CHAPTER ONE
INTRODUCTION
1.1 PREAMBLE

Road usage in Nigeria in the past four decades has been a fast-paced growth area and may remain
so for some time to come. This is especially true as the other modes of transportation, notably the

railway system, is comatose.

Throughout the world, there is a widespread recognition of the importance of highway
maintenance and as such, high value is placed on it, both by users and other stakeholders. There is
also an increasing understanding of the adverse consequences of failure to invest adequately and
effectively in the management of the local highway network, which include progressive reduction
in safety and quality of highway pavement structure. This negligence often times engenders greater

levels of investment in the future.

There are wider consequences as further elucidated: - The highway network is an important and
highly visible community asset, supporting the national and local economy and contributing to the
character and environment of the areas that it serves. The potential contribution of the local road
network however extends very wide, beyond the transport sector. It is fundamental to the
economic, social and environmental well being of the community and its management and
maintenance should seek to maximize this wider contribution. Effective management of the local
road network has the potential to aid regeneration, social inclusion, community safety, health and
the environment but this will need a planned long term programme of investment, efficiently

managed and supported by effective technical and management systems [CPMM, 2001].

Despite all efforts by the governments, road maintenance in Nigeria has remained an intractable
problem during much of the period spanning the development of the national road network.
Under-funding, institutional constraints and enthusiasm for construction with little or no

maintenance programmes have led to the poor condition of the road network.
1.2 OVERVIEW

The total length of public roads in the nation’s network is currently estimated at about 194,000

kilometres, with the federal government being responsible for about 17 percent, state governments



16 percent and local governments 67 percent [FMWH, 2000]. Details of the distribution and their

conditions are given in Table 1.1.

However, these roads have been plagued by a number of problems, with the major ones being
faulty geometric and pavement designs, inadequate construction, unregulated axle loading,
inadequate drainage system and poor maintenance culture, which have significantly reduced the
utility of the roads. There are potholes, degradation of pavements, fallen bridges, etc, along most
Nigerian roads. These problems have made it difficult, expensive and more arduous to move
products and services from producers to consumers, farm produce from rural to urban centres,

which often lead to loss of man-hours and high cost of goods and services.

TABLE 1.1: DISTRIBUTION OF THE NATIONAL ROAD NETWORK AS AT 2000

Type of Road Federal State Local Govt. Total
(km) (km) (km) (km)
Paved Trunk Roads 26,500 10,400 - 36,900
Unpaved Trunk Roads 5,600 20,100 - 25,700
Urban Roads - - 21,900 21,900
Main Rural Roads - - 72,800 72,800
Village Access Roads - - 35,900 35,900
Total (km) 32,100 30,500 130,600 193,200
Percent 17% 16% 67% 100%
Paved Roads Rating Proportion
Type Total Length (km) Good Fair Poor
Federal Roads 26,500 50% 20% 30%
State Roads 10,400 30% 30% 40%
Local Govt. Roads 21,900 5% 20% 75%
Unpaved Roads Rating Proportion
Type Total Length (km) Good Fair Poor
Federal Roads 5,600 6.0% 56.6% 37.4%
State Roads 20,100 7.0% 49.5% 43.5%
Local Govt. Roads 108,700 4.2% 38.4% 57.4%

Source: Road Vision 2000 Steering Committee Information Brochure, Pp 4 Transport in Nigeria in 2020

The major road transport infrastructure in Nigeria consists of 34,340.95 km of federal highways
including seven major bridges across the Niger and Benue Rivers, the Lagos ring road and the third
Lagos mainland axial bridge [FMWH, 1999], and also 30,500 km of state roads, and 130,000 km
of local roads. As at June 1996, only 50% of the federal roads and 30% of the state roads were in



reasonably good condition. Only an estimated 5% of the local rural roads were freely motorable.
That is only about 12% of the national road network is in reasonably good condition. Meanwhile,

repeated use and lack of maintenance further erode the rest of the federal highway network.

As itemized from Road Vision Steering Committee Information Brochure [Road Vision, 2000], the
failure to reform the existing system to meet the present day realities and challenges has put this

country’s investments in roads in jeopardy to the point where:

e less than 50% of the national road network are today in good or fair condition;

e the road assets is estimated to be suffering an annual loss of value of about N80 billion due
to lack of maintenance; and

e road users suffer additional vehicle operating costs of N53.8 billion per annum due to poor

condition.

The above total financial loss of about M133 billion per annum represents about 5.5% of Nigeria’s
1994 Gross Domestic Product (GDP). Other losses that are traceable to the poor condition of roads
include (unquantifiable) economic losses from road accidents, loss of productive man-hours in
traffic, emotional and physical trauma people go through plying the roads and the consequent loss

in productivity, etc.

In Nigeria today, a considerable number of the populace live away from an all weather road.
Neglect of road maintenance multiplies the cost of repair by 200% - 300% after every rainy season,
and increases cost to vehicle owners and shippers by more than 50% for paved roads and much
more for gravel and earth roads. The implication of this to manufacturers and producers is
grievous, to say the least. It increases cost of production and makes goods and produce made in
Nigeria less competitive in both domestic (because of trade liberalization and Nigeria's entry into
the World Trade Organization) and international markets [Buhari, 2000].

According to a Nigerian writer [This Day, 2004], despite the 4.7 billion naira allocated to road
maintenance in the year 2003 budget, there is nothing to show for it in terms of improvement on
the condition of roads. This calls for a greater emphasis on accountability and professionalism in

road maintenance activities in Nigeria. The days, for the foreseeable future, of ad-hoc surface



dressing or laying a wearing course to improve the visual condition should be a thing of the past.
Maintenance funding in the future will need to show a benefit to the public in some tangible form.
1.3 CONDITION OF THE FEDERAL HIGHWAYS

A (windshield) survey of the state of highways in the country was conducted for two weeks by the
Task Force for Road Maintenance (set up by the Federal Government) from September 2, 2002.
The purpose of the survey was to gather pertinent information on road construction/maintenance in
Nigeria and also to do an on-the-spot assessment of the state of roads nationwide. The survey was
conducted along the six geo-political zones of the country, for convenience of coverage. The zones
are South-South, South-East, South-West, North-East, North-West and North-Central.

The survey indicated that most of the roads especially in the Southern areas were in very poor
condition, and requires complete rehabilitation [CBN, 2003]. The story is relatively the same with
the roads in the Northern Zones. Some roads constructed over 30 years ago have not been
rehabilitated for once, resulting in major cracks (longitudinal and transverse), depressions, broken
down bridges and numerous potholes that make road transport slow and unsafe. On many roads,
the shoulder, a major component of the road had eroded off, putting the roads in near impassable
condition. Some of the roads require total rehabilitation and asphalt overlay, reinstatement of the
shoulders, filling of potholes and building of collapsed bridges.

The second problem is that funding of road maintenance has been grossly inadequate. Table 1.2
shows that from 1999 to 2002, less than 10 per cent of the annual funding request made by the
FMW&H for road maintenance was appropriated. On the average, only 4.9 percent of the amount
required for the period was released. Collections from tollgates across the country totalled N569.29
million, N742.72 million and N779.84 million in 2000, 2001 and 2002 respectively. For each year,
tollgates collections alone were much higher than the total funds released for road maintenance
(see Table 1.2).

The survey by the Task Force for Road Maintenance also revealed that from February 1997 to
December 2001 (no data for 2002), a total of 96 road contracts, mainly rehabilitation,
reconstruction and expansion, were awarded by the Federal Ministry of Works, at a total contract
sum of N186.999 billion. Of the total, 20 contracts worth N40.24 billion were for the South-South
Zone, 19 contracts worth N35.346 billion in the South-West, 18 contracts valued at N45.122billion



in the North Central, 14 contracts worth N26.774 billion in the North- East, 13 contracts valued
N21.603 billion in the South- East and 12 with the contract sum of NI7.915 billion in the North-

West.

TABLE 1.2: APPROPRIATIONS FOR ROAD MAINTENANCE (1999 — 2002)

APPRO- RELEASE
PRIATION AS A RELEASE
AMOUNT AMOUNT AMOUNT AS A PERCEN- AS A
YEAR PROPOSED APPRO- RELEASED PERCEN- TAGE OF PERCEN-
1) PRIATED 3) TAGE OF APPRO- TAGE OF
=N= (2) =N= PROPOSAL PRIATION PROPOSAL
% % %
1999 5,000,000,000 470,895,625 | 470,895,625.0 9.42 100.0 9.42
2000 10,000,000,000 450,000,000 | 401,171,769.0 4.5 89.2 4.0
2001 5,600,000,000 1,656,000,000 | 474,493,008.0 29.6 28.7 8.5
2002 10,307,931,221 | 274,000,000.0 | 178,688,448.7 2.7 65.2 1.7
TOTAL | 30,907,931,221 | 2,850,895,625 | 1,525,248,850 9.2 535 4.9

Source: CBN Research Department Occasional Paper No. 27, April 2003.

The third reason why the state of Nigerian roads has remained poor is the excessive use of the road
network, given the undeveloped state of waterways and the poor state of the railways, which are
alternative transport modes. In particular, the railways should be serving the purpose of
transporting bulky and heavy goods, which are not appropriate for road haulage. The transportation
of bulky and heavy goods on our highways translates to excessive axle loading which result in

damaging effects on the pavements.

As the fourth reason, information from some Federal Ministry of Works officials showed that there
is no articulated programme for road maintenance. Road maintenance decisions are taken at the
headquarters and are in most cases influenced by politics and not necessarily on the actual

maintenance needs. For this reason most of the roads have been neglected.

14 MAINTENANCE AND REHABILITATION OF PAVEMENTS

Soon after initial construction, roadways begin to deteriorate due to traffic and environmental
factors. All pavements will deteriorate over time. The deterioration of a pavement results from a
number of causes and can occur at different rates. Typically, pavement deteriorates at an ever-
increasing rate: at first very few distresses are present and the pavements stay in relatively good
condition, but as it ages, more distresses develop, with each distress making it easier for

subsequent distresses to develop. For instance, once a substantial crack occurs, it is then easier for
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water to (i) infiltrate the hot-mix asphalt (HMA) layer and (ii) penetrate and weaken the subgrade.
Data indicate that the deterioration of a roadway pavement will follow a fairly predictable pattern,
for a given traffic and environmental conditions (APWA, 2004).

The rate of pavement deterioration accelerates with increasing age and traffic. As the deterioration
continues, the cost of the rehabilitation increases dramatically. Studies have indicated that if a
roadway is maintained, at an acceptable level of service, it will ultimately cost the owner less. A
World Bank study indicates that each $1.00 expended at the first 40 percent drop in roadway
quality will result in a savings of $3.00 to $4.00 compared to the expenditure which would be

required at the 80 percent drop in quality, as indicated in Figure 1.1 [ARRA, 2001].
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Figure 1.1: Pavement Deterioration and Recycling Rehabilitation versus Time
Source: Basic Asphalt Recycling Manual [ARRA, 2001]

If no preventive maintenance or rehabilitation is undertaken at the appropriate times, the roadway
will quickly deteriorate to the point where expensive reconstruction will be the only option.
Fortunately, with the timely application of preventive maintenance and rehabilitation activities,
significant extensions to the roadway’s service life can be achieved, as indicated in Figure 1.1
[ARRA, 2001].A wide variety of preventive maintenance and rehabilitation procedures exist which
can be used individually or in combination to form a strategy to extend the service life of the

pavement, in the most cost effective manner.



Maintenance and rehabilitation are the two principal treatments used to extend pavement life.
These treatments will (i) immediately improve the pavement condition and (ii) affect the future
rate of deterioration. In general, maintenance can slow the rate of deterioration by correcting small
pavement defects before they can worsen and contribute to further defects. Beyond a certain point,
however, defects become too large for correction by mere maintenance. At this point, rehabilitation
can be used to effect a wholesale correction of a large number of relatively severe defects, which

provides a step increase in pavement quality [APWA, 2003]. Figure 1.2 illustrates this concept.
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Figure 1.2: Pavement Deterioration versus Time
Source: Basic Asphalt Recycling Manual [ARRA, 2001]

15 PAVEMENT INFORMATION AND MANAGEMENT SYSTEM (PIMS)

Pavement management is basically concerned with the identification of the threshold condition of
existing pavement. Threshold condition is the minimum level to which any part of or section of the
highways is permitted to deteriorate before maintenance is initiated to return the part or section to
as-built condition. Pavement management system includes but is not limited to systematic
procedures for scheduling maintenance and rehabilitation activities based on optimization of
benefit and minimization of cost (life cycle cost).

The American Association of State Highway and Transportation Officials (AASHTO) Guidelines

for PIMS (1990) defines PIMS as “a set of tools or methods that (can) assist decision makers in



finding cost-effective strategies for providing, evaluating and maintaining pavements in
serviceable condition”. The objective of pavement management is to constantly study or evaluate
the service performance or what takes place between the initial construction and before failure. It is
the period of preventive maintenance or preservation of the pavement in order to assist pavement

live up to its design life.

PIMS assists in providing answers to the following questions [AASHTO, 1990]:

“*What general maintenance and rehabilitation (M&R) strategies would be the most cost-
effective?

“* Where (what pavement sections) are M&R treatments needed?

“+*When would be the best time (condition) to program a treatment?

In addition, a PIMS provides a systematic process for collecting, managing, analyzing, and
summarizing pavement information to support the selection and implementation of cost-effective
pavement construction, rehabilitation, and maintenance programs [FHWA, 1993]. To effectively
support these types of decisions, a PIMS must include reliable and sufficient data; calibrated
analysis models and procedures; and effective, easy-to-use tools that help visualize and quantify
the impact of the possible solutions considered.

Although the approaches used by highway agencies differ, the foundation of all PIMS is a database
that includes the following four general types of data:
1. Inventory (including pavement structure, geometrics, and environment, among others);
2. Road usage [traffic volume and loading, usually measured in equivalent single-axle loads
(ESALS)];
3. Pavement condition (ride quality, surface distresses, friction, and/or structural capacity); and

4. Pavement construction, maintenance, and rehabilitation history.

PIMS analysis capabilities include network-level and project-level tools. “Network-level” analysis
tools support planning and programming decisions for the entire network or system. According to
Flintsch [2003], a PIMS usually includes tools to:

e Evaluate the condition of the pavement network and predict pavement performance over

time;



e Identify appropriate M&R projects;

e Evaluate the different alternatives to determine the network needs;

e Prioritize or optimize the allocation of resources to generate plans, programs, and budgets;
and

e Assess the impact of the funding decisions.

“Project-level” analysis tools are then used to select the final alternatives and to design the projects
included in the work program. The pavement management cycle then continues with the execution
of the specified work. Changes in the pavement as a result of the work conducted, as well as
normal deterioration, are periodically monitored and fed back into the system. From an asset
management perspective, the network-level goals and available budgets are defined by higher-level
strategic decisions that set the overall goals for system performance and agency policies. PMS
produce reports and graphic displays that are tailored to different organizational levels of

management and executive levels, as well to the public.

1.6 PROBLEM STATEMENT

Currently, there is no comprehensive management system for inspecting, recording, analyzing,
prioritizing and programming highway maintenance works in Nigeria. The ability to integrate data
from a variety of sources and provide summarized, strategic information in an easily

understandable format for decision makers is also lacking.

There is need to digitize all available information including cost of maintenance and continuous
condition survey data for all the federal highway sections. Available data are scanty and still in

paper form (Appendices G - I).

1.7 RESEARCH GOAL AND OBJECTIVES

In order to move the nation forward, there is the need to obviate the problems of poor maintenance
and inefficient management of highway pavements in Nigeria. Towards this end, the goal of this
research is to develop a computerized network-level Pavement Information and Management
System (PIMS) that can assist in evolving cost-effective strategies for constructing, evaluating

and maintaining highway pavements. It entails the development of a simplified method to gather



information and to generate the maintenance, rehabilitation, and reconstruction actions with a view

to improving highway pavement performance based on certain acceptable indices.

The achievement of the research goal shall be pursued under three specific objectives, namely:-

> to evolve and validate a computerized condition rating system / M&R procedure within the

1.8

proposed PIMS, applicable to all highway sections.

to develop performance prediction models capable of estimating present and predicted
performance of any selected highway section alongside user and intervention costs models,
for network-level.

to design an interface within the ArcView and Visual Basic environment that would be
capable of displaying trend of past and present activities and provide information in

thematic maps, charts and graphs.

SCOPE AND LIMITATIONS OF WORK

The scope of work shall include the following activities:

The development of a PIMS that is functional at network level to provide condition rating

for surveyed roads.

The rating system adopted is the pavement condition index (PCI) method. Although the
twelve roads selected for survey/validation of the automated rating system were
coincidentally from the North Central part of Nigeria, the system is applicable to any

highway section.

Probabilistic performance/costs modelling of surveyed roads was carried out based on
current roughness data and transition probability matrices which were derived from

subjective judgements of pavement maintenance experts.

The digital map digitized for use in the PIMS is accurate only to the accuracy level of the
available old paper maps and FMWH inventory of roads [FMWH, 1999].
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1.9

Ecological parameters could not be incorporated in the modelling at this stage and as such,
only engineering variables were utilized. It is planned to incorporate ecological parameters

in the post-doctoral work.

SIGNIFICANCE OF STUDY (RESEARCH CONTRIBUTIONSYS)

The expected research contributions are highlighted as follows:

1.

1.10

If properly utilized, the developed system would be very effective in managing the
pavements in the federal road network, at the network level. It would also be very useful in
assisting pavement engineers and decision makers in planning, programming and

budgeting.

It is believed that timely intervention to maintain pavements at appropriate threshold levels,
using the developed PIMS, will significantly reduce the overall expenditure for both the

road users and the government.

Through the development of this PIMS, and regular measurement of the condition rating of
pavement sections over the years, it shall be possible to develop more accurate pavement

deterioration modelling (using historical data).

The effect of pavement age and traffic volume in the pavement deterioration profile was

captured through incorporation in the developed transition probability matrices.

The computerized PIMS is designed to archive historic data. Graphs, charts and thematic
maps for pavement variables such as PCI, ADT, M&R Actions and Costs, etc., can be
generated for historic and predicted data. Thus the condition and performance of the

highway network can be observed over several years.

The PIMS will be able to assist decision-makers in the government to evaluate the impact
of distribution of funds for M&R activities of all road sections. Evaluation can be done at

state or zone level.

OPERATIONAL DEFINITION OF TERMS

Some of the technical terminologies employed in this work are briefly defined as follows:
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Pavement: The term pavement is used in this report to mean the whole road structure with all of

its layers and not just the surfacing layer.

Flexible Pavement: A pavement type in which bituminous mixtures are used as surfacing

materials.

Pavement Performance: Pavement performance is a measure of the in-service condition of the

pavement. Performance is often expressed in two ways: structural and functional.

Pavement Deterioration: This represents a negative change in performance or condition of the

PIMS:

M&R:

PCI:

pavement, i.e, an increase in distresses or decrease in serviceability.

Pavement Information and Management System (PIMS) can be defined as a set of tools or
methods that (can) assist decision makers in finding cost-effective strategies for providing,

evaluating and maintaining pavements in serviceable condition.

Maintenance and Rehabilitation (M&R) strategies and actions are used to restore a

pavement to adequate level of service.

Pavement Condition Index (PCI) can be defined as an index reflecting the composite
effects of varying distress types, severity level, and extent upon the overall condition of
pavement. PCI values range from 0 to 100, which are defined as failed and excellent

condition, respectively.

TPM: Transition Probability Matrix (TPM) can be used to represent a system with a finite (N+1)

number of states, labelled 0, 1, 2, ... N and it is assumed that the system is always in one of

these states while transition is in discrete steps.

MATLAB®: Matrix Laboratory (MATLAB) is a high-performance language for technical

Visual

computing developed by The Mathworks Inc (™). It integrates computation, visualization,
and programming in an easy-to-use environment where problems and solutions are
expressed in familiar mathematical notation. Matlab was used to carry out all the

mathematical computations in this work.

Basic: Microsoft’s Visual Basic is a programming language developed by Microsoft

Corporation. It is an extremely powerful application development tool. Visual Basic’s
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strength lies in its ability to display graphics. The results and generated reports in this work

are displayed within Visual Basic interface.

Arc View: This is geographic information system (GIS) software for visualizing, managing,
creating, and analyzing geographic data. With ArcView, the user can understand the
geographic context of data, allowing the user to see relationships and identify patterns in

new ways.

1.11 THESIS LAYOUT

Following this introduction in chapter 1, the second chapter focuses on a review of the key aspects
contributing to the development and implementation of different types of PMS. Road network
referencing system, field data collection for PIMS, pavement condition rating, professional PIMS
software, and development of pavement performance/prediction models, are some of the areas that

were reviewed.

The third chapter is devoted to the development of pavement evaluation based on the PCI
methodology. Graphical user interfaces (GUI) were created in MATHLAB/Visual Basic software
environment to perform activities such as recording of road inventory, recording of condition
survey data and computation of condition rating. Other interfaces needed to perform various
spatial and temporal analyses and displays were also created. Chapter Three also contains
pavement performance and user cost prediction modelling. Models were programmed within the
Matlab/Visual Basic platform to predict pavement deterioration and user costs. The programmed

models are capable of generating deterioration profiles for three maintenance options.

Chapter Four is dedicated to the analyses and discussion of results. The summary of findings,

conclusion, recommendations and contributions to knowledge are presented in chapter five.
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CHAPTER TWO

LITERATURE REVIEW
21 OVERVIEW

There are many aspects of PIMS. Some of the basic steps usually involved in the development and
implementation of a PIMS include: Defining the Roadway Network, Gathering Roadway System
Data, Gathering Pavement Condition Data/Predicting Pavement Condition, Developing Short-

Term/Long Term Rehabilitation Strategies, Documenting and Reporting Results, among others.

Thus, in order to do justice to the literature review, the key aspects contributing to the development
and implementation of different types of PIMS by different agencies were highlighted and
reviewed. Road network referencing system, field data collection for PIMS, pavement condition
rating, professional PIMS software, GIS-based PIMS, development of pavement
performance/prediction models, multiple-year prioritization and optimization are some of the areas

that were reviewed.

2.2  ORIGIN OF PAVEMENT MANAGEMENT SYSTEMS

Pavement management systems started with the AASHO Road Test from 1956 to 1960. The road
test staff determined that it would be necessary to evaluate the performance of pavements in a way
that would be independent of pavement type and that could have universal application for
describing a pavement’s condition. The method developed and used at the road test was based on a

pavement’s present serviceability (riding comfort) [Finn, 1997].

The working hypothesis for the development of present serviceability was based on the assumption
that riding comfort, along with safety, were the primary performance objectives associated with
pavements. The problems were how to estimate riding comfort without having to actually ride over
every section on the road test every two weeks and how to translate this concept for application by

relevant agencies.

The solution was simple in concept, as described by Carey and Irick [1960]. First is assembling a
group of people to ride over selected sections and getting their respective opinions on the ride
quality of the section. Second is obtaining physical measurements of the condition for each of the

sections, and third is correlating the subjective responses with the physical measurements.
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23 DATA COLLECTIONACTIVITIES FOR PIMS

Data collection activities are part of the key aspects of the pavement management process. The
principal data collected for a PIMS include road inventory, pavement structural and functional
conditions, traffic (volume and weights), and maintenance / rehabilitation history. The more
detailed these information are, the better and more detailed analyses a GIS system (if adopted) can
carry out. However, this information is usually very voluminous and painstaking to capture, record
and disseminate. In most DOTSs in U.S., automated data collection equipment is used to acquire at
least part of the inventory and condition data [AASHTO, 2001].

2.3.1 GENERATING DIGITAL ROAD NETWORK MAPS

Usually, the first aspect of digital management of infrastructure such as road network has to start
with producing existing road network map in digital format. Many methods have been variously
adopted over the years including conversion of hard copy maps (produced with manual
cartographic techniques and updated using ortho-photography) into digital format [Higgins, 1996].
Existing maps have also been converted using large format tablet digitizers, personal computer and
software such as Arc/Info® software. There is also a record of Global Positioning System (GPS)
and video being used to obtain centreline survey of 28,000km long national road network in the
Philippines [Lagunzad, et al., 2003].

2.3.2 REFERENCING SYSTEMS

The primary purpose of the referencing system is to accurately define and identify the road
network. The reference, or indexing, system used by a PIMS affects the utility of the system. The
data used for PIMS are located and stored according to two main methods: (1) using management
units (e.g., link/node) or (2) based on a location referencing system. In the first method, the limits
of the management units or sections are identified before data collection, and the information is
stored by section. This method is simple, but it has problems when section limits change. In
addition, it is not very practical when automated data collection is used. The second method
consists of collecting data using the referencing method most appropriate for the data being
collected (e.g., reference point/offset measured using distance measuring instruments (DMIs) for

automated pavement evaluation vehicles). This method facilitates automated data collection, but
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the data has to be linked to a specific management unit or section through some additional

processing using a location referencing system [AASHTO, 2001].

Traditionally, PIMS data collection has used linear location referencing methods, such as route
name and mile-post/logpoint [AASHTO, 2001]. In the route name and milepost referencing
method, each roadway is given a unique name and/or number, and the distance along the route
from a specific origin is used to locate points along the route. The distance units are usually
marked with signs placed along the route (e.g., mileposts) to determine the position of linear or
point “events” or data collection points in the field. One of the problems associated with this
method is that the locations of the signs do not always agree with the actual location of the mile

referenced when measuring using a DMI.

However, because of the increased use of GIS, automated data collection equipment, and Global
Positioning System (GPS), coordinate-based referencing methods are becoming popular. The most
common coordinate systems are the longitude and latitude, state plane coordinate system, and
universal transverse mercator. Although many agencies use linear referencing systems for their
PMS data collection and storage [NCHRP, 2004], coordinate-based systems are also becoming

popular.

The use of GPS has many advantages in terms of location accuracy and data integration potential;
however, it also creates significant challenges regarding compatibility with historical data and
interoperability with existing systems.

2.3.3 MANUAL FIELD DATA COLLECTION

The manual method is still being used by many agencies to collect survey data used to populate
PMS database. Manual visual inspection is usually performed by one or two people either driving
at a slow speed and stopping occasionally or walking through selected segments. These inspections
can be performed depending on budget and level of detail in a proposed PIMS. Apparently,
walking provides more accurate and more detailed data than driving, but it is more expensive and
time-consuming. Generally, manual methods of asset data collection are expensive, often requiring
labour intensive site surveys. Further, they create safety concerns and can sometimes cause
disruption to traffic flows.

2.3.4 AUTOMATED PAVEMENT DATA COLLECTION
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Many state agencies in the developed nations are using automated equipment to collect pavement
condition data needed for pavement management. Inventory and centreline information are
collected using multipurpose, highway data collection vans that incorporate several of the
following technologies: GPS, image capturing using photographic and video (digital) cameras,
gyroscopes to determine the longitudinal and transversal slopes, and laser sensors. Pavement
condition data acquired include smoothness, surface distress, skid resistance, and structural
capacity. Most state DOTSs collect pavement smoothness, rut depth, and pavement surface texture
using inertial laser-based profilers at the network level. The most common method for measuring

pavement friction or skid resistance is the ASTM skid trailer [Gramling, 1994].

Structural capacity is measured in the U.S., mostly at the project level, using falling weight
deflectometers (FWDs). However, a few states (e.g., Kansas and Texas) use FWD data at the
network level.

One of the advanced methods of taking measurements on roads is through the use of highly
accurate aerial photos, and street-level video of entire state highway system as executed by
Pennsylvania Department of Transport [McGinnis, 2003]. Data capture through video, as utilized
in the Philippines [Luz et al., 2003], facilitated the verification of existing data and could assist in
the gathering of future data for identifying inventory features on or along a roadway. The video

data also provided a historical record of visual features that can be used at a later date if needed.

2.3.5 NEW DEVELOPMENTS IN DATA COLLECTION TECHNOLOGIES

New technology developments have produced a methodology that can quickly inspect roads and
streets by using automated inspection equipment such as, but not limited to, a set of video cameras,
profiling devices, and laser sensors. Cline, et al. [2001] reported on three different technologies that
are currently considered acceptable: (i) 35mm analogue continuous film, (ii) digital camera, and
(iii) digital line scan imaging (see Plates 1- 4). Digital line scan imaging is the newest of the three

technologies.

Cline, et al. [2001] described in their paper the response to the request by the Naval Pavement
Centre of Expertise and supported by the Tri-Service Pavements Group, to investigate new
technology of obtaining field data to increase safety and reduce labour requirements during the
data collection for streets, roads, and parking lots. This new technology was tried and tested with
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the Micro PAVER system (an Engineering Management System) and compared to the standard

process of manual surveys.

Digital line scan imaging, the newest of the three technologies, was used for the project. During the

execution of the above-named project; for the automated Pavement Condition Index (PCI) survey,

the data was collected in the field using cameras, profiling devices, and laser sensors, which are all

part of the data collection vehicle. The data was then downloaded into a workstation located at the

office. Frames were used for automated data collection in place of samples (see Figure 2.1).
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Plate 1: Data Collection Vehicle for 35mm

Plate 2: Data Collection Vehicle for Digital
Camera Technology

Analogue Continuous Film Technology
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Plate 3: Data Collection Vehicle for Digital Line
Scan Imaging Technology

Plate 4: Continuous Image Viewer for Digital
Camera Technology showing Pavement Distress

Source: Cline et al., (2001)
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The frames were reviewed by engineers/other qualified personnel, using a computer monitor to
visually determine distress type, severity, and quantity. Distresses such as ruts were determined

using data generated from a profiling device or laser sensor.
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Figure 2.1: Asphalt Surfaced Roads Survey Using Frames

Source: Cline et al., (2001)

Several pavement sections were marked so comparisons could be made by using the exact
locations by both manual and automated techniques. Results indicate that in general, distress type
and quantity are consistent between manual and automated techniques and the severity is
somewhat inconsistent. However, severity appears to be typically lower by the automated system.
Consistent distress type and quantity between techniques indicate that both field procedures
produce similar results. The PCI values in Table 2.1 indicate both survey techniques, using the

same pavement areas to determine PCI, result in similar values.

Based on the information obtained during the project evaluation, it was concluded that distress
measurements taken manually or captured from automated images are consistent, PCI resulting
from either manual or automated methodology is consistent, cost associated with both techniques
are consistent, and the automated technique is safer and less labour intensive. The automated
system has the ability to assess the condition of the pavement and use the resulting data to create
and populate a Micro PAVER database. This can be conducted at the same cost or less than

manual survey procedures and the surveys become less labour intensive and safe.
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TABLE 2.1: COMPARISON OF MANUAL AND AUTOMATED DISTRESS DATA COLLECTION

RESULTS
Pavement Section Surveyed Manual PCI Automated PCI
TARAWA 01 83 81
TARAWA 02 38 39
TARAWA 03 67 72
WASP 04 84 85
SINGLETON 06 59 61
TICONDEROGA 01 38 35

Source: Cline et al., (2001)

With the ability of Micro PAVER to accept data from frames, the report concluded that automated
survey is just as feasible to integrate into a roadway pavement management system as is the
manual survey. However, when automated survey techniques are to be used, the report [Cline, et

al., 2001] warned that it is essential to contract with qualified specialists contractors.

2.3.6 BENEFITS OF AUTOMATED DATA COLLECTION

Kamnitzer David and McCarthy Tim [2000] reported that automated data collection technology,
like GPS Encoded Video Technology, offers significant potential to reduce the cost of information

collection and improve the accuracy and operational usefulness of the information.
Compared with traditional methods, the technology has the advantages of:

e Speed;

e low cost, mainly due to low levels of labour requirements;

« little disruption to traffic flows;

« high levels of accuracy;

« record of information that was collected;

« ability to obtain all information about a particular route with a single survey; and

« ability to display information spatially (map), pictorially (stills and video) and as data

(database application).

2.3.7 INTEGRATION OF GPS DATA INTO GIS-PIMS

GPS is currently being used for many applications, including pavement and asset management,

vehicle tracking systems, and navigation systems. Compared with manual methods, GPS can help
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automate and speed GIS data processing and lower costs. It is also less labour intensive and may
reduce digitizing and positional errors. Several studies have shown that the cost savings can exceed
50%. For these reasons, GPS is increasingly being used for facilities inventory and condition
assessment. For example, the Virginia DOT (VDOT) has collected centreline information on
60,000 miles of roadway using GPS-equipped mapping vans outfitted with stereo cameras [Hovey,
2002].

The main advantages of using GPS for PIMS data collection include the possibility of determining
the location accurately and using standard coordinate systems and reference datum. This makes it
easy to import the information into a GIS and may reduce data collection costs, processing costs,
and digitizing errors. The use of GPS during data collection may also speed up the data collection
efforts, because the operators would not need to stop the vehicle and enter the location into the
system. The main disadvantages include the need for specific equipment; potential problems with
the signal owing to buildings or heavy foliage attenuating, reflecting, and/or blocking satellite

signals; and potential compatibility problems with existing attribute data and maps.

2.4 PAVEMENT CONDITION RATING SYSTEMS

Based on measurements of roughness, surface distress, skid resistance and deflection, pavements
can be assigned a score that reflects their overall condition. This score, sometimes called a
pavement condition rating, quantifies a pavement's overall performance and can be used to help
manage pavement networks. By carefully choosing the rating scale (called the condition index),

pavement condition scores can be used to [WAPA, 2002]:

1. Trigger treatment. For instance, once a pavement's condition rating reaches a certain level,

it can be scheduled for maintenance or rehabilitation.

2. Determine the extent and cost of repair. A pavement condition score is a numerical
representation of a pavement's overall condition and can thus be used to estimate the extent

of repair work and the likely cost.

3. Determine a network condition index. By combining pavement condition scores for an
entire road network, a single score can be obtained that gives a general idea of the network

condition as a whole.
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4. Allow equal comparison of different pavements. Since a pavement condition score
accounts for all types of pavement performance measures it can be used to compare two or

more pavements with different problems on an equal footing.

A pavement condition index is simply the scale, or series of numbers, used to describe a pavement
condition. Typical pavement condition indices may be based on a scale of 0 to 5 or perhaps 0 to
100; the higher the number, the better the pavement condition. The proper pavement condition
index depends upon the objectives of the PIMS used to manage a particular pavement network.
There are two major types of pavement condition indices, Present Serviceability Index (PSI) and

Pavement Condition Index (PCI).

2.4.1 PRESENT SERVICEABILITY RATING (PSR) and PRESENT SERVICEABILITY
INDEX (PSI)

The concept of serviceability was developed at the AASHO Road Test that was conducted in the
late 1950s [Carey and Irick, 1960]. As part of that study, a panel of raters was driven over the
various test sections and asked to rate the pavement using the following scale:

0-1 (Very poor); 1-2 (Poor); 2-3 (Fair); 3-4 (Good) and 4-5 (Very good).

The average rating of all of the raters, termed the Present Serviceability Rating (PSR), was an
indication of how well the pavement was performing from a user’s point of view. The PSR was
used to track the performance of a pavement over time, and was used to indicate points in time
when a pavement became too rough and was in need of rehabilitation. The PSR was used in the
development of the AASHO pavement design procedure and remains an integral part of the current

AASHTO procedures for both new design and for overlay design.

The PSI, which is a more objective assessment of the pavement surface condition than the PSR,
and with values also ranging from 0 to 5, is a statistical regression of mechanical measurements
from the surface of the pavement. The PSI may be computed using the following equations:

(a) Flexible Pavement:

PSI =5.03—1.91log(1+ SV)—0.01,/(C + P) —1.38(R)?
(b) Rigid Pavment:

PSI =5.41-1.80log(1+SV)—0.09./(C + P)
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where
PSI = Present Serviceability Index
SV = the mean of the slope variance in the two wheel paths
C =ameasure of cracking in the pavement surface
P = a measure of patching in the pavement surface

RD = a measure of rutting in the wheel path.

While the PSI concept is useful for determining when rehabilitation is required from a user’s
viewpoint, it should not serve as the only factor triggering the need for rehabilitation. The entire
pavement must be thoroughly and completely examined in order to identify the causes of
deterioration. For example, a pavement may be relatively smooth and still possess certain types of
distress that indicate significant deterioration. A complete pavement evaluation, including an

evaluation of a pavement’s structural capability, is needed to accurately assess its condition.

2.42 PAVEMENT CONDITION INDEX (PCI)

The PCI is an objective and repeatable rating of pavement condition based on observable distress.
PCl is defined as an index reflecting the composite effects of varying distress types, severity level,
and extent upon the overall condition of pavement. PCI procedures for roads, parking lots, and
airfield pavements have been developed [ASTM D 6433, 1999].

PCI values range from 0 to 100, which are defined as failed and excellent conditions, respectively.
A PCI of 100 represents a pavement completely free of distress while a PCI of 0 corresponds to a

pavement that has failed completely and can no longer be driven upon safely at the designed speed.

The PCI value is decreased by a cumulative deduct value score based upon the type, quantity, and
severity level of distress and type of pavement. In terms of benefits and savings, network-level
management tools such as PCI, help personnel develop rational budget requests and allocate
optimal budget assignments.

Pavement Condition Ratings (PCRs) are associated with ranges of PCI. Table 2.2 shows the range
of PCI values to which each rating corresponds. The scale used in the table is widely accepted by

pavement engineers in the United States as well as internationally.
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TABLE 2.2: PAVEMENT CONDITION RATINGS AND PAVEMENT CONDITION
INDEX RANGES

Pavement Condition Rating | Pavement Condition Index
(PCR) (PCI)
Excellent 86-100
Very Good 71-85
Good 56-70
Fair 41-55
Poor 26-40
Very Poor 11-25
Failed 0-10

Pavement condition rating data can be used to assess overall pavement condition, to identify
pavements requiring maintenance and rehabilitation, to identify feasible maintenance and
rehabilitation strategies, and to prioritize paving projects. Additionally, the results can be used to

forecast the funds required to maintain a pavement network in serviceable condition.

2.5 DEVELOPMENT OF PAVEMENT PERFORMANCE MODELS

Performance is a general term for how pavements change their condition or serve their intended
function with accumulating use. Pavement performance analysis consists of the development of
mathematical models to determine and describe the past performance and predict future

performance of family groups or individual pavements.

Pavement performance prediction models are some of the most important components of a PIMS.
Capabilities of a PIMS are largely dependent on these models. Prediction models are used in the
following activities [Smith, 1996]:

« To estimate future pavement conditions
« To assess the type and timing of maintenance and rehabilitation actions

» To optimize or prioritize maintenance and rehabilitation actions for single and multiple
years

« To analyze the impact of maintenance and rehabilitation on the future condition

« To find out the life cycle cost

» To provide "feedback” to the pavement design process

Prediction models can predict a single pavement condition indicator, such as alligator cracking,

roughness, etc., in terms of extent/severity or condition index (PCI), or an overall pavement
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condition index (combination of all distresses and ride quality), such as pavement serviceability

A prediction model can be developed by one of the following methods [Smith, 1996]:

« Empirical method

» Mechanistic method

» Mechanistic-empirical method
» Bayesian method

251 EMPIRICAL MODELS

Empirical models are constructed on the basis of the following statistical models using observed

data and subjective data:

«  Stochastic models, such as:

» Linear regression analysis on single or multiple independent variables

» Non-linear regression analysis on single or multiple independent variables

* Probabilistic models, such as:
» Survivor curve
»  Markov model

* Semi-Markov model

Dependent Variable (Y)

L)

Sigmoidal

Linear

Independent Variable (X) ‘

Figure 2.2: Typical Regression Curves

vis-a-vis rate of deterioration and therefore,
deterioration model [Smith, 1996].

2.5.2 MECHANISTIC MODELS

One of the most important steps in constructing an
empirical model is the selection of an appropriate
form; although, selection of relevant variables is
also very important. There are various forms of
regression models, such as, linear, power, sigmoidal
(S-shaped), log values, etc., which are shown in
Figure 2.2, Routine maintenance schedules,
unrecorded corrective maintenance and preventive
maintenance can alter the condition of pavement

these aspects must be considered in developing a

Mechanistic models are developed on the basis of theory of mechanics. Mechanistic models are
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often developed using:
e Elastic layer theory
e Visco-elastic theory
e Fracture mechanics

e Finite element analysis

Mechanistic models are used to obtain primary responses such as stress, strain, deflection, etc., at
critical points in a pavement structure under static or moving load condition on the basis of some

theory on mechanics of material mentioned above.

Several computer programs have been developed for mechanistic analysis and design and some of

them are itemized below:

e BISAR developed by Shell in 1973 considers both vertical and horizontal loads.

e The DAMA program developed by the Asphalt Institution in 1979 considers the pavement
as nonlinear elastic layers.

e |ILLI-PAVE developed by Raad and Figueroa in 1980 was based on finite element method.

e VESYS IVB developed by Jordahl and Rauhut in 1983 is based on visco-elastic theory.

e ELSYM5 developed at the University of California, Berkeley in 1986 considers the
pavement as an elastic layered system and can analyze up to five layers under multiple
wheel load.

e The nonlinear finite element method was used in MICH-PAVE computer program
developed at the Michigan State University in 1989.

e KENLAYER and KENSLAB computer programs developed by Huang for flexible and rigid
pavements respectively can be applied to layered system, such as, linear elastic, nonlinear
elastic or visco-elastic under single, dual, dual-tandem and dual-tridem wheels [Huang,
(1993].

However, due to the requirement of large amount of computer time, storage and input, these
programs are not used in PIMS. Moreover, the type of input data, such as, pavement material
characteristics, environmental data, loading pattern, etc. required for mechanistic analysis are

generally not available in PIMS.
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2.5.3 MECHANISTIC-EMPIRICAL MODELS

Mechanistic-empirical models are developed by correlating a primary response predicted by a
mechanistic model with a usage or environmental cumulative variable at a particular level of
distress. Pavement condition data from mechanistic model is subsequently adjusted to fit observed
performance using suitable statistical method. These models are generally not used in the network
level PIMS because of large requirement of data. An example of mechanistic-empirical model is
the AASHTO rigid pavement design equation which was developed from the road test data
[AASHTO, 1986]. In AASHTO method, pavement condition can be predicted from pavement
material properties, thickness, traffic and climate parameters. At present, most of the state agencies
in the U.S.A. use ASSHTO model (1986) as performance models in the project level PMS.

2.54 BAYESIAN MODELS

Bayesian models are generally developed by combining observed data and expert experience using
Bayesian regression techniques which are primarily based on a famous paper published by the Rev.
Thomas Bayes (1702-1761). In Bayesian regression analysis, the regression parameters are

considered random variables with associated probability distribution.

The main advantage of Bayesian model is that these models do not require large amount of data.
Prediction equations can also be formulated exclusively from past experience. Probabilistic models
predict a range of values of dependent variable with a probability distribution. Probabilistic models
are generally used only in the network level pavement management systems while deterministic

models may be used at both the network level and the project level.

25,5 SURVIVOR CURVES

The use of survivor curves in assessing pavement service life started in 1934. A survivor curve is
defined by Winfrey as "the curve that shows the number of units of a given group which are
surviving in service at given ages”. The ordinates to the curve give at any particular age the
percentage (or the actual number) of the original number which are yet surviving in service. The
abscissa is measured in years or other suitable service unit [Winfrey, 1987]. The number of units
surviving is generally expressed in percentage. The area under the curve divided by 100 (if units
are expressed in percentage) gives the average service life of the units. Survivor curve gives the

probable life of units at any particular age.
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Six different methods for developing survivor curves using retirement data are described by
Winfrey [1987]. Retirement in the case of pavement survivor curves is defined by Winfrey as “the
removal from service of a significant portion of a highway facility through abandonment or
reconstruction to a different type". Pavement resurfacing, reconstruction, abandonment and
transfer can be considered as retirement. Therefore, the retirement is a function of the policy used
for pavement rehabilitation measure. An application of survivor curves for the determination of

pavement service life is explained by Winfrey and Howell [1988].

25.6 MARKOV MODELS

Markov models use transition probability matrices. A transition probability matrix (TPM) is a
collection of probabilities of pavement condition transitions from one level to another. In this
method it is assumed that the future condition is a function of the present condition only and is not
dependent on the past performance. Transition probabilities can be obtained by observing the
performance of a large number of pavements under different rehabilitation action over a long
period of time. Following Markovian chain method, the future pavement condition state vector,
PCS(t), of the pavement at any stage, t, can be calculated from the initial condition state vector
PCS(0) as:

PCS(1) = P;PCS(0)
PCS(2) = P,PCS(1)=P,P;PCS(0)

PCS(t) = PPCS(t-1)=PPys....P1PCS(0) (2.1)

where, Py is the transition probability matrix at stage t and PCS(t) is the condition vector at stage t.
PCS refers to the pavement condition states, such as serviceability index, pavement condition
index, etc., suitably scaled for quantitative analysis. If a scale of 1-5 is used where 5 and 1
represent the best and the worst condition, respectively, PCS(2) which is the condition vector at
stage 2 can be typically expressed as {0.4, 0.3, 0.2, 0.1, 0.0}, where the elements of the vector
represent the percentage of pavement section in five condition state (1 to 5) for PCS level from 1 to

5. Generally stages are considered as series of consecutive periods of one year.

257 SEMI-MARKOV MODELS

Semi-Markov models are developed using available data and judgement/experience of the
pavement experts. The main advantage of this type of model is the use of subjective inputs which
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reduce large requirement of field data. However, unlike Markov model, these models may predict
future conditions from past conditions through transition probability matrices. "It is unique in
seeking no cause-and-effect relationship but in simply estimating the rate of deterioration of the
pavement” [Smith, 1996]. These models may be used at the project level.

A comparison of the models described is given in Table 2.3.

26  APPLICATION OF EXPERT SYSTEM TO PAVEMENT MANAGEMENT

An expert system is a sophisticated com