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Abstract. Pavement maintenance is widely thought to be critical for promoting sustainability, playing a pivotal role in
sustainable and resilient transportation infrastructure for growth in economic development and improvements in social
inclusion. It has attracted increasing attention from both academia and industry over the past 20 years. Although several
literature reviews have been conducted, there is still a lack of systematic quantitative and visual investigation of the struc-
ture and evolution of knowledge in this field. To address this lack, reported here is a comprehensive and objective scien-
tometric analysis to visualize the status quo of research areas regarding pavement maintenance. Focusing on 614 journal
articles collected from the Web of Science for 2001-2020, key researchers within the field are identified, as are the key
research institutions, key countries, and their interconnections, as well as keywords, evolution trends, key publications,
and citation patterns, along with the extent to which these interact with each other in research networks. Based on the
in-depth analysis, a knowledge roadmap is provided to inscribe how pavement maintenance-related research evolves over
time, greatly contributing to the understanding of the underlying structure of pavement maintenance, and to highlight the
identified current research challenges and future research trends, thus potentially benefiting the academic community and
practice field on multiple themes of pavement maintenance. The results of this research are instructive, providing a broad
overview and holistic thinking for researchers and practitioners with respect to pavement maintenance research, as well
as facilitating further research and applications for both academia and industry in improving pavement maintenance for

sustainability.
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Introduction

Pavement maintenance (PM) is considered to be a pivotal
backbone of sustainable and resilient transportation infra-
structure and receives considerable attention from both
academia and industry (France-Mensah & O’Brien, 2019;
Gosse et al., 2013; Yu et al.,, 2018). Damaged pavements
are both unsafe and unsightly, the condition of which will
continue to deteriorate if not promptly repaired, poten-
tially resulting in major problems such as traffic accidents.
Statistically, pavement conditions play a significant role in
traffic accidents, accounting for approximately one-third
of traffic fatalities (175,080 deaths on U.S. highways from
2013 to 2017) (TRIP, 2022). The most appropriate solution
to prevent such problems is to address them immediately.
PM is widely recognized as an effective way of maintaining

or improving pavement performance for ensuring safety
and extending service life. In China, the total length of
roads open to traffic reached 5.2 million kilometers by the
end of 2020 (Statista, 2021) and is estimated to reach 5.8
million kilometers by 2030 (Xinhua, 2013), raising diffi-
cult problems for managers. The prevalent problems in the
maintenance and management of pavement are potentially
encountered in countries all over the world. Driven by this
adverse trend, an effective survey of PM developments is
urgently needed to enable the understanding of the cur-
rent status as a reference for PM.

The first 20 years of the 21st century have seen sig-
nificant progress in PM, accompanied by growth in eco-
nomic development and improvements in social inclusion
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(Khahro et al., 2020). In line with this, PM researchers
and practitioners have made rapid progress by studying
applications and methods for supporting sustainable PM
with PM research becoming diverse as more emerging
technologies are integrated into PM-related projects. For
example, Giustozzi et al. (2012) developed a multi-attri-
bute life cycle assessment (LCA) to assess the environ-
mental impacts of PM activities, including the analyses
of life cycle costs, performance, and environment, upon
which PM management can be improved through the
implementation of energy-efficient treatments and strate-
gies. Abaza (2016) proposed a “back calculation” of dis-
crete-time Markov models for predicting future pavement
conditions by considering two main groups of pavement
defects, achieving good results. Settari et al. (2015) stud-
ied the effects of the recycled asphalt pavement materials
added to the rolled compacted concrete on the mechani-
cal properties and durability for application in pavement
maintenance. Jo and Ryu (2015), Zhang et al. (2018a),
Inzerillo et al. (2018), and Bang et al. (2019) applied com-
puter vision techniques to survey pavements automatically
for maintenance, rehabilitation, and reconstruction strate-
gies. However, although the existing literature showcases
detailed analyses in certain research areas, its diverse and
extensive nature could hide genuine limitations and gaps,
such as not appreciating whether communication exists
between different subfields within the field and what the
overall mainstream research is. Therefore, the full scope
of PM research must be reviewed to delineate the most
significant body of knowledge of PM and drive research
toward the most valuable and critical areas.

A literature review is regarded as an expedient way to
understand a research area in-depth, and PM has been re-
viewed in that way previously. For example, Sultana et al.
(2013) examined the maintenance performance of road
infrastructure by contracting and provided a beneficial
analysis for practical implementation in improving PM
and its management, this study, however, does not pro-
vide an overview of PM, limiting itself to the performance
of PM. Sarsam (2016) reviewed the basics and concepts
of the PM management system and introduced its appli-
cation and development, thereby helping to master the
capabilities of the system as an aid to road maintenance,
this analysis, nevertheless, suffers from the limitations of
relying exclusively on manual reviews and fails to provide
insights from an objective perspective. Similarly, Khahro
et al. (2020) analyzed and reviewed the relevant literature
focusing on PM management systems, their results in-
dicate an increasing interest in PM management, while
the potential for profound analysis still exists. Addition-
ally, Sanchez-Silva et al. (2016) used a critical review to
identify the main conceptual and theoretical principles
of maintenance and then to describe different deteriora-
tion mechanisms and the criteria, variables, and models
used to define optimum maintenance policies from both
a conceptual and theoretical standpoint. That work offers
support for developing better maintenance models, but

without painting a clear progression. Accordingly, Pérez-
Acebo et al. (2018) provided an overview of the pavement
management literature from 2000 to 2013 with different
perspectives, including countries, institutions, and au-
thors, and identifies and analyzes future research trends,
nonetheless, it cannot consistently provide updates on the
progression of the domain research. Recently, Peraka and
Biligiri (2020) reviewed the developments in pavement-
condition data collection and processing (e.g., data col-
lection procedures, analytical techniques, decision-mak-
ing tools, and processing methods) and discussed the
chronological development in data analysis, homogeneous
sectioning for selecting maintenance strategies, and priori-
tization and optimization of maintenance strategies, this
study, however, can be further enhanced by mapping the
development path of the research areas with visualization
for better knowledge capture. Admittedly, those insights
provided by experts are valuable for discussing, interpret-
ing, and understanding this complex subject. However,
limited efforts have been made to outline and visualize
the trends in PM research, and the previous literature re-
views have been mostly traditional ones, namely manual,
qualitative, and prone to bias and limitation in terms of
the number of articles reviewed.

To address such limitations, reported herein is a sci-
entometric review of the PM literature, the aim being an
overall description of this research field, primarily adopt-
ing an interpretivist philosophical approach and induc-
tive reasoning to generate new theories or knowledge by
exploring “what”, “why”, and “how” questions. To achieve
those aims, the CiteSpace science mapping tool was used
to perform a visual bibliometric analysis of PM research
for interpreting the knowledge of the PM field, upon
which inductive reasoning was applied to carve out the
PM research roadmap, including research gaps and future
research directions. The findings are expected to (i) sum-
marize PM knowledge over the past two decades for pro-
viding researchers and practitioners with an in-depth and
comprehensive understanding of the underlying knowl-
edge structure, current status, and research trends of the
global PM field, and (ii) describe and visualize the paths
for understanding, and capture systematically and thor-
oughly the hot topics through science mapping for pro-
moting further studies in this field. Against the aforemen-
tioned backdrop, the present study involves the following:
(i) conducting scientometric analysis to visualize the re-
search status quo objectively, and exploring the knowledge
base and domains associated with PM by using author
analysis, spatial distribution analysis, keyword analysis,
and document analysis; (ii) identifying how keywords in
PM research evolve to guide future work; (iii) proposing
a PM knowledge map. The present research provides an
overview analysis of the PM-related literature as possible
with its sample size, offers a quantitative summary of the
current status of PM knowledge, and explores the areas of
knowledge and hidden connections within the PM dis-
cipline based on an interpretivist philosophical approach
and inductive reasoning for understanding in depth.
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The remainder of this review is organized as follows.
First, the methodology of the literature search is intro-
duced, then the results of the scientometric analysis are
presented, including a critical review of the cluster-analy-
sis results to discuss the research themes. Next, the current
research status of the PM field is discussed, along with
future research trends. Finally, conclusions are drawn.

1. Research method

To achieve the objectives of this research, an in-depth sci-
entometric analysis was performed on PM publications
and their academic relationships. An overview of the re-
search process is shown in Figure 1.

1.1. Data acquisition

Data acquisition is a crucial step that has a significant ef-
fect on subsequent scientific analysis. To obtain precise
and robust analysis results, the Web of Science (WoS)
database was selected as the core dataset to retrieve the
academic literature, this being because it is the largest
accessible academic database that can provide the most
comprehensive and influential journal articles within the
field of PM (El-adaway et al., 2019). After pre-analysis,
the following retrieval code was used in the WoS core col-

lection: “Topic” = ((“pavement maintenance”) OR (“road*
maintenance”)), where * denotes a fuzzy search. To ex-
tract the proper documents, the time span was seriously
considered. Evidence suggests that studies lose relevance
after almost 10 years with poor impact and inappropriate
citation for subsequent studies (Wang, 2013). In light of
this, the recent studies in PM may be inconsistent with
the continuity of studies from two decades ago with the
advances in the field of PM facilitated by rapid economic
and social growth. As a result, the search time span of the
documents was set as being from 1 January 2001 to 31
December 2020. Initially, 1725 documents were identified
for further screening. In this research, only journal arti-
cles published in English were selected for analysis, this
being because they are reputable and reliable sources that
usually provide more-comprehensive and higher-quality
information, whereas other types of publications, such as
book reviews, editorials, and conference papers, are pub-
lished in large numbers containing less valuable or useful
information with little benefit to be gained by including
them, adding extra complexity to the analysis (Butler &
Visser, 2006). Also, the research scope obviously had to be
relevant to the PM field for research content and scientific
mapping purposes. After this screening, the data set com-
prised 614 journal articles in total.
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Figure 1. Overview of research design
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1.2. Scientometric analysis

As a branch of informatics, scientometrics is used widely
to analyze research impact, map knowledge structures,
and identify development trends (Hess, 1997), which can
give researchers and practitioners a global perspective
of the current knowledge and research trends within a
given research field (Abotaleb & El-adaway, 2018; Chen,
2017). Because of the wide range of research topics related
to PM, existing research rarely focuses on analyzing the
overall field through systematic literature analysis. There-
fore, reported herein is a holistic scientometric review of
PM supported by the software package CiteSpace (Chen,
2004, 2006) based on the interpretivist philosophical ap-
proach and inductive reasoning. The software package
CiteSpace offers the unique advantage of analyzing and
visualizing scientific literature by linking it systematically
to help discover the knowledge hidden behind a consider-
able amount of literature. In addition, the review can be
modified continuously as the research progresses, some-
thing that human researchers do not have sufficient capac-
ity to do.

The present analysis involved several scientometric
techniques that generated results from author analysis,
spatial distribution analysis, keyword analysis, and doc-
ument analysis. First, the author analysis was based on
co-authorship analysis and co-citation analysis, where
co-authorship analysis reveals cooperative networks for
scientific knowledge at the micro-level (co-author), meso-
level (co-institute), and macro-level (co-country), and the
present ones at the meso- and macro-level are analyzed
in Section 3.2, while co-citation analysis analyzes the pro-
cess of generating new knowledge from different topics to
current research and from dissociation to reorganization
among authors; and authors with more citations are likely
to be more influential than those with fewer citations. Sec-
ond, keyword analysis was conducted based on keyword
co-occurrence, which is used to detect the keywords in a
set of documents, having the frequencies to indicate the
relationships among them. In the present study, the identi-
fied keywords are likely hot topics in PM research; accord-
ingly, how those keywords evolve is then identified. Third,
document analysis was conducted based on co-citation
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analysis, then cluster analysis was conducted to classify
the cited documents to identify emerging topics of inter-
est. Finally, a research knowledge gap linking the existing
research topics to future directions is proposed based on
the captured knowledge status of PM.

2. Results

Figure 2 shows the distribution of the 614 research ar-
ticles over the period of 2001 to 2020. As can be seen,
PM has received continuous attention, with more articles
published (and thus counted) every year. Since 2013, the
number of articles published has increased gradually but
steadily, the predicted number of articles can be seen from
the trend line in Figure 2. It is expected that more research
will be published in future years to enrich and expand the
research topics and promote the development of PM.

2.1. Author analysis

The author analysis in a specific domain focused on col-
laboration and co-citation among authors, where the au-
thor collaboration analysis can reveal existing academic
relationships among researchers (Ding, 2011; El-adaway
et al.,, 2019), while the author co-citation analysis can
identify the relationships among cited authors in the same
publication and provides a way to understand the intel-
ligent structure of PM research (Bayer et al., 1990).

2.1.1. Co-author network

As carriers of knowledge, authors play an important role
in information communication and academic exchange.
The information available from published articles can en-
able the identification of collaborations among authors
to generate the co-author network for understanding the
current author cooperation status and finding the influ-
ential authors, contributing to capturing specialists and
expertise, thus increasing productivity and reducing the
isolation to benefit scientific collaboration and promoting
scholarly communications, which has been evidenced by
the fact that publications generated through collaborations
are published on higher impact outlets with more cita-
tions (Ding, 2011; Hosseini et al., 2018; Luwel, 2004). The
generated co-author network is shown in Figure 3, where

88

o 9~
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N
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Figure 2. Distribution of source documents by 2001-2020 (614 publications in total)
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there are 476 nodes and 370 links. Each node represents
an author, with the node size representing their number
of publications; each link between two authors denotes
a collaboration, with the link thickness representing the
strength of cooperation established through the co-author
in the publications. Table 1 lists the eight authors with the
most collaborations, with the top three being Zhanming
Zhang (University of Texas), TienFang Fwa (National Uni-
versity of Singapore), and Adelino Ferreira (University of
Coimbra). Those authors collaborate extensively with oth-
ers, communicating and sharing knowledge, thus contrib-
uting to the promotion of the research field.

Figure 3 shows clearly the presence of several research
communities in which many authors worked with one or
more highly productive authors. In graph theory, the in-
fluence of an author is defined by the betweenness central-
ity in CiteSpace. A node with high betweenness centrality
usually connects two or more large groups of nodes with
the node itself in-between (Lu & Feng, 2009). The central
author in a community is the one with the most collabo-
rations. The largest community has Gerardo Flintsch as
its central author and includes Tony Parry, Brian Dief-
enderfer, Tanveer Chowdhury, etc., and connects another
community with Adelino Ferreira as the central author,

including Anténio Antunes, Luis Picado Sanitos, and Ana-
bela Dos Santos Duarte; similarly, Zhanming Zhang has
acted as the central author within his research community,
consisting of Lu Gao, Kevin Gaspardb, Ivan Damnjanovic,
and Seokho Chi. That is to say, those authors have col-
laborated with each other to promote publications, which
have generated a broad impact and enriched the knowl-
edge pool within the research field. However, in the whole
network, the betweenness centrality of these nodes was
zero, meaning that most of the authors do not collabo-
rate substantially. Thus, the crucial cooperation between
different research communities should be strengthened
in the future, and more information communication and
academic exchange are needed to ensure that research has
relevance to practice and promote the development of PM.
Overall, the findings derived from the map in Figure 3 and
the list in Table 1 are described below.

I Several collaborative communities and influential
authors are identified to communicate and share knowl-
edge creation to advance the research field. However, most
authors are isolated without belonging to any community.
Great efforts are needed to sustain the existing communities
or to form more communities to enhance the transmission
and creation of knowledge in the research field.
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MAZUMDER M ’
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Figure 3. Co-author network
Table 1. Top 8 nodes of co-author network
Author Institute Country Count
Zhang Z The University of Texas at Austin USA 15
Fwa TF National University of Singapore Singapore 10
Ferreira A University of Coimbra Portugal 8
Gao L University of Houston USA 8
Ksaibati K University of Wyoming USA 7
Ful University of Waterloo Canada 7
Shi XM Washington State University USA 7
Flintsch G Virginia Polytechnic Institute and State University | USA 7
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2.1.2. Author co-citation network

Author co-citation analysis can identify the relationships
among authors whose published articles are cited in the
same articles. Organizations such as AASHTO (American
Association of State Highway and Transportation Officials)
and ASTM (American Society of Testing Materials) with
high frequencies were removed from the list of influential
authors because they issued many widely cited guidelines
and affect the accurate analysis of the results. The gen-
erated author co-citation network is shown in Figure 4,
where 66 out of the 668 nodes are presented, the node
size represents the number of co-citations of each author,
and the links between nodes reflect indirect cooperative
relationships established based on co-citation frequency.
The authors cited the most are identified, including Tien-
Fang Fwa (frequency = 50; Singapore), Ralph Haas (29;
Canada), Khaled A. Abaza (13; Palestine), Zheng Wu (13;
USA), Samer Madanat (13; USA), and Feng Wang (13,
USA). Those cited authors have contributed the most to
the development of PM, and the diversity of their loca-
tions indicates that PM research has been widespread
around the world.

SMITH KL

A. Ji et al. Scientometric analysis of pavement maintenance: a twenty-year review

Based on the betweenness centrality scores, the top
three authors are TienFang Fwa (centrality = 0.45), Ralph
Haas (0.45), Kamal Golabi (0.34), and Samer Madanat
(0.23). They are the major intellectual drivers of PM re-
search and have connected research in different commu-
nities facilitating the development of PM. Additionally,
several authors are identified by detecting rapid increases
in citation frequency over short periods. The top identi-
fied bursts in the network are shown in Figure 5. Those
authors tended to affect the direction of PM research in
a specific period and their articles were worth following.
Based on the above analysis, The findings that come to
light based on the map in Figure 4 and Figure 5 are dis-
cussed below.

II. Most of the authors are connected and intertwined
to form a community, indicating that the communication
of knowledge exists among these authors, also demonstrat-
ing the homogeneity of their research, which tends to result
in the exclusivity of research involving PM being focused
on a few authors to the neglect of others, and furthermore
causes research to concentrate on one subfield to the neglect
of other subfields, which is not conducive to the diversity of
research, requiring sufficient attention and concern.
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Figure 4. Author co-citation network
Top 11 Cited Authors with the Strongest Citation Bursts
Cited Authors Year Strength Begin End 2001-2020
SHAHIN MY 2001 3.6 2001 2003 — =m===—
GOLABI K 2001 4.39 2005 2013 I Y Y
MADANAT S 2001 6.26 2010 2013 -
HAASR 2001 8.16 2011 2016 I ——
WANG F 2001 6.11 2012 2015 -
SHI XM 2001 3.66 2012 2016 T I — —
OUY ANG YF 2001 3.46 2012 2012 L
TSUNOKAWA K 2001 3.25 2012 2016 -
ABAZA KA 2001 3.72 2017 2018 —
LABIS 2001 343 2017 2020 -
SANTOS] 2001 3.27 2019 2020 ——

Figure 5. Top authors with co-citation bursts
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2.2. Spatial distribution analysis

This research provided the network to explore the spatial
distribution of research publications on PM, including the
co-institution analysis and co-country analysis, which can
reveal existing academic relationships among institutions
and countries, respectively, and identify the top institu-
tions and influential countries in the field of PM.

2.2.1. Co-institution network

In addition to the collaboration activities of individuals,
identifying the collaboration network of institutions is sig-
nificant for revealing the research strength of institutions,
and facilitating visits to learn, particularly in terms of con-
tributing to research partnership policy-making (Ding,
2011; Hosseini et al., 2018). Figure 6 shows the collabora-
tion network between institutions with 387 nodes and 294
links. The node size represents the number of published
articles per institution; the link thickness between institu-
tions denotes the level of cooperation established through
the co-institution in the published articles. In Figure 6, the
University of Texas at Austin (19 published articles), Uni-
versity of Waterloo (16), Southeast University (16), Vilnius
Gediminas Technical University (13), and National Uni-
versity of Singapore (12) top the list, showing that those
institutions have made significant contributions to PM
research and can be publication centers for PM research
around the world. Those institutions surely excel in terms
of research input and policy making and implementation
for research partnerships that advance research in the
field, being worthwhile for researchers and institutions to
learn from.

Additionally, the nodes with high betweenness central-
ity were identified. Institutions such as Georgia Institute
of Technology (centrality = 0.01), University of Waterloo
(0.01), Southeast University (0.01), University of Illinois
(0.01), Chang’an University, and The Hong Kong Polytech-
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Natl Univ Singapore /

Univ Cimt;ra

__Virginia Polytech Inst & State Univ

nic University (0.01) are the key nodes in the network and
play a significant role in international communication and
cooperation for promoting academic exchange and shar-
ing intellectual knowledge related to PM. Furthermore,
citation bursts were identified to find notable increases
in citations over a short period. The University of Texas
at Austin (burst strength = 3.87; 2008-2014), Montana
State University (3.05, 2011-2013), Vilnius Gediminas
Technical University (3.54; 2015-2017), Southwest Ji-
aotong University (3.41; 2016-2018), Tongji University
(3.29; 2017-2020), Chang’an University (3.34; 2018-2020),
and University of Wyoming (3.18; 2018-2020) are at the
forefront, indicating that their research attracted extraor-
dinary attention in the corresponding years. Note that
two citation bursts have emerged in the past three years
for Chang’an University and the University of Wyoming,
signaling that Chang’an University and the University of
Wyoming are receiving worldwide attention and are likely
to be central to developing the field further in the future.
Those rapidly growing institutions are in the spotlight pri-
marily because of their strong research strengths in the
research field, demonstrating that they are advancements
in need of attention. Overall, the findings derived from the
analysis are described below.

II. Although several institutions collaborate with each
other, the fact that numerous institutions are scattered, il-
lustrating the isolated nature of research in institutions. A
few influential institutions play a promising role in the re-
search process, but extensive interweaving networks of col-
laboration are not formed, revealing that knowledge com-
munication and sharing among researchers in those institu-
tions with other researchers is still lacking. In addition, lead-
ing and strong scientific research institutions are explicitly
identified that could help to cultivate PM researchers, while
noting the necessity for improving communication and col-
laboration among researchers between institutions.
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Figure 6. Co-institution network
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2.2.2. Co-country network

Similarly, a network was created based on the contribu-
tions of countries to identify the influential ones and map
the collaborations among them. As shown in Figure 7, the
network contains 67 nodes and 92 links; the node size rep-
resents the total number of articles published in a coun-
try. In Figure 7, the USA (263 published articles), China
(94), Canada (51), England (29), Portugal (19), South
Korea (18), and Australia (18) are the top countries that
have made significant contributions to PM research. That
those countries published more articles implies that their
PM research is more advanced. Regarding publications by
countries, the USA has contributed the most to develop-
ing PM, and China is the second-largest contributor, but
still a gap between it and the USA. In addition, regarding
international collaborations, researchers from the USA
have collaborated widely with those from other countries,
such as South Korea, Israel, and China.

The betweenness centrality is identified, with USA
(centrality = 0.57), England (0.15), China (0.13), France
(0.12), Poland (0.12), and Australia (0.11) being the most
influential countries. The fact that the USA has the high-
est centrality shows that it occupies the most important
position in the network and connects research activi-
ties among different countries for sharing knowledge on
PM. Interestingly, USA links with other countries are not
strong, rather New Zealand shows strong links with Eng-
land and North Ireland respectively. Thus, the governing
bodies of the pioneering country need to redefine the poli-
cies to promote cooperation, and serve as an example for
other countries, working together to promote the overall
level of knowledge in PM. The findings can be described
as follows.

IV. Few countries are present in the network while most
in the world lack research concerning PM. Also, the links
among the countries present in the network are limited but
still need to be enhanced either by adapting policies or by
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increasing investment. Moreover, developing countries are
underrepresented in the network. Those countries are iso-
lated from the mainstream in terms of both resource input
and technology available, which is highly detrimental to the
development trend. This is also a serious obstacle to global
development trends, which may require negotiated global
organizations to be mitigated.

2.3. Keyword analysis

Keywords are relevant for describing the core content of
published articles and demonstrating the range of areas
researched within a given domain (Martinez et al., 2019).
This subsection contains two parts, namely (i) keyword
co-occurrence and (ii) keyword evolution. The keyword
co-occurrence network identifies research topics in a spe-
cific domain, while the evolution network reveals the de-
velopment of the research field over time.

2.3.1. Keyword co-occurrence network

A network is generated by setting pathfinder pruning in
CiteSpace. When creating the network, some general key-
words (e.g. “maintenance’, “pavement maintenance”, “road
maintenance’, “road”) are removed because they fail to re-
veal related research trends and make the analysis less ac-
curate. The generated network comprises 414 nodes and
678 lines as shown in Figure 8, where node size represents
the frequency of words in the documents, and the links
indicate the interrelatedness between a pair of keywords.
Furthermore, Table 2 lists the top 48 keywords with a total
of 503 co-occurrence frequencies. Notably, to avoid man-
ual bias, this research retains the original output provided
by CiteSpace.

Figure 8 and Table 2 show the main areas identified in
PM research. The most prominent item in PM research
is ‘model, appearing 61 times. This means that they have
been researched widely, from which it is reasonable to
conclude that it is the basic component in PM research.
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Table 2. Top keywords with their frequencies in pavement maintenance (PM) research

Frequency keyword Frequency keyword Frequency keyword
61 Model 7 Roads & highway 4 Classification
30 Performance 7 Rehabilitation 4 Time
30 Genetic algorithm 7 Concrete 4 Crack detection
29 Management 6 Methodology 4 Skid resistance
28 System 6 Pavement performance 4 Pavement deterioration
28 Optimization 6 Winter maintenance 4 Asphalt mixture
25 Winter road maintenance 6 Markov chain 4 Artificial neural network
22 Pavement management 5 Asset management 4 Repair
21 Algorithm 5 Highway maintenance 4 Chip seal
19 Asphalt pavement 5 Flexible pavement 4 Analytic hierarchy process
14 Pavement management system 5 Crack sealing 4 Binder
12 Construction 5 Network 4 Asphalt
9 Multiobjective optimization 5 Selection 4 Inspection
8 Framework 4 Design 4 Mixture
8 Life cycle assessment 4 Data collection 4 Decision making
8 Prediction 4 Safety 4 Cost

In practice, however, the models constructed are gener-
ally nonlinear multi-objective polynomial problems that
risk becoming prohibitively computationally demanding
and complex; this issue must be addressed, with continu-
ous improvement in algorithms being the key to break-
ing through this bottleneck. In the list of top keywords in
PM research, “algorithm” is highly used (21 times). For
instance, Chang (2013), Suresh and Kumarappan (2013),
and Ahmed et al. (2019) used the particle swarm optimi-
zation algorithm successfully to find optimal PM strate-
gies. Accordingly, genetic algorithms (GAs) (“genetic algo-
rithm”; keyword frequency = 30) are used for model solu-
tions or optimization. For example, Morcous and Lounis
(2005) and Chootinan et al. (2006) used GAs to search for
optimal maintenance alternatives by minimizing the life-
cycle cost, and Bosurgi and Trifird (2005) researched PM
management based on artificial neural networks and GAs.

Additionally, model development and application are
done to improve pavement performance. In the list of top
keywords in PM research, “performance” ranks highly,
appearing 30 times. In highlighting this association, we
refer to the work of Vyas et al. (2021), who proposed us-
ing a SWOT (strengths, weaknesses, opportunities, and
threats) model and the fuzzy analytic hierarchy process
to prioritize pavement sections and formulate a strategy
to assess pavement condition for PM. Accordingly, “opti-
mization” (6 times) and “multiobjective optimization” (5
times) are considered frequently for PM strategies, and as
well as taking pavement performance as one of the ob-
jectives, the general optimization factors include cost (Yu
et al.,, 2015, 2019), toll pricing (Saha et al., 2014), budget
(Amin et al., 2019; Yepes et al., 2016), the delay caused by
the PM scheme (Ma et al.,, 2018), and environment (Gi-
ustozzi et al,, 2012). Through modeling and optimization,



448 A. Ji et al. Scientometric analysis of pavement maintenance: a twenty-year review

strategies can be implemented more efficiently to improve
pavement performance.

The performance issue also pertains to design. In the
list of top keywords in PM research, “design” is an impor-
tant research topic, with a frequency of 4. Designers can
identify risks and optimize the strategies during the PM
design stage. Essentially, how materials perform is an im-
portant consideration. Substantially, in the process of PM,
material performance selection may be the first step, and
that performance directly affects pavement performance.
As Table 2 shows, concrete (frequency = 7), asphalt pave-
ment (5), flexible pavement (5), asphalt mixture (4), as-
phalt (4), and mixture (4) are the important materials in
PM. Furthermore, regarding their application in PM, at-
tention should be given to new materials such as basalt-
fibre-reinforced concrete (Sun et al., 2019). In addition,
the life cycle assessment is generally applied, appearing 4
times, and this topic is usually related to prediction (4),
involving pavement performance prediction using Markov
chain (4) and parameters of pavement deterioration (4),
and also to cost (4) and decision making (4).

In the list of top keywords in PM research, “manage-
ment” is the fourth-highest research item, occurring 29
times, and “pavement management” is also ranked highly,
occurring 22 times. Good pavement management is es-
sential for adequate PM because it has the potential to
provide decision-makers with the tools needed for ef-
fective and sustainable pavement management (Santos
et al., 2017). This relates to the inspection and mainte-
nance management of the pavement, where the keywords
of the inspection management included in Table 2 are
data collection (4), classification (4), crack detection (4),
artificial neural network (4), and inspection (4). While
the keywords involved in maintenance management are
winter road maintenance (6), rehabilitation (4), winter
maintenance (4), highway maintenance (4), crack sealing
(4), repair (4), and chip seal (4). Those can be achieved
efficiently with a system, and “system” and “pavement
management system” are also an important topic in PM
research, occurring 28 times and 5 times, respectively. A
management system can facilitate efficient data exchange
and information management in the process of pavement
management, generating a large quantity of information
and documents. More importantly, a management system
can assist managers in planning, analyzing, and maintain-
ing roads at the right time with the right materials and
budget availability (Peraka & Biligiri, 2020).

In addition, some keywords received relatively high
betweenness centrality scores, such “algorithm” (central-
ity = 0.36), “genetic algorithm” (0.30), “model” (0.24),
“performance” (0.24), “inspection” (0.18), “winter road
maintenance” (0.16), “system” (0.14), “pavement manage-
ment” (0.14), “decision making” (0.14). Keywords with
high betweenness centrality connect different research
topics and significantly influence the development of PM
research, further revealing the hot topics in PM research.
Considering these results, “algorithm”, “genetic algorithm,
and “performance” - as the three most prominent research

topics - are attracting increasing research attention for
promoting PM management. With respect to these find-
ings, the following observations remain of interest.

V. PM research covers many subfields, but those atten-
tions are not uniformly distributed, where more effort is
devoted to subfields such as model, performance, genetic
algorithm, and management, and less to asphalt mixing,
decision making, etc. That is to say, more research focuses
on PM strategy making, while less attention is paid to the
hard aspects such as PM material properties.

VI. LCA has gained considerable attention to become
a cause for concern. LCA offers a systematic consideration
within the life cycle, enabling sound decisions to be made
by viewing PM from a holistic viewpoint, which tends to in-
clude environmental impacts, so as to reduce resource waste
and realize sustainable development, thus being a promising
direction for advancement.

VII. Less attention has been paid to the information
technology applications for inspection, such as artificial in-
telligence technology. Traditional inspection relies heavily on
manual, vehicle, and other mechanical equipment, which is
time-consuming, laborious, and inefficient. The rising infor-
mation technologies in recent years offer great potential for
inspection, which can be treated as a serious gap within the
existing literature in PM. Applying information technologies
to PM is a practical and valuable direction that warrants
devotion.

2.3.2. Keyword evolution

A keyword co-occurrence network is a static representa-
tion of a research field without considering its dynamics
over time (Zhong et al., 2019). For insight into the dynam-
ics of keywords over time, the documents are divided into
four distinct five-year periods to reveal changes in PM
trends. Using keyword co-occurrence networks and word
clouds, Figure 9 shows how the keywords have evolved
over time. As can be seen, as PM research has matured,
the research contents and methods have undergone subtle
but obvious changes.

The high-frequency keywords include “model” and
“optimization’, indicating that they are the basic compo-
nents of PM research and have attracted research atten-
tion. Early PM research tended to rely on manual data
collection for further analysis to establish PM models.
For example, many studies used Markov-chain models to
predict pavement performance for PM based on historical
data (Gao & Zhang, 2013; Kobayashi et al., 2010; Lethanh
& Adey, 2013; Thomas & Sobanjo, 2013). Other models
were also established for PM. For example, Van Noortwijk
and Frangopol (2004) and Tuttle (2005) established mod-
els respectively to analyze pavement deterioration for
maintenance based on the previously collected data, and
those models can be used to develop strategies to ensure
pavement performance. In early optimization research,
the factors considered for optimizing PM were often di-
rectly observable ones. For instance, Ng et al. (2009) con-
sidered vehicle dynamics to minimize user delays as well
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Figure 9. Keyword evolution

as maintenance costs to optimize PM planning. Elhadidy
et al. (2015) optimized the multi-objectives for PM and
rehabilitation strategies by considering the action costs
and conditions for the used road network. Indeed, those
methods show good performance for specific scenarios.
However, the data obtained from models or simulations as
a reference for decision-making cannot replace real data
completely, and inaccuracy in the results may damage
maintenance operations, with undesirable consequences
such as economic losses and waste of resources. Mean-
while, the consideration of optimization factors requires a
more comprehensive and in-depth analysis.

Current PM research has researchers employing novel
techniques that can give robustly representative features,
such as 3D techniques, convolutional neural networks,
and machine learning. For instance, Zhang et al. (2018b)
and Vazquez-Méndez et al. (2018) proposed a 3D model
for characterizing pavements, it is useful to parameterize
pavements to obtain information about them. Hoang et al.
(2018), Maeda et al. (2018), and Hoang (2019) developed
novel methods based on convolutional neural networks/
machine learning algorithms to detect pavement distress
for surveying pavement conditions. Likewise, Yao et al.
(2020) used machine learning to develop better mainte-
nance strategies that maximize long-term cost-effective-
ness in maintenance decision-making, obtaining good
results. In current optimization research, environmental
factors are considered in the maintenance process to pro-
mote sustainability. For example, as an objective, Lee and
Madanat (2017), France-Mensah and O’Brien (2019) and
Wang et al. (2020) incorporated greenhouse gas (GHG)
emissions in the decision-making process. Additionally,
users’ satisfaction or willingness to travel (Zhang et al.
2018c¢) should be considered for the PM. Although these
researchers have attempted to employ such techniques in
PM, putting such techniques into practical application in-

volving huge pavement networks and numerous countries
still has a long way to go. In addition, the other findings
can be described as followed.

VIIL In the last two decades, the main concern sub-ar-
eas of PM research have hardly changed, primarily focusing
on model, system, performance, management, algorithm,
etc. That is to say, most of the PM research in the last two
decades has focused on PM strategy development, which
indeed enhances pavement maintenance from the manage-
ment aspect, but the pavement inspection and pavement
material properties are less studied, which is a problem de-
serving serious thoughts that require more investment.

2.4. Document analysis

Done to establish the influential published articles and
research themes, the document analysis comprised (i) the
document co-citation network and (ii) cluster analysis. A
document co-citation network is a network of co-cited ref-
erences that represents the relationships among citations
at an individual level; it shows the quantity and authority
of references cited by publications. Cluster analysis aims
to discover the semantic themes hidden in textual data
and explore the structure of a scientific knowledge domain
(Chen et al., 2010).

2.4.1. Document co-citation network

Table 3 lists the five most influential documents in terms
of normalized citations, those being the articles by Mor-
cous and Lounis (2005), Koch et al. (2013), Huang et al.
(2009), Abaza et al. (2004), and Chootinan et al. (2006),
which were cited 116, 92, 85, 83, and 77 times, respec-
tively. Those articles were widely recognized by peers,
had high value for researching PM, and can be seen as
the major knowledge-sharing points in the research field.
Morcous and Lounis (2005) presented a method for deter-
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Table 3. Four most-cited publications

No. Author Title T ota ! Source
citation
1 Morcpus and Mamt.enance.optlmlzatlon of infrastructure networks using 116 | Automation in Construction
Lounis genetic algorithms
Automated pothole distress assessment using asphalt Journal of Computing in Civil
2 | Koch et al. : 92 . .
pavement video data Engineering
A comparative study of the emissions by road maintenance .
. N Transportation Research Part
3 |Huang et al. works and the disrupted traffic using life cycle assessment and 85 .
. . . D -Transport and Environment
micro-simulation
4 | Abaza et al. Integ.raFed pavement management system with a Markovian 33 ]our.nal of Transportation
prediction model Engineering
5 | Chootinan et al. A multl—'yea'r pavement maintenance program using a 7 Tranqurtatlon Resea.rch Part
stochastic simulation-based genetic algorithm approach A - Policy and Practice

mining the optimal set of maintenance alternatives for in-
frastructure networks based on a GA and a Markov-chain
model for the optimal maintenance strategy. Koch et al.
(2013) presented a method for detecting potholes when
assessing pavement conditions, achieving high precision
and recall based on the collected pavement video. Huang
et al. (2009) applied an LCA model for PM considering
traffic, and this can quantify the environmental impact
of PM work. Abaza et al. (2004) developed an integrated
pavement-management system for planning and schedul-
ing PM and rehabilitation work, and this system can assist
managers in efficient decision-making. Likewise, Chooti-
nan et al. (2006) proposed a method integrating stochastic
simulation and GA for multi-year pavement maintenance
planning, showing in the results that the method per-
formed well. Those documents served as significant cor-
nerstones in PM research that inspired or provided the
base for many subsequent studies, and they have contrib-
uted fruitfully to the development of PM research.
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Figure 10 shows the document co-citation network
with 660 nodes and 1558 links. The document co-citation
analysis was performed on 614 retrieved documents; the
node documents are among the cited documents and are
not necessarily included in the 614 retrieved documents.
As shown in Figure 10, the four most cited articles were
those by Wu and Flintsch (2009) [10 co-citations], Fay
and Shi (2012) [eight], and Ouyang and Madanat (2004,
2006) [eight and seven, respectively]. Wu and Flintsch
(2009) and Ouyang and Madanat (2004, 2006) conducted
research on optimizing road maintenance activities, and
their research had a profound impact on subsequent re-
search. Fay and Shi (2012) introduced the environmental
impact of chemicals used for snow and ice control on the
pavement in winter, and their study is an essential re-
source for winter PM. Those documents occupy signifi-
cant influence in their respective research communities,
contributing to the growth of their respective research
communities.
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Figure 10. Document co-citation network
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As seen presently, the betweenness centrality is also
identified, and some articles are notable. For instance,
those by Wu et al. (2012) each have a betweenness of 0.04,
Gosse et al. (2013), de la Garza et al. (2011), Dong et al.
(2013), Cha et al. (2017), and Coenen and Golroo (2017)
each have a betweenness of 0.02. Those articles are the
foundation of PM research and have an important influ-
ence on the development of PM. Based on the above anal-
ysis and in view of the research documents in this field,
several facts pertaining to the PM documents are able to
be informed. This will be discussed below.

IX. The documents form communities that are isolated
and disconnected from each other. Among those communi-
ties, only a few have sparse or even no connections, and
most of the citations are generated within the communi-
ties, indicating that the communities are almost closed and
that researchers neglect to borrow applicable theories and
findings from studies outside the communities, thus failing
to benefit from theories and ideas from other communities.

2.4.2. Cluster analysis

Cluster analysis is an essential step in identifying patterns
and trends in a body of knowledge based on a document
co-citation network (Chen & Morris, 2003). Here, clus-
ters generated from tightly connected co-cited references
were detected and labeled using the terms extracted from
the keywords, title, or abstract by CiteSpace (Cobo et al.,
2011).

Figure 11 shows the clusters labeled with keyword
terms. The label for each identified cluster was generated
using the log-likelihood ratio (LLR) algorithm because
the LLR is useful for selecting the best cluster labels in
terms of uniqueness and coverage by comparing the likeli-
hood of finding a term in one cluster against that of find-
ing exactly the same term in another cluster (Chen et al,,
2010; Olawumi & Chan, 2018). Table 4 presents detailed
information about the clusters (e.g., size, silhouette, la-
bel). A silhouette value above 0.7 indicates a highly reli-
able cluster, and a silhouette value close to 1 indicates a
strongly homogeneous cluster (Chen et al., 2010; Hosseini
et al,, 2018). In Table 4, the silhouette scores range from

~
\

~
/ /
#4""? e processing
#3 perﬂ;mance redijtion
M ice melti #! dg}@amnclnspectlon
#7 environment

#0 life cycle assessment >
#8 jhformat chnnlogy
\_§_ :
#1 determinjstic’'pavement p@odels

Figure 11. The clustering results in LLR algorithm
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0.885 (cluster 0) to 1 (clusters 1, 2, 6-8), showing that the
clusters are sufficiently consistent. The size of a cluster
indicates the number of published articles therein; with
78 published articles, cluster 0 is the largest. Additionally,
clusters are labeled by mean year because they contain
both recent and older documents. Accordingly, ranging
from —1 to 1, the modularity indicates the quality of the
overall network division; a network with modularity close
to 1 comprises isolated clusters (Chen, 2004; Newman,
2006). Figure 11 shows high modularity of 0.9203, indi-
cating that the generated network is well-structured with
clear boundaries. With regard to these findings (Figure
11; Table 4), the following observations are worth noting
as followed.

X. Those clusters have clear boundaries and few inter-
sections among them, demonstrating that the clusters are
isolated from each other with a lack of mutual influence
and learning. Notably, Clusters 4 and 5 are intersecting,
showing that studies between the two clusters have an ex-
change of theory and ideas, which can easily contribute to
the promotion of research within the clusters. In addition,
the research themes reveal a preponderance of research in-
volving management strategies and relatively little applied
to the operation, as previously analyzed, which limits the
development of such an interdisciplinary field and its cor-
responding industries.

Cluster analysis allows to identify the potential research
themes in document data and can transform unstructured
data into structured data objects, revealing the underlying
knowledge structure of the research domain for discover-
ing knowledge (Chen et al., 2010; Hosseini et al., 2018).
Additionally, from the cluster and keyword results, there
exist relationships between clusters and keywords in that
they have terms with similar or identical meanings. The
hidden connection is that the cluster is formed by tightly
connected co-cited documents, while the core content of
the document research is generally described by keywords,
resulting in the keywords from tightly connected co-cited
documents being in a relationship with the cluster. That is
to say, a limited number and similar meaning of keywords
in the tightly connected co-cited documents can form a
cluster as a body of knowledge, where the keywords are
viewed as the knowledge base and the cluster is viewed as
the knowledge structure to form the knowledge domain.
The detailed cluster analyses are as follows.

As seen in Figure 11 and Table 4, the most significant
cluster is that for LCA (cluster 0), which is an important
method for systematically evaluating and identifying the
influencing factors throughout the life cycle (Luo et al.,
2019), including the PM stage. In addition to pavement
performance and maintenance costs, environmental im-
pact assessment (Lidicker et al., 2013; Santero et al., 2011a;
Yu & Lu, 2012) is an important consideration. It is reason-
able to think of the pavement network itself as having a sig-
nificant environmental impact, which is handled through
components native to the materials and construction.



452 A. Ji et al. Scientometric analysis of pavement maintenance: a twenty-year review

Also, traffic delay (de Souza & de Almeida Filho, 2020; Ma
et al., 2018; Santero et al., 2011b) and vehicle-pavement
interaction (Ng et al., 2009; H. Wang & Z. Wang, 2013)
show promising opportunities for reducing environmental
impact, particularly as the supporting models and science
continue to improve (Santero et al., 2011a). For PM, LCA
emphasizes the need to improve pavement performance,
reduce maintenance costs and minimize environmen-
tal impact by optimization, which could help decision-
making to guide maintenance activities with coordinated
working. For instance, Lee et al. (2016) provided a case
that conducts maintenance on specific pavement segments
to meet the minimization of lifecycle costs and the GHG
emissions constraint; that work is an important reference
for applying LCA in PM development. Applying LCA to
PM modeling is a significant issue: it is conducive to (i)
determining the cost and benefit of PM and (ii) evaluating
pavement performance and environmental impact. Like-
wise, cluster 7 contains some LCA studies.

The second most significant cluster is that for deter-
ministic pavement performance models (cluster 1), which
aims to improve pavement performance by models for de-
termining maintenance and rehabilitation, including stud-
ies related to maintenance design and materials. Mainte-
nance design is a fundamental step in conducting mainte-
nance activities; in particular, it determines the pavement
structure, which affects the rolling resistance (Chupin
et al., 2013). Reasonable PM design improves pavement
performance, minimizes maintenance costs, and extends
pavement service life (O’Flaherty & Hughes, 2015). For in-
stance, Abaza (2005) entered the parameters of the pave-
ment performance curve into a flexible pavement overlay
design model to compensate for the loss in performance,
thereby improving the pavement performance over a
specified service time. PM and rehabilitation also refer to
materials. To begin with, considering the material in the
design phase is important, which is related to the qual-
ity of PM and rehabilitation. The thickness and material
properties of each layer forming the pavement structure

will affect the deformation of the pavement under a given
load (Abaza, 2005; Santero, 2009). The main commonly
used pavement materials are asphalt and concrete, and
most studies provide some comparisons between con-
crete- and asphalt-based pavement options. In addition,
many studies (Bressi et al., 2016; Fu et al., 2017; Saberian
et al., 2019) explored new pavement materials and their
performance by adding new composite reinforcing mate-
rials. Those explorations offer the potential for improving
pavement performance and help to promote the develop-
ment of PM. Additionally, cluster 2 describes ice melting;
this cluster contains studies of how snow and ice affect
pavement materials in winter, and those studies have very
similar research themes focused on practical issues.

Another main cluster (cluster 3) is related to perfor-
mance prediction. Because of pavement deterioration in
uncertain complex conditions, there is an urgent need to
be able to predict pavement conditions for PM because
doing so offers the potential to characterize pavement
performance, thereby guiding the PM activities. Therefore,
modeling pavement performance is important. Chou and
Le (2011), Jorge and Ferreira (2012), and Lethanh and
Adey (2013) applied different methods for pavement per-
formance prediction respectively and all of them achieved
positive results. Additionally, the prediction of pavement
performance usually considers some non-ignorable fac-
tors such as flooding (Khan et al., 2014), and loadings
(Chou & Le, 2011; Sivilevi¢ius & Vansauskas, 2013), this
being because full consideration offers a convincing refer-
ence for making maintenance decisions. Accordingly, clus-
ter 6 targets describing the pavement structure by setting
thresholds to assess pavement performance for pavement
maintenance. There are several measurement indicators of
pavement performance, such as road unevenness indica-
tors (RUIs) (Mucka, 2013) and the International Rough-
ness Index (IRI) (Tehrani et al., 2015; Johannesson et al.,
2016). Those clusters describe and reflect the pavement
performance, thereby driving researchers and practitio-
ners to adopt PM for better pavement performance.

Table 4. Documents co-citation clusters

Cluster ID | Size | Silhouette | Mean year Cluster label (LLR) Research theme Representative document
. de la Garza et al. (2011),
#0 78 0.885 2013 Life cycle assessment LCA Mathew and Isaac (2014)
Deterministic pavement . Ouyang and Madanat (2006),
#1 40 1 2007 performance models Practice ‘Wu and Flintsch (2009)
#2 21 1 2010 Ice melting Practice Fay and Shi (2012), Shi et al. (2013)
. Abaza (2016), Sivilevi¢ius and
#3 17 0.987 2011 Performance prediction Theory Vansauskas (2013)
#4 16 0.977 2013 Image processing Technology 83?3 and Hahn (2016), Zalama et al.
#5 14 0.996 2016 Dynamic inspection Technology Cha et al. (2017), Maeda et al. (2018)
#6 14 1 2013 Threshold Theory Mucka (2013), Tehrani et al. (2015)
#7 12 1 2005 Environment LCA Prozzi and Madanat (2003)
. Ozbek et al. (2010), Vaneman
#8 11 1 2005 Information technology Technology and Triantis (2007)
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Labeled “image processing” in Figure 11 and Table 4,
cluster 4 is related to machine learning. Improving the au-
tomation of obtaining pavement performance and detect-
ing and identifying distress is commonly considered to
be a fundamental task for adopting efficient and cost-ef-
fective PM measures. Therefore, machine-learning-based
technology is worth promoting and should be developed
across a broad spectrum. For example, Yousaf et al. (2018),
Hoang (2019) and Marcelino et al. (2021) used machine-
learning approaches including support vector machines
to conduct detection on pavement distress. Furthermore,
deep-learning methods have been applied in PM research.
Gopalakrishnan et al. (2017) and Ni et al. (2019) proposed
different deep-learning-based methods to automatically
detect images for target object identification. In addition,
distress quantification can provide in-depth information
about pavement conditions, which can be integrated into
detection techniques to produce convincing results. Yang
et al. (2018), Kim and Cho (2019), and Ji et al. (2020)
carried out useful studies that are important references
for quantifying detected distress. Moreover, other tech-
niques - such as 3D ones (Huang et al., 2014; Zhang et al.,
2017, 2019) and unmanned aerial vehicles (Inzerillo et al.,
2018; Li et al., 2019; Outay et al., 2020; Wu et al., 2019) -
were adopted to support PM by collecting and extract-
ing information. Note that most of the articles in cluster
4 were published between 2010 and 2019, indicating that
this cluster is the emerging core of PM knowledge. Ad-
ditionally, cluster 5 and 8 also describes research on PM
technologies. These clusters focus mainly on advanced
technology-related studies in PM research.

3. Discussions

3.1. Insights of the PM research

In the present research, a large amount of existing litera-
ture on PM research was reviewed by scientometric analy-
sis, through which the chosen approach allows visualizing
the existing knowledge and finding hidden connections
for in-depth analysis of knowledge structures and research
topics by complementing integral studies with a strong
quantitative approach delivered through science network
mapping tools. In light of the analysis results, the theo-
retical and practical implications of this research can be
summarized as follows.

3.1.1. Theoretical implications

First, this research maps several knowledge networks in
the field of PM using Citespace and reveals the structural
patterns of knowledge communication and sharing net-
works, including author, institution, country, keyword,
and document network analysis. The mapping results
exhibit global and homogeneous interactions among re-
searchers around the world, and the knowledge exchange
networks illustrate closed and decentralized structural
patterns that highlight the critical role of individuals or
groups in knowledge communication and sharing activi-

ties. The findings of those results contribute to revealing
the current knowledge structure and status, benefitting an
in-depth understanding of the interaction mechanisms of
the PM field.

Second, although communication and cooperation
have facilitated the diffusion of knowledge and the cre-
ation of novel knowledge, the current PM field is still
limited from the perspective of world development. This
research reveals that current research tends to be mostly
homogeneous and dispersed with few emerging extended
subfields, indicating a strong dependency on knowledge
self-formation sharing and promotion within the field.
Those findings enrich the understanding of the dynamic
development process of the PM field.

Third, this research provides an in-depth and compre-
hensive understanding of research trends in the field of
PM and systematically and comprehensively captures hot
topics, also, the formation and deduction of knowledge are
analyzed jointly from both static and dynamic perspec-
tives by adopting an interpretive philosophical approach
and inductive reasoning. Those findings hold the prom-
ise of considering future developments and proposing to
complement the past through a critical perspective and
holistic views, contributing to the improvement and de-
velopment of the PM field.

3.1.2. Practical implications

First, this research reveals the closed and decentralized
network structure pattern of PM field research, where a
few individuals and teams occupy a key role in the com-
munication and sharing activities, so that establishing
connections with these individuals or teams can be given
priority in conducting PM research through visiting ex-
changes or project collaboration. In the process of knowl-
edge diffusion and innovation, these individuals or teams
can be regarded as nodes to achieve leapfrog coordination
and interaction. In addition, communication and coop-
eration should be strengthened to avoid the formation of
network silos.

Second, the homogeneity and dispersion of knowledge
and the limitations of research subfields have constrained
the development of the PM field, bringing to light the
need to enhance communication and collaboration for
benefiting from the theories and ideas of other communi-
ties and thus enriching the PM research field and knowl-
edge pool. A workable approach is to expand the boundar-
ies of the PM field and reduce the cost of communication
and collaboration to facilitate the collision of theories and
ideas from different fields, fostering positive and innova-
tive philosophies.

Third, the inducted research trends and identified re-
search hotspots portray the development of the PM field
which facilitates to guide the direction and development of
researchers and practitioners. In addition, upon analyzing
the research content, limitations gradually appear in the
existing body of knowledge, primarily in the incomplete
coverage of research areas and the obvious separation of
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research themes, which need to be supplemented and
enriched. Besides individual or team efforts, appropriate
policies need to be formulated at the national and indus-
try levels to guide and facilitate the development of such
an interdisciplinary field and its corresponding industries.

In summary, a holistic and in-depth analysis of the ob-
jective nature of PM-related research has been conducted,
and the resulting analysis contributes to a comprehensive
understanding of PM field development, primarily in that
(i) the underlying knowledge structure, current status, and
research trends in the PM field are portrayed in detail by
visualizing the PM knowledge pool, benefiting to capture
objective PM field knowledge; (ii) hot topics in the PM
field are systematically identified, enabling the reflection
of the current and upcoming development of the PM field.
In addition, research gaps in the field are revealed, which
can guide the development both at the national level and
at the industry level, including researchers and practitio-
ners. This research contributes to the enrichment of the
knowledge pool in the PM field and facilitates practical
and research insights and guidance for researchers and
practitioners conducting projects and industry develop-
ment.
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3.2. Research gaps in PM

Based on the previous analysis, this research adopts a sys-
tematic and quantitative bibliometric approach to clearly
visualize and interpret PM knowledge from different per-
spectives, and applies inductive reasoning to integrate the
hidden connections between knowledge bases, domains,
and evolution to form a structured PM knowledge road-
map, as depicted in Figure 12. Despite the long-term
growth of PM, many challenges exist in the wave of the
times, along with the potential directions enabled by
emerging technologies. Those are discussed below.

3.2.1. Policy challenges

LCA is a significant research theme in the quantitative
evaluation of the factors involved in the life cycle for deci-
sion-making, where environmental factors are a vital con-
sideration. It can assist in selecting maintenance elements
with systematic concerns in PM (Santero et al., 2011a,
2011b). Given the findings above, environmental factors
are becoming a global issue, thereby reducing material
waste and energy consumption is of great interest to in-
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dustry and academia (Yu & Lu, 2012). Policy instruments
are crucial for improving energy efficiency, and reducing
energy consumption through guidance and constraints,
including the adoption of a series of legal measures and
initiatives (Ruiz & Guevara, 2020). Nevertheless, it is chal-
lenging to develop practical policies with effective impact.
That requires a global consensus from an inter-country
perspective, which still suffers from weaknesses, provid-
ing a broad research horizon for academics. From an
intra-country perspective, it will involve the adjustment
of upstream and downstream industries, including tech-
nological upgrading and financial investment, which still
has room for exploration with a long time.

3.2.2. Technology challenges

Technological innovation and application as a research
theme in PM. Following clustering findings, image pro-
cessing, dynamic inspection, and information technology
are the most important methods employed in PM. How-
ever, advanced deep learning methods that come in with
better accuracy and acceptability compared to classical
machine learning methods, are in their infancy and will
continue to be developed at the algorithm and system lev-
el, so as to be applicable to pavement conditions in various
locations. In addition, those advanced technologies can be
integrated into pavement management systems to facili-
tate the progress towards better pavement data process-
ing for guiding PM, the integration of technologies and
software, however, is a very challenging task, which may
affect the performance of the whole system if not handled
properly (Peraka & Biligiri, 2020). Moreover, numerous
technologies are scattered in PM-related applications and
are yet to break through the barriers to forming automat-
ed processes, which has room for improvement in terms
of cost-effectiveness and time-efficiency. Furthermore, lots
of algorithms need to be improved with the support of
theoretical analysis, and the application and integration of
numerous technologies need plenty of practice, but never
an easy task for researchers and practitioners, which re-
quires years of knowledge and experience accumulation,
as well as team and even industry cooperation.

As the digital era pushes industries toward digitiza-
tion and intelligence, artificial intelligence technology will
play an important role in future PM research (Peraka &
Biligiri, 2020). However, those methods are data-driven,
requiring large amounts of data to enhance model perfor-
mance, thus data collection becomes an essential part of
PM to allow capture and analysis of pavement conditions
in decision-making. In addition, facing intensive PM tasks
and huge pavement networks, existing data collection
methods restrict the application of advanced technologies
and impose substantial manual workloads, such as image
collection and processing.

3.2.3. Material challenges

As an essential element of PM, materials are related to
the performance and service life of the pavement, and
to the environment, climate, sustainability, etc. (Santos

et al., 2015). Unfortunately, advances in pavement mate-
rials have not kept pace with progress in other advanced
technologies, and little research has focused on this sub-
field, resulting in it has lagged behind the growth of the
industry. In addition, the materials that have been utilized
with concerns but little focus on sustainability, most of
the materials are prone to polluting the environment and
affecting the climate during the production or use of the
materials, as well as not conducive to recycling (Chen &
Zheng, 2021; Li et al., 2015). Moreover, the materials are
mostly dependent on manual or semi-automated opera-
tions in the process of PM, restricting the mass applica-
tion by considering cost-effectiveness and time-efficiency.
Furthermore, materials research and practical application
is a long, arduous, and challenging task that requires the
unremitting efforts of researchers and practitioners in-
volving cooperation and communication between indus-
try and academia.

3.2.4. Prediction challenges

Pavement performance predictions over time can aid in
management. To facilitate pavement management, the
development of models for pavement performance pre-
diction has been the research focus in the last two dec-
ades. The pavement prediction by the model assists the
pavement management department to provide the best
PM solution with the optimal benefit-cost ratio (Pérez-
Acebo et al,, 2018). However, because of the unclear in-
terference and pavement operation process, along with
the complex nature of the environment, predicting pave-
ment performance remains an opportunity for explora-
tion. In addition, there exists a decoupling between theory
and practice. For example, performance models in the
mechanistic-empirical pavement design guide (MEPDG),
developed and calibrated from long-term pavement per-
formance data, have been successfully applied to flexible
and rigid pavements, however, differences exist when in-
puts such as climate, material properties, traffic patterns,
and M&R methods (Pérez-Acebo et al., 2018; Waseem &
Yuan, 2013). Moreover, no consensus has been reached on
performance models due to numerous factors including
limitations and uncertainty of pavement data, which is not
conducive to the progress of PM.

3.3. Research trends in PM

Although the existing body of knowledge seems to cover
all the major PM themes, rising topics within the field
and potential collaborations among research clusters, and
addressing those challenges of the identified knowledge
gaps, can be regarded as the long-range future directions
and industry adaptations for sustainable development.

3.3.1. Environmental sustainability

Studies in this direction primarily address policy and
materials challenges. Policy development can contribute
to the overall progress of PM in terms of environmen-
tal protection and increase awareness of environmental
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protection within the country, from departmental staff to
grassroots workers, which can be awakened through in-
creased advocacy. In addition, it requires an international
organization for coordination to reach an international
consensus on environmental protection to cover all areas,
including PM. In developing policies, it is vital to fully
capture the difficulties that exist for upstream and down-
stream businesses and industries related to PM, and then
to develop targeted policies for environmental protection
to promote sustainability.

In the meantime, a combination of compulsory and
incentive measures should be implemented, with elements
that have been identified as relevant to PM but serious to
the environment being compulsorily closed, and some ele-
ments that are environmentally sound but less profitable
being encouraged to be implemented. Additionally in the
production of pavement materials, discarded construction
materials can be mixed together into pavement materials
for the application that satisfies the performance require-
ments, so as to reduce resource waste and realize environ-
mental protection (Lu et al., 2019).

3.3.2. Rich database

Studies in this direction can involve addressing technical
and prediction challenges. As data-driven methods, both
the new-generation of information technology and pre-
diction methods rely on the quality and quantity of data
(Pan & Zhang, 2021; Pérez-Acebo et al., 2018). An exten-
sive and high-quality database is a prerequisite to ensure
the successful application of new-generation information
technology or prediction models for PM. Therefore, a
sufficiently sizable dataset needs to be built to ensure the
performance of the next-generation information technol-
ogy and prediction models applied to the PM. For the
purpose, journal editors can require accepted papers for
publication to provide the used data. In addition, encour-
age researchers to share their data voluntarily. Moreover,
pavement management departments manage most of the
pavement network, allowing the acquired pavement con-
ditions to be recorded and shared in the management pro-
cess. Furthermore, automated data collection should be
developed along with technological advances.

Facing small datasets when applying deep learning
techniques, the dataset can be extended using data aug-
mentation techniques, such as rotation, flipping, and ran-
dom cutting (Shorten & Khoshgoftaar, 2019; Taylor &
Nitschke, 2019). Although not as rich as a real dataset,
data augmentation techniques can alleviate the lack of
data while improving model performance, contributing
to the cost-effectiveness and time-efficiency of PM.

3.3.3. Process automation

This direction mainly addresses technical challenges. Au-
tomation is a practical, valuable direction that warrants
devotion. Many advanced technologies have been intro-
duced to describe the trend towards process automation
of PM and to shape and enable automation development.

The expected outcomes are increased execution efficiency,
improved pavement quality, and lower maintenance costs
through automation (Peraka & Biligiri, 2020). With real-
time PM, an automation framework for an efficient and
interconnected on-site platform can be developed based
on the continuous advancement of automation technol-
ogy. At the bottom of the framework lies the advanced
technologies-supported functions/tasks, which provide
decision support through the ongoing processing and
analysis of data.

The intelligent PM management system (with a signifi-
cant role) should be developed for assisting in the manage-
ment of a pavement project; this could integrate various
resources (e.g., visual sensors) and advanced technologies,
such as smart robotics, virtual reality/augmented reality,
3D or 4D printing, digital twins, blockchain, etc. (Pan &
Zhang, 2021) to obtain effective pavement information for
data processing and analysis, thereby enabling contact and
information acquisition and transmission among all stake-
holders. Such a system could provide real-time feedback
to assess pavement performance. To integrate technolo-
gies as well as break barriers, uniform technical protocols
and operating rules are needed. Once the integration is
achieved, the entire maintenance process can be simplified
and the cost-effectiveness of the technology will improve.

3.3.4. Improvement in material and prediction

Studies in this direction can address material and pre-
diction challenges. With the aim to improve pavement
performance in terms of durability and serviceability of
the pavement, new materials can be developed or the
material’s performance can be improved. As previously
discussed in sustainability, discarded construction waste
can be mixed into the material to improve its utilization
while maintaining performance (Lu et al., 2019). In addi-
tion, the new materials need to be developed along with
the application of new technologies for PM, such as print-
ing technology that requires pavement materials to have
good a flow with efficient coagulation. Furthermore, the
durability of pavement materials needs to be improved to
increase the service life of the pavement, such as adding
steel fibre (Murthi et al., 2020), granite, aluminum, silicon,
etc. (Busang & Maina, 2022) to the material.

In the long-term PM horizon, assessing pavement per-
formance is a basic and important step. It is significant to
build a model with broad acceptance. This requires the
model to be able to effectively extract information while
identifying uncertainty and eliminating interference.
In pavement condition prediction, the commonly used
method is Markov chains for pavement condition assess-
ment, thus improvements can be made to the model based
on the practical to make it better suited to the applica-
tion, such as the semi-Markov model (Thomas & Soban-
jo, 2013). In addition, machine learning has proven to be
powerful for prediction, so that it can be applied to pave-
ment condition prediction, such as ANN, support vector
machines, automatic machine learning, etc. (Kargah-Osta-



Journal of Civil Engineering and Management, 2023, 29(5): 439-462 457

di & Stoffels, 2015). Moreover, various countries and some
organizations have developed many models for pavement
assessment, such as HDM-4 (Thube, 2013) and MEPDG
(Waseem & Yuan, 2013), upon which the advantages of
those models can be taken into account to propose mod-
els with widespread consensus and high accuracy to be
promoted and applied on PM.

In light of the analysis, an important point is to
strengthen the extensive communication and in-depth ex-
change between industry and academia of PM for sharing
knowledge and application of advanced products, so as to
form the development pain points and needs of the indus-
try to drive the focus and research of academia, thereby
in turn acting on industry to constitute a sound working
with technical support and the coexistence of industry and
academia, enriching the domain knowledge pool and pro-
moting industry progress.

Conclusions

PM is attracting increasing amounts of attention from re-
searchers and practitioners. A scientometric-assisted re-
view was conducted to explore and visualize the research
status quo through author analysis, spatial distribution
analysis, keyword analysis, and document analysis based
on the 614 articles published from 2001 to 2020 in the
WoS database. Those analyses can provide researchers
and practitioners with an in-depth understanding of PM
research and identify emerging trends to support future
studies. Additionally for the published articles, it is ap-
parent that the publications in the PM field have a signifi-
cant increase, especially since 2013, indicating that PM is
a traditional and everlasting research domain that is being
updated with new elements (e.g., deep learning, informa-
tion technology).

In view of the analysis results, several conclusions can
be summarized as follows. (1) Communication and col-
laboration among authors have formed several commu-
nities for knowledge sharing, in which many influential
authors such as Zhanming Zhang, Alfredas Laurinavicius,
and Adelino Ferreira play a key role, most of the authors,
however, were isolated. It is also found that the research
of TienFang Fwa and Ralph Haas has gained a lot of influ-
ence to be learned by many researchers thus contributing
favorably to the field’s development. (2) Compared to the
numerous research institutions and countries, presence in
the network is limited, indicating that neither institutions
nor countries have formed broad communication and
cooperation. In the country networks, the majority are
developed countries, while developing countries still have
much room to enhance communication and cooperation
with mainstream countries for globalization by removing
barriers. (3) Keyword analysis reveals the mainstream top-

ics in the PM field, including model, performance, man-
agement, system, and optimization, and they have been
continuously evolving in these two decades. Additionally,
attention, in recent years, has focused on the application of
information technology, especially deep learning, etc. The
continuous efforts on PM strategy development indeed
strengthen pavement maintenance from the management
aspect, in addition to increasing investment in technol-
ogy to enable technology-supported development. (4) The
documents form several communities, within which most
of the citations occur, while only a few communities have
sparse or even no connections, blocking the intersection
of different theories and ideas, thus strengthening the ex-
tensive coverage of research subfields that should be given
attention. The documents to clusters based on the key-
words reveal prominent research themes, which involve
research directions that have become hot, including LCA,
deterministic pavement performance models, ice melting,
performance prediction, image processing, dynamic de-
tection, etc. Those could provide the optimal combination
to improve PM. More importantly, scientometric-assisted
analysis crystallized valuable and key findings of PM-re-
lated ontology research that can provide significant infor-
mation to researchers and industry practitioners about the
current lack of initiative within the field and offer insights
for future research directions that can focus on the chal-
lenges presented in this research.

Much effort has been made to review important de-
velopments in PM, but not exhaustive with potential for
improvement. For example, future studies could be con-
ducted to cover the full scope for the review, including
conference papers. In addition, the selected research liter-
ature sample in the dataset is from Web of Science, which
can be extended to include Scopus. Moreover, the knowl-
edge revealed about PM represents the current status,
while PM research is a rapidly expanding field of study
and highly multi-disciplinary, the knowledge related to
PM may change in the future, integrating future changes,
thus, is necessary for further capturing the latest body of
knowledge regarding PM.
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