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Abstract: Port resilience has become a crucial topic to achieve port sustainability. To assist ports
to successfully develop policies to improve resilience, this study aims to develop a framework for
measuring port resilience. This paper conceptualizes the framework to assess port resilience based
on relevant literature by conducting exploratory and confirmatory factor analysis using 199 samples
collected from port stakeholders in South Korea. As a result, it is validated that the framework is a
multi-hierarchical structure based on nine factors, i.e., robustness, redundancy, visibility, flexibility,
collaboration, agility, information sharing, response, and recovery. Our findings would serve as a
theoretical footstep for further studies on the relations between port resilience and sustainability and
also contribute to implement policies to strengthen port resilience.
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1. Introduction

Resilience has played a key role in achieving business sustainability in the rapidly
changing environment with a number of threats against business. Recently, threats to port
operations have been on the rise. In the past, disasters such as typhoons, earthquakes, and
tsunamis or human factors such as ship collisions and strikes were major threats, but now
cyber-terrorism and infectious diseases are emerging as new threats. A case in point is the
global pandemic of COVID-19. In June 2020, 16 Russian sailors working at Gamcheon Port
in Busan were tested positive for COVID-19, leading to the self-isolation of 200 workers
who were working at the port, hence the complete suspension of port operations [1]. This
shows that infectious diseases such as COVID-19, which were not considered a threat to
port operations, can be an actual threat to the port sector as they spread worldwide. In
other words, factors that threaten port functionality are becoming increasingly diverse over
time. This highlights the necessity to develop ports’ resilience, the ability to quickly adapt
to impacts that may cause disruption of functions and restore them as soon as practicable.

Resilience is the ability to cope with the outcomes of unavoidable events to return
to the original operational state or proceed to a better state [2]. Studies on resilience
were initiated by Holling [3] in 1973, after which the concept was embraced by many
disciplines including ecology, psychology, pedagogy, architecture, business management,
and economics [4]. In particular, research started in the supply chain field in 2004, and
the collapse of the supply chain triggered by the 2011 Tohoku earthquake and tsunami
further accelerated studies on resilience [1]. One of the major areas of resilience studies
is infrastructure, such as airports, ports, public transportation, waterworks, and power
plants, as their failure can have significant impact on society.

Ports constitute a core part of the world’s logistical infrastructure, and the interrup-
tion of major port functions can seriously affect the global economy [5]. In this sense,
port resilience is of overarching importance for both the national and global economy.
Nonetheless, studies on port resilience were not related to the operations and policies
of the port industry. To develop policies to improve port resilience, we require building
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and validating a framework to assess the resilience of ports. In particular, developing
a framework requires defining the elements of port resilience and analyzing factors to
validate the model.

This study aimed to develop a framework to assess resilience for commercial port
and validate its applicability. Factors considered in resilience assessments vary by area,
and merely applying them to port resilience assessments will have limitations in reflecting
the characteristics of ports. Thus, we conducted a literature review and factor analysis to
identify factors to assess resilience in consideration of the characteristics of ports, based
on which we developed an assessment framework. Since resilience is a requirement of
sustainability [6], the framework this paper suggested could have an important role in
improving port sustainability.

The resilience assessment framework presented in this paper is based on the theory of
the “resilience triangle”, with absorptive capability, adaptive capability, and restorative
capability [7] being the components of resilience. Through a literature review, we selected
three factors—robustness, redundancy, and visibility—as the factors to measure the absorp-
tive capability, four factors—flexibility, collaboration, agility, and information sharing—as
the factors to measure adaptive capability, and two factors—response and recovery—as the
factors to measure the restorative capability. Additionally, a survey of port stakeholders in
South Korea was conducted to collect data, based on which explorative and confirmatory
factor analysis was carried out to validate the framework. The measurements showed
that ports in South Korea had relatively weaker restorative capability than absorptive
and adaptive capabilities, calling for developing relevant measures. The significance of
this paper lies in the fact that it has validated the resilience assessment framework and
demonstrated that this framework is applicable to actual policy development.

The introduction is followed by Section 2, which focuses on the literature review,
and Section 3, which describes the study model and data collection. Section 4 shows the
results of the exploratory and confirmatory factor analysis, and Section 5 presents the
analysis results’ policy implications. The conclusions, the limitations of this study, and
future research directions are presented in Section 5.

2. Literature Review

First, we examined the definitions of resilience in preceding studies. Then, we looked
into the studies on port resilience and identified their contributions. Lastly, to structure
the port resilience assessment framework, we conducted extensive searches for resilience
assessment studies in supply chains and infrastructural systems that are closely associated
with ports.

2.1. Definitions of Resilience

The resilience concept was known to be first applied to socio-ecology research by
Holling [3]. In his paper, he defined resilience as “the ability to absorb change and distur-
bance and still maintain the same relationships between populations or state variables”.
His study triggered the introduction of the resilience concept to various disciplines includ-
ing ecology, psychology, sociology, pedagogy, architecture, business management, and
economics, each of which has defined resilience in its own terms.

Rice and Caniato [8] defined resilience as “the ability to respond to an unexpected
disturbance and then restore operations to normal”. Martin and Helen [9] defined it as
“the ability of a system to return to its original state or move to a new, more desirable state
after being disturbed”, and for Gaonkar and Viswanadham [10], it relates to “the ability to
maintain, resume, and restore operations after a disruption”. Ponomarov and Holcomb [11]
defined resilience as “the adaptive capability of the supply chain to prepare for unexpected
events, respond to disruptions, and recover from them by maintaining continuity of
operations at the desired level of connectedness and control over structure and function”.
Pettit et al. [12] defined it as “the capacity to survive, adapt, and grow in the face of turbulent
change”, and Ponis and Koronis [13] described resilience as “the ability to proactively
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plan and design the supply chain network for anticipating unexpected disruptive events,
respond adaptively to disruptions while maintaining control over structure and function
and transcending to a post-event robust state of operations, if possible, more favorable
than the one prior to the event, thus gaining competitive advantage”.

Ivanov and Sokolov [14] defined resilience as “the ability to maintain, execute and
recover (adapt) the planned execution along with achievement of the planned (or adapted,
but yet still acceptable) performance”, with an emphasis on sticking to the planned exe-
cution. Kim et al. [15] defined it as “a network-level attribute to withstand disruptions
that may be triggered at the node or arc level”. This may be a heterogenous definition
compared to other definitions but still shares the same emphasis on ‘the ability to withstand
disruption”. Kamalahmadi and Parast [16] described resilience as “the adaptive capability
of a supply chain to reduce the probability of facing sudden disturbances, resist the spread
of disturbances by maintaining control over structures and functions, and recover and
respond by immediate and effective reactive plans to transcend the disturbance and restore
the supply chain to a robust state of operations”. Shin and Park [2] defined it as “the ability
of a firm to cope with the consequences of unavoidable events in order to return to its
original operations or move to a new, more desirable state after being disturbed”.

The definitions of resilience vary by author; they share some common keywords.
Though not identical, most of the definitions have similar keywords, including disruption
or disturbance, maintain, or recovery. In this sense, resilience refers to the ability to prepare
for unexpected functional disruption and maintain or recover normal functions in the
event of disruption. Additionally, an emphasis is put on the ability to keep the functions
sustainable without being interrupted.

Based on these definitions, we define port resilience as the ability to absorb unexpected
impact to prevent functions from being interrupted, adapt to changes, and quickly recover
the original functions. Here, the keywords are “absorb”, “adapt”, and “recover”. An
impact on port functions leading to disruption in supply may put a halt on the whole
supply chain, and the resulting paralysis of logistic functions may have bigger ripple
effects on the national economy, hence the emphasis on the ability to absorb the impact and
sustain functionality. It also embraces “the ability to quickly adapt to impact and recover
the original functions”, an element found in almost all definitions of resilience. In this
study, we developed the port resilience assessment framework based on this definition.

2.2. Literatures on Port Resilience

Research on the port resilience can be classified into three categories: (i) risk manage-
ment, (ii) frameworks to improve resilience, and (iii) quantitative resilience measurements.

Resilience is a concept closely related to risk management, but with some differences.
According to Starr et al. [17], risk management rely on point solution, while resilience
is a continuous process of finding new risks and building a capacity to respond. There
are many studies in port risk management. As a representative study, Lam and Su [18]
looked into functional disruption cases in Asian ports, categorized them depending on
their probability and severity, and presented countermeasures. Gou and Lam [19] analyzed
port terminal operation processes to suggest a framework for disaster risk analysis and
carried out a simulation of the impact of risks on port operations at Laem Chabang Port
in Thailand to estimate potential loss these risks may cause. While there are many papers
focusing on risk management, few of them have covered the resilience concept.

Studies also have been conducted with the focus on the establishment of frameworks
to improve resilience. Nair et al. [20] presented a framework applicable to the system
component level to measure port network resilience and suggested plans to ease risks and
improve resilience in the Port of Swinoujécie in Poland. Rice and Trepte [21] conducted a
survey of port stakeholders to collect opinions and data on port function disruptions and
measures for resilience improvement. Based on these findings, they suggested building
information systems for communications and improving labor flexibility being the pivotal
factors. Lam and Bai [22] embraced the quality function deployment concept to develop
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measures to improve the resilience of the maritime supply chain. Using the concept of the
house of quality representing the relations between risk factors and resilience factors, they
presented contingency plans, monitoring systems, and supply chain relations management
as the most important factors. Justice et al. [23] proposed resilience as a breakthrough to
cope with the challenging situations container terminals in the U.S. were facing. They
also mentioned future development orientations. Shaw et al. [24] developed measures to
improve the resilience of ports in the U.K. and highlighted the importance of involving all
stakeholders including operators, shipping companies, and logistic companies and building
information sharing systems. While these papers presented frameworks to improve port
resilience, they treated resilience as an abstract concept and did not delve into concrete
measures to quantify it.

Lastly, efforts have been made to measure resilience. Shang et al. [25] studied the
planning problems of berths and cranes in terms of port resilience, especially robustness.
Iris and Lam [26] also studied a similar problem. In addition, they mathematically mea-
sured the effectiveness of recovery plans for cost minimization in various scenarios. Iris
et al. [27] investigated the loading problem for container terminals in terms of the flexibility.
They suggested the flexibility comes from an agreement between the operator and the
shipping company and proposed a heuristic for flexible schedule planning. Venturini
et al. [28] emphasized collaboration between port terminals and shipping liners for a sus-
tainable supply chain. They presented a terminal operations and sailing times optimization
model based on collaboration between the operator and shipping company. Tongzon and
Nguyen [29] studied the relationship between logistics integration, technical efficiency,
and allocation efficiency using the survey data of global shipping lines. They argued that
logistics integration had a significant effect on the efficiencies. Aforementioned studies
focused on one aspect of resilience and did not cover the overall resilience framework.
Omer et al. [30] investigated how to measure the resilience of marine transportation, includ-
ing ports. They developed a formula to measure resilience in three terms—tonnage, time,
and cost—and used system dynamics to actually measure them. Pant et al. [31] defined
resilience as a function of vulnerability and restoration, and to explain uncertainties, they
developed a probabilistic measurement formula and applied it to the Tulsa Port Of Catoosa
in Oklahoma, the USA. Chen et al. [32] investigated how to measure the network resilience
of ports and inland transportation. They presented an integer programming model and
applied it to the Port of Gothenburg to obtain measurements, analyze them, and present
the result. Cho and Park [33] suggested a conceptual model to measure port resilience from
the perspectives of robustness and agility and conducted actual measurements using a
system dynamics simulation, demonstrating the potential applicability of system dynamics.
Touzinsky et al. [34] delved into the resilience of the U.S. maritime transportation system.
They collected data on the impact of the hurricane on three ports in the U.S. Southeast
and measured their resilience as change in performance affected by the storms in terms
of cumulative vessel residence time and net port entries. Aforementioned studies have a
significant contribution in that they defined resilience and conducted quantitative measure-
ments, but they did not deal with the factors or structure that fundamentally constitute the
port resilience.

2.3. Literatures on Supply Chain and Infrastructural System Resilience

Continued efforts have been made to study the components of supply chain resilience
and supply chain capabilities related to resilience. In one notable example, Pettit et al. [12]
examined factors that cause supply chain vulnerabilities and resilience-related supply chain
factors. They presented seven vulnerability factors—turbulence, deliberate threats, external
pressure, limited resource, sensitivity, connectivity, and supplier/customer disruption—
and 14 resilience factors: flexibility in sourcing, flexibility in order fulfillment, capacity,
efficiency, visibility, adaptability, anticipation, recovery, dispersion, collaboration, organi-
zation, market position, security, and financial strength. Based on Pettit et al. [12], Pettit
et al. [35] developed a resilience management tool titled “Supply Chain Resilience Assess-
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ment and Management”. Jiittner and Maklan [36] delved into the relations between supply
chain resilience, supply chain management, and vulnerability and presented flexibility,
velocity, visibility, and collaboration as the components of resilience. Hohenstein et al. [37]
analyzed 67 papers on supply chain resilience published between 2003 and 2013 to identify
36 resilience factors and present six key factors: flexibility, visibility, capacity, collaboration,
redundancy, and agility. Chowdhury and Quaddus [4] studied the relation between opera-
tional vulnerability, supply chain performance, and supply chain resilience and presented
three elements of resilience: proactive capability, reactive capability, and supply chain
design. Subfactors of the proactive capability include flexibility, redundancy, integration,
efficiency, market strength, financial soundness, and readiness; subfactors of the reactive
capability include response and recovery; and the subfactors of the supply chain design
include density, complexity, and criticality, which together form a 12-factor model. Shashi
et al. [38] reviewed papers on supply chain resilience published between 2003 and 2018
to organize a framework to measure resilience. In this framework, they defined supply
chain resilience in three aspects—anticipation, resistance, and recovery and response—and
identified metrics for each aspect. Anticipation metrics include robustness, redundancy,
and design; resistance metrics include collaboration and agility; and recovery and response
metrics include responsiveness. These suggest that studies on the components of supply
chain resilience largely share the same core elements and have developed from listing
factors in mono-hierarchical models to multi-hierarchical models.

Infrastructural systems often focus on quantitative measurements of resilience; hence,
there are not many studies that present factors to structure assessment frameworks.
Bruneau et al. [39] presented a conceptual framework in their study on resilience to earth-
quakes, with robustness, redundancy, resourcefulness, and rapidity being the four aspects
of resilience. Adjetey-Bahun et al. [40] presented a measurement system that combined
these four aspects with quantitative measurement. In a study on resilience in the field
of engineering, Shirali et al. [41] presented six resilience indicators—top management
commitment, just culture, learning culture, awareness and opacity, preparedness, and
flexibility—and carried out a survey to measure scores for these indicators. Vugrin et al. [7],
Francis and Bekera [42], and Yu et al. [43] defined resilience as the sum of the absorp-
tive capability, adaptive capability, and restorative capability. Vugrin et al. [7] presented
robustness and redundancy as absorptive capability metrics, contingency measures and
substitutability as adaptive capability metrics, and the quantity of resources for restoration
and swift procurement as restorative capability metrics. Nan and Sansavini [44] presented
a model that combined the resilience triangle with quantitative measurements. Overall,
recently, the resilience triangle model has been commonly used in the field of infrastruc-
tural systems, which are often combined with quantitative measurements. However, the
three aspects of the resilience triangle encompass very wide conceptual domains. In this
sense, improving the model would require segmenting the metrics and defining relevant
capabilities.

2.4. Contribution to the Literature

The aforementioned studies on port resilience make a significant contribution, but
they primarily delved into the abstract concept of resilience and frameworks to improve
resilience. Some of them covered quantitative measurements, but even so, they merely
developed mathematical models for measurements and applied to selected ports. Mea-
suring port resilience and using the findings for policy development requires studies to
solidify theoretical foundations by confirming the components of resilience, but few have
studied this topic. Table 1 summarizes the main constructs of literatures on the port, supply
chain, and infrastructure resilience. While the literature on port resilience tends to focus on
one or two constructs, research on the supply chain resilience tends to present a variety of
constructs. In addition, research on infrastructure systems resilience tends to focus on the
resilience triangle as a major research topic.
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Table 1. Summary of the literature.

Reference

Main Construct

[25]

robustness

[26]

robustness, response, recovery

27
Port [27]

flexibility

resilience [28]

collaboration, information sharing

[29]

collaboration

[24]

information sharing

[33]

Robustness, agility

[12,35]

flexibility, efficiency, visibility, recovery, collaboration

[36]

vulnerability, flexibility, velocity, visibility, collaboration

[37]

flexibility, visibility, capacity, collaboration, redundancy, agility

Supply chain [4]

flexibility, redundancy, integration, efficiency, market strength,
financial soundness, readiness, response, recovery

resilience
[38]

anticipation (robustness, redundancy, design), resistance
(collaboration, agility), recovery, response

[45]

redundancy, recovery, vulnerability, agility, flexibility, opacity,
collaboration, visibility

[46]

Flexibility, velocity, collaboration

[39,40]

robustness, redundancy, resourcefulness, rapidity

Infrastructure [41]
resilience

commitment, culture, awareness, opacity,
preparedness, flexibility

[7]

absorptive capability (robustness, redundancy), adaptive
capability (contingency, substitutability), restorative capability

(resources, procurement)

Compared with previous studies, Shaw et al. [24] studied port resilience planning in
the UK port, but they focused on the identification of port risk factors and communication
between stakeholders to respond to them and had not theoretically studied the resilience.
Shashi et al. [38] suggested the systematic framework for supply chain resilience, but this
study did not conduct an empirical analysis to verify the validity of the framework. In
this study, we referred to these studies on port resilience and literature in relevant areas
such as supply chains and infrastructural systems to define port resilience, identify the
components of resilience, establish a framework for measurements, and validate the model
using factor analysis. The resulting framework has distinction in that it can be used to
develop policy support measures to strengthen port resilience.

3. Materials and Methods
3.1. Overview of Research Dedign

In this section, we present the resilience measurement framework based on the liter-
ature review. Works by Shashi et al. [38] and Vugrin et al. [7] are studies that suggested
concrete frameworks for resilience measurements in supply chains and infrastructural
systems, respectively, and these two models have similarities. Anticipation, resistance,
and recovery and response in the study by Shashi et al. [38], respectively, correspond to
the absorptive capability, adaptive capability, and restorative capability in the resilience
triangle, and their respective sub-elements also share similar concepts. Both studies present
robustness and redundancy as sub-elements of anticipation and absorptive capability, and
contingency measures and substitutability as sub-elements of adaptive capability are simi-
lar to the supply chain reengineering and agility concepts. Lastly, recovery and response
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are coterminous with restorative capability. Thus, we considered these two models similar
and consolidated them to build the port resilience measurement framework.

In this study, we see a port as an infrastructural system, and we build the framework
based on the resilience triangle proposed by Vugrin et al. [7] and Francis and Bekera [42].
We also categorized various resilience factors identified by studies in ports, supply chains,
and infrastructural systems into the metrics of absorptive capability, adaptive capability,
and restorative capability and validated the framework. To build the framework, we
first selected nine factors that are frequently cited and recognized as important factors
among various resilience factors (see Table 1). They are robustness, redundancy, visibility,
flexibility, collaboration, agility, information sharing, response, and recovery, which we
have redefined based on preceding literature to make them fit port resilience studies.
Table 2 shows the definitions of these factors.

Table 2. Definitions of the nine resilience factors.

Factor Definition Source
Robustness The ability to resist change Wlthogt adapting its initial [47]
stable configuration
Redundancy Ability to respond .to sudden changes through multiple [37]
suppliers and slack resources
Visibility The extent to V.VhICh actors have access which ’Fhey consider as [36]
being key or useful to their operations
Flexibility The abll‘lty of a system to aFlapt ’_coothe chapgmg requirements of [45]
its environment with minimum time and effort
Collaboration The level of 101pt decision making at a tactical, operational or [46]
strategic level between two or more partners
Agility The ability to rapidly respond to changes in market and [48]
customer demands
Information The degrees of communication, trust, and interdependence for [49]
Sharing their willingness to work together in a joint manner
The required reaction to an incident or emergency to assess the
Response . 7. [50]
level of containment and to control activity
Recovery Ability to return to normal operational state rapidly [12]

Of the nine factors, robustness, redundancy, and visibility are classified as the ab-
sorptive capability metrics. Flexibility, collaboration, agility, and information sharing are
the adaptive capability metrics, and response and recovery are the restorative capability
metrics. For the absorptive capability, robustness and redundancy are metrics of absorptive
capability presented by Vugrin et al. [7]. We considered visibility a factor that helps better
identify the effects of unexpected impact on the functionality of port operation processes
and absorb them, hence an absorptive capability metric. For the adaptive capability, collab-
oration and agility are metrics of adaptive capability presented by Shashi et al. [38], and
we categorized flexibility as an adaptive capability metric as per the definition. Informa-
tion sharing empowers members to adapt themselves to crises by promoting transparent
internal information sharing and serving as an essential element of adaptation to change
through external collaboration, hence an adaptive capability metric. Lastly, response and
recovery are metrics of restorative capability presented by Shashi et al. [38] and Chowdhury
and Quaddus [4]. Figure 1 shows the resilience measurement framework.
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Figure 1. Port resilience measurement framework.

3.2. Data Collection

We conducted a survey from September to October 2020 for data collection. We
put together survey questions (measurement variables) used to measure the nine factors
through a literature review in supply chains and infrastructural systems and discussed
with experts in ports and supply chains to select variables that best fit this study, which
were translated into the Korean language. Three or four measurement variables were
selected per construct, a total of 28. After the translation, we modified part of the questions
to make them better serve the purpose of the survey, i.e., measuring port resilience. To
ensure that the questions convey the same meanings and contexts after translation and
modification, we had a bilingual speaker of Korean and English verify the questions to
secure the content validity of the survey. Table 3 shows the selected measurement variables.

Table 3. Measurement variables.

Construct Measurement Variables Source
(rob1l) Port performance would not deviate significantly from targets.
Robustness (rob2) The port would be able to carry out its regular functions in any situation. 1511
(ROB) (rob3) The port retains the same stable situation as it had before changes occur.
(rob4) Without adaptations being necessary, the port performs well over a wide variety of [52]
possible scenarios
(red1) The port maintains reserve capacity for physical supports such as equipment and workforce. [4]
Red(tﬁrg}ija)ncy (red2) The port has backup energy and utility sources for contingency.
(red3) The port has reserve capacity to handle unexpected fluctuations in demands. [53]
(vis1) The port has an information system that accurately track all operations.
Vi(s\i;b}isl;ty (vis2) The port manages real-time data on equipment, workforce, etc. [35]
(vis3) The port has an effective business intelligence program for data analysis.
(fle1) The port can adjust its delivery schedules to mitigate disruptions.
Fli;fél)l ty (fle2) The port can adjust work capacity in response to disruptions. [54]

(fle3) The port’s collaboration partners can flexibly adjust supply capacity to mitigate disruptions.
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Table 3. Cont.

Construct Measurement Variables Source
(coll) The port jointly works with its key partners for mutual managerial goals.
Collaboration T -
(COL) (col2) The port develops strategic objectives jointly with partners. [54]
(col3) The port jointly works with its key partners for mutual benefits.
(agil) The port is capable of responding to unexpected requests by partners.
55
Agility (agi2) The port operation model is capable of quickly responding to rapid changes in environment. 1591
(AGI) (agi3) The port’s employees have capabilities to perform multiple works and quickly switch [56]
between them.
Information (ims1) The port exchanges relevant information with partners.
Sharing (ims2) The port exchanges timely information with partners. [51]
(IMS) (ims3) The port exchanges accurate information with partners.
(res1) The port can quickly respond to disruptions.
Response i
(RES) (res2) The port can undertake adequate respond to crises. [4]
(res3) The port has a contingency for mitigating crisis.
(rec1) The port has the ability to absorb significant losses.
ch{c])ivce)r y (rec2) The port can recover from crises at less costs. [4]

(rec3) The port can reduce impact of loss by its ability to handle crisis.

The survey was conducted in cooperation with a survey specialist with experience in
port surveys. First, we developed a list of more than 2000 people who are involved in port
operators, shipping companies, and port authorities and surveyed them through email
and telephone. The questionnaire consisted of the basic information section that asked the
respondents about their affiliation, experience, and ports involved and the 28 resilience-
related questions in the five-point Likert scale (1 = Strongly disagree, 5 = Strongly agree).
As shown in Table 4, 199 respondents answered the survey questions.

Table 4. Sample demographics.

Characteristic Number of Percentage of
Respondents Respondents

Shipping company 94 47.2%

Type Operator 85 42.7%

Port authority 20 10.1%

1-5 years 34 17.1%

6-10 years 38 19.1%

Work experience 11-15 years 36 18.1%

16-20 years 33 16.6%

Over 20 years 58 29.1%

3.3. Data Analysis

To validate the framework to assess port resilience, we conducted exploratory and con-
firmatory factor analysis. Factor analysis is the most widely used method for developing
measurement tools or verifying the validity of the factor in framework [57-59]. Exploratory
factor analysis is used in various disciplines including psychology and business manage-
ment to identify common factors and to assess the validity of the measures [60]. While
exploratory factor analysis relies on data to develop theoretical structures, confirmatory
factor analysis examines measurement variables—potential variables relations to confirm
the fitness of a model, hence more theoretical validation [61]. In this study, we already
developed the port resilience measurement framework based on the theories of preceding
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studies, and confirmatory factor analysis would be a better fit, but exploratory factor
analysis preceded as we structured the questionnaire based on different papers and trans-
lated the questions into the Korean language. Based on the survey results for the nine
constructs, we conducted exploratory factor analysis to verify the fitness of this survey in
measuring each factor and adjusted the model based on the analysis findings, followed by
confirmatory factor analysis to finally validate the port resilience measurement framework.
For analysis, we used the R 4.0.0 psych and lavaan package.

4. Results and Discussion
4.1. Exploratory Factor Analysis

Before conducting the factor analysis, we carried out the Kaiser-Meyer-Olkin (KMO)
test and the Bartlett’s test for sphericity to determine the fitness of the data. Kaiser [62]
mentioned that a KMO value of 0.7 or higher is good, and, in our test, the KMO value
was 0.9, indicating good correlations between the variables. The sphericity test showed a
probability value of less than 0.01, demonstrating the fitness of the variables for the use in
the factor analysis.

Table 5 shows the results of the exploratory factor analysis for the 28 factors. Maximum
likelihood estimation was used for the analysis, with varimax rotation applied. The number
of the factors was nine, as determined in the literature review.

Table 5. Results of the primary exploratory factor analysis.

Variable ROB RED VIS FLE COL AGI IMS RES REC Communality
robl 0.27 0.03 0.26 0.08 0.25 0.04 0.24 0.09 0.04 0.28
rob2 0.57 0.06 0.11 0.17 0.17 0.13 0.08 0.04 0.07 0.43
rob3 0.93 0.22 0.11 0.02 0.04 0.06 0.06 0.16 0.19 1
rob4 0.52 0.28 0.24 0.03 0.03 0.14 0.13 0.19 0.25 0.55
redl 0.19 0.51 0.21 0.09 0.02 0.13 0.23 0.16 0.12 0.45
red2 0.24 0.74 0.23 0.15 0.06 0.12 0.21 0.12 0.2 0.8
red3 0.11 0.45 0.22 0.19 0.17 0.32 0.16 0.17 0.11 0.49
visl 0.13 0.26 0.62 0.09 0.14 0.12 0.17 0.14 0.12 0.58
vis2 0.11 0.07 0.9 0.12 0.09 0.15 0.23 0.05 0.04 0.93
vis3 0.16 0.21 0.58 0.05 0.11 0.08 0.11 0.08 0.22 0.5
flel 0.13 0.18 0.13 0.66 0.2 0.16 0.12 0.13 0.04 0.6
fle2 0.1 0.08 0.11 0.93 0.16 0.15 0.15 0.17 0.09 1
fle3 0.07 0.19 0.06 0.03 0.15 0.09 0.37 0.14 —0.03 0.23
coll 0.07 0.05 0.14 0.15 0.54 0.27 0.36 0.15 —0.02 0.57
col2 0.13 0.08 0.13 0.13 0.79 0.17 0.26 0.18 0.1 0.83
col3 0.09 0.06 0.12 0.21 0.71 0.13 0.32 0.08 0.14 0.72
agil 0.12 0.2 0.18 0.24 0.26 0.78 0.18 0.16 0.08 0.87
agi2 0.25 0.14 0.16 0.16 0.17 0.56 0.21 0.19 0.23 0.61
agi3 0.14 0.17 0.13 0.08 0.2 0.4 0.41 0.2 0.15 0.51
ims1 0.09 0.07 0.13 0.11 0.19 0.12 0.86 0.06 0.11 0.85
ims2 0.01 0.1 0.21 0.11 0.2 0.08 0.82 0.12 0.13 0.82
ims3 0.13 0.18 0.2 0.1 0.24 0.12 0.79 0.23 0.07 0.85
resl 0.16 0.12 0.15 0.22 0.14 0.26 0.32 0.63 0.17 0.73
res2 0.17 0.22 0.15 0.21 0.18 0.25 0.32 0.66 0.22 0.83
res3 0.18 0.24 0.09 0.16 0.34 0.06 0.35 0.52 0 0.63
recl 0.26 0.37 0.2 0.1 0.13 0.13 0.03 0.36 0.52 0.69
rec2 0.18 0.12 0.2 0.06 0.02 0.15 0.16 0.03 0.92 1
rec3 0.22 0.16 0.05 0.09 0.24 0.06 0.06 0.32 0.42 0.42

According to Hair et al. [63], the thresholds for sufficient factor loading are greater
than 0.4 with 200 sample size. Overall, the results were as expected, but the loadings of
two variables (robl and fle3) are lower than 4.0 with low communality of 0.28 and 0.23,
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respectively. Communality refers to the proportion of each variable’s variance that can be
explained by the factors, and a communality score of less than 0.4 is not acceptable [64].
Thus, we decided to remove these two questions and redo the exploratory factor analysis.
Table 6 shows the results.

Table 6. Results of the secondary exploratory factor analysis.

Variable ROB RED VIS FLE COL AGI IMS RES REC Communality
rob2 0.57 0.06 0.12 0.17 0.16 0.13 0.07 0.04 0.07 043
rob3 0.93 0.21 0.11 0.02 0.05 0.06 0.05 0.17 0.19 1
rob4 0.52 0.28 0.23 0.04 0.03 0.15 0.12 0.2 0.25 0.54
redl 0.19 0.51 0.21 0.09 0.02 0.14 0.2 0.17 0.12 0.45
red2 0.25 0.74 0.24 0.14 0.08 0.12 0.18 0.13 0.2 0.8
red3 0.11 0.46 0.23 0.19 0.18 0.32 0.13 0.17 0.11 0.5
visl 0.13 0.24 0.66 0.1 0.15 0.11 0.15 0.15 0.11 0.61
vis2 0.11 0.08 0.85 0.12 0.09 0.15 0.24 0.05 0.04 0.85
vis3 0.16 0.2 0.61 0.06 0.11 0.08 0.11 0.08 0.22 0.53
flel 0.12 0.17 0.14 0.66 0.21 0.16 0.11 0.14 0.04 0.6
fle2 0.09 0.09 0.1 0.93 0.17 0.15 0.15 0.17 0.09 1
coll 0.07 0.06 0.14 0.15 0.55 0.27 0.34 0.16 —0.02 0.56
col2 0.13 0.07 0.14 0.13 0.82 0.16 0.22 0.19 0.1 0.85
col3 0.09 0.06 0.12 0.21 0.71 0.13 0.3 0.09 0.13 0.71
agil 0.12 0.2 0.19 0.24 0.27 0.77 0.15 0.16 0.08 0.86
agi2 0.25 0.14 0.16 0.16 0.18 0.57 0.19 0.19 0.23 0.62
agi3 0.14 0.17 0.13 0.08 0.21 0.41 0.39 0.22 0.14 0.5
ims1 0.09 0.1 0.13 0.11 0.21 0.14 0.84 0.09 0.09 0.84
ims2 0.01 0.12 0.22 0.11 0.22 0.09 0.81 0.15 0.11 0.82
ims3 0.12 0.2 0.19 0.1 0.27 0.13 0.77 0.26 0.05 0.86
resl 0.16 0.12 0.16 0.22 0.15 0.26 0.29 0.65 0.17 0.73
res2 0.17 0.22 0.15 0.21 0.19 0.26 0.28 0.67 0.21 0.83
res3 0.17 0.24 0.09 0.16 0.36 0.06 0.31 0.53 —0.01 0.63
recl 0.26 0.36 0.21 0.1 0.14 0.13 0.01 0.36 0.52 0.69
rec2 0.19 0.12 0.21 0.06 0.02 0.15 0.18 0.03 0.92 1
rec3 0.22 0.16 0.05 0.09 0.24 0.06 0.05 0.32 0.42 0.42

All loadings satisfied the threshold (loading > 0.4), and for all factors, communality
scores were 0.4 or higher. As an indicator for the fitness of the model, the RMSEA (root
mean square error of approximation) value was 0.04, which was lower than the threshold
for good fit. Based on these results, we excluded the two variables and confirmed the
26 variables and nine factors for confirmatory factor analysis. The two questions removed
were: “port performance would not deviate significantly from targets” (robustness) and
“the port’s collaboration partners can flexibly adjust supply capacity to mitigate disrup-
tions” (flexibility). For port robustness, maintaining functionality is more important than
achieving performance, and achieving port performance targets is greatly influenced by
external factors such as economic conditions, hence the difficulties in measuring robustness
with that question. The flexibility question was thought to be unfit given that the capa-
bilities of partners have relatively insignificant influence on ports, unlike supply chains,
where key partners play pivotal roles.
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4.2. Confirmatory Factor Analysis

Before conducting confirmatory factor analysis to validate the structure of the port
resilience assessment framework, we conducted discriminant validity analysis for the
factors. Discriminant validity tests whether different factors are actually unrelated. In
general, discriminant validity is tested by comparing the average variance extracted (AVE)
with the squared correlation between constructs, where discriminant validity exists when
the AVE is greater than the square value of the squared correlation [65]. Table 7 shows the
comparison between the square values of the correlation and the AVE. In the table, leading
diagonals represent the AVE, and off diagonal entries are squared correlation. As shown in
the table, all correlations satisfied the condition.

Table 7. The discriminant measures.

Variables ROB RED VIS FLE COL AGI IMS RES REC

ROB 0.584
RED 0.430 0.542
VIS 0.208 0.428 0.627

FLE 0.104 0.252 0.166 0.754

COL 0.118 0.206 0.211 0.285 0.682

AGI 0.265 0.473 0.319 0.346 0.453 0.558

IMS 0.113 0.312 0.284 0.179 0.437 0.368 0.819

RES 0.295 0.460 0.266 0.352 0.393 0.547 0.450 0.691

REC 0.442 0.526 0.288 0.170 0.187 0.378 0.154 0472  0.560

We conducted higher-order confirmatory factor analysis with the model illustrated
in Figure 1. During the analysis, a Heywood case occurred, i.e., negative estimated
variance of ‘restorative capability’. The negative estimated variance might result from
model misspecification. However, Van Driel [66] suggested that if the estimated confidence
interval of the negative variance includes zero, the negative variance is due to sampling
fluctuation, not model misspecification. The estimated confidence interval of the negative
variance in our model is [—0.078, 0.045]. Hence, we applied another solution to resolve the
Heywood case instead of model modification. One of the commonly used methods is to fix
the negative variance to zero or near zero (e.g., 0.005) [67]. After applying the method, the
model shows good fit indexes. Evidence of good fit could be determined by the following
standards: normed x? between 2 and 5 [68], CFI and TLI greater than 0.9 [69], and RMSEA
less than 0.08 [70]. Table 8 shows the model fit indexes.

Table 8. Fit indexes.

Index X2 df p-Value CFI TLI RMSEA
Value 564.556 288 0.000 0.916 0.905 0.069

Then, we assessed the reliability and convergent validity using the factor loading,
composite reliabilities (CR) and AVE. The assessment result (Table 9) confirmed that all
loadings were statistically significant, ranging from 0.611 to 0.994 (>0.6), and indicating
strong convergent validity of the measurement variables relating to specific latent variables;
the CR ranged from 0.750 to 0.954, demonstrating a feasible level (>0.7) [71], and AVE
ranged from 0.542 to 0.875 (>0.5) [72].
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Table 9. Confirmatory factor analysis results.

Latent Measurement .
Variables Variables Loadings CR AVE
rob2 0.627
Robustness rob3 0.887 0.805 0.584
rob4 0.756
red1 0.683
Redundancy red2 0.830 0.778 0.542
red3 0.685
visl 0.813
Visibility vis2 0.829 0.834 0.627
vis3 0.729
o flel 0.833
Flexibility fle2 0.902 0.859 0.754
coll 0.737
Collaboration col2 0.885 0.865 0.682
col3 0.849
agil 0.837
Agility agi2 0.787 0.860 0.558
agi3 0.704
imsl 0.893
Information Sharing ims2 0.893 0.750 0.819
ims3 0.928
resl 0.841
Response res2 0.928 0.869 0.691
res3 0.711
recl 0.867
Recovery rec2 0.744 0.789 0.560
rec3 0.611
Absorptive Robustness 0.710
Ca alfilit Redundancy 0.916 0.827 0.618
pabtity Visibility 0.714
Flexibility 0.659
Adaptive Collaboration 0.763
Capability Agility 0.888 0.849 0.587
Information Sharing 0.737
Restorative Response 0.892
Capability Recovery 0.784 0.826 0.705
Absorptive
Capability 0.895
Port Adaptive
Resilience capability 0.914 0.954 0.875
Restorative
Capability 0.994

Given these results, the port resilience measurement framework developed in this
study satisfied both convergent validity and discriminant validity; hence, structural validity
was confirmed. It also showed a good fit, indicating that this model fits the purpose of
measuring port resilience. Figure 2 shows the result of confirmatory factor analysis.
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Figure 2. Result of confirmatory factor analysis.

4.3. Discussion

We used the data collected from the port stakeholder survey for exploratory and
confirmatory factor analysis to validate the port resilience measurement framework using
the 26 questions covering the nine factors, i.e., robustness, redundancy, visibility, flexibility,
collaboration, agility, information sharing, response, and recovery. This result can provide
many implications for port resilience management. We discuss the present situation and
future resilience management directions of South Korean ports using measurement scores.

First, we compared the scores for the absorptive capability, adaptive capability, and
restorative capability that form the infrastructural resilience triangle. The three factors of
the adaptive capability all scored similarly, while the collaboration and information-sharing
variables of the absorptive capability scored relatively higher, and the agility variable scored
the lowest. This implies that the ports are actively collaborating with key partners but
relatively lack the ability to swiftly respond to unexpected changes in environment. The
recovery variable of the restorative capability scored the lowest of all variables at 2.92. This
is indicative that South Korean ports lack the ability to swiftly return to normal operations
when impacted and that they need to strengthen the restorative capability to improve their
resilience.

Next, the score of measurement variables was examined. On average, most of the
questions scored more than 3 points, suggesting that ports in South Korea have above-
average resilience capabilities. To be specific, the highest score was achieved from coll (the
port jointly works with its key partners for mutual managerial goals) for the collaboration
factor, which is the strongest capability of South Korean ports among the many factors
to measure port resilience. The second highest score was achieved from res3 (the port
has a contingency for mitigating crisis) for the response factor. This is indicative that
South Korean ports have strong resilience capabilities in terms of collaboration with many
companies to achieve their key management targets and contingency organizations. On
the other hand, the lowest scores were observed from rec2 (the port can recover from
crises at less costs) and recl (The port has the ability to absorb significant losses) for the
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recovery factor, indicating the necessity to strengthen recuperative capabilities in response
to emergency situations. See Table 10 bellow.

Table 10. Measurement scores.

Construct Mean of Measurement Mean of Latent
onstructs Variables Variables
rob2 3.42
Robustness rob3 3.2 3.27
rob4 3.2
red1 3.48
Redundancy red2 3.2 3.27 3.26
red3 3.12
visl 3.26
Visibility vis2 3.42 3.25
vis3 3.06
s flel 3.36
Flexibility flea 335 3.36
coll 3.59
Collaboration col2 3.25 3.42
col3 3.41
agil 3.07 3.30
Agility agi2 3.1 3.11
agi3 3.16
Information imsl 3.48
Sharin ims2 3.48 3.47
& ims3 3.45
resl 3.26
Response res2 3.32 3.36
res3 3.51 314
recl 2.85
Recovery rec2 2.7 2.92
rec3 3.2

Last, utilizing the framework suggested in this study for the strengthening of port
resilience requires linking the factors in the framework with real-world activities in ports.
This study recommends that port decision-makers link the port performance index of exist-
ing studies with the resilience framework of this study. For example, Ha et al. [73] suggested
36 port performance indicators. Not all indicators can be linked to resilience frameworks,
but four productivity indicators (berth occupancy, crane efficiency, yard utilization, and
labor utilization) can be linked to robustness, and information/communication integration
practices (integrated EDI for communication, integrated IT to share data and collaborate
with channel members) can be linked to collaboration and information sharing. In this way,
if port decision makers can manage in connection with existing performance indicators
and the resilience framework, it will help improve the port resilience. In addition, it can
be a way to define actual capacity-building activities for each construct and establish an
activity plan. Table 11 shows examples of capacity-building activities for these nine factors
based on the survey questions and the opinion of port management experts. To improve
the resilience of South Korean ports, measuring the effectiveness of contingency plans and
modifying them based on feedback, developing plans to finance restoration, and carrying
out crisis response training on a regular basis are required, among others.
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Table 11. Factor-specific activities to improve port resilience.

Constructs Activities to Improve Resilience
Situational (natural disasters, terrorism, strike, etc.) operation manuals.
Robustness . e . . .
Identifying vulnerabilities and developing regular inspection plans.
Redundancy Securing and managing reserve unloading .apd transportation equipment.
Emergency workforce mobilization plans.
Visibili Advancing and visualizing port operation information systems.
ty Introducing advanced technologies such as digital twins.
Flexibility Developing contingency operation plans using big data, Al, etc.
Collaboration Organizing a port operation cc/)uncﬂ cer}terlng on stakeholders.
Sharing the port’s strategic targets.
s Identifying customer needs on a regular basis.
Agility e . .
Training staff on how to cope with crises.
Information Risk information sharing through the port operation council.
Sharing Information sharing to develop joint response systems.
Developing crisis-specific contingency organizations and reporting structures
and appoint persons in charge.
Response . - L . -
Carrying out crisis response training to improve the capabilities of the
contingency organization.
Recovery Developing plans to finance port function restoration in emergency situations.

Measuring the effectiveness of the contingency plans through simulation.

As discussed earlier, Korean ports lack recovery-related capabilities. In order to
strengthen recovery capability, a contingency plan for maintenance and restoration of port
facilities is required, and a plan for costs must be included. Zhang et al. [74] suggested
the framework of sustainable maintenance strategies for port facilities. They used a
mathematical model to select the optimal maintenance based on cost, and the model shows
that sustainability-related costs are an important factor in port maintenance costs. Similarly,
port decision-makers will be able to measure the effectiveness of various contingency plans
in terms of recovery cost by using the simulation models to enhance recovery capacity.

5. Conclusions

In this study, we examined literature in supply chains and infrastructural systems to
identify factors and variables to measure resilience and built a port resilience measurement
framework. Additionally, we surveyed port stakeholders to validate the framework. The
most important theoretical contribution of this study is that we demonstrated through
a literature review that port resilience has a multi-hierarchical structure based on nine
factors. These findings would serve as a theoretical footstep for further studies on the
relations between port resilience and sustainability. This study also contributes to policies
in that it established a concrete measurement framework for the abstract concept of port
resilience and connected it to concrete activities to strengthen resilience. Applying the
resilience measurement framework to ports in South Korea revealed that, among the
components of resilience, they have adaptive capability and absorptive capability to some
extent but relatively lack restorative capability. In other words, they are somewhat prepared
for impact but there are inadequacies in their restorative capabilities or response when
impacted. Indeed, institutions related to resilience in South Korea primarily focus on
prevention and preparedness but lack restoration plans and manuals and have insufficient
performance indicators. In this context, it is needed to put an emphasis on strengthening
ports’ restorative capability, for example, contingency organizations, financing restoration
costs, and measuring the effectiveness of contingency plans and developing relevant
legislation and institutions.

Some limitations and future avenues should be mentioned. This study used a survey
to collect the data. However, some constructs such as robustness and recovery can measure
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mathematically. Although there are currently no relevant data available in Korea, it is
necessary to build data from a long-term perspective and conduct quantitative research
using the data. It will also be necessary to conduct research on countries with relevant
data. Theory-wise, this model could be employed to validate the causal relation between
resilience and ports’ operation and sustainability performances in an effort to understand
what resilience means to port performances. In terms of policy, efforts should be made
to define real-world port activities related to the nine factors of resilience and develop
relevant key performance indicators. In this study, we briefly mentioned port capacity
building activities for each factor of resilience. Developing more concrete action plans
based on expert opinions and performance indicators for actual assessments would help
develop concrete port resilience assessment systems, hence ensuring sustainability of port
operations.
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