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Abstract

Pavement represent an important asset to all nations. In Saudi Arabia huge investments have
been made in constructing enormous pavement networks of roads and airfields. These networks require
great care and attention through conducting continuous evaluation and timely maintenance to keep them
operating under acceptable levels of service.

Pavement condition prediction models can greatly enhance the capabilities of a pavement
mangement system (PMS). Among other benefits, these models allow pavement authorities to predict the
timing of maintenance or rehabilitation activities and to estimate the long-range funding requirements for
preserving the payment system.

In this study, pavement condition-related data were collected from all accessible sources in the
Kingdom, including the Ministry of Communications, the Municipality of Riyadh, the Municipality of
Dammam, the Industrial City of Al-Jubail, and from other research studies carried out by different
researchers. These data were categorized, processed, analyzed and used to generate different prediction
models from the related factors affecting the pavement condition. These models were evaluated to
identify the most appropriate ones fitting the available data. The obtained models could adequately
predict the pavement condition from the validation data with a reasonable level of significance.

On the other hand, opinions of different groups of individuals from all around the Kingdom about
the weights of the factors affecting the maintenance priority ranking were collected. The collected data
were checked for reliability and repeatability and then usd to obtain a general priority index procedure.
This proceduer is used for ranking pavement sections in any network according to their importance or
urgency for maintenance. The procedure was validated using two case studies, where it was concluded
that the procedure could adequately duplicate the engineering judgment for maintenance priority ranking
in addition to its capability to handle huge pavement networks systematically and efficiently.

The developed models and procedures were integrated into one sub-system that can handle data
entry, retrieval and results reporting. This sub-system can be integrated in any pavement management
system to complement other activities and to obtain a comprehensive PMS.
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Pavements represent an important asset to all nations. In Saudi Arabia, huge investments
have been made in constructing enormous pavement networks of roads and airfields. These
networks require great care and attention through conducting continuous evaluation and timely
maintenance to keep them operating under acceptable levels of service.

Pavement condition prediction models can greatly enhance the capabilities of a pavement
management system (PMS). Among other benefits, these models allow pavement authorities
to predict the timing of maintenance or rehabilitation activities and to estimate the long-range
funding requirements for preserving the pavement system.

In this study, pavement condition-related data were collected from all accessible sources in
the Kingdom, including the Ministry of Communications, the Municipality of Riyadh, the
Municipality of Dammam, the Industrial City of Al-Jubail, and from other research studies
carried out by different researchers. These data were categorized, processed, analyzed, and
used to generate different prediction models from the related factors affecting the pavement
condition. These models were evaluated to identify the most appropriate ones fitting the
available data. The obtained models could adequately predict the pavement condition from
the validation data with a reasonable level of significance.

On the other hand, opinions of different groups of individuals from all around the Kingdom
about the weights of the factors affecting the maintenance priority ranking were collected.
The collected data were checked for reliability and repeatability and then used to obtain a
general priority index procedure. This procedure is used for ranking pavement sections in any
network according to their importance or urgency for maintenance. The procedure was
validated using two case studies, where it was concluded that the procedure could adequately
duplicate the engineering judgment for maintenance priority ranking in addition to its
capability to handle huge pavement networks systematically and efficiently.

The developed models and procedures were integrated into one sub-system that can handle
data entry, retrieval, and results reporting. This sub-system can be integrated in any pavement
management system to complement other activities and to obtain a comprehensive PMS.
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CHAPTER ONE

INTRODUCTION

1.1 GENERAL

Pavement is the major portion of any highway or airfield system. Its primary function
is to spread the wheel load over a sufficiently large area of underlying soil. Pavement is
designed to carry highway and airfield traffic safely, conveniently, and economically over
the design life. Moreover, its surface should provide smooth ride with sufficient skid
resistance. There are many factors affecting the design of pavement, these include: traffic

loading, environmental effects, material properties, and performance factors.

Pavement exhibits two types of failure: (i) Structural failure, which includes a
collapse of the pavement structure or a breakdown of one or more of the its components,
of such a magnitude, which makes the pavement incapable to sustain the loads imposed
on its surface. (ii) Functional failure, which may or may not be accompanied by structural
failure, such that pavement will not carry its intended function without causing
discomfort to passengers or high stress to operating vehicles [Yoder and Witczak 1975].
These two types of failures are pronounced in different forms of distress, such as
cracking, disintegration, and distortion. Distresses consume a considerable amount of

funds when they are in high severity, therefore, continuous monitoring is



funds when they are in high severity, therefore, continuous monitoring is required to

detect, correct, and prevent minor distresses from becoming major ones.

To manage pavements is a systematic approach, different activities should be
considered. These activities, include: periodic evaluation of pavement performance,
determination of maintenance and rehabilitation (M&R) requirements, and determination
of the optimal maintenance policies in order to maximize the pavement preservation at
minimum maintenance cost. Pavemcnt evaluation consists of pavement condition
surveys, structural adequacy, riding quality, and skid resistance measurements to
determine the overall performance of the pavement system. These activities compose the

pavement management system (PMS).

In many countries around the world, highway agencies and transportation authorities
are urged to adapt, modify or develop a pavement management system to preserve their
road networks. The Ministry of Communication (MOC) and the Ministry of Municipal
and Rural Affairs (MOMRA) in the Kingdom of Saudi Arabia are no exception to this.
They are very anxious to upgrade the existing pavement maintenance practices to
rational, systematic, and practical ones. The MOC has specified and developed a number
systems for managing the MOC road network that consists of 35,892 kilometers of main
direction roads, with 11,880 links and 7169 nodes [MOC 1995]. This effort combines all
road-related information such as: pavement and non-pavement elements, traffic attributes,
accident records, and bridge system attributes. All these features are interfaced with the

Geographical Information System (GIS). Presently, the data collection to a great extent



was accomplished. However, the MOC needs procedures and trained personnel to utilize
such data to improve future road maintenance management [MOC 1995). Maintenance
management system for the Riyadh street network is being developed by the
Municipality of Riyadh (MOR). The project aims to have a comprehensive system that
includes procedures for pavement evaluation, pavement condition modeling, priority
schemes, and budgeting [Al-Swailmi et al. 1995]. Another study to evaluate the effect of
deferring maintenance actions on the overall maintenance cost in the Riyadh City street
network was carried out by Al-Matham [1995]. In the Eastern province, road pavement
maintenance is still far away from being systematically managed. In fact, there are no
specific plans for conducting the maintenance activities. However, there is a great need
for a maintenance management system to care for the huge road network and to allocate
the limited maintenance funds efficiently [Dammam Municipality 1996]. Considering
the above mentioned efforts undertaken in the Kingdom of Saudi Arabia, in general, and
the Eastern Province in particular, there is an urgent need for developing, simple,
flexible, practical procedures, for pavement evaluation and maintenance management in
order to preserve the Kingdom roads metwork. Such adevelopment should take into

consideration the specific conditions of the Kingdom.

The Kingdom of Saudi Arabia has a unique environment of high ambient temperature,
extreme soil salinity, and lack of precipitation combined with flash floods. These special
environmental attributes have contributed to the rapid deterioration of some of the
transportation system. This means that road performance in Saudi Arabia, in addition to

its specific design and construction parameters, has serious environmental parameters that



affect it. These parameters need to be assessed for better road performance in Saudi

Arabia [Stylianopoulos 1988].

1.2. PROBLEM STATEMENT

In countries that are in early stages of implementing pavement management
technology, such as the Kingdom of Saudi Arabia, two approaches for PMS
implementation are generally followed: one is to select, modify, and adapt a suitable
developed system for local application; the other is to develop a new system taking into
account local conditions and needs making advantage of the efforts and experiences of
others. The second approach is more logical, since the local specific conditions can be
incorporated in all activities of the PMS, and step-by-step development provides more

understanding and visualization to the behavioral trends of the pavement network.

The Kingdom of Saudi Arabia has a huge road network connecting its major cities
and neighboring countries. It also has a large municipal and urban road network.
Pavements in these roads were designed to high standards in order to serve for long
periods before any major rehabilitation is required. Pavement network is a capital
investment for the nation Funds available for maintaining this infrastructure are ever
decreasing while maintenance needs are ever increasing. Moreover, many of these roads
have experienced an early deterioration in a form fatigue cracking and rutting that

required enormous funds for maintenance and repair. Therefore, to preserve this capital



infrastructure and maximize its benefits, a good systematic maintenance management

programs should be followed.

The harsh environment coupled with the marginal construction materials, such as
the aggregate used in the asphaltic concrete mixture, and the high traffic loads operating
on Saudi road network, make the pavement susceptible to wide range of distress.
Moreover, the rate of pavement deterioration, and its mechanism, are generally different
from those reported in other countries. For example the severe premature rutting problem
existing in the Kingdom asphait pavements was not due to traffic loads and environment
factors only, but also due to the deficiencies in the materials used and poor construction

practices and quality control [Fatani et al. 1988].

Timing of maintenance actions is also important since they must be carried out at the
time of maximum return (benefit). Otherwise, the maintenance needs will be higher if the
pavement is allowed to experience further deterioration. The pavement starts to
deteriorate after opening to traffic. The deterioration starts at slow rate and with time this
rate increases exponentially as shown in Figure 1.1. Many studies showed that the
maintenance cost of the pavement while in a very poor condition four to five times the
cost if pavement is maintained while in a good condition. Therefore, preventive
maintenance actions taken earlier have a very important role in keeping the pavement in a

good condition for longer time, and in reducing the overall maintenance costs

significantly.
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Figure 1.1.  Effect of maintenance timing on the overall cost [Shahin and Walter 1990].



The techniques that are currently used, locally, for pavement evaluation and
maintenance are basically subjective, inadequate and may lead to inefficient allocation of
pavement maintenance funds. These techniques are based on “worst-first” and “spot-
repair” concepts which mean that wherever and whenever a major defect is found, an
action is taken. This action has limited forms, mainly patching, resurfacing, or
reconstruction. In these techniques, errors in pavement evaluation are expected, distress
causes are not investigated, maintenance actions may not be proper or suitable, and
finally, the allocated funds are not utilized efficiently and rationally for maximum

benefits.

There are many ready-made, well defined, and verified systems that can perform all
pavement maintenance management system activities. However, these systems were
developed for different environments and different pavement attributes which are not
similar to those prevailing in the Kingdom. Moreover, they are usually based on certain
assumptions that are not always clearly specified, and therefore may lead to misleading
results when implemented without understanding these assumptions. The Kingdom has
its own specific parameters for pavement management activities that include: cultural
parameters, public perception parameters, priority decision making parameters,
environmental parameters, and traffic parameters. The requirements of the Kingdom’s
specific conditions, have to be fully incorporated in any developed procedures and
models. This can only be achieved through the development of these procedures and

models locally.



13. OBJECTIVES

The main objective of this study is to develop pavement models that can be used in
pavement management system for the specific conditions of the Kingdom of Saudi
Arabia. The study included:

1. modeling of pavement performance in terms of pavement condition, and

2. programming of pavement maintenance priority ranking.

1.4. THESIS ORGANIZATION

This introduction chapter gave a general idea about the research need, problem to be
studied, and specified the objectives. The background and previous experiences were
reviewed in chapter two, while the research methodology is detailed in chapter three,
where the steps followed in this research as well as the parameters involved are defined
and evaluated. The description of data collection and analysis for maintenance priority
ranking are given in chapter four, while the same for pavement condition modeling is
given in chapter five. Chapter six explained the approach followed in integrating the
developed models and procedures in a computer software for easy utilization of the
results of this study. Finally, chapter seven contained the conclusions and
recommendation resulted from this study, followed by the citations and references used.

The appendices contained some of the results that were typically included in the body of



this dissertation and those parts that needed more elaboration. Figure 1.2 shows the flow

chart of the thesis organization.
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CHAPTER TWO

LITERATURE REVIEW

2.1 DESCRIPTION

This chapter gives a general idea about the pavement management system (PMS) and
describes some of the operating systems around the world. The data base as one of the
essential components of any PMS is detailed with respect to its input parameters and their
effect on the pavement performance. Four measures of pavement performance that are
pavement condition evaluation, roughness, safety, and structural capacity have been
addressed. Three methods of pavement condition evaluation (inspection), relevant to the
collected data of this study, have been detailed. Various methods of pavement performance
and pavement maintenance prioritization modeling have also been discussed with examples

of some developed models. Figure 2.1 shows the layout of this chapter.

2.2 PAVEMENT MANAGEMENT SYSTEM

2.2.1 General

In the past, pavements were maintained but not managed [Shahin 1994]. The

maintenance activities were very limited and they were according to complains and

11
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immediate need. The overall historic perspective of the pavement management system
(PMS) was due to the research efforts done by three groups of researchers [Haas et al. 1994].
In 1966, the American Association of State Highway Officials (AASHTO), initiated a study
to make new breakthrough in the pavement field, and to provide a theoretical basis for
extending the results of AASHO Road Test in a pavement design area using systematic
approach this was done By the researcher in the University of Texas. At the same time, the
second independent effort was done in Canada to structure the overall design and
management problem and several of subsystems. The third concurrent keystone effort in the

same subject was done in the Texas Transportation Institute of Texas A&M University.

Much of the work by different researcher around the globe was directed to developing
the components of the technology of pavement management, and into implementation of

systems at state/provincial and local levels.

The Management is defined as the art of coordinating elements and factors of
production towards the achievement of purposes of an organization, and also an
accomplishment of objectives through the use of human labor, materials, and machines
[Encyclopedia 1984]. Thus, in this context, pavement management is the efficient
coordination of different activities in order to obtain systematic decision to provide users of
highways with an unmtermpted, safe and smooth riding surface, and to keep the pavement
structure in a good sound condition at minimum costs. Pavement management is a process
by which decision makers rationalize management decisions concerning wide range of

activities: planning and programming of activities, design, construction, maintenance and
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rehabilitation, periodic evaluation of performance, and pavement research [Haas and Hudson
1982]. Figure 2.2 shows major classes of activities in pavement management system
(PMS). In this figure, the pavement evaluation is the key of the PMS since it provides
means to see how well the planning, design, and construction objectives have been satisfied
[Haas et al. 1994]. Pavement evaluation includes four basic measurements: deflection for
structural adequacy, pavement roughness for riding quality, surface skid resistance for
safety, and pavement distresses for condition. The ultimate and final aim of the PMS is to

get an optimal return from available resources.

Pavement management must be capable of being used in whole or in part by various
technical and administrative levels of management in making decisions regarding both
individual projects and an entire highway network. All functions involved in pavement are
essential to comprehensive PMS, but not all functions need to be active at the same time.

Following are a list of essential requirements for any PMS [Haas et al. 1994]:

1. Capability of being easily updated and/or modified as new information and better

models becomes available,
2. Capability of considering alternative strategies,
3. Capability of identifying the optimum alternative or strategy,

4. Capability to base decisions on rational procedures with quantified attributes, criteria,

and constraints, and
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5. Capability to use feedback information regarding the consequences of decisions.

Pavement surfaces should be managed and maintained in a systematic manner because
they are: (2) the primary utility for the efficient movement of goods and services, (b) the
portion of the roads most visible to the traveling public, and (c) the most significant

functional and structural components of the network [Smith et al. 1993].

As highways are opened to traffic operations, they start to wear and deteriorate with
time due to traffic loading and climatic effects. Pavement continues to deteriorate unless
some upgrading actions to restore its condition are done. Actions such as maintenance and
rehabilitation techniques are to be performed in a right way and at a right time before the
pavement condition reaches to a point that these maintenance techniques may be very costly

and will not be effective.

Many agencies and transportation authorities have been convinced to use systematic,
organized, computerized maintenance management system. This was due to the difficulty in
dealing with huge amount of information and maintenance data manually, in addition to the
complication of the interrelation of these data. For example, manual data retrieval from
record archives is tedious and time consuming, and analytical decisions on critical issues of
great consequences are rarely made, due to the immensity of the data retrieval process

[Brandon 1994].
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2.2.2 Operating Systems

Pavement management has become a matured science after many highway agencies,
all over the world, leamed, practiced, and got involved in implementing this technology.
Structuring a science of pavement management implies developing standard terminology,
standard data collection, and structured analysis methodologies [Irrgang and Maze 1993].
Many studies and researches around the globe, adapted or developed a PMS for their

pavement network.

The Washington PMS [Finn et al. 1976] contains four basic features: (i) the ability to
predict performance, (i) the ability to compute costs for various maintenance strategies, (iii)
the ability to respond to uncertainty or error in predicting actual performance, and (iv) the

system is capable of being updated as more information is obtained.

Sharaf et al. [1988] developed a methodology through which the increased
maintenance costs due to delay in maintenance actions were quantified. This methodology
utilized three major data from several army installations in USA: pavement performance
data, structural history data, and detailed cost data. As a conclusion, they found that each
one dollar spent in M&R actions on pavements with good to fair condition, may save up to 4

dollars of M&R costs if the pavements were left to deteriorate to the poor condition.

PAVER pavement management system was developed by the Corps of Engieers
[Shahin and Kohn 1981]. This system is field-tested and valiaded for airfield pavement

network and extended for use by city and county highway agencies. The system includes
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procedures for dividing the pavement into manageable sections, pavement condition survey
and rating, rational determination of maintenance and repair (M&R) needs and priorities,
performance of life-cycle costing on feasible M&R alternatives, and manual and automated
systems for data storage and retrieval. An important part PAVER is condition survey and

raing procedure which detailed later in this chapter.

Major improvement to PAVER system is the Micro PAVER which is a micro
computer version of the mainframe PAVER PMS. It is a decision making tool which allows
the user to develop cost-effective M&R alternatives for roads, streets, parking lots, airfields,
and unsurfaced roads. Micro PAVER includes the following important capabilities

[USACERL 1994]:

1.  Data storage and retrieval,

2.  Data administration,

3.  Pavement network definition,

4.  Pavement condition rating,

5.  Inspection scheduling,

6.  Determination of present and future network condition,

7. Determination of M&R needs,

8.  Performance of economic analysis, and
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9.  Budget planning.

Figure 2.3 shows the main menu of Micro PAVER while Figure 2.4 shows the data

entry and modification sub-menu.

Road maintenance management system (RMMS) for Indonesia, as one of the
developing countries, was developed [Cox 1988] to consider the differences between
developed and developing countries' practices and conditions with emphasis on the
economic matters. These differences are shown in Figure 2.5, where the overview of the

Indonesian road management system is shown in Figure 2.6.

The Research Institute in King Fahd University of Petroleum and Minerals (KFUPM-
RI) has developed a pavement maintenance management system for programming road
network maintenance of the Industrial City of Al-Jubail, Saudi Arabia. The system has five

tasks summarized as follows [KFUPM-RI 1989]:

1. Distress evaluation using visual surveys for measuring the distresses in terms of
severity and extent. Each road section or subsection is assigned a rating value out of

100 to indicate its condition.

2. Equipment-based evaluation: skid resistance, riding quality (roughness), and
structural capacity (deflection measurement) are measured as the characteristics of

road sections. Acceptable limits, of these characteristics, were set for the study area.
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Data entry and modification of Micro PAVER system [Micro PAVER 1993].
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EACTOR Westerp Developed Developing
Climate Cold/Temperate Hot/Tropical
Standard of Living High Low/Medium
Opportunity Cost
of Capital Medium (6-10%) High (10.25%)
Highway Network Mature Growing
Vehicle Utilization High : Low
Traffic Growth Rate Low (2-6%) High (5-20%)
Subgrade Strength Low (2-10) Medium/Hugh (5-30)
Pavement Strength High (0.2-1.5mm) Low/Medium (0.6-3.0
(Deflection) mm)
Design Axle Loading High (1-20x106) Low (0.1-5%106)
(Cum. Axle Loads)
Pavement Roughness Very Good/Good Good/Fair/Poor
- Bump Integrator 1,000-~5,000 mm/km 2,000~10,000 mm/km
- International .

Roughness Index 1 -6 2 = 12

Differences between developed and undeveloped countries in PMS [Cox 1988].
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3. Maintenanqe prioritization: based on four parameters in each pavement section;
roughness, skid resistance, traffic, and pavement condition rating, a priority matrix

was developed where each section has a ranking number for maintenance.

4, Maintenance strategies: a matrix based on distress and equipment-based evaluations

was developed to select a maintenance action for each section.

5. Maintenance costing: unit cost for each maintenance strategy is used with the

defective area to calculate the total cost of each selected maintenance action.

This system, called Pavement Evaluation and Maintenance Management System
(PEMMS), comprises of microcomputer program written in dBase language, that is capable
of storing and processing all collected data. The program is completely integrated, menu-

driven, error-checking application.

PEMMS was made so flexible to be customized for any agency. Decision parameters
such as distress deduct points, maintenance strategy matrix parameters, acceptable levels of
equipment-based evaluation, and unit maintenance cost are all user-definable and
changeable. It has a broad range of report generation capabilities. PEMMS, however, does

not have the capability of performance prediction or optimization techniques.

Singapore pavement managemeni system (SPMS) has been implemented since 1992
[Ong et al. 1996]. The system comprises a computer system for managing the database for
retrieving and presenting the stored information that define the network and its condition. It

is capable of presenting performance using proven performance models, and of selecting
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appropriate treatments based on user-defined intervention levels. The system allows the
user to study the effects of different budgetary strategies on the future conditions of the road

network and also to analyze the effect of deferred maintenance.

In the United States, the Federal Highway Administration stated a policy that all State
Highway Agencies (SHAs) should have a PMS operational by January 1993. In a survey to
evaluate the status of PMS implementation, Irrgang and Maze [1993] reported that all SHAs
have a PMS or were working to achieve an acceptable PMS. They concluded that there was
no unanimity in the inputs to the pavement management process or to the analysis methods

and objectives used. SHAs have selected diverse analysis tools for use within their PMSs.

The main components of the Delaware PMS are: unique and unambiguous milepost
referencing, dynamic segmentation, a decision-tree process to priority rank capital
improvement and rehabilitation projects, interim pavement performance forecast model,
multilayer planning capabilities, and color graphic and mapping capabilities [Smith et al.

'1993].

In Turkey, a PMS implementation was initiated, as the first phase, in 1993 for a pilot
road network of 360 km. The second phase was directed to PMS development and nation-
wide implementation. Detailed planning for the PMS implementation has focused on two
key components: (a) data acquisition - methods, equipment, analyses, etc. and (b) system
design/engineering/development - hardware, software, database, performance prediction and

needs analysis, maintenance programming, etc. [Yigit et al. 1995].
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The Tokyo Metropolitan government has an effective PMS which has advanced
techniques for data collection like ground penetrating radar (GPR) and borehole camera
(BHC), where the GPR supplies overall pavement structure information, and BHC provides
an accurate image of layer thickness and pavement material composition as boarder range of
points [Sekiguchi et al. 1993]. Introduction of this system is considered to increase the

accuracy of the PMS and thus of the formation of pavement management decisions.

A use of special PMS for low-volume and built-up roads was suggested by
Roohanirad [1994] which depends basically on two models: the cost model that includes
agency and user costs, and the performance model that predicts the future condition of a
given roadway paveincii. The system considers customized methods for low-volume and
built-up roads such as chip seal, cold mix and gravel road and the associated M&R

strategies.

A highway management system (HMMS) has been developed for the Ministry of
Communication in Riyadh, Saudi Arabia [Harper and Majidzadeh 1993]. The system
integrated PMS, bridges and structures management system (B&SMS), and non-pavement
management system. The rational Oracle data base was used to perform the needed data
storage and retrieval functions. However, this project is very huge to be completed due to its
complex integration of different features. This is why only 50% of the intended surveys
were accomplished since the system was initiated and its full implementation is far from

being completed [Personal Consultation, 1996].
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The United Kingdom PMS is a computer system developed for the economic
management of the structural maintenance budget of a road network [Philips 1994]. It
incorporates different subsystems of visual data collection, data analysis, and budget
allocation. The core philosophy of the UKPMS is to defer M&R treatment where it is cost-

effective and safe to do so, and to give priority instead to preventive maintenance.

A complete pavement management system was developed by the Norwegian Public
Roads Administration, (NPRA) [Haugodegard et al. 1994]. The system consists of
pavement condition surveys, road inventory surveys, road data bank, project planning and
network optimization including performance trend, and life cycle cost analysis. It also
includes tender preparation with as-built cost statistics. All these activities are

interconnected by data processing links as shown in Figure 2.7.

In United Arab Emirate, Municipality Pavement Management System (MPMS) was
developed for Dubai municipality which uses a condition survey method, falling weight
deflectometer (FWD), and infrared roughness measuring device for the highway network
performance measurements. It was concluded that by using the MPMS , a huge saving was

made in the maintenance and rehabilitation costs [Zaghloul et al. 1996]

Highway Maintenance Management System (HMMS) in the Sultanate of Oman has
five subsystems: pavement management system (PMS), the bridge and structures
management system (BMS), the equipment management system (EMS), the traffic
management system (TMS), and the cost accounting system (CAS). All these systems are

interrelated [Al-Khoury 1996].
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23 DATA BASE REQUIREMENTS

2.3.1 Traffic Data

Traffic load is one of the major causes of pavement deterioration. Load-associated
distresses such as alligator cracking, and rutting are mainly generated by traffic loads.
These distresses usually have the highest deduct points in any pavement condition rating
method.

Volumes, loads, and classification of traffic are usually needed for analyzing and
scheduling maintenance operations properly [RTAC 1977]. The equivalent axle load
concept is used to handle the large spectrum of axle loads (traffic mix) actually applied to a
pavement. The standard equivalency most commonly used is 80 kN (18 Kips), Equivalent
Single-Axle Load (ESAL). The basis of equivalency can be either calculated or measured
stress, strain, or deflection at some point in the pavement structure, or equal conditions of
stress  or less of serviceability [RTAC 1977]. The effect of traffic load to pavement damage
is obvious. It is for both flexible and rigid pavements, the damage varies roughly as the
fourth power of the axle load. The fourth power concept states that if the axle load is
doubled, it will affect to the pavement damage as much as sixteen times the old damage
effect. It was concluded that there was a good agreement between various equivalency
method developed by different agencies about the fourth power concept as shown in Figure
2.8 [Yoder and Witczak 1975].

The damage occurred in pavements of different states in USA due to variety of causes
were studied in a comprehensive survey [Laytton et al 1981),. These cause were categorized
into three main types: traffic loads, climate, and combination of the two. Pavement
condition rating methods used by different states were studies to determine the approximate
percentages of the total damage that is done to the pavement that may be attributes to traffic
loads. Several performance equations were developed and used in determination of the

damage ratios.
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2.3.2 Environmental Data

Environmental factors (climate and drainage characteristics) are another major cause
of pavement deterioration. The climatic factors such as temperature, frost action, and

precipitation have a great effect on pavement performance.

In hot climate, such as the Saudi environment, asphalt concrete mix softens, and under
loading conditions, the moduli of temperature-sensitive layers are reduced significantly by
increased temperatures. This in tum reduces the strength of the whole pavement structure.
At low temperature, on the other hand, as asphalt has the tendency to contract, the developed
internal stresses may exceed the strength of asphalt mix, and this will create low temperature
cracking. However, the asphalt binder used in Saudi Arabia and other Gulf countries is
suitable to withstand the low-temperature conditions prevail in the region so that the low-
temperature cracking problem will not occur [Ramadhan et al. 1995]. Also being in a hot
arid region, Saudi Arabia pavement network does not have the problem of frost and heave,
but the problem of high water table level especially in the coastal area such as Dammam,
creates different types of pavement distresses particularly loss of support. This problem
coupled with poor drainage extends the severity and extent of the problem [Aiban et al.
1996].

2.3.3 Pavement History-Related Data

Pavement history is related to the information about the structural component of the
Pavement that include: layer thickness, material types and properties, pavement
performance, date of construction, and date of major maintenance applied to the pavement in

its service life. These parameters are detailed below.



2.3.3.1 Layer Thickness

The structural design of flexible pavement consists of the selection of suitable
materials for the pavement, the determination of the thickness of pavement layess having
certain mechanical properties, and the determination of the composition of the materials that
will provide these properties [Peattie 1978]. Flexible pavement consists of a series of layers
constructed on the subgrade as shown typically in Figure 2.9. The top layers are usually
composed of asphalt concrete mixes. In most flexible pavement structures, the stiffness
(strength) of each layer is greater than that of the layer below and smaller than that of the
layer above. Pavement is usually designed for 20 to 30 years. In the pavement sesvice life,
pavement structure undergoes a process of deterioration due to the traffic and environmental
conditions. The relatively higher thickness can withstand most of pavement defects that

may occur under normal conditions, and hence longer service life can be expected.

2.3.3.2 Layer Composition

The type of materials used in flexible pavement layers along with their properties have
an important role in pavement performance. For example, the use of open-graded (pervious)
mixes in the surface layer provides excellent drainage properties and so improving the
pavement skid resistance [Lees 1978]. Another performance measure, pavement rutting, is
highly affected by the materials properties used in the asphalt concrete mix in the flexible
pavement. Critical values for design and maintenance of asphalt concrete mixes were
developed for the rutting criteria. These critical values were for modulus of resilience,
percentage of air voids, percentage of voids filled with asphalt, and mineral aggregates [Al-
Abdul Wahhab et. al 1995].

The type of asphalt binder used in the asphalt concrete mixes has also an important
impact on pavement performance. As a result of Strategic Highway Research Program
(SHRP), limits have been established on various parameters of asphalt binder and asphalt
concrete mixes to come up with pavement designs that are based on field performance

[Wood 1995]. A research program has been completed about adaptation of SHRP asphalt
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binder performance-base specification on the Gulf countries. It was concluded from this
project that the 50% of the asphalt binder used in the area is not suitable for the prevailing
environmental conditions, and this amount has to be modified to meet the SHRP
specifications [Al-Abdul Wahhab et. al 1996].

The properties of the aggregate base and subbase materials used in the flexible
pavement determine some of the pavement performance properties, Layers consisting of
cementitious materials such as lime, help supporting the asphaltic layers from being
deformed or settled and reducing the stresses and strains developed on the subgrade.

2.3.3.3 Subgrade Type and Strength

The overall thickness of the pavement as well as that of individual layer depend
partially of the quality of the subgrade that pavement rest on. Limiting strain criteria is most
commonly applied using elastic layered theory to check the pavement structural adequacy
against rutting. In this method, allowable number of load repetition (pavement life) is
obtained from the compressive strain on the top of the subgrade. This method was adopted
by many agencies. Another method uses the California Bearing Ratio (CBR) of the
subgrade to determine pavement thickness as used by US Corps of Engineers [Yoder and
Witczak 1975].

The subgrade soil properties are also important in determining the pavement
performance. For example, in areas of high water table, subgrade soil with high swelling
potential should be removed and/or treated before construction of pavement in order to

avoid problems such as upheaval and swelling in the pavement that create a high surface

roughness.

2.3.4 Pavement Performance Parameters

Pavement performance is related to those parameters that describe the behavior and

the condition of the pavement at any time of its service life. These parameters include:



34

roughness, skid resistance, deflection, current layer materials properties, and surface distress
[Haas et al. 1994]). During its service life, pavement exhibits different conditions
(performance) at different ages. Therefore, pavement condition at a specific year from the
date construction, or the date of the last major maintenance, is an input point in the
pavement performance prediction model. These parameters are detailed below

2.3.4.1 Pavement Distress

Pavement Distress evaluation, or condition survey, includes detailed information
about the existing defects on the pavement surface. These defects have four general groups:
surface defects, permanent deformation, cracking, and patching. Different methods were
developed to quantify and rate these pavement distresses. Some of these methods with their

procedures are detailed in section 2.4.2.

2.3.4.2 Pavement Roughness

Pavement roughness is a phenomenon experienced by the passenger and the operator
of a vehicle or the airplane traveling over the surface [Haas et al. 1994]. Riding quality is
largely a function of pavement roughness which is a function of road surface profile, the
characteristics of vehicle, and acceleration and speed sensibility of the driver. These factors
can contribute to an undesirable or an uncomfortable ride (poor riding quality). Surface
irregularity is an important factor in determining the degree of comfort of ride afforded by
the road and can also be a guide to the overall condition of the road [Keir 1974]. Road
roughness is caused by two factors: surface irregularities that are built into the pavement

during construction and surface irregularities that develop after the construction due to
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traffic, climate, and other factors [FHWA 1987). High surface roughness, creates more

public complains which, in turn, calls for higher maintenance priority.

Roughness is manifested in pavement surface by several riding quality-rated pavement
distresses such as corrugation, potholes, depressions, upheaval, bumps and sags, raveling

and weathering, and rutting. Cracking in high severity levels will also contribute to road

roughness.

Roughness is quantified by different types of equipment: that which measures the
response to pavement surface roughness such as Mays Ride meter (MRM) and Bump
Integrator (BI) and that which measures actual pavement profiles (profilometers), such as
Rainhart Profilograph. Two typical equipment for roughness measurement are detailed

below:

Bump Integrator: it consists of a single-wheel trailer that is towed on a wheel track at
a speed of 32 km/h. It measures the sum of the downward movements of the wheel,
produced by the longitudinal unevenness in the pavement profile, relative to the trailer
chassis. The integrated downward movement (cm) divided by the distance traveled (km)
gives the roughness of the pavement surface in cm/km. Two transducers are fitted to the BI
trailer. A displacement transducer monitors the movement of the wheel relative to the
chassis, while the high-resolution distance transducer measures the distance traveled. The
system is equipped with a microprocessor unit fitted with a 10-bit analog digital converter,

which processes the signals from the transducers. The transducer signals are sampled 100
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times per second [Still et al. 1983]. Figure 2.10 shows schematic of the BI and a typical

output profile.

Mays Ride Meter: it measures graphically the road roughness on chart paper with a
continuous reference to the distance and locations along the highway. The three components
of the MRM are the transmitter, the recorder, and the odometer which are all connected to a
vehicle. As the vehicle travels over the road surface, the transmitter detects vertical
excursions of the rear axle relative to the vehicle body with a resolution of 2.54 mm. The
recorder and its associated systems employ electrically transmitted data to provide a
continuous record of road surface roughness. The chart is given in increments of 0.4 mm for
each 2.54 mm of rear axle/body excursion. One zig-zag trace of the odometer indicates a
distance of 100 m. An event marker is activated by a push button switch which moves
laterally to mark an event such as an approach to a bridge, intersection, etc. [KFUPM-RI

1988]. Figure 2.11 shows schematic of the MRM and a typical output profile.

The roughness data need are usually normalized to be used in any system. One
method of this normalization of the roughness measurements scaling is the one suggested by

FHWA [1987] which has the following steps:

1. Reduce the roughness data along the pavement section to the specified units of

roughness (e.g. cm/km).
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Figure 2.10. Schematic of bump Integrator and typical output profile [Haas et al. 1994].
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2.  Establish an acceptable maximum roughness value (MPR) above which the pavement
section is assumed to be unacceptable to users. This step can be achieved by panel

rating technique.

3. The ride index (RI) of the pavement section can be considered as inversely
proportional to the ration of the actual pavement roughness (PR) to the established

maximum acceptable pavement roughness (MPR), while the minimum possible value

of roughness is 0.
Then the RI can be computes as:
RI=100*PR/MPR 2.1

In this case, values of RI of 100 or more indicates very rough, unacceptable pavement
section that calls for higher priority for maintenance, while lower values represent

acceptable smooth pavement sections.

2.3.4.3 Safety Condition

Pavement safety is usually evaluated in terms of skid resistance. There are however, a
number of other considerations in pavement safety, such as violation or unsafe acts by
drivers or pedestrians, vehicular defects, pavement rutting (as it relates to accumulation of
water and the danger of hydroplaning or ice formation), lane demarcation, night visibility
(especially during rain), bad weather, and shoulder drop-off. But pavement slipperiness as

measured by skid resistance is the most common and important factor [Pignataro, 1976;
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Haas and Hudson, 1982]. Low value of skid resistance makes the pavement surface brone to

traffic accidents with higher safety hazard

In a study for Al-Jubail Industrial City road network [Arora et al. 1991}, it was found
that visual inspection’ of pavement sections showing low-skid resistance revealed distress
manifestations such as polishing aggregate, rutting, and binder bleeding and flushing. Other
safety-related pavement distress are lane-shoulder drop off and availability of potholes.

Table 2.1 defines the safety-related distresses according to PAVER method.

Skid resistance in pavement surface can be measured by different methods and
equipment. Mu-meter is most proven performance and widely used device to identify
pavements with low skid resistance so that suitable maintenance treatment can be planned in
time to ensure traffic safety. Mu meter, which measures the sideways frictional force
coefficient (SFC), is used to evaluate skid resistance. The Mu meter function and operation

is detailed below:

Mu Meter: It is a two-wheel trailer with wheels at a fixed tow-out angle of 7.5 degrees
and a third recording wheel. Since both wheels are at the same and opposite tow-out, the
trailer is easy to tow. Pulling the Mu-meter causes a sideways friction force, which is
sensed by transducers and then transmitted hydraulically to a Bourdon gauge and an
automatic recording mechanism. Since all the control equipment is located in the cab of the
towing truck, the Mu-meter is a versatile tool which enables tests to be made without
stopping or interfering with traffic [ML Aviation, 1983]. The system is provided with an

Automatic Printout Unit (APO) and with a self-watering device to simulate wet pavement



Table 2.1.

Safety-related pavement distresses with safety-hazard criteria.

Distress Name

Description

Polished
Aggregates

This distress is caused by repeated traffic applications. When the
aggregate in the surface becomes smooth to touch, adhesion with
vehicle tires is considerably reduced. When the portion of
aggregate extending above the surface is small, the pavement
texture does not contribute to reducing vehicle speed.

Rutting*

It is a surface depression in the wheel paths caused by
consolidation or lateral movement of the materials due to traffic
loads.

Bleeding

It is a film of bituminous materials on the pavement surface
which creates a shiny, glasslike, reflecting surface that usually
becomes quite sticky. Bleeding is caused by excessive asphalt
cement or tar in the mix, excess application of bituminous sealant,
and/or low air voids content. since the bleeding process is not
reversible, during cold weather, asphalt or tar will accumulate on
the surface.

Lane/Shoulder
Drop off

It is the difference in elevation between pavement edge and the
shoulder. This distress is caused by shoulder erosion.

Potholes

Potholes are small, bowel shaped depression (less than 0.9m in
diameter) in the pavement surface. They are caused when traffic
abrades small piece of the pavement surface. The pavement then
continue to disintegrate because of poor surface mixture, weak
spots in the base or subgrade, or because it has reached to the
condition of high severity alligator cracking. ‘

* Depression distress has similar effect or rutting at the wet conditions

41
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conditions. The APO can print the average friction value at a present distance in tens,
hundreds, or thousands of feet, thus providing friction for a maximum set distance of 9,990
ft (2,997 m). The SFC when muitiplied by 100 gives the skid number (SN). Figure 2.12

shows schematic of the Mu meter and typical output results.

2.3.4.4 Structural Capacity

Structural capacity requires first monitoring of measuring some characteristics of the
pavement. It then involves analysis of the resulting data, either on a theoretical or empirical
basis, to estimate the load-carrying capabilities and the service life of the pavement under
expected traffic condition [Haas et al. 1994]. Non-destructive deflection testing (NDT) is
one the most reliable methods available for determining the structural condition of an in-

service pavement [Shahin 1994].

NDT test results can explain the cause of pavement defects. Moreover it has the
capability of detecting unforeseen pavement problems before they become reality. Impulse,
steady-state dynamic, and dynamic loads are applied to the pavement through loading plates,
or wheel, and the pavement deflection response is recorded. The stiffness or strength of the
pavement can be related to the magnitude of these deflections. Nondestructive testing
involves a large number of readings, and a statistical average is used. Figures 2.13 show

schematic of three types of NDT testing devices.

Although destructive pavement testing should be avoided and kept to the absolute

minimum, it occasionally becomes necessary to remove portions of pavement structure to
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ascertain just where "failures” are occurring and why or to check for missing information
such as layer thickness. The term "destructive testing” is applied to these evaluation
methods because the original structure of the complete pavement is destroyed with respect
to future testing at that particular location. Therefore, such evaluation procedures are

restricted to pavements that show evidence of distresses.

2.4 PAVEMENT PERFORMANCE

2.4.1 Pavement Serviceability

Pavement performance curve describe serviceability-age relationship of the pavement.
Pavement serviceability or condition is determined through the performance related
parameters such as riding quality, safety, structural adequacy, and surface distresses. There
are different methodologies developed to quantify pavement condition at any time of its

service life using these parameters.

The Present Serviceability Index (PSI) is based upon the concept of correlating the
users opinions with measurements of road roughness, cracking, patching, and rutting. This
concept was first presented in 1962 by Carey and Irick using the AASHO Road Test [Haas
et al. 1994]. PSI is formulated by rating a series of pavements by a group of individuals.
The panel member drives over selected pavements and rate the pavement on a scale from 0-
5 as the one shown in Figure 2.14 [Yoder et al. 1975, Haas et al. 1994]. The five
fundamental assumptions associated with the serviceability concept are summarized as

follows [Haas et al. 1994]:
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Figure 2.14. Present serviceability rating form [Yoder and Witczak 1978].
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1. Highways are for the comfort and convenience of the traveling public. A good highway

is one that is safe and smooth.
2. Users’ opinions as to how they are being served by highways is by and large subjective.

3. There are, however, characteristics of highways that can be measured objectively and
that, when properly weighed and combined, are in fact related to users’ subjective

evaluation of the ability of the highway to serve them.

4. The serviceability of a given highway may be expressed by the mean evaluation given

by the all highway users.

5. Performance is assumed to be an overall appraisal of the serviceability history of the

pavement.

The serviceability determined by PSI is correlated with objective measurements of
roughness, cracking, patching, and rut depth with the mathematical form shown below for

flexible pavement [Yoder and Witczak 1975]:

PSI = 5.03 - 1.90log(1 +SV) —0.01/C + P - 1.38RD’ 22)
where:
PSI= Present Serviceability Index,

SV = Slope Variance,
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Lineal feet of major cracking per 1000 f* area,

@]
]

P =  Bituminous patching in 1000 fi* area, and
RD=  Mean Rut Depth in inches (both wheel track) measured with 4-foot straightedge.

The above regression equation are unique and dependent upon the transformation
applied to various physical measurements. In addition, the users’ opinion concept has its

own systematic errors such as: [Haas et al. 1994]:
1. Leniency error (i.e. a rater’s tendency, for various reasons, to rate too high or too low),

2. Halo effect (i.e. a rater’s tendency to force particular attribute rating toward his or her

overall impression of the subject), and
3. Central tendency error (i.e. a rater’s hesitation to give extreme judgments, thereby

tending to ratings toward the mean of the rating panel).

2.4.2 Pavement Condition Evaluation

Distress evaluation is one of the important steps in pavement evaluation which in turn,
is the most critical component of any pavement management system. Pavement distresses

are usually grouped in different classes depending on the viewpoint of the evaluator and the

purpose of the survey. These groups may be [Ramadhan 1996]:

1. Type-wise grouping: cracking, surface deformation, surface defect, and others,
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2. Pavement-type grouping: flexible or rigid pavement distresses,

3. Failure type-wise grouping: structural or functional failure distresses,

4. Cause-wise grouping: load associated, environmental, built-in cause, and construction

practice associated distresses,

5. Location-wise grouping: localized or wide-spread distresses, and

6. Performance-wise grouping: riding quality, skid resistance, or structural related

distresses.

Distress evaluation, or condition survey, includes detailed identification of pavement
distress type, severity, extent, and location. To combine these details, an index is assigned
to each pavement which is transferred to a general rating (excellent to failed). Every
highway agency, either develops a pavement distress evaluation procedure or select a
developed one for its pavement condition survey. These procedure usually starts by a clear
definition of of the different distresses and their severity and extent levels. There is a wide
variety of pavement distress manuals available, example of those are found in Shahin and

Kohn [1981], SHRP [1993], KFUPM-RI [1989], and MOC [1986].

In almost all distress evaluation methodologies, each distress is specified by severity
level (low, medium, or high) and an extent level described in measurable units (linear or
area) or descriptive measure (few, intermittent, frequent, or extensive). Each distress type,
severity level, and extent level combination is assigned a deduct value which is an indication

of how this combination, when available, affects the perfect pavement. The total deduct
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value is the summation of the deduct values of all available distresses. An index
representing the pavement condition (usually out of 100) is calculated by subtracting the
total deduct (after correction for the interaction effect, if needed) from 100. The a general
descriptive rating is assigned according to some specified ranges of this index. In the

following sections, three condition survey methods are detailed.

2.4.2.1 Ministry of Communications (MOC), Riyadh-Saudi Arabia Method

MOC in the Kingdom of Saudi Arabia has selected the Ohio pavement condition
procedure after some modification to suit the local conditions. The method was developed
in Ohio state in USA based on the most occurring distresses available in the state pavement
network [Luther and Majidzadeh 1979]. The rating method provides a procedure for
uniformly identifying and describing, in terms of severity and extent, pavement distress. In
this method, 13 types of pavement distresses are considered, each has three severity levels:
low medium, and high, and three extent levels: occasional, frequent, and extensive. An
extent level represents the percentage of the section length or area affected by that distress.
A weight out of 100 is assigned to each distress: 15 for wheel track cracking, 10 for
raveling, and 5 for bleeding are examples of these weights. Distress severity and extent are
also assigned a fractional weight (maximum of 1.0 for high level of severity and extent. The
deduct points for existing distress is determined by multiplying the distress weight times the
weights for severity and extent for that distress. A pavement Condition Rating (PCR)
provides an index reflecting the composite effect of various distress type, severity, and
extent upon the overall condition of the pavement. PCR is computed by subtracting the total
deduct points from 100.

The rating procedure of Ohio condition rating method is summarized in the following
steps [Luther and Majidzadeh 1979]:
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1. The rating team (consists of a driver and a rater) drives over the pavement section at a
speed of 40 MPH. During this step, a readily visible distresses such as potholes,
bleeding, and settlement are rated. Also the need for subdividing the section is
evaluated.

2. A second pass along the pavement section is made with stops at approximately 1 mile
intervals. At each stop, the raters evaluate the roadway by viewing the pavement for
100 feet in both the head and back directions for close inspection of cracking, rutting,
raveling, etc. This inspection is done from the roadway shoulder.

3. Pavement condition form is completed for the entire roadway section which is based

on observations in steps 1 and 2 above.

Pavement section is a one with uniform condition with a length of 2 to 4 miles.
Directional lanes or muiti-lane roadways are considered as separate roadways. For two-lane
roadways, rating one direction is sufficient unless a significant difference in condition is

observed between the two lanes.
The MOC has modified this procedure by the following:

1. Only one passage is needed for undivided highways. However, for divided highways,
two separate trips are required.

2. A segment length of 10 km for the rating for a segment represents the average
condition over the segment. If a major change in the condition of the pavement occurs
on a segment, the station for the change is to be recorded in separate sheet. The
shortage segment length is limited to 2 km. However, using the automated condition
rating method (laser Road Surface Tester, RST), a segment length of 1 km is
scheduled.

3. Rutting distress weight is changed from 10 to 15, and the wheel track cracking weight
is changed from 15 to 10. This adjustment is due to the fact that the MOC pavement
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network exhibits more of rutting problems than in cracking ones. Therefore, higher
weight is given to rutting to reduce the PCR value and hence to call for maintenance
and repair.

4.  Present Serviceability Rating (PSR) is added to the pavement rating form. PSR is a
simple rating of the pavement from good to bad based on the rater’s judgment. In
combination with the PCR value, the engineer can judge if a segment needs any
remedy action. For example, a reasonably high PCR of a pavement with only one
sever distress may still rated very poor from a serviceability point of view.

5.  Shoulder rating is also added to the rating form. This will be a useful information
when estimating type and extent of remedy action.

6.  Other information such as road number, segment location and direction, and pavement
width are also added to the rating form to be filled by the inspector.

Figure 2.15 shows a typical MOC pavement rating form. Due to the huge pavement
network under the MOC jurisdiction, the distress condition evaluation was automated using
the Laser Road Surface Tester (RST) developed by the Swedish Road and traffic Research
Institute. This system use laser technology to measure crack depth and width, rut depth,
longitudinal profile, macrotexture, cross profile, and distance. The tester has an on-board
microcomputer that has the capability of transferring the sensor signals to quantities of
pavement distresses with their severity and extent levels to arrive to a PCR value. The laser
RST is fully automated data-analysis system where accurate, objective, and reliable
measurements can be obtained rapidly, safely, and at very low cost [Haas etal. 1994,

KFUPM 1993]. Figure 2.16 shows the schematic of the RST components.



Dist | Direc | Road | Pass Stretch Date Sheet

rict [tion | No. Jage | Fromnode [Tonode |Vear n. No. [Tot

Discriptivon of location of 0.00 point

Segment rated on this BEG e —w—
|form, station to station END Maint. Project ..............
Locatio of segment Recorded by. ...............
From intersection road no:
To Intersection road no:
Station for last major
condition
Pavement width (excl. shouider)
Satation hrlm%ﬁmmm
PAVEMENT CONDITION RATING (PCR)
DISTRESS DISTRESS| SEVERITY EXTENT  |DEDUCT
WEIGHT WEIGHT WEIGHT POINTS
L M H|O F_E
RAVELING 10 03 06 10}j05 08 10
BLEEDING 5 08 08 10]06 09 10
PATCHING S 03 06 10]06 08 10
POTHOLES 10 04 07 1.0 0.5 08 1.(‘l
CRACK SEALING AND DEFICIENC 5 10 10 10]05 08 10
RUTTING 15 03 07 1.0 D6 08 1.0#
SETTLEMENT 10 0.5 0.7 1.0 0.5 08 1.0
CORRUGATION 5 04 08 10] 05 08 1.0
WHEEL TRACK CRACKING 10 04 0.7 1.0 05 07 10#
BLOCK & TRANSVERSE CRACK. 10 04 07 10[{05 07 108
LONGITUDINAL JOINT CRACK. 5 04 07 10105 .7 1.0
|EDGE CRACKING 5 04 07 1.0 05 0.7 10
RANDOM CRACK 5 04 07 10105 07 1.0#
L=LOW O=0OCCASIONAL TOTAL DEDUCT =
M=MEDIUM F=FREQUENT SUM OF STRUCTURL DEDUCT (#) =
H=HIGH E=EXTENSIVE 100 -TOTAL DEDUCT=PCR =
PRESENT SERVICEABLITY RATING (PSR) SHOULDER RATING
5 4] 3 [ 2 [1 T
Very | Good] Fair [Poor |Very Width
Good| Poor Cond.
REMARKS:

Figure 2.15. MOC PDR pavement rating form [MOC 1986; Noureldin, et al. 1993].
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y er,
mmﬁm Laser Electronics,
Rectifier PC Unit VDU with
DC/AC Converter / / Keyboard

Starter Battery,
Generator

Distance Recorder

Accelerometer

Figure 2.16. Schematic illustrating various components of the laser RST [Haas et al. 1994].
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However, the major change that was made by using the RST for condition survey, was
that weights for the different distresses have changed. Some of the distresses such as
bleeding, patching, and edge cracking have zero weights since they can not be measured by
the RST, while a new distress called roughness is added with high weight (i.e. 25). This
distress was not included in the previous method manual method [KFUPM 1993]. Thus, it
is difficult to compare manual collected data with the automated ones due to this change.
Figure 2.17 shows the modified MOC pavement condition rating form.

2.4.2.2 KFUPM- Research Institute Method

Pavement condition surveys for the road network of Jubail Industrial City were carried
out by the Research Institute pavement group using the Pavement Distress-based Rating

(PDR) procedure.

A detailed pavement distress evaluation manual was developed which has the
following main sections [KFUPM-RI 1989, Arora et al. 1995]:

1. Selection of evaluation sections and subsections: the entire road network under study
is divided into a number of uniform mid-block sections that correspond to area located
between consecutive major crossroads and signalized intersections. The later is
treated as separate sections. If the mid-block section is too long (more that 2 km), or
when there is a definite change in roadway conditions, it is divided to subsections.

2. Distress identification and rating: distress types are divided into four main groups:
cracking, deformation, surface defect, and patching. Each distress type is evaluated in
terms of extent of occurrence and severity. There are four levels of extent: “few”,
“intermittent”, “frequent”, and “extensive”, these levels determine the percentage of
area affected by any distress. Distress severity has three levels: “low”, “medium”, and
“high” that determine how sever the distress is. Each distress is defined with its
breakdown severity levels as detailed in the manual.
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3.  Distress evaluation procedure: distress survey is performed by visual inspection of
pavement distresses using simple tools such as measuring wheel, straight edge, string
line, and measuring tape. The procedure has three steps: First: the rating team
(consisting of a driver and a ratter) ride over the predetermined section at the posted
speed and rate some distresses such as depressions, corrugations, and upheavals, if
any; Second: the team drive on the shoulder at slow speed and stop at a location near
the middle of the section, and the ratter walks 50 m in both directions evaluating
pavement distresses by visual inspection; Third: the distress evaluation form is
completed by filling in one line of composite information for each section/subsection
and for each feature. Distress information is provided separately for each traffic lane
and shoulder. In the case of a signalized intersection, information is collected
separately for each approaching area and for each exclusive right turning lane where
the latter exists. Figure 2.18 shows a typical evaluation form for this method.

5. Pavement distress-based rating (PDR): Deduct Points (DDPs) are assigned to each
distress type based on its severity and extent levels. The assignment relates to the
pavement condition description that is derived from the Pavement Distress-Based

Rating (PDR). PDR for a section equals 100 minus the sum of the DDPs for that
section. DDPs are assigned on the assumption that only one distress type exists. If
there is more than one distress type (n =2 or above), it is recommended that the sum
of DDPs is corrected by multiplying by a correction factor (C) of 0.70. However the
corrected sum of DDPs should never exceed 100 or be less than the maximum DDP of
an individual distress involved. Three rating condition are specified: “Poor” for PDR
values of 55 and below, “Fair” for PDR values of 56 to 75, and “Good” for PDR 76 to
100.

This distress evaluation procedure is integrated into a computerized system called
pavement evaluation and maintenance management system (PEMMS) that can identify
sections in need of maintenance, determining priorities for maintenance, selecting suitable

maintenance strategies, and computing maintenance costing.



58

‘(6861 RI-NdNI] uog (Yad) Sunes paseq-ssonsip yuowoaey ‘81°C aindiy

000t > : 4 L

000€ - 000t : € J1

aneydareun: n
0005 - t00€ ¢ Z Il

NQRYdINY @ ¥ 4y
0005 <: | I

N

€] jtet

1é

NiI
0050 | N
OrsW

" a“" "

£t] 2]l

3

MVl
00S0 f Mv) |
UrsSH

A

£l

€ ) e

111}

Svi
g0se|sw| ”
0rsu

"

€

£ ) et

on

NYI
00SO0 | vy |
orsy

A

€] ) juwe

IS

w
0osof avi | "
QrsW

S0

Y| ) et

ou

SHS
0090 | SHS |
orsu

[

A

€] ) |68

ooz

pIA

0090 ST
OrsW

-—
-t

~
L]
S
o~

>
o
e

17
00%0
OrsHW

41

v
(=4
o

SYSL| NYSL ] arsu

ey deuresqg

+(n/v] Bu

Guprjey

paysiog
3oy jod

Jjebasboy

Suipaaig

buraaey

Jeaeaydn

Guaoys
uotjebnuioy
uoiss3idag

Guiginy

abeddys

abp3.
uey i
duior

3301q Jo
3sIAAsURS|

He3) Bym

#01) K063
~ie) uyjjes)
uoyyednisser)
(w} ey

(w) yybuaq

o

ngeay
uoiI3s qng

uoldes

oL
woyy

peoy

Y)ag aejing

Uojjewsojag

Guppey)

to)jdyas9g

(% 00L-tS)

{%405-92)

(%S9 )

(%S -4

(9) 3asuagxy * (g) juanbasy * (z) JuagwIagu) ¢ f1) Aay :juagx) ssadgsig
(H) WBIH * (W) waipay * (7) Mo :Aaaaas ssadisig

wuaua: 3vo
i HdnIN * yaLvy
‘Hieg-lY ¢ Moz




2.4.2.3 PAVER Method

This procedure, developed by the US Corps of Engineers, is one the most detailed

distress evaluation method implemented to date. This method depends on detailed visual
inspection of up to 19 different pavement distresses for flexible pavement. Following is a
summary of the features of PAVER method:

L.

Pavement sectioning: the total pavement network is divided into identifiable
branches. Each branch is a single entity and has a distinct function such as streets and
parking lots. Since branches are large units of pavement network, they are rarely have
consistent uniform characteristics along their entire length. Thus each branch is
subdivided into sections with consistent characteristics of structural composition,
traffic, and same construction history. The total pavement section is divided to survey

sample units.

Inspection procedure: There are two methods to inspect pavement: entire section
inspection and inspection by sampling. The number of sample units to be surveyed, in
the second method, is determined based on allowable error and variability of observed
distresses. In both methods, the inspector walks over each sample unit, measures each
distress type and severity, and record these data on an inspection sheet as the one
shown in Figure 2.19.

Pavement Condition Index (PCI) Calculation: using deduct value approach, PAVER
method assigns a Pavement Condition Index (PCI) of 100 for a perfect pavement.
This index is decreased by the a cumulative deduct value score based on the level and
the severity of the observed distresses. These deduct values are obtained from a
developed curves for all distresses. The total deduct value (TDV) is corrected using
specified correction curves to obtain the corrected deduct value (CDV). This
correction is due to the interaction of more that one distress exist at the same time.
The detailed PCI calculation and rating is shown in Figure 2.20.



ASPHALT PAVEMENT INSPECTION SHEET

BRANCH SECTION
DATE SAMPLE UNIT
SURVEYEDBY —~ AREA OF SAMPLE
Distress Types SKETCH!
I. Alligator Cracking  *10. Long & Trans Cracking
2. Bleeding 11. Patching & Util Cut Patching
3. Block Cracking 12. Polished Aggregate
¥4 Bumps and Sags  *i3. Potholes
5. Corrugat ion I4. Railrood Crossing
6. Depression 15. Rutting
*7 Edge Cracking I6. Shoving
X 8_Jt Reflection Cracking 17. Slippage Cracking
%9 Lane/Shidr Drop Off 18. Swell
19. Weathering and Raveling

EXISTING DISTRESS TYPES

NN

N\

TOTAL
EVERITY]
Xfxfr

PCI CALCULATION

DISTRESS . DEDUCT
TYPE DENSITY | SEVERITY | VALUE

PCI =100 -COV =

RATING =

DEDUCT TOTAL
CORRECTED DEDUCT VALUE (COV)

¥ All Distresses Are Measured In Square Feet Except Distresses 4,7,8,9
and 10 Which Are Measured In Linear F!; Distress 13 Is Measured in
Number of Potholes.

Figure 2.19. PAVER pavement condition index (PCI) form [Shahin and Kohn 1981].
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STEP |. DIVIDE PAVEMENT SECTION INTO SAMPLE UNITS.

STEP 8. DETERMINE
STEP 2. INSPECT SAMPLE UNITS. DETERMINE DISTRESS

PAVEMENT CONDITION
TYPES AND SEVERITY LEVELS AND MEASURE DENSITY. RATING OF SECTION.

= RS

STEP 3. DETERMINE DEDUCT VALUES

L & T Crackii
100 H

Deduct
Vaiue /

a

—

0
0-IDensity Percent 100 0-1 Density Percent!%®
(Log Scale) {Log Scale)

STEP 4. COMPUTE TOTAL DEDUCT VALUE (TDV)a'~ b

STEP 5. ADJUST TOTAL DEDUCT VALUE.

100

Corrected
Deduct
Value

0 TDV=a+b 100 200
Total Deduct Value

STEP 6. COMPUTE CONDITION INDEX (PCI) 100-CDV FOR EACH SAMPLE UNIT INSPECTED.

STEP 7. COMPUTE PCI OF ENTIRE SECTION (AVERAGE PCI'S OF SAMPLE UNITS).

Figure 2.20.  Steps for PCI calculation [Shahin and Walther 1990].
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4. The PCI calculation procedure described above was modified as detailed in Shahin
[1994]. The major change was in the CDV by determining the maximum allowable
number of deduct, and the maximum corrected deduct value. Figure 2.21 shows the
new procedure for calculating he PCI value.

Condition evaluation procedure and PCI determination is a part of the Micro PAVER
system that has many other important capabilities, including: data storage and retrieval,
database administration, pavement network definition, inspection scheduling, determination
of present and future network condition, determination of maintenance and repair (M&R)
needs, performance of economic analysis, and budget planning [Micro PAVER 1994].

2.4.3 Pavement Performance Modeling

A true performance prediction model is the one that can calculate the expected
serviceability-age (or traffic) relationship over the entire design period, which can be

extended to include the effects of any major rehabilitation [Haas and Hudson 1982].

Pavement performance has to have the following four basic requirements [Darter

1980]:
1.  An adequate data base,

2. Inclusion of all significant variables affecting deterioration,

}J)

Careful selection of the fundamental form of the model to represent the physical, real-

world situation, and

4. Criteria to assess the precision of the model.
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Figure 2.21.

Total Deduct Value (TDV)

Step 4: Calculate PCI
PCl = 100 - Maximum CDV

Modified PAVER PCI calculation method [Shahin 1994].
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Pavement performance models have different forms and types. However, they can be

categorized into the following four basic types [Haas et al. 1994]:

1.  Purely mechanistic, based on some primary response (behavior) parameters such as

stress, strain, or deflection,

2.  Mechanistic-empirical, where a response parameter is related to measured structural or

functional deterioration, such as distress or roughness through regression equations,

3.  Regression, where the dependent variable of observed or measured structural or
functional deterioration is related to one or more independent variables like subgrade
strength, axle load reputations, pavement layer thickness and properties,

environmental factors, and their interactions, and

4.  Subjective, where experience is “captured” in a formalized or structured way, using

transition process model, for example, to develop deterioration prediction model.

In terms of analysis method used in modeling, performance models can be divided
into deterministic and probabilistic models. In pavement performance modeling, the most
popular method for building deterministic models is the regression analysis, and for

probabilistic models, is the Markov chain process [Chen et al. 1995]

Haas and Hudson [1982] listed some of those models used in pavement performance
prediction like AASHTO Interim Guide method, Ontario method, System Analysis Method

for Pavement (SAMP) versions 5 and 6, and ViscoElastic SYStem (VESYS) method.
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The most desirable models for pavement performance are the purely mechanistic
models. However, these models have not been developed and they do not exist for
prediction of pavement distresses such as rutting, fatigue cracking, joint faulting, etc.
[Majidzadeh 1988 and Haas 1994]. The second most desirable models are the mechanistic-
empirical models that have been calibrated to local conditions. Here, “calibration function™
is determined by applying the prediction model to local pavements and obtaining a
calibration factor that is the ratio of observed distress (performance) to predicted distress.
This factor is then regressed against the input variables to obtain the calibrating function
which is used to calibrate the predicted distress [Majidzadeh 1988]. For example, a shift
factor for fatigue cracking was specified by Bubshait [1985], where the actual number of
load repetitions until failure for each season was divided by the calculated number of load
repetitions to obtain the fatigue shift factor or relationship between distress and
performance. On the other hand, a shift factor for VESYS model calibration of rut depth
prediction for local use in the Saudi Arabia environment was specified [Al-Abdul Wahhab

and Ramadhan 1990].

Examples of this type of modeling are the VESYS and Probabilistic Distress Models
for Asphalt Pavements (PDMAP) models that use the calculated stresses, strains, and
deflections in certain empirically derived equations to predict fatigue cracking, rutting, low-

temperature cracking, and roughness

In terms of analysis method used in modeling, performance models can be divided

into deterministic and probabilistic models. In pavement performance modeling, the most
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popular method for building deterministic models is the regression analysis, and for

probabilistic models, is the Markov chain process [Chen et al. 1995]

Markov process modeling is an application of a dynamic programming to the solution
of stochastic (probabilistic) decision process. This method can be described by a finite
number of states. The transition probabilities between the states are described by Markov

chain [Taha 1992].

Modeling pavement performance is an essential activity of PMS. The models play a
crucial role in several aspects [George et al. 1989]. First, they are used to predict when
maintenance will be required for individual road sections and how to prioritize competing
maintenance requirement. Second, the model enables the owner agency to estimate long-
range funding requirement of pavement preservation and to analyze the consequences of
different budgets on condition of pavement network. Third, models can be used for design

as well as the life-cycle economic evaluation.

2.4.3.1 Regression Performance Models

Regression methods are frequently used to analyze data from unplanned experiments,
such as those arise from observation of uncontrolled phenomena, or historical records
[Montgomery 1984]. In these methods, there is a single dependent variable or response
which depends on a set of independent or regressor variables. The relationship between

these variables is determined in an equation form:

Y =By + B X +B,X, +8:X; +- +p X, +¢ (2.3)
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where:
Y = the dependent variable,
X;,X,,X;,..., X, are the independent (regressor) variables,
Bo » B1_B; .., By are the regression unknown coefficient, and
€, is the random error

This form is called a multiple linear which is the simplest among other forms of
regression equations including exponential, logarithmic, power, and combination of these
forms. The adequacy of the regression model is judged by several statistics. The coefficient
of determination (goodness of fit), R%is often used for this purpose. It is the proportion of
variability in the data explained or accounted for by the regression model [Montagemry
1984]. The value of R? is between 0 and 1, generally, higher is the value, better is the model
fit. The F-test is one of the statistics used for checking the hypothesis, in the multiple linear
regression model, that at least one of the independent variables in the model contributes
significantly to the fit. The t-test is another statistic used to check the hypothesis of

significance of any individual coefficient B; in the model.

A mathematical model of pavement performance (MMOPP) was developed by Ullidtz
[1987] for flexible pavements. It has the capability of predicting the longitudinal roughness,
rutting, and cracking of three layer pavements. The approach taken in MMOPP was to
model the actual variation of layer thickness, stiffness, plastic, and strength parameters

along the length of the road as well as the variation in load due to dynamic effects. If these
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parameters do not vary along the length of the road, then the road will remain smooth.

This approach is shown schematically in Figure 2.22.

Simplified pavement performance models that can be used for forecasting pavement
conditions on the minimal amount of available data, were developed for different
pavement types [Lee et al. 1993]. These models predict present serviceability rating
(PSR) using knowledge of the pavement's age, cumulative equivalent single-axle loads,
and pavement structure parameters. The models were extended by the development of
adjustment factors to various functional groups and climatic zones using available

performance data base.

The following nonlinear model is the general form of these prediction models:

PSR =PSR, -a * STR® * AGE* * CESAL! 24)
where

PSR, = initial value of PSR at construction (4.5 used in analysis);
STR = existing pavement structure:

- structural number for flexible pavement,

- total AC overlay thickness for composite pavements (in.), or

- slab thickness for concrete pavements (in.);
AGE = age of pavement since construction or major rehabilitation

(overlay) (years); and
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AR
ve

Figure 2.22 MMOPP attempts to model the actual variations in materials, thickness, and loads

along the length of the road [Ullidtz 1987].
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CESAL = cumulative 18-kip equivalent single-axle loads (ESALs) applied to

pavement in the heaviest traffic lane (millions).
Table 2.2 summarize the results of the above model for different pavement types.

The performance-prediction model in PMS-II system for Ohio Department of
Transportation (ODOT) includes the prediction models required for forecasting deterioration
of pavement attributes with time [Majidzadeh et al. 1990]. These prediction models are
dependent on traffic, pavement structure, and soil characteristics. The general form of this

performance or damage equation is exponential and s-shaped, that is:
Damage Function = f [exp (traffic, pavement structure, soil characteristics) 2.5)

The damage functions were developed from historic performance data. Updating
techniques have been incorporated so that performance prediction models can be updated

annually as new pavement condition data become available.

Simple performance prediction curves were suggested by Sharaf [1991] that relate
pavement condition index (PCI) values to the age of pavement. These curves canbe
generated for each family of sections with common characteristics. Sets of PCI and age
values can be easily obtained for section in each family, and statistical techniques (typically
regression analysis) can be applied to construct relationships between PCI and pavement

age. The model suggested is as follows:

C=100-b*x™ (2.6)



Table 2.2 Summary of proposed prediction models [Lee et al. 1993].
Model
Parameter FLEX COMP JPCP JRCP CRCP
log,,(a) 1.155 -0.4185 0.5104 1.7241 0.7900
b -1.872 -0.1458 -1.7701 -2.7359 -1.3121
c 0.3499 0.5732 1.0713 0.3800 0.1849
d 0.3385 0.1431 0.2493 0.6212 0.2634
R? 0.52 0.58 0.79 0.57 0.37
SEE 0.45 0.38 0.26 04 0.31
N 522 509 117 254 1204
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where
C = PCI value

X = pavement age in months measured from the date of last application of major

activity
b = slope coefficient
m = value that controls the degree of curvature of performance curve.

Fixing the degree of curvature 'm’' value to 1.5, several models for different

maintenance alternatives could be obtained as shown in Table 2.3.

Some researchers considered the prediction of future distress levels rather than the
prediction of a composite index. For example, Minnesota Department of Transportation
(Mn/DOT) has a large pavement distress data base, which dates back to 1967 [Lukanen and
Han 1994]. This large data base enabled researchers to develop performance prediction
models for different distresses. The pavements were grouped in 100 different groups based

on pavement structures, surface condition, and use.

Pavement performance using roughness and rut depth measures has the advantage that
several site-specific conditions like wear resistance, cross section, axle load limit, traffic
conditions, traveling speed, and climate, which are difficult to monitor, are reflected in
surface condition recordings. Thus, they need not to be monitored separately for the

purpose of pavement performance prediction. This way looks rather simplified, since a



Table 2.3. Performance models and service lives [Sharaf 1991].

Alternative Performance Curve Service Life At PCI =30
Surface Treatment} PCI=100 - 0.0319 (AGE)** 14
Thin Overlay PCI=100 - 0.0158 (AGE) * 22
Thick Overlay PCI=100 - 0.0129 (AGE) * 25
Reconstruction PCI=100 - 0.0104 (AGE)"* 29
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main problem appears in predicting pavement performance, when there are considerable
changes in the above mentioned factors that have influences on the pavement performance,
such as changes in axle load limit, traffic volume, or traveling speed [Haugodegard et al.

1994].

The United Kingdom PMS [Philips 1994] has also a pavement performance modeling
for each defect on different pavement types. Deterioration curves for defects are user-
definable and are specified as a series of discrete points; intermediate values are determined
automatically by linear interpolation. Alternatively, default curves have been proposed for
the first implementation of UKPMS, given that users may not have the data from which

curves are defined.

Similar pavement performance prediction models were developed for Norwegian
Public Roads based on rutting and roughness [Haugodegard et al. 1994]. These curves were
partly empirical and partly mechanistic. An expert system, called DEkspert, was developed
in Norway for distress diagnosis and for selecting maintenance and rehabilitation activities
on roads with flexible pavements. This system is intended to supply alterative solutions to

PMS system where the cost calculations and optimization will be performed.

Separate prediction models were developed for estimation of different modes of
distress, for different types of surfaces, for major highways in India [Sood et al. 1994). A
total of 113 test sections were selected for collecting periodic performance data over a
period of 3 to S5 years. These data were analyzed in three categories: (1) static data on

pavement characteristics that included category of road type, pavement thickness, and
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composition of different layers, pavement width, and shoulder; (2) dynamic data on
pavement condition that included periodic pavement performance data such as roughness,
characteristic deflection, subgrade moisture content, and different forms of pavement
distress; and (3) traffic characterization data which included the details of traffic volume
(time of day, direction, average daily commercial traffic) and axle load. The large amount
of data collected were subjected to the following forms of analysis: graphical, linear and
non-linear regression, and multivariate linear and nonlinear analysis. Separate models were
developed for two different types of pavement surfaces normally used in India: asphaltic
concrete and premix carpet surfaces. These models were in terms of roughness and crack

progression.

Markow [1990] suggested a pavement deterioration prediction that predicts the annual
reduction in PCI as a function of pavement structure, traffic loads, and an age-related term to
reflect non-load causes of damage. Then the pavement maintenance was modeled as a
periodic, limited adjustment in current PCI. Over time, the cumulative effects of these

adjustments are to reduce the rate of pavement deterioration.

Empirical-mechanistic model for pavement performance prediction of three categories
of pavement: flexible pavement with no overlay, flexible pavement with overlay, and
composite pavements (asphalt concrete surface over rigid base) were developed by George
et al. [1989]. The best-fit model for the performance prediction of flexible pavement with

no overlay is as follows:
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PCR(t) = 90-a [exp (Age)P- 1] log [':i‘:c‘] 2.7)

with a = 0.6349; b = 0.4203; ¢ =2.7062; and R =0.75.

where

PCR(t)= pavement condition rating at time t,

ESAL = yearly Equivalent Single Axle Loads,

SNC = AASHTO Modified Structural Number to account for subgrade

support,

SNC = X ah + SNg (2.73)
where

a; = material layer coefficient,

h; = layer thickness (in.),

SNg =subgrade condition, and
CBR =inssitu California Bearing Ratio of subgrade (%),
The subgrade condition SNg, is defined as

SNg = 3.51 log (CBR) - 0.85 (log (CBR))? - 1.43 (2.7b)
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Similar equations were developed for flexible pavement with overlay and composite

pavement, respectively, those equations are:

Pavement with overlay prediction model:

e . ESAL
PCR(t) = 90-a [exp (Age) 1] log [_SNC‘*T] (2.8)

with a=0.8122; b =0.3990; c =0.8082, and T = the last overlay thickness (in.).

Composite pavement prediction model:

PCR(t)=90-a[exp (%) - 1] log (ESAL) (2.9)

with a=1.7661, b = 0.2826, and T = thickness of the asphaltic concrete layer (in.).

All other parameters are as explained before. Figure 2.23 shows a typical scattergram
of pavement condition data (predicted PCR) with age, for ADT =3000, and SNC = 3.0,
using equation 2.7, and 95% confidence level. On conclusion of applying these models for
life-cycle analysis, the life cycles are greatly increased if repairs are performed while the
pavement is still in the first phase of degradation (slow rate of deterioration). Timely

maintenance treatment will reduce the equivalent uniform annual cost (EUAC).

In PAVER method, as a part of analysis performed to obtain PCI prediction curves on
family-by-family basis, deterministic, constrained polynomial curves are fitted for each

family's data (PCI, age). These curves are then used on a section-level basis to predict the



48-

30 -

PAVEMENT CONDITIO ' RATING

28 -

10 -

Figure 2.23.

L L L e

8 2 4 6 8 i 12 14 16
AGE,YEARS

Scattergram of pavement condition data with age [George et al. 1989].

78



79

future PCI of each section [Feighan et al. 1989; Shahin and Waiter 1990; and USAERL

1993]. This prediction method consistes of the following steps [Shahin 1994]:

1. Defiine the pavement family,

2. Filter the data,

3. Conduct data utlier analysis,

4. Develop the family model, and

5. Predict the pavement section condition.

Figure 2.24 shows a typical example for a pavement section condition prediction in

relation to family model.

Rilett et al. [1989] have developed a pavement deterioration model that has the
capability of separating the contributions of traffic and environment on pavement
deterioration, and then the life-cycle costs attributable to traffic can be calculated. This
model considers the loss of serviceability, as measured by riding comfort index (RCI), to be

a measure of deterioration.

The same methodology of separating environmental effects from traffic effects on
roughness was developed by Bein et al. [1989] for Canadian Saskatchewan area. They use
the World Bank's Highway Design and Maintenance Standard Model (HDM3) for
roughness progression after calibrating it for climatic conditions typical to Canadian

Prairites. HDM3 models are based on mechanistic principles of pavement behavior and are
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structured in a way that facilitates local adaptation. Variables relating to pavement
structural properties and structural loading as well as to age, maintenance, environmental
factors are included in the models [World Bank 1989]. Figure 2.25 shows the structure of

HDM3 model.

2.4.3.2 Probabilistic Performance Models: Markov Process

The rate of pavement deterioration is not fixed and moreover is uncertain. Therefore,
it is a rather simplified technique to use a fixed rate of deterioration in any pavement
performance prediction model. Instead, probabilistic models should be used to capture the

uncertainty of the rate of deterioration. This problem can be overcome by the use of Markov

process.

Markov decision process is used to replace the deterministic deterioration modeling by
the probabilistic one. In this method, the state that describes the current pavement condition
is changed to the next state at certain probability level. A group of similar pavement
sections (family) in good condition, for example, has certain probability that it will change
to poor condition in a specific time period. This probability of the change of condition

(state) is called transition probability.

A Markov process, therefore, is a stochastic system for which the occurrence of future

state depends on the immediately preceding state and only on it. The probability:

Px(n-l),x(n) =P {at(n) = x(u),a(n-l)= x(n-l)} (2-10)
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is called the transition probability. It represents the conditional probability of the
system being in state, X, at time, t,,, given it was in state, x,,,, at time, 1) This property is
also referred to as one-step transition probability since it describes the system between ton
and t,, times [Taha 1992]. The transition probability is assumed to be fixed over time. The
transition probability is usually arranged in a matrix form called transition probability

matrix.

The Markov chain is a probabilistic model that accounts for the uncertainties present
with respect to both the existing pavement condition and future pavement deterioration. The
underlying concept of this method is that a pavement section may be in one of several states
or conditions and that unless maintenance or rehabilitation is undertaken, the condition of
the pavement will worsen over time. The amount of pavement deterioration in a given
period, such as a year, is a random variable depending only on the most recent state of the
pavement and the amount and type of traffic loading that the pavement has during that

period of time.

For pavement prediction modeling, the transition probability matrix defines the
probability that a pavement in an initial condition state will be in some future state. This
matrix is usually obtained by using a formal interview method. The experts are asked to
determine to the best of their ability, the probability a pavement in one condition state go to
each of the future condition states in one time period [Haas et al. 1994]. Because the
Markov process estimates the future condition state solely from the current condition state,

other factors that affect the pavement behavior are handled by defining a transition matrix
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for each combination of factors such as pavement type, pavement thickness, traffic volume

or load, and environmental conditions.

As an example of using the Markov process modeling, Butt et al. [1994] developed a
pavement deterioration model based on the Markov process. In their work, the state of a
pavement is defined in terms of pavement condition index (PCI) rating, The PCI which
ranges from 0 to 100, has been divided into 10 equal states, each of which has a PCI interval
of 10 points. A duty cycle for a pavement is defined as 1-year duration of weather and
traffic. A state vector indicates the probability of a pavement section being in each of the 10
states in any given year. All pavement sections are grouped into families of similar
characteristics. For establishing the transition probability matrix, it is assumed that the
pavement condition will not drop by more than one state (10 PCI points) in a single year.
Table 2.4 shows typical transition probability matrix for five families of sections: asphaltic
concrete pavement (AC), stabilized pavement (ST), asphaltic concrete thin overlay, asphaltic
concrete structural overlay, and asphaltic concrete reconstruction. Thus a pavement will
either stay in its current condition state or transit to the next lower state in 1 year. The state
vector for any duty cycle, t, is obtained by multiplying the initial state vector p(0) by the
transition probability matrix raised to the power t. This procedure is shown in Figure 2.26.
With this procedure, if the transition matrix can be estimated, the future state of the

pavement at any duty cycle, or age, can be predicted as shown typically in Figure 2.27

There are several advantages to the Markov process modeling including direct

calibration, by formalized way, the experience of local engineer and the ability to develop



Table 2.4. Typical transition probability matrix [Fieghan et al. 1989].
FAMILY STATE| STATE | STATE| STATE| STATE| STATE | STATE| STATE| STATE| STATE
1 2 3 4 5 6 7 8 9 10

0.7825 | 0.8656 | 0.8717 | 0.8752 | 0.0008 | 04144 | 0.2845 | 06346 | 0.3548 | 1.0000

1 0.0001 | 0.5021 | 050151 0.5014 | Q0013 | 0.0001 | 0.0000 | 0.0000 | 00000 | 1.0000
00010 | 0.5000 | 04880 | 04680 | 04785 ] 0.1364 [ 0.0370 | 0.0112 | 0.0025 | 1.0000

01374 | 06502 | 05021 | 0.5003 | 00001 | 0.0381 | 0.0010 | 0.0001 | 0.0005 | 1.0000

08481 | 04070 | 02831 | 04502 | 06058 | 04676 | 0.5000 | 04805 | 05800 | 1.0000

2 01821 | 04714 | 04735 | 04815 ] 00815 ] 00029 | 00016 | 00000 | 00442 | 1.0000
00000 | 0.5001 | 0.5000 | 0.5000 ) 0.0012 | 0.0001 | 0.0000 | 0.0000 | 0.0000 | 1.0000

07764 ] 08579 | 08627 | 0.8631 | 00007 | 04767 | 0.5376 | 046854 | 06414 | 1.0000

3 0.0000 | 0.5000 | 0.5000 | 0.5000 | 0.0001 | 0.0302 | 0.0336 | 0.0008 | 0.0007 | 1.0000
06862 | 08740 | 06205 | 0.3080 | 0.0010 | 0.0001 | 0.0000 | 0.0000 } 0.0000 { 1.0000

08136 ]| 07798 | 0.7829 | 0.7832 | 00038 | 00001 | 0.7481 | 0.2284 | 0.7804 | 1.0000

4 00010 | 0.5000 | 04960 | 0.5000 | 0.0022 | 0.0006 | 0.0001 | 20000 | 02800 | 1.0000
09853 | 0.5002 { 05000 | 04888 ] 00001 | 0012 | 0.0327 | 0.0006 | 0.0003 | 1.0000

07825 ]| 08656 | 08717 | 0.8752 | 0.0006 | 04144 | 02845 1 06346 | 0.3546 | 1.0000

5 00001 | 0.5021 | 05015 | 05014 | 0.0013 | 0.0001 | 0.0000 | 0.0000 | 0.0000 | 1.0000
00010 | 0.5000 | 04990 | 04909 | 04765 | 0.1364 | 0.0370 | 00112 | 0.0025 | 1.0000

0.1374 | 06502 | 0.5021 | 05003 | 00001 | 00361 | 0.0010 | 0.0001 | 0.0005 | 1.0000

FAMILY 1: AC PAVEMENTS
FAMILY 2: ST PAVEMENTS
FAMILY 3: AC THIN OVERLAY
FAMILY 4: AC STRUCTURAL OVERLAY
FAMILY 5: AC RECONSTRUCTION
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Figure 2.26. Schematic representation of state, state vector, and life cycle [Shahin 1994].
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the performance curves with out any historical data. However, there are several
disadvantages as well including the need to a tedious effort of developing a transition
probability matrix for each combination of factors that affect the pavement performance. In
addition, pavement history is difficult to include in this modeling since the estimate of the

future state is only based on the current state [Haas et al. 1994].

Markov process was selected to model the pavement performance or behavior using
both subjective and objective data [Karan and Haas 1976]. In this Markov performance
prediction model, serviceability of a pavement at any particular time is characterized in
states, where the state is defined by the Urban Serviceability Index (USI). The total range of
USI is divided into ten discrete ranges, each constitutes a state. Pavement class is another
essential requirement for Markov performance model. Pavement network section is divided
in groups (classes), each is common in important parameters such as pavement type and
thickness, traffic volume composition, subgrade type, and environment. The next
requirement for Markovian performance model is the development of “transition matrices”
for each rehabilitation strategy and pavement class. Each (P;) in a transition matrix gives
the probability that a particular class of pavement currently occupying a particular state (i)
will change (e.g. makes a transition) to another particular state (j) after another year of
service, under any given type of maintenance strategy. The initial transition matrices can be
obtained using subjective opinions of experienced engineers, whereas periodic inventory
information on pavement performance should be used to continually update these matrices.
Fi%me 2.28 shows typical example of initial transition matrix, V(o) for one type of

pavement. The Markov performance prediction model has the following form:
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Typical example of initial transition probability matrix [Karan and Hass 1976].
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V(n) =V(o) * M* 2.11)
Eys(n) =E * V(n) (2.11a)
where

Vi) = initial state vector, which describes the present serviceability level of
an existing pavement (or the serviceability level of a new pavement
immediately after construction)

M = homogeneous, one step transition probability matrix

V) = marginal state vector for year n

E = expected state vector which is defined by the mean USI values of
each state (i.e. 9.5, 8.5, 7.5, etc.), and

Eyg(n) = expected (mean) USI level of the pavement in year n.

One of the difficulties of using a Markov chain model for predicting performance is
that it predicts the proportion of the entire pavement network falling into each pavement
condition category during each future period. Because it forecasts the distribution of future
pavement conditions, it does not predict the specific condition of a specific section and does
not allow any later project-level analysis. Therefore, Markov chain model is only useful for

network-level analysis.
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A mechanistic pavement performance submodel was included in the stochastic
mechanistic PMS developed by Chua et al. {1993 and 1994]. This mechanistic modeling is
achieved in two stages. The level of controlling structural response, the stress or strain in
the pavement section causing the initiation and propagation of distress, is first determined
through some structural analysis of the pavement. The level of distress in the individual
mode is then determined as a function of the structural response via the mechanistic distress
submodel. In this modeling, a stochastic mechanistic pavement distress submodels are

developed to derive the transition probabilities.

2.5 PAVEMENT MAINTENANCE PRIORITIZATION

2.5.1 General

Priority-setting or ranking process, as used in PMS, aims to rank the pavement
sections in an order of urgency for maintenance and repair. The importance of prioritization
process in PMS comes from the fact that it is the main step before the final decision on
maintenance program execution. The quality of priority-setting is directly influencing the
effectiveness of available resources which are, in most cases, the primary judgment of the

decision maker [Sharaf 1993].

Priority analysis is a systematic process that determines the best ranking list of
candidate sections for maintenance based on specific criteria such as pavement condition,
traffic level, pavement function, etc. These criteria are grouped to form an index that should

consider all the factors that affect pavement performance. Various methods and schemes
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are used for priority analysis ranging from simple listing based on engineering judgment to
true optimization based on mathematical formulations as shown in Table 2.5. These
methods can be divided into two broad groups: ranking methods and optimization methods.
The ranking methods are subdivided into those based on a composite index determination

and those based on economics [Karan 1984].

2.5.2 Composite Index Ranking Method

In a general survey about the status of pavement management systems adopted by
SHAs in the United States [Irrgang and Maze 1993], several methods were used for
developing priority indices. SHAs were found to use one or more of condition measures

listed below:

e Pavement distress: The evidence of defects in the pavement (e.g., ruts, cracks,

potholes, faulting, and blow-ups) is considered pavement distress.

e Ride or pavement roughness: Roughness is a measurement of a vehicle's response

to roughness of the pavement profile.

e Traffic: Traffic is generally taken into account through using the average daily
traffic volume or estimating equivalent single-axle loading that a pavement has
received. Pavement sections with higher traffic volumes usually receive higher

priorities.



Table 2.5. Different classes of priority programming methods [Haas et al. 1994].
Ne. Class of Method Advantages and Disadvantages

1 Simple subjective ranking of Quick; subject to bias and

projects based on judgment. inconsistency; may be far from
optimal.

2 Ranking based on parameters, Simple and easy to use; may be far
such as serviceability, from optimal.
deflection, etc.

3 | Ranking parameters with Reasonably simple; should be close to
economic analysis. optimal.

4 Optimization by mathematical | Less simple; may be close to optimal;
programming model for year- effect of timing not considered.
by-year basis

5 Near optimization using Reasonably simple; can be used in
heuristic and marginal cost- microcomputer environment; close to
effective. optimal results.

6 Comprehensive optimization by | Most complex; can give optimal
mathematical programming program (maximum of benefits).
mode! taking into account
timing effects.
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Economic factors: When a treatment is assigned to a project on the basis of life-
cycle cost analysis, several economic factors may be used in prioritization,

including benefit-cost ratios and cost-effectiveness ratios.

Functional class: Although several functional classification schemes are used by
SHAs, functional classification is sometimes used in prioritization and results in

higher-classification roadways' receiving a higher priority.

Accidents: Accident rates are often taken into consideration when ranking projects,

especially with regard to safety related maintenance activities.

Friction or skid resistance: Skid resistance is a major component when safety-

related maintenance is evaluated.

Geometric deficiencies: Some SHAs consider the number of specific geometric
deficiencies that could create safety problems when selecting MR&R projects. This
assumes that the geometric deficiencies could be corrected through MR&R
activities. Typical geometric deficiencies used are the number of narrow structures
per mile, shoulder width, number of substandard stopping sight distances, lane

width, and substandard horizontal curves per mile.

Structural capacity: Most SHAs measure the structural capacity of a pavement

through measuring the deflection or curve of the pavement that results from a static

or repeated load.
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¢ Engineering judgment: Some agencies structure their priority-ranking criteria to

include engineering judgment or to be primarily based on engineering judgment.

e Age: When age is taken into account, it generally enters the priority analysis
through measuring the number of years the pavement's performance will remain

acceptable (remaining service life concept).

e Location: Some SHAs will provide a higher priority to a pavement on the basis of
its strategic location. For example, highways that serve production centers, schools,
and military facilities must be maintained in good condition without risking

possible road closing.

Effective prioritization program should not only consider the current year conditions
of pavement section, but also the consequences of likely changes in conditions in later years,
that implies the ability to project pavement condition into future. Since treatments are not
normally undertaken until at least one year after condition surveys are carried out, giving the

time required for relative prioritization and establishing funding [Philips 1994].

Sharaf [1993] reported three models for priority setting. The first model calculates a

priority index as follows:

.. defect length
P Index = X
riority ex traffic factor * defect factor 2.12)

The traffic factor has values of 1.0, 0.5, 0.1 for average daily traffic levels of less than

2500 vehicle per day (vpd), between 2500-10,000 vpd, and more than 10,000 vpd,
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respectively. The defect factor, on the other hand, is assigned for each section on the basis
of the defect type (distress) and the required treatment (i.e. values between 0.1 and 1.0),
lower values for major treatment (rehabilitation). Afiter calculation of section indices,
sections are ranked in descending order according to index values. The ranking list is
converted to a cost list by using appropriate maintenance treatment unit cost. The second
model is a modification of the previous model in a way that pavement sections are arranged
according to road type (i.e. desert or agricultural roads) and traffic level into four classes,
then this classification is used to determine the average treatment ages. Also in this model,
predetermined budget shares are reserved for different maintenance treatments. This budget
share is distributed on sections with highest-priority indices that require treatment. The
third model is an extension of the second model in a way that the budget share is distributed

among all the candidate sections in an optimization procedure.

There are different approaches to develop a priority combined index in pavement.
These approaches include Unique Sum Approach, Utility Theory, Delphi Method, Factorial
Rating Method, and Fuzzy Set Theory. A methodology for developing a comprehensive
ranking index for flexible pavement using Fuzzy sets theory was presented by Zhang et al.
[1993]. This methodology can capture the subjective judgment of pavement engineer and
pavement user, and combine the most important pavement attributes such as, roughness,
distress, structural capacity, and skid resistance into one index. The model developed is

called the overall acceptability index (OAI).
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The concept of Fuzzy set theory is useful for the presentation of imprecise knowledge
of the type that is prevalent in human concept formulation and reasoning. Objects, ina
fuzzy set, have a gradual, rather than an abrupt, transition from membership to non-
membership as shown in Figure 2.29 [Zhang et al. 1993]. Each of the four pavement
attributes, roughness, distress, structural capacity and skid resistance, has different level of
severity. However, there is no distinct transition point between various levels but a gradual
transition. Fuzzy set theory, therefore, is an ideal opportunity to be applied to ascertain

severity level membership. The overall acceptability index (OAI) has the following form:

- Wi W2 W3 W 2.13
0Al (2 w) Av * ( w-) Az ¥ (z wi) As ¥ (2 wi) As @.13)

where W,, W,, W;, W, are the weighing factors for roughness, distress, structural
capacity and skid resistance, respectively. The sum of all weighing factors, ZW;=1.0. A
membership A, for each factor can be obtained from the membership curve developed using
a nonlinear regression analysis for a subjective opinion survey about the level of acceptance
for selected pavement attributes and their relative importance. This is typically shown in
Figure 2.30. The OAI model is independent of the number of attributes included because
the sum of the weighing values is always 1. Membership functions and weights for

secondary roads are shown in Table 2.6.

A prioritization procedure was developed by Chen et al. [1993] as a part of an Urban

Roadway Management System at network level (URMS). This procedure combines two
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Figure 2.30. Membership of distress using fuzzy set theory [Zhang et al. 1993].



Table 2.6. Membership functions and weights for secondary roads
[Zhang et al. 1993].

Attribute Membership fanction R? Weight
Roughness (PSI) A =1 -exp(-0.01274 * PSI%) 0.970 0.306
Distress (D) A = exp(-0.00000185 * D?) 0.971 0.244
Structural Capacity (SC) |A =1 -exp(~0.207 * (CS/50)°) 0.960 0.225
Skid Resistance (CF) A=-0.22+1.6308 * CF 0.979 0.231
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matrices and an equation for computing priority index (PIX). PIXis a function of PCI,

pavement age, mixed traffic and street class. This procedure is shown in Figure 2.31.

The Research Institute, in KFUPM, has developed the PEMMS methodology for the
industrial city of Al-Jubail road network [KFUPM-RI 1989]. A part of this system is
maintenance prioritization procedure that includes important parameters such as pavement
distress-based rating (PDR), roughness, skid resistance, and average daily traffic of each
feature of a section/subsection to decide which road section/subsection should have a higher
priority for maintenance treatment. Data processing and report generation include both the
network-level and zone-level prioritization. Prioritization matrix combining all the above-
mentioned parameters is shown in Figure 2.32. A number of features falling in the same
prioritization categories is further prioritized according to their PDR values (lower PDR
first). For example, all features having a traffic category TC1, pavement condition “fair”,
roughness rating as “acceptable™, and skid resistance as “unacceptable”, will fall under
prioritization category F.13, and will be further prioritized according to their individual PDR
in the form of F13.1, F13.2, F13.3, etc. in the descending order of PDR score. Another
feature in this procedure is that all linked features like adjacent lanes in one direction of a
divided highway or both directions in case of undivided highway, are linked together, and
one value, which calls for highest priority, is applied to all linked features of a
section/subsection. This revised priority is designated as compatible maintenance priority

(CMP).
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Figure 2.31. Priority index procedure used in URMS [Chen et al. 1993].
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TRAFFIC CATEGORY
TC1 TC2 TC3 TC4
ey | ROUGHNESS
RATING RATING SKID RATING
A U A L1 A U A U
POOR U P1 Ps | P2 | P6 P3 P7T | P4 | P8
A P9 P13 | P10 [ Pis | P11 | P15 | P12 | P16
U F1 F5S F2 | F6 F3 F7 | F4 | F8
FAIR
A F9 | F13 | F10 | Fi4 | F11 | F15 | F12 | F16
U G1 GS G2 | Gé6 | G3 G7 | G4 G8
GOOD
A G9 | G13 JGlo|Gis |Gl | Gis]| G12 | Gi16

A: ACCEPTABLE

U: UNACCEPTABLE

Figure 2.32. PEMMS priority matrix [KFUPM-RI 1989]

TC1:ADT>5000; TC2: ADT=3001-5000
TC3: ADT=1001-3000; TC4: ADT<1000 vph
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For the application of PMS in Qinghai in China, Ningyuan and Haas [Ningyuan and
Haas 1994] have developed a priority program that considers pavement type and life cycle,
traffic volume and rank, and present pavement condition (structural capability and distress

ratio). The formula for calculating the priority index is expressed as follows:
PI =2 K .F; 2.19)
where
PI= priority index
F;= priority factor (i.e., F,, daily traffic volume; F,, distress ratio; F,, service life;
F., pavement roughness; and F;, pavement type); and

K;= weight of corresponding factor, determined by type of pavement structure,
traffic rank, and environmental condition; it can be adjusted in different

regions.

2.5.3 Economic-based methods

Two prioritization methodologies have been developed in connection to PAVER
method of pavement management system [Butt etal. 1994 and Feighan et al. 1989]. The
first methodology is prioritization using optimal benefit/cost ratio, that uses the optimal
M&R recommendations and corresponding benefit/cost ratios (or effectiveness/cost ratio)
for each family-state combination produced from the dynamic programming. Each family

consists of sections having common characteristics such as pavement type, traffic loading,
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and surface thickness. On the basis of section PCI, the state is defined as a 10 PCI-wide
bracket. For example, a section having PCI of 90-100 are defined to be in state 1. On the
basis of user-defined weighing factors for each pavement section, all of the pavement
sections in a given network are ranked with the use of weighted optimal effectiveness/cost
(E/C) ratios. The higher the E/C ratio of a section, the higher the priority of that section for
repair. The available budget is allocated to the pavement sections by selection of one
section at a time from the ranked section list. The search for the section selection is stopped

when the available budget is completely exhausted.

The second prioritization methodology is by using incremental benefit/cost ratio. This
technique is a heuristic method for budget optimization. The overall flow chart for this
algorithm is shown in Figure 2.33. This methodology differs from the previous one in that
all feasible M&R alternatives of a section are identified and the corresponding inflated
initial cost, present-worth costs, and weighted benefits are obtained. This information is
used in the incremental benefit/cost ratio program to produce optimal M&R
recommendations for each pavement section, including initial cost and type of treatment.
The budget optimization also gives the total network-weighted benefits corresponding to

optimal M&R recommendations [Butt et al. 1994].

An economic-based model for setting priorities for road maintenance and
rehabilitation was suggested by Livneh and Craus [1990]. This model includes the grade for
a condition of pavement distress (DR), grade of level of service (PSI), and the annual traffic

(AADT). The model has the following mathematical form:
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Feasible M&R alternatives from dynamic programming.
List of sections to be examined, with relevant information .

Weighing factors file related to some or all section relevant information.

Benefits and present worth costs associated with all feasible M&R
options for programmed year from dynamic programming.
Transformation matrix file.

Cost file containing routine and repair costs by state and family used in
dynamic programming.

Budget allocated for each programmed year.

Family curve equations for each family.

Inflation rate used in dynamic programming.
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Prioritization using incremental benefit/cost ratio method [Butt et al. 1994).
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P% =k x SN*? x (5 - PSI) x (AADT/1000) (2.15)
where
P% = the first year rate of return, %,

SN = structural number, which is a function of distress grade DR (0 -100), using the

following equation:
SN=5-0.04 DR (2.15a)
PSI = Serviceability grade, (0 - 5),
AADT = Annual average daily traffic, and
k = numerical constant.

The first year rate of return is obtained for a given rehabilitation investment, that is the

ot

agency and road user’s costs (before and after upgrading), and the benefits gained from
investment in the maintenance and rehabilitation work. This model was found to be affected

mainly by the AADT.

2.5.4 Neural Network Method

The neural network, unlike other methodology, does not require that user to specify
mathematical relationships between input and output variables. Neural networks have the
ability to learn from examples fed to them. Figure 2.34 shows the general structure of the

neural network system. In case of priority assessment, input would consist of condition
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BUFFER
HIDDEN
LAYER

OUTPUT

Neural network structure [Fwa and Chan 1994).

Figure 2.34.



108

descriptions of road sections and the corresponding priority ratings awarded by highway
engineers or maintenance personnel. Neural network model was used for priority rating of
highway maintenance as the model used by Fwa and Chan [1994]. The adopted neural
network model was tested separately by three different forms of priority-rating methods;
linear and nonlinear condition index functions, and subjective priority assessments obtained
from a pavement engineer. On conclusion, neural networks offer a procedure that, more

closely, simulates priority-rating process specified by pavement maintenance personnel.

2.5.5 Analytical Hierarchy Process Method

2.5.5.1 General

Measurement in the real life involve quantifiaction that always concerns in how much of
an attribute is present which requires a numerical statement of the amount. This
measurement has different categories of scaling procedures. Following are some of the

scale classifications [Munnally 1967]:

1. Labels: numbers are used purely as labels that have no implication of mathematical

analysis.

2. Categories: numbers are used to group items with similar characterstics. These

numbers have no quantitaive implications.
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3. Ordinal Scale: its the scale in which: (1) a set of objects are ordered from “most” to
“least” with respect to an attribute, (2) there is no indication of “how much” in an
absolute sense any of the objects possess the attribute, and (3) there is no indication of
how far apart the objects are with respect to each other. Rank ordering scale is an

example of the ordinal scale.

4. Interval Scale: itis the one in which (1) the rank ordering of the objects is knwon with
respect to the attribute and (2) it is known how much far aprat the objects are from one
anotherwith respect to the attribute, but (3) no information is available about the

absolute magnitude for any object.

5. Ratio Scale: this is obtained when (1) the rank order of the objects with an attribute is
known, (2) the intervals between objects are known, and (3) in addition, the distance

from a rational zero is known for at least one of the objects.

6. Other Scales: any possible variants of the above mentioned scales such as, orderd

metric scale and logarithmic interval scale.

One of the methods used to scale and quantify measurements is Analytical Hierarchy
Process (AHP). It is a theory, developed by Saaty in 1970s, for dealing with complex
technological, economic, and sociopolitical problems. AHP aims at quantifying relative
priorities for a given set of alternatives on a ratio scale [Saaty 1990; and Saaty and Vargas

1982].
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There are three principles which one can recognize in problem solving. They are the
principles of decomposition, comparative judgments, and synthesis of priorities. The
decomposition principle calls for structuring the hierarchy to capture the basic elements of
the problem [Saaty 1986]. In AHP, a hierarchy is an abstraction of the structure of a system
to study the functional interactions of its components and their impact on the entire system.
This abstraction can take several related forms, all of which essentially descend from an
apex (an overall objective), down to sub-objectives, down further to forces, down to
objective of the people who influence these forces, down to the objectives of the people and
then to their policies, still further down to the strategies, and, finally, the outcomes which
results from these strategies [Saaty 1990]. Figure 2.35 shows a typical schematic hierarchy
of prioritization process. After the design of the problem components (hierarchy) is made,
the second phase of the AHP is the evaluation which is base on the concept of paired
comparisons. The elements in a level of the hierarchy are compared in relative terms as
their importance or contribution to a given criterion that occupies the level immediately
above the elements being compared. This process of comparison yields a relative scale of
measurements of priorities or weights of the elements. These relative weights sum to unity

[Vargas 1990].

A useful feature of the AHP is its applicability to the measurements of intangible
criteria along with the tangible ones through a ratio scale. In AHP, a ratio scale between 1
and 9 is used to give the relative preference between two alternatives as shown in Table 2.7.

This scale is able to capture a great deal of information and has proven to be extremely
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First Level:
Overall Welfare of 2 Nation

Second Level:
Scenarios

Third Level:
Regions

Fourth Level:
Projects in Regions

Figure 2.35. Typical hierarchy structure for prioritization [Saaty 1990].



Table 2.7 Intensity of importance scale of AHP [Saaty 1990].
Intensity of Definition Explanation
Importance

1 Equal importance two activities contribute equally to the
objective
3 Weak importance of one Experience and judgment slightly favor
over another one activity over another
5 Essential or strong Experience and judgment strongly
importance favored and its dominance
demonstrated in practice
7 Demonstrated importance | An activity is strongly favored and its
dominance demonstrated in practice
9 Absolute importance The evidence favoring one activity
over another is of highest possible
order of affirmation
2,4,6,8 | Intermediate values when compromise is needed
between the two adjustment
judgments
Reciprocals | If activity i has one of the | A reasonable assumption
of above | above nonzero numbers
nonzero | assigned to it when
numbers | compared with activity j,
then j has the reciprocal
value when compared with
i
Rationals | Ratios arising from the If consistency were to be forced by
scale obtaining n numerical values to span
the :
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useful due to the fact that the AHP is somewhat scale independent [Harher and Vargas

1987].
Saaty [1990] defended this scale by the following reasons:

1. The human ability to make qualitative distinctions is well represented by five
attributes: equal, weak, strong, very strong, and absolute. Compromises
between adjacent attributes can be made when greater precision is needed. The

totality require nine values and they may be well consecutive.

2. There is a practical method often used to evaluated items by classification the
stimuli into trichotomy of regions: rejection, indifference, and acceptance. For
finer classification, each of these is subdivided into a trichotomy of low

medium, and high, resulting nine shades of meaningful distinctions.

3. The human brain has a psychological limit of 7 + 2 items simultaneous
comparisons. This mind capacity has some thing to do with the number of
fingers. Therefore, a nine-point scale will be sufficient to do the comparisons

between items.

The AHP incorporates judgments and personal values in a logical way. It depends on
imagination, experience, and knowledge to structure the hierarchy of the problem. It also
depends on logic, intuition, and experience to provide judgments. Once accepted and

followed, the AHP shows how to connect elements of one part of the problem with those of
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another to obtain the combined outcome [ Saaty 1982). Figure 2.36 shows the advantages of

the AHP.

The AHP differs from the other conventional scoring method in the following

[Hagquist 1994}:

1. AHP uses a set of one-to-one comparison to evaluate alternatives under each criterion.

These pair-wise comparisons are the smallest in decisions.
2. AHP uses one-to-one comparisons to assign criteria importance weights.
3. AHP does alternative comparisons and criteria weighting in separate steps.

4. AHP melds both objective measure and subjective preferences in the form of criteria

weights. Typically, only one objective are quantified.

AHP has many advantages over the conventional scoring methods such as increase in
accuracy and consistency, and that the subjective consideration is quantified in a structured
framework. However, the major drawback in the use of AHP is the effort required to make
all pair-wise comparisons [Millet and Harker 1990]. As the size of the hierarchy increases,

the number of required pair-wise comparisons increases exponentially.

Also the AHP has its complexity in terms of higher level of details required by the
evaluators when asked for their preferences and opinions. In pavement management,
usually many factors are considered in any modeling process (e.g. prioritization), and in

pavement network there are huge number of sections considered for evaluation, these facts



Unity:
The AHP provides a single,
easily understood, flexible model
for a wide range of unstructured
problems A
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desirability of each and a method for
altemnative establishing priorities

Consistency:

The AHP tracks the logical
consistency of judgments used
in determining priorities

Figure 2.36. Advantages of the AHP [Saaty 1979].
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makes the sections’ comparison based on 9-point scale and for many criteria rather difficult
task. However, for project-level evaluations where a few sections are to be considered

simultaneously, AHP is an effective method for analysis.

2.5.5.2 Principles and Background of AHP [Saaty 1990]

When a group of activities (factors) are considered for evaluation by a group of
people, the main objectives of this group are: (1) to provide judgment on the relative
importance of these activities, and (2) to insure that the judgments are quantified to an extent
which also permits a quantitative interpretation of the judgment among these activities
(factors). The quantified judgment on pairs of activities ci, and cj are represented by an n-

by-n matrix
A =(aj), (i=123,..,n) (2.16)
The entries a; are defined by the following entry rules:
Rule 1. Ifgjj=a, the gjj= /o, #0.

Rule 2. IfC; is judged to be of equal relative importance as C,, then ajj=1,aqji=1;in

particular g;; = 1 for all i.

Thus the matrix A has tha form:
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1 az - Quw
1/ 1
A= an azn (2.17)
1/aw 1/am --- 1

where the aj; is the relative importance of activity i to activity j. Having recorded the
quantified judgments of comparisons on pairs (C, C)) as numerical entries ajjin the matrix
A, what is left is to assign to the n contingencies C,, C,, C,, ..., C, a set of numerical weights

Wy, Wy, Wi, ..., W, that should reflect the recorded judgments.

The eignvector of the comparison matrix provides the priority ordering (weight), and
the eigenvalue is a measure of consistency. To find the priority vector or the weight of each
factor included in the priority ranking analysis, the eigenvector corresponding to the

maximum eigenvalue is to be determined from matrix analysis.

One of the approximation method to get the weight of each factor in the pair-wise

comparison process is described below.

2553 Weight Vector Calculation

In mathematical terms, the principle eigenvector is computed, and when normalized
becomes the vector of priorities (weights). In the absence of large scale computer to solve
the problem exactly, and due to the results of complex numbers, good estimate of that vector
can be obtained by dividing the elements of each column in the comparison matrix by the

sum of that column (i.e. normalize the column). The elements in each resulting row are
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added and the sum is divided by the number of the elements in the row. Thisisa process of

averaging over the normalized columns. Mathematically, this proc&ss'is shown below:

_ 1l au an In
W= n {;an] +(§0J+. [Za.) @18

or in general:

.-%Z G @.19)

Za.,

where ajj is the entry of row i and column j in a comparison matrix of order n.

An approximate calculation method for the principle eigenvalue, A, is as follows: the
matrix of comparisons is multiplied on the right by the estimated solution vector, W
(equation 2.18) above obtaining anew vector W'. If the first component of this vector is
divided by the first component of the estimated solution vector W, the second component of
W' by the second component of W, and so on, a new vector W". The sum of components
of W divided by the number of components in this vector gives an approximation value of

Ano- Mathematically A,,,, comes from the following equations:

T
W =[w, Wi, Wi, W] (2:20)

\J

W =AW 2.21)
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or

T

w=[ W Wi, W, W] Q22)
' ' ' ' r

W= [ W/ W, W/ Wiy W'/ w.| 2.23)

/1...,=;1; whtw" . Aw", (224)

2.554 Comparison Matrix Consistency

Consistency in pair-wise comparison matrix means that when a basic data is available,
all other data can be logically deduced from it. In doing pair-wise comparison to relate n
activities or factors so that each one is represented in the data at least once, only n-1 pair-
wise comparison judgments are needed. For example, if activity A, is 3 times more
important that factor A, and factor A, is 6 times more important that factor A,, then A1 =3
A,. and A, = 6 A;. It should follow that 3A, =6 A;0or A, =2 A; and A; = 1/2 A,. Ifthe
numerical value of the judgment (comparison) in the (2,3) position is different that 2, then

the matrix would be inconsistent.

2.5.55 Quantification of Consistency

It is usually very difficult to identify n-1 comparisons which relate all factors or
activities and of which one is absolutely certain. It turns out that the consistency of a
positive reciprocal matrix is equivalent to the requirement that its maximum eigenvalue A,

should be equal to the number of factors, n. It is possible to estimate the departure of
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consistence (inconsistency) by the difference A, - n divided by n-1, where Apn 20, The
value of (A, -n)/(n- 1) which is called a consistency index (CI). The random index RI).
Table 2.8 shows the RI values for corresponding matrix order, n. is consistency index a
randomly generated reciprocal matrix from a scale 1 to 9, with reciprocal forced. The ration
of CI toRI, of the same matrix order, gives the consistency ratio (CR). A consistency ratio

of 0.10 or less is considered acceptable.

A composite index of different factors affecting the prioritization process was
determined using the AHP weighting method [Hagquist 1994]. The factors included were
pavement type, pavement condition, drainage adequacy, lane width, shoulder width,

alignment adequacy, volume/capacity (V/C) traffic ratio, and access control. The following

equations were used:
CI=2% (wi).(r) 225)
2 wi=1 (2.252)
where
CI = Composite Index
W; = Index weight for component i, and

r,= rating with respect to component i.



Table 2.8. The average random index [Saaty 1990].

Matrix Order, n Random Index, RI
1 0.00
2 0.00
3 0.58
4 0.90
5 1.12
6 1.24
7 1.32
8 141
9 1.45
10 1.49
11 1.51
12 1.48
13 1.56
14 1.57
15 1.59
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Using the principle of AHP, a multiple criteria composite index was developed by
[Cook and Kress 1994] for evaluating a set of alternatives relative to a combination of
ordinal (qualitative) and cardinal (quantitative) criteria. This model has been incorporated in
a menu-driven software package called Multi Attribute Ranking System (MARS). The
basic feature of this model is that for a given number of alternatives N (e.g. projects or
sections) to be evaluated, relative set of K, ordinal and K, cardinal criteria are established.
For the kth cardinal measurable criteria, a,(i) denotes the value or worth associated with

alternative i. These values are normalized as done in the AHP that is:
N -
Zlak(l)= 1 (2.26)
and
Kj+K2
STwW.e=1 (2.26a)
where
W, is the supplied weight on the importance associated with criteria k, and

K, and K, ordinal and cardinal criteria.

For the ordinal criteria, K,, there are no specified a,(i)-values, instead rank position

of the ith alternative on the kth criteria are supplied. That is:
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. 1 - if i isranked in the | th position on criteria k
did D=10 _ stherwise (2-27)

Then a set of equation were formulated to reach to a composite index considering both

ordinal and cardinal criteria.

The above model was used in priority setting of pavement rehabilitation with the

following identified criteria:
1. pavement condition index (PCI),
2. present traffic,
3. predicted future traffic,
4. percent commercial vehicles,
5. accident level,
6. vehicle operating cost, and
7. riding disrupt.

In all but the last two criteria, numerical vales are available. Since roads can be
ranked according to the riding comfort or disrupt, and since the data of the vehicle operating

costs are difficult to obtain, the last two criteria are ordinal (qualitative).
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2.5.6 Optimization Methods

Priority programming by optimization is conceptually different from others methods.
It combines the function of priority programming, program formulation, and project
scheduling into one operation which gives the optimum schedule of projects through precise
analytical techniques such as linear and dynamic programming. Generally, these method
uses maintenance cost minimization or maintenance benefits maximization to generate the

optimal maintenance plans.



CHAPTER THREE

RESEARCH METHODOLOGY

3.1 GENERAL

To achieve the stated objectives, this study was divided into two parts. The first part
deals with the modeling of pavement condition, while the second part deals with priority
ranking process. The research methodology for these two parts is shown Figure 3.1 and

detailed below.

3.2 PRIORITY RANKING MODELING

Prioritization is a process that ranks pavement sections in an order of importance or
urgency for maintenance and repair before further deterioration occurs, or for restoring the
pavement condition to an acceptable level of service. In situation of limited maintenance
funds, prioritization answers the question of what pavement sections should be maintained

before others.

Priority can be determined by different methods, ranging from simple subjective
ranking to the true optimization as summarized in Table 2.5. In this study, the pavement

maintenance priority ranking modeling is done using the priority composite index method.
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MAINTENANCE PAVEMENT CONDITION
PRIORITY RANKING PREDICTION MODELING
Model Definition: Model Definition
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'
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'
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Applications

|

Figure 3.1.

Model automation
and integration

Research methodology of the study.
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3.2.1 Priority Factors Definition

Based on the features of each priority method, the nature of the data collected, and
the requirement of this study, the priority index method was selected. It was hypothesized
that the parameters that affect the decision for maintenance priority include: road class,
pavement condition, operating traffic, riding quality conditions, safety conditions,
maintenance cost, and the importance of the road segment for community or the road
utilization. These factors are detailed in the following sections. Pavement condition,
safety conditions, and riding quality factors, are inversely proportional to priority
decision, where as these values incease, the priority decreases. While the operating
traffic, and importance to community factors are proportional to it, where as these the
values of these factors increase, the priority increases as well. The relation of the overall
maintenance cost to priority depends on the amount of funds allocated to maintenance and
on the spending schemes. This means that although this amount is not enough to cover all
maintenance needs, but depending of how much the shortage is, determines this relation.
The relation is also dependent of the pavement maintenance spending strategy in
distributing the allocated funds. For example, if the strategy is to subdivide the total funds
into maintenance actions according to some proportions, then the priority-maintenance
cost relation depends on the extent of each needed maintenance action. But in general,
there is a tendency, in the engineering judgment, to execute the maintenance actions on

road segments of low-cost before the higher-cost ones. This policy was followed in this
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study since this covers the preventive manitenance activities, while the corrective

maintenance ones such as overlay and reconstruction require special funds.
The general form of the proposed priority ranking model is:

PI= T W,F, (3.1)

PI= Priority Index (out of 100 points),
F,= Priority factor, i,

W,;=  Weight of priority factor, i, and
ZW;= 100

Some of the factors (F;’s ) used in the above equation have very high absolute
values, such as operating traffic and maintenance cost. Using these absolute values will
overpower other factors such as the skid resistance number and roughness values.
Therefore, a procedure of normalizing all factors to a 100-point scale was followed on this

study. The priority factors (F;’s ) are described in the following sub-sections:
3.2.1.1 Road Classification
Highways are grouped into a number of different classirications for administrative,

planning, and design purposes. They are most effectively classified by function.

Highways have two major functions: to provide mobility and to provide land access. For
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example, freeways provide a high degree of mobility with access provided only at spaced
interchanges to preserve the high-speed, high-volume characteristics of the facility. The
opposite is true for local, low-speed roads that must provide access to adjacent land areas.
Between these two extremes are highways that comprise the bulk of existing highways
[Baerwald 1976]. Table 3.1 provides criteria for highway system classification. In Saudi
Arabja, Ministry of Communications (MOC) has classified the rural highway system into
primary, secondary and feeder roads, while in urban areas, they are classified as arterial,

collector, and local roads.

According to the above classification, each road class is assigned a number (out of
100) to represent its road factor required for maintenance priority ranking process. Higher
numbers are assigned to more important roads that should receive higher priority for

maintenance if needed. This is further detailed in Chapter Four.

3.2.1.2 Pavement Condition

Pavement condition, is measured by pavement condition index (PCI) and calculated
by measuring the various distresses available in the pavement section under consideration.
There are different method of obtaining this index as described in Chapter Two. PCI can
also be obtained from the pavement condition prediction model using the prevailing
conditions. PCI is a composite index that gives an indication of how the pavement section
is affected by its utilization and usage. The pavement condition is one the most
pronounced factors that people see in the road section they are driving, riding, or walking

over.
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Table3.1.  Criteria for road classification [Pignataro, 1973].
Area | Classification| Principle Service Function Elements Linked by
Road
Expressway | Through movement CBD; major generators
exclusively
Urban Arterial Through movement; some land | CBD; secondary
access generators
Collector | Through movement and some | Local areas
land access
Local Land access Individual land sites
Interstate | Through movement Major cities
exclusively
Rural Primary Through movement; some land | Smaller cities
access
Secondary | Through movement and land | Small cities and outlying
access regions
Tertiary Land Access; some through Farm-to-market
movement
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On all pavement condition survey methods, 100-point scale is usually used. The
lower the PCI value is, the higher the priority for that section will be. Therefore, to
comply with the priority model (equation 3.1) requirement, the pavement condition factor

(PO) for any section, equals to 100 minus PCI value for that section.

3.2.1.3 Operating Traffic

Traffic load is one of the major causes of pavement deterioration. Load-associated
distresses such as alligator cracking, and rutting are mainly generated by traffic loads.
These distresses usually have the highest deduct points in any pavement condition rating

method.

Volumes, loads, and classification of traffic are usually needed for analyzing and
scheduling maintenance operations properly. The equivalent axle load concept is used to
handle the large spectrum of axle loads (traffic mix) actually applied to a pavement. The
standard equivalency most commonly used is 80 kN (18 Kips), Equivalent Single-Axle
Load (ESAL). The basis of equivalency can be either calculated or measured by stress,

strain, or deflection at some point in the pavement structure [RTAC 1977].

For planning purposes such as priority ranking process, traffic volume as measured
in average daily traffic (ADT) plays an important role in determining the priority index of
different pavement sections. This factor determines how much the road section is utilized
by the community. High-traffic volume roads (such as arterials or freeways), usually call

for higher maintenance priority compared with the low-traffic volume roads such as local
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or feeder roads. Therefore, a traffic index (out of 100) is calculated or obtained for each

traffic (ADT) range as shown in Chapter Four.

In situation where the operating traffic volumes are not available, descriptive
measures can be used, such as low, medium, or high, that can be related to some ranges.

The functional road classification can also be used as indicators of traffic exposure.

3.2.1.4 Riding Quality

Riding quality is largely a function of pavement roughness which is a function of
road surface profile, the characteristics of vehicle, and acceleration and speed sensibility
of the driver. These factors can contribute to an undesirable or an uncomfortable ride
(poor riding quality). Surface irregularity is an important factor in determining the degree
of comfort of ride afforded by the road, and can also be a guide to the overall condition of
the road [Keir 1974]. Road roughness is caused by two factors: surface irregularities that
are built into the pavement during construction and surface irregularities that develop after
the construction due to traffic, climate, and other factors [FHWA 1987]. High surface
roughness, creates more public complains which, in turn, calls for higher maintenance
priority.

Riding quality is measured by different types of equipment such as, the Bump
Integrator (BI) and the Mays Ride Meter (MRM). The features of these equipment were

explained in Chapter Two.
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Ride index of a pavement section, for this study, is calculated by using roughness
measurement data scaled to 100-point scale as recommended by FHWA [1987]. On
situations where no roughness equipment are available, the riding quality can be indexed
based on the distress survey data. Table 3.2 details the riding quality-related distresses
according to PAVER distress manual.. Riding quality index, needed for priority ranking

is discussed in Chapter Four.

3.2.1.5 Safety Condition

Pavement safety is usually evaluated in terms of skid resistance. There are however,
a number of other considerations in pavement safety, such as violation or unsafe acts by
drivers or pedestrians, vehicular defects, pavement rutting (as it relates to accumulation of
water and the danger of hydroplaning or ice formation), lane demarcation, night visibility
(especially during rain), bad weather, and lane/shoulder drop-off. But pavement
slipperiness as measured by skid resistance is the most common and important factor
[Pignataro, 1976; Haas and Hudson, 1982]. wa value of skid resistance makes the

pavement surface borne to traffic accidents with higher safety hazard.

Skid resistance in pavement surface can be measured by different methods and
equipment. Mu-meter is most proven performance and widely used device to identify
pavements with low skid resistance so that suitable maintenance treatment can be planned

in time to ensure traffic safety. This equipment is described in Chapter Two.
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Table 3.2. Riding quality-related pavement distresses [Shahin and Walter 1990].

Distress Name Description

Bumps are small localized upward displacement of pavement
Bumps & Sags | surface, while sags are downward displacements. They can be
caused by different factors such as buckling of the underlying
PCC slabs, frost heave, and infiltration and buildup of materials in
the cracks.

It is a series of closely spaced ridges and valleys occurring at
Corrugation | fairly intervals of less than 3 meters along the pavement. It is
usually caused by traffic action combined with unstable pavement
surface or base.

Railroad Railroad crossing defects are depressions or bumps around and/or
Crossing between tracks.

Depression | 1t js a Jocalized surface area with elevations lower than those of
the surrounding pavement. It is created by the settlement of the
foundation soil or a result of improper construction.

Shoving It is a permanent, longitudinal displacement of localized area of
pavement surface caused by traffic loading.

Swelling It is characterized by an upward bulge in the pavement surface as
a long gradual wave of more than 3 meters. It is usually caused
by frost action of the subgrade or swelling soil

Weathering & | [t is the wearing away of pavement surface cause by the loss of
Raveling asphalt and dislodged aggregate particles. This can be caused by
using poor quality mixtures or by hardening (aging) effect.

Potholes are small, bowel shaped depression (less than 0.9m in
diameter) in the pavement surface. They are caused when traffic
Potholes abrades small piece of the pavement surface. The pavement then
continue to disintegrate because of poor surface mixture, weak
spots in the base or subgrade, or because it has reached to the
condition of high severity alligator cracking.




135

For priority ranking process, skid resistance values measures as Skid Number (SN)
can be used directly to represent the safety factor, since it is out of 100. Higher the value
of SN for a pavement section, lower is the maintenance priority for that section. Thus the

priority safety factor (SF) is 100 minus the skid number.

In the absence of skid resistance measurements, pavement distresses that cause the
loss of pavement friction (skid resistance) and/or other safety hazardous conditions can be

used as safety condition index of pavement sections as discussed Chapter Four.

3.2.1.6 Maintenance Cost

Overall maintenance cost is the total cost of every maintenance action needed for the
pavement section under consideration. This cost includes the preparation of the defective
locations, the cost of materials to be used in the repair, the cost of man-power and
equipment used in executing the repair, and any additional cost needed such as traffic
detouring. Usually, maintenance contractors specify a unit cost for each maintenance and
repair activity. The cost of any repair activity (slurry seal, for example) has a direct effect
on the priority ranking. If this cost is relatively small, it may be viewed that this
maintenance activity can either be postponed to later stage, or it can be executed directly
depending on other maintenance costs and the funds allocation strategy as mentioned

before.
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Maintenance cost, similar to the traffic factor, has high absolute value. Thus, using
this value, may overpowers other priority factor. Therefore, it must be scaled to a 100-

point scale to facilitate the priority index calculation as discussed in Chapter Four.

3.2.1.7 Importance to Community

The overall importance of the road section to the community, or the overall

utilization of that section, can be measured and quantified by the following sub-factors:

a. Road class, whether the road is primary, secondary, feeder, arterial, collector, local,
residential, recreational, or commercial. Local streets, for example, may have lower
importance than collectors or commercial roads since the utilization of the later is

higher that the former.

b.  Operating traffic, as described previously, determines the importance of the road to
community. A busy street with high traffic volume has higher importance than that

of low-volume.

c. Distance from central business district (CBD) or the down-town market area where
most of people activities are located, also indicates higher importance of the road to

the community.

d. The use of the road section for official visitors, VIPs, etc., also determines the
importance of this road. If the road passes through official buildings, such as

palaces or governor office IMARAH), call for higher maintenance priority.
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e.  Availability of alternative roads for the road under consideration at times of

maintenance and repair also indicates the importance of this road.

f.  Distance form the other important locations such as, police stations, civil defense
departments, hospitals, schools, airports, and mosques, etc. This factor, and the
previous one, are so important that, sometimes, they override other factors for

calling higher maintenance priorities.

The values of these sub-factors are determined based on measurable values such as
traffic or based on other index values using similar procedures, described before for other

priority ranking factors. This is further detailed in Chapter Four.

The overall importance factor is calculated using similar methodology of

determining the priority index using the following equation:
IF =2 W, (Sf), (G.2)

where

IF= Importance to Community factor (out of 100 points),
Sf;=  Importance value of sub-factor, i,

W;=  Weight of importance sub-factor, i, and

IW,= 100
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3.2.2 Data Collection: Factor Weight Determination

The above mentioned factors and sub-factors have different weights in determining
the pavement maintenance priority. These weights depends on the evaluation of people
who are using road pavements. Different groups of people having different opinions
about these weights. Generally, there are three different method for collecting the
subjective information: observations, interviews, and self-administrated questionnaires.
The self-administrative questionnaire should have the following important features to give

good and accurate results [Stopher and Meyburg 1979]:

1. It should have a brief non-technical summary, on a cover letter with established
letterhead, about the purpose for which the survey is being carried out. A signature

of respected public personage should be included,
2. The questionnaire should maintain the simplicity and directness of questions,

3.  The confidence of the respondents should be considered in making them feel that
their contribution is important, and that contribution is of equal importance to that of

anyone else,
4.  Complete confidentiality of the survey responses should be promised and given,

5. The questionnaire should have a proper sequence of questions,



139

6.  Each respondent should be given the space and the opportunity on the questionnaire
to express his or her feeling about the survey and its purpose, and on certain specific

aspects of the questionnaire, and

8.  The questionnaire forms should be easy to handle, as compact as possible, with two-
sided sheets, and as legible as possible. They should also be clear, logical, and

uncluttered.

Based on the above criteria and requirements, a special questionnaire was prepared.
In this questionnaire, the evaluators were asked to rank each of the above factors with
estimated percentile weight (sum of weights equals to 100). For the last factor,
importance to community, the evaluators were asked to rank each of the sub-factors (a to
f) with a percentage weight in order to quantify the importance of the road section to

community.

The data collection was done in two stages: (i) pilot survey data collection and (ji)
main survey data collection. In the pilot survey, the designed questionnaire was
distributed to individuals of good experience in pavement maintenance field with the main
objectives to check the factors to be considered in the main survey and any other
comments and suggestions. Consequently, the main survey questionnaire was then
prepared and distributed to different groups of individuals including: academicians,
managers, engineers, and other road users. Two data collection methods were followed:
the direct assignment method and the analytical hierarchy process (AHP) method that is

described in detail in Chapter Two.
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The main survey data collection was extended to the pavement specialists and other
road users in the United Arab Emirate as an example of other Gulf countries. This was
done to compare the Saudi and the Emirates pavement experiences in terms of

maintenance priority ranking. The questionnaire content is detailed in Chapter Four.

3.2.3 Data Analysis

The collected main survey data were subjected to checking, filtering, and statistical
testing to insure the consistency and repeatability. Then the final data were adjusted for
different types of individual experience and used in the model formulation as detailed in

Chapter Four.

3.2.4 Model Formulation

The maintenance priority factors’ values as specified and determined in section
3.2.2 were combined with the weight of importance of these factors as obtained in the
above section. Each factor value with its corresponding weight were used in equations 3.1
and 3.2 to calculate the priority index (PI) for each section. Further, the obtained PI
values were adjusted for the effect of structural distresses if they existed in the pavement

section under consideration.
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3.2.5 Model Validation

To check the validity of the developed procedure of maintenance priority ranking,
two case studies were designed. Two sets of pavement sections in need of urgent
maintenance were selected in Dammam road network and Jubail Industrial City road
network. In these two studies, it was assumed that only those sections are in need of
maintenance and the total amount of allocated funds to maintain these section was not
adequate. The priority ranking obtained by applying the developed procedure and that is
currently being used by engineering judgment method by maintenance personnel were

compared. The results of these comparisons are detailed in Chapter Four.

3.3 PAVEMENT CONDITION MODELING

The general layout of the research methodology of pavement performance modeling
is shown in Figure 3.1. As shown in this figure, there are several interconnected phases in

this part. These phases are explained in the following sections.

3.3.1 Model Definition

The main objective of pavement performance modeling is to forecast pavement
condition at any time of its service life given a set of factors affecting this performance.
Such modeling will help greatly in assessing the maintenance and repair needs. There are
different categories of pavement condition and performance modeling as described in

section 2.4. The mechanistic approach requires a huge detailed data base of structural,
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field, and laboratory testing, in addition to pavement-characterization-performance-related
parameters which is not an easy task. On the other hand, the probabilistic modeling, such
as Markovian approach, depends primarily on very skilled and expert pavement engineers
to develop transition probability matrices for different combination of pavement
condition. This is also not readily available so far. Therefore, due to the lack of this type
of experts, this model was not selected. The empirical deterministic regression modeling

was selected for this study for the following reasons:
1. Itis simple and easy to implement and update,

2. It captures as many factors as available that affect the pavement performance both

quantitative measurable and qualitative subjective,

3. Tt does not require ciaborate invoivemcit of any mechanistic structural testing for

the fundamental pavement responses, and
4. It does not require any engineering judgment for transition probability matrices.

Considering types and amount of collected data, described in the following section,
multiple independent variables (IVs) were used as regressors against one dependent
variable (DV), the Pavement Condition Index (PCI) as the predictor in the following

general form:
PCI =f(AGE, ACTH, SBTH, TRAF, TRUK, INTR) (EX))

where,
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PCI = Condition Index of any pavement condition rating method,

AGE

The time, in years, from the construction date or the last major

maintenance (overlay),

ACTH = The combined thickness of all asphalt layers, cm, (including overlays),

SBTH = Subbase (stabilized or aggregate) layer thickness, cm,

TRAF = Average daily traffic (ADT), vehicle per day per lane,

TRUK

Number of trucks in the traffic mix, and
INTER = any possible interaction of the preceding factors.

It was found from the collected data that the above factors were the ones commonly
available or accessible. Other factors were either not available or not reliable, if found.
On the other hand, data regarding the subbase and subgrade type were not included in the
above model because it was found that there were no different types used in almost all
pavement sections considered in the study. Therefore, there will be no use of this factor in
the analysis since it will not add any significance or importance to the prediction model.
For drainage facilities factor, there was not enough data available for those section

considered in the analysis, therefore, this factor was also excluded.

The study area, in this research, included all pavement sections that have pavement
condition and performance-related information in Saudi Arabia. However, most of the

collected data were from areas of hot climate, which is one of the characteristics of Saudi
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environment. Therefore, the temperature factor was also excluded from the analysis since

there were no significant variability of this factors in the collected data.

In the above performance model, the hypothesis that AGE, TRAF, and TRUK, are
inversely proportional to the PCI. But ACTH, SBTH, are proportional to PCI. The effect
of these factors on pavement condition was detailed in Chapter Two. Another set of
logical and engineering judgment criteria were used as a set ofa priori hypothesis as

shown in Chapter Five.

3.3.2 Sample Size Determination

The performance model needs sufficient data points or cases in order to be
adequately explaining or predicting the pavement performance. Although there is no
firmly agreed-on minimum case to variable ratio, at least three considerations are relevant:
skewness in dependent variable, effective size, and measurement error. The lower case-
to-variable ratio, the more important it becomes that the residuals be normally distributed.
The minimum number of cases or data points was determined, for this study, on the basis

of the following recommendations and criteria [Tabachnick and Fidell 1983]:

1. One must have more cases than variables included in the regression model or

the regression solution will be perfect any yet meaningless.

2. Ideally one should have 20 times more cases than variables.
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3. If stepwise regression is to be used, the case-to-variable ratio should be 40 to

1.

4, A suggested minimum required is to have at least 4 to 5 times more cases

than independent variables (IVs).

Considering the above criteria, and the fact that stepwise regression will be used,
there is a need of 40 data points for each independent variable. There are five independent
variables in the condition model, that means a minimum of 200 cases are required (case-
to-variable ratio is 40). For this study about 1000 cases were collected. However, the
minimum sample size was also checked by statistical parameters as detailed later.
Portions of the collected data were used for model calibration and the other portions were

used for model validation as detailed in Chapter Five.

3.3.3 Data Collection

3.3.3.1 Study Area

To obtain generic models that can be utilized with a significant level of confidence,
the study covered all accessible pavement ranges of Saudi pavement network. The study
included both intercity highways as well as municipal and local roads and streets. Roads
under the authority of MOC both in Riyadh and Dammam areas were considered to
represent the intercity highways. Municipal roads in Dammam, Dhahran, Khobar, Jubail,

and KFUPM campus roads and streets were considered as urban pavements. Other road
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pavements, in the cities of Jeddah, Makkah, Medinah, etc. were not considered since no

relevant pavement condition data were available.

3.3.3.2 Data Sources

MOC was one of the sources contacted to collect pavement condition and related
information of the intercity road network. The MOC condition rating method called
pavement condition rating (PCR) was used in generating a huge pavement data base. Data

for roads between Riyadh, Dammam, Jubail, Hafouf, Qasim, and Al-Kharj were collected.

Royal Commission of Al-Juabil was also contacted and all pavement-related
information were collected, these data included: pavement condition rating measured by
pavement distress-based rating (PDR), pavement thickness, traffic, and pavement history-

related information.

Civil Engineering Department of KFUPM has carried out several researches as
master projects that contained pavement condition surveys at different years for the
highway pavements in Dhahran. Dammam, Khobar, and Jubail areas. These surveys were

carried out using Pavement Condition Index (PCI) PAVER method.

Dammam Municipality Maintenance Department is developing a pavement
management system where the PCI PAVER method was selected as a pavement condition

rating method. Condition surveys data were also collected from this source.
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Riyadh Municipality was another source for the data coilectioninthis study. The
PCI method was also selected for data collection for the pavement maintenance

management system being developed. However, a new method was developed for the
data collection similar to the PCI method, called Urban Deduct Index (UDI), where new

deduct schemes were followed [Al-Swailmi et al. 1996].

The required data for pavement condition modeling, were collected from the sources
mentioned above. These data included condition survey data determined in any of the
three pavement inspection methods, MOC, KFUPM-RI, and PAVER, as abbreviated by

PCR, PDR, and PCI, respectively. These method were explained in Chapter Two.

3.3.4 Testing Collected Data

The normalized collected data were checked for outlier cases. The outliers are
extreme cases on one or more variables. The collected data were checked for any

irrational, irregular, or illogical behavior.

Basic statistics of the collected data were summarized and tabulated, and general
observations on these data were made. Data collected by each condition survey method

were pooled together.

3.3.5 Model Formulation and Testing

The collected screened data were processed, tabulated and entered to STATASTICA

PC-package to obtain the regression model. Step-wise regression was first used to check
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those factors that were significant to pavement condition prediction. Different linear and
non-linear models were tried according to a set of a priori hypothesis. Three different
models were finally selected to represent the three different condition survey method
(PDR, PCR, and PCI). The final models were checked against several model adequacy
tests such as normality, linearity, and homoscedasticity, for the residuals (errors) between

the observed and predicted pavement condition values. This work is detailed in Chapter

Five.

3.3.6 Models for Combined Data

A trial was made to combine the collected data of PDR and PCI methods to
represent the urban road pavements. The generated models for this step were subjected to

statistical and logical testing as shown in Chapter Five..

3.3.7 Model Validation

The final prediction models were used with the data points (cases) reserved for
model validation. Predicted pavement condition values were compared with the actual
measured values to check the reliability and the level of significance of the developed

model in explaining or presenting the actual data points.
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3.3.8 Model Applications

Some areas of application of the developed models were specified. Different
models for different combinations of the pavement parameters, such as thickness and
traffic levels, were generated. The use of pavement condition models for planning the
maintenance policies over the design life of the pavement was also tried. This is detailed

in Chapter Five.

3.4 MODEL AUTOMATION

The pavement condition prediction models and the maintenance priority ranking
procedure developed in this study were put into a simple working menus. These menus
were formatted using Micro Soft EXEL files. An integration methodology was aslo
suggested to include these models and procedure in a more comprehensive pavement

management system.



CHAPTER FOUR

PRIORY MODELING

DATA COLLECTION AND ANALYSIS

4.1 DESCRIPTION

This chapter deals with the data collection and analysis of the maintenance priority
ranking. It details the developed procedure in terms of its factors evaluation and
quantification, and explains end resuits of the pilot data collection survey that are used to
form the main data collection survey, where different forms of questionnaires were
utilized. The collected data have been filttered and statistically checked for repatablity
and reaibality, and then used in the formualtion of the ranking procedure. The chapter
also presents the evalaution and validation of the developed procedure by two case

studies.

4.2 MODEL DEFINITION

The composite maintenance priority index was the method selected for this study.

This method is relatively simple and gives close to optimal results, and it has been applied

150
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by many researchers as detailed in Chapter Two.. The priority index (PI) used in this

study for pavement maintenance priority has the following form:

PI=Z W;F; 4.1)
where
PI = Priority index for any section (out of 100),
W; = Factor ‘j° weight of importance to priority ranking,
F; = Factor °j’ value, and

j = the factor number from 1 to 7 (factors detailed in Chapter Three)

To obtain the priority index of each pavement section in the road pavement
network, the value of each of the seven priority factors should be determined. This
determination is based on location, utilization, condition, performance parameters,

operating traffic, and the needed maintenance cost for that pavement section.

As mentioned in Chapter Three, all values of priority factors need to be normalized
to 100 in order to facilitate the priority index calculation by avoiding the overpower of
some factors by others. Some factors need to be quantified since they do nothave

absolute values such as road class and importance to community.

The priority factor value is either a measurable one such as pavement condition,

traffic, measured skid resistance, and maintenance cost, or it is a qualitative one such as
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road class, and importance to community. Riding quality and safety (if no equipment to
measure these factors are available) are also qualitative factors that need to be quantified.
To quantify these non-measurable factors, different researchers and pavement
maintenance management specialists were consulted, in addition to the analysis of local

ranges of roughness and skid resistance measurements.

Pavement maintenance priority ranking factors were detailed in Chapter Three, in
terms of definition and evaluation. In the following sections, these factors are quantified

as values, and their weights of importance is determined.

4.2.1 Road Class

The type of road, where the pavement section is located, determines the section
maintenance priority. Major roads such as freeways and arterial should have higher
priority for maintenance since these roads are classified as high-speed and high-volume
ones. In these road, mobility or high continued speed are desirable, and variable or low
speeds are undesirable. At time of maintenance, speed in these roads, is restrained by the
defects in pavement surface, then high traffic jams and congestion occur. Consequently,
extremely hazardous conditions will be created, therefore, high maintenance priority
should be given to this class of roads. On the other hand, local and feeder roads have
usually low volumes and low speeds which are desirable to provide land access to
adjacent areas. Therefore, lower maintenance priorities are given to these roads.

According to this, a 100-point scale (index values) for road class factor as shown in Table
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4.1 was prepared. In this table both rural and urban roads are considered. A road with
alternatives, when maintained, has lower index that the one with out alternatives. The
scale has equal interval which means that a collector road is twice as important as a local

road.

4.2.2 Pavement Condition

Pavement condition, as measured by PCI or any other scale, is a 100-point scale.
The lower the PCI value is, the higher the priority for that section will be. Therefore, to
comply with the priority model (equation 4.1) requirement, the pavement condition factor

(PC) for any section, equals to:

PC =100 -PCL 4.2)

4.2.3 Riding Quality

The selected procedure for the roughness measurements scaling is the one suggested
by FHWA [1987] which has been explained in Chapter Two. The riding quality index

(RQ) can be computed as:
RQ =100*PR/MPR “.3)
where,

RQ= Riding Quality index (out of 100),



Table 4.1. Road class priority factor.

Class

Description

Factor Value

Urban: Arterial roads that have high traffic volumes
and high speed limits that connect the major traffic
origins and destination. But these roads do not have
alternatives when maintained

Rural: Primary highways such as freeways with high
speed limits and with out adjacent service roads

100

Urban: Arterial roads that have high traffic volumes
and high speed limits that connect the major traffic
origins and destinations. But these road do have
alternative when they are under maintenance.

Rural: Primary highways such as freeways with high
speed limits and with adjacent service roads

75

Urban: Collector road that have medium traffic
volumes and speed limits. They feed the arterial roads
by traffic and connect the traffic major generators

Rural: Secondary highways such as expressways with
some traffic control with high speed limits and with or
without adjacent service roads

50

Urban: Local roads and streets that have low traffic
volumes and low speed limits; connect local residential
areas; provide high access facilities.

Rural: Feeder roads such as with low traffic volumes
and speed limits; fully controlled roads

25
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PR = pavement roughness, in cm/km, and

MPR= Maximum pavement roughness.

In this case, values of RQ of 100 or more indicates very rough, unacceptable
pavement section that calls for higher priority for maintenance, while lower values
represent acceptable smooth pavement sections. The main advantage of calculating the
RI on a 100-point scale is that it matches with the priority ranking model (equation 4.1).
The maximum acceptable roughness (MPR) value selected for this study was 1800
mm/km as obtained from the panel rating study to define the acceptable limit of pavement

roughness [Arora et al. 1995].

Roughness is manifested in pavement surface by several riding quality-rated
pavement distresses such as corrugation, potholes, depressions, upheaval, bumps and
sags, raveling and weathering, and rutting. Cracking in high severity levels will also
contribute to road roughness. Definition and rating of these distresses are summarized in
Table 3.2. Following is a procedure to scale the riding quality to roughness-related

distresses.

The roughness measurement, using the Mays Ride meter (MRM) described in
Chapter Two, was carried out for Al-Jubail Industrial City road network. These
measurements covered 462 pavement sections [KFUPM-RI 1989]. The collected
roughness were used to generate relationships between roughness index (100-point scale)

and distresses that are related to roughness such as rutting, raveling, patching, upheaval,
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depression, and potholes. These relationships are needed for the priority ranking
procedure if the roughness measuring devices are notavailable. Figure 4.1 shows the
frequency distribution of the collected roughness measurements. The mean roughness
value for all sections was 90.5 cm/km with a standard deviation of 38.3 cm/km, and the

available range was 17.6 to 2509 cm/km.

Table 4.2 shows cross tabulation between roughness ranges and the existing
distresses with their severity levels for each range. From this table it can be seen that at
high levels of pavement roughness (greater than 180 cm/km), the intensity (percentage)
with all severity are high. For example, patching with high severity exists at 27.3% of the
sections under that roughness range, while this value 1s maximum of 1.8% at the second
roughness range. The highest roughness group contains all types of roughness-related
distress. From this table the existence of roughness-related distresses in pavement surface
can be indexed to represent the roughness level or index. The highest level of roughness
can be assigned a roughness index of 100 if one or more of the above distress is available
at high severity. Pavement surface is not perfectly smooth due to the microtexture
characteristics of the asphalt pavement mix, therefore a value of roughness index of 25 is
a reasonable assignment for the pavement surface that is free of any roughness-related
distresses. This value is around the minimum obtained value of this roughness
measurement study. The intermediate roughness indices (i.e. 50 and 75) can be assigned
to for the intermediate situation where the pavement surface has low severity or medium
severity roughness-related distresses. These riding quality index assignment is

summarized in Table 4.3.
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Table 4.3. Recommended indices for riding quality-pavement distress relationship.
Class condition Factor Value
One or more of the following prevail: high severity of
I corrugation, bumps and sags, extensive swelling and 100
upheaval levels, raveling and weathering, and rutting.
One or more of the following prevail: medium
1 severity of corrugation, bumps and sags, moderate 75
density swelling and upheaval levels, raveling and
weathering, and rutting.
m One or more of the following prevail: low severity of
corrugation, bumps and sags, raveling and weathering, 50
and rutting; low severity and low density swelling and
upheaval.
v Pavement condition is good from riding quality 25

point of view
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In another study in Riyadh Municipality road network, the roughness measurements
had a range of 14 to 271 cm/km for about 800 sections of Riyadh Municipality [Al-
Swailmi et al. 1996]. These results compare well with the results of Al-Jubail roughness

measurements. This confirms the riding quality index assignments discussed before.

4.2.4 Safety Condition

As discussed before, in Chapter Three, skid number measured value is used to
represent the safety condition of any pavement section. The safety factor index (SF)value
for priority ranking calculation is determined subtracting the skid number value (SN)

from 100 using the equation below:

SF =100 - SN. (4.4)

However, in the absence of skid resistance measuring equipment, pavement
distresses that cause the loss of pavement friction (skid resistance) and/or other safety
hazardous conditions can be used to index safety condition of pavement sections.

Following is a procedure to scale the safety condition to skid resistance-related distresses.

The skid resistance measurement, using Mu meter equipment described in Chapter
two, was carried out for Al-Jubail Industrial City road network. These measurements
covered 100 pavement sections [KFUPM-RI 1989]. The collected skid resistance were
used to generate relationships between safety condition index (100-point scale) and

distresses that are related to roughness such as rutting, depression, bleeding, and polished



161

aggregate. These relationships are needed for the priority ranking procedure if the skid
resistance measuring devices are not available. Figure 4.2 shows the frequency
distribution of the collected measurements. The mean skid number value for all sections

was 47.7 with a standard deviation of 8.8, and available measurement range of 31 to 66.

Table 4.4 shows cross tabulation between skid resistance ranges and the existing
distresses with their severity levels for each range. From this table it can be seen that at
high levels of skid resistance (greater than 60), which is preferred situation from safety
point of view, the all tested pavement section are completely free of any skid-related
distresses. On the other hand, at low levels of skid resistance (below 40), which is safety-
hazardous situation, the tested pavement sections have all types of these distresses. For
example, polished aggregate distress that reflects the smoothness of the pavement
surface, exists in 48% of the pavement sections. To assign safety condition index with
relation to pavement distresses, an index value of 80 (100-point scale) is assigned to
pavement sections that are completely free of any skid resistance-related distresses. This
selection is based on that the maximum skid number value that can be obtained is around
80, and that the calibration of the Mu meter equipment requires a calibration value of 77 +
3 [ML Aviation 1983]. The Mu meter calibration is done on a friction board representing
the good skid resistance surfaces. The minimum value of skid number obtained in this
study was 31, however, in more sever situations, especially in wet conditions such as
rainy seasons, a lower values can be obtained. Based on this a value of 20 is assigned to
the situation where the pavement surface contains one or more of the skid-related

distresses at their high severity levels. The intermediate roughness indices (i.e. 40 and
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Table 4.4. Measured skid resistance ranges versus existing disresses for Al-Jubail road network.

Roughness Rutting Depression Polished Aggregate*
Group | ol | No.of Severi¥ | Number | Percent | Number | Percent | Number | Percent
L 6 2 1 4 12 48

I <40 25 M 3 12 0 0 0 0
H 3 12 0 0 0 0

L 4 105 3 79 13 2

n | 41-50 38 M 4 105 0 0 0 0
H 0 0 0 0 0 0

L 5 167 3 10 0 0

m | si-e 30 M 2 67 0 0 7 184
H 0 0 0 0 0 0

L 0 0 0 0 0 0

I >60 7 M 0 0 0 0 0 0
H 0 0 0 0 0 0

* Polished Aggregate does not have a severity Level.
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60) can be assigned for the intermediate situations where the pavement surface has low
severity or medium severity skid-related distresses. These safety condition index

assignment is summarized in Table 4.5.

4.2.5 Operating Traffic

The operating traffic factor has high absolute values which if used, will overpower
other priority factors. Therefore, it must be scaled to a 100-point scale to facilitate the
priority index calculation. There are two ways to obtain this scale; the first is to use some
established scale such as the one shown in Table 4.6 that was suggested by Stevens
[1984]; the second way is normalizing all traffic values to 100 using the following

equation:
OT = 100*ADT/MADT 4.5)
where,
OT = Operating Traffic index (out of 100)
ADT = Measured average daily traffic, in vehicle/day, and,

MADT = Maximum measured ADT for the road network under study.

4.2.6 Maintenance Cost

Similar to operating traffic, maintenance cost has also high absolute values. Thus,

using these value, will overpower other priority factors. Therefore, it must be scaled to a



Table 4.5.
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Recommended indices for safety condition-pavement distress relationship.

Class

Condition

Factor Value

One or more of the following prevail: high severity
of bleeding and rutting; extensive level of polishing
aggregate; high severity lane-shoulder drop off; lane
demarcation is severely removed; high severity
potholes with high number; sever drainage problems

80

One or more of the following prevail: medium
severity of bleeding and rutting; moderate extent
level of polishing aggregate; medium severity lane-
shoulder drop off; lane demarcation is partially
removed; low to medium severity potholes with few
in number; some drainage problems

60

One or more of the following prevail: low severity
of bleeding and rutting; low extent level of polishing
aggregate; low severity lane-shoulder drop off: lane
demarcation is in fair to good condition

Pavement condition is good from safety point of

view

20




Table4.6.  Recommended indices for traffic ranges [Stevens 1985].
No. ADT Range Traffic Factor (TF)
1 0-99 10
2 100 - 499 20
3 500 - 999 30
4 1000 - 1,999 40
5 2000 - 4,999 50
6 > 5,000 100

166
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100-point scale. Similar to traffic factor scaling equation, the maintenance cost index

value can be calculated using the following:

MC =100*(1- COST/MCOST) (4.6)

where,

MC = Maintenance Cost Index (out of 100)

COST = Required overall maintenance for a particular section in SR, and,

MCOST = Maximum overall maintenance cost incurred in all sections considered.

Alternatively, considering the maintenance unit cost values and the section length
used locally for pavement evaluation, Table 4.7 gives the breakdown of 100-point scale
for maintenance cost priority factor. In this table, the cost figures represents the
preventive maintenance actions only. However, if the pavement section needs complete
reconstruction, it has to be considered separately. The preventive maintenance is the one
that upgrades the pavement condition to a level that major maintenance actions are
avoided. Examples of preventive maintenance activities include crack sealing, surface

slurry seal, surface patching, and leveling.
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Table 4.7. Recommended indices for maintenance cost ranges.

No. Maintenance Cost Range Maintenance Factor
(SR)*
1 <1,000 10
2 1,000 - 5,000 20
3 5,001 - 10,000 30
4 10,001 - 15,000 40
5 15,001 - 20,000 50
6 20,001 - 50,000 70
6 > 50,000 100

* Section-wise overall maintenance cost
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4.2.7 Importance to Community

The factors that quantify the overall importance or the utilization of a road section
by the community, were detailed in Chapter Three. The factors represent the proportions

of this factor (Importance to Community) by the six sub-factors.

The values of these sub-factors depend on the location of the road section in terms
of its distance from center business district (CBD) of main market, or from the main
official buildings, etc. and depend on the extent of utilization of this road section in terms
of road type and operating traffic. Thus, these values can be either dichotomy(Yes/No) or
values. On this basis, Table 4.8 was prepared for these sub-factor index assignment. In
this table, if the road is passing through a CBD (YES), a value of 100 is assigned to this
sub-factor to reflect its importance, otherwise, a zero value is assigned for NO answer.
On the other hand, if the road, where the pavement section exists, has an alternative when
it is subjected to maintenance (YES), then this road is not as important as the one that
does not have an alternatives (NO), therefore, a value of 100 is assigned to the road with

out alternatives, and a value of zero to the other one.

The overall importance factor is calculated using similar methodology of

determining the priority index using the following equation:

IF = Z SW, (SF), @.7)

where,
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Table 4.8. Sub-factor values determination for importance to community factor.

No. Factor , Level Factor Value
1 Road Class See Table 4.1 -
2 Road is Passing Through CBD ? Yes 100

No 0
3 Road is Near Official Building or used Yes 100
by VIPs ?
No 0
4 Operating Traffic (ADT) See Equation -
4.5
5 Availability of Alternative Roads during No 100
maintenance ?
Yes 0
Road is Near Other Important Public Yes 100
6 Centers ?
No 0
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IF = Importance to Community factor (out of 100 points),

SF; = Importance value of sub-factor, i, obtained from Table 4.8,
SW; = Weight of importance sub-factor, i, obtained from Table 4.23, and
ZSW, = 100

43 PILOT SURVEY DATA COLLECTION

A pilot survey was conducted to check the factors to be finally included in the main
survey and the possibility of including new factors or removing some of the included
factors. The initial version of the questionnaire included the important factors that affect

the maintenance priority was prepared.

More than hundred forms of the initial questionnaire were distributed to different
groups of people which included academicians in transportation and pavement fields,
managers of road maintenance departments, site engineers and technicians, and ordinary
road users. According to the comments and suggestions received from the individuals
participated in the pilot study, the questionnaire has gone under several modifications.
More than forty filled forms were collected and analyzed. The comments, suggestions,
and recommendations were studied and categorized. Following were the most important

ones:

1. Addition of road classification in the list of factors affecting the pavement

maintenance priority.
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Provision for drainage condition in the questionnaire form.

Addition of the availability of an alternative road or roads when considering the

importance to community factor.

Removing some of the unclear and unproved sentences from the content of the
questionnaire. For example, the accident rate included, as a measure of safety in
roads, was removed due to: (i) the lack of information and records of this matter,
and (ii) the lack of verification and association of the road conditions as a main

cause of accidents.

Removing the percentage of trucks in the traffic mix as one of the factors that affect

the maintenance priority and determining the importance to community factor.

The most important suggestion was to use another more rational and verified
method of determining the weights of the maintenance priority factors. That was
the analytical hierarchy process (AHP). The reason for this method was to examine
the extent of confidence relative to the first direct assignment method. AHP method
depends on the pair-wise comparison of all the factors. This methodology is

detailed in Chapter Two.

To quantify the individual experience factor for those participated in the main
survey data collection, another AHP pair-wise comparison between the groups of
individuals was suggested to determine the weight of each individual group’s

experience in determining the weight of the priority factors in the ranking process.
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The above comments and suggestion were considered in the main survey of data
collection. Another questionnaire was prepared using the AHP to determine the pair-wise
comparison between all the factors as well as the groups of individuals included in the
survey. This questionnaire has undergone different revisions according to comments and
suggestion. The final form of the questionnaire has four parts as shown in Figure 4.3,

while the complete form is shown in Appendix A.

The final questionnaire (Figure 4.3) consists of four parts: Part I is for collecting the
respondent's opinion about the weight of importance (out of 100) of seven factors: road
class, pavement condition, operating traffic, riding quality, safety condition, maintenance
cost, and importance to community, on the maintenance priority ranking. Part Il is to
quantify factor 7 "importance of road to community", by assigning weights (out of 100)
for six sub-factors: road class, distance from CBD, operating traffic, VIP usage,
alternative roads, and other public road utilization. The respondents were asked to fill a
blank column by a value out of 100 that reflect the importance weight of the priority for
Part I and the proportion of weight of the "importance of road to community" factor for

part I[I. The total sum of these entries should be 100 in the two parts.

Part III was designed for the AHP method to pair-wise compare all the seven factors
considered in part I. Since the AHP assumes that the pair-wise comparison of any two
factors i and j is the reciprocal of the pair-wise entry for factors j and i, therefore, only 21

comparisons were needed as shown in Figure 4.4. For example, if the road class is three
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Part I: In the following table, please fill out the blank column by the approximate percentage of
importance of the corresponding factor in determining the priority for pavement section maintenance:

Factor Description Impeortance
— Weight (%)
1. Road Class Major/Minor Road; Arterial, Collector, or Local; Commercial l
or Residential
2. Pavement Condition | Existence of pavement defects in the road surface such as
cracking, rutting, potholes, settlements, and others.
3. Operating Traffic | Operating traffic volume determines the extent of road
utilization by the public.
4. Riding Quality Existence of  bumps, longitudinal corrugation, and
unevenness in the road surface that cause high stressesto
vehicles and discomfort to the road users (drivers and
passengers). High road roughness.
5. Safety Conditions | Smoothness of the road surface that causes safety hazards to
vehicle stopping and braking; Low skid resistance or surface
friction; High accident rates (rear-end type).
6. Maintenance Cost | The overall maintenance cost for the road section in need of
maintenance, this includes closing and detouring costs.
7. Importance to Overall importance to community determined b; byrlsdlstance
Community from official buildings or important locations such as hospital,
schools, mosques, etc. See Pg IL
OVERALL 100%

Part II: The importance to community factor (the last in Part I) can be measured by diff=rent sub-factors;
a list is shown in the following table. In order to quantify the weight of this factor in priority ranking,
you are requested to give your estimated weight for each of these sub-factors, based on your experience
and common sense of maintenance priority ranking practices:

Factor “Description Importance
Weight (%)
1. Road Class Major/Minor road; Arterial, Collector, or Local;
_Commercial or Residential
2. Distance from CBD “The distance from down-town or City Business
Center determines the importance of the road section.
3. Distance from official If the road section under consideration passing
buildings (IMARAH, through an official complex or used for VIPs may
etc.) call for hi_g_hrer priority.
4. Operating Traffic_ Higher traffic volume roads calls for higher priority
5. Availability of At maintenance time, this availability affects the
alternative roads maintenance priority of the road under consideration.
6. Distance from other Other bmldmgs such as Civil Defense, Hospitals,
important buildings Schools, etc. may call for higher maintenance
priority S
OVERALL 100%

Figure 4.3.

The content of parts I and II of the questionnaire.
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Factor 6

Figure 4.4. Typical AHP calculation example of Part I1I.

Factor 4 Eactor 7
Rndmg Safay Maint. | | Eigenvector Coasistency
L_Owality_| Condition] Cost
1.00 0.50 2.00 2.00 0130 |Amaxs=| 7.074
2.00 1.00 4.00 3.00 0.248 Cl= 0.012
1.00 0.50 2.00 1.00 0.117 CR. = | 0.009
1.00 0.50 2.00 1.00 0.117
2.00 1.00 3.00 2.00 0.225
0.50 0.33 1.00 1.00 0.068

Factor 7

Impo 0.50 0.33 1.00 1.00 0.50 1.00 1.00 0.093

Total = 8.00 4.08 8.50 8.50 433 15.00 11.00 1.000
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times more important, to priority ranking, than pavement condition (entry will be 3), then

the pavement condition to road class comparison is one-third (entry will be 1/3).

Part IV is Similarly, Part IV is for pair-wise comparison of individual groups

participated in the survey. Only fifteen entries are needed.

44  MAIN SURVEY DATA COLLECTION

The final questionnaire was again re-distributed to the individuals surveyed before
in the pilot study and other new individuals. The forms were distributed by mail, fax, and
by personal contact with the individuals and agencies. The forms were also collected
back by the same means. The collected filled questionnaires represent about 65% of the

total forms distributed.

Since Part I and III of the questionnaire have seven variables, a minimum of 28
individuals are required to be surveyed. This is according to the sample size requirement

explained in Chapter Three.

The individuals included in the survey were: academicians in the area of traffic,
highway, pavement maintenance, and pavement management, highway and pavement
maintenance department officials (managers) and engineers, pavement maintenance
supervisors and technicians, non-pavement qualified individuals, and ordinary road users.
The institutions and agencies included in this survey were: KFUPM, King Saud
University, King Abdulaziz University, MOC, Dammam and Riyadh municipalities,

Saudi Aramco, Royal Commission of Jubail, and local companies and establishments
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involved in pavement maintenance. The opinions of those selected people about the
importance level of the factors affecting the maintenance priority were collected
according to the questionnaire forms. The data collection was extended to the pavement
specialists and other road users in the United Arab Emirate (UAE) as an example of other
Gulf countries. This was done to compare the Saudi Arabian and the Emirates pavement

experiences in terms of maintenance priority ranking, as shown in Appendix B.

To quantify the effect of each person involved in this survey, in the process of
priority ranking determination, a special form of AHP (Part [V) was prepared to pair-wise
compare each group of individuals to determine the weight factor for that group. These
weight factors, called the individual experience factor, are needed for priority model

calibration.

For parts I and II, a total number of sixty-five respondents were collected as
summarized in Table 4.9. The opinions of experts working in the area of pavement
maintenance were more emphasized. The surveyed individuals include: twenty six
engineers and five supervisors and technicians working in the field of pavement
maintenance in different parts of the Kingdom; sixteen academicians from different Saudi

universities, and sixteen other non-pavement qualified and ordinary road users.

The data of Parts I and II were entered into spread sheet files for processing and
analysis. For Part III and IV, a special spread sheet was prepared to calculate the factor
weights of importance as per the AHP procedures detailed in section 2.5.5.3. Figure 4.4

shows a typical seven-factor spread sheet for factor weight determination. This figure
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Table 4.9. Summary of the individuals surveyed in the main survey data collection.

Individual Explanation Participated
Group Number

Academician | Highway Pavement/Traffic Management with 16
experience in maintenance management

Managers Pavement management department officials in 2
ministries, municipalities, or road construction
and maintenance companies

Engineers Highway pavement or traffic engineer in 26
highway departments or companies

Supervisors Pavement maintenance supervisors or 5
technicians working in pavement evaluation or
maintenance firms and offices

Non-pavement | Qualified persons (not in pavement) such as 11

Qualified other engineering fields journalists, education’s
staff, economists, businessmen, etc.

Others Any ordinary road users other than the above 5
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contains the determination of eigenvector, maximum eigenvalue Amax consistency index
(CI), and the consistency rating (CR). The calculated weights for each questionnaire were

stored in another spread sheet for further analysis.

45  RESULTS OF MAIN SURVEY DATA COLLECTION

Tables 4.10 and 4.11 show the summary of the collected data for Part I and Part IT
of the survey. The weights of importance of all seven factors for each data point (filled
questionnaire) of Part I add to 100.. Similarly, in Part II, the sum of weights of the sub-
factors related to the “importance of the road to community” factor also add to 100.

Average and standard deviation values of all factors and sub-factors were also determined.

In Part III, a total of fifty-one forms were collected, out of which thirty forms were
considered and the rest were excluded due to the high inconsistency (consistency rating,
CR is greater that 0.1) as specified in section 2.5.5.5. The considered data points are
shown in Table 4.12 along with the average and standard deviation values of each factor.
The calculation of the factors’ weights were made using the procedure explained in

section 2.5.5.3 and typically shown in Figure 4.4.

The pavement condition facfor had the highest average weight, while the
maintenance cost had the lowest weight. However, as Table 4.10 indicates, the pavement
condition factor had substantial disagreements (measured as standard deviation) among
the respondents, and the riding quality factor has the highest agreement (lowest standard

deviation value).
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Factor2 | Factor3 | Faciord | Eaciors

No. |Exp.Code| P " | Pavement | Operating | Riding | Satery N:‘:'C; l:::u:we Sum
1 1 192 6.0 29 7.3 119 74 253 100
2 1 87 185 191 13.0 211 70 126 100
3 1 12 43 1.7 64 298 89 277 100
n 1 78 6.0 50 376 162 38 235 100
5 1 7.0 162 174 310 12.0 83 85 100
6 1 152 21.9 219 100 10.0 1.0 100 100
7 2 23 204 14.8 15.1 46 59 7.0 100
3 2 235 95 141 137 126 141 124 100
9 3 64 264 23 165 2.0 68 66 100
10 3 173 85 154 39 22 71 28.1 100
1 3 237 125 177 90 101 122 147 100
12 3 6.5 16.9 169 1.6 165 145 71 100
13 3 72 72 146 164 28 12.9 39 100
1 3 18.7 370 78 172 82 43 67 100
15 3 200 100 200 50 100 100 50 100
16 5 2 78 19.3 106 1.3 a7 422 100
17 5 13.0 248 1.7 1.7 25 68 93 100
18 5 6.3 287 93 114 200 154 8.9 100
19 5 161 245 218 13.3 77 69 97 100
20 5 226 152 16.1 7.9 46 165 174 100
21 5 75 94 104 49 278 105 296 100
2 5 19.0 29 138 93 93 51 206 100
23 5 14.8 218 90 3.0 218 9.0 148 100
24 6 28 287 48 287 287 32 32 100
25 6 94 156 198 106 182 84 179 100
26 6 23 252 196 162 6.9 77 21 100
27 6 78 165 142 172 155 137 151 100
28 6 71 38 151 9.0 119 39 44.0 100
29 6 116 93 173 73 268 39 18.9 100
30 6 37 16.4 96 162 282 151 108 100
Average 13.8 162 145 132 16.1 97 166
Standard Dev. 8.8 85 52 76 85 50 114
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In Part IV of the questionnaire, only ten individuals were surveyed, the people that
was expected to have good ability to judge about the weight of experience and importance
level of every group of individuals in the process of priority ranking. This group included
academicians and pavement management engineers. In this part, six groups were pair-
wise compared and the weight of each group was calculated using the same procedure
followed in Part HI. All collected data were consistent (CR is less than 0.1). Figure 4.5
shows typical calculation example and Table 4.13 summarizes of the results of this part.
However, this part was initially designed for the adjusting of the weights of the priority
factors. This is, if the different surveyed groups showed significant difference in their

means of the collected data, which is detailed later in section 4.7.1.

The collected data were checked and verified for any possible errors. In Part I and
Part II of the questionnaire, the only numerical data required was the percentile weight of
importance of each priority factor. The only check in these parts was to make sure that
the total sum of factor weights adds to 100. Only three questionnaire forms had a total
sum of weights for Part I other than 100 which were corrected by proportioning. In Parts
I and IV, the required information was filling blank squares by (X) for the estimated
pair-wise comparisons. In Part Il of the questionnaire, some entries were left blanks
without crossing the estimated comparison. Those forms were discarded from the

analysis.



Figure 4.5.

Typical AHP calculation example of Part IV.

5
Group 3 Group 4 Group Group 6 .
Engincers | Sepervisars Noa- Others | Eitenvector Cousistency
2.00 4.00 9.00 9.00 0320 |[Amax=| so0es
200 4.00 8.00 9.00 0.323 Cl= 0.014
N 0.50 0.50 1.00 3.00 5.00 8.00 0.189 CR.= 0.011
Engineers
Group 4 025 025 033 1.00 3.00 4.00 0.092
Supervisors
Group §
Non- 0.11 0.13 0.20 0.33 1.00 1.00 0.035
Pavement
Group 6
0.11 Q.11 0.17 0.25 1.00 1.00 0.032
Total = 297 299 870 12.58 27.00 30.00 1.000
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Table 4.13. Summary of main survey collected data of Parts IV.
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No | Bgime | cwr | Gz g_w;;:__,%&:f. s |hmx | ot | o
1 1 40.0 286 138 115 36 25 100 649 0.10 0.08
2 1 34.1 330 15.3 768 74 28 100 6.38 0.08 0.06
3 1 365 28.1 14.8 18 56 34 100 6.20 0.04 0.03
4 1 2.1 2.1 166 9.4 6.1 37 100 6.04 0.01 0.01
5 1 318 283 28 64 64 4.2 100 6.08 0.02 0.01
6 1 40.9 1587 252 12 43 28 100 6.24 0.05 0.04
7 1 238 238 346 127 286 28 100 644 0.09 0.07
8 1 329 323 18.9 9.2 35 32 100 6.07 0.01 0.01
] 2 40.8 21.8 152 15.9 4.1 23 100 6.35 0.07 0.06
10 2 364 19.5 268 114 31 28 100 6.38 0.08 0.06
Average 34.9 26.3 204 107 47 3.0
Standard Dev. 52 59 1] 27 15 0g




188

46 DATA ANALYSIS

The use of parametric hypothesis testing require the assumption that the random
samples are selected from normal population. If there is no knowledge about the
distribution of the population, the non-parametric testing procedure such as Wilcoxon test,
sign test, rank correlation coefficient, and Kurskal-Wallis test should be used [Walpole
and Myers 1978]. The nonparametric hypothesis testing do not rely on the estimation of
the parameters, such as means and standard deviations, describing the distribution of the
variable population.  Therefore, these testing methods are called parameter-free of
distribution-free methods. The parametric methods are more efficient than the
nonparametric methods since the former utilize the information provided by the samples

while the later do not.

To verify the use of parametric hypothesis testing, the normality test of the collected
data should be carried out using different methods. One trivial method is to visually
inspect the shape of the frequency distribution histogram of collected data when plotted
against the expected normal distribution at a specified significant level. Other methods is
to run normality check tests such as Kolmogrov-Smimov K-S test and Shapiro-Wilk, W-

test [STATITICA 1995; Conover 1980; Sprent 1989].

The type of measurements or data collected in this study are of ordinal nature, since
the opinions of different people were collected regarding the weight of importance of
different factors on maintenance priority ranking. There was only one attribute which is

the priority and seven items or factors describing this attribute. However, these
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measurements are made in a continuous and summative manner where the sum of all
weights of factors has to add to 100. In this case the simple sum of the factor scores is a

linear combination of these scores.

Measurements are reliable to the extent that they are repeatable and that any random
influence which tends to make measurements different from occasion to occasion is a
source of measurement error [Nunnally 1967]. Therefore, in order to check that the
collected data of the priority ranking method through the designed questionnaires were
repeatable and reproducible, several checks of repeatability were carried using parametric
methods as detailed in the following sections.

Figures 4.6 to 4.12 show the frequency distribution plots of all factors of the
collected data. From the visual inspection of these figures, it appears that the data, to a
good extent, are normally distributed with some skewness. Furthermore, Table 4.14
shows the results of K-S test, where it is clear that all factors statistically represent normal
distributions at a significance level of 95% for Factor 3 (Operating Traffic) and 99% of
other factors. Based on this result, the parametric hypothesis testing can be used since the

normality assumption is satisfied.
4.6.1 Statistical Comparison Tests

The criteria set to check the repeatability was that if any randomly selected two
subsets of the collected data were compared, all seven factors included in the study should
have statistically equal means for these two subsets. If it was concluded that, for any of

the factors, the null hypothesis of equal means was rejected, then the two subsets have
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Figure46.  Frequency distribution of road class data.

Pavement Condition
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Upper Boundaries (x <= boundary)

Figure4.7. Frequency distribution of pavement Condition data.
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Figure 4.8.  Frequency distribution of operating traffic data.
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Figure 4.9. Frequency distribution of riding quality data.
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Figure 4.10. Frequency distribution of safety condition data.
Maintenance Cost
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Figure 4.1I. Frequency distribution of maintenance cost data.
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Figure 4.12. Frequency distribution of importancé to community data.
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Table 4.14. K-S test results for normality checking.
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Factor N Max D Probability | Significance

Level
Road Class 65 | 0.197609 p<0.01 99%
Pavement Condition 65 0.195135 p <0.01 99%
Operating Traffic 65 | 0.127491 p<0.05 95%
Riding Quality 65 | 0.220235 p <0.01 99%
Safety Condition 65 0.152687 p<0.01 99%
Maintenance Cost 65 | 0231280 p<0.01 99%
Importance to Community | 65 0.191277 p<0.01 99%
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different means and consequently they are not repeatable. The statistical comparison
technique has two steps [Montgomery 1984]: (i) checking the equality of the variances of
the two subsets using the F-test and (ii) checking the equality of the means of the two
subsets using the t-test. Since the choice of t-test statistic, to test the equality of means,
depends on the equality of variances of the two populations from which the subset
samples of any of the priority factors data were drawn, therefore, prior to conducting the

t-test, it is important to test the equality of the variances of each pair of factors data.
The first step has the following hypothesis:
H,: 0,=0,,and H;: 5, # 0, “4.3)
where
o, = the variance value of Factor 1 in Group 1
o%,, = the variance value of Factor 1 in Group 2, and similarly for other factors

Using the fact that the following statistics:

2
F. =§;- 4.9)
2

is distributed as F, with n,-1 and n,-1 degrees of freedom, the null hypothesis H,

will be rejected if:

Fo>Fon ot ma 4.10)
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and conclude that the two population variances are unequal, otherwise the variances

are assumed equal.
The second step has the following hypothesis:
Ho: uy =pp, and Hy: py # py, 4.11)
where,
iy = the mean value of Factor 1 in Group 1
M, = the mean value of Factor 1 in Group 2, and similarly for other factors.

If the null hypothesis of the first step was rejected (unequal variances), the
following approximate t*-test to check the equality of the two sample means will be

used:

t*=—&— 4.12)

[ $+ —S}-] w2
mh N2
which is distributed approximately as ‘t’ with a degrees of freedom given by the

following:

T [(Sf/ m)l(S%/ nz)z} -2

n+1 n,+1

4.13)
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where,

v = degrees of freedom;
Si = the variance of the first group data of any of the priority factors;

S = the variance of the second group data of the corresponding factor;
n; = the number of cases of the first group data of any of the priority factors; and
n, = the number of cases of the second group data of the corresponding factor.
However, the null hypothesis H,, of the first step is accepted, i.e. if
Fo <Fon, ni-1,n2-1 4.14)

and conclude that the two population variances are equal, then the following exact 't-test'

will be used to test the equality of the samples means with degrees of freedom of n,+ n,-

1:
B,—H
To= 1 l lz 72
Sp[— + —]
m n:

g = @-DSi+(@m-DS
] m+n-—-2

(4.15)

and

(4.16)

where, S, is the pooled standard deviation of the two groups.
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A value of a = 0.05 was selected for the above analysis which means thata
confidence level of 95% was selected. The rejection criteria for equality of means for

both t-test and t*-test are the following:

To > TGIZ or To < ‘Tm (4.17)

where T, is from statistical table with the corresponding a=0.05 and degrees of

freedom.

4.6.2 Factor Weights Statistical Comparison

The factor weights obtained from the mains survey shown in Table 4.10 were
subjected to the statistical tow-step comparison test described in the previous section.
This test is required to check whether the factor weights are statically different or they
may all have same value (overall average value). Thus, this comparison justify the need

for the data collection phase of this part of the study.

Table 4.15 shows the results of the two statistical comparison test. In this table, R’
stands for rejection the null hypothesis (H,) for comparison of both variances and means
of any two factors, while 'A' stands for accepting H,. The results in the shaded area is
similar to the other one since the comparison matrix is symmetrical. If the variances
comparison test has a result of 'A’, then the t-test will be used to compare the means,

otherwise, the t*-test will be used.
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From this table, it can be seen that Factor 2 (Pavement Condition) and Factor 6
(Maintenance Cost) have mean values statistically different from all other factors. Other
factors have means that are either statistically same or different than each other, such as
Factor 1 (Road Class) that has a statistically different mean than those of Factor 2 and

Factor 6, but same as those of other factors.

Therefor, as a conclusion of this comparison, the factors included in the priority
ranking procedure can not be having one average value which is a clear evident that the

data collection for factor weight determination was necessarily required.

4.6.3 Repeatability Checks

Three schemes were designed for checking the repeatability of the obtained data for
the weight of importance of priority factors. These schemes were: (i) checking the
variation within the data, (ii) checking the variation on temporal basis (different times),
and (iii) checking the repeatability in using different data collection methods. In all of
these schemes, the two-step statistical comparison of two subsets was used as detailed

before.

4.6.3.1 Within Data Variation

The collected data of one type of individuals (engineers) were randomly divided
into two subsets or groups; each group has 12 data points. Table 4.16 shows the results of

the first step of the comparison between the variances of the two groups. From this table,
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the first conclusion row shows that only the Factor 1 (Road Class) and Factor 3
(Operating Traffic) had similar variances (Accept H,), other factors bave different
(unequal) variances (Reject H,). Based on this conclusion, the second comparison step
was carried out where the exact t-test was done for testing the means of Factor 1 and
Factor 3, while the approximate t*-test is done for the rest of the factors. In both tests, the
null hypothesis H, of all factor means comparison was accepted as shown in the second
conclusion row. This implied that all factors in the two subsets had similar statistical

means, therefore, measurements are repeatable from within variation point of view.

4.6.3.2 AHP-Direct Assignment Comparison

The AHP collected data (Part IIT) shown in Table 4.12 and the direct weight
assignment data (Part I) shown in Table 4.10 were compared using the same statistical
comparison technique. Table 4.17 shows the results of the first step of variance
comparison. Factor 3 (Operating Traffic) and Factor 6 (Maintenance Cost) had similar
statistical variances (Accept H,), while other factors the H, was rejected implying they do
not have similar variances. Accordingly, the t-test and the t*-test results for equal and
unequal variances assumption, respectively, are also shown in Table 4.17. In all factors
comparison of both tests, ‘H,” was accepted which implies that the collected data are
repeatable even if different methods of data collection were used. It is also concluded that
the direct assignment method of factor weight of importance is a consistent method since
its results match with the well defined, widely accepted, and verified AHP method.
Similar comparison of AHP and direct assignment methods yielded the same conclusion

as reported by Hagquist [1994].
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4.6.3.3 Temporal-Based Data Variation

A set of twelve individuals were resurveyed by filling Part I and Part II of the
questionnaire in order to check the repeatability over time of the data collection. The
collected data of the new round of survey (NEW), compared with the responses of the
same group of individuals collected before (OLD), are shown in Table 4.18 and Table

4.19 along with averages and standard deviations of all factors and sub-factors.

The two data groups, OLD and NEW, were subjected to the statistical comparison
test used before. Table 4.20 shows the results of the two-step comparison between the
variances and means of the two data groups. From this table, Factor 1 (Road Class),
Factor 3 (Operating Traffic), Factor 5 (Safety Condition), and Factor 6 (Maintenance
Cost) have similar variances (Accept H,), other factors have different (unequal) variances
(Reject H)) as shown in the first conclusion row. Based on this conclusion, the exact t-
test was done for testing the means where the H, was accepted, while the approximate t*-
test is done for the rest of the factors where the H, was rejected. In both test, the null
hypothesis H, of all factor means comparison was accepted. This implied that for all
factors in the two data groups had similar statistical means, therefore, measurements are

repeatable from temporal point of view.

4.6.4 Comparison between Surveyed Groups

As stated earlier, different groups of individuals were surveyed in this study as

shown in Table 4.9. To quantify the differences (if any) between these groups, three main



Table 4.18. Summary of old and repeated data of Part I.
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o |, | e | (e | s | rewe [ s
OLD | NEW | OLD | NEW| OLD | NEW| OLD | NEW| OLD | NEW| OLD | NeW| OLD | NEW

1 5 10 25 25 5 1 10 10 15 20 25 15 15 15

2 10 10 25 25 5 10 10 25 35 20 5 5 10 5

3 5 10 30 30 15 10 10 10 10 15 10 5 20 20
4 15 10 25 25 15 10 10 20 10 15 12 10 13 10
5 15 10 25 25 13 10 1 8 20 20 7 12 9 15

6 10 5 45 14 S 9 10 23 10 32 10 5 10 14

7 10 12 12 11 20 15 15 10 18 20 13 18 12 12

8 20 20 7 18 5 13 18 12 22 18 13 7 15 12

9 10 15 5 15 15 10 5 10 10 20 25 5 30 25
10 15 15 20 10 10 20 10 15 20 10 10 10 15 20
11 5 10 5 20 15 10 10 10 15 20 5 5 45 25
12 10 5 15 15 15 15 10 20 20 20 10 5 20 20
Average 108 | 110 199 | 194 115] 114 108 | 144 171 | 192 ] 121]| 85 | 178 | 16.1
Standard Dev.| 4.7 42 | 1181 65 53 38 | 3.1 59 7.3 51 66 | 46 | 103 ] 6.1




Table 4.19. Summary of old and repeated data of Part II.
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No. | Smiwi | swrworz | swreces | Swrad | g™ | o

Allemstives Locations
OLD | NEW | OLD | NEW| OLD | NEW| OLD | NEW | OLD | NEW | OLD NEW

1 5 10 25 20 5 10 10 30 15 15 25 15

2 10 18 25 13 5 25 10 14 35 10 5 20

3 5 10 30 20 15 10 10 25 10 15 10 20

4 15 28 25 28 15 ) 11 10 11 10 11 12 11

5 15 25 25 15 13 20 11 25 20 5 7 10

6 10 20 45 25 5 10 10 20 10 10 10 15

7 10 20 12 20 20 20 15 20 18 10 13 10

8 20 10 7 15 5 10 18 30 22 20 13 15

9 10 15 5 25 15 15 5 15 10 10 25 i 20

10 15 10 20 20 10 10 10 20 20 20 10 20

1 5 20 5 20 15 20 10 10 15 20 5 10

12 10 7 15 10 15 8 10 30 20 20 10 25
Average 108 | 161 | 199 193} 1151 141 ]| 108 | 208} 171 | 138 | 121 | 159

Standard Dev.| 4.7 68 118 | 53 53 57 3.1 73 7.3 52| 66 51
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groups were formed: (i) academicians and managers (ACDM), (ii) engineers and
supervisors (ENGR), and (iii) non-pavement qualified and ordinary road users (OTHR).
These main groups were formed since there were not enough data points in ‘managers’,
‘supervisor’, and ‘others’ groups. The statistical comparison technique was employed for
the variances and means of these three groups for all factors. Tables 4.21 shows the
summary of the results of the first step of variance comparison and the second step for
means comparison of all seven factors. Based on the results shown on first conclusion
row, the t or t* test were done for all factors and groups. The results of these two tests
were summarized in the second conclusion row. From this row, Factor 4 (Riding Quality)
where the ACDM and OTHR groups showed statistically different means, and for Factor
7 (Importance to Community) where the ENGR and OTHR groups showed also
statistically different means. All other comparisons of means of the three main individual
groups with all factors have same statistical means. This is another evident that the within

variation of the data is statistically minimal, and it can be concluded that the collected

data are repeatable.

Another conclusion is that the collected data can not be pooled together, and it
needs to be adjusted for the type of individuals and their experiences. In this case, Part IV
of the data shown in Table 4.13 will be used for priority factor weight determination, as

detailed later.
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4.6.5 Comparison between Saudi and UAE Experience

The collected data of UAE were statistically compared with those collected in Saudi
Arabia shown in Table 4.10, using the two-step technique. It was concluded as shown in
Appendix B that the two experiences are statistically different in terms of pavement

maintenance priority ranking.

4.6.6 Reliability Test

There are two measurement of reliability in psychometric studies. The first refers to
the internal consistency of the test, while the second is the reproducibility of the score
from that test [Kline 1979]. Reliability is a necessary but not a sufficient condition for
validity [Nunnally 1967]. However, for any summative scale, like the one targeted in this
study for priority ranking, it is essential to use some reliability measures. The reliability
measure is referred to the internal consistency of all items (factors) considered in the
scale. The reliability coefficient, as measured by Cronbach’s coefficient alpha (a), is
calculated using the variances of all items (factors) and the variance of the sum of all

items as shown in the following form [Nunnally 1967]:

- K |i_s 80
o= g2t w0

where,
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o = Cronbach’s coefficient of Reliability,

K =Number of items (factors) involved in the test,

S?= Variance of item i, and

SZ,. == Variance of the sum of all items.

However, the scale being developed in this study has the characteristic that the
items being considered form a linear combination of the subject sought (priority), and that
linear combination adds to 100 for all individuals surveyed. In this case, the variance of
the sum of items weights is zero. Therefore, the reliability coefficient, ., can not be
calculated in equation 4.18. In such a case, Nunnally [1967] has suggested two
alternatives for estimating the reliability index, the first is by correlating alternative forms
of linear combinations (e.g. two sets of data at different times), and the second alternative
requires a computation of variance of linear combination, standard deviation of each

variable (item), and to have foreknowledge of the reliability of each variables.

The problem with the first alternative is that, in the case of this study, all different
forms of data sets have the factors sum to 100, where the variance is always zero, while
the problem with the other alternative is that there is no foreknowledge of the factors
reliability of any kind. Therefore, the repeatability checks done on previous sections are

sufficient to show that the data are reproducible from different points of view.
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4.7 MODEL CALIBRATION

4.7.1 Factor Weight Adjustment

The weights of importance of all priority factors as well as the sub-factors of
importance to community factor, shown in Table 4.10 and Table 4.11, respectively, are to
be adjusted for the individual experience factor, as concluded in Section 4.6.4, in the

following manner:
2 W, *E,
CW, =5 4.19)
2E,
=l
where

CW, = Corrected overall weight of factor i,

W;= Factor weight as estimated by individual j, obtained from Table 4.10 and Table
4.11,

E; = Individual experience factor for individual j, obtained from Table 4.13,
i = Factor number (1 to 7 for main factors, and 1 to 6 for sub-factors), and
j = individual number ( 1 to 65).

Tables 4.22 and 4.23 shows the calculations of the above equation for adjusting the
final factor weights of priority factors and the importance to community sub-factors. It
can be seen from these tables that there are slight differences between the original and
adjusted weights. The highest observed difference in Table 4.22 was in Factor 7
(Importance to Community) of -6.5%, while in Table 4.23 was in Sub-factor 3 (Use of
VIPs ) of +7.5%.
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Table 4.23. Factor weight adjustment process for individiual experience.
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4.7.2 Final Model Form

From the results of previous sections, the final form of developed maintenance
priority ranking procedure is:

PI= ZWiFi (4.20)

where,

PI = Priority index (out of 100),

W,=0.134, W,=0.205, W,=0.125, W,=0.131, W,=0.154, W,=0.107, and W,=0.143,

F, =Road Class obtained from Table 4.1,

F, = Pavement Condition (PC) obtained from Equation 4.2,

F; = Operating Traffic (OP) obtained from Table 4.6,

F, =Riding Quality (RQ) obtained from Equation 4.3 or Table 4.3,

F, = Safety Condition (SF)obtained from Equation 4.4 or Table 4.5,

F, = Maintenance Cost (MC) obtained from Table 4.7,

F, =Importance to Community (IF) obtained from Table 4.8 and the following sub-
factor weights equation:

IF = SSW,Sf, @“21)

where

IF = Importance to community factor,
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Sf; = Sub-factor values obtained from Table 4.8, and
SW,=0.160, SW,=0.146, SW,=0.187, SW,=0.215, SW,=0.139, and

SW,=0.157,

4.7.3 Model Adjustment for Structural Distresses

Further, the obtained PI value has to be subjected to the structural distress
adjustment if they existin the pavement section under consideration. This adjustment is
needed to reflect future condition of pavement. If the structural distresses such as
alligator cracking or rutting exist, their deterioration rate and mechanism have higher
effect on pavement condition than other distresses. Therefore, this should be reflected in
the priority ranking of those sections since the combined index method does not consider

the predicted futuristic pavement condition directly.

In order to make the priority ranking procedure accounts for this adjustment, the
priority procedure was modified using adjustment factors for some important distresses if
they exist while carrying out the condition survey. In the case where a pavement section
has some structural distresses such as alligator cracking, rutting, or other types of
cracking, the priority ranking of this section should be raised, by some percentage, to
account for this effect. Therefore, Table 4.24 shows the criteria for the structural distress
adjustment factor. These criteria were obtained by consulting different pavement

maintenance specialists.



Table 4.24. Recommeded stuctural distress priority adjustment factor.
No. Distress Type Adjustment
Factor Value, %
1. Low severity Alligator Cracking 5
2. Medium severity Alligator Cracking 7
3. High severity Alligator Cracking 10
4. Low severity Rutting 2
5. Medium severity Rutting 6
6. High severity Rutting 8
7. Low severity other types of cracks 1
8. Medium severity other types of cracks 2
9. High severity other types of cracks 3
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In order to make the priority ranking procedure accounts for this adjustment, the
priority procedure was modified using adjustment factors for some important distresses if
they exist while carrying out the condition survey. In the case where a pavement section
has some structural distresses such as alligator cracking, rutting, or other types of
cracking, the priority ranking of this section should be raised, by some percentage, to
account for this effect. Therefore, Table 4.24 shows the criteria for the structural distress
adjustment factor. These adjustment factors were based on the fact that the structural
distresses such as alligator cracking and rutting have higher deduct points than other ones
such as raveling and polished aggregates [Shahin and Walter 1990]. Moreover, structural
distresses, once started, have higher progression rate than other distresses. Therefore, the
rate of pavement deterioration is higher, especially at later stages, when structural

distresses exist compared when pavement does not have any structural distresses.

On the other hand, the World Bank highway design and maintenance model (HDM-
III) has built-in models for structural distresses such as cracking with a calibration
progression factor of 0.1-0.3 for cracking model [Kannemeyer and Visser 1995] which

makes an adjustment factor for distress progression up to 30% of the original values.

Based on the above consideration Table 4.24 was prepared as suggested structural

distresses adjustment factors for pavement maintenance priority consideration.

To include this factor in the priority index calculation, equation 4.20 is modified as

follows:
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PI=(1+a)ZWiFi (4.22)

where,

a = Structural distresses adjustment factor, in percent, obtained from Table 4.24.

4.7.4 Typical Example

Using each priority factor values with their corresponding weights (Table 4.22), the

priority index (PI) can be calculated for each pavement section.

As an example of PI calculation, Table 4.25 shows the details of five pavement
sections with their respective maintenance priority factor values, and the overall priority
ranking calculation. Tables and equations specified in previous sections were used to
quantify the priority factors. Typical calculation example for section number 2 of Table
4.25 is shown in Table 4.26 and Table 4.27. Table 4.27 shows the calculation procedure
for importance to community factor using the value of the six sub-factors with their
corresponding weights (last two columns). The result of Table 4.27 is an index (IF=49.4)
that is to be used for the last factor of Table 4.26. The final priority index (PI) is
calculated by multiplying the last two columns of in Table 4.26 and sum up the results.
The PI value for this section is 46.18. This value is adjusted for structural distress effect.
From Table 4.24, since the section has longitudinal and transverse cracking of medium
severity (case no. 7), the PI value should be multiplied by (1+ 0.02) to have the final

adjusted PI value of 47.11. PI values for other section are shown in Table 4.25.



220

05L'} 000's9 . . . Aeday pue 3u (H) Suipaag ‘(1) Supyored A€ woy Aems ‘saapeuise .
0F | THomv (oASTEMPUREANIA | (u1) uopssosdoq (1) Bumy] ey tons oo s ‘saia Aapasn| 0001 | 67
) SIARWING
00¢ 000'9 . . s6 | 1omojion | Suyusg yesp e%.a..us.%mea. ..g..__a_ sey'diA Aqpasnrou‘Bupingl os1 | s
1) 1D ‘asumgpy0lg f
asuaq A1D 1eu ‘gD woy Aemy
. Lumg ‘B8 paysjjod endsoy neau tsaayeusdge sey|
006 00s'L o€ pas o :
ozt §9 0T 1 w3umwss ooy }(1) 10 w001 20130 Jom8ty| tsq1A Aqpasniou ‘qgwoy hemy| 0 | €S
oo0's | oon 3 26 SdiA £q pasn jou ,
59 08 §8 10194103 V18IS %9010 3D 197 ‘ondandh vo._n__o.._ {soAnewNe ov ‘ag) ySnonp Sujssug 00z (1
000l | 000z s —— (1) Buoaey ! @...._aa._a_ SdIA 4q pasn| .
s 00T oy mpouy |} Bupyored yidap g {W)'1D 10mBipy| ‘sommsse ou ‘gD yEnowp Busseg] 005 1
(1av) nqunN | (wyaw) L T oureN
opuy | U900 | Tol” Leuyanoy| 104 [0 peod PopUSLULIOIRY sassatsIq/sudlqold uo}id0] BT | oy
Qg S|qujIuAY suojinjog % swajqosg uopidisaq

‘uope[nofed (1d) xaput Kuoud yo sjdurexa feordA, ‘Sz 9|qel.




221

¢T'v uonenby pue 9z'y ojqey, Suisn (6) 02" uonenba Suis( (g) Iy uonenba pue gy ajqey, uisn (L)
9'y uonenbg Buis (9) 't olqel, 10 ' uopenbo Sussn (5) £V 9lqe Jo ¢y uonenba Buisn (p)
§'t uonenbg Bus) (¢) 't uonenba Buisq) (7) ‘I'y o1qey, Swisny (1)
z 86'1S €l'sy 0'ss 0'0 ST SL 'Ll oL SL $1S
S SHEE 6L'TE 0'82 806 0s Y4 0'¢ S 0s I8
€ 6€'6t vo'LYy 6y $'88 0L L'99 0'6 Sg ST £1S
b 'Ly 61'9% b6y 66 SE bbb 0'09 | 0s AN
| 60°'L8 6€'18 0'001 769 Sh i 0'001 09 001 198
Id ‘Xapuf
Supjuey |© @ 1d ‘Xapui{ , Ayunwuwo) ) fmend
* * SO aje (g olnel (4] )
faoug h,_“”_q“ fmong | o ooumsoduyy] @0 | @408 suprg | ©"F™L | womouos | ssers progl N PPOY
anjeA Jojouy Kjnioud

‘uopenojed (14) xspui fitoud jo sjdwexa jeoidAf, (‘pauo)) ‘sz'y 9lqelL




222

Table 4.26.  Typical example for detailed PI calculation of a pavement section.
Factor Value Use Index | Weight

Road Class Collector Table 4.1 50 0.134

Pavement Condition PCI=85 Equation 4.2, 15 0.205
PC =100-PCI

Operating Traffic ADT =6000 | Equation 4.5, 60 0.125
OT =100*ADT/MADT

Riding Quality PR=80 Equation 4.3: 444 | 0.131
RI =100*PR/MPR

Safety Condition SN=65 Equation 4.4, 35 0.154
SF=100-SN

Maintenance Cost COST=SR. | Equation4.6, MC= 994 | 0.107

400 100(1-COST/MCOST)
Importance to Six Sub-factors | Equation 4.20 and Table | 49.4 | 0.143
Community 4.8

PI=0.134*50+0.205*15+0.125*60+0.131*44.4+0.154*35+

0.107*99.4+0.143*49.4= 46.18

Adjusted PI = (1 +0.02) * 46.18 = 47.11
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Table 4.27.  Typical example for detailed PI calculation of the importance to
community factor for a pavement section.
Sub-Factor Value Use Index Weight
Road Class Collector Table 4.1 50 0.16
Road passing through YES Table 4.8 100 0.146
CBD?
Road is near official NO Table 4.8 0 0.187
building or used by VIPs ?
Operating Traffic ADT =6000 | Equation4.5 60 0.215
Are alternatives available ? NO Table 4.8 100 0.139
Road is near other NO .Table 4.8 0 0.157
important building ?

IF =0.160*50 + 0.146*100 + 0.187*0+ 0.215*60+ 0.139*100 +0.157*0 = 49.4
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48 MODEL VALIDATION

The validity of any model is measured by checking how this model can predict or
duplicate a set of real data, or by measuring how the model results compare with another
verified model or adopted procedures. The priority ranking model was generated from the
local experience and opinions of different people representing the local perceptions
regarding the maintenance priority, therefore, the results obtained from this model should
compare to the current adopted procedures based on engineering judgments. To quantify
this comparison, two case studies were considered. Two sets of pavement sections in
need of urgent maintenance were selected from Jubail industrial city road network and
Dammam municipality road network. The sections in these case studies were selected to
represent a complete range of all maintenance priority factors, and all the situations

considered in the model development.

The sections selected from Jubail road network were having equipment-based
performance survey measurements: roughness and skid resistance. On the other hand,
these measurements are not available for the other sections selected from Dammam road
network, therefore, the recommended values for roughness and skid resistance factors

were extracted from the pavement condition (distress) surveys.

The assumption made, in these two case studies, was that only those selected
sections were in need of urgent maintenance and repair, and the allocated funds for
maintenance were not enough to cover all these sections. Thus, the priority procedure

should be implemented to rank these sections.
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4.8.1 Case Study 1: Al-Jubail Road Network

Table 4.28 shows the details of the first case study of Al-Jubail road network. In
this table, nine pavement sections representing different road classes, pavement condition,
operating traffic, and locations are summarized. The available distresses with the
recommended maintenance activities are shown in this table. The roughness and skid
resistance measurements were made by Mays Ride meter and Mu meter, respectively.
The maintenance costs were based on the unit cost rate provided by the maintenance
contractor, and the pavement condition was measured by the PDR method described in

Chapter Two.

The priority factor value determination was done using equations and tables shown
in the previous sections, and the results are presented in Table 4.29. The priority ranking
determined by the engineering judgment as provided by the pavement maintenance
management personnel along with the one determined by the developed procedure are
also shown in this table. The engineering judgment was provided by four persons: Group
Manager, Principal Engineer, and Structural Engineer in the of Royal Commission Road
Department, in addition to Road Maintenance Contractor Project Manager. The two
values have exact matching in six sections out of nine which represents 67%. However,
the three unmatched section priorities do not have big difference between the two
rankings; two sections have a difference of only one point (4 to 3 and 5 to 4, for sections 4

and 7, respectively), the third unmatched section (section 1) has a difference of two points
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(3 to 5). These mismatching can be explained by the fact that the engineering judgment

has a limitation in ranking by not considering all attributes of priority consideration.

4.8.2 Case Study 2: Dammam Road Network

Table 4.30 shows the details of the second case study of Dammam road network
where ten pavement sections representing different priority parameters were selected.
Section number 2 is a in a very important road that passes through the CBD, in front of
Governor Building (IMARAH), used by very important persons (VIPs), such as official
visitors, has very high traffic volume, and in a bad need of maintenance. On the other
hand, section number 3 located in an unimportant road with very low traffic volume, and
far away from CBD and any other official or general public building. Other sections are
in between these extremes. There was no equipment to measure the roughness and skid
resistance, therefore index tables were used to quantify these factors. Also there was no

traffic counts available, but descriptive measures.

Accordingly, Table 4.31 was prepared for priority factor determination using the
recommended tables in the previous section. The priority ranking determined by the
engineering judgment as provided by the pavement maintenance management personnel
in Dammam Municipality along with the one determined by the developed procedure are
also shown in this table. The engineering judgment, in this case, was provided by the
manager of maintenance and operation section with consultation with other engineers in

the road department. The two values have exact matching in five sections out of 10 which
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represents 50% of the time. However, only two sections (5 and 10) showed relatively
wide mismatch of four-point difference (4 to 8 and 7 to 3), one section (No. 1) showed
two-point difference, and two sections (4 and 9) showed only one-point difference in
priority ranking. These differences can be explained by the inability of engineering

judgment to capture all priority attributes that the developed procedure considered

The above two case studies showed that the developed procedure for maintenance
priority ranking give a good matching with the engineering judgment methods being
currently adopted by maintenance management departments. However, the developed
procedure was based on objective measurements as well as the local experience
parameters that were excluded from both pavement specialists and other road users in the
Kingdom. Assuming that one-point rank difference is acceptable, the procedure can be
used with confidence reached up to 88.9% in ranking pavement sections for maintenance.
Moreover, if two-point rank difference is acceptable, the matching between engineering
judgment and the developed procedure reaches 100%. Generally the road networks
consist of very big number of pavement sections, and all of these sections can not be
efficiently considered by the engineering judgment. Therefore, the developed procedure
can efficiently, economically, and systematically cope with any pavement network of any

size.

The ranking results in the two case studies were also compared statically. Since
there is no assumption about the normality of the two ranking method, a nonparametric

measure of association between the engineering judgment ranking and the one of the
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developed procedure. The Spearman rank correlation coefficient (r,) was used for this

purpose. This coefficient has the following equation [Walpole and Myers 1978):

i > d?
s 22 -1) 4.23)
where,
r,= Spearman rank correlation coefficient,
d.= Difference between each pair (i) of sections, and
n= Total number of section considered in comparison.

Using the above equation for the two case studies considered for validation, case
study number 1 has a rank correlation coefficient of 0.95 indicating a high positive
correlation between the two methods of ranking, and case study number two has rank
correlation coefficient of 0.77 which is a reasonable level, considering the limitations in
the engineering judgment mentioned before. On average the developed procedures
correlated with the engineering judgment 86% which can be considered a an acceptable

level of correlation.

49 FACTOR ANALYSIS

Factor analysis is usually used as a data reduction method where the number of

items or variables to be included in any model is huge. In this study, this test was
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performed as a confirmatory tool since all seven factors considered were selected after
different versions of questionnaire in th pilot survey. The conclusion was that only three
main factors could be extracted from the considered seven. These three main factors
could capture only 72% of the variations. This analysis with the obtained results are

shown in Appendix C.

4.10 SUMMARY

This chapter detailed the development of maintenance priority ranking procedure.
The factors affecting this ranking were quantified and scaled to a 100-point scale using
approved and verified equations and logical assumptions. The weights of these factors
were determined using designed questionnaires that were distributed to different groups of
individuals representing the pavement specialists as well as other road users. The
collected data were subjected to several logical and statistical checks. The validation of
the developed procedure was checked by using two case studies. There was agood
matching between the results of the developed procedure compared with the engineering
judgment. Finally, a trail of factor analysis was made to obtain the factors (dimensions)

that were adequately needed for this study.



CHAPTER FIVE

PAVEMENT CONDITION MODELING

S.1 DESCRIPTION

This chapter deals with the data collection and analysis of the pavement condition
prediction modeling. It describes the model formulation and its parameters with their a
priori hypothesis. Sources of the data have been detailed with the resulting observations
on the collected data. The data have undergone preliminary testing and filtering, and then
models for the three types of the collected data were developed using statistical regression
methods. These models have been tested and validated, and finally, some data conversion

between different pavement condition indices are presented.

5.2 MODEL FORMULATION

5.2.1 Model Parameters

The pavement condition is affected by several parameters, the ones included in this
study are shown in the following general form of the pavement condition prediction

model:

234
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PCI = f (AGE, ACTH, SBTH, TRAF, TRUK, INTR) 5.1

where,
PCI = Pavement Condition measured by any distress survey method,
AGE = The time, in years, from the construction date or the last major maintenance,
ACTH = The combined thickness of all asphalt layers, cm, (including overlays)
SBTH = Subbase (stabilized or aggregate) thickness, cm,
TRAF = Average daily traffic (ADT), vehicle per day per lane
TRUK = Number of trucks in the traffic mix,
INTER = Any possible interaction of the preceding factors.

It was found from the collected data that the above factors were the ones commonly
available and accessible. Other factors such as subbase and subgrade types, when found,

were either not available or not reliable.

The above general model can have any mathematical form such as linear,

polynomial, or power function of the included parameters.

5.2.2 A priori Hypothesis

In the above pavement condition prediction model, the hypothesis that AGE, TRAF,

and TRUK, are inversely proportional to the PCI. But ACTH, SBTH, are proportional to
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pavement condition. The effects of these factors of pavement condition were explained in

Chapter Two.

Based on the literature review, logic and engineering judgment, and developed

models of similar studies, the following assumptions and boundary conditions can give a

general idea about the expected shape and behavior of the targeted prediction model:

1.

A new or a recently overlaid pavement section has a condition index value of
100, whatever the condition survey method was used (i.e. at AGE =0, the
condition index = 100). This could be achieved in prediction modeling by
different ways. One way is to add or subtract from the intercept value the
sum of each independent variable multiplied by its regression coefficient.
Alternatively, by using the exponent or power function (¢*“E or AGEP) with
manipulating the variables to reach a PCI value of 100 at AGE =0, since

these function give a value of one at AGE = 0.

The total pavement thickness (ACTH+SBTH) is assumed to represent the
supporting feature to the operating traffic load (TRAF or TRUK variable).
Therefore to represent this in the modeling, a new variable was created by
dividing the truck traffic (TRUK) by the pavement thickness as suggested by

[George et al. 1989].

In general, pavement starts its deterioration process very slowly, but this

deterioration accelerates very sharply at later stage. This can be represented
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in the condition prediction model by the power, exponential function, or
polynomial functions. However, the shape and the curvature of these

functions can be controlled by the regression coefficients.

4. For relatively old pavements ( AGE is much greater than 0), condition
becomes very poor to failure stage, therefore, prediction model should
capture the pavement condition of an index equals to zero at age of around
the pavement design life (e.g. 20 to 30 years), if left without any

maintenance.

From the above set of logical assumptions and hypothesis, the power and polynomial

functions can reasonably represent the pavement condition behaviour. Therefore these

two functions will be used for model generation.

53 DATA COLLECTION

5.3.1 Sampling Requirement

The minimum sample size required so that the predicted pavement condition can
adequately represent the actual condition, depends on the allowable error in the
prediction of the sample mean, standard deviation, and the desired degree of accuracy.

The following equation was used for this purpose [Walpole and Myers 1978]:
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n = required minimum number of cases for regression analysis,

where,

Z,» = normal distribution value for a given confidence level,
o = standard deviation of the overall samples (cases) considered, and

e = allowable error in the estimate

A confidence level of 95% (z,, =1.96) was selected as an accuracy level for the
pavement condition estimates. The allowable permissible error in estimating the
pavement condition was set to £ 5 points (100-point scale). Additionally the average
variance (c?)of all collected data was 231.07 as state in Section 5.3.3. Using these values
in the above equation, n equals to 35.5. Therefore, a minimum of 36 data points are
needed for modeling the pavement condition. The available data cases are much more
than this number. The total number of cases from the three survey methods are 433, 138,
and 202, for PDR, PCR, and PCI method, respectively, with a total of 773. It should be
noted that the deficiency of using the collected samples’ variance instead of the unknown

population variance was covered by using sample size much greater than 36.

5.3.2 Data Sources

The potential sources mentioned in Section 3.3.3 were approached and all possible
and accessible information regarding pavement history and condition were collected.

Table 5.1 summarizes the collected data with their corresponding source.



Table 5.1. Summary of the sources of the collected condition surveys data.
Source Number of !Condition Remarks
Data Points [Survey Method
Ministry of 40,000 |MOC Method |Freeways and feeder road network
Communication L(PCR) in Riyadh and Dammam areas;
(MOC) Riyadh One survey.
Ministry of 138 MOC Method, |Data of 36-section test track of
Communication, |PCR),and  |Dhahran-Abqaiq Road; Two
Abqaiq Road PAVER surveys (PCR), and one survey
Method (PCI) |(PCI).
Dhahran and 135 PAVER Arterial, collector, and local roads;
Dammam Areas Method (PCI) |Several surveys.
Road Network
Municipality of 1080 PAVER 10% of Riyadh city main road
Riyadh Method (PCI) |network; One survey.
Jubail Industrial 800 KFUPM-RI Arterial, collector, and local road
City Road Method (PDR) |network; Mostly one survey data
Network and two surveys data for some road
sections
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The collected data were sorted according to their sources and checked thoroughly.

The following were the general important observations and comments on these data:

Some pavement sections had multiple condition survey information. These section
were in the vicinity of KFUPM where many research studies were carried out at
different times. These sections helped to judge the general pavement performance-
time relationships in the modeling. However, the majority of the remaining
sections (Jubail and MOC) had a single condition survey data, but wide range of.
For example, pavement age ranged from 1 to 16 years of service, traffic ranges

from 200 vpd/lane to more than 10,000 vpd/lane, and so on.

The collected data covered all road types and classes. Rural freeways and feeders,

urban arterial, collectors, and locals were covered for pavement condition surveys.

Collected traffic volumes were generally reported in ADT and contained the
overall truck percentages. Thus, the ESAL values could not be obtained due to the
lack of traffic composition for most of the pavement sections considered.
Therefore, it was decided to use the ADT figures in terms of vehicle per day per
lane (vpdpl) for traffic factor (TRAF) and the combined number of commercial

vehicles for truck factor (TRUK).

The combined layer thickness of asphalt wearing and base course was used for
asphalt layer thickness factor (ACTH). Similarly, the combined layer thickness of

subbase or aggregate base layers was used for the subbase thickness factor
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(SBTH). No distinction was made for the type of the subbase or aggregate base
(unstabilized, stabilized, or modified) since the detailed relevant information could

not be obtained.

Some collected data were related to special road sections. Three experimental test
tracks were constructed using sulfur-extended-asphalt (SEA) as binder. These
sections are located in the Eastern Province of Saudi Arabia near Dhahran-
Dammam area. They were phased in with the roads where they belong to while
construction. Test Road 1 was in the Kuwait Diversion Road, Test Road 2 was in
Abu Hadriyah Expressway, and Test Road 3 was KFUPM Road (Sulfur Asphalt
Side). The long-term performance history of these test roads in terms of laboratory
and field testing was reported and documented by [Akili and Arora 1984; Arora et
al. 1994]. The collected condition survey data for these sections were excluded

form this study.

Another special experimental road was the Dhahran-Abqaiq road, constructed in
1988 [MOC 1992]. This road has a set of 36 test sections with different materials,
properties, and structural designs. Four types of wearing course, three types of
binder course, and eight types of base course were used in constructing these
sections. Some modifiers such as Novophalt, and Styrelf were used in the
bituminous mixes of some of these sections. For the purpose of this study, all
sections with modifying agents were excluded from the study, since these sections

may have different behavior than other normal sections.
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The data collected from the MOC for Riyadh and Dammam rural highways were
not complete in relation with the required information. Pavement-history related
data could not be obtained such as layer thickness and construction date. However,
some of these road sections have been studied by different researchers [Saleem
1985; Asi, 1986; Ramadhan 1988), and missing information were reported by these
researchers. Therefore, Only these sections that had complete information were
included in this study. Moreover, the data for the selected sections were averaged
out for traffic levels. This means that all data points of same traffic level were
considered belonging to one section, and if the traffic level changed, a new section

was considered separately. The collected data were about one-kilometer intervals.

The data collected from Municipality of Riyadh were for about 10% of the main
roads of Riyadh City road network. Most of the data were not complete in terms of
layer thickness and construction date. Traffic data were available but not the truck
traffic percentage. Therefore, only these sections with complete information were
considered, in addition to assuming a 5% truck percentages in the operating traffic,
as provided by Municipality of Riyadh. This is because heavy commercial trucks
are not allowed to enter the city roads. This 5% assumption is for the buses and

light trucks.
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S.3.3 Preliminary Data Analysis

The collected data were subjected to a filtering process for any unusual or illogical
results. Two criteria were specified in this process: (i) Relatively old sections of more
than 7 years in service, with a condition index of 100 (perfect condition) were excluded
from the analysis. The perfect condition can only happen when the pavement is relatively
new or the pavement was not exposed to any external factors of traffic and environment;
(ii) Relatively new sections of less than 5 years in service, with condition index
approaching zero (failure condition) were also excluded for the analysis. Situations may
exist that some sections are exposed to very severe load and environmental conditions, or
where pavement sections have some built-in defects during design or construction.

These situations result in a premature failure to these sections.

The collected data from all sources, after checking, were stored and tabulated in
worksheet files and then transferred to the STATISTICA computer package
[STATISTICA 1995] format for pavement condition model development and calibration.
The overall data points (cases), from each data collection method, are summarized in
Table 5.2. The AGE has a rage of 1.5 to 15.3 years of service for the PDR, 1 to 14 years
for the PCR, and 0.33 to 19.67 for the PCI data. These are considered good ranges for
pavement condition and performance modeling. Other factors have also wide ranges as
shown in the table. Combined asphalt layer thickness have a range of 9 to 25 c¢m for the
PDR, 0 to 35 cm for the PCR, and 0 to 83 cm for the PCI data. The collected data of the

three methods were also plotted as histograms to check their normality as shown in
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Table 5.2. Statistical summary of the collected data for all survey methods.
Modeling Factor
Method | Statistic AGE PDR | ACTH | SBTH | TRAF | TRUK
Mean 54 83.7 154 380 | 10779 | 3438
Std. Dev. 32 16.2 55 79 1029.2 | 390.7
PDR |Maximum | 15.33 100 25 55 4662 1541
Minimum L5 20.00 9 30 103 8
Number 433 433 433 433 433 433
Mean 73 79.8 184 26.2 | 4661.1 | 1556.4
Std. Dev. 4.7 13.1 6.3 84 | 2919.1 | 11363
PCR |[Maximum 14 100 26 35 21415 | 6931
Minimum 1 47.6 6 0 4 21
Number 141 141 141 141 141 141
Mean 76.5 6.0 14.1 252 | 4675.8 | 754.1
Std. Dev. 16.1 5.1 438 7.8 3372.7 | 728.3
PCI Maximum { 100 19.67 25 83 18319 | 2243
Minimum 18 0.33 4 0 72 0
Number 202 202 202 202 202 202
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Figure 5.1. Furthermore, the normality check results using K-S test are shown in Table
5.3. All the three data sets collected by the three different methods represent normal
distribution with a level of significance of 99%. Therefore, the basic parametric

statistical testing can be safely used since the normality assumption is satisfied.

As stated before, the five variables that affect the pavement condition are age of the
pavement (AGE), asphalt layer thickness (ACTH), subbase or aggregate base layer
thickness (SBTH), operating traffic (TRAF), and truck percentage in the traffic mix
(TRUK). Initially, the general relationships between the dependent variable, pavement
condition (PDR, PCR, or PCI) with each of the other independent modeling variables
(AGE, ACTH, SBTH, TRAF, and TRUK) in order to establish and confirm the logic of a
priori hypothesis, stated earlier, for the general developed models. Figures 5.2 to 5.4
illustrate these relationships for PDR, PCR, and PCI data. The scattered plots as well as

the general predicted trend are shown in these figures.

From these figures, the age factor (AGE) shows a very clear systematic decreasing
(negative) relationship, which indicates that AGE is the most important factor affecting
the predicted pavement condition. As the pavement gets older, its condition declines
(deteriorated) under the prevailing traffic and environmental conditions. Similarly, the
pavement asphalt layer thickness factor (ACTH) shows systematic relationship of
increasing order for PDR and PCI data, but not for PCR data. Keeping other factors
constant, the higher the asphalt layer thickness, the better in the pavement condition.

Traffic parameters (TRAF and TRUK) showed unexpected positive relationships with
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No of cbservations

No of observalions

Figure 5.1.  Frequency distributions of all collected data for normality check.



Table 5.3. K-S test results for normality check of the collected data.
Method N max. D p Significance
Level, %
PDR data 433 0.193742 p<.01 99
PCR data 106 0.132691 p<.01 99
PCI data 202 0.072815 p<.01 99
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Figure 5.2. Relationships between the pavement condition and modeling factors for PDR data.
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the pavement condition. However, this relationships can be attributed to the interaction
of other factors such as pavement thickness (ACTH and SBTH). The actual relationship

can be seen if other factors are kept constant.

Correlation coefficient provides a normalized and scale-free measure of the
association between any two variables. It has a value between +1 to -1, perfect
statistically independent variables have a correlation coefficient value of zero. As
another measure of interrelation between the dependent variable (pavement condition)
and other independent modeling variables, the correlation coefficient matrices shown in
Tables 5.4 to 5.6 were calculated for PDR, PCR, and PCI data. From these tables, the
pavement condition has relatively high negative correlation with the AGE factor of -
0.82, -0.74, and -0.51, for PDR, PCR and PCI data, respectively. This confirms the
previous observation in Figures 5.2 to 5.4. Other factors have similar observations like

these obtained from these figures.

The disaggregate type of data could not be obtained due to lack of pavement
management data bases for the pavement network in the Kingdom. If the pavement
network has continuous records of condition survey data over time, the disaggregate
modeling could be followed. Therefore, the main idea of plotting the previous figure
was to show that due to the lack of disaggregate type of data, the aggregation of data
modeling was followed which means that if certain category of pavement parameters are
missing, similar data from other location could be used as representation of this missing

data.



Table 5.4. Correlation coefficients of the PDR data
PDR AGE ACTH SBTH TRAF TRUK
POR 1000 | 0820 | ooess | 0110 | oc.0ss 0.092

AGE -0.374
ACTH
SBTH
TRAF
TRUK
Table 5.5. Correlation coefficients of the PCR data.
PCR AGE ACTH SBTH TRAF TRUK
PC! 1000 | 0735 | 0277 | 0235 | 0328 | o0.1s2
AGE 0315 | 055 | -0285 | -0.181
ACTH 0231 | 0225 | o215
S8TH 0030 | o.189
TRAF 0.815
TRUK 1.000

Table 5.6. Correlation coefficients of the PCI data.

PCt AGE ACTH | SBTH TRAF | TRUK
PCl 1.000 -0.507 0.308 0.147 0.230 0.3¢8
AGE 1.000 -0.388 0.074 0.448 0.443
ACTH 1.000 0.174 0.237 0.258
SBTH 1.000 0.017 0.340
TRAF 1.000 0.475
TRUK ot : 1.000

BAPCRRY b3 A B T %
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54  MODEL CALIBRATION

The process of building pavement condition prediction models from the collected
data included running regression analysis for each data set separately. The power and
polynomial functions specified in Section 5.2.2 were used to generate different possible
regression models. However, initially, the step-wise regression analysis was done for all
three data sets to check the significance of each of the independent variable in predicting

the pavement condition. Model building process is detailed in the next sections.

S.4.1 Linear Regression Analysis

In the forward step-wise linear regression statistical procedure, each independent
variable (IV) was entered into the model in order of its significance, as determined by the
partial F-test. After each new IV was added, the procedure checked all previously
entered IVs to insure they were still significant. The criteria for including any variable in
the regression model was set to be 1.0. The variable will be include in the model if it
adds to the starting F-ratio a value of 1.0 or greater. After the addition of each factor,
staring with the one with that contributed the most to F-value, the contribution of each
variable to the F-value of the model is recalculated. If the value of the contribution for
any of the included variables dropped under 1.0, it was removed from the model. The
selection procedure continued until the contribution of all variables inside the model was

greater than or equal to 1.0, and the contribution of the factors outside the model was less

than 1.0.
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Tables 5.7 to 5.9 summarize the results of the step-wise linear regression
analysis. for PDR, PCR and PCI data. the final models obtained were with the R? values
of 0.755, 0.596, and 0.496 for the PDR, PCR, and PCI data sets. The total number of
data points included in this modeling were 275 for PDR, 106 for PCR, and 135 for PCI.
The PCI data model excluded only the SBTH variable, while the PCR model excluded
ACTH, TRAF, and TRUK variables, and PDR model excluded the SBTH and TRAF
variables. It was noted from the above tables that R?increases as the number of IV
increases. Therefore, part of the increase in the R? is due to the increasing number of IV
and not necessarily the improvement in the explanatory power of the models. This effect
can be captured and eliminated by the adjusted value of R%. The R? is a measure of the
proportion of the total variation in the response or dependent variable (pavement

condition) that is explained by the prediction model [Walpole and Myers 1978].

5.4.2 Non Linear Regression Analysis

To improve the fit or the ability to predict the pavement condition, various linear

and non-linear transformation of the five independent variables were tried.

As stated earlier, the polynomial and power curves were selected for modeling the
pavement condition. Polynomial curves used were of second, third, and fourth degree of
the AGE independent variable, being the most important and influential variable to
pavement condition. Other variables (i.e. ACTH, SBTH, TRAF, and TRUK), were kept

in their linear form. These model have the following general form:



Table5.7. Forward step-wise regression for PDR data.
5 St Er of StEmof Adpusted
Step Veisble | BETA | ™| B B @n) | plea | V2
1 Intercpe - - ] 10ss083 | 109652 | 96221 | 0.0000
AGE | -0859322| 0030953 | -4.3043 | 0.155044 | -27.7618 | 0.0000 | 0737476
Intercpe - - | 12422¢ | 227109 | 49.5015 | 0.0000
2 AGE 0.888063 | 0.031469 | -4.4483 | 0.157629 | 282198 | 0.0000 | 0747596
ACTH | -0.108768| 0031469 | -0.3998 | o.115684 | -3.4563 | 0.0006
Intercpe - - | 1132559 | 2251405 | s0.3045 | 0.0000
3 AGE -0.893019| 0031017 | 44731 | 0.155363 | 287913 | 0.0000 | 0755446
ACTH | -0.152062| 0033943 | 0559 | 0124779 | 4.4799 | 0.0000
TRUK | 0.102326 | 0032803 | 00049 | 0.001561 | 3.119¢ | o0.0020
Table 5.8. Forward step-wise regression for PCR data.
A St Emx. of | St Emr. of Adjusted
Seep Varstie | BETA | S| B B 106) | plevel | A0
1 Intercpe - - 947146 | 1601442 | 59.1433 | 0.0000

AGE -0.735356 | 0.066452 | -2.05688 | 0.185874 | -11.0659 | 0.0000 | 0.53633
Intercpt - - IILI739 | 4323209 | 25.7156 | 0.0000

2 AGE | -0921369| 0077113 | -2.5772 | 0215693 | -11.9484 | 0.0000 | 0.59634
SBTH -0312863 | 0.077113 | -0.4836 | 0.119204 | 4.0572 0.0001
Table 5.9. Forward step-wise regression for PCI data.
St Em. of Sc Exr. of Adjusted
Step Vaishle | BETA | “ppri”| B B | W9 | plew |0
1 Ingercpe - - | 9335323 | 2148921 | 4344192 | 0.0000
AGE | -0.631453] 0.067237 | -2.15653 | 0220627 | -9.39146 | 0.0000 | 039421
Ingercpe - - | u4so16 | 6270204 | 183088 | 0.0000
2 AGE -1.03369 | 0.128385 | -3.5302 | 043846 | -8.05148 | 0.0000 | 0.44e78
TRUK | 046489 | 0.128385 | -0.011 | 0.003048 | -3.62108 | 0.0004
Insercpe - - | us3197 | 6204176 | 18.59711 | 0.0000
3 AGE -1.0909 | 0.12999¢ | .3.7256 | 0.443955 | -83919 | 00000 | 045757
TRUK | -0.66483 | 0.160687 | -0.0158 | 0.00381S | 4.13742 | o0.0001
TRAF 020027 | 0.098739 | 0.0013 | 0.00065¢ | 202822 | 0.0446
Intercpe - - | 1098763 | 6848123 | 16.04473 | 0.0000
AGE -1.06621 | 0.129558 | -3.6413 | 0442465 | 222959 | 0.0000
‘ TRUK | -068019 | 0.159495 | -0.0161 | 0.003787 | 426463 | 00000 | 046707
TRAF 0.18013 | 0.09849 0.0012 } 0.000652 | 1.52892 0.0697
ACTH 0.12733 | 0.069717 | 04246 | 0.232477 | 1.82646 0.0701
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PDR =a + b.(AGE) + ¢.(AGE) + d.(AGE)’ +e.(AGE)' + f.(ACTH) +

g.(SBTH) + h.(TRAF) +1i.(TRUK) + error (5.3)
Similarly, the power curve of AGE, ACTH, SBTH, TRAF, and TRUK were tried

using the logarithmic transformation stated below:

Power Form

PDR = 100 - a.(AGE)® . (ACTH)" . (SBTH)" . (TRAF)* . (TRUK)' . error  (5.4)

Transformed Logarithmic Form
log (100 - PDR) = log (a) + b.log(AGE) + c.log(ACTH) + d.log(SBTH) +

e.log(TRAF) + f.log(TRUK) + error (5.5)
The two general forms were used for the three data sets: PDR, PCR, and PCI and

the following models were obtained

5.4.3 Models Selection

5.4.3.1 PDR Models

Figure 5.5 to 5.9 show five statistical summary results of regression models that
could be obtained for the PDR data set. Several trials were made with different
independent variables inclusion schemes. The above figure represent only those models

that have all independent variables with 95% significant level and above.

Reported results include R, adjusted R?, standard error for the model, analysis of
variance (ANOVA) with model significant level, and finally, the model coefficients with

their corresponding significant level and the 95% significant intervals (upper and lower).
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SUMMARY OUTPUT
Multipie R 0.889
R Square 0.791
Adjusted R Square 0.786
Standard Error 8.332
Observations 275
ANOVA — —
dr SS MS £ Significance F_
Regression 6 7023709  11706.18  168.62 0.00
Residual 268 18605.91 69.43
Total 274 88843.00
Coeflicients _Standard Emor . £.SGt Povaluc__ Lower95% ___ Upper 95%
intercept 109.9149 9.5569 115011  0.0000 91.0987 128.7311
AGE -9.8846 5.4692 -1.8073  0.0718 -20.6527 0.8835
AGE? 22371 1.1940 18736  0.0621 -0.1137 4.5879
AGE® -0.2542 0.1022 24869  0.0135 -0.4555 0.0530
AGE* 0.0086 0.0030 2.8802 0.0043 0.0027 0.0145
ACTH -0.3547 0.1440 24623 0.0144 -0.6383 0.0711
TRUK 0.0038 0.0016 24507 0.0149 0.0008 0.0069

Figure 5.5. Summary of statistical regression of PDR data selected model 1.

SUMMARY OUTPUT
Regression Statistics
Muitiple R 0.881
R Square 0.777
Adjusted R Square 0.774
Standard Error 8.567
Observations 275
ANOVA _
- df S MS E____ SignitcanceF
Regression 4 69025.72 1725643  235.11 0.00
Residual 270 19817.28 73.40
Total 274 88843.00 -
Coeflicients __Sandard Emor ___tStat___ Povalve __Lower 95% ____ Upper 95%
Intercept 100.2423 3.4824 28.7852 0.0000 93.3861 107.0985
AGE -1.1775 0.7065 -1.6665 0.0968 -2.5685 0.2136
AGE? -0.2024 0.0424 47725 0.0000 -0.2859 -0.1189
ACTH -0.3201 0.1301 -2.4608 0.0145 <0.5761 -0.0640
TRUK 0.0033 0.0015 2.1493 0.0325 0.0003 0.0063

Figure 5.6. Summary of statistical regression of PDR data selected model 2.



SUMMARY QUTPUT
Multiple R 0.881
R Square 0.777
Adjusted R Square 0.775
Standard Error 0.328
Observations 25
r’a S5 M F__ SignificmceF
Regression 3 28.625 9.542 88.454 0.0000
Residusl an 29.2%0 0.108
Total 274 57.854
Coefficients __Stsadard. 1St P-value Lower 95%
intercept 0.5870 0.2133 -2.3259 0.0208 -0.9162 -0.0762
log(AGE) 1.2500 0.0837 16.1187 0.0000 1.1850 1.5148
log(ACTH) -0.1850 0.1814 3.7988 0.0002 0.3321 1.048S
Jog(TRUK) 0.0180 0.0362 -1.6290 _ 0.1045 -0.1301 0.0123

Figure 5.7. Summary of statistical regression of PDR data selected model 3.

SUMMARY OUTPUT
Muttile R 0.8550
R Square 0.7310
Adjusted R Square 0.7300
Standard Error 0.336
Observations 275
—df S5 MS F____ Significance F_
Regression 1 27.057 27.057  239.845  0.0000
Residual s 30.797 0.113
Total 274 57.854
Coefficieats___ Standard Ervor__tSiat_____ Povalve___Lower 95% . Upper 93%
intercept 02100 0.0602 42446 0.0000 0.1370 0.3739
IogAGE) 1.3550 0.0795 15.4889 __ 0.0000 1.0753 1.3885
Figure 5.8. Summary of statistical regression of PDR data selected model 4.

SUMMARY OUTPUT
Regression Statistics
Mulbple R 0.6734
R Square 0.7829
Adjusted R Square 0.7610
Standard Eror 0.33
Otservations 275
ANOVA — — —
= or AT F___ SguicaoceF
Regression 2 28.3385  14.1693  130.5750  0.0000
Residual 72 205159 0.1085
Total 274 57.8544
Cocflicients ___ Standard Ervor __cSac____Povalne_ Lower 95% _ Upper 95%
Tntarcapt 0.3855 02114 20913 0.0374  -0.8582 0.025%
10g(AGE) 1.3590 0.0833 15.9948  0.0000 1.1681 1.4960
Jog(ACTH) -0.1404 01574 34364 __ 0.0007 0:2310 9.8508

Figure 5.9.

Summary of statistical regression of PDR data selected model 5.
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All PDR models have similar prediction ability as measured by R?, they have high
significant level (100%), and their coefficients are also highly significant. Examining all
PDR models, the model shown in Figure 5.9 is selected to represent the PDR collected
data set. The model has an adjusted R? of 0.775 with AGE, ACTH, and TRUK to the
power of 1.25 and -0.185, and 0.018, respectively. Other models were not selected due
to lower R?values as the ones shown in Figure 5.8. Some models with higher R? that the
selected model were not selected because they include some coefficients with incorrect
logical signs such as the plus sign of TRUK coefficient in the model shown in Figure

5.5, and the minus sign of ACTH coefficient in the same model.

5.4.3.2 PCR Models

Similar to PDR models, all possible and feasible PCR models generated from the
collected data, were tried and the best ones are shown in Figure 5.10to 5.13 which
include all obtained statistics described in the previous section. The best model selected
to represent the PCR data is the one shown in Figure 5.13 that has the highest obtained R?
of 0.796 and a level of significance of 0.0 for both the whole model and the model
coefficients. Here, only the AGE factor was included in the selected model, while other
factors were either insignificant or were in lower R? or illogical models. Therefore, for
the PCR data, there is no influence of all factors except the AGE on predicted pavement

condition.
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SUMMARY OUTPUT
R jon Statistics

Muttiple R 0.8527

R Square- 0.7271

Adjusted R Squar 0.7106

Standardg Error 7.0237

Observations 106

ANOVA

[/ SS MS F Significance F_

Regression 6 13015661 2169277 43972 0.0000

Residual 99 4883.956 49.333

Total 105 17899.617

Coeflicients  Standard Error tStat P-valve Lower 95% Upper 95%

intercept 123.1068 6.6739 184461  0.0000 109.8644 136.3492
AGE -28.8646 5.5208 -5.2283 0.0000 -39.8192 -17.9101
AGE? 6.8043 1.6884 4.0300 0.0001 3.4541 10.1544
AGE® -0.6414 0.1794 35750  0.0005 -0.9974 -0.2854
AGE* 0.0205 0.0062 3.3311 0.0012 0.0083 0.0327
ACTH -0.4285 0.1759 24244 00171 0.7756 -0.0774
TRAF 0.0008 0.0003 2.8671 0.0051 0.0002 0.0013

Figure 5.10. Summary of statistical regression of PCR data selected model 1.

SUMMARY OUTPUT
R jon Satistics
Multiple R 0.7932
R Square 0.6292
Adjusted R Squar 0.6220
Standard Error 8.0272
Observations 106
ANOVA
df _SS MS __ F Significance F
Regression 2 11262.785 5631.392 8§7.396 0.0000
Residual 103 6636.832 64.435
Total 105 17899.617
Coefficients___Standard Error ___tStat P-value ___ Lower 95% Upper 95%
Intercept 101.8146 2.0351 50.0283 0.000000 97.7784 105.8508
AGE -5.5710 0.7284 -7.6478 0.000000 -7.0157 ~4.1263
AGE? 0.2478 0.0500 4.9575 0.000003  0.1487 0.3470

Figure 5.11.

Summary of statistical regression of PCR data selelcted model 2.
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SUMMARY OUTPUT
jon Statistics
Multiple R 0.8301
R Square 0.6891
Adjusted R Squar 0.6768
Standard Error 74224
Qbservations 106
ANOVA )
df _SS MS F Signii F
Regression 4 12335284  3083.821 55975 0.0000
Residual 101 5564.333 55.092
Total 105 17899.617
Coeflicients __ Standard Eror ___tSeat_ P-valve Lower 95% Upper 95%
intercept 1175835 40517 290234 _ 0.0000 109.5560 125.6309
AGE -24.1352 4.3698 55232°  0.0000 -32.8037 -15.4667
AGE? 5.2659 12334 4.2696 0.0000 28193 7.7126
AGE® -0.4823 0.1271 -3.7946 0.0003 0.7344 -0.2302
AGE* 0.0152 0.0043 3.5239 0.0006 0.0067 0.0238

Figure 5.12. Summary of statistical regression of PCR data selected model 3.

SUMMARY OUTPUT
R jon Statistics
Multiple R 0.8932
R Square 0.7979
Adjusted R Squar 0.7959
Standard Error 0.2449
Observations 106
ANOVA
i SS MS F Significance F
Regression 1 24618 24618 410.519 0.0000
Residual 104 6.237 0.060
Total 105 30.854
Coeflicients __ Standard Error tStat P-value Lower 95% 95%
intercept 0.3107 0.0458 6.7870 0.00000 0.2199 0.4014
log (AGE) 1.1239 0.0555 202613 __0.00000 1.0139 1.2339

Figure 5.13. Summary of statistical regression of PCR data selected model 4.
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5.4.3.3 PCI Models

Figures 5.14 to 5.16 show the possible and feasible PCI models generated from the
collected data. Two feasible power models (transformed logarithmic) shown in Figure
5.15 and 5.16 have higher R? values that the third and fourth degree polynomial model
(Figure 5.14). Examining the two power models, the second one (Figure 5.16) has higher
R? value and it gives more information since in includes the TRUK variable while the first

one does not.

The three selected models for different data sets are shown in their final and

summarized forms in Table 5.10.

55 MODEL EVALUATION AND TESTING

The selected models were subjected to different evaluation and testing schemes to
check that their predictions conform with the basic engineering and logical assumptions
made before. This includes model evaluation, and other statistical checks, as detailed in

the following sub-section.

5.5.1 Model Evaluation

The selected models were subjected to an evaluation process to check that their
predictions conform with the basic engineering and logical assumptions made before.

This process included: (i) generating two-dimensional plots showing the pavement



SUMMARY OUTPUT
$i0n SESUSOCS
Multipie R 0.6946
R Square 0.4025
Adjusted R Squar  0.4684
Standaed Efror 13.5287
Obsaervations 134
ANOVA N S me———
o SS 73 F oF
Regression 4- 22012800 5503.200  30.068 0.0000
Residual 129 23610215 183.025
Joul 133 4se3.015
~Coefiiclents_ Standard Eror - [ St Povaies oo 95% 5%
Intercapt 111.0755 5.0129 221578 0.0000 101.1573 120.9937
AGE -15.2011 4.0897 38392  0.0002 -22.7928 -7.8096
AGE? 25727 0.9823 26191 0.0099 0.6292 4.5162
AGE® 0.1758 0.0825 -21302  0.0351 0.3392 -0.0125
AGE* 0.0039 0.0022 17781 _ 0.0778 -0.0004 0.0083

Figure 5.14. Summary of statistical regression of PCI data selected model 1.

SUMMARY OUTPUT
Regression Salistics

Muitiple R 0.7976

R Square 0.6362

Adjusted R Squar  0.6335

Standard Error 0.330¢

Observations 134

" r S IS F___Stncince F_

Regression 1 25.204 25204 230.848 0.0000

Residual 132 14.412 0.109

Total 133 39.616

"Coeflicients_ Standard Eror (St Pvakos . Lower 95% ros%

intercept 0.4030 0.0562 7.1639  0.0000 0.2918 0.5141
log (AGE) 1.0220 _0.0673 15.1937 __0.0000 0.8390 1.15851

Figure 5.15. Summary of statistical regression of PCI data selected model 2.

SUMMARY QUTPUT
R jon Statistics
Multipie R 0.8135
R Square 0.6632
Adjusted R Squar 0.6580
Standard Error 0.3189
Observations 135
- d SS MS F £
Regression 2 26.2530 13.1285  129.1051 0.00000
Residusi 132 13.4208 0.1017
Totai 134 39.6738
—_Coellicients_Standard Emor__ { Stat___ Pev. Lower 95% or95%
Intercept -0.0872 0.1606 -0.5787  0.0564 0.4107 0.2248
Iog(AGE) 1.222¢ 0.0896 136078  0.0000 1.0421 1.3988
log(TRUK)) 0.1383 0.0420 3.3005 _ 0.0012 0.0555 0.2217

Figure 5.16. Summary of statistical regression of PCI data selected model 3.
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Table 5.10. Summary of the selected models.

264

Data Set Model Form Adjusted
RZ
PDR | PDR=100-3.83 * (AGE)™ * (ACTH)"™® * (IRUK)™® | 0.775
PCR PCR =100 - 2.045* (AGE) "> 0.796
PCI PCI=100- 0.8181* (AGE) = * (TRUK) " °® 0.658
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condition with age at average values of other independent variables, and (ii) generating

fitting characteristic plots between the predicted values and the observed ones.

5.5.1.1 Basic Assumptions Check

Figures 5.17 to 5.19 show the three selected models for all data sets. In all selected
models, the pavement condition starts at a perfect condition, (i.e. 100 index value), then
the condition deteriorates with time till the failure condition (zero index value). The
PDR model (Figure 5.17) and the PCI model (Figure 5.19), show the best logical and
expected pavement behavior, the rate of pavement deterioration starts slowly, then it
increases till. The PCR model (Figure 5.18), however, has similar behavior, except that
the deterioration curve is fairly smooth and decreases slowly at same rate, this may be

due that this model includes only the AGE factor.

On the other hand, the sign of the independent variables included in the models
conform with the hypothesized one. For example, AGE factor in all models, has a
reduction power to the condition index, that is, as the AGE increases, the pavement
condition (PDR, PCR, or PCI) decreases. Similarly, the truck factor (TRUK) in PDR
and PCI selected models (Figures 5.17 and 5.19) has also reduction power on the
pavement condition. But the thickness variable (ACTH) in the PDR selecteci model
(Figure 5.17) has an increasing effect on the pavement condition, that means, comparing
two pavement section, the one with higher thickness, has a higher pavement condition

index value at the same age and traffic level. From this, it can be concluded that the
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Figure 5.18. PCR selected model using average values of independent vairables.
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selected models can reasonably represent the pavement condition performance, based on

the logical assumptions and a priori hypothesis set before.

5.5.1.2 Prediction Power

The fitting characteristics of the developed models of the three data sets are shown
in Figures 5.20 to 5.22 where the observed values were plotted against the model
predicted values. Ideally the perfect fitting model should have all points on the 45° line.
From these figures, it can be seen that the selected models exhibited different fitting
powers, correlation, and standard errors with different data sets. The PDR models
shows the best fitting characteristics, followed by the PCR model and finally the PCI
model. However, according to the type of the collected data and the incurred variations

of sources and methods, these prediction powers are reasonable.

5.5.2 Statistical Testing

There are several assumptions in regression analysis that need to be taken care of
while running this analysis. These assumptions are normality, linearity,
homoscedasticity, mutlicollinearity and singularity [Tabachnick and Fidell 1983]. These
assumptions are checked for the selected prediction regression models as in the

following.

Examination of the residuals (difference between actual and predicted values)
scatter plots provides a test of the assumptions of normality, linearity, and

homoscedasticity between predicted pavement condition as dependent variable (DV) and
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error of prediction [Tabachnick and Fidell 1983]. These assumptions and their failures

are all shown in Figure 5.23.

Normality need to be checked to ensure that the errors (residuals) are normally
distributed. Two plots can be examined: the histogram of the residuals or the normal
probability plot. Figures 5.24 to 5.26 show these two plots for PDR, PCR, and PCI,
respectively. From visual inspection of these plots, it appears that the histogram curve
(frequency distribution) has a bell-shaped normal distribution, and the line of normal
probability is, to a good extent, linear. Therefore, the normality assumption of the error

for the prediction model is met.

The homoscedasticity assumption implies that the standard deviations of errors of
prediction are approximately equal at all predicted dependent variable levels, or the
variability in scores in all independent variables are roughly the same. This can be
captured by plotting the predicted dependent variable versus the residuals, where the
points should be scattered equally around the zero-line. Figure 5.27 to 5.29 show scatter

plots three selected models, where it is clear that this assumption is also met.

The linearity assumption implies that there is a linear relationship between the
predicted dependent variable and the errors of prediction. If non-linearity is present, the
overall shape of the scatter plot will be curved instead of rectangular as shown in Figure
5.23. However, for the selected prediction model, it can be seen from Figures 5.27 to
5.29 that the overall scatter plots are almost rectangular, which means that the linearity

assumption is also met.
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Figure 5.25. Frequency distribution and normal probability plot for PCR model.
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5.6 MODEL VALIDATION

As stated earlier, part of the collected data were used for model development while
the other part were reserved for model validation. A set of 159 data points from PDR
data, 55 data points from PCI data, and 35 data points from PCR data were used to

validate the developed models.

The procedure followed for model validation testing was done by fitting the
reserved data points (validation data) of each data set for the selected prediction model of
the set, and determine the R? of these fittings. The R? values were compared with
original model goodness of fit. Figures 5.30 to 5.32 show the validation data goodness
of fit plots using the selected models of PDR, PCR and rural pavement, PCI, and urban
pavement. Table 5.11 summarizes the results of this validation process. It can be seen
that the selected models fitted the validation data with similar goodness of fit values to
these of the original ones. For example, PCR model had R? of 0.851 compared to 0.752.
The collected data for all sources had data of high condition index (more than 60)
compared with the low condition values. Therefore, the developed prediction models
showed good agreements between the observed (modeling data or validation data), and

the predicted ones, at the high condition index points.

From this model validation process, it can be stated that the developed models
could adequately predict the pavement condition with reasonable fitting power. The

PDR data developed model was the best from model calibration as well as model
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Table 5.11.  Summary of the model validation process.
Modeling Validation
Data Set | Adjusted | Standard |Number of| Adjusted | Standard {Number of]
R? |Emor(se.)| cases,n R? Error (s.e) | cases,n
PDR data 0.775 8.89 275 0.696 8.80 159
PClI data 0.685 11.26 135 0.369 11.77 55
PCR Data 0.796 6.49 106 0.851 523 35
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validation point of views. This confirms the previous observation that the data
consistency and accuracy is utmost importance in pavement condition modeling. These
models can be refined and modified when more consistent and accurate data of pavement
condition and related information are available. Therefore, these models need to be used

according to the data collection method.

5.7 MODELS FOR COMBINED DATA

In this section, the PCI and PDR data were pooled together to check the possibility
of generating new prediction models to describe the pavement condition. This may be

needed when the collected condition data is a mix of different survey methods.

A total of 635 data of PDR (433 points) and PCI (202 points) were pooled together,
then a regression analysis was performed using the same engineering assumptions used
before. Two feasible models could be obtained that have high significant levels for both
the coefficients and the model as a whole. These models are detailed in Figures 5. 33 and
5.34. The polynomial model has a higher R? (0.493) than the power one (0.286), but both
showed the expected general trend. The pavement condition behavior with time
according to these models is shown in Figure 5.35. The power model makes the
pavement fails (condition index = 0)at about 28 years while the polynomial model take
the pavement till only 18 years. Both of these value are reasonable in urban pavements
considering different pavement designs and traffic levels. However, both models can not

explain the exact pavement condition with a high goodness of fit measured by R%. A



SUMMARY OUTPUT
Satistics
Multiple R 0.705
R Square 0.497
Adjusted R Square 0.493
Standard Error 11.73
Observations 635
ANOVA
df SS MS F Significance F
Regression 5 85640.0 171280 1245 0.000
Residual 629 86566.6 137.6
Total 634 172206.6
Coefficients _ Standard Error t Seat P-valve  Lower95%  Upper95%
Intercept 102.021 3.257 31.324 0.0000 95.626 108.417
AGE -8.789 2.290 -3.839 0.0001 -13.285 -4.293
AGE? 1.898 0.509 3.726 0.0002 0.898 2.399
AGE® -0.185 0.041 4484 0.0000 -0.266 -0.104
AGE* 0.005 0.001 4980 0.0000 0.003 0.008
TRUK -0.002 0.001 -2.547 0.0111 -0.004 -0.001
Figure 5.33. Polynomial model for the pooled PCI and PDR data.
SUMMARY OUTPUT
Regression Statistics
Muitiple R 0536
R Square 0.287
Adjusted R Square 0.286
Standard Error 0.64
. Observations 635
ANOVA
df SS MS F Significance F
Regression 1 105.8 105.8 255.0 0.000
Residual 633 262.7 0.4
Total 634 368.5
Coefficients P-value Standard Error tStat Upper 95.0% Lower 95%
Intercept 0.117 0.045 0.058 20102 0.231 0.003
lo_gr (AGE) 1.298 0.000 0.081 15.9686 1.458 1.138

Figure 5.34.

Power model for the pooled PCI and PDR data.
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maximum of about 50% of the variations in the collected data can be explained by the

polynomial model.

Therefore, from the above analysis, it can be concluded that modeling the pooled

data is not necessary since it did not give a satisfactory results.

5.8 APPLICATION

5.8.1 Different Models

The PDR and PCI prediction model for pavement condition can both be used to
represent the urban pavement since these models were generated from pavements inside
cities such as Al-Khobar, Dammam, Riyadh, and Dhahran. While the PCR pavement
prediction model can only be used for rural pavements between cities since the data

collected from this type of road pavement.

As end results of this pavement condition modeling, several models for different
pavement parameters combinations can be obtained. In urban road pavements, several
combinations of asphalts layer thickness and truck percentages can be found, such as, 5,
10, and 15 cm levels of ACTH, and 100, 500, and 1000 levels of TRUK are usually
found. Using these levels, nine different pavement prediction curves can be generated as
the ones shown in Figure 5.36 for PDR prediction model. One assumption is made in
this figure that the truck levels have an annual increment rate of 5%. From these curves,

it can be seen that the ACTH factor has insignificant impact at earlier ages of pavement,
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and some impact at later stages. This impact is similar for all TRUK levels. Similarly,
the impact of TRUK level on the pavement condition is minimal as shown by the
pavement life measured by the failure stage (PDR=0). Moreover, the TRUK impact

from level 100 to 500 is higher than that of 500 to 1000, at all ACTH levels.

Figure 5.37 shows the pavement condition curves using PCI selected model. This
is for a typical section of 10 cm thick and three levels of TRUK factor: 500, 1000, and
1500 with an annual increment rate of 5%. Similar to the PDR model, TRUK level has a

slight significance to PCI value.

5.8.2 Maintenance Plans and Policies

Another application and use of the developed model is for maintenance planning
and setting maintenance policies. Pavement condition prediction curves are usually used
to forecast the pavement condition over time, so that maintenance activities as well as
funds allocation can be scheduled a head of time. Using the principle of critical
pavement condition index that is a triggered condition value at which the pavement
should receive some correction measure, otherwise, its maintenance cost will be much
higher if it was left for further deterioration. Therefore, a selection of the best

maintenance policy is one of the advantages of the pavement condition prediction model.

Preventive pavement maintenance is the one that is carried out to minimize the
damage to the pavement under normal service, which need to be implemented

immediately to prevent further deterioration and to preserve the pavement components.
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This maintenance type include surface treatments such as crack sealing and slurry
sealing. The corrective maintenance, on the other hand, is the work performed to restore
the pavement to its prescribed level of service after the damage has occurred. Examples

of this type include overlays and reconstruction.

Two typical examples of preventive and corrective maintenance activities in
relation to pavement condition are shown in Figures 5.38 and 5.39. The PDR developed
model was used in these two figures. In the first figure, a preventive maintenance (slurry
seal for example) is applied four time, one every 3.75 years, through the pavement
section service life. The service life, where the PDR value equals to zero, is predicted to
be 17 years. Therefore, four application of this type of maintenance are required to keep
the pavement section above a PDR assumed acceptable level of 85. However, if this
pavement section does notreceive any maintenance during its service life, it will fail at
an age of 17 years, and needs a reconstruction that costs much higher than the

application preventive maintenance.

In Figure 5.39, another policy is selected, where a corrective maintenance action of
an overly is applied when the pavement condition drops to alevel of 60. Here, two
applications are needed through the pavement section service life. Again, the cost of
these two overlays will be less compared with the cost of reconstruction alternative at an

age of 17 years.

A cost analysis can be done to compare the three maintenance policies: (i)

application of four preventive maintenance actions, (ii) application of two corrective
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actions, and (iii) reconstruction. Depending on the cost of each alternative, pavement

authorities can select the most cost-effective one.

A typical pavement section of S00 meters long and 10 meters wide is considered

with the following assumptions:
1. The unit cost of slurry seal is. 3.0 SR/m?,
2. The unit cost of 5 cm. Overlay is 15 SR/m?,
3. Inflation or discount rate is 5 percent every year,
4. Reconstruction of new pavement is 80 SR/m?, and
5. Other non-monetary parameters in both benefits and user costs are ignored.

Table 5.12 shows the calculation of cost analysis of this typical pavement section
using the above assumptions. In this table, the present worth method was used, where
the spending in the future is discounted to present values using the discount rate. From
this table it is very clear that the application of preventive maintenance over the span of
pavement service life will help not only keeping the pavement in a good acceptable level
of service but it will reduce the overall maintenance cost to about one-half (0.54)
compared with the corrective maintenance (i.e. 83,964 to 45,237), and to about one-
fourth (0.259) compared with the reconstruction (i.e. 174,519 to 45,237). This is without

considering the user cost, operation cost, etc.



Table 5.12. Cost analysis for three pavement maintenance policies.

Maintenance Cost (SR)
Maintenance Altemativ No. 1 No.2 No.3 No. 4 Total
Amount | Age | Amount| Age | Amount| Age | Amount Age
Preventive antenaneeL 14574 | 375 | 12,137]| 75 10,108 | 11.25 8418 15 45,237
Corrective Maintenance| 50,270 | 82 - - 33694 | 164 - - 83,964
Reconstruction - - - - - - 174,519 | 17 | 174,519
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This example can be used as a confirmation to the general conclusion, mentioned
in Chapter One, that the maintenance cost of the pavement while in poor condition is

four to five times the cost if the pavement is maintained while in good condition.

5.9 SUMMARY

This chapter dealt with the pavement condition prediction modeling. The collected
data were subjected to different schemes of statistical and logical testing. Prediction
models were generated for the data collected using the three survey methods: PDR, PCR,
and PCI. Separate models were obtained for each data set. Pavement condition and
related data from urban road pavements collected by PDR and PCI methods from Jubail,
Dhahran, Dammam, Khobar, and Riyadh cities were represented by the urban prediction
model. On the other hand, pavement condition and related data collected from pavement
of highways between major cities such as Dammam, Riyadh, and Qasim were
represented by the rural prediction model which was the PCR selected model. These
models were validated using the reserved data. The obtained models were adequately
predicting the pavement condition with reasonable fitting power. Combining the data
from different data collection method was tried to generate general models, but it did not
show a good statistical results. Some applications of the pavement prediction modeling

were also presented.



CHAPTER SIX

MODELING AUTOMATION AND INTEGRATION

6.1 GENERAL

All the developed models obtained in the previous two chapters will not of any use
if they were not formulated in an integrated system where they can be utilized by any
pavement authority. This requires a development of a computer software to compile all
these model in one package. This software should be characterized as menu-driven, error
checking, design around the idea of limited programming knowledge, and friendly used

application.

The developed sub-system should be capable for data entry, retrieval, and
updating. It should also be able to deal with different possibilities of the data format.
For example, in the maintenance priority data entry, there are two possibilities: (i) the
roughness and skid resistance measurements representing the riding quality and safety
condition, respectively, are available, and (ii) these measurements are not available. In
such cases, the sub-system should prompt against each possibility and respond by the

corresponding menu.
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6.2 PREPARATION OF SYSTEM MENUS

To achieve this goal, different programming languages and methods can be used.
However, for simplicity for both operator and end users, spread sheets meeting the above
requirements was selected to make the necessary automation of the developed models of
this study. EXCEL Package was utilized to prepare the required menus for this model

automation task. Figure 6.1 shows the structure of the menu preparation.

Several menus were formatted to facilitate the data entry and results reporting.
Figures 6.2 shows the main menu with four major activities: data entry, report generation,
system parameters, and exiting the program. Figure 6.3 shows the system parameters

menu that is used as reference in the built-in calculations.

The data entry consists of entering the required information about each section in
the network. These information are used for calculating the priority index of each section
and the pavement condition profile over time. This calculation is done intemnally and the

results are automatically shown on the screen.

To show the capability of this system, Figure 6.4 and 6.5 show the data entry menu
for one typical section for priority ranking and condition prediction, respectively. Using
these entered data, the reporting module generates, upon request, two section-wise reports
shown in Figure 6.6 and 6.7. These reports are based on the calculation of priority index
described in Chapter Four where different options were considered, and based on the

models developed in Chapter Five.
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PAVEMENT MODELING SYSTEM (PModS) JUNE 1997

1. DATA ENTRY

2. SYSTEM PARAMETRES
3. RESULTS REPORTING
4. RETURN TO DOS

N

ENTER NUMBER OF SELECTION )

Figure 62.  Main menu of the pavement modeling software.
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1. Data Type

2. Max. Traffic Level in the Network

3. Max Maintenance Cost Incurred Level in the Network
4. Max Allowable Roughness Level in the Network

S. Traffic Growth Rate
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Figure 6.3.  System parameters menu of the pavement modeling software.
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JUNE 1997
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Figure 6.4.  Priority ranking data entry menu.

PAVEMENT MODELING SYSTEM (PModS)

Figure 6.5. Pavement condition prediction data entry menu.

01



JUNE 1997

Road Class
Pavement Condition
Operating Traffic
Riding Quality

Safety Condition
Maint. Cost
importance to Comm.

Figure 6.6.
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However, some data need to be entered other before Figure 6.5 can be obtained.
These data are the roughness and skid resistance if no equipment are available, in which
case index values are used to represent the pavement roughness and safety condition.
Figure 6.8 to 6.9 represent those additional data. Moreover, the importance to community
factor has qualitative sub-factors that need to be quantified. Figure 6.10 shows the menu
for this matter. All calculation for indices of these factors and sub-factors are done

internally.

6.3 SYSTEM LIMITATION AND MODIFICATION

The spread sheet system described above does mot present an ideal and optimal
system. It has the limitation of being non-programmable in a sense that it can not be
compared with other programming languages such as dBase, Clipper, FoxPro, or Access.
Using these packages help in integrating the developed systems with more flexible and
powerful working environments. The system described above also does not presenta
complete pavement management system. Other system capabilities are still needed such
as routines for condition survey data entry, routines for pavement evaluation, routines for
pavement maintenance selection, and routines for maintenance funds allocation. These
capabilities are out of scope of the research study. Figure 6.11 show one suggested

integration of these models with the other in a working pavement management system.



PAVEMENT MODELING SYSTEM (PModS) JUNE 1997

One or mere of the following prevail: high severily of
corugation. bumps and sags. extensive sweling and
1 upheavai lsvels, raveling and westhering. and rutling.

One or mere of the following prevail: medium severity of
conmugation, bumps and sags, moderats density swelling and
2 upheavsl lsvels, raveling and westhtering, and rutting.

One or more of the following prevail: low severity of
comugation, bumps and sags, raveling and weathering, and
3 rutting; low severity and low density sweling and upheaval.

4 Pavement condition is geed frem riding quality poiat of

\ Select A Number That Represents Section: /

Figure 6.8.  Data entry menu for riding quality index determination.
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follewing prevail: hi
biseding and nutting; exmnsive level of polishing sggregate;
1 high severity potholes with high number; sever drainage
prodlems

One or mare of the following prevail: medium severity of
bieeding and rutting: moderats extent leve! of polishing

2 sggregaie; low 10 medium severity pothoies with few in
number; some drainage probiems

3 One or more of the following prevail: low severity of
bileeding and rutting: low extent level of polishing aggregate.

4 Pavement condition is good from safety point of view
k Select A Number That Represents The Section: Jo%il

Figure 6.9. Data entry menu for safety condition index determination.
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1 Road is Passing Through CBD ?
2 Road is Near Official Building or used by VIPs ?

3 Availability of Alernative Rosds during meintenance ?

4 | Road is Near Other important Public Centers ? ; :
K Fill The Last Column By Y or N /

Figure 6.10. Data entry menu for importance to community factor index determination.
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Pavement Evaluation
(PCY)
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Priority Ranking

Enough Budget ?

Predicted (PCI)
for Next Year

X

Optimization Process

Year = Year + 1

YES
YEAR < HORIZON

NO

Maintain All Sections
According to Pl

Implement
OPTIMUM
Plan

Figure 6.11. A recommended modeling integration.



CHAPTER SEVEN

CONCLUSIONS AND RECOMMENDATIONS

The main objectives of this research study were to develop pavement condition
prediction models from the collected condition and other related data from different areas
in the Kingdom, and develop a pavement maintenance priority ranking based on the

opinions of different group of people using the road network.

7.1 PRIORITY RANKING CONCLUSIONS

Based on the comprehensive data collection through the designed questionnaires,
processing and analysis of these data, and based on the results of the comprehensive

ranking procedure building and validation, the following conclusions can be stated:

1.  The direct assignment method of collection individuals® opinions about the weight
of importance of priority factors, showed a good agreement with the analytical
hierarchy process (AHP) pair-wise comparison method. This agreement strengthen
the direct assignment method since the AHP method is considered one of the

pioneering psychometric-based method of prioritization.
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The collected data showed a good consistency and repeatability through different
statistical testing of comparisons: within consistency, time-related consistency, and
individuals groups consistency. All of these comparisons showed that the collected
data were statistically similar, where the null hypothesis of equal means could not

be rejected.

The surveyed individuals groups: academicians, engineers, non-pavement qualified,
and road users showed statistically different results in their opinions regarding the

priority factors’ weights. Therefore, adjustment for this effect was necessary.

The pavement condition had the highest weight of importance in priority ranking
followed by safety condition, importance to community, road class, riding quality,

operating traffic, and finally the maintenance cost.

The Saudi and UAE experience in pavement maintenance priority factors’ weighing
were found to be statistically different. The UAE respondents ranked the road class
as the highest important factor, and the riding quality as he least important. Saudi
respondents ranked the pavement condition as the most important and the

maintenance cost as the least important factor.

The priority index developed procedure showed very good capability in capturing
the engineering judgment method currently used in the pavement maintenance

authorities. The matching capability reached about 80%. This was from two case
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studies in Dammam and Jubail road network. If two-point difference was allowed

between the two methods, a 100% matching level could be achieved.

The developed procedure can adequately and efficiently rank huge number of
pavement sections for maintenance, unlike the engineering judgment which can

handle relatively small number of pavement sections at the same time.

Factor analysis showed that only three factors could be extracted out of the seven
considered. These factors are: pavement condition, importance to community, and
road user perception. The last factor was a combination of riding quality and safety

condition. These three extracted factors could explain 71% of the total variations.

CONDITION MODELING CONCLUSIONS

The PDR collected data showed the best consistency since it was collected by one
uniform group of inspectors with similar experience. This data were also complete
in terms of the performance-related factors for all surveyed sections. The PCR
collected data showed also a good consistency since they were collected through an
automated method using the road surface tester (RST), however, not all information
regarding the surveyed sections were available. This reduces the number of data
points considered in the analysis. The PCI data had the least consistency and
uniformity, since they were collected by different inspectors with varying

experiences.
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Different condition prediction models were built using the available data from each
of the three sets (PDR, PCR, and PCI). The coefficients of determination R? were
in the range of0.775, 0.796, and 0.658 for PDR, PCR, and PCI, respectively. The
best feasible models, based on the coefficient of determination, R? , level of
significance, and fitting capability of the actual data, were specified and selected to

fit the actual data of each set.

The non-linear polynomial and power prediction models showed better fitting

capability in all data sets

The AGE factor among all other modeling independent variables, had the most
significant effect in modeling the pavement condition. It had a clear inversely

relationship with the pavement condition.

Combining the transformed PDR data with the PCI original data did not show better
matching and goodness of fit. About 50% of the variation could only be captured

by modeling these combined data. The best R? obtained was in the range of 0.493.

The developed models fit the reserved data for validation with a reasonable

goodness of fit. The fitting powers were similar to those of the modeling ones.

Most of the collected data were for high pavement condition indices (more than 60),
therefore, the matching power between predicted and observed values was better for
this range, while there were a lot of scatters below this range. This is also one of the

reasons for the low goodness of fit for some models.
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8. Two applications of the developed models were specified: generating of different

models, and planning and scheduling of maintenance policies.

7.3 RECOMMENDATIONS

The developed pavement condition prediction model and the pavement maintenance
ranking procedure were the main output of this study. The following recommendations

are proposed for further research in this area:

1.  Efforts should be made to use the collected data in building a reference pavement
condition data base that can be used in the future for any pavement maintenance and
management studies. This data base can be modified as and when needed according

to the research and implementation requirements.

2.  There is a need for a comprehensive PMS to take care of the pavement system in the

Kingdom. This system should include:

o Integrated sub-systems such as the developed models of condition prediction and
priority ranking, maintenance selection procedure, and maintenance funds

optimization,
o Consideration of different climatological conditions existing in the Kingdom,
o Effectiveness of maintenance policies on pavement performance, and

e Cost effectiveness analysis of maintenance actions.
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Dear Manager, Engineer, Technician, Supervisor, Pavement Specialist, and Road User;

Civil Engineering

Department is undertaking a research project on the development of pavement management modeling (Ph.D.
Research Work). A part of this project is a modeling of maintenance priority ranking. This modeling is considered a major part of
any Pavement Management System (PMS) since it determines the order of urgency or importance of pavement sections in need of
maintenance and repair. Many factors affect this determination. Therefore, we are seeking your help in sharing with your experience
by filling out this questionnaire about your opinion and practice in carrying out the peiority ranking. Your contribution will be very
helpful and vaiuable to us. Thank you very much for your cooperation and help.

Partl: In the following table, please fill out the blank column by the spproximate percentage of importance of the
_ conspondingfutorindemmininime priority ﬁ:rjmaimnmee:
Factor Description Importance
I RoadClass Major/Minor Road; Arterial, Collector, or Local; Commercial or Residential
2. Pavement Condition | Existence of pavement defects in the road surface such as cracking, rusting, potholes,
settiements, and others. _
5. Operating Traffic gpuaﬁnglmﬁcvolumedemﬁmmemofmaduﬁlinﬁonbymepublic.
4. Safety Conditions Smoothness of the road surface that causes safety hazards to vehicle stopping and
braking; Low skid resistance or surface friction; High accident rates (rear-end type).
6. Maintenance Cost | The overall maintenance cost for the road section in need of maintenance, this includes
closing and detouring costs. _ _ _
7. Importance to Overall importance to community determined by its distance from official buildings or
Community important locations such as hospital, schools, mosques, etc. See Part II. —
OVERALL 100%
Partll: The importance to community factor (No. 7 in Part [) can be measured by different sub-factors; a list is shown in the

following table. In order 1o quantify the weight of this factor in priority ranking, you are requested to give your
estimated weight for cach of these sub-factors, based on your experience and common sense of maintenance priofity

rankin_g[ practices: —
[ Factor Description Importance
e _ . . _ Weight (%)
1. Road Ciass Major/Minor road; arterial, collector, or local; Commercial or Residential
2. Distance from CBD | The distance from down-town or City Business Center determines the importance of the
road section.
3. Distance from If the road section under consideration passing through an official complex may call for
official buildings higher priority.
4. Operating Traffic Higher traffic volume roads calls for higher priority
5. Availabilirty of availability of alternative roads affcets the priority of maintenance for the road in
altemnative roads question — _
6. Distance from other | Other buildings such as Civil Defense, Hospitals, Schools, etc. may call for higher
important buildings | maintenance priority _
— OVERALL 100%
BartlIl:

1

Any other factors that may affect the maintenance priority ranking in your opinion:

2

3

PartIV:  Your position and/or qualification (check please):

1. Highway Pavement/Traffic Management Academician .............. ..
2. Pavement Management Department Official .........cocoeeeeeevecenseemn

3. Highway Pavement/Traffic Engineer
4. Pavement Maintenance Supervisor/Texhnician...... ccoeeerereecmeneen
s. Qualified Non-Pavement Specialist
6 Ordinary Road User

Your Name, Tel/Fax, and Address (Optional):

PN PN PN PN
- N Nt = et
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Dear Manager, Engineer, Technician, Supervisor, Pavement Specialist, and Road User;
Civil Engineering Department is undertaking a research project on the development of
pavement management modeling (Ph.D. Research Work). A part of this project is a modeling
of maintenance priority ranking. This modeling is considered a major part of any Pavement
Management System (PMS) since it determines the order of urgency or importance of
pavement sections in need of maintenance and repair.

The Analytical Hierarchy Process (AHP) is a new technique for priority assessment. In this
method, the weight of importance of the different factors, considered in the priority ranking
process, is determined by pair-wise comparison between these factors. This comparison is
done according to an established scale. Experienced people of the matter under study are
asked to give this comparison. In this study, different groups of people are considered (i.e. all
groups that may have an opinion in the road maintenance priority). What is required is to give
an estimate ratio of the importance for each pair of factors that affect the maintenance priority
ranking process. Table 1 below details the factors that are mostly affect the priority ranking.

You are kindly requested to fill out the pair-wise comparison Table 3 by checking the
appropriate ratio of importance for each pair of factors.

Similarly, Table 4 has to be filled using the information in Table 2 about the pair-wise
comparison of the importance of the individuals participated in this questionnaire.

Your position and/or qualification (check please):
1. Highway Pavement/Traffic Management Academician (
2. Pavement Management Department Official (
3. Highway Pavement/Traffic Engineer (
4. Pavement Maintenance Supervisor/Technician (
5. Qualified Non-Pavement Specialist (
(

o N e N N

6. Ordinary Road User

A-8



Table 1. Factors Considered in the Pavement Maintenance Priority Ranking.

Factor Explanation

1.Road Class Major/Minor Road; Arterial, Collector, or Local; Commercial
or Residential

2. Pavement Condition | Existence of pavement defects in the road surface such as
cracking, ruttiig, potholes, settlements, and others.

3. Riding Quality Existence of longitudinal corrugation, potholes, and
unevenness in the road surface that cause high stresses to
vehicles and discomfort to the road users (drivers and

passengers); High road roughness.

4. Safety Conditions Smoothness of the road surface that causes safety hazards to
vehicle stopping and braking; Low skid resistance or surface
friction; High accident rates (rear-end type).

5. Operating Traffic Operating traffic volume determines the extent of road
utilization by the public.

6. Maintenance Cost The overall maintenance cost for the road section in need of
maintenance, this includes closing and detouring costs.

7. Importance to Overall importance to community determined by 1 by its utilization
Community by official people or VIPs, distance from official buildings or
important locations such as hospital, schools, mosques, etc.

_Table 2. Persons involved in Priority Ranking Study

Person Group Explanation

Academician Highway Pavement/Traffic Management with experience in
maintenance management

Managers Pavement management department officials in ministries,
municipalities, or road construction and maintenance companies

Engineers Highway pavement or traffic engineer in highway departments or
companies

Supervisors Pavement maintenance supervisors or technicians working in
pavement evaluation or maintenance firms or offices

Non-pavement Qualified persons (not in pavement) such as journalists, education’s

Qualified staff, economists, businessmen, etc.

Others Any ordinary road users other than the above

A-9
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Comparison between Saudi and UAE Experience

In order to extend this to the other Gulf countries, Part I and Part II of the priority
ranking questionnaire were sent to the United Arab Emirates (UAE). The forms were
distributed officially by the Road Department of Dubai Municipality to other pavement
departments and contracting companies in UAE. A set of thirty forms were received back
from UAE. Three forms were excluded since they were not completed, and a total of

twenty-seven were considered. Tables B-1 and B-2 show a summary of the UAE data.

The collected data of UAE shown in Table B-1 were statistically compared with
those collected in Saudi Arabia shown in Table 4.10, using the two-step technique. The
results of these comparisons are shown in Table B-3. There is a clear difference between
Saudi and UAE experiences or responses to the priority ranking factor weight
determination. Road Class factor and Pavement Condition factor do not have equal
statistical means in both countries.  Therefore, in general, the perception of the
maintenance priority ranking between the two countries is different. UAE participants
ranked the Road Class as the most important factor and the Riding Quality as the least
important factor, while Saudi participants ranked Pavement Condition as the most
important factor and the Maintenance Cost as the least important factor. This difference

may be attributed to the fact that the UAE pavement condition is (in general) better

B-2



Table B-1.

Summary of main survey collected data of Part . [ of UAE.

Factor2 | Factor3 | Faciord | Factors
No. |Exp.Code {:‘:’3‘8 Pavement | Opersting | Riding | Safety L:‘:fc; ;‘;";’u Sum

Condition | Traffic | Quality | Condition
1 1 20 15 15 10 10 20 10 100
2 1 20 10 10 5 30 15 10 100
3 2 25 25 10 15 10 5 10 100
! 2 20 25 15 10 5 10 15 100
5 3 15 15 15 10 25 10 10 100
6 3 10 5 10 5 40 20 10 100
7 3 5 16 20 16 19 s 16 100
8 3 20 10 15 10 10 30 5 100
9 3 20 10 10 10 20 10 20 100
10 3 10 10 2 10 20 10 15 100
1 3 15 10 15 15 20 15 10 100
2 3 15 20 10 20 15 10 10 100
13 3 15 20 10 10 20 15 10 100
14 3 5 15 10 15 25 20 10 100
15 3 30 10 10 20 5 20 100
16 3 25 5 5 15 25 5 20 100
7 3 20 20 15 5 5 5 30 700
18 3 20 10 15 10 10 30 5 100
19 3 10 15 20 25 5 5 20 100
20 3 20 9 14 ) 20 1 14 100
21 3 20 125 15 5 20 m 125 100
2 3 30 20 10 5 25 5 5 100
23 3 21 5 3 5 21 T 3 100
2% 6 20 3 15 10 15 5 2% 100
25 5 20 15 15 15 10 10 15 100
26 6 4 50 20 8 6 5 7 100
27 6 19 12 6 13 16 16 18 100

Average 176 145 41 11.0 173 122 133

Standard Dev. 6.8 X 56 49 4 71 64




Table B-2. Summary of main survey collected data of Part If of UAE.

B-4

N e Sub-Faceor 1, | Fa0r2 [~ TSub Factor 4 [Sub-Facior 5 | Sub-Facior 6
o. Code Road Class | DSt "y opvips | Operating | Maint | Othermp. |  Sum
CBD Traffic Alternatives { Locations
1 1 25 10 10 25 20 10 100
2 1 20 5 15 10 20 30 100
3 2 50 10 10 8 10 12 100
4 F 25 20 15 15 10 15 100
5 3 10 15 15 25 15 20 | 100
6 3 5 5 5 30 20 35 100
7 3 10 16 16 30 10 18 100
8 3 25 _ 20 5 20 30 0 100
9 3 30 10 10 20 20 10 100
10 3 20 10 15 30 10 15 100
11 3 25 10 5 25 10 25 100
12_ 3 20 20 15 25 10 10 100
13 3 20 15 10 25 15 15 100
14 3 10 25 15 15 15 20 100
15 3 15 20 20 15 20 10 100
16 3 20 15 15 20 | 25 5 100
17 3 30 20 20 15 5 10 100
18 3 25 20 5 20 30 0 100
19 3 20 15 10 30 10 15 100
20 3 14 20 14 20 16 16 100
21 3 20 5 15 20 10 30 100
22 3 35 5 5 20 | 25 10 100
23 & 40 10 10 20 10 10 100
24 6 20 10 20 25 10 15 100
25 6 25 25 5 15 20 10 100
26 6 5 30 5 30 20 10 100
27 6 15 12 15 18 25 15 100
Average 214 147 1.9 211 163 145
Standard Dev. 10.1 6.7 50 62 6.9 8.3
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compared to those in Saudi Arabia, therefore, the road pavement condition was
considered as the most important factor with the highest priority weight as reported by
Saudi respondents but not the UAE ones. On the hand, the riding quality, which is a
derivative of the pavement condition, was rated as the least important factor by UAE

respondents.
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APPENDIX - C



FACTOR ANALYSIS

The basic idea of factor analysis is to combine the correlated variables in one factor
for further analysis. The correlation among all the variables of a study are usually

computed as the initial step in a factor analysis [Harman 1976).

In this study, the number of variables included in the priority modeling is not big
(i.e. only seven). Factor analysis was performed according to principle component
technique using STATISTICA package. This technique is the most widely used in factor
analysis [Harman 1976]. There are number of criteria to determine the number of factors
that are sufficient or adequate to the study. The most frequently used criteria are
interpretability, reproducibility, and data fitting. eigenvalue of one. These criteria aim to

limit the factors to those with eigenvalues greater than unity [Davison 1983].

In conducting the factor analysis, the solution of obtaining the number of factors
(dimensions), should be interpretable. In other words, the factors obtained should be
named sensibly and in such a way to convey information to both the analyst and the
audience. [Stopher and Meyburg 1979]. A procedure that assists the interpretability is the
rotation. The idea behind the rotation procedure is to simplify interpretation by rotating

the factors about the origin to increase the larger variable loading and decrease the small



ones. The varimax rotation method is the most widely and is the one used in this study.
Using the eigenvalue-one criteria, Figure C-1 shows a plot between the number of factors
and the eigenvalue corresponding to each factor. As mentioned before, the addition of
factors is stopped when the eigenvalue drops below unity. From the above figure, only

three factors are sufficient or adequate to represent all variables.

The first step in factor analysis is to determine the correlation matrix. For this
study, Table C-1 shows the correlation matrix of the seven factors considered. This
matrix is used to generate the factor analysis results. STATISTICA package was used
with the principle component method. The first eigenvalue (A1 =2.196) which account
for 31.37% of the total variance of the original variables and produce a set of coefficients

shown in Table C-2.

The second step is to add as many factors as possible to the analysis. Only three
additional factors were found as shown in Table C-3 with eigenvalues of A1 =2.196, A2 =
1.552, and A1 = 1.285 that account for 71.9% of the total variations. In this table, it is
difficult to group variables that are common or with high loadings to a specific factor.
However, considering a minimum acceptable loading of 0.7, only one variable of each

factor has loading above the acceptable level.

Varimax rotation was applied to the above factor analysis, in an attempt to improve

its interpretability. The new factor loadings are shown in Table C-4, where Riding
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Figure C-1.  Eigenvalue-one criteria plot.
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Table C-1. Correlation matrix of the seven priority variables.

o Pavement | Operating Riding Safety . Imp. to
Road Class ~ondition | Traffic Quali Condition Maint. Cost . .

Road Class 1.000 -0.124 | 0.170 -0.391 -0.292 0.053 -0.259

Pavement
Condition -0.124 1.000 -0.591 -0.008 -0.276 -0.363 -0.315

Operating Traffic| 0.170 -0.591 1.000 <0265 | -0.294 0.184 0.221

Riding Quality | -0.391 | -0.008 | -0.265 1.000 0.375 -0.306 -0.272

Safety Condition | -0.292 | -0276 | -0.294 0375 1.000 -0.101 -0.251

Maintenance Cost| 0.053 -0.363 0.184 -0.306 | -0.101 1.000 -0.124

fpomanceto | 0259 [ 0315 | 0221 | -0272 | -0251 | 0124 | 1000

Community




Table C-2. Initial loading (unrotated) for the first factor.

Priority Factor Factor 1

Road Class 0.447
Pavement Condition <0.551
Operating Traffic 0.760

Riding Quality -0.684

Safety Condition <0.507
Maintenance Cost 0.481
Importance to Community 0.401
Explained Variable 2.196
Proportion of Total Variance 0314
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Table C-3. Initial loading (unrotated) for the three factors.

Priority Factor Factor 1 Factor 2 Factor 3

Road Class 0.447 -0.470 -0.487
Pavement Condition -0.551 -0.768 0.183
Operating Traffic 0.760 0.291 0.032
Riding Quality -0.684 0424 -0.052

Safety Condition -0.507 0.625 -0.327
Maintenance Cost 0.481 0.151 -0.488
Importance to Community 0.401 0249 0.816
Explained Variable 2.196 1.552 1.285
Proportion of Total Variance 0314 0222 0.184
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Table C-4. Rotated loading (varimax raw) for the three factors.

Priority Factor Factor 1 Factor 2 Factor 3
Road Class 0.626 0.130 0.500
Pavement Condition 0.143 -0.945 0.119
Operating Traffic 0.347 0.696 0242
Riding Quality -0.788 -0.155 0.067
Safety Condition -0.813 0.185 0.246
Maintenance Cost 0.220 0.574 0.338
Importance to Community 0.153 0.186 <0911
Explained Variable 1.886 1.815 1.332
Proportion of Total Variance 0.269 0.259 0.190
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Quality and Safety Condition variables have high loadings in factor 1. This factor can
easily be called ‘Road User Perception’ since these two variables are produced or
measured by how the road user feel about the road pavement from riding comfort and
safety. Pavement Condition variable has a high loading (0.945) in factor 2, therefore, this
factor can be called as ‘Pavement Condition’. Similarly, factor 3 can be called
‘Importance to Community’ factor since only this variable has a high loading (0.911)
corresponding to it. Road Class, Operating Traffic, and Maintenance Cost variables did
not have enough loading to be considered in any of the above three factors. It can be seen

that the rotation process enhanced the interpretability of the results of the factor analysis.

From this factor analysis, it can be concluded that this study could be carried out by
considering only three factors: Pavement Condition, Road User Perception, and
Importance to Community, to account for the maintenance priority ranking modeling.
However, since only about 72% of the variation could be captured by extracting these

main factors, this analysis was not necessary.
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