vulnerability since the structural engineering community tends to
employ the term risk more than vulnerability. Separate searches (𝑛1–𝑛4) are conducted to identify methods and indicators/metrics
o characterize the different system characteristics. A combined search of all system characteristics with the ‘‘OR’’ operator (𝑛𝑂𝑅)
7

as also performed for a subsequent search query combination with Group 4 and Group 5 terms (see Fig. 4).
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Fig. 4. Workflow of search queries for the bibliometric analysis.

The third group corresponds to the flood hazard to give the emphasis of the present study to understand particularly where the
esearch state is in the domain of flood risks. The term scour is included herein since this erosional process is increased during flood
vents and has been regarded as one of the leading causes of bridge failures worldwide. As a result, a vast amount of research has
een conducted on modeling this phenomenon and its influence on bridge safety. Then, each system characteristic from Group 2 is
inked with Group 3 through the Boolean operator ‘‘AND’’ (𝑛5–𝑛8).

The fourth group corresponds to the state of knowledge with regard to the treatment of uncertainties and dependencies. The
oolean operator ‘‘AND’’ is used to link all system characteristics from Group 2 (𝑛𝑂𝑅) with each term from Group 4 (𝑛9 and 𝑛10).

Finally, the fifth group corresponds to the governance and management of the system, where the aim is to identify the preferences,
attributes (or criteria), and objectives of decision makers. Similarly to Group 4, the Boolean operator ‘‘AND’’ is used to link all system
characteristics from Group 2 (𝑛𝑂𝑅) with the search query from Group 5 (𝑛11). It should be mentioned that the term ‘‘objective‘‘ is
not included in the search query of Group 5 since this term is too general and retrieves many results along the lines of ‘‘the objective
of this study’’, ‘‘the objective of the paper’’, and others. The complete search queries are provided in the appendix Table A.2.

2.2.2. Data collection and cleaning
The search queries defined are used to collect the records from the Scopus bibliographic database. The major advantage of

choosing the Scopus database is its greater publication coverage for the research domain under study. Essentially, in addition to
articles, the Scopus database contains other documents, such as conference proceedings and books. The queries were employed to
search in the titles and abstracts field (TITLE-ABS) or author keywords field (AUTHKEY) of the Scopus database. As a general rule in
the search queries, results from health sciences fields were excluded, as well as some specific life sciences such as Immunology and
Microbiology, Pharmacology, among others (refer to appendix Table A.3 for the full list), as these subject areas were not deemed
of relevance to the scope of this study. All papers in the historical series since 1990 have been considered until December 2022.

The Group 1 search (𝑛0) returned a total of 118,105 records. Then, when linked with the combined search of all system
haracteristics with the ‘‘OR’’ operator (𝑛𝑂𝑅

), the search returned a total of 16,870 records. These latter records were extracted
nd screened to remove duplicates and exclude documents from different context areas, e.g., space transportation systems, traffic
ignal control systems, and others (refer to appendix Table A.4 for the full list). A total of 16,395 unique records were finally used
n this study. The number of records for each search query after data cleaning can be observed in Fig. 4. It can be seen that when
he flood exposure is added (𝑛5–𝑛8), the number of records for all system characteristics drops significantly. In fact, the resulting
ataset from search query 𝑛6 is so small (37 records) that its use for a bibliometric analysis is not recommended since forcing the
nalysis in such a small sample would be an overkill [36]. Then, the bibliometric analysis for search query 𝑛 is not performed.
8

6



International Journal of Disaster Risk Reduction 97 (2023) 104063M. Santamaria-Ariza et al.

w
A
a
o
a
V
v
i
v
t

2

t
w
r
t
a
a

(
t
p
a
o
a
o
o
n
c
a
t
a
t

2

t
o
c
s
h
f

a
v
g
n
n
t
a
t
w

2

2.3. Step III: Bibliometric networks construction

Bibliometric networks are the way bibliometric research is visualized. A bibliometric network consists of nodes and edges,
here nodes can be publications, journals, researchers, or keywords, and the edges represent the relations between pairs of nodes.
mong the different types of available bibliometric networks, this study uses co-occurrence of terms extracted from titles, abstracts,
nd keywords, which allows exploring the relationships among topics in a research field and therefore supports the identification
f potential research gaps, which is one of the main goals of the study. In addition, bibliographic coupling networks of authors
nd countries are also selected to analyze the relationships among expert communities and the distribution of research globally.
OSviewer [53] was used to construct both types of bibliometric networks. VOSviewer is a software tool for constructing and
isualizing bibliometric networks, which provides distance-based visualizations, i.e., the distance between two nodes approximately
ndicates the relatedness of the nodes. Moreover, it provides three visualizations for a map: network visualization, overlay
isualization, and density visualization. Further details regarding the construction of the bibliometric networks are provided in
he following.

.3.1. Term co-occurrence network visualizations
VOSviewer offers a text-mining functionality to construct and visualize co-occurrence networks of relevant terms extracted from

extual data. The software tool performs part-of-speech tagging and utilizes a linguistic filter to identify noun phrases (terms) for
hich a relevance score is computed. A low relevance score shows that a word co-occurs with other terms randomly, while a high

elevance score is assigned to noun phrases that co-occur with a limited group of other noun phrases [54]. Terms were derived from
he titles and abstracts from publications collected in Step II. Terms with low relevance scores were excluded, as well as too general
nd non-context-specific terms (e.g., article, author, challenge, literature). Applying these filters shifts the focus to more specific
nd informative terms. The full list of excluded terms can be found in appendix Table A.5.

Network visualizations are chosen to display the co-occurrence of terms. The network visualizations are comprised of items
terms) and links. Terms are represented by their label and a circle, which size depends on the number of publications that contain
he term in the title or abstract. There are two counting methods available, binary or full counting. In the binary option, only the
resence or the absence of a term in a publication matters. Conversely, in the full counting option, all occurrences of a term in
publication are counted [54]. The binary option is chosen, so a term that occurs only once is treated the same way as one that

ccurs multiple times. The minimum number of occurrences of a term for its inclusion in the network is adjusted for each search
iming to obtain medium size network visualizations of 120 terms (refer to Appendix Table A.6). This helps to deal with the problem
f very large networks being perceptually difficult to visualize and very small networks less informative due to few terms. On the
ther hand, links represent the connection or relationships that exist between two terms. Each link has a strength determined by the
umber of publications in which the two terms appear. The thicker the line in the visualization, the stronger the link. Terms that
o-occur frequently are located closely, while terms with no or practically no co-occurrence are farther away. Additionally, terms
re grouped together into clusters. A cluster represents a set of terms closely related, and each cluster has a distinctive color. Each
erm in a network belongs to one cluster only. The clustering technique employed by VOSviewer requires an algorithm for solving
n optimization problem and is discussed in detail in [55,56]. Analyzing the clusters in the network visualizations makes it possible
o identify the research area domains (fields and subfields) contributing to the knowledge.

.3.2. Bibliographic coupling network visualizations
Bibliographic coupling networks were also constructed using the VOSviewer software for two items: authors and countries. In

his type of network, the relatedness of items is based on the number of references they share. In other words, the larger the number
f references two publications have in common, the stronger the bibliographic coupling relation between them [54]. There are two
ounting methods available, full counting and fractional counting. In the full counting method, each bibliographic coupling has the
ame weight. Conversely, in the fractional counting method, the weight of a link is fractionalized to diminish the importance of
ighly cited publications or publications with a long reference list (e.g., review articles) [54]. As recommended by the authors, the
ractional counting method is selected to include perspectives beyond citation numbers.

Density visualizations are chosen to display the bibliographic coupling of authors since they help to identify knowledge hubs
nd subject experts intuitively visually. In this type of format, authors are represented by their labels, and each point in the density
isualization has a color that indicates the density of authors at that point. A rainbow color palette is used, which ranges from blue to
reen to red, to reflect the density of authors at each point. The ‘hot’ red zones of the map indicate a large number of authors in the
eighborhood and high weights of the neighboring authors. Conversely, the ‘cold’ blue zones represent neighborhoods with a small
umber of authors and low weights of neighboring authors [53]. On the other hand, network visualizations have been used to display
he bibliographic coupling for countries. Then, countries are represented by a label whose size indicates their relative importance,
nd the link between them indicates the relatedness of cited references. The bibliographic coupling networks were constructed from
he publications collected in Step II. A minimum number of publications per author and per country for its inclusion in the networks
ere defined, aiming to obtain around 20–30 authors and 50–70 countries in each network (refer to appendix Table A.7).

.4. Step IV: Analysis of results
9

The data interpretation, analysis, and recommendations are the focus of the following sections of the paper.
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Fig. 5. Evolution of research in (a) system characteristics of TIS (𝑛1–𝑛4) (b) under flood exposure (𝑛5–𝑛8).

3. Results

3.1. Historical evolution and growth of research in system characteristics of TIS

Fig. 5 illustrates the historical evolution and volume of research in system characteristics of TIS. From Fig. 5(a), it can be
observed that research in vulnerability and risk of TIS have the longest history and largest volume of publications, closely followed
by sustainability research, while robustness has received less attention. All system characteristics show an upward trend, but risk and
sustainability have increased at a higher rate in the last decade. When analyzing the system characteristics research in the specific
context of flood exposure (Fig. 5(b)), vulnerability and risk are by far the dominant research field, robustness research is marginal,
and resilience gains more importance over sustainability. Interestingly, there are two peaks of publications in the years 2016 and
2018, which may be motivated by the occurrence of flooding events with large consequences worldwide during that period.
10
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Fig. 6. Main subject areas in TIS research on (a) risk and vulnerability (b) robustness (c) resilience (d) sustainability.

.2. Multi-disciplinary composition of research in system characteristics of TIS

The distribution of subject areas in the domain of system characteristics research of TIS is shown in Fig. 6. The top ten categories
ere selected for the non-hazard-specific queries (𝑛1–𝑛4) and the flood-specific queries (𝑛5–𝑛8). It can be observed that each bar

hart contains around 11 to 12 subject areas, which means that the contribution of a discipline varies if the emphasis of the study
s on flood exposure or not. Engineering is the predominant subject area for all system characteristics. However, when analyzing
ustainability specifically under flood exposure, environmental science emerges as the leading subject area contributing to research.
n general, the contribution from environmental science – and Earth planetary science – is significant in all search queries that
nclude flood exposure. Another big contributing subject area is social sciences, which comes second in most system characteristics
xcept for robustness research, where computer science becomes the second contributor. This is not a surprise since engineering
isciplines heavily dominate research on robustness. Finally, decision sciences and business, management, and accounting contribute
o research at a minor level. Therefore, it could be said that the top contributing subject areas for all search queries approximately
epresent the ecological, engineered, and social systems perspectives.

.3. Term co-occurrence analysis results

This section presents the term co-occurrence maps created with VOSviewer. As explained in Section 2.3.1, the software uses a
lustering technique to group related terms and assigns a specific color to each cluster. Then, the terms in each cluster are analyzed,
11

nd the research area that best represents the cluster is identified to name the cluster. It is acknowledged there is subjectivity involved
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in interpreting these maps. However, they are an efficient visualization tool to discover trends and patterns in large datasets and to
identify potential research gaps based on the relationships between clusters. In addition, the networks will be explored in search of
methods, techniques, tools, indicators, and metrics for modeling and managing TIS.

Fig. 7(a) shows the network map combining the domains of vulnerability and risk of TIS. In this non-hazard-specific search,
here are four different clusters. The blue cluster corresponds to the civil/reliability engineering domain (probability, uncertainty,
tructure), which focuses on structural safety assessment. It can be observed that a large emphasis is given to seismic vulnerability,
nd the use of fragility curves comes up to characterize the performance of structures under different intensities of the hazard. In
ddition, considerations regarding the long-term performance of bridges are also found in this cluster (e.g., deterioration, (condition)
tate). The red cluster is the policy/governance (e.g., government, resource, stakeholder, planning), which is more concerned with
anagement than assessment, and focuses on economic considerations (investment, economy). The green cluster is closely related

o the red cluster and represents the transportation engineering community (e.g., traffic, route, vehicle, city), with considerations
egarding road safety and the environment. Lastly, the yellow cluster is the natural hazards domain (flooding, landslide, climate),
hich focuses on weather-related hazards affected by climate change.

Fig. 7(b) presents the network map combining the domains of vulnerability and risk of TIS exposed to flood events. The
etwork shows two closely related clusters (green and red) located far from a third cluster (blue). The green cluster represents the
ransportation engineering domain (e.g., service, access, person, urban area), where the main considerations are service provision
nd accessibility for the population during disasters. Also, GIS tools appear to be commonly used in this cluster for mapping the
xtent of the inundation area. The red cluster is closely related and corresponds to the natural hazards and climate change domain
sea level rise, extreme weather event, storm). Even though the policy and governance cluster from Fig. 7(a) disappears when the
lood exposure is included, some governance goes to the red cluster (e.g., decision maker, strategy, adaptation). The blue cluster,
hich represents the civil/reliability engineering (e.g., uncertainty, probability, safety), sits rather far from the other two clusters.

n this cluster, there is a large contribution from the research community focused on bridge scour. Some considerations regarding
ong-term performance also take place, probably focusing on formulations for scour depth prediction (e.g., erosion, state, prediction).
owever, it can be seen that the term ‘‘fragility curves’’ disappears, meaning their use is not as frequent as in the case of seismic
azards. The distance of the blue cluster with the other clusters means that there might be a lack of integration of this community,
ore focused on the asset/bridge level analysis, with respect to transportation and natural hazards domains which focus on regional

nd country level scales.
Fig. 8 shows the network map in the domain of robustness of TIS. The blue cluster corresponds to classical structural

ngineering (e.g., load, response, sensitivity analysis, numerical simulation), where structural assessment, damage identification,
nd structural health monitoring considerations are found. The green cluster is related to transportation engineering (e.g., vehicle,
lgorithm, technology, and intelligent transportation systems). This research domain has focused on developing new technologies
or transportation/traffic systems, e.g., sensors and image detection. Considerations in this domain are accuracy, stability, and
ffectiveness of new solutions. However, these are classical terms and do not refer to systemic robustness as defined in Section 2.1.2,
hich also holds for the blue cluster. Conversely, the red cluster represents the systemic risk and resilience engineering perspective

e.g., redundancy, recovery, consequences, resilience, risk, vulnerability). This cluster includes important considerations such as
etwork robustness, connectivity, travel time, and traffic congestion, which are relevant to quantify indirect losses due to network
isruptions. It is worth noting that the flood-specific search for robustness research (𝑛6) returned insufficient records to perform a

bibliometric analysis. Yet, this allows concluding that more research in this domain is still missing.
Fig. 9(a) presents the network map in the domain of resilience of TIS. The red cluster is the densest and represents the

policy/governance research (policy, planning, stakeholder, government). Besides economic aspects, this cluster has considerations
with regard to the population, such as mobility, access(ibility), and quality of transportation service. Also, it is concerned with
sustainability, adaptation to climate change, and some interdependency among different infrastructure systems, namely energy,
water, transport, and other critical infrastructures. The blue cluster is the civil/reliability engineering (probability, uncertainty,
response), which is focused on research at the component/bridge scale (e.g., damage, loss, structure, component), so the resilience
metrics found are related to the level of structural damage after the occurrence of hazards, particularly from seismic hazard events.
Lastly, the green cluster represents transportation engineering research (traffic, congestion, flow, travel time). In this cluster, metrics
to characterize the network resilience are identified, such as travel time, connectivity, and traffic flow, as well as resilience indicators
like robustness and redundancy. This map shows that transportation engineering can play an important role in bridging the gap
between policy and civil engineering research. On the right side, the nodes recovery and functionality from the transportation cluster
are closely associated with the nodes component, response, and damage from the civil engineering cluster. This is expected since
the time for recovering the complete functionality of the transportation network depends on the number of damaged components,
their damage level, and the repair sequence. On the left side, nodes like traffic and connectivity from the transportation cluster are
strongly linked with the service node in the governance cluster, which is a dominating node in this cluster.

Fig. 9(b) presents the network map in the domain of resilience of TIS under flood events. The same three clusters from the
non-hazard-specific search are maintained. However, their composition is slightly different. For instance, the explicit modeling of
the hazard/disruptive event does not appear to be relevant in the transportation engineering cluster from Fig. 9(a). Conversely, the
transportation cluster from Fig. 9(b) integrates natural hazards research of hydrological nature, such as coastal flooding, sea level
rise, hurricanes, and their impacts on the road network service (inundation, access, mobility), particularly for emergency response.
As a result, the prevailing metric to characterize resilience is connectivity. On the other hand, the civil/reliability engineering
cluster (blue) gains more importance in this map. Besides research about the restoration of assets/bridges as a function of their
12

damage severity and the recovery of functionality, this cluster includes resilience indicators like robustness and redundancy in close
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Fig. 7. (a) Network map of research in the domain of risk and vulnerability of TIS (𝑛1) (b) under flood events (𝑛5).

relationship with the green cluster. In fact, these two indicators were in the transportation cluster in Fig. 9(a), which indicates
the relevance of these indicators to link both research communities. Finally, the policy/governance cluster (red) is similar to the
non-hazard-specific map. Yet, it is less dense, and some relevant considerations with regard to the quality of the transportation
service to the population and sustainability are missing.

Fig. 10(a) presents a network map in the sustainability domain of TIS. This is a dense network with three clusters. The blue cluster
is the civil engineering domain (e.g., construction, project, maintenance, infrastructure), where sustainability and environmental
impacts are considered for managing the built environment, as well as risk and safety. The long-term performance of bridges
13
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Fig. 8. Network map of research in the domain of robustness of TIS (𝑛2).

appears to be considered (e.g., state, performance, year) to define maintenance strategies that ensure sustainability. The green
cluster is the transportation engineering community, focused on sustainable mobility, e.g., reduction of traffic congestion, and energy
consumption, as a means to reducing air pollution and emissions. Lastly, the red cluster is the policy/governance research (country,
government, investment), which underlines the need for sustainable development, growth, and land use planning.

Fig. 10(b) displays the network map in the sustainability domain of TIS under flood events. There are three interacting clusters,
yet with some loosely connected nodes, which may be explained by the small dataset for this search (132 publications). In fact, this
network map contains only 100 terms (rather than 120), since the minimum number of occurrences of a term was set in 5 instances
to avoid the influence from one particular research group (see details in Appendix Table A.6). The green cluster is the densest
and can be associated with hydrology environmental science research (river, floodplain, erosion, water supply). This knowledge
hub integrates research on river/catchments modeling and how the built environment interacts with it. Its slight dominance in the
network map is congruent with the finding in Fig. 6(d), where environmental science is the leading contributor to research for the
sustainability search under flood events, followed by engineering. The red cluster is the urban land-use planning (urban area, land
use, space, urbanization), which contains some governance aspects (investment, mitigation, long term). Lastly, the blue cluster is
the civil/reliability engineering cluster (e.g., bridge failure, uncertainty, structure), where the main considerations are related to
bridge damage, loss, consequences, and adaptation to climate change impacts.

Finally, the last three network maps correspond to the search queries related to knowledge, and governance and management.
Fig. 11(a) shows the network map in the domain of uncertainties in the system characteristics of TIS. The predominant cluster is
the civil/reliability engineering in blue, with a major focus on bridges. The use of probabilistic approaches dominates the treatment
of uncertainty in this cluster, and seismic fragility curves appear as a strong application that accounts for uncertainties in the
assessment of structural vulnerability. On the other hand, the green cluster representing the transportation engineering community
is comprised of loosely connected nodes. The approach for treating uncertainties in this cluster is not evident from the network map.
Yet, this research community seems to acknowledge uncertainties in vehicle route choice, travel time, and traffic assignment solution
algorithms. The red cluster corresponds to the policy/governance research. This is a more dense cluster with stronger links between
nodes, yet it does not provide many insights either regarding the treatment of uncertainties. Lastly, the yellow cluster, which is the
resilience engineering community (resilience, robustness, functionality), is a loosely connected cluster that appears to be making
efforts to link the civil engineering community at the bridge level (blue cluster) with the infrastructure system level, through the
assessment of the system functionality and characteristics like robustness and resilience. However, there is still a significant gap
between the treatment of uncertainties at the asset level to the network level.

Fig. 11(b) presents the network map of research in the domain of dependencies in the assessment of system characteristics of TIS.
The network shows two closely related clusters (green and red) located far from a third cluster (blue). The blue cluster represents
the systemic risk and resilience engineering perspective (vulnerability, risk assessment, robustness, functionality, resilience). The
treatment of uncertainties is governed by the use of probabilities, and cascading effects are among the dependencies of random events
14

underlined in this cluster. Also, there is great consideration of interdependency and cascading failures with other infrastructure
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Fig. 9. (a) Network map of research in the domain of resilience of TIS (𝑛3) (b) under flood events (𝑛7).

systems: electricity/power, water, and telecommunication systems, as well as interdependencies with supply chains. The two other
clusters located apart from the blue, are the green cluster which corresponds to transportation engineering (mobility, vehicle, traffic),
and the red cluster, which represents the policy/governance (government, policy, country) from a societal infrastructure planning
perspective. However, dependencies considered in these two clusters do not refer to the type of dependence related to knowledge
as described in Section 2.1.2.
15
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Fig. 10. (a) Network map of research in the domain of sustainability of TIS (𝑛4) (b) under flood events (𝑛8).

Lastly, in Fig. 12, a network map in the domain of decision-making of TIS under a normative context is given. There are three
distinct clusters. The dominant cluster is the red one and represents the governance perspective (stakeholders, policy, country,
investment). There is a lot of decision analysis in this cluster. Some preferences that arise are economy, sustainability with criteria
like emissions, and some societal criteria related to mobility, such as availability, accessibility, and travel time. The green cluster
belongs to the urban transportation planning (urban area, land use, route, road safety). In this cluster, decision-making methods
appear like analytical hierarchical process (AHP) and multi-criteria decision analysis, with preferences like road safety and criteria
16
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Fig. 11. Network map of research in the domain of (a) uncertainties in the system characteristics of TIS (𝑛9) and (b) dependencies (𝑛10).

like accidents. Lastly, the blue cluster represents the civil/reliability engineering perspective (risk, uncertainty, vulnerability), using
risk-informed decision-making. The concept of utility comes up in this cluster, very closely related to reliability and society which
might be attributes accounted for and transformed into utility to assess the optimality of decision alternatives. Most certainly,
decision-making in this cluster is performed from an individual project perspective (bridge, structure, building), including long-term
considerations for decision-making (e.g., age, condition state, maintenance). The network analysis is thus more addressed by the
green and red clusters.

3.4. Bibliographic coupling analysis results

In this section, the last results from the bibliometric analysis are presented, corresponding to the bibliographic coupling analysis.
The bibliographic coupling networks are used to show the distribution of knowledge by authors and countries in the system
characteristics of TIS (search queries 𝑛 − 𝑛 ). The use of bibliographic coupling of authors facilitates the identification of the
17
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Fig. 12. Network map of research in the domain of decision-making preferences for TIS management (𝑛11).

relatedness of expert communities, or the fragmentation of research. Similarly, the bibliographic coupling of countries allows the
observation of the major producers of research globally and collaborations among countries.

In Fig. 13(a), the bibliographic coupling by authors in research on vulnerability and risk of TIS is shown. There is a very
interlinked group at the left and two distant authors at the right. These two authors are experts in risk management of hazardous
materials transport on road networks. This division is interpreted as a result of the common practice of classifying hazards based
on their source of origin, where hazardous material transport is not accounted for together with natural hazards, which is the main
focus of the group from the left. Fig. 13(b) presents the bibliographic coupling by countries for this search. The two dominant
producers of research are the United States (USA) and China, although the exchange between them is not very strong. Conversely,
there is a strong relationship between the former and the United Kingdom (UK). They both belong to the green cluster, together with
some Scandinavian European countries. Australia also has proximity to the USA, although it belongs to the yellow cluster together
with some southeast Asian countries. Canada (hidden beneath China) has a strong relationship with China and belongs to the same
cluster as South Korea and some Middle East countries. In the red cluster, several European countries are located, with Italy and
Germany (hidden beneath Italy) having the lead and being strongly related. Russia is also a significant contributor to this cluster.
The rest of the clusters have a smaller number of countries.

Fig. 14(a) displays the bibliographic coupling by authors in research on vulnerability and risk of TIS under flood exposure.
Similarly to Fig. 13(a), there is a very interconnected group at the left and two distant authors at the right. One of the author’s
expertise is in bridge hydraulics and scour research, while the other author’s expertise is in urban planning and disaster management.
This separation is partially explained by the different spatial scales used by the authors for the assessment of risks — from bridge
level to network/regional level. Fig. 14(b) presents the bibliographic coupling by countries for this search. Compared to the one
from Fig. 13(b), which was not specific to flood hazard, the USA in the blue cluster is also a predominant producer of research,
but the UK in the green cluster becomes the second more relevant, having a greater contribution than China. This finding can be
explained by the fact that the UK has been severely affected by floods in the past years, which has motivated growing research in
this area. Likewise, other countries greatly affected by floods are also relevant in this network including Italy, France, Australia,
and Germany.

In Fig. 15(a), the bibliographic coupling by authors in research on the robustness of TIS is displayed. There are five different
author groups, which are somehow related to those identified in Fig. 8. Essentially, the largest group of authors on the left belongs
to the classical structural engineering community, as well as the two small groups closer to this group. On the other hand, the
medium size group of authors on the right, along with the last single author, belong to the transportation engineering community.
The separation of these two research communities in the co-occurrence of terms network is therefore reflected in the bibliographic
coupling of authors. Fig. 15(b) shows the bibliographic coupling by countries for this search. In this map, China takes the lead in
the production of research, closely followed by the USA, although weakly related among them.
18
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Fig. 13. Bibliographic coupling of vulnerability and risk of TIS.

In Fig. 16(a), the bibliographic coupling by authors in research on the resilience of TIS is shown. There are three groups of
authors on the map. The author at the top of the figure is focused on transport infrastructure resilience from a policy/governance
perspective. This might explain the distance with the largest group of authors from the left, more related to transportation and
civil/reliability engineering. The last group of authors located at the right is focused on railway infrastructure resilience. Despite
belonging to civil/reliability engineering research, the distance from the large group of authors may be explained by the distinct
structural behavior and characteristics of railway components and assets, which makes their bibliographic references dissimilar. The
19
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Fig. 14. Bibliographic coupling of vulnerability and risk of TIS under flood events.

bibliographic coupling by country for this search is displayed in Fig. 16(b). The two dominant producers of research are the USA
and China, followed by Italy and the UK.

In Fig. 17(a) presenting the bibliographic coupling by authors in research on the resilience of TIS under flood exposure, a similar
trend to that from Fig. 16(a) is exhibited. Essentially, there is one large group of connected authors on the left, along with a small
group relatively close and connected to it, and three disconnected groups of authors on the right. Some of these authors are focused
on adaptation planning from a policy/governance perspective, which explains their disconnection from the large group belonging
to the engineering clusters. In addition, the other group is focused on pavements and underground infrastructures, which particular
20
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Fig. 15. Bibliographic coupling of robustness of TIS.

characteristics appear to have created some distance from research on bridges. The bibliographic coupling by country for this search
is shown in Fig. 17(b). This map is dominated by what could be called the Anglo-Saxon group: USA, UK, Australia, and Canada,
and to a lesser extent China.

Fig. 18(a) shows the bibliographic coupling by authors in research on the sustainability of TIS. In this map, there are many
groups with no connection among them. This evidences different perspectives, approaches, and diversity in research around the
sustainability of TIS. This effect is also appreciated in the bibliographic coupling by country for this search in Fig. 18(b). Despite a
larger contribution of research from the USA, China, and the UK, the distribution of research is quite spread around the world.
21
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Fig. 16. Bibliographic coupling of resilience of TIS.

Finally, in Fig. 19(a) the bibliographic coupling by authors in research on the sustainability of TIS under flood exposure is
presented. However, only six authors have more than two publications in this search. Thus, the map does not represent all the
expert communities but indicates that research on this topic is quite fragmented and comes from diverse research hubs. This is also
evidenced in the bibliographic coupling by country (Fig. 19(b)), where many countries are disconnected.
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Fig. 17. Bibliographic coupling of resilience of TIS under flood events.

4. Discussion

Through 24 bibliometric network maps, Section 3 illustrates the different disciplines, important authors, and geographic
distribution in the production of research in risk, resilience, and sustainability management of TIS. Overall, the top three research
domains contributing to knowledge in risk, resilience, and sustainability management of TIS are civil/reliability engineering,
transportation engineering, and policy/governance. In addition, the analysis of geographic distribution shows that the USA and
China are the two major contributors to research in most of the search queries. This observation is predictable considering the
larger number of researchers in these countries due to their large populations and large extents. However, countries that are more
affected by floods contribute significantly to research in flood-specific search queries. This can be attributed to increased interest and
government funding for research and development (R&D) aimed at understanding the risks and better preparing for these events.

One of the key problems identified in the bibliometric networks relates to the effect of the scale of the system representation.
Basically, there is a substantial distance between clusters focused on research at the asset/bridge level to those focused on research
at the network level, as shown in Fig. 7–Fig. 9. This distance suggests that there is a weak relatedness among asset- and network-
level research. This effect is even more pronounced in Fig. 7(b), which evidences a potential gap in integrating flood risk and
vulnerability research at the component and bridge level stemming from the civil/reliability engineering community, with research at
23



International Journal of Disaster Risk Reduction 97 (2023) 104063M. Santamaria-Ariza et al.
Fig. 18. Bibliographic coupling of sustainability of TIS.

the network/regional level coming from the transportation engineering community and the natural hazards domain. Future research
developments should focus on bridging this gap related to the spatial scale of the systems modeling and how it affects optimal
decision-making across scales. Likewise, it would be relevant to examine how the temporal scale defined for the decision context
influences the choices. For example, in the vulnerability and risk network maps (Fig. 7), it can be seen that the civil/reliability
engineering cluster includes considerations of the long-term performance of bridges (e.g., deterioration, erosion). In contrast, the
resilience network maps (Fig. 9) show a short-term view of the time scale, as the focus is on tactical management, i.e., ensuring
24
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Fig. 19. Bibliographic coupling of sustainability of TIS under flood events.

optimal recovery and restoration in the aftermath of disaster events, without considering a long-term perspective. Conversely, the
sustainability network map again shows some consideration of the long-term performance of bridges (Fig. 10(a)), which is to be
expected since sustainability in civil engineering has been assessed through a life-cycle perspective. These differences between the
spatial and temporal boundaries of the system for addressing each concept may contribute to the apparent lack of integration of risk,
resilience, and sustainability considerations for managing TIS. One observation that reflects this fragmentation is the substantial
drop in the number of records in sustainability research when flood exposure is added (Fig. 5(b)). This is interpreted as a lack
of consideration of infrastructure safety – with respect to disruptive events such as natural hazards and the associated risks – in
25
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decisions concerning the sustainable development of TIS. This separation is also evidenced in Fig. 7, where sustainability is an absent
term in the network maps of research on risk and vulnerability of TIS. This lack of integration of risk, resilience, and sustainability
from the engineering knowledge domain is also reflected in other disciplines taking the lead in the production of research. For
instance, environmental science has been the greatest contributor to sustainability research of TIS under flood exposure (see
Fig. 6(d)). Moreover, it can be observed that the policy/governance research domain is the one attempting to integrate sustainability
objectives in resilience research (Fig. 9(a)), by including considerations of resource consumption of energy and water. However, the
development and maintenance of TIS also have relevant impositions on the Earth system with regard to material consumption for
construction and emissions of toxic substances to the environment (e.g., CO2). None of these terms are found in the network map,

hich suggests that decisions about how to improve resilience are not comprehensively addressing their (positive or negative)
mpact on sustainability. Furthermore, the impositions to the environment generate a back-coupling between the exposures and
he decisions to manage the infrastructure systems. In other words, since the management of TIS is associated with GHG emissions
riggering climate change, the exposure to extreme weather events will change depending on the scenario of GHG emissions in
ccordance with our decisions to develop and maintain our infrastructures. Therefore, future research developments should explore
urther these interrelations, which enable making decisions that are safe, resilient, and sustainable.

Another issue that is observed in the bibliometric networks is the existence of multiple competing concept definitions. This
s the case with the concept of robustness as observed in Fig. 8. Essentially, the red cluster represents the systemic perspective
here robustness is defined as the link between direct and indirect consequences (see Section 2.1.2), and the system is perfectly

obust if consequences stop at direct consequences. On the other hand, in the blue cluster corresponding to classical structural
ngineering, robustness is the ability of a structure to withstand extreme events without being damaged to an extent disproportionate
o the original cause [57]. This definition does not provide a specific measure of robustness and does not relate to other system
haracteristics, such as vulnerability and risk. Likewise, in the green cluster representing transportation engineering, robustness
s defined from a design optimization perspective, where a robust solution is the one that has the best performance/accuracy. It
s evident that this inhomogeneity in concept definitions hinders communication among scientific experts from different research
lusters. It also may explain why robustness research is so marginal compared to the other system characteristics individually, as
hown in Fig. 5. To address this issue, future research could focus on harmonizing concept definitions, thereby potentially promoting
ollaboration between experts from various disciplines. Similarly, this inhomogeneity issue is exhibited in the network maps of
esearch in the domain of resilience of TIS, where multiple competing indicators and functionality metrics to measure resilience
re found in each cluster. Essentially, the transportation engineering cluster in Fig. 9(a) employs various metrics related to the
unctionality or service provided by the transportation network for the quantification of resilience. Some of the metrics found, such as
onnectivity, are usually measured through graph theory and represent topological features of a transportation network, while other
unctionality metrics found, such as travel time, traffic flow, and congestion index, are traffic-related and measure properties related
o traffic flow and system capacity in addition to topological aspects. On the other hand, the policy/governance cluster employs
esilience metrics more targeted to capture socioeconomic impacts from transportation service disruptions affecting the population,
.g., loss of mobility, accessibility, availability, security, and economy. Given that both perspectives are essential for quantifying
esilience, future research is needed to harmonize resilience metrics across disciplines. Likewise, they should be harmonized for all
ypes of hazards, as it can be observed in Fig. 9(b) that resilience metrics under flood exposure are less exhaustive and vary from
hose in Fig. 9(a).

Finally, some relevant aspects were lacking in the network maps concerning the treatment of uncertainties (Fig. 11(a)), which
nly has a role in the civil/reliability engineering cluster. Likewise, dependence related to Knowledge, as described in Section 2.1.2,
nly has a role in the resilience engineering cluster. This can be interpreted as a knowledge transfer need since the engineering
ommunity has the available knowledge which can be extended to other research communities. Similarly, available knowledge that
as been identified within the earthquake engineering community regarding the concept of fragility curves for vulnerability and
isk assessment of TIS (observed in Fig. 7(a)) can be transferred to characterize the performance of transport infrastructures under
looding events.

. Conclusions

Research on risk, resilience, and sustainability of transportation infrastructure systems has gained attention in recent decades
s the demand for efficient and reliable TIS to promote economic growth, social welfare, and environmental sustainability has
ncreased. However, this goal is associated with many challenges that are addressed by different disciplines as the scope of TIS has
roadened from a purely technical system perspective to a social–technical system perspective. In this sense, understanding what
he research field encompasses and what potential gaps exist is critical to identifying research and knowledge transfer needs.

To this end, an exploratory study using bibliometric networks has been used to understand the current state of the art in the
anagement of TIS, with a focus on flood hazards. For the purpose of providing the basis for searching for relevant information, a

eneric and comprehensive system identification of TIS was outlined. This set the baseline for conducting the bibliometric analysis
f 16,395 scientific works covering more than 30 years of research. The analysis showed that research in all system characteristics
f TIS had seen a consistent upward trend, with research in vulnerability and risk having the longest history and largest volume
f publications, followed by sustainability, resilience, and lastly, robustness, which has received little attention. In the context of
lood exposure, the trend is similar, except that resilience gains importance over sustainability. Based on the assessment of the term
o-occurrence network maps, it has been identified that the top three main disciplines contributing to the research domain are
26
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coupling networks of countries revealed that the USA and China are the two major contributors to the research domain. Nonetheless,
the UK, Italy, France, Australia, and Germany, become significant contributors within the context of flood exposure, which can be
attributed to the fact that they have been greatly affected by floods in the past years, which has motivated growing research in this
area.

Furthermore, the study identified potential research gaps through the interpretation of the bibliometric networks. One of them
elates to the spatial scale of the system modeling, which has created a separation between asset- and network-level research. This
ffect is evidenced both in the term co-occurrence networks as well as in the bibliographic coupling of authors, where the distances
mong clusters represent a weak relatedness and lack of collaboration among them. Therefore, future research developments
hould aim at bridging this gap to ensure optimal decision-making of TIS across scales. Nonetheless, a prerequisite to promoting
ollaboration among these research clusters is to have a common understanding of the different concept definitions. However, it
as found in several bibliometric networks that there exists inhomogeneity in concepts, as well as a large variety of indicators
nd metrics used by each discipline. Therefore, harmonization of concept definitions across various disciplines is also needed to
nhance collaboration among them, together with an agreement on a set of indicators and metrics that could be adequate regardless
f the scale of the system and the hazard under analysis. Another research gap that should receive more attention concerns the
ragmentation of risk, resilience, and sustainability research for the management of TIS. Based on the analysis of the network maps,
his lack of integration could be attributed to differences in how the spatial and temporal boundaries of the system are typically
efined to address each concept individually. However, the three concepts are strongly linked, and there are relevant trade-offs that
hould be considered when managing TIS. For instance, considering the impacts of different decision alternatives with regard to
ustainability facilitates that decisions with less environmental impacts, e.g., improving the preparedness of the governance system
nd the capacity to recover, are preferred over alternatives imposing material consumption and emissions to the environment.
herefore, it is necessary that future research developments focus attention on the trade-offs between acceptable risks, target levels
f resilience, and sustainable developments, as well as the back-coupling effects between our decisions to manage the infrastructure
ystems and their effect on the exposures. Finally, a need for knowledge transfer has been identified from the reliability engineering
nowledge domain to other disciplines with respect to the treatment of uncertainties. Essentially, resilience and sustainability of
nfrastructure systems can only be meaningfully approached and modeled probabilistically, like risk and robustness, given the lack of
nowledge and inherent natural variability. However, there appears to be insufficient consideration of uncertainty treatment in some
esearch domains — especially in those analyzing the system at a large spatial scale. Thus, reliability engineering knowledge could
e introduced to these navigation domains for appropriately representing and treating all uncertainties consistently across spatial
nd temporal scales. Likewise, insights from earthquake engineering concerning the development of fragility curves for vulnerability
nd risk assessment of TIS can be applied to assess transport infrastructure performance during floods.

It should be noted that the methodology implemented in this study to map the current state of the art in the management of
IS was based on a bibliometric analysis that enables identifying where the main research streams are. This does not exclude that
here may be scientific literature looking at some of the specific gaps identified in this analysis. Yet, the main goal was to provide
big picture of where the majority of research activities are concentrated. The study presents some limitations due to the selection
f search terms, which were the result of the system identification followed by several trials to ensure that the obtained datasets
ontained relevant studies for the intended analysis. In the process, some context areas were excluded to avoid unrelated articles,
ut this may have led to the exclusion of actually related ones. Moreover, the inclusion of additional databases may improve the
overage of scientific literature. Still, it was herein deemed unnecessary since the database with the greater publication coverage for
he research domain under study was chosen. Future work could include other types of infrastructure systems in the bibliometric
nalysis, such as water distribution systems and/or electricity/power systems, as a way to further investigate the potential for
ntroducing approaches from different research navigation domains and the interdependencies among infrastructure systems.
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Table A.1
Full search query of Group 1: Transport Infrastructure Systems (TIS).
Component level ‘‘bridge pier‘‘ OR ‘‘bridge pile’’ OR ‘‘bridge foundation‘‘ OR ‘‘bridge abutment’’ OR ‘‘bridge deck‘‘ OR ‘‘bridge component’’ OR...
Asset level ‘‘bridge *structur*‘‘ OR road* W/1 bridge OR ‘‘rail* bridge’’OR‘‘highway bridge’’OR‘‘coastal bridge‘‘OR‘‘river*

bridge’’OR‘‘waterway bridge‘‘ OR ‘‘river crossing bridge’’ OR ‘‘culvert’’ OR ‘‘transport* asset‘‘ OR ‘‘transport* *structure’’ OR
‘‘road* *structure‘‘ OR ‘‘road* segment’’ OR...

Network level ‘‘road* network‘‘ OR ‘‘bridge network’’ OR ‘‘highway network" OR...
‘‘transport* network‘‘ AND (‘‘road*’’ OR ‘‘rail*’’ OR ‘‘bridge‘‘ OR ‘‘urban’’ OR ‘‘highway‘‘ OR ‘‘infrastructure’’)a OR...
‘‘transport* system‘‘ AND (‘‘road*’’ OR ‘‘rail*’’ OR ‘‘bridge‘‘ OR ‘‘urban’’ OR ‘‘highway‘‘ OR ‘‘infrastructure’’)a OR...
‘‘traffic network‘‘ AND (‘‘road*’’ OR ‘‘rail*’’ OR ‘‘bridge‘‘ OR ‘‘urban’’ OR ‘‘highway")a OR...
‘‘traffic system‘‘ AND (‘‘road*’’ OR ‘‘rail*’’ OR ‘‘bridge‘‘ OR ‘‘urban’’ OR ‘‘highway")b OR. . .
‘‘infrastructure system‘‘ AND (‘‘road*’’ OR ‘‘rail*’’ OR ‘‘bridge‘‘ OR ‘‘highway’’ OR ‘‘transport*‘‘ OR ‘‘traffic’’)b OR. . .
‘‘infrastructure network‘‘ AND (‘‘road*’’ OR ‘‘rail*’’ OR ‘‘bridge‘‘ OR ‘‘highway’’ OR ‘‘transport*‘‘ OR ‘‘traffic’’)b

a Search query after AND gives context to transportation systems and infrastructure that enables the traveling of people and goods (transport/traffic systems
and traffic networks are sometimes used in different context areas).
b Search query after AND gives context to transportation.

Table A.2
Search query combinations.

Search query Results

𝑛0 TIS 118,105
𝑛1 TIS AND (‘‘vulnerability‘‘ OR ‘‘risk’’) 8,282
𝑛2 TIS AND ‘‘robustness" 1,236
𝑛3 TIS AND ‘‘resilien*" 1,613
𝑛4 TIS AND ‘‘sustainab*" 6,779
𝑛𝑂𝑅 TIS AND (‘‘vulnerability‘‘ OR ‘‘risk’’ OR ‘‘robustness‘‘ OR ‘‘resilien*’’ OR ‘‘sustainab*") 16,395
𝑛5 TIS AND (‘‘vulnerability‘‘ OR ‘‘risk’’) AND (‘‘flood*‘‘ OR ‘‘scour*’’) 921
𝑛6 TIS AND ‘‘robustness‘‘ AND (‘‘flood*’’ OR ‘‘scour*") 37
𝑛7 TIS AND ‘‘resilien*‘‘ AND (‘‘flood*’’ OR ‘‘scour*") 247
𝑛8 TIS AND ‘sustainab*‘‘ AND (‘‘flood*’’ OR ‘‘scour*") 132
𝑛9 TIS AND (‘‘vulnerability‘‘ OR ‘‘risk’’ OR ‘‘robustness‘‘ OR ‘‘resilien*’’ OR ‘‘sustainab*‘‘) AND ‘‘uncertain*’’ 1028
𝑛10 TIS AND (‘‘vulnerability‘‘ OR ‘‘risk’’ OR ‘‘robustness‘‘ OR ‘‘resilien*’’ OR ‘‘sustainab*‘‘) AND ‘‘*dependenc*’’ 592
𝑛11 TIS AND 𝑛𝑂𝑅 AND (‘‘governance‘‘ OR ‘‘manag*’’ OR ‘‘decision‘‘) AND (‘‘preference’’ OR ‘‘attribute’’ OR ‘‘criteri*") 702

Table A.3
Scopus subject areas excluded from the search.
Health sciences Life sciences

Medicine(MEDI) Biochemistry, Genetics and Molecular Biology (BIOC)
Nursing (NURS) Immunology and Microbiology (IMMU)
Veterinary (VETE) Neuroscience (NEUR)
Dentistry (DENT) Pharmacology, Toxicology and Pharmaceutics (PHAR)
Health Professions (HEAL) Chemistry (CHEM) (Physical Sciences)

Table A.4
Context areas excluded from the search.
Research context Keywords to exclude in search query

Computer networking and communication vehic* ad hoc networks (vanets)
broadcast
transmission flood*

Traffic signal systems signal control*
traffic control*
traffic signal

Connected, automated and electric vehicles autonomous W/2 vehicle
autonomous W/2 buses
‘‘platoon*’’
‘‘recharg*’’ or ‘‘charg*’’ or ‘‘batter*’’

Location Privacy and Security ‘‘mobile users’’
‘‘map matching’’

Space transportation systems ‘‘moon’’ or ‘‘mars’’ or ‘‘lunar’’
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Table A.5
Non-context-specific terms excluded from visualizations.
knowledge question comparison attention cause
account advantage article author challenge
improvement requirement view case study concept
perspective problem difference presence concern
addition basis consideration effort goal
face focus form gap good
example order estimation (important) role insight
chapter lack application type issue
characteristic point end limitation new method
need research(er) review feature principal
investigation overview recent year regard set
literature need hand set use
kind study area context variety variation
methodology characterization understanding factor way
wide range implementation

Table A.6
VOSviewer specifications for term co-occurrence analysis networks.

Search query 𝑛1 𝑛2 𝑛3 𝑛4 𝑛5 𝑛7 𝑛8 𝑛9 𝑛10 𝑛11
Total number of records 8282 1236 1613 6779 921 247 132 1028 592 702
Binary count Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
Min. no. of occurrences of a terma 170 23 37 150 25 8 5 23 15 18
No. of terms 170 174 171 169 175 170 148 170 177 168
% of relevant termsb 71% 69% 70% 71% 69% 71% 68% 71% 68% 71%
Final no. of terms selected 120 120 120 120 120 120 100 120 120 120
No. of clusters 4 3 3 3 3 3 4 4 3 3
No. of links 7064 6256 6506 7135 5232 4316 2788 6136 5973 6164
Total link strength 309949 49606 48598 413514 45836 8958 4862 42480 29648 29909

a The minimum number of occurrences of a term is adjusted aiming to obtain medium size network visualizations of 120 terms.
b Percentage of terms to be selected based on their relevance score (set to exclude around 30% of terms with low relevance score).

Table A.7
VOSviewer specifications for bibliographic coupling analysis networks.

Search query 𝑛1 𝑛2 𝑛3 𝑛4 𝑛5 𝑛7 𝑛8
Total no. of records 8282 1236 1613 6779 921 247 132
Fractional counting Yes Yes Yes Yes Yes Yes Yes
Min. no. documents per author 10 5 6 8 5 3 2
No. of authors 32 11 31 24 18 29 8
Min. no. documents per country 10 5 5 10 5 3 3
No. of countries 69 34 47 76 44 23 22
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