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ABSTRACT ARTICLE HISTORY
Given the wide range of hazards or disruptive events, particularly those Received 21 June 2024
arising from climate change, that threaten the normal operations of  Accepted 12 March 2025
seaports and the continuity of supply chains, the concept of resilience KEYWORDS

has emerged as a key approach, offering promising strategies to effec- Seaport; maritime
tively withstand these hazards and recover successfully from their adverse transportation; supply chain;
effects. This study aims to investigate the existing body of research on seaport resilience; resilience
resilience analysis of seaports, focusing on identifying their limitations and analysis

challenges, conducting detailed discussions and comparisons, and analyz-

ing approaches, models, and techniques. To achieve this, a critical review

of existing studies on seaport resilience analysis is conducted, alongside

an examination of seaport network resilience as a complementary aspect.

This study makes a significant contribution by identifying research gaps in

seaport resilience and highlighting potential directions for future

research. The findings of this review serve as a critical foundation for

further investigation, offering valuable insights to both academic scholars

and industry practitioners. Additionally, the review not only provides

practical approaches for implementation but also offers essential refer-

ences for managing disruptions at both the individual seaport and net-

work levels. The final results indicate that seaport resilience analysis is still

in its early stages, with substantial overlap between proposed frameworks

and a high degree of conceptual similarity.

1. Introduction

Maritime transportation and seaport operations serve as the fundamental pillars of global
trade and the international economy. It is worth noting that a significant proportion,
approximately 80% in terms of volume and around 70% in terms of value, of international
trade is conducted via maritime routes (UNCTAD 2023). In this respect, the continuous
operation of seaports as the heart of maritime transportation is essential. Any failure or
disruption would significantly hinder the flow of goods and disrupt supply chains, both
domestically and internationally. The key principles for evaluating seaport performance
include reliability, vulnerability, robustness, survivability, safety, and security. These terms
cover several technical aspects related to evaluating the functionality of seaport operations but
differ in their primary objectives and perspectives. Among these concepts, resilience stands
out for its significance and emblematic nature. It has the capacity to cover a wide range of
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port operation assessments and is of utmost importance in facilitating seamless and effective
functioning while maintaining its integrity. Resilience refers to a port’s ability to withstand,
adapt to, and recover from various shocks and stresses. This involves understanding con-
ceivable hazards, assessing their potential consequences, and implementing measures to
enhance the port’s capacity to resist and mitigate the adverse effects of disturbances and
recover from them.

This paper aims to serve as a comprehensive survey of existing research on resilience studies in
seaports. Over the past years, there has been a significant surge in attention surrounding the notion
of resilience, making it a topic of interest for this review. Regarding maritime resilience, the existing
literature is rather scant. Madhusudan and Ganapathy (2011) conducted a review study on the
resilience of transportation infrastructure and seaports in the face of relevant disasters. They
concluded that a universally agreed-upon metric for assessing the resilience of transportation
infrastructure across various modes of transportation has not yet been established. Wendler-
Bosco and Nicholson (2020) conducted a literature review of existing research on the impacts of
seaport disruptions on the maritime supply chain. They reviewed a variety of scholarly research and
industry sources to gain insights into the impacts of port disruptions on various dimensions of the
supply chain, including transportation, inventory management, and customer service. Gu and Liu
(2023) conducted a comprehensive literature analysis that specifically examined the notion of
resilience in the realm of maritime transportation. Additionally, a bibliometric study was under-
taken, providing insights into the elements that contribute to maritime resilience. Recent studies
have explored resilience in the context of maritime transportation. Lau et al. (2024) employed
bibliometric analysis and a systematic literature review to examine a broad range of issues related to
maritime transport resilience. It discusses resilience in maritime transport systems and freight
networks, ports and supply chains, and the effects of climate change on port resilience. Liu et al.
(2024) also utilized bibliometric analysis and a literature review but focused specifically on the
implications of maritime transport resilience for international trade. This study emphasizes the
need for more comprehensive economic evaluations using analytical models and simulations to
assess the costs and benefits of resilience strategies. Additionally, it identifies a significant gap in
research concerning geopolitical risks and their impacts on maritime transport resilience and trade.
While both recent papers provide valuable insights into maritime transport resilience, they are
limited by their reliance on bibliometric analysis. Although bibliometric analysis is useful for
understanding the research landscape, it does not offer in-depth insights into the content, quality,
or practical implications of the studies reviewed. This reliance may lead to conclusions that reflect
publication trends rather than substantive advancements in the field. Additionally, bibliometric
data can sometimes overemphasize certain research areas based on publication volume rather than
actual impact or innovation. As a result, the papers face several limitations: a lack of sufficient
discussion and categorization of resilience analysis methodologies from an engineering perspective,
insufficient exploration of practical implementation of resilience strategies in seaports, and inade-
quate analysis of the resilience of seaport networks.

In this respect, it is imperative to conduct a comprehensive review study that provides
a thorough overview of the advancements in the emerging field of seaport resilience. This study
includes a summary of the existing body of knowledge, with particular emphasis on the qualitative
and quantitative methodologies that have been developed. Furthermore, it consolidates the findings
from various research papers, highlighting future research directions and recognising the current
methodological challenges.

To achieve the objectives, a comprehensive critical review with a focus on seaport resilience is
conducted, leading to the following significant contributions:

(1) Extensive coverage: A broad array of journal papers published over the past two decades is
meticulously surveyed, providing a comprehensive and in-depth review, with the most
relevant and research-worthy studies chosen through a rigorous screening process.



MARITIME POLICY & MANAGEMENT (&) 3

(2) Critical analysis: Critical literature review techniques have been employed to facilitate the
exploration of previously unaddressed questions in existing research, thereby uncovering
significant knowledge gaps in this field.

(3) Extensive discussion on resilience metrics and methodologies: A comprehensive examina-
tion of the resilience concept, along with the existing measures, methodologies, and strate-
gies specifically applied within the seaport context, has been carried out, highlighting their
complexities and practical applications.

(4) In-depth evaluation: This work extends beyond simple exploration, providing an in-depth
evaluation that highlights both the strengths and weaknesses of the topics covered. It also
identifies and discusses key challenges, while proposing potential directions for future
research, offering valuable insights to the academic community.

The rest of the paper is structured as follows: Section 2 presents the research methodology and
the process of literature identification. Section 3 provides the concept, definition, application,
and purpose of resilience assessment in the context of seaports. Section 4 particularly concen-
trates on the methodologies and approaches applied in the resilience analysis of individual
seaports. Section 5 discusses the resilience of seaport networks, focusing on how disturbances
might affect the interconnectedness and overall functionality of port networks. The discussion
for existing challenges, policy implications and future research directions, as well as the
conclusions, are provided in Sections 6 and 7, respectively.

2. Methodology

To conduct an in-depth examination of resilience research within the seaport field, a critical review
approach has been employed to find relevant publications for evaluation. This approach consists of
four phases: 1) the use of online platforms for research studies retrieval and exploration, 2) the
systematic evaluation and selection procedure employed to assess the suitability and credibility of
sources, 3) the eligibility assessment, and 4) concluding the incorporation of research studies. The
relevant studies have been gathered through a search performed using Clarivates’s Web of Science,
which is known for its robust search capabilities and well-acknowledged reputation for trustworthi-
ness throughout the scientific world. While SCOPUS is widely utilized for research, its citation
analysis tools are less robust compared to the Web of Science, offering only basic features. Web of
Science’s meticulous quality control, including manual indexing, assures researchers of database
accuracy. Thus, choosing the Web of Science for locating seaport resilience papers is preferred due
to its reliability and comprehensive citation analysis capabilities.

The procedure to search records started by using a combination of keywords as follows:
(‘seaport’ or ‘sea port’ or ‘port’) AND (‘resilience’ or ‘resilient’ or ‘resiliency’) for the resilience
analysis of individual seaports, and (‘seaport’ or ‘sea port’ or ‘port’) AND (‘Network’) AND
(‘resilience’ or ‘resilient’ or ‘resiliency’) for the resilience analysis of seaport networks. The
investigation was conducted throughout the timeframe spanning from 2000 to 2024 and
yielded a total of 1131 records. Initially, it was decided that our investigation to be limited
to only peer-reviewed publications, given that the peer-review process is often regarded as
the most reliable means of securing acceptance within the scientific community. To this
end, our study purposefully omitted conference proceedings, editorial articles, white papers,
and book chapters since these sources are likely to provide retrospective perspectives on the
topic matter. Furthermore, the screening process included reviewing the titles and abstracts
of the identified articles, and in some cases, doing a cursory reading or scanning of the
content. In this phase, a substantial portion of the initially identified research papers were
eliminated (967 out of 1131), with a retention rate of only 14% (164 papers) being
maintained. In the literature review, stringent screening criteria were applied. The term
‘resilience’ encompassed various disciplines, necessitating the selection of studies directly
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addressing seaport resilience. Numerous papers explored related areas, such as supply chain
and shipping network resilience, while others focused on broader concepts like economic
and coastal community resilience. Additionally, papers from computer science, centered on
different ‘port’ contexts, were excluded. These measures ensured the review’s precision,
resulting in a refined collection of studies specifically contributing to our understanding of
seaport resilience assessment, while mitigating the inclusion of tangential or unrelated
research.

In the phase of the eligibility assessment process, the screened records underwent further
analysis through full-text review, leading to the elimination of 36 records. Consequently,
only 128 publications were deemed to have the possibility for inclusion in our review. In
this phase, we used a set of criteria to assess the significance of selected papers. These
criteria included inquiries into the papers’ pertinence to the overarching objective and their
potential for deriving novel outcomes. For instance, in several cases, resilience was seen
only as sub-topics or a superficial designation. It is noteworthy that in addition to the
aforementioned procedure, some papers were identified using reference tracking, which
included examining relevant review studies and highly cited research papers. This metho-
dology facilitated the inclusion of an additional 14 records in our comprehensive literature
review. Based on the collected data (i.e. included papers), the top five scholars in the field
include ‘Z. Yang,’ ‘E. Miller-Hooks,” ‘A.K.Y. Ng,” J.S.L. Lam,” and ‘K. Barker.” The leading
journals which published the most papers are ‘Reliability Engineering & System Safety,’
‘Maritime Policy & Management,” ‘Transportation Research Part E: Logistics and
Transportation Review,” and ‘Ocean & Coastal Management.” This breakdown shows the
number of references associated with each of the top authors and journals, emphasizing
their prominence in this literature review.

. . 5 Using the
Identification Search in Web of - Total search
Phase sciences kein i results: 1131
N
Screening Screened out papers: 967 Filtering out the conference
<+—— papers, books, white papers,
Process Screened in papers: 164 ete.
v
Eligibility Full-text review and Discarded papers: 36
Assessment in-depth examination Eligible papers: 128
Inclusion Total included paperSRI Added papers through
Phase : Reference tracking: 14

Figure 1. The flowchart of the different phases in the literature review.
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Figure 1 illustrates the overall demonstration of the implemented procedure. Following the
above four steps, all major studies are included in the analysis.

3. The concept of resilience in seaports
3.1. Definition and terminology

Resilience in many application fields is subject to varying viewpoints and definitions. Within the
realm of engineering systems, and specifically in the domain of infrastructures, the concept of
resilience encompasses several dimensions and viewpoints, resulting in the absence of a universally
applicable definition. For instance, the National Infrastructure Advisory Council (Critical
Infrastructure Resilience: Final Report and Recommendations 2009) provided a definition of
infrastructure system resilience, characterizing it as the capacity to predict, absorb, adapt, and/or
quickly recover from a disruptive event such as natural disasters. Hosseini, Barker, and Ramirez-
Marquez (2016) conducted a comprehensive literature review, including research publications that
explore the definition, conceptualization, and measurement of resilience across many academic
fields, with particular emphasis on engineering systems. Wan et al. (2018) conducted a thorough
analysis of prior scholarly investigations, focusing on the elucidation and fundamental attributes of
transportation resilience. Out of all relevant resilience definitions, this research aligns with the
prevailing viewpoint within the maritime community and the term ‘seaport resilience’ is defined as
the capacity of a port to effectively withstand disturbances, preserve its fundamental structure and
operations, adapt to the existing situation, and then restore its service to a satisfactory level within
an acceptable timeframe and financial constraints after the occurrence of disruptions. According to
the above-mentioned definitions, the features of resilience may be delineated using several ter-
minologies, including, but not limited to, reliability, robustness, redundancy, vulnerability, flex-
ibility, adaptability, and recoverability, among others. In this regard, Biringer, Vugrin, and Warren
(2013) proposed three capacity categories of basic system features that contribute to infrastructure
resilience and act as defense layers against disruptive events. These categories, namely absorptive,
adaptive, and restorative capabilities, serve as a classification framework for different elements of
resilience. Figure 2 illustrates the three resilience capacities and their respective elements in the

Container Seaport

Recoverability
Resourcefulness
Communication [
Collaboration —
Agility
Flexibility |
Preparedness -

Visibility [
Diversity g —
Redundancy g
Robustness
Reliability ——

Restorative capacity

Adaptive capacity

Disruptive event

Absorptive capacity

Figure 2. Seaport resilience structure [Authors].
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context of seaport operations. The ‘absorptive capacity’, as its name suggests, refers to the inherent
capability of a system to absorb or endure the effects of any disturbances that pose a risk to its
functioning, while also mitigating the resulting repercussions. As an endogenous characteristic of
the system, this capacity is widely recognized as the primary mechanism for mitigating the impacts
of disruptive events. The analysis of relevant scholarly sources has led us to identify five key
components that contribute to this particular capability. These components include reliability,
robustness, redundancy, diversity, visibility, and preparedness. The ‘adaptive capacity’, as
the second line of defense, is the ability of a system to adjust and reorganize itself in response to
post-accident scenarios, while using non-standard operating approaches that require more
resources and expenses, with the aim of minimizing the impacts of interruptions. Four elements
of resilience that can be attributed to the adaptive capacity are identified as follows: flexibility,
agility, collaboration, and communication. The concept of ‘restorative capacity’ is presented as the
last line of defense, denoting a system’s capability to undergo repair, recovery, and restoration in
a prompt and efficient manner in a way that the repaired system will function at the same level as its
original condition. Given the vast array of operations involved in this capacity, including services,
methods, procedures, and technologies (resourcefulness), it necessitates a substantial amount of
effort and financial investment compared to other capacities. Table 1 presents the definition of the
terms related to seaport resilience.

3.2. Temporal phases of seaport resilience

To enhance understanding and facilitate the assimilation of the concept of resilience, as well as to
see the role of resilience elements during disruptions, Figure 3 depicts the hypothetical performance
level of a seaport and its fluctuations across three distinct temporal phases: pre-disruption, during
the actual disruption, and post-disruption. The diagram follows the ‘Resilience Triangle’ concept
(Fan et al. 2024) and aims to integrate the essential characteristics of resilience elements to depict
the time-dependent representation of seaport performance. Over the pre-disruption period, a port’s
functionality depends on factors such as the design configuration, the reliability of its systems, sub-
systems, and associated components, as well as the prevailing operating conditions. For simplicity,
the system’s functionality is represented by a linear model, assuming a steady state and disregarding
any transitory deviations from the original state.

Upon the occurrence of disruptive events within the system, namely at time t., the absorptive
capacity is triggered. This time may be divided into the following two distinct phases: In the first
phase, the system demonstrates its ability to withstand the effects of disruptive events by using
redundant or diversified capabilities. This enables the system to uphold a minimal threshold of
performance, demonstrating that it only fulfills the most basic requirements. In the second phase,
depending on the severity of the disruptive event, functionality reduction persists beyond the
complete exhaustion of redundant capabilities, resulting in continuous deterioration until time tg,
when the adverse effects of the disruption are fully manifested.

In this scenario, the system’s functionality is at its lowest point, determined by the level of
systems’ robustness. In other words, the extent to which functionality decreases reflects the degree
of vulnerability in the system, indicating a lack of robustness. The level of vulnerability shown by
a system inversely correlates with the degree of its robustness. Following the point of maximum
functional deterioration, denoted as time tg4, a series of adaptive and restorative mechanisms are
initiated with the aim of restoring the system’s functioning to a stable condition by time t,.

It is important to acknowledge that the new state does not necessarily have to be at the same
level as the initial state. This is because the new state has the potential to attain an alternative
equilibrium level, which might be either an enhanced state (i.e. enhanced functionality) or
a partially restored state (i.e. reduced functionality). During the recovery phase, the presence of
various factors such as the availability of resources (human, technology, budget), agility,
flexibility, effective communication, and efficient collaboration are of utmost importance. In
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Term Reference
Absorptive The ability of a system to absorb or withstand the impacts of any disruptions  Biringer, Vugrin, and
capacity threatening its operation as well as minimizing the subsequent Warren (2013)

consequences.
Adaptive The ability of a system to adapt itself to post-accident situations (reorganization) Biringer, Vugrin, and
capacity and employ unconventional operational strategies with extra effort and cost ~ Warren (2013)

Restorative
capacity
Reliability

Robustness

Redundancy

Diversity

Visibility

Preparedness

Flexibility

Agility
Collaboration

Communication

Resourcefulness

Recoverability

Vulnerability

Survivability

Rapidity

to mitigate the effects of disruptions.

The ability of a system to be repaired, recovered, and restored quickly and
efficiently, although requiring the greatest effort and cost.

The probability of a system to successfully operate at its optimum level of
functionality under specific conditions and within a specified period.

The inherent characteristics of a system to withstand and absorb the stress of
perturbations and disturbances while maintaining its functionality.

The ability of a system to substitute its failed components or even sub-systems
with the reserved embedded ones to take over the same functions in the

same way.

Having multiple independent systems or components that can fulfill the same
function, while possessing distinct attributes, to reduce the possibility of

common cause failure.

Visibility refers to the ability of systematic monitoring of different operations
such as tracking shipments and the corresponding supply information
throughout the entire process.

The ability to be prepared against disruptions through proactive
implementation of specific measures prior to their occurrence.

The capacity to adjust, adapt, reorganize, and reconfigure in response to
a disruptive occurrence, via the implementation of contingency strategies.
The connotations associated with flexibility differ from those associated with
robustness in the context of preserving system performance, rather than
specifically preserving system structure.

The capacity to promptly address disruptions with the aim of mitigating the
extent of suboptimal performance.

The capacity of multiple groups to collectively view and participate in the
process of decision-making together, to effectively address the disruptions.

The process of effective exchange of information for mitigating the
consequences of disruptions among relevant groups of decision-makers, both
prior to, during, and after such events.

Resourcefulness is described as the state or quality of having access to
a sufficient quantity of materials, supplies, and personnel in order to
effectively restore or maintain functionality.

The capacity to efficiently recover from disruptions and restore the normal
functioning within a reasonable timeframe, while minimizing expenses and

resource utilization.

The deficiency or susceptibility in the structure, design, functioning, and/or
administration of a seaport, which makes it prone to damages or
a considerable reduction in capacity in the face of disruptive events or
diminishes its ability to return to a state of stability.

survivability refers to the ability of a seaport to resist various stressors,
disturbances, or adverse events while maintaining essential functions and
minimizing the impact on its overall stability and functionality.

Biringer, Vugrin, and
Warren (2013)
Modarres, Kaminskiy, and
Krivtsov (2016)
Faturechi and Miller-
Hooks (2015)
Modarres, Kaminskiy, and
Krivtsov (2016)

Modarres, Kaminskiy, and
Krivtsov (2016)

Kim, Choi, and Kim (2021)
Kwesi-Buor, Menachof,
and Talas (2019)

Lagoudis, Naim, and
Potter (2010)

Adam et al. (2016)

Wang, Wu, and Yuen
(2023)

Wang, Wu, and Yuen
(2023)

Reggiani (2013)

Baroud et al. (2014)

Pan et al. (2021)

Lagoudis, Naim, and
Potter (2010)

Rapidity is a measure of how quickly the system can restore its critical functions Baroud et al. (2014)

and resume regular activities after facing a disruption. A seaport with high
rapidity can bounce back swiftly and efficiently from disruptive events,
minimizing downtime and negative impacts to supply chains and customer

service.

the resilience diagram, the red dashed line indicates the presence of a highly resilient system,
which implies that the system’s functioning may see considerable improvement in comparison
to its initial state. A stronger absorptive capacity not only reduces the vulnerability, but also
prolongs the occurrence of minimal functionality (At;”>At;). Furthermore, with enhanced
adaptive and restorative capabilities, there can be an observed rise in the rate of recovery,
suggesting a more rapid process of repair (see the slope of the recovery line, (At,"<At,)). It is
worth mentioning that, following a disruption, the system’s functionality may increase to
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Pre-disruption Disruption period Post-disruption

Figure 3. Schematic representation of seaport functionality with consideration of resilience capacities [Authors].

a higher degree and its resilience against future occurrences may be enhanced due to the
adoption of advanced adaptive capabilities and the incorporation of lessons learned from
prior experiences or during the disruption. All in all, this observation indicates that systems
encountering disruptive events and possessing higher resilience exhibit superior performance
compared to those with lower resilience when facing the same disruptions.

3.3. Seaport disruptive scenarios

Maritime supply chains in general, and seaports in particular, are subject to numerous sources of
risk, resulting in moderate to severe interruptions. There appears to be a growing recognition
among academic researchers and industry stakeholders that seaports should not be viewed as
merely another set of nodes in the supply chain. Instead, they should be seen as interconnected
components and as central components of the maritime transportation system (MTS), with serious
repercussions if they fail (Wendler-Bosco and Nicholson 2020).

Given the interconnected operation of different parts in MTS, any disruption in any part will
immediately propagate throughout the system, having an immediate impact on supply chains.
In this regard, attempting to identify all possible types of hazards threatening the functionality
of such important infrastructures is essential. Using lessons learned from research on safety and
reliability in other critical fields such as aviation, nuclear, and chemical industries, potential
disruptive scenarios in the context of seaports can be identified and classified using a data-
driven approach or a qualitative process. In the former, hazards are detected and documented
through a systematic process using historical events, allowing for traceability and additional
analysis, and in the latter, discussions, interviews, and brainstorming from experts, academics
and stakeholders are applied. Due to the nature of ports, the location they are built, the complex
systems they consist of, and the sociological environment they operate in, a wide range of risks
could impact their functionality. Mansouri, Nilchiani, and Mostashari (2010) stated that hazards
to ports can be classified into four main groups: natural disasters, organizational factors,
technological failures, and human errors. Each group can also be attributed to different under-
lying causes originating from either external disturbances or internal perturbation of the ports’
boundaries. To enrich the above list of classification, one might introduce the following
disruptive scenarios which have received less attention but are critical in a case of occurrence,
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which are economic factors, land/marine access disruptions, and network disturbances
(Grainger and Achuthan 2014). There are several noteworthy studies aiming at analyzing the
impact of different hazards on the seaports and discussing their subsequent consequences. With
the help of the Automatic Identification System (AIS), Verschuur et al. (2022) analyzed 141
cases of port disruptions caused by natural disasters in 74 different ports throughout the world.
Based on the empirical evidence they provided, they concluded that multiple ports at the same
time, could be disrupted and even shutdown in case of extreme natural disasters, putting the
reserve capacity at potential alternative ports at risk. Cao and Lam (2018) developed a novel
framework based on the simulation of seaport operations, historical events and actual data logs
to estimate the financial consequences of two major types of catastrophes that occur in ports,
namely, natural disasters and human-induced hazards. Adam et al. (2016) conducted
a systematic analysis of maritime disruptive scenarios over a period of six decades from 1950
to 2014 to evaluate their scale, time span and subsequent impacts on UK ports and the related
areas. They categorized the disruptions into seven major sources, including human errors,
technological failures, poor visibility, rough seas, snow and ice, storm surges and windstorms.
Lam and Su (2015) provided a comprehensive assessment of port interruptions in East and
South Asia from 2001 to 2011. They concluded that natural disasters and labor strikes are the
two most frequent reasons for port interruptions, with natural disasters having the most
damaging impact on supply chains. In Figure 4, a comprehensive analysis of the existing
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Figure 4. Seaport disruptive scenarios classification [Authors].



10 M. MOHSENDOKHT ET AL.

Resilience capacities Resileince elements Resilience strategies

- Reliability ‘ Regular maintenance ‘
- Strong coastal protection, Strong cyber-secure infrastructure, Safety management,
ok /) ‘ Security management, Resource conservation
\ Re Jundeny  energy infrastructure, Redundant facility, backup main equipment,
% Reserved space
Absorptive ‘
/ [ Dwersxty Y ‘ Energy systems, diverse equipment -
e i y - ti
Vlslblhtyﬁ ‘cargo tracking systems, Real-time data management systems. ‘

data analysis program

< Flex;bﬂ_lry > ‘ Alternative means of transportation, container r@osmomng Alternate functioning manner

( Aglllty ) ‘ r Timely evacuation, Emergency unit 1 ‘
Adaptive
< Collaboration > ‘ R@g ‘

CommumcanD Effective information sharing

D,

TR s R 3 7 o
/ \ /\ Resourcefulness g Budget restoration, service restoration
\ Restorative o

/

\\ / Gy Recoverablllty /\) Facility recovery, technology recovery
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literature has been compiled to identify and categorize seven primary disruptive scenarios and
their corresponding sub-factors that pose significant risks to the efficient operations of seaports.

3.4. Seaport resilience strategies

Seaport resilience strategies are a crucial set of protective actions and contingency plans, including
both reactive and proactive measures, with the objective of improving the ability of seaports to
manage disruptions and swiftly bounce back from adverse events. These strategies encompass
various features that are commensurate with the resilience capacities and elements. Figure 5
demonstrates the overall structure of seaport resilience and the relevant strategies. It is to be
noted that the resilience strategies are not limited to the examples in Figure 5 and may be
customized to the unique features of individual ports and their challenges against various disrup-
tions. In this regard, we have compiled the different resilience strategies adopted in the selected
papers in Table 2. Further discussion about the details of these resilience strategies as well as their
descriptions and applications are provided in section 6.2.

4, Seaport resilience assessment methodologies

In this section, the primary emphasis is placed on deliberating upon all relevant aspects of resilience
assessment in seaports. Utilizing an extensive examination of the relevant literature and following
the classification of resilience assessment methods presented in (Hosseini, Barker, and Ramirez-
Marquez 2016), the research of seaport resilience may be approached in a similar manner. The
approaches to evaluating the resilience of seaports against the above-discussed disruptive scenarios
can be classified into three primary categories, namely qualitative, semi-quantitative, and quanti-
tative approaches. The qualitative approaches deliver a general comprehension of the definition of
resilience, the interaction between the resilience elements, the identification of causal relationships
between various influencing factors in resilience, and the establishment of an overarching frame-
work to categorize resilience strategies based on resilience elements. As guiding principles and
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roadmaps, qualitative approaches can assist stakeholders in understanding resilience and recogniz-
ing the relevant strategies adopted to improve resilience. However, when it comes to addressing the
multitude of variables and discerning precise quantitative correlations between them, qualitative
approaches are not sufficient, and there arises a need for a complementary approach. This necessity
can be explained by the fact that managers or decision-makers tasked with devising strategies
require a solid justification for their decision-making process to optimize resource allocation for
strengthening system resilience, a need that qualitative approaches alone cannot fulfill. In this
regard, quantitative approaches have the potential to address the aforementioned limitations and
offer more compelling and cogent insights. The following sections introduce and discuss the
different resilience assessment methodologies developed and applied in the context of seaports
and their related superstructures.

4.1. Qualitative approaches

The qualitative approaches in the literature can be further categorized into conceptual frameworks
and empirical studies.

4.1.1. Conceptual frameworks

The qualitative assessment of seaport resilience is predominantly carried out through the utilization
of conceptual frameworks. This approach deals with a wide range of concept-related subjects, such
as terminologies, attributes, conceptual foundations and modeling. The study by Mansouri,
Nilchiani, and Mostashari (2010) is considered a seminal study in introducing conceptual frame-
works within the realm of seaport resilience. The authors developed a risk management-based
decision analysis (RMDA) framework consisting of three main phases, namely vulnerability
assessment, resilience strategies development, and cost-effectiveness analysis, to provide the seaport
stakeholders with a tool to select the best available policies for the improvement of port infra-
structure resilience.

The issue of fragmented information flows among multiple stakeholders in seaports has been
widely recognized as a significant barrier to coordinated responses during disruptive events.
Various researchers have developed conceptual frameworks to address this challenge, each offering
distinct approaches to improving seaport resilience. These frameworks can be categorized into
different thematic areas, including decision-making processes, stakeholder engagement, informa-
tion sharing, and organizational resilience.

In terms of decision-making and process architecture, Mostashari et al. (2011) introduced
the Cognitive Process Architecture Framework (CPAF). This framework aims to support the
effective perception of changes and events, facilitate the analysis of operational scenarios, enable
informed decision-making by accounting for trade-offs, and ensure continuous monitoring of
the implementation of selected actions. This approach highlights the need for a dynamic and
adaptive framework that evolves with the complexities of seaport operations, making it parti-
cularly relevant in scenarios where rapid responses are required. Almutairi et al. (2019) adopted
a different approach, emphasizing the fluctuating interests and influences of different stake-
holders over time. Their framework integrates stakeholder mapping and disruption scenario
modeling to address varying levels of stakeholder participation in response to disruptive
scenarios. By recognizing that stakeholders’ priorities may shift depending on economic,
environmental, and social factors, this framework allows for more strategic planning initiatives
aimed at enhancing resilience. Shaw, Grainger, and Achuthan (2017) tackle the issue of
information sharing between key seaport stakeholders, including managers, shipping firms,
and logistics businesses. Their multi-level case study methodology led to an information-sharing
model that leverages both supplier and customer perspectives. The key insight here is that
subjective information, when shared effectively, can enhance seaport resilience by enabling
stakeholders to act promptly and allocate resources more efficiently. This approach provides
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a practical solution for optimizing limited resources, emphasizing the operational benefits of
improved communication channels among stakeholders during disruptions. Vanlaer et al.
(2022), developed a framework that categorizes resilience-building activities into three key
phases: anticipation, coping, and adaptation. Their model applies these phases across the policy,
economic, and operational domains, offering a comprehensive approach to seaport resilience.
By focusing on these domains, the framework ensures that resilience is not only a reactive
measure but also a proactive process, embedded within the broader organizational strategy of
seaports. This holistic approach suggests that resilience must be built at multiple levels, from
policy planning to day-to-day operations, to be effective.

Categorizing the above-mentioned approaches reveals two major focuses: process-driven frame-
works (such as CPAF and the information-sharing model) and stakeholder-centric frameworks (as
demonstrated in the stakeholder mapping by Almutairi et al. and the organizational resilience
model by Vanlaer et al. (2022). Both categories highlight the importance of collaboration and
communication, but each addresses different aspects of resilience: process frameworks prioritize
efficiency and optimization, while stakeholder frameworks emphasize the need for inclusive and
flexible engagement strategies.

Despite the merits of conceptual approaches, such as providing a structured methodology for
understanding seaport resilience and helping researchers and practitioners systematically evaluate
various dimensions of resilience, their theoretical foundation and limited reliance on quantitative
data can weaken the persuasiveness of their conclusions, potentially leading to an incomplete
representation of the overall picture.

4.1.2. Empirical studies
Moving away from conceptual approaches, there also exist some survey-based studies that aim to
analyze port resilience. Empirical studies provide valuable, data-driven insights into seaport
resilience by focusing on real-world events and gathering the perspectives of those directly involved
in port operations. These studies offer practical, grounded recommendations for improving resi-
lience, such as identifying common disruption patterns or developing risk management models.
Trepte and James (2014) research found that US seaport disruptions typically last 6 to 20
days. They analyzed cargo concentration, disruption duration, and capacity requirements to
reduce port bottlenecks. Additionally, Rice and Trepte (2012) gathered insights from stake-
holders, concluding that ports are resilient to daily fluctuations and minor disruptions.
However, their study showed that the maritime transportation system lacks sufficient resilience
when facing large-scale disruptions, highlighting a gap in preparedness for significant chal-
lenges. These works capture the firsthand experiences and perspectives of various stakeholders,
such as port managers and users. This provides a comprehensive understanding of port
resilience from the viewpoint of those directly involved in operations. The involvement of
multiple stakeholders ensures that empirical studies reflect the practical challenges faced during
disruptions, making the findings highly relevant to real-world applications. A similar approach,
conducted by Loh and Thai (2015), classified the port-related supply chain disruption threats
into four categories, namely, infrastructure threats, manpower threats, planning threats and
security threats, through interviewing the professional port managers as well as port users. They
also proposed a management model to improve the resilience of seaports regardless of their
specific cargo handling types, regions, or stages of development. The strength of empirical
research lies in its ability to connect theory to practice, validating resilience frameworks through
actual disruptions and stakeholder input. However, empirical studies also face challenges. The
limited scope of data, potential lack of generalizability, and difficulty in addressing large-scale,
complex disruptions present notable drawbacks. Moreover, the reliance on stakeholder inter-
views and qualitative data can introduce subjectivity, which might hinder the development of
universally applicable strategies.
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4.2. Semi-quantitative approach

A semi-quantitative methodology seeks to furnish a structured framework for assessing resilience
by harmonizing the depth of qualitative understanding with the precision of quantitative analysis.
An often-used strategy in semi-quantitative resilience evaluation involves assigning scores or
rankings to various resilience indicators or elements. These assessments may draw upon a blend
of qualitative assessments, expert insights, and quantitative data.

A semi-quantitative measurement framework to evaluate the resilience of seaports was estab-
lished by Kim, Choi, and Kim (2021), drawing upon an extensive review of pertinent scholarly
literature. This framework was empirically validated through the implementation of both explora-
tory and confirmatory factor analyses, utilizing a sample of 199 individuals representing various
stakeholders within the port industry in South Korea. Based on the findings of the study, they came
to this conclusion that the Korean ports possess a certain degree of adaptive and absorptive
capabilities for encountering adverse circumstances. However, they exhibit a relatively limited
level of restorative capability to respond to such circumstances when they do occur. Mutombo,
Olger, and Kuroshi (2017) introduced a novel approach that uses resilience scores to assess the
resilience of port infrastructure against climate-related hazards. By providing the scores, this
approach delivers clear and actionable results. These scores can highlight areas of strength (e.g.
adaptive and absorptive capabilities) and weakness (e.g. limited restorative capabilities), helping
stakeholders prioritize actions. The weighted scoring system, where preparedness is given a higher
priority, allows decision-makers to focus on crucial adaptive measures.

While semi-quantitative methods aim to harmonize qualitative and quantitative aspects, reliance
on expert insights and qualitative assessments introduces a level of subjectivity. Additionally,
assigning weights and scores, though useful for decision-making, can sometimes oversimplify the
complexities of resilience. As a result, the mathematical formulas used to calculate resilience may
overlook nuanced factors or interdependencies between resilience elements, potentially leading to
an incomplete picture.

4.3. Quantitative approaches

This section provides a discussion of various quantitative methodologies for assessing the resilience
of seaports. Based on the literature review, we have identified four major approaches used in the
relevant studies: Bayesian networks, multiple criterion decision making, simulation, mathematical
modeling and optimization. It’'s worth mentioning that certain additional approaches have been
identified which do not fall into the previously established categories. As a result, they are all
addressed under the miscellaneous category heading.

4.3.1. Bayesian networks

A Bayesian network (BN) is a formal probabilistic methodology that is utilized to represent the
causal relationships between random variables through the utilization of conditional probabilities
(M. Mohsendokht, Li, Kontovas, Chang, et al. 2024; M. Mohsendokht, H. Li, C. Kontovas,
C. Chang, et al. 2024). With a diverse array of functions in the domain of risk, reliability and in
particular, resilience engineering, as well as its capability to combine various pieces of information,
including objective and subjective data, BN has emerged as an advanced tool for uncertainty
modelling in the realm of seaport resilience assessment.

Hosseini and Barker (2016) applied BN to assess the resilience of the Port of Catoosa against
various disruptions, focusing on the ‘“Triple Resilience’ capacities: absorptive, adaptive, and restora-
tive. They developed strategies for each capacity and validated their model through sensitivity,
forward, and backward propagation analyses. Similarly, Hossain et al. (2019) devised a five-phase
BN-based resilience assessment for the Port of Pascagoula, incorporating disruptions like natural
disasters and cyber-attacks. Their sensitivity analysis highlighted the importance of maintenance
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practices, alternate routing, and manpower allocation in enhancing port resilience. Building on this,
Hossain et al. (2020) expanded their research by integrating interdependencies into a BN model,
recognizing geographic, service provision, and repair access as key factors. All the above-mentioned
studies emphasize the utility of BN for resilience assessment, highlighting maintenance, interde-
pendencies, and adaptive strategies as essential to enhancing port infrastructure resilience under
various disruptive scenarios. The approaches underscore the significance of interconnectedness in
port operations and supply chain management.

Wang, Wu, and Yuen (2023) developed a circular four-stage research framework using a BN
model to assess the resilience of Shanghai Yangshan Deepwater Port. They categorized resilience
capabilities into two main areas: readiness (pre-event actions) and response (post-event actions). To
validate their model and gain insights, they conducted sensitivity analysis along with forward and
backward inference analyses.

In line with relevant studies, Panahi et al. (2022) developed a BN model to measure the resilience
of Hong Kong’s Kwai Tsing Container Terminals in the face of the COVID-19 pandemic. They
applied similar approaches in BN models, such as sensitivity and propagation analyses, to extract
useful insights. The results indicated that the primary variables contributing to the enhancement of
seaport infrastructure resilience are port connectivity, training, and service improvement.

It goes without saying that BN offers a powerful framework for analyzing seaport resilience by
modeling causal relationships, handling diverse scenarios, and incorporating interdependencies.
The ability of BN to blend qualitative and quantitative data makes it a versatile tool in assessing
resilience across multiple dimensions, from infrastructure to human factors. However, the success
of BN models depends heavily on data quality and the expertise of those building and interpreting
the models. To maximize the benefits of BN in seaport resilience analysis, ongoing refinement of
models and broader data collection efforts are essential, along with improving accessibility for non-
experts in the field.

4.3.2. Multiple criterion decision making

In the realm of seaport resilience assessment, the intricate nature of systems and the multitude of
factors at play, necessitate the consideration of diverse techniques, including expert judgment, cost-
benefit analysis, collaborative design and modeling of the system. This has resulted in an enhanced
assortment and abundance of tools for decision-making, leading to the emergence of Multi-Criteria
Decision Making (MCDM) tools. In this regard, the MCDM framework encompasses the integra-
tion of qualitative and quantitative data, along with the implementation of suitable resilience
strategies, to mitigate the potential impact of disruptive scenarios and improve the overall resilience
of seaports. Some illustrative examples of adopting MCDM for seaport resilience analysis can be
tracked in the following works. John et al. (2014) proposed a framework combining the Fuzzy
Analytical Hierarchy Process (FAHP) and fuzzy TOPSIS to select optimal resilience strategies for
seaports, using nine criteria (e.g. cost, safety, reliability) and analyzing 11 strategies. FAHP was used
to assign weights, while TOPSIS ranked the strategies. Sensitivity analysis examined the impact of
weight variations on rankings. Similarly, Cao and Lam (2019) applied fuzzy Evidential Reasoning
(ER) and fuzzy TOPSIS to assess port vulnerability post-2015 Tianjin Port explosion, offering
insights into port resilience by addressing both pre- and post-disruption vulnerabilities in uncertain
scenarios.

The MCDM approach offers a comprehensive framework for quantitative analysis by integrating
both qualitative and quantitative data, enabling a well-rounded assessment of seaport resilience.
Additionally, the method can be tailored to various criteria and scenarios, making it adaptable to
different contexts and needs. Techniques such as FAHP and TOPSIS provide systematic ways to
rank resilience strategies based on multiple factors. However, the process of assigning weights and
performing sensitivity analyses can be time-consuming and complex. Furthermore, expert judg-
ment and the selection of criteria introduce subjectivity, which may negatively influence the results.
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4.3.3. Simulation

The evaluation, design, and configuration of resilience strategies in seaports pose significant
challenges due to various factors such as the geographical characteristics of the port, the unpre-
dictable and diverse nature of disruptive events, the management of investments and allocation of
resources, as well as the complex interactions among numerous other variables. In this respect,
simulation could be a useful approach to deal with the complexity of the process by executing
numerous iterations and experiments to investigate the responsiveness of a model to various
scenarios and inputs. Several studies have applied simulation models to assess port resilience, as
detailed below.

Folkman et al. (2021) developed a simulation model to examine the adverse impacts of hurricanes on
Houston port operations, demonstrating how natural disasters affect TEU throughput and port
efficiency. This approach allows stakeholders to explore the effects of disruptions on various aspects
of port operations, providing valuable insights into both pre- and post-disruption scenarios. However,
the accuracy of simulations depends heavily on the data and assumptions used. Their model may be
limited by the availability and precision of real-world data regarding port operations, and the assump-
tions about recovery timelines and infrastructure capacity can affect the validity of the outcomes.

Zhou et al. (2021) established a decision support system that utilizes digital-twin modeling to
assess the resilience of a port in the face of three power supply disruption scenarios with specific
levels of power shortage as well as determine the most suitable course of actions to be taken
following the disruptions. The findings of the research indicate that neglecting ordinary operational
uncertainties in port models can lead to a substantial overestimation of resilience levels, which
subsequently will result in misleading conclusions for port operators, falsely indicating that their
port possesses a high level of resilience.

Loh and Van Thai (2015) conducted simulations to ascertain the importance of ports in the
context of supply chain disruptions. The research aimed to establish a comparative analysis of costs
associated with various scenarios, namely, no disruption, waterway accidents, 12-hour delay, and
port shutdown resulting from a strike. The findings indicated that the escalation in expenses during
an unfavorable occurrence is primarily ascribed to elevated warehousing storage costs, inventory
storage costs, labor costs, and transportation costs. The limitations of their study can be succinctly
described as the absence of a sensitivity analysis and the exclusive examination of disruption effects
on a single category of cargo.

Shafieezadeh and Burden (2014) proposed a comprehensive framework for assessing port
resilience through simulation analysis. Their developed framework was specifically designed to
evaluate the seismic performance of a hypothetical seaport terminal located on the West Coast of
the United States, considering both the during and post-hazard phases. While the study gives port
operators insight into vulnerabilities, particularly how berths are more affected than cranes, and
highlights the long recovery timelines after significant seismic events, it may not account for other
types of disruptions, such as economic or environmental shocks.

Based on the above studies, it can be concluded that simulation is a powerful tool for analyzing
seaport resilience due to its ability to model complex real-world scenarios and test responses to
various disruptive events. However, its effectiveness is limited by the quality of data, assumptions
made during model construction, and the potential omission of key variables or scenarios. To fully
maximize the benefits of simulation in resilience assessments, models should be continuously
refined with updated data, broader risk considerations, and the inclusion of sensitivity analyses.

4.3.4. Mathematical modeling and optimization

In the context of port resiliency, mathematical modeling-based approaches are well-established and
frequently used methods which in conjunction with optimization techniques, are usually employed
to optimize the resilience for achieving the maximum effectiveness. Zhen, Lin, and Zhou (2022)
sought to evaluate the resilience of a seaport by quantifying the resilience of its traffic-electric power
coupled system. They developed a two-stage stochastic mixed-integer nonlinear mathematical
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model within the constraints of a predetermined budget. The two-stage entail making a decision
regarding the implementation of preparedness measures in the initial stage, and the implementa-
tion of appropriate recovery measures for the power system in the second stage. The result indicated
that simultaneous implementation of the pre-event preparedness measures and post-event recovery
measures yields greater advantages in enhancing and sustaining port resilience. Le6n-Mateos et al.
(2021) introduced a Port Resilience Index (PRI) to evaluate seaport resilience by associating it with
perceived indicators. Using a multi-stage approach, they identified climatic risks, analyzed resi-
lience factors, and incorporated expert opinions to derive normalized scores. A case study at the
port of Galicia, Spain, revealed a PRI of 52%, highlighting the port’s vulnerability to climate change
impacts, especially concerning its infrastructure, facilities, and operations.

Mathematical modeling and optimization approaches provide a powerful framework for asses-
sing and enhancing seaport resilience by enabling the quantification and optimization of relevant
strategies such as preparedness and recovery. These models are particularly useful for handling
complex, coupled systems and allow for structured, scenario-based decision-making. However,
their effectiveness can be compromised by data scarceness, simplifying assumptions, and the
potential subjectivity involved in indicator-based models. To maximize their usefulness, mathema-
tical models should be continuously refined with updated data, and efforts should be made to
reduce bias in indicator selection and weighting.

4.3.5. Miscellaneous methodologies

In addition to the aforementioned methodologies, several other approaches that do not fit into the
previously discussed categories have been utilized in the literature. For instance,
Galbusera et al. (2018) put out a theoretical framework based on Boolean networks to analyze the
complex interdependencies and dynamic nature of a multidomain port infrastructure network. The
construction of the model is grounded in the use of directed functionality graphs, whereby the
nodes symbolize infrastructure components and the edges symbolize the interdependencies
between them. This study aims to examine the performance of a seaport under stressful conditions
and analyze its recovery profile using resilience metrics. These metrics include functionality
measurements, systemic impact, total recovery effort, and departure from desired system perfor-
mance levels. Cho and Park (2017) developed a framework for port infrastructure resilience
assessment using system dynamics. Their framework evaluates the resilience of port systems by
considering various factors such as disruption, recovery actions, and long-term effects. In addition,
the model further integrates socioeconomic aspects, such as fluctuations in freight demand and
financial conditions. Table 3 provides an overview of relevant research along with their outputs.

5. Network resilience assessment of seaports

In the previous sections, the papers were examined on the resilience of ports within their physical
boundaries and their individual capacity to withstand various disruptions. However, it is important
to note that seaports are not confined to their physical boundaries, but are part of various
interconnected networks, collectively known as port networks. From this perspective, a port’s
overall performance, despite all preventative, mitigative and recovery measures implemented
within its operational zone, is contingent upon the efficacy of other ports within the network.
This is because an individual port with suboptimal functionality may significantly impair the overall
system performance. To illustrate this point, consider a hypothetical incident occurring at an
arbitrary port, which impacts its capacity to efficiently manage and execute a certain volume of
goods or services within a given time frame. A lack of berth capacity for incoming vessels will lead to
delays in the movement of vessels to subsequent locations, resulting in queues and increased
congestion both upstream and downstream. The presence of a disruption is clearly linked with
subsequent disruptions that spread throughout the network, causing negative consequences for the
functioning of other ports and the overall performance of the network system. Given this situation,
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Table 3. Seaport resilience assessment methodologies.

Approach Methodology Remarks Representative Studies
Qualitative Conceptual Conceptual frameworks are concerned with Almutairi et al. (2019); Mansouri,
framework describing the resilience elements and Nilchiani, and Mostashari (2010);
identification of their causal links. They benefit Mostashari et al. (2011)
the stakeholders and managers with a general
framework as a guiding principle.
Empirical Empirical studies in resilience assessment entail Loh and Thai (2015); Rice and
studies collecting real-world data via observation or Trepte (2012); Trepte and James
experimentation to comprehend and assess the (2014)
resilience of a given system.
Semi-quantitative Scoring The semi-quantitative approaches focus on Kim, Choi, and Kim (2021);
systems, constructing resilience elements and assessing Mutombo, Olcer, and Kuroshi
Ranking their characteristics based on expert elicitation (2017)
methods on a number or percentage scale.
Quantitative Bayesian BN has the ability to accurately represent the Hosseini and Barker (2016); Panahi
network cause-and-effect connections among different et al. (2022); Wang, Wu, and

Multiple criteria

variables, handle both objective and subjective
data and allow for probabilistic resilience
analysis.

MCDM is concerned with the consideration of both

Yuen (2023)

Cao and Lam (2019); John et al.

decision- qualitative and quantitative elements (2014); Wan et al. (2024)
making simultaneously to address the complexity of
port resilience assessment. A combination of
fuzzy techniques such as FAHP and TOPSIS
could be a good example of the MCDM
approach.
Simulation The simulation approach enables the evaluation of Folkman et al. (2021); Shafieezadeh
the performance of ports in different scenarios and Burden (2014); Zhou et al.
and investigates their behavior under specified (2021)
conditions.
Mathematical This methodology relies on mathematical models Ledn-Mateos et al. (2021); Zhen,
modeling and ideas for the definition of resilience Lin, and Zhou (2022)

Miscellaneous

elements and quantification of relevant items.

There are other resilience analysis procedures that
do not align with the aforementioned particular
categories, while providing innovative ways to
quantitatively address the concept of seaport
resilience.

Cho and Park (2017); Galbusera
et al. (2018)

it is crucial to examine, measure, and improve the resilience of port networks in relation to the
systemic risk concept. This analysis should take a broader perspective, considering the repercus-
sions of any disturbances that may impact the interconnectedness of port networks.

In this regard, a modest number of studies conducted over the past decade have focused on
investigating the impacts of disruptions on the operation of seaport networks. In the work conducted
by Mansouri, Sauser, and Boardman (2009), they aimed to conceptualize and analyze maritime trans-
portation systems as a ‘System of Systems’ (SoS). ‘Systems Thinking’ is employed to examine key
attributes of a SoS, including resilience and security, in response to disruptions within a complex network
of ships, seaports, intermodal links, waterways, and users. Rose and Wei (2013) proposed a systematic
approach that integrates demand-driven and supply-driven input-output (I-O) analyses for assessing the
overall financial ramifications due to a port service interruption, taking into account various key
dimensions of resilience. Olalla (2012) constructed and applied attacker-defender network interdic-
tion-optimization models to assess the global maritime network resiliency against manmade disruption
caused by either piracy or political issues at critical chokepoints of maritime routes. From the perspective
of seaport network resiliency, numerous studies have proposed approaches for modeling resilience in the
broader maritime network. These approaches can be categorized into two main groups: centralised and
decentralised approaches. The former assumes that investment decisions for network resilience improve-
ment can be centrally determined with the full cooperation of all ports for the collective benefit,
disregarding business competition among ports. In contrast, decentralised approaches align more closely
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with real-world scenarios. They assume that ports operate in a competitive and cooperative manner,
striving to enhance their individual market shares. The predominant focus in the existing literature on the
subject of seaport network resilience, revolves around centralised approaches, which have employed
a range of methodologies, including graph theory (Cui and Notteboom 2018), mathematical optimiza-
tion (Peng et al. 2016), empirical analysis (Poo et al. 2024), and system dynamics (Omer et al. 2012),
among others.

However, in recent years, a few studies have put forth a co-opetitive optimization scheme, which
combines competition and collaboration, as an alternative to centralised decision-making for improving
the port networks resilience. Their argument is predicated on the belief that pooling substantial capital
investment and exchanging crucial information among diverse entities or nations that own port facilities
is considered impractical and unattainable. The idea of co-opetition was first presented by Nalebuff,
Brandenburger, and Maulana (1996) within the realm of business management. Drawing on this
concept, Asadabadi and Miller-Hooks (2018) put up a conceptual framework in which individuals
involved with the port, assuming the roles of participants in a game, engage in collaborative efforts
through cross-port investment. The aim of this collaboration is to enhance throughput during a disaster
event, while simultaneously engaging in competitive activities to secure business opportunities. The
dynamics of co-opetition observed among ports are addressed by employing a bi-level multiplayer game
theoretic framework, in which, each individual port makes strategic investment decisions aimed at
protecting its interests, while also considering the potential reaction of the typical market-balancing
shipping mission problem within the affected network. Games were modeled to simulate a range of
cross-port investment plans, including unrestricted (where ports may invest arbitrarily), limited (where
ports only invest in themselves), and semi-restricted (where certain ports can invest across borders while
others will only self-invest). Asadabadi and Miller-Hooks (2020) further expanded their analytical
approach to evaluate the resilience of a port network in the face of various natural hazard events.
Similarly, using the concept of Equilibrium Problems with Equilibrium Constraints (EPECs), Li,
Asadabadi, and Miller-Hooks (2022) conceptualized a framework to investigate the potential benefits
in terms of resilience, return on investment and demand fulfillment rates that can be achieved through
port coalitions. In these coalitions, individual ports have the opportunity to invest in the protection of
coalition member ports, and the members can also pool their resources during times of catastrophic
occurrences. Based on the results, it is indicated that the overall resilience of the network is enhanced
through mutual investment and capacity sharing in the face of significant disruptions. Although there
might be a slight drop in the level of resilience of individual ports, particularly those that engage in
capacity investment or collaboration with other ports. Table 4 provides a modest compilation of relevant
studies on the resilience of port networks. They have been organized according to their classification and
the different types of disruptive scenarios they analyzed.

6. Discussion and future research directions

This section provides a concise, evaluative examination of the previously discussed topics, exploring
their shortcomings and challenges, as well as potential avenues for future research.

6.1. The concept of seaport resilience analysis

The primary focus on resilience in the context of seaports is attributed to their capacity to withstand
and recover from a disruptive scenario. In terms of measuring seaport resilience, numerous
research investigations have addressed the concept of resilience by examining the fluctuations in
functionality over a period of time. Some studies consider the ratio of the degraded system
functionality to its original state, while others express it as the ratio of recovery to loss of
functionality. However, resilience is a comprehensive concept that encompasses various scales
and dimensions, requiring evaluation from diverse perspectives and throughout different time
periods, including pre-disruption, during disruption, and post-disruption.
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A partial assessment of capabilities or phases would not deliver a thorough evaluation of seaport
resilience, as most of the articles reviewed in this study fail to fulfill this requirement. In this regard,
it is strongly recommended that resilience metrics designed for seaports should extend beyond
a partial temporal stage and should also encompass various dimensions of resilience, including
reliability, vulnerability, resourcefulness, cost-effectiveness, and even safety culture. An additional
significant aspect that has been overlooked by the majority of research studies is the assessment of
the vulnerability of main components which contribute significantly to maintaining the seaport
functionality. Unlike the reliability assessment of engineering systems, which includes the identi-
fication of critical components as an essential aspect, little research has been conducted to identify
the vulnerable components and measure their criticality level based on the resilience of the whole
seaport. A holistic approach not only helps in addressing the vulnerabilities of a seaport but also
contributes to a deeper understanding of the trade-offs involved in achieving both efficient resource
allocation and increased resilience. With the use of quantitative metrics, it enables the comparison
and evaluation of various resilience strategies to determine the optimal outcomes. Therefore, the
formulation of a systematic framework to evaluate the resilience of seaports, factoring in the
aforementioned items, presents a significant area for future investigation.

6.2. Disruptive scenarios and resilience strategies

Figure 6 shows the distribution of the disruptive scenarios in 142 seaport resilience papers that we
have analysed. 32% of them deal with environmental-related disruptions, and 27% of them are
related to human-induced ones. This is unsurprising, as the majority of disruptive events are linked
to the geographical locations of seaports and the significant engagement of human activities.
However, it is important to acknowledge that some sub-factors within the realm of the aforemen-
tioned factors, such as climate change and cyber-attacks, continue to be sources of concern and
require more scrutiny from academics. In contrast, there is a significant lack of analytical frame-
works that specifically examine the concept of seaport resilience in relation to access and network
factors.

One notable aspect of the disruptive scenarios is the presence of interdependent multi-
hazards. This term refers to a situation where multiple disruptive events, whether natural or
anthropogenic, occur simultaneously, consecutively, or partially overlap. As a result, this
situation introduces greater potential for adverse effects on seaport functionality and

. L. Access
Organizational 59, Technological
7% 14%
Network
3%
Economic
12%
Human
27%
Environmental

32%

Figure 6. Percentage distribution of disruptive scenarios in seaport resilience studies.
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increases the complexity of response and recovery operations. A historical example that
exemplifies the concept of interdependent multi-hazards and their repercussions on seaports
is the case of Sendai port in Japan (Kazama and Noda 2012). In 2011, a massive earthquake
followed by a subsequent tsunami led to substantial structural damage to port infrastruc-
ture, such as cranes, quays, piers, and storage facilities, as well as the inundation of the port
zone by the resulting tsunami waves. An additional layer of complexity was also added to
the disaster by the release of radioactive materials from the damaged Fukushima Daiichi
Nuclear Power Plant, located relatively close to the port. This practically hampered the
response and recovery efforts due to radiation concerns. In light of this matter, which has
been overlooked by the existing studies, it is imperative to explore interdependent multi-
hazards within the seaport environment and advance corresponding resilience models in
future research investigations.

Concerning resilience strategies, as discussed in section 3.4, effective approaches typically
involve a blend of proactive risk reduction, adaptive capacity-building, and flexible response
methods. However, the existing literature lacks extensive exploration of diverse resilience strategies
and their impact on seaport resilience. Hence, future research should prioritize understanding
various resilience strategies, their influence on resilience components, and the development of
innovative quantitative evaluation methods. To facilitate this, a comprehensive list of applicable
resilience strategies for seaports, along with detailed descriptions and applications, is provided in
Table Al in the Appendix.

6.3. Methodologies developed for seaport resilience assessment

The prevailing methodologies used for assessing resilience in the context of seaports include
conceptual frameworks, semi-quantitative approaches, BN, simulation, MCDM, mathematical
modeling and optimization techniques. Figure 7 shows the distribution of the methodologies
utilized by the studies reviewed in this article. As can be seen, simulation approaches constitute
the majority of approaches, accounting for 31%, followed by conceptual frameworks (23% of the
reviewed studies).

To get a deeper insight into the capabilities of these methodologies, Table 5 presents a detailed
overview of their advantages and disadvantages.

Miscellaneous
6%
Mathematical Conceptual
optimization 23%
16%

Semi-
quantitative
8%
‘\
Bayesian
Simulation Network
31% 10%
MCDM
6%

Figure 7. Percentage distribution of different methodologies adopted for seaport resilience assessment.
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Table 5. Strengths and limitations of different resilience assessment methodologies.

Methodology Strengths Limitations
Conceptual Provides a structured and organized methodology that Because of the theoretical foundation of
framework facilitates an overall understanding of seaport conceptual frameworks and due to their

Semi-quantitative

Bayesian Network

MCDM

Simulation

Mathematical
modeling and
optimization

resilience, outlines the key components and
essential elements that contribute to a port’s
resilience, and finally assists researchers and
practitioners in conducting a systematic evaluation
of various dimensions of resilience.

Leverages both quantitative data and qualitative
insights and allows for the incorporation of
qualitative input from experts and stakeholders
when quantitative data is unavailable.

Being able to model uncertainties, dependencies and
inter-dependencies between various factors in
complex systems, to integrate different types of
data, including quantitative data from historical

records, expert elicitations, and qualitative insights,

to simulate different scenarios and to conduct
sensitivity analysis.

Capable of handling both quantitative data and
qualitative insights, where a combination of
quantifiable measures and expert judgments is
necessary; mitigating biases and promoting
judgments by assigning weights to criteria.

Provides a dynamic and quantitative approach for
examining various disruptive scenarios; effectively
capturing the dynamic behaviors of a system and
offering valuable insights into the propagation of
disruptions; tests different resilience strategies and
assists in optimizing resource allocation to boost
seaport resilience.

Facilitates a more evidence-based and data-driven
decision-making by evaluating the decisions and
strategies based on measurable criteria; assists the
decision-makers to quickly evaluate the potential
consequences of different strategies by integrating
mathematical models and real-time data; helps to
understand the system’s behavior by representing
interactions and dependencies mathematically;
optimises the resource allocation by considering
various constraints and objectives.

limited reliance on quantitative data, the
conclusion may lack persuasiveness, thereby
failing to provide a comprehensive
representation of the whole picture.

The presence of biases has the potential to exert
an influence on one’s judgment. The
utilization of expert judgments is hindered by
the insufficient comprehension and
management of biases, giving rise to various
challenges.

The utilization of Bayesian Networks necessitates
a substantial volume of data, and its analysis
and computation entail intricate processes.
Moreover, developing Bayesian Networks is
a challenging task that requires substantial
effort and expertise. Therefore, only the
network’s designer may utilize causal effects.

The effectiveness of the methodology could be
contingent upon the precision and
comprehensiveness of the employed data.
Moreover, the inclusion of subjective criteria
and the utilization of fuzzy logic may
introduce a certain degree of uncertainty into
the decision-making process.

Despite its utility, this evaluation methodology
demands a significant investment of time and
resources, as well as a limited scope of testing
that only encompasses specific case scenarios.

The mathematical models are usually based on
specific assumptions and scenarios, and there
exist certain factors that are not accounted for.
Therefore, their applicability in real-world
contexts may be limited.

Considering the strengths and limitations of the aforementioned methodologies, as presented in
Table 5, the following innovative avenues for future study are proposed:

(a)

(b)

Integration of stochastic optimization techniques with Simulation models: Genetic
Algorithms (GA) or Particle Swarm Optimization (PSO) could be employed as effective
methods for optimising resource allocation tactics to achieve the highest possible level of
resilience. The validation of the optimal techniques could be conducted via the use of
simulation models that include both uncertainty and dynamic behavior.

The use of MCDM in combination with BN: This could enable the generation of trade-off
solutions that effectively account for the inherent uncertainty and probabilistic character-
istics of disruptions. BN have the capability to represent the probabilistic relationships and
dependencies among different components and factors within the seaport system, while by
employing MCDM, it is possible to establish a set of criteria that represent seaport
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performance. These criteria may include economic impact, operational efficiency, environ-
mental sustainability, and so on.

(c) Developing digital twin models of seaports: The integration of real-time data with simula-
tion components is an innovative tool for assessing the effectiveness of resilience strategies
in various disruption scenarios. This tool allows stakeholders to experiment with alternative
methods in a controlled environment, thereby enhancing their ability to react to and recover
from disruptive events.

(d) The incorporation of human behavior and decision-making into established methodologies:
The utilisation of agent-based modeling to analyse personnel responses during disruptions
or the application of cognitive science principles has the potential to yield more efficient
strategies for bolstering seaport resilience in the face of disruptions.

While the implementation of the proposed integrated methods may have the potential for improved
outcomes, it is essential to validate these approaches using real-world data. The process of valida-
tion is essential in ensuring that the integrated models effectively and properly depict the behavior
of port systems in the event of disturbances.

6.4. Seaport network resilience

As mentioned earlier, a considerable number of studies primarily concentrate on resilience analysis
of individual seaports, rather than adopting a holistic approach that encompasses the whole seaport
network. There still exists a deficiency in the development of comprehensive models that effectively
include the interconnections, interdependence, and cascading effects occurring within and among
seaport networks. Furthermore, it is apparent that the prevalence of decentralized approaches is
much lower in comparison to centralized ones. Hence, there is a need for increased emphasis on the
development of methodologies that are based on a decentralized approach. In this regard, the
following insights might provide valuable guidance for future research directions:

(a) There exists a research gap pertaining to the successful integration of micro-level analysis,
which focuses on individual port components, and macro-level analysis, which encompasses
network-wide resilience assessment. In this respect, the understanding of how disruptions
occurring at a specific seaport might have repercussions on other seaports, as well as the
analysis of the complex interdependencies within the network, should receive more
attention.

(b) Further investigation is needed to address the existing deficiencies in data. The construction
of precise and comprehensive models of seaport networks requires the acquisition of
substantial data, a task that is hindered by privacy considerations, challenges in data sharing,
and the diverse range of data sources. Therefore, devising effective strategies for managing
data and methodologies to handle the diversity and dynamicity of these data should be
addressed in future studies.

(c) Developing a hybrid approach that combines the components from both centralised and
decentralised tactics appears to be a commendable strategy to utilise the advantages offered
by both paradigms. For instance, establishing overarching rules and promoting cooperation
through the centralised approaches, as well as letting individual ports maintain indepen-
dence in executing customized plans based on their specific conditions through decentra-
lised approaches, could create a promising framework to serve this need.

7. Conclusion

This study represents an inaugural, critical and comprehensive assessment of current studies on
seaport resilience using the Web of Science database. Through this study, the approaches,
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models, and techniques that have been developed for the resilience analysis of seaports were
identified, categorised and analysed. Furthermore, an extensive inventory of disruptive scenar-
ios, as well as the relevant resilience strategies pertaining to these scenarios, were compiled. The
findings of this paper reveal a limited body of research on the topic of seaport resilience, despite
the high degree of importance associated with this important infrastructure. Moreover, the
methodologies that have been established in this context are still in their infancy and possess
significant potential for improvement. It is believed that the incorporation of additional
quantitative techniques would enhance the robustness and perception of the methodologies
developed for the investigation of seaport resilience. This study also contributes significantly to
identifying research gaps in enhancing seaport resilience and exploring potential avenues for
future investigation. The outcomes established in this review serve as a critical cornerstone for
further research, offering valuable insights for both academic scholars and industry practi-
tioners. Moreover, this review article not only provides practical approaches for implementation
but also furnishes essential references for managing seaport disruptions, whether at the indivi-
dual or network level.

While this study endeavors to shed light on methodologies pertinent to the analysis of seaport
resilience, it is imperative to recognize some limitations that warrant discussion. Foremost among
these limitations is the omission of research pertaining to seaports within the broader intermodal
transportation network, known as maritime supply chain resilience. The complex dynamics of the
maritime supply chain, which involves the interplay of various transportation modes such as
railways and roads is required to be addressed for the sake of a holistic resilience analysis.
However, it is noted that this absence stems from the primary focus of this study, which prioritizes
methodologies directly relevant to the examination of seaport resilience. Secondly, this review paper
draws upon papers from reputable journals as its main source for identifying relevant literature.
While this is a standard practice for conducting a critical review paper, the decision to exclusively
rely on it for literature selection means that potentially valuable studies, including conference
papers, white papers, technical notes, and relevant reports, are neglected. Consequently, there
may be some degree of literature omission, which could have influenced the comprehensiveness
of the findings and the overall scope of the review.

In summary, seaport infrastructures are vulnerable to a diverse array of disruptions, necessitat-
ing further efforts in the development of innovative approaches to assess and enhance their
resilience against these threats.
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