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Abstract

The construction sector is characterized by low productivity and backwardness compared to 
other sectors. The subfield of road infrastructure management is no exception. Although new 
innovative elements appear gradually, e.g. based on Construction 4.0, Lean Construction 
philosophy, Cross Asset Management or Circular Economy. However, it is still not enough for 
the shift in the quality of road network management to be sufficiently visible. The effort of the 
research team is to gradually apply the most modern technological elements to the process 
of diagnosing the condition of the road network, which can introduce systematicity into the 
process of monitoring and evaluating the condition of the road network. These are based on 
an interconnected system of georadar technologies, road surface scanning, bearing capac-
ity monitoring, building sensor systems in road construction and complex data processing. 
However, these activities encounter certain risks and weak points, which will have to be 
gradually dismantled. Among the selected ones, it is possible to include mistrust on the part 
of road administrators, whether it is the state road administrator, regional administrators 
or cities and municipalities. At the same time, technological limits and questions about the 
economic return of introducing modern approaches to the processes in question are gradu-
ally emerging. This leads the research teams to believe that it is necessary to find an optimal 
balance when introducing innovations in this selected sector.
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1	 Introduction

The construction and efficient maintenance of road infrastructure is a global concern that af-
fects social and economic development in all countries [1]. This sector can be seen as one of 
the most obvious combinations of two strong industries, those being transport and construc-
tion. Both sectors require significant interest in the context of the application of measures 
aimed at ensuring their sustainability. While for transport it is the trend towards greening 
vehicles, improving safety and reducing travel times, for construction it is minimising waste 
from construction activities, keeping energy and resource consumption low and efficient 
maintenance throughout the life cycle of the road [2, 3]. A combination of the above priorities 
needs to be addressed in the sustainable management of road infrastructure management. 
Management is to be a comprehensive process on the part of the responsible authorities in 
managing, planning and coordinating the necessary activities to ensure sustainable opera-
tion, maintenance and development of the road network. It includes the continuous monitor-
ing and design of maintenance activities to maintain the roadway in the required structural 
and functional conditions and to minimise life cycle costs [4, 5]. 
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Sustainable pavement management must be subordinated to three aspects: economic 
development, environmental protection and social development. Sustainability, which is 
based on reconciling these economic, environmental and social aspects, has become a 
major theme for infrastructure managers. The economic and environmental impacts of road 
maintenance are not negligible. As maintenance should be technically appropriate, infra-
structure managers need to integrate technical, economic and environmental aspects into 
the assessment of maintenance alternatives during the life cycle of the pavement [6]. These 
aspects include additional sub-levels and areas that need to be considered. These are ef-
fective planning and appropriate budgeting, pursuing responsible identification of current 
as well as long-term needs and goals, and allocation of funds according to realistic time 
requirements. It also includes the regularity of repair and maintenance of the road network, 
in order to ensure the established reliability of the roads, eliminate traffic congestion and 
maintain the necessary level of safety. In addition to the above key aspects related to the 
sustainable development of the road network, categorised more as technical and economic 
measures, it is also necessary to name other objectives pursued by the managers. These 
include social and environmental considerations, where the implementation of measures 
to reduce the level of negative impacts on the environment and society, to achieve greater 
inclusion for disadvantaged groups or to involve local authorities and affected populations 
in decision-making processes related to the construction, maintenance and development of 
the road network are pursued. Another element that needs to be included in policies related 
to sustainability is the area of innovation and technological development. Effective manage-
ment of road infrastructure management should include keeping up to date with the latest 
trends in technical and process innovations in the construction sector, taking into account 
the needs applicable to road infrastructure management. Taking into account the wide range 
of factors described above will make it possible to achieve high quality road network devel-
opment, quality being a key factor in the reliability of the road network in terms of both user 
needs and efficient public administration. Proper pavement maintenance planning can be 
considered as a strategic approach to achieve rationalisation of capital expenditure, relia-
ble risk management, maintenance of performance, achieving stakeholder satisfaction and 
conservation of natural resources. All these challenges should be effectively addressed at 
all stages of the pavement life cycle by collecting data and performing analyses [7]. One of 
the tools to ensure the sustainability of road infrastructure is pavement management sys-
tem (PMS). Proper decision making processes by utilizing PMS can reduce the overall con-
struction and maintenance costs [8]. In general, a PMS consists of a set of procedures and 
tools designed to assist decision makers in identifying the most appropriate strategies for 
monitoring and maintaining roads in the desired condition. It can be seen as a process and 
software tool that enables the systematic collection, processing and analysis of road surface 
condition data. Its main objective is to optimise the planning of maintenance and repair of 
road infrastructure based on the current condition and forecasts of future developments. It 
includes diagnostics of the condition of road surfaces, identifies problem sections and pri-
oritises them on the basis of their condition and forecasts of their future development. Con-
tributes inputs for responsible maintenance planning, optimises resource allocation based 
on needs and priorities. Recently, there are new views that the PMS should also proactively 
address opportunities for innovation in the sector, either to improve services for users or 
to accelerate the achievement of more significant environmental effects. For example, the 
concept of a circular economy index as part of the PMS [9] or the application of artificial intel-
ligence elements in conjunction with significant technological developments based on sen-
sor systems is quite interesting. These new initiatives are also based on a gradual increase 
in the scientific background, where the links between sustainability, efficient road network 
management and innovation can be found to be gradually growing. This claim can also be 
supported by a quick review of the available literature. 
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An initial search was conducted in the SCOPUS database, which is more suitable for exam-
ining technically oriented studies. The algorithm was as follows TITLE-ABS-KEY (road AND 
sustainability AND innovation) AND (LIMIT-TO (SUBJAREA , “ENGI”) OR LIMIT-TO (SUBJAREA 
, “ENVI”) OR LIMIT-TO (SUBJAREA , “SOCI”)) AND (LIMIT-TO (PUBSTAGE , “final”)). The result 
was 293 documents, and based on the links between their keywords, it is possible to illus-
trate the links in the monitored concepts. 

Figure 1	 An overview of the growth of publications on the topic of innovation and sustainability in relation 
to pavements

It can be argued that the need to ensure a higher level of sustainability puts pressure on PMS 
to innovate. It is generally known that this effect strengthens the process of road infrastruc-
ture management and maintenance. Innovation in PMS increases the ability to use resources 
more efficiently and minimize environmental burdens. There have been some attempts in 
the past to operate efficient knowledge-based PMS. These have been somewhat success-
ful but have produced some inaccurate results. With the advent of new concepts in society 
such as Intelligent Cities and Smart Infrastructure and innovative technologies such as the 
Internet of Things, artificial intelligence or machine learning, there are increasing efforts to 
overcome these shortcomings [9].

Figure 2	 Overview of the links between sustainability and innovation in research papers via VOS Viewer

VOSviewer software was utilized to assess the articles under consideration and produce a 
visual representation of the keyword power. The frequency of occurrence is indicated by the 
nodes’ size. The node curves show where they frequently appear in the same publication. The 
frequency of two keywords occurring together increases with the distance between two nodes.
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2	 Technological innovation applicable in pavement management 
systems

The role of technological innovation is to help transform established ways towards sustain-
ability. These are mainly tools based on digitalization, big data, intelligent automation and 
energy saving [10]. It is no different in the road infrastructure management sector. The im-
plementation of technological advances should overcome the already inadequate character-
istics of construction products, organizational fragmentation, increase the mutual iteration 
and integration of all stakeholders, promote environmental effects and strain to increase 
economic requirements [11]. PMS is a tool that provides a systematic method for collecting, 
storing, analyzing, and modeling pavement condition data for decision making associated 
with resource optimization within a pavement network. In the context of increasing the sus-
tainability rate of the whole area, managers are forced to increasingly reflect on the incom-
ing technological as well as process innovations. Among the selected ones, those oriented 
towards monitoring the condition of the roadway and its surroundings can be included. Au-
tomated pavement defect detection systems are increasingly sought after by pavement man-
agers to increase the qualitative efficiency of field surveys in terms of potential human error, 
reduce human resource costs associated with maintenance, and respond to the time-con-
suming nature of manual surveys [12, 13]. The availability of pavement data at a time when 
decisions about maintenance investments need to be made also plays an important role 
for their deployment [14]. The last decade in the detection of data about the pavement and 
its immediate surroundings has been characterised by the deployment of several types of 
technological tools and innovations. Among the most widely used can be counted the ap-
proaches of a non-destructive detection tool based on Ground Penetrating Radar(GPR) com-
bined with a mobile laser system, which are characterized by their speed of deployment, the 
possibility of continuous measurement and ease of operation [15-17]. Huge developments 
in computer vision, deep learning techniques and advances in artificial intelligence have 
opened up new possibilities for automated fault detection [13]. Whether it be drones or oth-
er autonomous machines that can present the recorded data in a point cloud format, for 
example [18, 19]. Modern sensor systems, which are installed either in the road structure or 
in its surroundings, also play a significant role in detecting road conditions. These are, for 
example, sensors that monitor the bearing capacity and stresses in the pavement layers or 
the structure itself, the temperature and moisture profile of the road, or the propagation of 
defects in the layers that cannot be captured visually [20]. 

Figure 3	 Demonstration of a diagnostic technique for monitoring the condition of roads and the result of a 
GPR measurement
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Figure 4	 Result from the measurement of pavement unevenness and RUT 

The research team is currently applying a number of devices within its own research activities 
to carry out the collection of input data from the road environment. These are several mobile 
platforms equipped with non-destructive GPR devices in 2 measurement frequencies, camer-
as, infrared cameras, Lidar systems, technologies for measuring road defects (unevenness, 
cracks) or sensors that sense the road surroundings (e.g. in order to evaluate the quality of 
drainage). At the same time, research activities are applying devices for measuring deflec-
tion in the form of a trailer-mounted deflectometer. Also, drone technology is deployed for 
additional measurements or data is collected manually by means of specially adapted back 
packs. At the same time, various technologies are deployed as complementary tools to mon-
itor selected physical properties and processes in the roadway. Some of the selected ones 
can include e.g. horizontal and vertical temperature profiles in order to better understand 
the deformation patterns. The above technological tools represent an important but still only 
an initiation phase in the improvement of PMS-related processes. The structured data needs 
to be further processed and evaluated through software tools in order to produce recom-
mendations applicable to the real environment. Currently, it can be assumed that the BIM 
environment, as part of the tools coming from the Construction 4.0 measures, will become 
the one that will capture all the road condition data collected. In addition to the basic data 
from non-destructive measurements, data collected by the road authorities on road mark-
ings, directional and elevation ratios, but also data from sensor systems installed along the 
infrastructure will have to be integrated here [21]. A digital model populated with road condi-
tion data will be the most important input for planning maintenance management as well as 
improving the maintainability of the road network [22].

3	 Results and conclusion

Despite the considerable benefits of research into innovative road network condition mon-
itoring, there are significant barriers to making better use of the knowledge gained. The re-
search team, in consultation with public road managers and based on its own experience, 
has summarised the most significant barriers. The first of these is the financial requirements 
associated with the application of new technological tools to PMS. Managers have limited 
budgets to provide or rent modern technology and prefer the cheaper approaches to road 
condition monitoring currently in use. This means manual data collection or data collection 
by automated methods on selected road sections that are most at risk. However, this ap-
proach is significantly detrimental to the introduction of a systematic approach for a realistic 
assessment of the rate and extent of degradation of the road network. It also undermines the 
ability to reliably produce predictions for the justified allocation of funds for repair and main-
tenance. The second major barrier is resistance to the changes that technological develop-
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ment brings. Each new innovation brings changes in established practices, where staff with 
low skills in particular are unable to reap the full benefits on offer. The challenges associated 
with the integration of technical innovations and new practices may translate in the long 
term into complications on the sustainability side of operations in the context of their inter-
operability and interfacing with other software tools. At the same time, there is the financial 
and personnel factor of technical maintenance, repair and protection of the technological 
innovations themselves. In the case of sensor systems situated in the road environment, the 
main obstacle is the need to deal with gentle removal in the event of structural interventions 
in the road and reinstallation. Sensor systems are also demanding in terms of power supply, 
processing of large volumes of unstructured data, communication facilities and protection 
against damage. One of the oft-repeated criticisms from administrators is the assertion of 
the need to recruit and retain new staff who have the skills to work with innovative technol-
ogies, who understand the data being collected, and who can bring decisions to bear on the 
road repair and maintenance processes based on that data. The social factor is also an issue, 
which follows the employment of mainly the least skilled workers and the low motivation 
factor to grow professionally. The selected managerial barriers include risks associated with 
the failure to implement innovative PMS approaches in the real environment and some legis-
lative barriers associated with the protection of data from misuse. Managers agree that inno-
vation belongs in PMS. However, the solution to eliminate barriers must be a new approach 
that allows all new knowledge to be actively transferred. This means that research teams 
need to present the benefits of non-destructive measurements even more widely, highlight 
the benefits of sensor systems, and increase the education of relevant staff and managers. 
Otherwise, there is a risk that technological advances will once again bypass the processes 
present in PMS and the whole sector will once again move away from the more productive 
industries that have stepped forward to increase their sustainability through innovation.
This paper was supported by the Slovak Research and Development Agency under the con-
tract No. APVV-22-0040.
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