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Abstract: A bibliometric analysis based on Scopus database was carried out to identify the global
research trends related to pavement management area from 2000 to 2013, and to improve the
understanding of the research topics in that period. The results reveal two stable periods of
annual publications, from 2000 to 2002 with an average rate of 27, and from 2003 to 2010 with
a value of 51; and a period with an increasing production rate of 20 publications per year after
2010. According to the document-type distribution, articles and conference papers have almost the
same contribution. The most productive country was the United States, followed by Canada and
China. The research trend in the field of pavement management could be grouped into three main
areas. The first one is related to pavement management systems, which attracted the greatest attention,
especially optimization processes with various objectives and lifecycle cost analysis. The second
group is about pavement performance modeling, where calibration of mechanical empirical models
was largely developed. Lastly, data collection had also occupied several papers, mainly about
cracking classification. Sustainability aspects in pavement management became an emergent issue.
The trending issues in that period, in these categories, were summarized in the paper.

Keywords: pavement management; pavement management systems; bibliometric analysis; performance
model; deterioration model; research trends; modeling; sustainability; International Roughness Index

1. Introduction

Due to an increasing transport demand, in the most developed countries, the construction of great
road networks characterized the 20th century. Therefore, nowadays, the road agencies of these countries
changed their main tasks, from projecting and constructing new infrastructures to managing and
maintaining existing networks [1]. Other countries continue constructing new highways, but investment
rates have decreased, compared with previous decades. Nevertheless, all of them have to expend a high
percentage of their limited budgets on maintaining the road network in serviceable condition [2].
For example, real spending for highway investments in the United States was $91 billion in 2013 [3].
Consequently, an efficient planning of road maintenance is the main goal of any highway administration,
in order to plan maintenance activities according to the available funds. A pavement management
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system (PMS), defined as a systematic tool to manage, plan, and allocate budgets, and program all
the pavement maintenance works, helps road agencies in the decision-making process [4]. Estimates
stated that $101 billion in annual capital investment, from 2008 to 2028, would be needed to maintain
all highways of the United States at present condition. Hence, every year, road networks get more
deteriorated [3].

The amount of published papers about pavement management available in bibliography is huge,
so basic managing devices are needed to handle all this information. Bibliometrics is a useful tool to
map the literature around a research field. It refers to the research methodology employed in library
and information sciences, which utilizes quantitative analysis and statistics methods to describe the
distribution of patterns of publications according to some given categories, such as topic, field, source,
author or country. These methods have been used to investigate research trends of specific fields
recently [5–36]. The research publications of a country in certain scientific subfields can be considered
as a reflection of its commitment to the state of science, despite some deficiencies. Firstly, many studies
only select several journals or categories to represent global research trends related to a certain
topic [37]. Secondly, the change in citations or publication counts of countries and organizations
cannot completely indicate the development trend or future orientation of the research field [38].
More information, closely related to research itself, i.e., source title, author keyword, keyword plus,
and abstracts, have also been introduced in the study of research trend [7].

The purpose of this study is to analyze, from a bibliometrical point of view, all the literature published
in Scopus between 2000 and 2013 related to research on pavement management. These documents were
analyzed and evaluated according to several criteria (publication year, document type, language,
authors’ institutions and countries, and keywords) and were employed to determine some quantitative
characteristics of the research on the proposed theme, and identify the most relevant topics and trends
in this field in that period.

2. Data Sources and Methodology

The data source was Scopus, with the abstract and indexing database with full-text links produced
by Elsevier. Scopus claims to index over 21,500 titles from more than 5000 international publishers, stating
that it is the “largest abstract and citation database of peer-reviewed literature” [39]. An independent and
expert advisory board selects the list of titles indexed using strict criteria, based on user demand and
market research.

It contains 38 million abstracts with references back to 1996. In addition to American journals,
60% of the covered titles are from countries other than the Unites States, highlighting European and
Asian literature in English and other languages [40]. Therefore, Scopus covers a broad range of subjects
and disciplines by the inclusion of thousands of journals in the life, health, physical, and social sciences.
In order to improve search recall, in addition to keywords contributed by authors, extra index terms
are manually added for most of the titles in the database, derived from thesauri that Elsevier owns
or licenses.

For the bibliometric analysis, the online search within Scopus was carried out in April 2017 by
the selection of “pavement management” as keywords in the article title, abstract, keywords fields
of the search engine, in order to compile a complete bibliography with all the articles related to
research on this topic, published during the period from 2000 to 2013. Different steps or evolution
periods about the concept of pavement management have been identified. It is said that the term
was born in the mid-1960s as an answer to the several unpredicted pavement failures in North
America [41]. Some initiatives in the 1960s and the 1970s showed the necessity to measure pavement
behavior in intermediate steps [41]. In the late 1970s, the pavement management systems were able
to predict the maintenance needs for the entire highway network of the road agency [42]. In the
1980s, the World Bank introduced the vehicle operating costs in the lifecycle cost analysis by means
of HDM-III [42]. In the 1990s, the introduction of personal computers completely changed the tools
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used in pavement management. The following step in pavement management evolution is aimed to be
identified. With this aim, the final number of articles that were found in the period 2000–2013 was 727.

Research related to pavement management during the period 2000–2013 was analyzed, in detail,
to provide a firm basis for a better understanding of the global research production, allowing
identification of long-term strategies for this field. Therefore, the analyzed aspects covered not only
the quantitative description of publications, including annual outputs, mainstream journals, language,
Scopus categories, and leading countries and institutions, but also, the research tendencies obtained
from author keywords in that period. This can give a global panorama of the research in the field of
the pavement management during the first years of the XXI century.

3. Results and Discussion

3.1. Bibliometric Analysis of Research on Pavement Management (2000–2013)

3.1.1. Publication Year, Document Type, and Language

The distribution of annual publication output identified by Scopus is shown in Figure 1.
The publication year of the documents shows the increasing attention (or not) that the subject is
gaining in the research community. After the analysis of the figures, three different zones could be
identified according to the annual production. The first one, from 2000 to 2002, is characterized by
a stable production rate with an average value of 27 publications per year. The next zone, started in 2003
and finished in 2010, shows a quite constant behavior, 51 publications/year, which nearly doubles the
initial level. After 2010, there was a continuously increasing general trend in the number of publications
that appeared each year. A linear regression was applied to the data, and the result was a very good fit,
with an R2 value of 0.987. The assessed slope was 20 publications per year, a figure that gives an idea
of the publication rate evolution.
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Figure 1. Annual publication output.

The distribution of document types was analyzed. It helps in understanding how innovation in
this area is transmitted. Eight different document types were found among the 727 publications from
the studied time range. Article (379) was the most frequently used document type, comprising 52.1%
of the publications, followed by conference paper, with 320 documents (44.0% of the total production).
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The other less significant categories, whose joint contribution was lower than 4%, included review (16),
conference review (6), editorial (3), book (1), book chapter (1), and short survey (1). These percentages
were not too concordant with the figures obtained by other bibliometric studies that demonstrated
the clear supremacy of articles over other types of publication in other engineering areas, such as
environmental or chemical engineering [43–45].

The singularity of the high importance of the conference papers in this study was more deeply
analyzed. The breakdown of the annual production of both main document types is shown in Figure 1.
As observed, the contribution of the conference papers was so important that it became the most
frequent document type for several years: 2001, 2003, 2005, 2006, 2008, and 2011 (6 years in a 14-year
period). This fact could be justified by the celebration, in these years, of some relevant international
congresses and conferences, which greatly contributed to attain a high production of conference
papers. Table 1 lists the most important congresses and conferences found in the Scopus database.
However, not all the important and prestigious congresses or publications in the field of the pavement
management, like the International Conference on Managing Pavement Assets, the European Pavement
and Asset Management Conferences and the Conferences of the Australian Road Research Boards,
are refereed, since they are not indexed in Scopus.

Table 1. The most important congresses and conference proceedings (with more than 5 documents).

Ranking Journal Documents Percentage (%)

1 Geotechnical Special Publication 17 2.3

2 Proceedings Annual Conference Canadian Society for Civil Engineering 14 1.9

3 Proceedings of the 1st Congress of the Transportation & Development
Institute of ASCE 11 1.5

4 Proceedings International Conference on Applications of Advanced
Technologies in Transportation Engineering 10 1.4

5 Proceedings of the 2013 Airfield and Highway Pavement Conference 9 1.2

6 Proceedings of SPIE the International Society for Optical Engineering 7 1.0

7 Proceedings of the 2006 Airfield and Highway Pavement
Specialty Conference 6 0.8

8 2010 Annual Conference and Exhibition of the Transportation
Association of Canada 6 0.8

The language of a publication area reflects the language chosen by researchers to transmit their
knowledge. A clear majority of all the publications were published in English (96.1% of the documents).
Only six other languages were found, with Chinese appearing as the second language, but with a very
low contribution, as the papers written in this language only represented 2.8%. The rest of languages
were considered anecdotal: 5 documents in Spanish, 4 in French, and only 1 in Croatian, Korean,
and Malay. It is obvious that English has been the main language employed for scientific research since
some decades ago, and more specifically, in the engineering field [46–48]. Additionally, the majority of
the bibliometric studies stated that above 95% of scientific publications were written in English [49,50].

3.1.2. Publication Distribution of Countries, Institutes and Authors

The analysis of author’s countries/territories was based on papers in which the address and
affiliation of at least one author was provided. There were 16 papers without any author name (11) or
address information (5), on Scopus. Therefore, the total number for distribution analysis of country
publications was 711. Among all the publications with author address, 628 (88.3%) were single country
publications, and 83 (11.7%) were international collaborative publications.

Table 2 shows the top 20 countries ranked by the number of total publications with other
information: the ranking and percentage of contribution according to single country or internationally
collaborated papers, as well as first authors and corresponding authors. Some categories, like total
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publications or countries, are non-exclusive, so it is possible that some documents can be classified
in more than one country simultaneously, as consequence of international collaborations. Therefore,
the sum of the number of documents in these categories is above the total number of documents,
and a similar result can be found in percentages, with results above 100%. The existence of a reduced
number of countries that dominate the publication of scientific documents was expected, as this
pattern is very common in most scientific fields [51–53], including civil engineering [54,55]. The top
10 countries in Table 2 produced more than 85% of the total number of documents. The analysis
demonstrated that the United States was the most productive country, with more than 340 documents
(48.9%) This leader country was followed by Canada (85 documents, 12.0%) and China (69 documents,
9.7%). These three countries had been previously identified among the top four contributors in the
research fields related to civil engineering [54].

Table 2. The top 20 most productive countries.

Country TP 1 (%) 1 SPR 1 (%) 1 CPR 1 (%) 1 FPR 1 (%) 1 RPR 1 (%) 1

USA 348 (48.9) 1 (47.6) 1 (59.0) 1 (45.4) 1 (46.3)
Canada 85 (12.0) 2 (11.5) 2 (15.7) 2 (11.5) 2 (11.1)
China 69 (9.7) 3 (8.9) 2 (15.7) 3 (8.4) 3 (8.6)

Taiwan 24 (3.4) 4 (3.7) 22 (1.2) 4 (3.2) 4 (3.4)
Portugal 23 (3.2) 5 (2.9) 8 (6.0) 5 (2.8) 5 (2.8)

South Korea 19 (2.7) 13 (1.0) 2 (15.7) 9 (1.7) 11 (1.4)
Iran 17 (2.4) 7 (1.8) 6 (7.2) 6 (2.1) 9 (1.7)

New Zealand 17 (2.4) 7 (1.8) 6 (7.2) 8 (1.8) 6 (1.8)
Italy 15 (2.1) 7 (1.8) 12 (4.8) 9 (1.7) 6 (1.8)
India 13 (1.8) 6 (2.1) 37 (0.0) 7 (2.0) 6 (1.8)
Japan 12 (1.7) 16 (0.8) 5 (8.4) 12 (1.3) 12 (1.3)

Australia 12 (1.7) 10 (1.6) 18 (2.4) 11 (1.4) 10 (1.5)
Egypt 10 (1.4) 13 (1.0) 12 (4.8) 14 (1.1) 16 (1.0)
Greece 9 (1.3) 11 (1.3) 22 (1.2) 14 (1.1) 14 (1.1)

Singapore 9 (1.3) 11 (1.3) 22 (1.2) 12 (1.3) 12 (1.3)
UK 9 (1.3) 19 (0.6) 8 (6.0) 17 (0.8) 16 (1.0)

Palestine 8 (1.1) 19 (0.6) 12 (4.8) 16 (1.0) 14 (1.1)
Chile 6 (0.8) 31 (0.2) 8 (6.0) 19 (0.7) 23 (0.6)

Hungary 6 (0.8) 13 (1.0) 37 (0.0) 17 (0.8) 18 (0.8)
Saudi Arabia 6 (0.8) 16 (0.8) 22 (1.2) 19 (0.7) 18 (0.8)

1 TP: total publications; SPR: single country publication rank; CPR: international collaboration publication rank;
FPR: first author publication rank; RPR: corresponding author publication rank; (%): percentage contribution to
the total.

The contribution of different institutions was estimated by the institution of affiliation of at least
one author of the published papers. The top 13 institutions, the only ones which produced more than
10 documents, were ranked by their number of publications (Table 3). Among these institutions, 8 were
American, 2 Canadian, and one each from China, Portugal and Taiwan. These five countries occupied
the top five positions in the ranking of most productive countries. The leading organization was
University of Waterloo, with 25 publications, followed by Universidade de Coimbra with 22 documents.
Moreover, among the top 13 institutions, two private companies could be identified (Applied Research
Associates Inc. (Albuquerque, NM, USA) from the United States, with 14 documents, and Stantec Inc.
(Edmonton, AB, Canada) from Canada, with 12 publications), as well as a public institution from the
United States (California Department of Transportation with 11 documents).

The nine most prolific authors in this research topic, who have published at least 10 documents,
are shown in Table 4. The total number of papers with author name was 716. Only the top two authors
published more than 20 documents each about pavement management, S.L. Tighe and A.J.L. Ferreira,
leading researchers of the most productive institutions, University of Waterloo and Universidad
de Coimbra, respectively. The author in the 3rd position, R. Haas, was also affiliated to University
of Waterloo.
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Table 3. The top productive institutions (with more than 10 publications).

Ranking Institutions Country Documents Percentage (%)

1 University of Waterloo Canada 25 3.4
2 Universidade de Coimbra Portugal 22 3.0
3 Texas A and M University USA 19 2.6
4 University of Texas at Austin USA 17 2.3
5 Tongji University China 17 2.3
6 Applied Research Associates Inc. USA 14 1.9
7 National Central University Taiwan Taiwan 13 1.8
8 Purdue University USA 12 1.7
9 Michigan State University USA 12 1.7

10 Stantec Inc. Canada 12 1.7
11 UC Berkeley USA 11 1.5
12 Virginia Polytechnic Inst. and State University USA 11 1.5
13 California Department of Transportation USA 11 1.5

Table 4. The top nine most prolific authors.

Ranking Author Affiliation Documents Percentage (%)

1 Tighe, S.L. University of Waterloo 22 3.1
2 Ferreira, A.J.L. Universidade de Coimbra 20 2.8
3 Haas, R. University of Waterloo 11 1.5
4 Lin, J.D. National Central University Taiwan 11 1.5
5 Zhang, Z. University of Texas at Austin 10 1.4
6 Gunaratne, M. University of South Florida Tampa 10 1.4
7 Labi, S. Purdue University 10 1.4
8 Haider, S.W. Michigan State University 10 1.4
9 Madanat, S. UC Berkeley 10 1.4

3.1.3. Distribution of Output in Journals and Conferences

The distribution of research subjects can be observed in Table 5, where the 10 most popular
categories were compiled. Once again, the categories are non-exclusive, and a document can be related
to more than one category, due to interdisciplinary research. The ranking indicated that Engineering
was the clear dominant category, with a contribution percentage as high as 82.5%. Social Sciences and
Computer Science occupied the 2nd and 3rd positions, respectively. Out of these categories, none of
the other subjects represented more than 5% contribution.

Table 5. The top 10 most popular subject categories.

Ranking Research Areas Documents Percentage (%)

1 Engineering 600 82.5
2 Social Sciences 132 18.2
3 Computer Science 70 9.6
4 Earth and Planetary Sciences 28 3.9
5 Environmental Science 23 3.2
6 Materials Science 20 2.8
7 Decision Sciences 16 2.2
8 Mathematics 14 1.9
9 Physics and Astronomy 14 1.9
10 Business, Management and Accounting 12 1.7

The distribution of outputs in top 13 journals is shown in Table 6, with some data about those
journals, like impact factors. The journal that appeared most frequently was Transportation Research
Record, as more than 150 documents were published in this journal, which represented 20.9% of the total
amount of papers. Journal of Transportation Engineering and Journal of Infrastructure Systems completed
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the podium of the top journals, and two specific journals about pavement, International Journal of
Pavement Engineering and International Journal of Pavement Research and Technology, were situated in 4th
and 5th positions, respectively.

Table 6. The top most productive journals.

Ranking Journal Documents Percentage (%) IF (2016) SJR (2016)

1 Transportation Research Record 152 20.9 0.522 0.557
2 Journal of Transportation Engineering 58 8.0 0.962 0.774
3 Journal of Infrastructure Systems 26 3.6 1.516 0.859
4 International Journal of Pavement Engineering 21 2.9 1.832 0.824
5 International Journal of Pavement Research and Technology 18 2.5 - 0.375
6 Advanced Materials Research 16 2.2 - 0.120
7 Tongji Daxue Xuebao–Journal of Tongji University 9 1.2 - 0.252
8 Better Roads 9 1.2 - 0.100
9 Road and Transport Research 7 1.0 0.021 0.175

10 Canadian Journal of Civil Engineering 6 0.8 0.591 0.406
11 Computer Aided Civil and Infrastructure Eng. 6 0.8 5.786 1.180
12 KSCE Journal of Civil Engineering 6 0.8 0.812 0.360
13 Journal of Computing in Civil Engineering 6 0.8 2.31 0.739

In addition to the commented journals, several proceedings, corresponding to congresses and
conferences celebrated during the analyzed time interval, contributed with more than 5 documents
(Table 1). Their total contribution achieved was 11.0%, while the contribution of the journals in Table 5
was 46.8%. Therefore, more than 42% of the total found documents were not published in these leader
journals and proceedings, a fact that demonstrated the great heterogeneity of bibliographic sources
involved in the dissemination of the most recent research in pavement management.

3.1.4. Distribution Analysis of Keywords

The 30 most frequently used keywords appearing in the 727 considered documents are listed
in Figure 2. The results indicated that “pavements” was the most relevant keyword, as it appeared
in 483 papers (66.4% of the total amount of articles). Besides, “pavement” was selected as keyword
by 125 papers (17.2%). Another pair of singular and plural forms appeared in Figure 2: “pavement
management systems” appeared 212 times (3rd place) and “pavement management system” 72 times,
implying a joint contribution of 39.1%. The exact expression “pavement management”, which was
employed in the search engine, occupied the 2nd place (in 252 documents). Nevertheless, other highly
related expressions, including the word “pavement”, were employed as keywords with a high
incidence: “pavement performance” (75 times), “pavement condition” (73), “concrete pavements” (60),
“pavement maintenance” (58), “pavement overlays” (56), “flexible pavements” (53), or “asphalt
pavements” (51). In addition, the analysis of the main keywords, which did not include the
“pavement” word, supported the previously exposed idea: the improvement of the classical PMSs by
incorporation of new optimization strategies to ensure a better planning and administration framework,
as the presence of keywords such as “maintenance”, “highway administration”, “decision making”,
“mathematical models”, or “optimization” demonstrated. A further and deeper comment of the most
relevant research hot topics was carried out in the Section 3.2.
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3.2. Keywords and Trending Topics of the Research on Pavement Management

As previously said, author keywords generalize the major attention of a research. Bibliometric
method, through author keyword analysis in a specific period, has been developed in the last decade,
and has proved to be a helpful method in revealing the research hotspots and discovering scientific
research trends [5]. This time, in order to analyze, exclusively, the research trends in pavement
management in the last years of studied period, where more papers were published, author keywords
in the publications during the years 2012 and 2013 only have been assessed. The limitation about the
years of publication was imposed to consider the state of art of the first years of the second decade
of the 21st century. This way, the focus on the trends of 2012 and 2013 can give clues for the research
directions at present, providing a review less biased by previous references of the first decade of
the century.

Examination of author keyword in this study period revealed that 1.509 keywords were used.
Among them, 1.126 (75%) keywords appeared only once, and 212 (14%) keywords appeared twice.
Only 11% of all author keywords (171) were used more than three times. Table 7 shows the top 30 most
frequently used author keywords appeared in articles of pavement management field during 2012 and
2013, with combinations of their plural forms, abbreviations and other semantic relations. For example,
as all the keywords are related to pavements; keywords like “deterioration” and “pavement
deterioration” have been considered together. Furthermore, expressions like “deterioration models”
and “deterioration modelling” have been associated to the previous expressions, since all of them
underline the same idea.
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Table 7. The top 20 most frequently used keywords during the 2012–2013 period.

Ranking Keywords (Times Used Each Expression) Times Used

1 Pavements (123) + Pavement (38) 161
2 Pavement management systems (84) + Pavement management system (21) + PMS (4) 109
3 Pavement management (70) + Management (30) 100
4 Maintenance (43) + Pavement maintenance (20) 63
5 Pavement condition (30) + Pavement condition indices (7) + Condition index (3) 40
6 Optimization (28) + Optimization models (6) + optimizations (3) 37

7 Pavement performance (30) + Deterministic pavement performance models (4) +
Performance model (3) + Performance prediction (3) 36

8 Deterioration (16) + Pavement deterioration (9) + Deterioration models (6) +
Deterioration modeling (3) 34

9 Decision making (14) + Decision making process (6) + Decision support systems (6) +
Decision trees (3) 29

10 Highway administration 28
11 Life cycle (11) + Lifecycle costs (8) + Life-cycle costs (4) + Life-cycle cost analysis (3) 26
12 Information management 26
13 Mathematical models (11) + Numerical model (11) 22
14 Highway planning 18
15 Design (14) + Pavement design (4) 18
16 Flexible pavements 16
17 Genetic algorithms (9) + Genetic algorithm (6) 15
18 Transportation 15

19 Maintenance and rehabilitations (6) + Pavement maintenance and rehabilitations (5)
+ Pavement maintenance and rehabilitation (4) 15

20 International roughness index (11) + IRI (3) 14

As was expected after using “pavement management” as keywords in the article title, abstract,
and keywords fields of the search engine, “pavement” (and its plural form) was the most relevant
keyword, as it appeared 161 times in 178 papers (90.4% of the total amount of articles), and “pavement
management” (and “management”) was selected as a keyword by 100 papers (56.2%). Between them,
the expressions “pavement management systems” (and its singular and its abbreviation, PMS)
occupied the 2nd position in this rank, highlighting the importance of this set of systematic tools for
assisting engineers in effectively and efficiently managing the road pavements. Nevertheless, other
used keywords that were not in the top three helped to identify the research trends. Expressions
like “maintenance” (4th position, 63 times), “optimization” and “optimization models” (ranked in
6th position), and “deterioration” (8th) support the idea of the improvement of classical pavement
management systems by incorporating new optimization strategies to ensure a better planning of
the maintenance and administration of the network. The employment of “pavement performance”
and related words (7th position), and “mathematical models” (13th), as keywords, shows that efforts
were made to improve the modeling of the pavement deterioration process. Finally, despite the
data collection advances, pavement indices still attracted research attention, due to the 5th place of
“pavement condition”, or the presence of “International Roughness Index”, a worldwide-utilized index
in 20th position.

Based on these analyses, the research trend in the initial years of the 2010s in the field of pavement
management can be divided in three categories: pavement data collection, pavement performance
models, and pavement management systems. As stated before, with the aim of reviewing the last
research tendencies in the mentioned period, publications from 2012 and 2013, which have oriented
present research, are mainly highlighted. Therefore, the state-of-art of the last years of the studied time
interval is more objectively described.

3.2.1. Pavement Data Collection

As all pavement roads deteriorate with time, mainly due to traffic loading and weather actions [56],
consistent and repeatable data collection is an indispensable element of a PMS. Traditionally, manual
surveys were conducted for data collection, which were time consuming and biased. Nonetheless,
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automated technologies for data collection were developed [57], being still an essential research area.
Pavement condition can be divided in two groups: functional and structural. The functional condition
of a pavement refers to the effectiveness in fulfilling its function of serviceability, shown by smooth
and safe ride, sufficient capacity for demand, without bumps and high noise levels. By contrast,
the structural condition assesses the load carrying capacity of the pavement during its life [58].

Pavement texture, defined as “the deviation of the pavement from a true planar surface” [59],
is a key measure of pavement surface characteristics, as it is directly related to safety and comfort [60].
Macrotexture measurement attracted great research attention [61]. New macrotexture measurement
systems, based on 3D technologies, have been tested, and provide accurate and repeatable data at usual
highway speeds [61,62]. Similarly, a 3D pavement surface measurement tool was also introduced to collect
rut data, the longitudinal depression that occurs in the wheel path, without interrupting the traffic [63].

When referring to road safety, the skid resistance is said to be a vital feature [60]. Recent research
deals with finding a correlation between the skid number and the mean profile depth without
interrupting traffic circulation [64], and to develop a 3D behavior model integrating skid resistance,
travel speed, and wheel slip ratio [65]. Research also focused on skid resistance measurements on chip
seals provided by three different tests [66], and the factors that best indicate the flushing occurrence,
an area with low skid resistance that must be avoided [67].

Pavement distresses and cracking are evident signs of pavement deterioration. Measuring and
mapping them has been challenging, due to their nature, location, and size. Traditionally, inspectors
walking along the roadway section carried out detailed manual inspection surveys. As they were time
consuming and expensive, they were substituted by automated distress survey methods, ranging
from high-speed contactless laser sensors, to devices recording video images of pavement surface.
Later, processing algorithms, usually based on neural networks, are employed to identify the types of
cracks and other distresses. Usual problems are classification errors and long processing times [68].
Papers published at initial years of the 2010s offered new solutions to these problems. On one hand,
new tools were proposed [69,70]. On the other hand, new algorithms were developed to process
images [68,71–74]. Even a combination of both techniques was proposed [75].

Based on the results of the International Road Roughness carried out in Brazil in 1982 [76],
the World Bank developed the International Roughness Index (IRI), and due to its stability over
time and transferability throughout the world, it has become a recommended standard for road
roughness or smoothness evaluation [77,78]. Instead of calculating IRI in a one-way vertical section,
Wang et al. [79] proposed an automatic gadget using five laser probes to measure the whole cross
section in urban roads.

The Pavement Condition Index (PCI) is a very common distress survey method deployed in
the United States. Alternatives techniques were presented to predict the PCI, by means of artificial
neuronal networks (ANN) and genetic programming [80] or a fuzzy logic-based system [81].

Pavement structural capacity evaluation indicates pavement remaining life, i.e., the quantity of
load repetitions that it can still withstand. Structural capacity of a pavement takes into account the
structural capacity of all the layers of the pavement, as well as the condition of the subgrade [82].
Pavement structural evaluation methods are usually divided into destructive and non-destructive tests.
Among the non-destructive techniques, pavement deflection is currently the most widely employed.
One of the deflection measurement devices employed is the Benkelman beam, also deployed to measure
the full deflection basin on forest roads [83]. Another device is the falling weight deflectometer (FWD),
whose results were adjusted utilizing different sources of temperature gradient data and models [84].
Nevertheless, as these tools need to interrupt the traffic to operate, their use at the network level is
limited, alternative devices are introduced, especially the rolling wheel deflectometer (RWD), because it
can measure at traffic speeds. In Louisiana, an acceptable repeatability of RWD measurements at
different test speeds was demonstrated [85], and the RWD index was developed as a useful index for
pavement structural condition assessment, but not for selection of the correct treatment [86].
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The structural condition cannot be forecasted from surface condition data [87]. Therefore, different
decisions are taken if only functional condition parameters are employed, or if deflection tests are
included in the decision process [88]. Hence, the introduction of a structural capacity index is suggested
in network-level decisions to find the most cost-effective rehabilitation option [89]. On this basis,
simplified deflection-based analytical techniques [90] and a new index related to the Structural Capacity
Index (SCI) [91] have been introduced.

Other new indices have been also proposed, like the pavement-assessment triangular model [92]
or an index based on a visual evaluation of the conditions of road elements and pavement [93]. Besides
these, normally employed indices were reconsidered to improve their calculation method, like the
algorithm of the SCI [94], and the Pavement Condition Ratio (PCR) by means of fuzzy reasoning
theories [95]. Finally, new methods for pavement segmentation have been also presented [96–98].

3.2.2. Pavement Performance Models

The pavement management includes developing models that are able to foresee the pavement
performance over time. There is a wide range of pavement performance models, deployed by highway
administrations to satisfy their needs. At network level, performance models are employed to estimate
the future condition of the road network, and to establish M&R works in both short and long term.
In contrast, at project level, performance models help to estimate the best alternative of treatment with
the best benefit–cost rate. Models are usually based on field observations at network level, and on
mechanistic principles only or with in situ data at project level [77,78,99].

For the last 15 years, it can be stated that pavement design, especially in North America, has shifted
from empirical approach to mechanistic-empirical (M-E) approach. M-E design upgrades empirical
design methods by introducing mechanistic behavior, correlating recorded distresses to applied
loads in the road structure [100]. The Mechanistic-Empirical Pavement Design Guide (MEPDG)
was produced in 2004, principally thanks to the National Cooperative Highway Research Program
(NCHRP) Project 1-37A [101], and subsequently delivered to the American Association of State
Highway and Transportation Officials (AASHTO) [102]. The Mechanistic-Empirical Pavement Design
Guide (MEPDG) [102] can be deployed for flexible and rigid pavement, and includes the most used
pavement structures in North America, incorporating the theoretical analysis to field observations,
in order to include the intricate consequences of traffic loading, climatic effects, and material aging on
pavement distresses. Nevertheless, MEPDG performance models were developed and calibrated with
the Long-Term Pavement Performance (LTPP) data [103] and, therefore, differences can be found when
introducing “local” inputs, such as climate, material characteristics, traffic patterns or construction and
M&R methods. Therefore, suggested performance models should be checked and calibrated with local
data, as many states of the United States carried out: North Carolina [104], California [105], Texas [106],
and Washington [107]. Hence, apart from being employed for designing durable pavement sections,
the MEPDG contributes to the pavement management providing reliable and consistent performance
models, calibrated both nationally and locally.

A national guideline for local calibration, the Guide for the Local Calibration of the Mechanistic-
Empirical Pavement Design Guide [108], derived from NCHRP Project 1-40B [109], received considerable
research attention. On this basis, the results from a local validation of rutting data recorded in the
PMS of the Ministry of Transportation of Ontario (MTO) showed that a unique optimal solution could
not be achieved because rutting models were imprecise [103]. A similar conclusion was reached in
another study performed in Ontario [110], demonstrating that no new distress models were better
than the existing PMS model of the MTO. Likewise, the verification of the MEPDG model for rutting
in local conditions showed that the predictions were higher than observed rutting in Louisiana [111],
and statistical analysis was then carried out [112]. In contrast, fatigue and International Roughness
Index (IRI) models proposed in the MEPDG were concluded to be applicable in Louisiana [113] and in
Tennessee [114]. However, some road administrations cannot calibrate the MEPDG models as required
inputs are not available. Hence, Nassiri et al. [115] identified the significant inputs for an IRI model in
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Alberta (Canada). Moreover, the Pavement Management Guide [4], published in 2012, proposed the
performance models shown in the MEPDG, and expects more accurate models as the models become
calibrated in more states and countries.

Despite the improvement achieved from upgrading the purely empirical design methods,
M-E methods must still deal with some uncertainty when estimating pavement behavior. To address this
problem, different solutions were suggested, like uncertainty management, that considers variability
of the parameters and model uncertainty [100], and a new model that combines two different
mechanistic theories [116].

Pavement deterioration models can also be defined as deterministic or probabilistic [77,117–119].
Among probabilistic models, the Markov chains received great attention in the studied time
interval [120]. It can be applied to any index or parameter, like the Pavement Condition Index
(PCI) [121]. To obtain the Markovian transition probabilities, historical data have been deployed,
if available, or the knowledge of experienced engineers [78]. When using a TPM obtained from
experts’ knowledge, it can be updated as soon as field data become available by means of a Bayesian
approach [122]. For incomplete in situ observation data, the use of the exponential hidden Markov
model has been suggested [123]. In addition, a semi-Markov model, without the “memoryless”
property of Markov models, has been presented, where the sojourn time in each condition follows
a Weibull distribution [124].

Nonetheless, there is no consensus on techniques for performance modeling because of the wide
range of factors that must be considered, and the limitations and accuracy of field data. Consequently,
researchers are exploring alternative methods, such as polynomial functions [125], and truncated Levy
flight distribution [126]. Regression analyses were employed for various purposes: for macrotexture
prediction in chip seals [127], for generalized models in Louisiana [128], and a multilinear regression
for IRI and rutting modeling [129]. ANN has been deployed for Present Serviceability Index (PSI) of
urban flexible pavements [130] and for cracking, raveling, rutting, and roughness for secondary roads
in India [131]. Feed forward neural networks modeling method was used to forecast gravel loss in
gravel roads in Botswana [132]. Flexible pavement rehabilitation treatments have been evaluated by
means of aggregate and disaggregate post treatment performance models [133]. In case of limited or
incomplete data, an autoregression method [134] or a hybrid technique [99] were suggested.

Moreover, since 1968, the World Bank has conducted a series of projects about roads, and has
developed various evaluation modules that include pavement performance models. They were
distributed to more than 100 countries around the world, and they need to be adapted to local
conditions, as performed in India [135]. The HDM-4 model for cracking performance, developed by
the World Bank, has been incorporated to a new Portuguese maintenance optimization system [136].
Other models, derived from HDM-4, have substituted previously used AASHTO performance models
in Visseau (Portugal) [137]. Finally, performance model idea has been exported to other fields, like paint
pavement markings [138].

3.2.3. Development of New Pavement Management Systems and Sustainability

A PMS is defined as a set of techniques and methods that provide support to road agencies in
order to allocate limited resources optimally while maintaining the road networks in the level of service
demanded by users. As a consequence, use of optimization techniques for pavement management
has increased in the last few decades, due to more limited budgets, increasing demands, and stricter
responsibility in infrastructure allocation [139].

In general, optimization tools applied in pavement management can be classified into
single-objective or multi-objective optimization. Single-objective optimization follows different targets,
such as to minimize cost or maximize the treatment benefits in terms of pavement’s condition or
life [140]. Nonetheless, it is not recommended to make a decision according to a sole criterion,
especially in road management, where more than one goal must be taken into account. On the contrary,
multi-objective optimization attempts to find an optimal solution satisfying various restrictions and
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optimizing some objective functions. Therefore, the research on pavement management become
an appropriate area for developing the multi-objective optimization methods, confirmed by the keywords
“optimization” and related words (6th position in Table 6), “decision making” (9th), or “genetic
algorithm(s)” (17th).

In the pavement management field, diverse methods have been applied in the current century to
solve multi-objective optimization problems with varying success. Examples of applied techniques in
the period 2012–2013 are the weighting sum method [141], compromising programming [142], analytic
hierarchy process [143], the parametric method [144], and genetic or evolutionary algorithms [145–147].
Sometimes, two methods are combined to solve an optimization, such as the generic algorithm and
the weighting sum method [104,105], or the genetic algorithm and goal programming [148].

Optimization has been also utilized to allocate resources between competing elements of
highway asset management too, such as pavement and bridge deck maintenance [1], heterogeneous
infrastructure systems [149], or between various programs, like pavement improvement and capacity
expansion of the road [150]. Moreover, some researchers have exported the idea of PMSs to other
infrastructures, usually not analyzed, like median and sidewalks [151], road segments in landfills [152],
and parking [153].

The World Bank, as explained in Section 3.2.2., has developed several evaluation modules to
combine technical and economic appraisals of road projects, in order to prepare road investment
programs and to analyze road network strategies. The last version, HDM-4 (Highway Development
& Management) still provided advanced highway investment evaluation tools [154], which were
calibrated in Malaysia [155] and in Taiwan [156].

At the project level of PMSs, decisions are targeted to define the projects with the best cost–benefit
ratio, so the limited budgets are used to construct, maintain, or rehabilitate longer lasting roads,
considering all the road-life [157]. Accordingly, the concept of lifecycle cost analysis (LCCA) is
highlighted during the project-level analysis. LCCA, born in the United States, is utilized to
evaluate competing alternatives that take into account all related significant costs, e.g., construction,
maintenance, and operations, over the life analysis period, and has become the most successful
technique worldwide [2,158]. LCCA received increasing attention as a methodology to help road
agencies in order to make economical investment decisions, (11th position in Table 6). Researchers
developed advanced models to conveniently assist the decision-making process. Hence, some new
models were proposed, such as OPTIVAV, which calculates all the costs and the value of the road after
its service-life [159], and is a method for selecting the best chip seal treatment option based on LCCA
analysis [160], and a hybrid technique that considers thresholds in management [161]. A discount
rate must be applied in LCCA, and it can significantly influence the decision. Hence, the impact of
the discount rate in a new LCCA system was analyzed [162]. Furthermore, the right moment for
conducting M&R activities is a vital factor of the LCCA, and, therefore, consequences of postponing
treatments have been quantified [163], and a tool that indicates the correct moment and extension of
the road to be repaired is presented [164].

Nonetheless, the transportation sector has an extraordinary impact on climate change policy [165].
Nevertheless, most of the efforts for greenhouse gas (GHG) emissions reduction were focused
on vehicle technologies and alternative fuel options [166], and PMSs have not taken into account
environmental parameters [167,168]. However, this trend was shifted during the first years of the 21st
century, and sustainability and environmental factors emerged as key factors in PMS strategies [169],
as the amount of papers, in that period, about this topic, certifies [170–177].

Additionally, the reduction of the energy consumed and resulting GHG emissions from M&R
activities are specifically being incorporated to PMSs, introducing it as a new goal in multi-objective
optimization [178,179], or as a third step in new three-stage optimization methodology [180].

Lastly, new technologies are introduced in the field of PMSs, like application of iPad [181] or
using the Google public cloud [182].
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4. Conclusions

An overview of the research on pavement management during the first 14 years of the 21st
century was presented, with the information related to annual publications, document types,
languages, countries, institutions, authors, categories, journals, and research emphases and tendencies.
The identification of the hot topics could provide a clue to research institutions or universities to
evaluate the past research attention, and what kind of projects they were supporting and financing.
The number of publications about this subject was characterized by a stable production rate in two
periods, the 2000–2002 period, with an average value of 27, and the 2003–2010 period, with an average
value of 51. After 2010, it can be stated that the production is incremented by 20 publications per year.
The document distribution showed a variety of types, specifically, the article (52.1% of the publications)
and the conference paper (44.0%), were the most frequently used documents, differing from other
research tendencies in other engineering areas. Nevertheless, not all the international and fundamental
congresses about pavement management as the International Conference on Managing Pavement
Assets and the European Pavement and Asset Management Conferences are included, as they are not
indexed in the Scopus database. The United States appears as the leading country in total number of
publications, followed by Canada and China. The leading organizations were University of Waterloo
(Canada) and Universidade de Coimbra (Portugal). Among the 13 top institutions, there are two
private companies, Applied Research Associates Inc. (Albuquerque, NM, USA) and Stantec Inc.
(Edmonton, AB, Canada) and a public institution, California Department of Transportation (USA).

The proposed analysis by keywords of articles published in years 2012 and 2013, within the Scopus
search engine, provided the clues for the identification of hot research issues in the final years of the
studied period. Pavement management systems was by far the most investigated area, mainly obliged
by the lower and lower budgets for pavement maintenance and rehabilitation. Principally, more modern
optimization models, such as multi-objective ones, were applied to optimally allocate limited resources,
with genetic algorithms receiving the greatest attention. At network level, maintenance strategies
over the entire road network were discussed, aiming to take the most value of the spent money,
and establish the best moment to carry out the activities. At project level, the construction, maintenance,
and operational costs were taken into account, and lifecycle cost analysis was widely used to make more
economical investment decisions. Sustainability aspects in pavement management became an emergent
issue, increasing their presence in publications.

Pavement performance modeling continued to be a major research area since local calibration of
mechanical empirical models must be carried out, after having switched from mechanical modeling.
Other models, such HDM-4 models, or their adaptations, were still applied in different countries with
varying success.

Lastly, although data collection became almost fully automated, there were technological
implementations, especially in cracking classifying methods and tools. The rolling wheel deflectometer
received much attention, and it was applied to the assessment of structural indices.
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