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• If you don’t measure results, you can’t tell success from failure. 
• If you can’t see success, you can’t reward it. 
• If you can’t see failure, you can’t correct it. 

 
D. Osborne, T. Gaebler [46] 

 
 

INTRODUCTION 

Background 
 
A country's level of economic activity, and its production of wealth, is for a large 
part dependent on its capacity to move people and goods. A nation’s transportation 
infrastructure can either support or hinder its economic development. In Europe, 
over 75 % of ground freight and 80 % of passenger transport takes place by road 
[20]. Therefore, road networks are important lifelines for modern societies. A well 
designed, constructed and maintained road network, which allows for a high degree 
of mobility and accessibility to communities by road, is an essential factor in the 
economic development and prosperity of a nation. 
 Road agencies are responsible for the design, maintenance, repair and 
development of road networks under their jurisdiction in order to ensure required 
operational levels. In times of economic uncertainty, road agencies attempt to 
develop and deploy “optimal” maintenance and operational policies and actions 
[18]. As the quality of roads deteriorates over time from use and continuous impact 
from the environment, proper maintenance of the road system is necessary to 
preserve its serviceability and structural integrity, both of which are important for 
maintaining the effectiveness of transportation, safety of road users and economic 
development. Since roads are infrastructural assets with long lives, maintenance 
activities need to be viewed from a life cycle perspective if an optimal balance is to 
be obtained between benefits and costs. A life cycle  perspective assists road 
agencies in providing appropriate levels of service to road users. When access to 
resources decline and ageing infrastructure deteriorates, the task of maintaining an 
efficient road network often becomes a challenge for the road agency.  
 Governments seek to provide programs and services to people that are 
affordable, and that respond to public needs focus on the condition of the pavement 
throughout its life cycle. This has a direct impact on road safety, driver satisfaction 
and the environment. Information management and information technology (IT) 
can be used assess the state of pavements on an ongoing basis. This information 
allows government agencies to streamline operations, improve levels of service and 
provide better information for decision making. To maximize the contribution of 
information and communication technologies (ICT) as a tool to improve the 
decision-making process the collected data needs to be reviewed, evaluated and 
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analyzed. This can be achieved through a well-placed performance measurement 
system (PeMS) [57].  
 Performance is a term used in everyday life, in engineering, in economics and in 
many other areas. It can have a general meaning or a specific meaning. For the 
latter, and particularly for roads, performance must be a measurable entity. This is 
essential for assessing the current and future state of road infrastructure, as well as 
agency efficiency in service and safety provision for users, productivity, durability, 
cost-effectiveness, environmental protection, preservation of investment and other 
functions. The specification of performance criteria from the perspectives of both 
road users and road operators is a key prerequisite for the efficient design, 
construction and maintenance of road pavements. 
 Modern road management is performance based; both programming and 
implementation of maintenance and operational activities are driven by 
appropriately defined performance indicators. Performance indicators can be used 
in particular as target criteria in life cycle analyses within the context of pavement 
design and/or systematic road maintenance at the national and the European levels. 
Uniform performance indicators permit an evaluation of the effects of different 
design and maintenance strategies, but they can also be a basis for predicting road 
performance and for improving old and developing new prediction models. 
Performance indicators are thus an objective tool used in road construction and 
maintenance at various administrative levels, from the local to the national. 
 Performance indicators for road pavements could, however, also be used as 
inputs into pavement management systems (PMS) [42]. They can be used, for 
calculating maintenance needs and thus provide objective arguments for 
reinvestment in road pavements. Without maintenance, the pavement network 
would deteriorate to the stage where major expenditure would be needed and the 
residual value of the pavement or network would be very low. It is crucial to have 
continuous knowledge about the condition of the road network in order to plan 
maintenance work in an effective manner. To this end PeMS is necessary. The 
PeMS will enable agencies to assign priorities, and to compare maintenance 
outcomes based on the input of resources. 
 The increasing use of life cycle analyses as a basis for the selection of road 
pavement design requires an exact definition of the goals to be achieved and/or the 
performance criteria to be satisfied. The extent to which goals are reached or 
performance criteria satisfied can be quantified by calculating special indices 
characterizing the road pavement, which in turn permits an assessment of the 
efficiency of certain approaches from both a commercial and a macro-economic 
standpoint. 
 Road authorities collect and retain extensive datasets related to their services 
and the life cycle of their infrastructures. It is important to note, however, that 
proper collection, analysis, refinement and presentation of that data is a 
prerequisite for using them and for proper reporting to a broader audience. As such, 
development of appropriate PeMS, is required for linking transportation and 
infrastructure data to road management.  
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 Organizations around the world, in the public and private sectors, have 
developed PeMS that corresponds to their specific needs. Yet many are dissatisfied 
with their solutions. In particular they are finding it difficult to develop cost-
effective meaningful measures which drive performance improvement without 
leading to unanticipated negative consequences [48]. 
 In the transport sector various organizations (OECD, ITF, COST, etc) have 
conducted studies [33; 42; 47] to develop guidelines for government agencies on 
how to define uniform performance indicators and indices for road pavements, 
taking the needs of road users and road operators into account. The quantitative 
assessment of individual performance indicators provides guidance regarding 
present and future needs in road pavement design and maintenance at both, the 
national and supranational levels.  
 A system can be formed by grouping these individual performance indicators 
into representative combined performance indices such as: 
 

• functional performance indices (demands made on road pavements by road 
users); 

• structural performance indices (structural demands to be met by the road 
pavement); 

• environmental performance indices (demands made on road pavements 
from an environmental perspective). 
 
Guidelines for performance measures can be developed centrally but cannot be 
implemented without adjusting them to the specific region or country. Every 
country has its own design guidelines, and its own geological and climactic 
conditions. Each county uses different construction materials commonly of local 
origin. By implementing a performance measurement system the data collected 
about pavement conditions and deteriorating effects can also be used to carry out 
long-term pavement performance (LTPP) studies. This LTPP monitoring 
programme can be used in order to produce pavement deterioration data that would 
be suitable for the development of pavement models. 
 The rapid growth of ICT including the Internet and other technological 
developments  have introduced new possibilities for data collection. Crowd 
sourcing, machine-to machine (M2M) communications and the Internet of Things 
(IoT) are growing and offering new possibilities. These developments also include  
the road maintenance and management sector and can be used to collect data for 
the PeMS.  
 For forecasting future maintenance and funding requirements and road 
conditions, pavement deterioration models are essential. These pavement condition 
models are therefore the ‘heartbeat’ of any system that is capable of predicting the 
future network status and budget requirements. On the other hand these models 
cannot be designed without analyses and evaluations based on long-term 
performance data. 
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 The geological history affects the make-up of the pavements in both the in situ 
layers as well as the constructed pavement layers. The influence of climate on the 
geology is significant enough that engineering geologists have established 
relationships between climatic conditions and the behavior of soils. Both these 
indicators are expressed in terms of climatic conditions such as rainfall, 
evaporation and the temperature. For engineering pavement, it is common to 
classify geological regions in terms of climatic conditions rather than only using 
geological formations classifications. The climate is therefore, a good moderator 
for the behavior of material [28]. 
 Pavement performance studies in different countries have established the need 
to use some form of regionalization method in the design guidelines. Pavements 
will behave differently in different parts of a country even as small as Estonia, due 
to climatic and geological factors. The deterioration of Estonian roads is mainly 
caused by heavy loads and climatic factors. During the winter season 75 % of 
Estonians choose to use studded tires [60]. Furthermore, de-icing chemicals are 
used to improve road safety. 

Scope of the Research 
  
Performance measurement is used in both the private and public sector. The public 
sector is different from the private sector and therefore a public sector organisation 
faced with a change in incentives will not necessarily behave in the same way as a 
private sector one. Accountability notions of effectiveness, efficiency and produc-
tivity are common in public sector agencies. 
 Three different levels of PeMS within a public sector are broadly identifiable 
[48].  
 

• national (meta) level – assessing the performance of the national transport 
system; 

• organization (macro) level – assessing the performance of the road 
authorities’ operations; 

• project (micro) level – assessing the delivery of an individual construction 
or rehabilitation project. 
 
In the road sector, performance can be measured from a number of different 
perspectives and for a number of reasons, especially to assess current and future 
conditions of road infrastructures [25; 33]. Agencies have instituted performance 
measurement processes for various reasons: to provide better information about the 
transportation system to the public and decision makers, to improve management 
access to relevant performance data, or to generally improve agency efficiency and 
effectiveness. Another important consideration is the desire to improve the link 
between resource allocation decisions, system conditions, and performance results. 
 The performance, involving the condition and serviceability of the road network 
can also be determined from the viewpoint of the maintaining agency, road users 
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and society at large. The agency’s viewpoint is technical, aiming at preserving and 
maintaining the technical condition of the roads. The road user experiences the 
serviceability of the road, which is related to the technical condition and the user’s 
expectations of this service. From society’s perspective, both the user’s and 
agency’s definition of condition are combined with various other objectives of 
transportation policies. 
 Road management involves a number of tools that include: 
 

• policy formation: definition of standards and policies for the road sector; 
developing a strategic view of road network development and maintenance, 
targeted performance and resources required; 

• overall network monitoring: knowledge of the network extent, conditions 
and traffic characteristics; 

• needs assessment and planning: determination of projects with their 
required expenditures for management and operations; 

• capital budgeting: appraisal and ranking of investment options, under 
budget constraints; 

• project programming: programming of maintenance and improvement 
projects; 

• monitoring and evaluation: monitoring the results and the impact of the 
project and comparing it to the strategic objectives defined during planning 
projects; 

• monitoring operations: obtaining performance measures for operations 
[56].  
 
These tools combined, aim for measuring the performance of road networks and 
planning their maintenance, comparing maintenance strategies against operational 
requirements, and for programming future maintenance, construction and 
improvement activities based on available resources [33].  
 This thesis focuses on public sector micro-level PeMS in Estonia and how such 
systems can contribute at the macro level and serve the interests of stakeholder 
groups. Consequently in this thesis the author addresses performance from non-
financial aspects focusing on monitoring technical conditions, environmental 
impacts and performing evaluations during the whole life cycle of the road or road 
section.  

Problem Statement 
 
Poorly maintained and badly constructed roads constrain mobility, significantly 
raise vehicle operating costs, increase accident rates and have impact on the 
environment and economy. Estonia, among other countries is facing financial 
constraints. This is restricting public spending on road mainteainance and develop-
ment. Therefore it is important to gather knowledge about the technical perfor-
mance of constructed roads. Long-term road condition monitoring programs and 
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performance measurement systems can provide information to carry out detailed 
analyzes.  
 The pavement is affected by loads, due to traffic and climate, which will have 
an effect on the pavement condition and slowly deteriorate the structure. Every 
country comprises of several regions and is unique by its geology and climate, by 
its traffic volumes, soil mechanical characteristics, materials used for construction 
and also design guidelines. Therefore best practices in other countries cannot be 
benchmarked without detailed analyzes of suitability [15]. 
 Estonia’s 58 487-kilometre road network is a fundamental part of its everyday 
life. Estonia encompasses also the densest public road network in the Baltic and 
Nordic countries. The average traffic volume on national roads has increased by 26 
% from 2002-2011 [1; 4]. Increased urbanization, economic cycles, and the use of 
ICT have all impacted on volumes and patterns of road traffic. Concomitantly, 
demands on and expectations regarding the road network are increasing. Because 
financial resources are limited government agencies must ensure in an effective 
and efficient manner that the road network meets legislative requirements and that 
road network development goals are achieved an optimal way. 
 Many road authorities, including the Estonian Road Administration (ERA) are 
facing an increased pressure to utilize their limited resources while still achieving 
the optimum road network development and maintenance outcome. The average 
roughness of main roads in Estonia is satisfactory but the average level of rough-
ness of basic and secondary roads is still too high and the speed of improvement is 
insufficient [4]. For the user of basic and secondary roads that means less driving 
comfort and large indirect expenses. Road improvements bring immediate and 
sometimes dramatic benefits to road users through improved access to hospitals, 
schools, and markets; improved comfort, speed, and safety; and lower vehicle 
operating costs. 
 Currently in Estonia various data is gathered about the conditions of the road 
network and collected in the Smart Road (Tark Tee) Database. The existing data 
collection and processing arrangement does not form an integrated system. 
Therefore it does not support the performance measurement of road conditions and 
networks on different levels for the following reasons: 
 

• systematic feedback about performance of pavements and road structures 
has not been implemented; 

• key performance indicators (KPI-s) have not been determined; 
• collected data is not systemized and linked to KPI-s; 
• frequency of data collection is unsatisfactory; 
• number of data acquisition points is insufficient; 
• common use of different databases is limited. 

 
The broader goal should be implementing performance measures in an integrated 
manner to set policy, allocate resources, measure and report results. Other 
researchers have claimed that 70 % of implemented PeMS experience failure [9; 
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32], therefore special focus should be put on developing mesures to avoid dys-
functional consequences. Performance measures alone will not affect agency 
decision making or the effectiveness of policy and resource allocation choices. To 
influence decisions, performance measures must be linked to objectives and 
integrated into the planning, management and decision making processes of an 
road agency. 

Methodology and Structure of the Thesis 
 

 The thesis consists of 163 pages. In the review article two tables and 12 
figures are introduced. In publications there are two tables and 23 figures. 

 The references contain 62 sources. 
 The thesis consists of the review article, abstracts in English and Estonian, 

references and a series of publications. These publications are referred to in the text 
by the Roman numbers (I…VI). 
 
I  Kõrbe Kaare, K., Koppel, O. Performance Indicators to Support Evaluation 

of Road Investments. – Discussions on Estonian economic policy : Current 
problems in the EU Member States, 2012, 2, 88-107. 

 
II  Kõrbe Kaare, K., Koppel, O. Improving the Road Construction Supply 

Chain by Developing a National Level Performance Measurement System 
: the Case of Estonia. – International Journal of Social and Human 
Sciences, 2012, 6, 225-231. 

 
III  Kõrbe Kaare, K., Koppel, O., Kuhi, K. Wireless sensing in road structures 

using passive RFID tags. – Estonian Journal of Engineering, 2012, 18(4), 
314-323. 

 
IV  Kõrbe Kaare, K., Kuhi, K., Koppel, O. Tire and pavement wear interaction 

monitoring for road performance indicators. – Estonian Journal of 
Engineering, 2012, 18(4), 324-335. 

 
V  Kaare, K. K., Koppel, O., Kuhi, K. Use of smartphone accelerometers for 

winter road maintenance improvement in urban areas. – Urban Transport 
XIX. Urban Transport and the Environment in the 21st Century. 
Southampton : WIT Press, 2013. [Accepted for publication]. 

 
VI  Kõrbe Kaare, K., Kuhi, K., Koppel, O. Developing Road Performance 

Measurement System with Evaluation Instrument. – World Academy of 
Science, Engineering and Technology, 2012, 72, 90-96. 

 
In jointly published papers the author of the current thesis was the primary author 
and principal contributor, responsible for stating the problem, choosing the 
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methodology and writing the conclusions under the supervision and guidance of 
Professor Dr. Ott Koppel.  
 This research work focuses on the development and implementation of a 
balanced approach to performance measurement in road industry. The long term 
goal is to have this research contribute to the development of knowledge to 
faciliate improved pavement design and road construction and reliable models of 
performance predictions. Data collection gives us possibilities to assess the current 
condition of the pavements and to evaluate the effect of maintenance techniques on 
the existing pavement capital. 
 Therefore, this work has the following technical and scientific objectives: 
 

• the existing data used for pavement condition monitoring and pavement 
management system and the frequency of collection are analyzed; 

• methodology for selection of indicators for structural performance 
measurement are defined; 

• the indicators having the greatest impact on road deterioration are 
researched and mapped out; 

• new effective technologies are analyzed and proposed to gather 
continuously necessary input data, for instance Radio-Frequency Idenfication 
(RFID) and participatory sensing technologies to expand the extent and increase 
frequency of data collection. 
 
To achieve these objectives it is necessary to carry out the following tasks: 
 

• establish preliminary data requirements to conduct a long term pavement 
performance study (I…II); 

• propose methods, technologies and equipment for monitoring the condition 
of road pavements to acquire continuously pavement condition data as indicated in 
research papers (III…V); 

• propose an effective PeMS that gathers various general and deterioriation 
data about the road network, specific roads and road sections (VI). 

 
The author uses a PeMS Systematic Design Approach (PSDA) [27; 66], which is 
appropriate to achieve the objectives and tasks listed in previous paragraphs. 
Accordingly to the abovementioned methodology the following steps are 
presented: the stakeholders and objectives of the PeMS are defined (I), the objects 
being measured are described (II), technologies to perform measurements 
(III…V), and a PeMS is proposed taken into account various approaches of 
performance measurement (VI). The corresponding illustration of the structure of 
the theses is featured in Figure 1. 
 Research in the field of performance measurement and road condition 
monitoring in Estonia has been conducted by the following scientists. Professor 
Aavik has conducted research [3] on the evaluation of the structural strength of 
pavement in the Estonian Pavement Management System (EPMS). Professor Aavik 
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with O. Talvik and P. Paabo have researched in detail the use of Falling Weight 
Deflectometer (FWD) measurements for pavement condition assessment and repair 
design [2; 3]. Professor Haldma from the University of Tartu has researched 
performance measurement and management in public sector institutions [31]. T. 
Kadak has created a model for designing and improving the performance mana-
gement system of organizations [37]. 
 

 
 
Figure 1. PSDA methodology and structure of the thesis 
  
The scientific novelty and contribution of the research consist of the following. The 
author presents a balanced approach to performance measurement in the road 
sector. From different performance measurement techniques used in production, 
business administration, IT and public administration,  suitable and applicable  
techniques for road sector are selected. Besides using traditional technologies for 
measuring structural performance the author proposes to complement the existing 
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PeMS with real time data via crowd sourcing, floating car sensors and cross 
exploitation of government databases.  
 This is the first research in Estonia proposing an integrated long term road 
condition monitoring system that uses feedback for evaluation and analytical 
purposes. The current shortcomings of condition monitoring – insuffi-cient rate 
and frequency, parts of network not covered, data about maintenance non-
systemized and weak links to meta and macro levels can be resolved. 
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1. PERFORMANCE MEASUREMENT IN THE ROAD SECTOR 

1.1. Essentials of performance measurement 
 
With the expectation that what is measured can be better managed, performance 
measurement is being implemented as a core component of management processes 
in public sector agencies. In the face of growing challenges, performance 
measurement is attracting growing interest from transportation agencies. They have 
long been using performance measurement as part of pavement management and 
bridge management systems. Now many agencies are extending the process to 
applications in construction and maintenance management systems, operations and 
safety programs, and administrative structures and processes. 
 Although many authors use the phrases of performance measurement and 
performance management interchangeably, they are different entities. Performance 
measurement is quantifying, either quantitatively or qualitatively, the input, output 
or level of activity of an event or process. Performance management is action, 
based on performance measures and reporting, which results in improvements in 
behaviour, motivation and processes and promotes innovation (see Figure 2). They 
also add a third strand of performance reporting – recording performance, possibly 
against a target or including analysis [53]. 
 

 
 
Figure 2. PeMS in the performance management process [26] 
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Performance measurement provides the means to assess the effectiveness of an 
organization's operations from different perspectives [11]. It is used to provide 
feedback at all levels – strategic, tactical or operational, project level – on how well 
strategies and plans are being met. Performance feedback provides the information 
necessary to improve decision making within the organization and further on 
government level, to enable proactive problem correction and to promote 
continuous improvement [57]. 
 The four aspects of performance measurement are: 
 

• deciding what to measure; 
• how to measure it; 
• interpreting  and evaluating the data; 
• communicating the results. 

 
Performance measurement is a simple concept without a simple definition [41]. 
Performance is a term used in everyday life, in engineering, in economics, and 
many other areas. It can have a general meaning or a specific meaning. For the 
latter, and particularly for roads, performance should be a measurable entity. This 
is essential for assessing the current and future state of road infrastructure, as well 
as institutional efficiency in service and safety provision to users, productivity, 
cost-effectiveness, environmental protection, preservation of investment and other 
functions. 
 In the last two decades, interest has grown in the art and science of performance 
measurement, particularly as it applies to road and transportation systems. The 
topic is well documented in the literature with significant treatises from many 
organizations around the world, including the United States Federal Highway 
Administration (FHWA) and the Transportation Research Board (TRB), OECD, 
the Association of Australian and New Zealand Road Transport and Traffic 
Authorities (Austroads), the Transportation Association of Canada (TAC) and 
World Bank. The ultimate purpose of measuring performance is to improve 
transportation services for customers [49]. 
 When developing performance measurement programs, the literature 
emphasizes that outcome measures should be included, where these relate the 
activities an agency undertakes to its strategic goals. Output and input measures, 
which reflect the resources that are dedicated to, and the products of, a program, 
may also be included in a performance-based management program. The number 
of measures included in a performance-based program should be limited to those 
that reflect the issues that are important to an agency. 
 Therefore, selecting a set of performance measures, it is important to recognize 
the distinction between input, output and outcome measures. Input measures reflect 
the resources that are dedicated to a program, output measures reflect the products 
of a program, and outcome measures look at the impact of the products on the 
goals of the agency. Outcomes can be more difficult to measure but are considered 
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important to measure because they directly relate the activities an agency 
undertakes to its strategic goals [49]. 
 The use of specific performance measures related to six outcomes: 
 

• safety; 
• transportation system preservation; 
• sustainability and environmental quality; 
• cost effectiveness; 
• reliability; 
• mobility and accessibility [25].  

 
Particularly for roads, performance should be a measurable entity. Development of 
appropriate performance indicators is required for linking transportation and 
infrastructure data for road management. Performance indicators, are calculated 
from these measurement results, which indicate the present condition of the 
pavement. This present condition information together with pavement performance 
models, makes it possible to predict future performance of the pavement [24; 25; 
47]. 
 A performance indicator defines the measurement of a piece of important and 
useful information about the performance of a program expressed as a percentage, 
index, rate or other comparison which is monitored at regular intervals and is 
compared to one or more criterion. The use of performance indicators goes beyond 
simply evaluating the degree to which goals and objectives have been achieved. 
 The use of performance indicators by a road administration depends on the 
particular needs for development or improvement in performance [47]. Perfor-
mance indicators can be applied to road project or programme evaluation, planning 
and organisation management in the following ways: 
 

• in process management, to measure the success of individual processes or 
groups of processes; 

• in management-by-results, to set targets and evaluate the achievement of 
goals and objectives; 

• in benchmarking, to establish “best practice” or “superior performance” 
processes in order to improve performance of the road administration; 

• to aid the development or improvement of the functions or specific 
engineering tasks of the road administration. 
 
Performance indicators are an essential part of modern road asset management 
[25]. The basic rationale for having measurable performance indicators is that 
limited availability of resources makes it necessary to allocate these resources as 
effectively as possible among competing alternatives; moreover, that consi-
derations of safety, capacity, serviceability and durability are explicitly recognized. 
 In developing performance indicators basic rationale should be considered in 
the comprehensive approach. A balance in use and reporting, efficiency and effect-
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tiveness, a tie to transportation values, objectivity in the measurement used and the 
stakeholders involved in the development of a framework. Performance indicators 
should be tied to road administration agency’s policy objectives and to 
implementation targets or minimum acceptable levels of serviceability [25]. 
 There are different types of performance indicators and different ways to use 
them. This understanding is crucial in selecting indicators for an administration. 
Different indicators should be selected based on whether the intention is to improve 
[47; 54]: 
 

• the internal efficiency of the road administration; 
• the quality of the administration’s products and services; 
• the overall performance of the road transport system; 
• a particular process of a specific engineering task. 

 
In the process of choosing  an effective indicator, it is essential to know: 
 

• the assumptions regarding the indicator and the rationale for measuring it; 
• the precision and accuracy of any measurements; 
• congruence – many indicators are proxies, so it is essential that the 

indicator changes in line with the actual behaviour; 
• whether a static measure (a value at a point in time) or a vector (a value 

and direction of change) is more appropriate whether a soft or hard measure is 
required; 

• if the indicator is going to measure results or behaviour;  
• what the likely intended and unintended consequences of the measurement 

system are [21]. 
 
 

 
 
Figure 3. Conceptual model for road performance indices [29] 
 
Performance indicators are defined for different types of pavement structures and 
road categories. In a first step several single performance indicators describing the 
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characteristic of the road pavement condition are assessed. The next step is the 
grouping of these single performance indicators into key performance indicators 
and finally into representative combined performance indices (see Figure 3) as: 

 
• functional performance indices (demands made on road pavements by road 

users); 
• structural performance indices (structural demands to be met by the road 

pavement); 
• environmental performance indices (demands made on road pavements 

from an environmental perspective) [42]. 
 

Finally, based on the combined performance indices a global (general) 
performance index is defined for describing the overall condition of the road 
pavements, which can be used for general optimization procedures [42]. 
 For designing performance measurement systems data should be collected about 
various structural performance indicators about the road network and about 
characteristics having an impact on the deterioration of the road. 

1.2. Causes of Road Deterioration 
 
For the road network owners, the road represents their primary asset. The most 
vulnerable part of road structure is the pavement. The pavement is affected by 
loads, due to traffic and climate, which will have an effect on the pavement 
condition and slowly deteriorate the structure [14]. Pavement deterioration process 
is complex and involves not only structural fatigue but also involves many 
functional distresses of pavement. It results from the interaction between traffic, 
climate, material and time. Deterioration is used to represent the change in 
pavement performance overtime.  
 The ability of the road to satisfy the demands of traffic and environment over its 
designed life is referred to as performance. Without proper maintenance, the 
pavement and sometimes the road would deteriorate to the stage where major 
expenditure is needed to restore its condition to the original level and the residual 
value of the pavement would be very low. Timely and proper maintenance reduces 
this depreciation to the benefit of both the road owners and road users. In order to 
carry out repair work up-to-date information about the condition of the road 
network is required [52].  
 In the process of optimal selection and timing of the maintenance measures, the 
road owners should be supported by information and data from performance 
measurement and pavement management systems (PeMS and PMS) on appropriate 
performance indicators, measured by monitoring devices and stored in databases. 
This data together with road performance models can give to the road owner 
information concerning the behavior of the road in the long term.  
 Road deterioration is influenced by the following direct and indirect 
characteristics:  
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• climate: temperature, rainfall, freeze-thaw cycles; 
• traffic loads; 
• geology; 
• ground water levels; 
• soil mechanics; 
• design, construction and maintenance guidelines; 
• material characteristics used for construction; 
• use of studded tires; 
• deicing guidelines and agents [10]. 

 
Pavement deterioration in cold climates is significantly different from that in 
warmer climates. Climate change can have direct and indirect impacts on road 
infrastructure. The direct impacts are due to the effects of the environment; chiefly 
rainfall and temperature, indirect are safety and vehicle operating costs. The 
influence of frost causes large variations in roughness during winter and the spring 
thaw causes rapid deterioration during a rather short time. Cold climates are 
subjected to intense solicitation by traffic as well as climatic and environmental 
factors. In addition to normal wear caused by heavy trucks (vehicles) the three 
main factors contributing to pavement deterioration in cold climate are: 
 

• thermal contraction and fracture in bound layers; 
• volume change caused by frost heave; 
• bearing capacity loss during spring thaw [16].  
 

These factors are likely to reduce both the functional and structural levels of 
service of pavements.  
 Climatic factors also amplify traffic action by modifying the mechanical 
properties of pavement materials across the season. During spring, thaw penetrates 
into the pavement structure and releases the water accumulated in the interstitial 
and segregation ice. High water contents combined with lower densities are 
essentially responsible for the weakening of unbound pavement materials and 
subgrade soils. The strength is then progressively recovered as soils and materials 
consolidate (drain) over time.  
 St Laurent and Roy [17] have established that relative damage caused by given 
load during springtime is between 1,5 and 3 times higher than the annual damage. 
The weakening is a complex process, which is essentially a function of three major 
factors: the amount of water accumulated in the pavement system by frost heave, 
the rate at which the system is thawing and the rate at which the layer consolidates. 
Viscoelastic properties of asphalt bound make them susceptible to temperature 
variations. High summer temperatures can reduce significantly the stiffness of 
asphalt bound making them susceptible to permanent deformation while low winter 
temperature make them brittle and prone to cracking. 
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 In the Northern hemisphere the geology has been influenced by the latest glacial 
period. Estonia is a country where the special problems with pavement deterio-
ration in cold climates occur. Similar problems occur in other countries but vary 
with variations in temperature, geology and other condition as traffic configuration, 
pavement design practices, etc., roads in the cold climates of the Northern 
hemisphere are to a large extent located in areas which were reshaped by the thick 
layer of ice during the glacial periods. Therefore, ground conditions are often very 
inhomogenous and road behavior due to subgrade material difficult to predict in 
many cases. 
 Heavy loads cause structural distresses affecting the pavement courses 
including the subgrade soil. The most typical forms of structural distresses are 
fatigue cracking in bound courses and permanent deformation of bituminous 
courses, unbound layers and subgrade [42]. Excessive structural distresses usually 
occur at the end of pavement life, for properly designed pavements, or earlier for 
pavements where the number of load applications or the level of stress exceeds the 
assumptions made by the designer.   
 Climatic factors can also be the cause of specific pavement distresses. Bound 
materials are sensitive to temperature variations. As temperature drops, asphalt 
concretes tend to contract. In the absence of joints, the contraction is restrained and 
tensile stresses build-up in material. If the stresses exceed the strength of the 
material, a thermal crack is initiated. During winter, frost penetrates in pavement 
materials and subgrade soils. While processing in the pavement structure, frost 
causes interstitial water to expand and can also cause ice segregation to form in the 
unbound granular materials. When the frost front reaches frost susceptible 
subgrade soils, water is sucked toward the frozen fringe where ice lenses are 
formed. The frost heave phenomenon is rarely uniform [58].  
 Surface distortions have significant impact on the service level of roadways. 
Differential heaving also occurs as a result of snow accumulation on the pavement 
sides which affect the thermal regime and result in a greater frost penetration at the 
center of the pavement than the edge of the pavement. Transverse differential 
heaving can generate excessive tensile stresses and initiate longitudinal or 
meandering cracks. These resulting cracks can be highly detrimental to the 
structural performance of the pavement because they intercept running surface 
water [17]. 
 Due to the great complexity of the road deterioration process (see Figure 4), 
performance models are the best approximate predictors of expected conditions. 
There are many parameters that need to be acquired to successfully predict the rate 
of pavement deterioration. Among others is annual average daily traffic, number of 
heavy vehicles, the axle loads, drainage, pavement thickness, pavement strength in 
term of structural number or value, mix design parameters and in Nordic countries 
also the temperature and freeze-thaw cycles. Pavement deterioration models are an 
integral part of PMS-s [28], which are used to forecast long-term maintenance 
needs and funding requirements on a road network. 
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1.3. Data Collection Technologies  
 
During the road lifetime, several factors contribute to road deterioration. Among 
these factors, external influences, such as climate and traffic (both volume and 
loads), can be measured with various devices. Additionally, road condition can be 
monitored with several different techniques. This section describes some currently 
available technologies. 
 Due to technological advancements, data collection is becoming continuous, 
giving real-time insight to road conditions. Besides PeMS, this data is applied in 
several fields, including economic analysis, finance, legislation, maintenance and 
planning. 
 Monitoring technologies can be classified as follows: 
 

• intrusive, e.g. inductive loops. Systems requiring installation inside the 
road structure. 

• non-intrusive, e.g. road weather stations. Systems which are placed above 
road structure.  

• off-roadway, e.g. floating car data. Systems which are not directly 
connected to road. 

• on-demand, e.g. roughness measurement. This covers analysis performed 
on-demand basis. 
 
In order to achieve comprehensive datasets, aforementioned technologies can be 
combined, thus minimizing errors. Overview of common technologies according to 
this classification is described on Figure 5. Common examples are described 
hereafter. 
 
Traffic volume 
 
As traffic volume is rather simple and straight-forward characteristic, all four 
technology classes have been employed.  
 

• On-demand 
 
 Manual counts. While being the oldest, most traditional method, it still 

has advantages, such as determining vehicle occupancy rate. On the 
down side, it is the most labour-intensive, requiring trained observers. 
Therefore it is only performed on demand, usually when automated 
measurements are not applicable. Most common equipment used are 
tally sheets, mechanical count boards and electronic count board 
systems. 
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 Calculated AADT values. As sensor networks do not cover whole road 
network, on other road sections AADT values are calculated using 
existing traffic data and inhabitance density around road sections. 
 

• Intrusive. These technologies are widely used around the world. Common 
denominator is sensor system built into road structure, which detects vehicles. 
Exact detection method varies. 

 
 Pneumatic road tubes – elastic tubes are placed across the road. Any 

pressure applied to tube is recorded and processed. Downsides include 
limited lane coverage and sensitivity to weather conditions. 

 Piezoelectric sensors – this is similar to previous, but uses electricity 
generated by pressure as signal source, allowing measuring weight as 
well as speed. 

 Magnetic loops – most commonly embedded in roads, this solution 
measures differences in magnetic fields generated by its components. 
However, it is susceptible to damage from heavy vehicles. 

 
• Non-intrusive. Less widely used, these systems rely on above-ground 

sensor network for detecting vehicles. Vehicle speed and size are measured via 
different radiations, such as: 

 
 infra-red (IR) – detects vehicles by IR signature; 
 microwave radar – uses Doppler radar to detect vehicle speed and size; 
 acoustic – similar to previous, uses sonar; 
 Video Image Processing (VIP) – using visible part of electromagnetic 

spectrum, detects moving objects in its view. 
 

• Off-roadway. Traffic volume is measured off-roadway using Floating Car 
Data (FCD). Unlike other systems, no special devices or infrastructure is needed. 
Data is obtained from two main sources: 

 
 GPS-based – using either dedicated GPS (or other similar technology, 

such as Galileo, GLONASS or Beidou) device or GPS-capable 
smartphone, satellite-based positioning gives accurate data about 
location, speed and direction of travel; 

 cellular – using simple triangulation, data from cell towers gives 
approximate location. However, due to low accuracy, this is usable 
mostly in urban areas, where cell tower network is denser [38; 61]. 

 
Truck weighing 
 
As the forces affecting road structure are directly related to vehicle weight, 
weighing heavy vehicles on road is rather common. 
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• Static scales. These are used both as portable (used on demand) and fixed 

(intrusive) solutions, which require the vehicle to be fully stopped on device. 
Depending on portability and purpose, size varies from wheel pads to full-width 
scales, allowing measuring the weight from single wheel to whole axle. 

• Weight-in-Motion (WiM). This describes systems designed to measure 
vehicle weight without needing the vehicle to come to a full stop. Operating speeds 
and captured dataset varies among different systems, such as: 

 
 Single Load Cell (SLC);  
 bending plate; 
 Slow Speed WiM (SSWiM); 
 Lineas Quartz Sensor [35]. 

 
Pavement condition characteristics 

 
As determining different characteristics of pavement is time-consuming and 
expensive, it is performed on demand. Following technologies are developed for 
analyzing deep structure of road construction: 
 

• FWD – measures stiffness properties of the pavement layers through 
analysis of deflection data; 

• Rolling Dynamic Deflectometer (RDD) – same as former, but allows 
measurements to be performed while in motion; 

• Dynamic Cone Penetrometer (DCP) – estimates strength of soils and 
granular construction material; 

• Ground Penetrating Radar (GPR) – uses radar to estimate dielectric 
properties on road construction layers [39].  

 
As the road surface directly affects both road user costs and comfort, several 
techniques have been developed for measuring its condition: 
 

• visual assessment – this is a traditional and proven way of determining 
road defects; 

• profilometers – these systems compare cross-section of road surface to 
straight line and record all deviations; 

• contact-device is in direct contact with road surface using a stylus; 
• contactless-device uses remote sensing (RADAR, LIDaR) in order to map 

road surface; 
• running-gear based systems – these systems, such as IRIMETER are 

attached to vehicle running gear and measure its movements; 
• Response Type Road Roughness Measuring Systems (RTRRMS) – these 

systems measure the amount of work done by vehicle’s suspension [5]. 
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In addition to that, with advent of accelerometer-equipped GPS-capable 
smartphones, these devices are showing potential with measuring road roughness. 
This gives a continuous data flow unlike other described techniques. 
 
Pavement temperature 
 
Data concerning temperature (and other weather-related variables) can be obtained 
from national or local weather forecasting agencies, but can also be collected on 
the road, giving higher precision. Data can be obtained from: 
 

• sensors within road structure (intrusive); 
• weather stations on or near the road (non-intrusive); 
• sensors on vehicles traveling on road (off-roadway) [6]. 

 
The list above-mentioned technologies does not cover all measurement options and 
also due to innovative new approaches continuously expanding. The ones 
mentioned were chosen by the author  either as most common and frequently used 
or with a potential to be applied in near future. 

1.4. Conclusions of Chapter 1 
 
The following primary conclusions can be drawn from Chapter I. Performance 
should be a measurable entity, particularly for pavements and road structures. 
Performance indicators are an essential part of modern road asset management. The 
basic rationale for having measurable performance indicators is that limited 
availability of resources makes it necessary to allocate these resources as effect-
tively as possible among competing alternatives; moreover, that considerations of 
safety, capacity, serviceability and durability are explicitly recognized. 
 The use of performance measurement to benchmark performance of one agency 
against another can be problematic and cause failure therefore every country 
should develop its own approach  taking into account its requirements [49]. In each 
case, the performance measures used must depend on the specific conditions of the 
agency and country, its goals, its resources, and its audience. Appropriate PeMS 
can ensure efficiency, accountability and transparency for transportation agencies.    
 The most vulnerable part of road structure is the pavement. The pavement is 
affected by loads, due to traffic and climate, which will have an effect on the 
pavement condition and slowly deteriorate the structure [14]. Pavement deterio-
ration in cold climates is significantly different from that in warmer climates. 
Pavement deterioration process is complex and involves not only structural fatigue 
but also involves many functional distresses of pavement. It results from the 
interaction between traffic, climate, material and time. For these reasons, while 
measuring performance of roads the focus is on collecting data about charac-
teristics influencing pavement condition. 
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 In the process of developing design and construction guidelines, deterioration 
models and while performing optimal selection and timing of the maintenance 
measures, the road owners should be supported by information and data from 
performance measurement and pavement management systems (PeMS and PMS). 
Appropriate performance indicators should be measured by monitoring devices and 
stored in databases. This data together with road performance models can give to 
the road owner knowledge and information concerning the behavior of the road in 
the long term. 
 In the last years, the richness of road traffic data collection sources has grown 
substantially and we have grown from data poor to data rich societies. New types 
of data are available from traffic sensors, imaging technology, incident and event 
reports, and weather sensors. The combination of traditional measurement techno-
logies with floating car data techniques can provide high quality traffic data in 
real-time that can be utilised by all the transportation actors.  
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2. DATA REQUIREMENTS FOR ESTONIAN ROAD 
NETWORK ASSESSMENT 

2.1. Current situation 
 
Estonia’s 58 487-kilometre road network is a fundamental part of its everyday life. 
Estonia encompasses also the densest public road network in the Baltic and Nordic 
countries. The average traffic volume on national roads has increased by 26 % 
from 2002-2011 [1; 4]. Increased urbanization, economic cycles, and the use of 
ICT have all impacted on volumes and patterns of road traffic. Concomitantly, 
demands on and expectations regarding the road network are increasing. Because 
financial resources are limited government agencies must ensure in an effective 
and efficient manner that the road network meets legislative requirements and road 
network development goals are carried out.  
 Many road authorities, incl. ERA are facing an increased pressure to utilize their 
limited resources while still achieving the optimal road network development and 
maintenance outcome. Currently in Estonia the road conditions are deteriorating 
due to ageing and severe weather conditions. There is not a unified system 
gathering sufficient amount of data about the entire network The ERA is in charge 
of the maintenance and development of state roads and local government are 
responsible for the street networks in their jurisdiction. 
 Key issues facing road transport system and road administration today in 
Estonia include:  
 

• decreasing road budgets; 
• ageing road network; 
• demand for greater transparency in road administration performance; 
• separation of the production and administration roles of road 

administrations; 
• demand for greater efficiency in all operations, leading to better results and 

quality; 
• demand for more co-ordination and co-operation across the transport 

sector; 
• demand for performance improvements to be implemented more rapidly 

than in the past; 
• new management aspects and the demand for an open and broad 

understanding of the mobility problems facing society; 
• demand for more data and more efficient data management; 
• demand for new design guidelines and deterioration models. 
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Countries needs long term performance analyzes of road conditions and detailed 
climate and traffic data to develop the best construction and maintenance 
guidelines  and  to develop models predicting deterioration. All Nordic countries 
including Estonia face challenges caused by freeze-thaw cycles and climate 
changes. Cold climate together with heavy vehicles are two of the most 
deteriorating effects to the condition of Estonian roads.  
 Every country is unique in its geology, climate, design guidelines and the 
characteristics of local construction materials therefore benchmarking and adopting 
best practices is not a suitable solution. For instance in Norway 1x1 km2 grids are 
formed to gather climatic data about roads for maintenance and modeling purposes. 
The amount of heavy vehicles, their exact weight and especially their amount and 
weight during spring thaw are important inputs to conduct profound analyzes on 
their impact and also in developing new guidelines. The traffic data should ideally 
be available for all road sections. Regions develop very rapidly, as several external 
factors can change the traffic patterns dynamic information about traffic is 
necessary for evaluation, predictions and maintenance planning [7; 45; 51].  
 Different types of data are required for managing the road infrastructure. Data 
collection technologies and data needs vary depending on which infrastructure 
element is evaluated. In general terms, elements such as road inventory, 
pavements, structures and traffic require two types of data: inventory and 
condition. Inventory data describe the physical elements of the road system. These 
do not change markedly over time. Condition data describe the condition of 
elements that can be expected to change over time. During predictions and 
analyzes both inventory and condition data are required. The data collection and 
processing system cannot be too data intensive and too expensive to sustain. To 
avoid this situation, three guiding principles should be considered when deciding 
which data to collect: 
 

• collect only the data you need;   
• collect data to the lowest level of detail sufficient to make appropriate 

decisions; and,  
• collect data only when they are needed [5]. 

 
PeMS-s need to be designed flexible. With the development of new technologies or 
changes in data needed or data frequency the implementation of changes needs to 
be possible in an efficient manner.  

2.2. Data Collection and Processing 

2.2.1. National Road Database  
 
Estonian National Road Database (NRD) is for storing static data about roads in 
Estonia. Launched in its current form in 2005, it was initially meant for only state 
roads. However, since then it has been expanded to accommodate local and forest 
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roads. NRD is built as attribute-based database with no direct GIS component. All 
spatial data is defined by linear referencing system, which allows mapping road 
data using GIS software and road axis data supplied by Estonian Land Board.  
 Its functions are defined in the Road Act, as are specified the datasets required 
for different road types. At this point, required data for all public roads is as 
follows: 
 

• road name and number; 
• road section number, name, length, administrative description; 
• pavement and carriageway width, pavement type and construction date; 
• required maintenance levels for summer and winter; 
• intersections and railroad crossings; 
• bridges, viaducts, culverts; 
• bus stops; 
• roadside lighting and walkways. 

 
Additionally, on state roads, following data is required: 
 

• pavement defects, roughness, load bearing capacity and rut depth; 
• AADT; 
• measurement devices on road – weather stations, traffic counters etc; 
• static speed limits; 
• traffic accidents – location, cause and type of accident. 

 
Other various datasets are stored in database as well, such as pavement layer 
thickness. As it is not a requirement by law, the data is inconsistent. Same applies 
to non-public roads, whose data is usually present if the road has been a public road 
at some point of time. This implies to outdatedness of data. The NRD serves as a 
main data source for all analysis performed by ERA and its partners. 

2.2.2. Estonian Pavement Management System 
 
EPMS is used by ERA for determining and prioritizing upcoming road works. Its 
source data comes from NRD and consists of as follows: 
 

• AADT; 
• roughness; 
• defects; 
• E-modulus; 
• rut depth. 

 
Using AADT values and road classification, road network is distributed among 
four levels, which imply the required road condition (see Table 1). These levels 
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determine the limit values for different characteristics, which in turn are used to 
calculate priority values – e.g. necessity of repairing current road section. 
 
Table 1. Road quality levels based on road type and traffic volume [2] 
 
AADT / Types 
of roads 

Below 500 500-3000 3000-5000 Over 5000 

Main roads 2 2 1 1 
Basic roads 3 2 2 1 
Secondary roads 4 3 2 1 
 
Using AADT values, standardized reconstruction costs are calculated for all road 
sections. Using AADT and International Roughness Index (IRI) values, road user 
costs are estimated. With these two values, all road sections are given a feasibility 
index, which indicates feasibility during one year after road construction. As long-
term feasibility studies are not in the scope of EPMS, these tasks are performed 
with HDM-4. 
 As a result, two lists are compiled – one for road sections with high and other 
for low traffic volume (separator is set at AADT value of 500). These lists are 
sorted by both priority index and feasibility index and presented to experts, who 
evaluate road section with highest indices in order to compile final plan for future 
road works. 

2.2.3. Smart Road (Tark Tee) concept 
 
Project Smart Road (Tark Tee in Estonian) was created to integrate various data 
sources related to ERA. Initial goal was to replace previous Road Information 
Centre applications with more complete and comprehensive approach, providing 
road users with on-time information about administrative regulations (such as road 
restrictions) and data gathered from road sensors, for example road weather 
stations. With future data analysis tools and dashboard applications in mind, 
gathered data is stored with timestamps and spatial attributes.  This is part of a long 
term plan to become comprehensive tool for road network analysis and assessment. 
 „Tark Tee“ data center receives data from monitoring systems currently owned 
by or related to ERA (see Figure 6). Data acquisition is active, with data center 
connecting to external data sources at specified intervals and getting pre-
determined datasets. These datasets are preprocessed by data source, for example, 
traffic counters provide averaged data for 15 minutes.  System is designed to allow 
including other data sources as well, when deemed necessary. This includes 
sources currently not available due to not being affordable, such as RFID tracking 
and live telemetry from devices with accelerometers. 
 Currently, data is programmatically received from and preserved indefinitely 
from following sources: 
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• traffic counters; 
• road weather stations. 

 
 

 
 
Figure 6. Smart Road (Tark Tee) Database configuration 
 
Data is received programmatically, but not stored (only last values are kept), from 
following sources: 
 

• road structure temperature sensors; 
• truck stop mapping project of Transport Workers Union; 
• road cameras; 
• road maintenance vehicle GPS tracking. 

 
Data is entered through dedicated applications (and stored indefinitely) from 
following sources: 
 

• Road Information Center providing traffic restrictions; 
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• road workers gathering traffic sign data with smartphone application. 
 
Additionally, road network spatial data is received annually from Estonian Land 
Board and static road data from NRD. This data is updated manually on on-demand 
basis.  
 Concerning analysis about road life cycle, following data could be imported to 
data center from NRD. This data is currently measured biannually on road sections 
with 100 meters of length: 
 

• pavement defects; 
• roughness; 
• elasticity. 

 
All data is made available in machine-readable form through well documented 
industry-standard platform, which provide source to public web portal and mobile 
applications. At this moment, data receives very little post-processing. For specific 
decisions, most data processing is done manually, for example using traffic counter 
data concerning seasonal speed limits [31]. 
 

 
 
Figure 7. Technical specification  
 
“Tark tee“ data center is based on ESRI ArcGIS Server 10 software, using open-
source PostgreSQL 8.4.8 with PostGIS 1.5.3 as ArcSDE database (see Figure 7). 
Data import is performed by custom Python 2.7 scripts using ArcPy to commu-
nicate with ArcGIS and Psycopg2 to communicate directly with PostgreSQL 
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database. Data output is performed by ESRI REST services, upon which there are 
currently working web portal built on Adobe (formerly Macromedia) Flash, custom 
mobile web app written in PHP and Android application built on Android SDK 8 
and ArcGIS Runtime SDK for Android. 
 All hardware is virtualized and workload is distributed between two servers. 
FOSS software is run by Debian 4.4.5-8 64bit. Windows applications, such as 
ESRI ArcInfo Desktop (formerly ArcView) are run on Windows Server 2008 Data 
Center Edition. These virtual servers are hosted in Amazon EC2 environment [31]. 
 In Estonia, data collection is distributed among several different government 
agencies. As substantial amount of it can be used in road performance measu-
rement and deterioration modeling – such as data from law enforcement and 
weather services (e.g. EMHI) – an interoperability layer is needed.  

2.3. Shortcomings in Existing System 
 
At this point, there are number of different sources providing continuous flow of 
raw data. However, this data is mostly just stored and not used in analysis.  This is 
due to lack of proven and widely accepted formulas of transforming data to 
comprehensive indicators. Other data is used, but only in specific analysis, which 
are used only in-house and not published. 
 Current system is lacking in feedback (see Figure 8). While road maintenance is 
required to fill out work journals, these are either paper-based or its digital 
analogue, being unusable for data analysis. Since maintenance works are divided 
among different authorities and executors, there is no common set of rules for data 
collection. Due to these reasons, all records of maintenance works are effectively 
nonexistent in context of data analysis. As the road elements are very hetero-
geneous and gradually aging, it is necessary to allocate important budgets, but also 
to look for agile models of technical, economic and administrative management. 
 

  
 
Figure 8. Main weakness in Estonian road projects assessment 
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ERA gathers data about IRI randomly with the interval of 1-3 years. Our climate 
requires an overall overview of the network twice a year – in autumns and after the 
sprint thaw – sometimes even more frequently. Today in Estonia, most analysis 
performed on road conditions are in essence, post hoc analysis. As limitations of 
time – for example, road defect detection can only be performed in small 
timeframe – and resources inhibit covering total road network, annual data 
gathering covers only half of it at best.  This causes data collection frequency to be 
biannual or lower. While this is not an issue for long-term planning, time interval 
between collecting data and performing analysis contains several events affecting 
pavement condition, most importantly freeze-thaw cycles. Therefore, pavement 
degradation caused by aforementioned events on roads may go unnoticed until 
beyond event horizon. 
 However, there is large amount of sensor-based data – traffic volumes and 
weather conditions – collected by ERA and its contractual partners. This data is 
used for calculating AADT values and planning road maintenance, but not for 
other analysis. 
 Another issue is spatial distribution of data. While some sensors provide data 
flow which is indeed descriptive of whole country and can be interpolated along 
whole road network within reasonable margin of error, others do not. An example 
of the former is Road Weather Station system, which is rather evenly distributed. 
For the latter, Traffic Counter system provide real-time data mostly for main roads, 
which have highest traffic volume, but are less that 10% of state road network. 
Other systems, such as WiM sensors have too few data points to adequately assess 
the impact on whole road network. This issue is caused by both legacy and budget 
reasons. 
 In addition to that, 61% of public road network is not managed by state, but 
consists of local roads, managed by local governments. This means over 200 
interested parties within wide range of capabilities in resources and know-how. 
There are no incentives for maintaining local road data in NRD, other than road 
names and lengths. Therefore all other datasets are incomplete. 
 Along with differences in spatial distribution, temporal distribution is just as 
various. Data from aforementioned sources is effectively real-time, while other 
data is gathered through procurements annually. While combining these data 
sources, it is imperative to account for dynamics between different measurements.  
 Estonian X-Road project is an example of best practice in the field of such 
interoperability layer between different parties. It was based on innovative and 
resource-saving idea of using unified set of user interfaces for communicating with 
different data sources. It is currently connecting over 100 databases, serving both 
public and private sectors. Its technical solution does not necessitate mirroring all 
data into centralized database, but creating a standardized data endpoints at every 
connected database. These endpoints can be Secure Servers for data exchange or 
Mini-Portals for Web Services (MISP2). Access to different databases requires 
authorization via national ID Card or e-banking and personalized approval from 
database owner [30]. 
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 As the X-Road project focuses on mostly personalized or otherwise sensitive 
data, all connections are strongly encrypted. While this is absolutely necessary for 
privacy and security, it does inhibit performance in terms of bandwidth. As road 
data does not require such security (as it is already public), but – due to sheer 
volume of raw data – has high requirements for bandwidth. Therefore directly 
integrating Smart Road and Road PeMS with X-Road is not suitable. 
 However, as the X-Road exchange layer requires standardized output, it can be 
used as a model for new exchange layer, which could be oriented for performance 
instead of security. This allows cross-referencing several data sources without data 
redundancy, for example determining exact road conditions during traffic accident 
or visualizing all events on road during its life cycle. 

2.4. Upcoming Developments 
 
The data acquisition should stay true to current principles in the near future. Data 
volume and speed are expected to rise, but within the frames currently existing. 
Instead of current situation that only covers the state roads, data should be acquired 
from all roads and geographical reach should be expanded to include neighboring 
countries, possibly the whole EU. Also, data acquisition should be  expanded to 
sources currently unused.   
 Compared to current situation, output should be vastly different. With smarter 
cars, on-time information is crucial. Whether this information is received by the car 
directly or through the drivers smartphone is of little relevance. The main issue is, 
that drivers receives information instead of unprocessed data.  For instance, drivers 
should be informed not only about traffic incidents or weather conditions, but also 
given suggestion, what would be appropriate reaction. Thus should be possible to 
alleviate traffic jams by routing cars through different streets/roads, depending on 
how many cars have already been sent to those directions. 
  So the end-user output should be operative and simple. For the in-house users, 
there should be at least three different approaches. 
 

• Decision-making. All data is highly processed, so that output is 
figuratively traffic light, color coded. It should be overly simplified, as it is for 
people with little knowledge of exact details. 

• Experts. While preserving decision-makers simplified view, it should also 
give some access to source data, as experts are familiar with its acquisition and 
processing and can improve on the initial decision.  

• Research and development. Full access to any and all source data with no 
limitations must be available. For instance, combining an average headway on state 
roads with road camera picture brightness should be made effortlessly and quickly 
accomplishable.  
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If these developments can be implemented obvious improvements will follow. First 
the whole Estonian road network is united into one Integrated Database System 
(IDS). Secondly the collected data can be processed into information. 

2.5. Conclusions of Chapter 2 
 
At this point, road network is monitored at a level that is insufficient in both 
temporal and spatial scale. As there are no clearly set performance indicators and 
data is only used for occasional analysis, actual speed of road deterioration is 
unknown. Database interoperability and FCD should complement existing data 
collection. It is important to establish guidelines for feedback and evaluating the 
quality of design and construction of new roads and maintenance of existing 
network. 
 In order to overcome these problems, following steps are necessary: 
 

• data acquisition must be expanded to cover whole road network; 
• data acquisition should be intensified where possible, so data collection 

frequency would match the speed of road deterioration; 
• models and formulas have to developed for transforming raw data into 

KPIs; 
• comprehensive feedback system has to be implemented for calibrating 

those models; 
• issues with jurisdiction are to be alleviated and entire road network should 

be monitored in unified form, using Smart Road Database as a foundation.  
 
Using existing data for performance measurement gives semi-real-time insight to 
road condition. Its benefits include, but are not limited to: 
 

• quick response to degradation events; 
• due to quicker response, less repairs are needed; 
• in longer term, large-scale data collection can be replaced with smaller 

collection for calibration purposes. 
  
In order to maximize the benefits and alleviate the shortcomings of aforementioned 
systems, following is suggested: 
 

• improve monitoring on road network with additions to current sensor 
network and using currently unused resources, such as crowd sourcing; 

• all data should be combined in order to provide KPI-s, allowing using them 
for financial planning and policy making. 
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The objective of long term pavement monitoring is to facilitate the better under-
standing of pavement behavior under Estonian conditions and practices. Specific 
goals related to this objective include: 
 

• to increase understanding of road condition measurements and condition 
data. Given the accuracy of measurements currently being undertaken, the data set 
lends itself towards being a benchmark for investigating most data measurements 
and statistical characterization aspects; 

• to provide the required condition performance data for on-going pavement 
model development. There are a number of models still to be developed and others 
that need further refinement work which is only possible with more data.  increased 
use of data in the Smart Road Database; 

• to use the data in research and development of new innovative 
technologies such as pavement design and materials; 

• with the availability of the data, transportation industry, agency and policy  
goals could be supported. 
  
Even if not all goals are reached, current situation offers several low-cost oppor-
tunities of improvement with require little effort. These improvements, most 
notably KPI-s on existing data and implementing participatory sensing, will bring 
improvement to most of listed areas. 
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• Measurement alone does not yield good data . . .it requires rigor. 
• Data alone is not information . . . it requires interpretation. 
• Information alone is not knowledge . . . it requires context. 

• Knowledge alone does not yield results . . . it requires action. 
 

     H. Kassoff [34] 
 

3. SYNTHESIS AND DISCUSSION 

3.1. Performance Measurement System Configuration 
 
As the funds available to road maintenance and construction are limited, it is 
imperative to monitor the construction phase and the conditions affecting the road 
in its public usage phase. These conditions include underlying geology, traffic 
loads, climate and technologies and materials used in construction. This is 
especially important in Estonia due to general lack of resources and severe climate 
conditions. The basic rationale of using performance indicators is allocating limited 
resources for road infrastructure efficiently, choosing optimal solution among 
competing alternatives and getting feedback to avoid unsuitable techniques and 
approaches. 
 Comparing the data from distinct sensors and locations enables identification of 
correlations between as-constructed properties of pavements in databases and field 
performance of pavements to quantify the link between material quality, traffic 
flow, climate and performance. By comparing traffic data and wearing of several 
lanes gives for data users feedback about the impact of traffic load and tire type on 
that particular pavement. Further on with more test locations long-term 
performance of pavements and road structures can be evaluated.  
 A conceptual model (see Figure 9) can be developed that enables analyzing and 
predicting more precisely future pavement deterioration based on road utilization. 
By adding dynamic climate data to the traffic model, prediction of the approximate 
timeline for probable maintenance needs of pavements will become possible for 
Estonian conditions. In condition monitoring it is important to gather detailed 
locations and information about defects, repairs and maintenance history including 
de-icing frequency and agents used. Several countries including Estonia have 
outsourced road maintenance from different operators via public tenders. Therefore 
there needs to be a system supporting unified data collection procedures. 
 The delivery of a PeMS is affordable, accessible and responsive to the needs of 
the organization can be achieved only if road sector managers are able to obtain 
effective feedback provided through a profound approach to data collection and 
quality. Such feedback provides the information needed for the organization to 
establish and sustain excellence in program and service delivery to the public.  
 Proposed PeMS architecture and data collection system is such that information 
will be provided to consumers dynamically as they request it. Sample usage 
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scenario in Estonia may be a driver starting to drive from Tallinn to Tartu 
requesting road condition information from the system – the car will subscribe to 
the road condition information on the route, receiving it directly and incrementally 
in real time from the server as the car proceeds on the route. Similarly the police 
may request information on traffic loads on different roads or locations receiving it 
from the sensors in the location. Other potential beneficiaries are: 
 

• internal and external security forces (police, criminal police, customs, 
border guard authorities, defense forces); 

• road maintenance and construction authorities;  
• transportation companies;  
• road authorities in developing design and construction guidelines and 

planning road maintenance. 
 

 
 
Figure 9. PeMS configuration for Estonian road network  
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Further on, based on long term performance monitoring results a model can be 
developed to predict the development of deteriorating effects to pavements and 
road structures based on climate, traffic and road data. 

3.2. New Technological Solutions for Road Network Data 
Assessment 

3.2.1. Sensor Equipped Radio Frequency Identification 
 
The RFID technology is a means of uniquely identifying an object with a wireless 
radio link, allowing data to be stored on an RFID tag and retrieved in remote 
application at a later point of time [8]. Wireless sensors incorporated in RFID 
systems are important in several industrial, consumer and logistics applications. By 
extending RFID tags to sensing applications the products become smarter and 
RFID sensor network applications are emerging and becoming more accessible 
[12; 13]. 
 The climate of Estonia, comprising of several freeze-thaw cycles even per day 
in winter makes it particularly important from the sustainability point to have 
knowledge about temperature changes and the amount of water moving through 
pavement and in different layers of the embankment. Cracking of pavements 
related to low-temperature frost action and freeze-thaw cycles is a well-recognized 
problem in most northern countries. Premature deterioration of road pavements is 
related to high frequencies of freeze-thaw cycles, primarily where subgrades are 
composed of fine-grained, saturated material. Once in a pavement or embankment 
water plays a primary role in giving shorter service life, service-ability and 
increasing the need of rehabilitation measures. In order for a road to be sustainable 
it is necessary to: consolidate well the earthworks; have good sub-base drainage; 
keep the water-table low; preventing the moisture content of the sub grade 
increasing; avoid failures due to binder stripping; and not to allow water to remain 
on top of the surface course weakening the surface due to hydraulic pressure. If 
improperly canalized, water can also cause soil erosion and a breakdown of 
pavement edges. 
 The way to acquire data about temperature and water content in different layers 
of road structure is still costly, difficult and time consuming. In this research an 
idea is presented and preliminary laboratory tests are carried out to use passive and 
Battery Assisted Passive (BAP) RFID-s with sensors in road structures to measure 
continuous data about significant parameters throughout the designed lifecycle of 
the road. The estimated lifetime and durability of suggested technologies are more 
close to lifetime of the road than other low-power wireless technologies such as 
Wireless Sensor Networks (WSN) and Active RFID Sensor Tags. Therefore they 
do not require intrusion to road structures for data acquisition and maintenance 
reasons.  The results of these tests proved that RFID tags can be read through 
different layers and depths of road construction materials. The idea of using 
passive RFID tags to gathered data about temperature and water content in 
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different layers of road structures for road performance measurement systems is 
proposed. 

3.2.2. Road Section Based Data Collection 
 
For performance measurement of specific roads, or road sections it is important to 
gather data about different key performance indicators and how they change during 
the life cycle of the road. Flexible pavements deteriorate under traffic loads and 
climate effects. The road wear from the traffic will be exposed to road pavements, 
and depending on the ability of the pavement materials and design the pavement 
will develop distresses over time. These effects differ depending on the technology 
and materials of the specific road but the greatest effects depend on traffic loads, 
their volumes and climate. Integrating a dynamic measurement station in every 
constructed road or road section is presented as a concept of input data collecting 
for road performance measurement system. 
 While planning a new road, this kind of measuring point should be designed at 
the beginning of every road section as a part of the road construction project. 
During the life cycle of the road the collected data gives possibilities to analyze the 
results from various angles – environmental impact, technical sustainability, 
wearing of the road, etc. With new developments in technology or new 
requirements the measurement system is flexible to integrate new data collection. 
 Emphasis of this research was put on finding effects of traffic volume, axle load 
and tire type on  pavement wearing, but also proposing solutions of measuring tire 
wearing. For pavement design, but also to determine the pavement wear effect of 
different tires, wear effects of different axle loads have to be determined. Generally 
this is described by a load equivalency factor (LEF, also equivalent axle load 
factor), where an axle load is said to be equivalent (producing equal pavement 
wear) to a number of applications of a reference (standard) axle load. The most 
well-known LEF is so called “fourth power law” which is expressed 
mathematically as shown in Formula 1:  
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where: 
 Wx and Wref   - axle loads; 
 Nx and Nref   - corresponding numbers of load applications. 
 
The use of a fourth power relationship predicts that e.g. 7.3 % increase in allowable 
loading for a single axle will result in a 33 % increase in pavement wear, and 
consequently road authority can expect a 33 % increase in the length of pavement 
rehabilitation required per year. 
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 The results are input measurement for performance measurement, allowing also 
to determine the pavement wear effect from different tires and axle loads. With 
time the pavement will develop described distress modes in various degrees until 
the pavement reaches an unacceptable condition and will be rehabilitated by 
resurfacing and possibly strengthening. 

3.2.3. Participatory Sensing 
 
As mentioned before currently existing systems do not fulfill the constraints 
imposed of Estonian roads today. There is a need to reduce specialized and 
expensive equipment. Developing low cost solutions that involve participatory 
sensing or crowdsourcing is one of the solutions that is gathering recognition and 
vast implementation. In this research using smartphone and tablet accelerometers 
for pothole detection is well suited for initial and real time road surface condition 
monitoring. 
 Due to the increasing demand of the transportation authorities for rapid, 
accurate data acquisition about the road pavement, a mobile mapping system has 
been developed primarily for road surface detection. Road roughness is measured 
in different ways, using IRI as an indicator to describe it.  
 IRI is essentially a computer based virtual response type system that sum-
marises the roughness qualities, that impact vehicle response and is most 
appropriate when a roughness measure is desired that relates to overall vehicle 
operating cost, overall ride quality, dynamic wheel loads and overall surface 
condition. The IRI measurement has m/km (sometimes mm/m) or in/mi units. The 
determination of IRI can be easily done from the intersected surface points; only 
the longitudinal profile has to be used [35]. 
Within the transportation technology industry, there has been an increasing interest 
in road surface monitoring and in finding easier ways to map and monitor potholes. 
 There are several vehicular sensing systems for pothole and roughness 
detection, particularly [19; 22; 35; 43; 44; 50; 59]: 
 

• BusNet system developed at University of Colombo; 
• tri-axis accelerometers in an embedded Pothole Patrol system together with 

GPS receivers developed at Massachusetts Institute of Technology; 
• mobile devices as a surrogate traffic sensing and communication systems 

like Nericell and TrafficSense developed at Microsoft Research India; 
• a system developed at National Taiwan University what is using motor-

cycle-based mobile phones; 
• a pothole detection approach in the context of offline data mining, 

proposed at University of Jyväskylä (Finland); 
• a mobile sensing system for road irregularity detection using Android OS 

based smart-phones developed at University of Latvia; 
• photogrammetry-based road roughness measurement system developed at 

Budapest University of Technology and Economics (Hungary); 
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• different laser scanners; 
• Englo road roughness measurement system  IRIMETER.  

 
A mobile monitoring system can be installed on a series of service vehicles or 
buses, capable of acquiring, elaborating and transmitting data in real time. The 
instrumented vehicles can be designed to capture the road surface temperature by 
the use of contactless IR-sensors and various others sensors can be integrated that 
can perform analysis of textures, crack detection, surface details such as grooving, 
and others. 

3.3. Modelling Pavement Performance 

3.3.1. Estimation of Missing or Incomplete Data with Probabilistic 
Graphical Models 

 
Pavement PeMS-s are to help decision makers to reach reasonable decisions. If the 
data that the decisions are based on is old or incomplete then the decisions suffer. 
The state of the pavement of a road section is often uncertain because the 
observations about it are partial. Only some aspects of the causes of the pavement 
deterioration process are observed or the observations are noisy given the exact 
time moment. When using deterministic models the uncertainty of the pavement 
state is not visible thus applying the deterministic models are more likely to give 
false diagnosis. 
 Traditionally, probability is defined for a random event as the relative frequency 
with which an event occurs in a set of repeated trials. However, in the case of 
missing maintenance and recovery history, unknown parameters do not originate 
from random experiments. Instead, there is uncertainty arising from having 
insufficient information and not from randomness. As a result, traditional 
probability concepts are not suitable for addressing this particular problem. To deal 
with such problems, Bayesian statistics interpret uncertainty as a result of 
insufficient information and interprets probability as the apparent validity of a 
hypothesis based on the state of knowledge [55]. 
 In the past decades, researchers have developed various infrastructure 
deterioration models varying from simple linear regression models to complicated 
Markov Chain models by using empirical, mechanistic, or mechanistic-empirical 
approaches. However, these models are limited in two aspects. First, the traditional 
deterministic models are inadequate to model the uncertainties associated with 
pavement deterioration processes. Although various stochastic models, such as 
Markov Chain models, have been developed to capture the stochastic 
characteristics, these stochastic models suffer from such limitations as the 
assumption that pavement deterioration is a stationary process. Second, most of the 
traditional performance models do not consider pavement deterioration as a 
dynamic process. In other words, most of the previous performance models are 
static in nature. Moreover, these models focus on developing deterioration models 
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based on historical data, where updating the developed models with new inspection 
data is generally neglected [40].  
 Based on modeling approaches, pavement deterioration models can be classified 
into three groups: mechanistic, empirical, and mechanistic-empirical. Historically, 
pavement behavior was studied using the mechanistic approach based on the 
physical principles such as the soil mechanistic theory, mechanical property of 
pavement materials under load, and multilayer structural analysis techniques. Most 
of these studies were conducted under limited experimental conditions.  
 Therefore, they need to be validated and calibrated to the full range of real 
situations before implementing the developed mechanistic models. In addition, 
most of these models are still simple and only represent the material or structural 
responses in limited situations. Even though the mechanistic approach is regarded 
as the best to characterize the deterioration process, the development of reliable 
and acceptable mechanistic models is still at its early stage and requires a signi-
ficant amount of time and effort for continuous studies [40]. 
 The empirical approach employs statistical techniques to explain pavement 
deterioration with its explanatory variables. Although this approach has the 
capability to link the pavement performance with their causal variables, the 
explanatory variables taken are only based on their availability and statistic values. 
Consequently, this approach suffers from the limitations associated with the scope 
and range of the available data [40]. 
 The mechanistic-empirical approach is the combination of the above two 
approaches. The mechanistic approach assists in determining pavement responses, 
structuring the explanatory variables and functional forms of empirical models. 
The final relationship between the response variables and pavement performance is 
developed with the statistical techniques adopted in the empirical approach. The 
coherent combination utilizes the advantages of both approaches and is expected to 
attain better performance models than the empirical approach only [40]. 
 Keeping up to date the technical parameters (e.g. using crowd-sourcing) is not 
possible in case of each type of parameter. To display the more reliable pavement 
performance index with the probability indicator by the road section to the PMS 
end user, the mechanic-empirical COST354 modeling  can be combined with 
probabilistic graphical models that estimate the missing or improve the outdated 
technical parameter measurement values.  
 The research [37; 55] shows that by applying very simple probabilistic concepts 
together with the state of similar road sections data, also historical planning and 
build information, the accuracy of the estimation of the repair need of the road 
section is very high. Those techniques theoretically are applicable to technical 
parameter approximation. 
 The observations in Estonian Smart Road (Tark Tee) Datacenter case are done 
in very different time intervals varying from minutes to years. To find probable 
state of the pavement of a road section we need to consider also the time passed 
from the last given observation. This requires the dynamic nature of the probability 
modeling (e.g. using Hidden Markov Models and Dynamic Bayesian Networks). 
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Some of the currently missing values can be derived from other measurements and 
similar historical cases. Some can be approximated and still used in the 
performance calculus giving indication to the end user of the probability of 
correctness. 

3.3.2. Performance Indices 
 
PeMS is suitable for monitoring the performance of the entire road network in 
Estonia. The roads managed and supervised by the ERA have a better capability to 
implement the system. The system is designed to collect measurements of the 
pavement condition, climatic conditions, traffic load and volume and also 
maintenance records. After modeling, analyzing and evaluating the outcomes of the 
gathered data it is possible to make suggestions to the design guidelines, 
construction guidelines and to optimize repair strategies for pavement 
rehabilitation and maintenance. 
 

 
 
Figure 10. PeMS architecture 
 
Besides valuable information about how to design and construct sustainable roads 
the system (see Figures 10 and 11) enables to develop and successfully implement 
a proactive approach for prioritizing, preserving, rehabilitating, and maintaining 
existing pavements. The process includes technology and implementation planning, 
software application configuration, database implementation, interfaces to internal 
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applications, testing, training, data conversion, end user and technical 
documentation, project management, and post-implementation check-up and 
annual evaluation, development and support. 
 

 
 
Figure 11. Combined performance indices as proposed by COST354 [42] 
 
The primary objectives of developing a PeMS are the following: 
 

• create the ability to provide a secure method to assure data integrity and 
access to all vested and interested parties which will lead to improved 
communication and help optimize the investment in maintenance activities; 

• allow for importing of data from other databases to create a single source 
for pavement data to improve the network and project decision making process; 

• provide a single source of reports for internal and external stakeholders to 
improve the decision making process; 

• provide timely and accurate information  executive management to 
improve the daily decision making process; 

• create the ability to prioritize pavement projects based on objective distress 
and condition indices leading to optimized investment and long-term cost 
avoidance; 
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• monitor pavement segments, sections over time to see the change in the 
pavement condition to optimize the timing of maintenance decisions leading to 
long-term cost avoidance; 

• create predictive models for assisting in optimizing the planning and 
programming of future projects leading to long-term sustainability and cost 
avoidance; 

• provide the ability to centralize and standardize the tracking of history 
through integration of key data sources to facilitate optimization of the investment 
in maintenance and rehabilitation activities; 

• provide pavement performance and history of activities at any project 
location within the network to facilitate optimization; 

• provide the ability to determine a level that will support a defined 
pavement performance level focused on extending the service life by applying 
preservation treatments early instead of having to rehabilitate the pavement later 
leading to long-term cost avoidance. 
 
Common way of combining different parameters is defining indicator as weighted 
sum of different measured values. These weights must be calibrated after according 
to road network conditions, giving higher weights to more descriptive items. 
 For example, technical parameter for cracking describes the severity and spread 
of pavement cracks. As different crack types are described differently, e.g. 
longitudinal cracking is measured as length, while alligator cracking is measured as 
area, formulas (e.g. Formula 2) are to distinguish and combine collected values 
based on their spatial properties. 
 ܶ ௖ܲ௥ = ݊݅ܯ ቆ100; ݊݅ܯ  ൬100; ଵ஺ೝ೐೑ · ∑ ൣ ௠ܹ · ∑ ൫ܵ௖௥,௔,௜ · ௜൯௜ܣ ൧௠ · 100൰ ൅݊݅ܯ ൬100; ଵ஺ೝ೐೑ · ∑ ൣ ௡ܹ · ௪௜ௗ௧௛,௟ܫ · ∑ ൫ܵ௖௥,௟,௝ · ௝൯௝ܮ ൧௡ · 100൰ ൅ ݊݅ܯ ൬100; ଵ஺ೝ೐೑ ·∑ ൣ ௢ܹ · ௔௥௘௔,௞ܫ · ∑ ൫ܵ௖௥,ா,௞ · ௞൯௞ܧ ൧௢ · 100ቁቇ ,     (2) 

 
where:  
 TPcr   - technical parameter cracking; 
 Aref  - reference-area; 
 Eref   - total number of referred elements (e.g. number of concrete slabs); 
 Iarea,k  - standard area of elements with cracks (e.g. area of concrete slab); 
 Iwidth,l   - standard influence width of linear cracks (e.g. 0,5 m); 
 Scr,a,i  - severity of crack type i; 
 Ai   - cracked area of crack type i; 
 Lj    - cracking length of crack type j; 
 Scr,l,j   - severity of crack type j; 
 Ek   - number of elements with cracks of type k; 
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 Scr,E,k  - severity of cracks on an element of crack type k; 
 Wm   - weight of cracked areas; 
 Wn    - weight of cracked length; 
 Wo    - weight of cracked elements. 
 
Similar formulas are developed for all technical parameters (see Table 2). 
COST354 provides two possible ways to create combined performance indices 
upon these parameters. 
 
Table 2. Technical parameters for KPI-s in Estonian road PeMS: compiled by 
author based on literature [42] 

Indicator Description 
 

Technical parameters 

Friction Measure of the frictional properties 
in pavement surface 

Sideways force coefficient, 
longitudinal force coefficient, grip 
number, transverse adherence 
coefficient, skid resistance 

Rutting Measure of rut depth on pavement 
surface 

Rut depth 

Cracking Weighted sum of different types and 
dimensions (area, linear, numbers) 
of cracking in reference to the 
investigated area 

Alligator cracking, cracked 
concrete, slabs, edge cracking, 
longitudinal cracking, transverse 
cracking, block cracking, thermal 
cracking, reflective cracking 

Surface 
Defects 

Weighted sum of different types and 
dimensions (area, linear, numbers) 
of surface defects in reference to the 
investigated area 

Bleeding, raveling, patching, 
palling, potholes, subsidence and 
bulge, joint spalling 

Evenness Longitudinal Evenness is the 
deviation of the profile from a 
straight reference line 

International roughness index, 
wavelength, spectral density, 
longitudinal profile variance, rut 
depth, water depth, cross-fall, edge 
deformation 

Texture The Macro-texture of surface is 
formed from the aggregate particles 

Mean profile depth, sensor 
measured texture depth, sand patch 
value 

Bearing 
Capacity 

A measure of the structural 
performance of the pavement 

Residual life, surface curvature 
index, deflection, structural number, 
e-modulus, deflection velocity 

Noise Noise caused by traffic on current 
road section 

N/A 

Air 
Pollution 

Air pollution caused by traffic on 
current road section 

N/A 
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Alternative 1 (see Formula 3) considers the mean value of the weighted single 
performance indices other than the maximum weighted single performance index 
influenced by a factor p. 
௜ܫܲܥ  = ݉݅݊ ቂ5; ܫଵ ൅ ௣ଵ଴଴ · ሺܫଶ, ,ଷܫ … ,  ௡ሻതതതതതതതതതതതതതതതതቃ ,    (3)ܫ

 
where: 
 I1≥ I2≥ I3≥… ≥ In and I1 =W1 ⋅ PI1; I2 =W2 ⋅ PI2;...; In =Wn ⋅ PIn . 
 
Alternative 2 (see Formula 4) considers the second largest weighted single 
performance index influenced by a factor p. All other performance indices which 
are less than the second largest weighted single performance index are not taken 
into consideration. 
௜ܫܲܥ  = ݉݅݊ ቂ5; ܫଵ ൅ ௣ଵ଴଴ ·  ଶቃ ,      (4)ܫ

 
where: 
 I1≥ I2≥ I3≥… ≥ In  and I1 =W1 ⋅ PI1; I2 =W2 ⋅ PI2;...; In =Wn ⋅ PIn . 
 
Alternative 1 is the preferred combination procedure for the calculation of 
Combined Performance Indices (CPIs) because it takes all relevant input values 
into consideration. However, alternative 2 can be useful for specific applications. 
 As the sensor network covers mostly main roads, initial indicators should also 
cover main road network, which carries over 50 % of traffic volume on state roads 
while constituting only 10 % of total length of state roads [4]. With sensor network 
expanding, those indicators can be extended to whole road network. Possible 
performance indicators are as follows. 
 

• Freeze-thaw degradation. Combining freeze-thaw cycle data from road 
weather stations with traffic volumes from thawing periods shows possible damage 
caused by vehicles while pavement is more susceptible to damage than usual. In 
longer term, these values can be calibrated against actual measured degradation 
values. 

• Average speed compared to speed limit. In Estonia, it is common to keep 
traveling speed close to posted speed limit. If average speed is significantly lower 
than speed limit, it could indicate problems with road itself. 

• Weather effect on speed. Combining average speed data with weather 
conditions gives insight to whether vehicles are travelling slower than usually in 
similar conditions, indicating problems with road construction, for example 
drainage. 
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3.4. Importance of Evaluation 
 
In road network performance measurement, evaluation should complement and 
support the system (see Figure 12). Evaluation studies and performance measu-
rement are highly complementary forms of knowledge production. Evaluation and 
performance measurement share many of the same features with regard to 
structuring and planning, obtaining data, analyzing and evaluative judgment. 
Evaluation tools can remedy a number of the shortcomings of performance 
measurement and also contribute to research-based policy development. Improved 
technology enables monitoring and reporting systems to collect outcome data on a 
regular basis and thus measure performance in a more balanced and focused way.  

 
 

  
Figure 12. Evaluation mechanism in PeMS for Estonian road network 
 
Institutions sometimes draw conclusions from performance indicators and 
implement changes based on raw observations and output measurements and lead 
to unwanted outcomes. This automatic transformation into performance infor-
mation has caused many PeMS-s to fail [47] and therefore it is important to involve 
data analyzes and evaluation process into performance measurement. 
 Failure of PeMS is often described from organizational point of view. Bourne 
[40] has stated that there are three main blocking factors to implementation of the 
measures that refer to the road network performance measurement: 
 

• the effort required; 
• the ease of data accessibility through the IT systems; 
• the consequences of measurement. 

 



 

57 

The measures may therefore prove inaccurate and these cannot be used to track the 
pathway to strategy execution. Information from performance assessment that 
should necessitate adjusting activities, do not bring this effect. Even improvement 
activities are undertaken these are not based on the facts collected by the system. 
[40]. 
 Contrary to performance measurement, evaluation can question the very 
relevance and appropriateness of the development, program, project or solution and 
as such identify unintended as well as expected and planned results. It can further 
explore the reasons for the documented results. In this sense, evaluation has a 
deeper heuristic and penetrating nature than performance measurement. 
 As has been stated, performance data feeding back into the program 
organization needs to be analyzed in order to identify the contextual evidence that 
may explain good or poor performance. It is thus important that performance data 
is reported on the basis of balanced assessment. Evaluation audits are a tool to help 
in creating such assessments. 

3.5. Conclusions of Chapter 3 and Further Research  
 
During this research the following was done. 
 

• A new conceptual model for public sector PeMS that focuses on structural 
performance of road network, is introduced. This proposed system enables 
analyzing and predicting the behavior of pavements and road structures. It is 
suitable for Estonian conditions, but applicable also in other regions with similar 
climatic and geological conditions. 

• New PeMS architecture and data collection system for Estonian road 
network has been proposed focusing on monitoring of technical conditions, 
feedback, environmental impacts and life cycle evaluation.  

• New technological solutions for more frequent and real time road network 
data collection have been analyzed, allowing further developments of Smart Road 
(Tark Tee) Database. 

• Novel pavement performance models to estimate missing or incomplete 
data with probabilistic graphical models have been elaborated. 

• Novel performance indicators, forming KPI-s, and performance indices for 
PeMS architecture have been introduced. 

• New evaluation mechanism for road network PeMS has been proposed to 
eliminate failure and dysfunctional impacts before reporting results and 
implementing corrections. 

 
In this research work a proposed system of data gathering for performance 
measurement is introduced. The current research concerns road PeMS with 
restrictions and the topic calls for further research. Further research should be 
conducted on the implementation aspects of the proposed system, including 
development of measuring technologies, constructing deterioration models and 
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combined performance indicators and integration of financial and non-financial 
measures.   
 Key recommendations for future research are as follows: 
 

• More data about conditions within the road structures will give a faster 
and better understanding about impending problems. Early discovery allows 
corrective actions even during the construction phase in order to solve quality 
issues. Wireless Passive or Semi-Passive Sensors with energy harvesting power 
supply built into road structure are insufficiently covered as a topic. Further 
research should be carried out to understand the different possibilities of data 
harvesting from sub-surface structures using RFID. The research should continue 
on buried passive and semi-passive wireless sensors and energy harvesting of their 
power supply units in order to get more exact data of pavement structure 
environmental variations and deviations. 

• Precise data regarding technical parameters is measured with sufficient 
time intervals on main roads. Other parameters and total network coverage can be 
achieved by applying participatory sensing principles. 

• Some values need approximation based on the existing data using 
probabilistic models or other modern learning algorithms. The analysis needs to 
determine which techniques and algorithms to use on different parameters to 
alleviate the inexactitude of the data at specific time. After improving data 
collection and correction, it is easy to calculate the KPI-s and indices for a road 
section together with the reliability assessment. Further research is needed on the 
implementation aspects of the root cause analysis drill down functionality to enable 
the lifecycle analysis of road section. Also, the gap analysis needs to be performed 
with the existing system in order to identify the work packages and create the 
implementation plan of PeMS in Estonian Smart Road (Tark Tee) Database 
context. 

• ICT is becoming more common in various industry verticals. Automotive 
industry is one of the leading implementers. Today, a multitude of sensors such as 
accelerometers, temperature sensors, relative humidity sensors etc. are used in the 
vehicles. This data is published through CAN bus or its equivalent and becomes 
available to different devices in the same vehicle. At the same time the M2M 
communication platforms are evolving and it becomes economically feasible to 
connect the cars to the Internet using wireless data communication technologies 
(GPRS, CDMA, HSDPA, 3G, LTE). By connecting those two trends, and taking 
the security aspect into consideration, using the car sensor data for pavement 
condition and climate monitoring becomes possible. This gives the PeMS a more 
reliable alternative as a data source besides Smart Phone data. The further research 
in this field gives answers like which sensor data should be exploited in the PeMS, 
what would be the best technical solution for data transfer from car to System 
Refernce Document (SRD) and what security aspects need to be considered in 
order to connect SRD with car sensors. 
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• One area of further research is development of a vehicle-mounted device 
tasked with the following areas of application: 

 
 texture measurements for PMS including safety investigations; 
 quality control measurements for new pavement for certifying whether 

the pavement meets contract specifications for texture and aggregate 
segregation limits; 

 texture and surface detail measurements (wear, grooving, tinning); 
 longitudinal and transversal planarity of the road surface; 
 faulting at joints and cracks; 
 joint and crack measurement summarized over a section of pavement; 
 records of repaved surfaces; 
 road pavement defects and roadmarking analysis. 

 
Most of these things should be achievable through the combination of a series of 
laser displacement sensors, LIDaR scanners, accelerometers, digital image 
processing (Wisecrax, Alparysoft, etc.) and other devices or software imple-
mentations for error compensation and calibration. For an exact positioning 
however, GPS data quality and precision lacks reliability, therefore an optical shaft 
encoder should be used for linear referencing. 
 In addition the following areas can be brought out for further research: 
 

• the suitability of introducing COST354 performance model needs to be 
assessed and its shortcomings alleviated; 

• development of Bayesian probabilistic network models is necessary in 
order  to predict the discrete pavement state probability of the single road section 
given the historical planning and construction information and also the current state 
of similar road sections. The ultimate goal would be estimating the discrete 
pavement performance indices (safety, comfort, structure, environmental impact) 
on the road sections where the technical parameters are either not collected or are 
collected less frequently than required by the state of the art performance models; 

• other modern learning algorithms need to be tested on the collected data 
and the performance of different algorithms evaluated to predict different values in 
the COST354 model with the perspective to design auto-calibration system for the 
model. 
 
With this technical and theoretical further research the PeMS can be complemented 
in time making it more effective and efficient. 
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ABSTRACT 
 
A country's level of economic activity, and its production of wealth, is for a large 
part dependent on its capacity to move people and goods. A nation’s transportation 
infrastructure can either support or hinder its economic development. In Europe, 
over 75 % of ground freight and 80 % of passenger transport takes place by road. 
Therefore, road networks are important lifelines for modern societies. A well 
designed, constructed and maintained road network, which allows for a high degree 
of mobility and accessibility to communities by road, is an essential factor in the 
economic development and prosperity of a nation. Road agencies are responsible 
for the design, maintenance, repair and development of road networks under their 
jurisdiction in order to ensure required operational levels.  
 As the quality of roads deteriorates over time from use and continuous impact 
from the environment, proper maintenance of the road system is necessary to 
preserve its serviceability and structural integrity, which are important for the 
effectiveness of transportation, safety of road users and economic development. 
Since roads are infrastructural assets with long lives, maintenance activities need to 
be viewed from a life cycle perspective if an optimal balance is to be obtained 
between benefits and costs, and to assist road agencies in providing appropriate 
levels of service to road users. Therefore, when access to resources declines and 
ageing infrastructure deteriorates, the task of maintaining an efficient road network 
often becomes a challenge for the road agency. 
 Modern road management is performance based; both programming and 
implementation of maintenance and operational activities are driven by 
appropriately defined performance indicators. Performance indicators can be used 
in particular as target criteria in life cycle analyses within the context of pavement 
design and/or systematic road maintenance at the national and the European levels. 
Uniform performance indicators permit an evaluation of the effects of different 
design and maintenance strategies, but they can also be a basis for predicting road 
performance and for improving old and developing new prediction models. 
Performance indicators are thus an objective tool used in road construction and 
maintenance at various administrative levels, from the local to the national. 
 Currently in Estonia various data is gathered about the conditions of the road 
network and collected in the Smart Road (Tark Tee) Database. The existing data 
collection and processing arrangement does not form an integrated system 
therefore not supporting performance measurement of road condition and networks 
on different levels because of below mentioned reasons: 
 

• key performance indicators (KPI-s) have not been determined; 
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• collected data is not systemized and linked to KPI-s; 
• frequency of data collection is unsatisfactory; 
• number of data acquisition points is insufficient; 
• common use of different databases is limited. 

 
Performance measures alone will not affect agency decision making or the 
effectiveness of policy and resource allocation choices. The broader goal should be 
implementing performance measures in an integrated manner to set policy, 
allocate resources, measure and report results. To influence decisions, 
performance measures must be linked to objectives and integrated into the 
planning, management and decision making processes of a road agency. 
 The thesis consists of review article, abstracts in English and Estonian, 
references and series of publications. This research work focuses on the develop-
ment and implementation of a balanced approach to performance measurement in 
the road industry. Long term goal following this research is to develop knowledge, 
relationships and models to facilitate improved pavement design and reliable 
performance predictions. Data collection gives us possibilities to assess the current 
condition of the pavements and to evaluate the effect of maintenance techniques on 
the existing pavement capital. 
 Therefore, this work carried out had the following technical and scientific 
objectives: 
 

• reviewed the existing data used for pavement condition monitoring and 
pavement management system and the frequency of collection; 

• defined the indicators for road network performance measurement; 
• mapped out the indicators having the greatest impact on road deterioration; 
• new effective technologies are proposed to gather continuously necessary 

input data covering the entire road network, for instance RFID and participatory 
sensing technologies to expand the extent and increase frequency of data 
collection. 

 
To achieve these objectives following tasks were carried out. 
 
• A new conceptual model for public sector PeMS that focuses on structural 
performance of road network, is introduced. This proposed system enables 
analyzing and predicting the behavior of pavements and road structures. It is 
suitable for Estonian conditions, but applicable also in other regions with similar 
climatic and geological conditions. 
• New PeMS architecture and data collection system for Estonian road network 
has been proposed focusing on monitoring of technical conditions, feedback, 
environmental impacts and life cycle evaluation.  
• New technological solutions for more frequent and real time  road network data 
collection have been analyzed, allowing further developments of Smart Road (Tark 
Tee) Database. 



 

62 

• Novel pavement performance models to estimate missing or incomplete data 
with probabilistic graphical models have been elaborated. 
• Novel performance indicators, forming KPI-s, and performance indices for 
PeMS architecture have been introduced. 
• New evaluation mechanism for road network PeMS has been proposed to 
eliminate failure and dysfunctional impacts before reporting results and 
implementing corrections. 
 
In this research work a proposed system of data gathering for performance 
measurement is introduced. The current research concerns road PeMS with 
restrictions and the topic calls for further research. Further research should be 
conducted on the implementation aspects of the proposed system, including 
development of measuring technologies, constructing deterioration models and 
combined performance indicators and integration of financial and non-financial 
measures.   
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KOKKUVÕTE 

 
Teedevõrgu tulemuslikkuse mõõtmine: 
kontseptsioon ja tehnoloogiad Eesti näitel 
 
Eesti teedevõrgu kogupikkus on 58 487 kilomeetrit, millest seisuga 01.01.2012 on 
16 443 kilomeetrit ehk 28,1 % riigimaanteid. Eesti teedevõrk on Põhjamaade üks 
tihedamaid, ning seega ka üks kallimaid üleval pidada. Selle strateegiliselt olulise 
infrastruktuuri õigesti projekteerimine, ehitamine ja haldamine tagab inimeste ja 
kaupade liikuvuse, millest omakorda on sõltuvuses majanduse areng ja elanikkonna 
rahulolu. 
 Eesti geograafilisest asukohast tingitud põhjamaine kliima koos lumetõrje 
vajaduse, mitmete külmumis-sulamistsüklite ja kevadise sulaga tingib kõrgendatud 
nõuded projektidele, tee-ehitusele ning -hooldusele. Eesti erinevate piirkondade (nt 
rannikuala vs sisemaa) temperatuurid, pinnasevee tasemed ja külmumis-sulamis-
tsüklite arvud aastate kaupa erinevad märkimisväärselt ning vajavad seetõttu 
erinevat käsitlust projekteerimisnormides. 
 Mida ulatuslikum on teedevõrk, seda olulisem on omada teede kohta võima-
likult täpset andmestikku, seda nii teede seisukorra kui ka seda mõjutavate tegurite 
kohta. Sellise andmestiku abil on võimalik saada informatsiooni analüüsideks, 
mille alusel on võimalik koostada Eesti erinevate piirkondade eripäradega 
arvestavaid projekteerimisnorme ja prognoosida teede seisukorra muutumist nende 
elutsükli jooksul. Täiendavalt võimaldab nimetatud andmestik teede seisukorda 
jälgida ning vajalikke investeeringuid võimalikult kuluefektiivselt planeerida. 
 Kaasaegne juhtimine keskendub üha rohkem lühi- ja pikaajaliste eesmärkide 
integreeritusele. Infovajaduse määramisel on otstarbekas lähtuda strateegilise 
juhtimise ja tulemuslikkuse mõõtmise süsteemidest. Erinevaid tulemuslikkuse 
mõõtmise süsteeme on nii era- kui avalikus sektoris viimastel aastakümnetel 
juurutatud mitmeid, sh ka teehoiuga tegelevates organisatsioonides. Maailmas ei 
ole kindlalt välja kujunenud arusaama, milline peaks olema tulemuslikkuse 
mõõtmise süsteem teatud ettevõttes või organisatsioonis. Üks peamisi eesmärke, 
mida erinevad osapooled infosüsteemidelt ootavad, on väljastatava informatsiooni 
olulisus. Kui selline informatsioon on infosüsteemist kättesaadav, võime öelda, et 
infosüsteem on efektiivne. 
 Organisatsioonides esineb tihti olukordi, kus on kogutud palju töötlemata 
andmeid ja vajalik info ikkagi puudub. Parim tulemuslikkuse mõõtmise süsteem 
organisatsiooni jaoks on selline, mis kindlustab teda järjepidevate mõõtmiste abil 
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asjakohase informatsiooniga organisatsiooni kontrollimiseks, planeerimiseks ja 
juhtimiseks. Iga organisatsioon valib välja enda jaoks olulised nähtused, mida 
mõõta. Andmeid ilma analüüsi ja hilisema kasutuseta ei ole mõttekas koguda. 
Kirjanduses rõhutatakse, et mõõdetavad näitajad peavad olema seostatud 
strateegiliste eesmärkidega. Käesoleva töö eesmärgiks on esitada Eesti teede 
seisukorda ja seda seisukorda oluliselt mõjutavate näitajate kogumiseks ja 
süstematiseerimiseks sobiv tulemuslikkuse mõõtmise süsteemi kontseptsioon. 
 Asjakohaste nähtuste mõõtmise abil 
 

• saadakse operatiivne ülevaade teedevõrgu kohta; 
• selgitatakse välja kohad, kus teatud tehnoloogilised lahendused töötavad 

ning kus ei tööta, saades nii tulevikus vigu vältida; 
• saadakse võimalus prognoosida tee seisukorra muutumist elutsükli jooksul; 
• saadakse võimalus prognoosida kavandatavate investeeringute kulu-

efektiivsust; 
• saadakse võimalus paremini planeerida nii remondi- kui ka ehitustöid; 
• saadakse võimalus modelleerida erinevate lahenduste sobivust enne nende 

rakendamist; 
• saadakse ülevaade kliima ja liikluskoormuse mõjudest tee seisukorrale. 

 
 Teeseadusest lähtuvalt on kõigi avalikult kasutatavate teede kohta andmete 
kogumiseks, töötlemiseks, säilitamiseks ja avalikustamiseks asutatud riiklik tee-
register. See veebipõhine avalik andmebaas sisaldab andmeid nii riigimaanteede 
kui ka kohalike teede kohta. Riikliku teeregistri andmeid täiendatakse ja sinna 
lisatakse uut teavet pidevalt, võttes aluseks teetööde vastuvõtudokumendid ja 
lisainventeerimise tulemused. Maanteeameti ja Maa-ameti koostöös on kasutusel 
Eesti põhikaardile tuginev riigimaanteede kaardikiht, mis aitab andmete 
kogumisele kaasa näiteks süsteemse GPS-põhise andmete kogumise abil. Ka 
samalaadse kohalike teede kaardikihi loomine on jõudnud lõppetappi. Teeregistri 
andmete visualiseerimiseks kaardil on Maa-ameti geoportaalis (X-GIS) olemas 
Maanteeameti kaardirakendus, kus käesoleval ajal kuvatakse riigimaanteede 
andmeid. 
 Teede seisukorda kajastavate andmete kogumine on toimunud juba pikka aega. 
Alates 1995. aastast on riigimaanteedel mõõdetud teekatte tasasust (IRI, ingl. 
International Roughness Index) ja inventeeritud teekatete defekte. 1996. aastast on 
mõõdetud tee konstruktsiooni kandevõimet dünaamilise koormusseadme (ingl. 
FWD) abil ja 2001. aastast teekatte roopa sügavust. Need neli teekatte seisukorra 
näitajat koos liiklussagedusega on EPMS-i (ingl. Estonian Pavement Management 
System) põhinäitajad. Uuendusena on 2011. aastast alustatud koos teekatte 
tasasusega makro- ja megatekstuuri mõõtmist. Teekatte seisukorra andmed on 
riikliku teeregistri andmebaasi kaudu kõigile vabalt kättesaadavad. Teekatte 
seisukorra analüüsimiseks (seisukorra pingerida, remondivajadus, tasuvusarvutused 
jne) kasutab Maanteeamet kahte arvutitarkvara: EPMS ja HDM (Highway Design 
and Maintenance)-4.  
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 Kuigi andmeid teede seisukorra kohta on kogutud juba kaks aastakümmet, on 
Eesti teede seisukorra planeerimine teaduspõhiselt astumas alles oma esimesi 
samme. Autori poolt tuvastatud probleemid senises töökorralduses on järgmised: 
 

• puuduvad ühtsed alused ja mõõdikud teedevõrgu seisundi hindamiseks; 
• olemasolev andmestik ei kata kogu teedevõrku; 
• teehooldus on killustatud – puudub ühtsetel alustel digitaalkujul hoolde-

tööde dokumenteerimise süsteem; 
• valminud teeobjektide seisukorra kohta puudub tagasiside kogumise ja 

analüüsimise süsteem; 
• teekatte ja katendi erinevate kihtide temperatuuri ja veesisalduse kohta 

kogutavad andmed on ebapiisava ruumilise tihedusega; 
• veokite kaalumispunkte on liiga vähe (2013. aasta jaanuarikuu seisuga 

kolm), et teha täpsemaid analüüse; 
• andmebaaside ristkasutus on puudulik; 
• tee seisukorra hindamine ja teekatte tasasuse mõõtmine on tellimuspõhine 

ja jooksvat seisukorra monitoorimist ei toimu. 
 

Käesolev doktoritöö keskendub tulemuslikkuse mõõtmise süsteemi oluliste 
komponentide väljaselgitamisele ja uute tehnoloogiate leidmisele, mis aitaksid 
tõhustada andmete kogumist teeseisundit mõjutavate oluliste näitajate kohta.  
 Tulemuslikkuse mõõtmise süsteemi olulisteks komponentideks on andmed, 
valemid ja mõõdikud. Kui andmed peavad olema täpsed ja valemid kõikehaaravad, 
siis mõõdikud peavad olema lihtsad ja selged ning kergesti mõistetavad, kuid 
jäädes samas tee seisukorda ammendavalt kirjeldavaks. Mõõdikute süsteem peab 
muutma võrreldavaks kogu teedevõrgu, olles samas võrreldav iseendaga erinevatel 
ajahetkedel. Nii on võimalik teedevõrgus leida nii probleemseid lõike kui ka 
identifitseerida sündmusi, mis eelnevad teede seisukorra halvenemisele. Nende 
sündmuste tuvastamine loob eelduse teede seisukorra halvenemise ennetamiseks 
tulevikus. Selle põhjal on võimalik tulevikus suunata investeeringuid sinna, kus 
nad annavad parima sotsiaal-majandusliku tulemuse.  
 Käesoleval ajal on andmeanalüüs valdavalt ühekordse iseloomuga ja nõuab 
rohkelt inimtööjõudu. Kuna juba praegu laekub suur osa andmestikust automaatselt 
– tulevikus seda enam –, siis peab muutuma automaatseks ka analüüs. Õigeaegse 
reageerimise eelduseks on info kiire liikumine ja töötlemine. Lisaks on vaja 
juurutada süsteem, kuidas need andmed ja analüüsid teehoiukava koostamisel 
arvesse võetakse, st milline on teehoiukava iga-aastase ülevaatamise protsess, 
kuidas toimub õigeaegne projekteerimisprotsessi algatamine jne. Sellega seoses on 
vajalik tihe koostöö Maanteeameti, kohalike omavalitsuste, tee-ehitajate, 
teehooldajate jm huvigruppide vahel. 
 Praegu on Eestis eeldused teedehoiu tulemuslikkuse süsteemi loomiseks olemas, 
kui 
 

• täiendada olemasolevat automaatmõõtmise võrku; 
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• viia alusandmestiku kogumine ühtsetele alustele; 
• rakendada uusi tehnoloogiaid ja tööprotseduure andmete kogumiseks; 
• kasutada RFID-põhiseid sensoreid, mis mõõdavad teekatte temperatuuri ja 

niiskusesisaldust; 
• koguda rahvahanke (ingl. crowdsourcing) abil aktseleromeetriandmestik, 

mis põhineb nutitelefonirakendustel ja spetsiaalsetel mõõteseadmetel (nt 
IRIMETER); 

• juurutada statsionaarsed teesektsioonipõhised mõõtmissõlmed, mis 
annaksid teetemperatuuri kohta infot, kaaluksid veokeid, tuvastavad rehvitüübi. 
 
Pärast Eestile sobilike näitajate väljavalimist on võimalik luua andmete kogumise 
süsteem. Kogutud andmete töötlemise tulemusena saame indikaatorid, millest 
omakorda võtmenäitajad. Tulemuslikkuse mõõtmise süsteemi abil kogutud info 
analüüsimise teel on võimalik saada piisavad andmed, et välja töötada Eesti oludele 
sobivad projekteerimisnormid ning kasutada tulemusi erinevate juhiste ja 
ennustusmudelite koostamisel. Analüüsi abil, kasutades sobivaid hindamis-
meetodeid ja pidevat tagasisidestamist, on võimalik jälgida teede vastupidavust ja 
kvaliteeti kogu nende elukaare jooksul. Analüüsides seoseid erinevate näitajate 
vahel, on võimalik tuvastada konkreetse piirkonna jaoks parimad sobilikud 
projektlahendused, elimineerides samas ebasobivad.  
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GBD?>H@?]I@]?<
GBN<H@A<B@H̀
D<>HGYGLG@O
H@]JG<H̀
?C>J
B<@ZC?X̀
=<?DC?A>BI<
GBJGI>@C?H

i�-
&jURRklkVUSkfmh
no�̀
pqr

'mSTfgsVSkfm

t
ACJ<?B
@?>BH=C?@
HOH@<A
A]H@
Y<
H]H@>GB>YL<
D?CA
>B
<ICBCAGÌ
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