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Introduction 

The road systems of the world represent a huge invest
ment on the part of governments and taxpayers. There is 
widespread concern over the status of the road infra
structure, and despite indications of increased investment, 
it is clear that the funds available are not likely to meet all 
the needs in the long run. More than ever, wise investment 
decisions concerning the road system will be crucial to the 
future of highway transportation. 

During recent years a number of pavement manage
ment systems and concepts have been developed to assist 
decision makers in making choices. However, their effec
tiveness and the extent of their use or implementation still 
require substantial improvement. In large part this is due 
to financial, technical, organizational, and political fac
tors. Yet effective pavement management remains a key to 
the future of roadway systems. 

OBJECTIVES 

The objective of this conference is to enhance effective
ness and efficiency in managing pavements for roads, 
streets, airfields, and other paved areas. The conference 
provides an opportunity for executives, practitioners, and 
researchers to share and evaluate recent experiences with 
pavement management systems . It addresses the benefits 
of implementation, the effects of support for decision 

making, advances in the state of the art and in technology, 
and the need for future development. 

FORMAT 

The conference, conducted over three and one-half days, 
includes formal paper presentations, workshops, and op
tional tutorials. The conference addresses the following 
themes: 

• Appropriate Systems: Papers cover the development 
or enhancement of pavement management systems ap
propriate to the agency under consideration. Workshops 
have been designed to enable small groups of participants 
to evaluate and discuss the priority issues from their per
spectives. 

• Implementation Issues: National, state, provincial, 
municipal, and local developments and implementation 
issues are presented. Discussions include innovations in 
implementation and marketing of maintenance and reha
bilitation programs to decision makers. 

• Institutional Issues: Papers from several countries 
describe institutional issues at national, state, and local 
levels. An educator's perspective is also included. Workshops 
enable participants to identify ways of overcoming poten
tial hurdles to implementation. 

IX 



X INTRODUCTION 

• Managing Information: A full range of techniques, 
and when and how to use them, is presented. An optional 
tutorial is offered for those who wish to gain first-hand 
experience. 

• Analytical Issues: The latest experience with perfor
mance prediction, optimization of benefits from scarce re
sources, and user and agency cost modeling is covered 
in presentations and workshops. Two optional tutorials 
in predictive tools and optimization techniques are 
available. 

• New Frontiers: Information about emerging is
sues that are likely to affect pavement management is 
provided. 

CONFERENCE PROCEEDINGS 

The proceedings of the Third International Conference on 
Managing Pavements is being published in three volumes. 
The initial two volumes, which will be distributed to all 
conference attendees, include papers presented at the con
ference, all of which underwent full TRB peer review. The 
third volume, to be prepared after the conference, contains 
additional papers presented at the plenary and workshop 
sessions, some of which may have been peer reviewed. The 
papers that have undergone review will be so identified. 
The third volume will be distributed to all conference at
tendees and to all who purchase the first two volumes. 
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Planning and Design of a New Project-Level 
Pavement Management System 

Zhiwei He and Ralph Haas, University of Waterloo, Canada 
Friedrich W. Jung, Gerhard J. Kennepohl, and Jerry J. Hajek, 

Ontario Ministry of Transportation, Canada 

Pavement design is one of the major activities at the project 
level of pavement management. A pavement design system 
takes into account not only material characteristics and effects 
of traffic and environment, but also pavement performance 
and associated economic implications during a life-cycle pe
riod. Other elements at the project level, such as construction 
quality, ongoing maintenance, and future rehabilitation, are 
also considered. Therefore, a pavement design system is of
ten referred to as a project-level pavement management sys
tem. The planning and research effort initiated recently by 
the Ministry of Transportation of Ontario to update its pave
ment design system, Ontario Pavement Analysis of Cost 
(OPAC), is described. Considerable emphasis was directed at 
investigating the functional and user requirements of the new 
OPAC. This investigation included the examination of several 
existing pavement design methods, such as the AASHTO 
method and those of the Shell International Petroleum Com
pany, the Portland Cement Association, and others. Also in
cluded were a review of the structure of an "ideal" pavement 
design system and a survey of user requirements as the basis 
for the design of the new system. Finally, a functional design 
or framework for OPAC 2000 and the steps involved m 
bringing it to a fully operational stage were established. 

The original focus of pavement management in the 
1960s and 1970s was largely at the project level. 
During the past decade or more, however, the focus 

has been almost exclusively on network-level pavement 

management. Most agencies have continued to use the 
project systems in their original design scope. The On
tario Ministry of Transportation (MTO) is such an 
agency, with its pavement design system, Ontario Pave
ment Analysis of Cost (OPAC). 

OPAC was developed in the 1970s. It had a number of 
noteworthy features, such as performance prediction mod
els that separate the effects of traffic and environment on 
total deterioration; a comprehensive life-cycle economic 
evaluation subsystem; a user delay cost model; and an op
tional distress-estimation subsystem for fatigue cracking, 
rutting, and low-temperature cracking. However, the 
OPAC system was developed primarily for new pavement 
design conditions, for traffic conditions of 20 years ago, 
and for a number of other conditions that preclude its be
ing as useful today as it was originally. Consequently, 
MTO decided in 1992 to embark on a strategically based 
development and implementation of a new OPAC. In 
effect, the decision presented a unique opportunity to de
velop a project-level pavement management system rele
vant to current requirements and demands. 

The planning and design of OPAC 2000, the new or 
updated version of the existing OPAC, are addressed, in 
particular, 

1. Identification of the system requirements, including 
a summary of a comprehensive system user survey; 

2. Assessment of candidate alternative systems as well 
as components of such systems [including those of 

3 
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AASHTO and others, and including specific performance 
models and MTO's Pavement Rehabilitation Life-Cycle 
Economic Analysis Model (PRLEAM)]; 

Input Information Needs 

3. Description of the overall functional design of 
OPAC 2000; 

The top row of Figure 1 identifies the information and 
models that should be available or should be obtained be
fore alternative design strategies are generated. Available 
materials, expected traffic, climate factors, and costs are 
often the first data acquired. 

4. Description of the operating features of OPAC 
2000, including inputs, models, and outputs; and 

5. Discussion of the implementation plans for the new 
system and the strategy for future updates. 

REQUIREMENTS OF IDEAL 
PAVEMENT DESIGN SYSTEM 

As shown in Figure 1, the three major components or 
classes of activities in a general framework for a pavement 
design system are as follows ( 1 ) : 

1. Input information-relating to materials, traffic, 
climate, and costs, plus selection of a design period and struc
tural and economic models, the identification of objec
tives and constraints, and variance data on the inputs to 
the model; 

2. Generation of alternative design strategies; and 
3. Structural analysis and economic evaluation of the 

alternatives and optimization to select the best strategy 
for implementation. 

The framework applies to both flexible and rigid pavements. 

The structural models can range from simple empirical 
to complex ones. Obviously the data acquired on materi
als properties, traffic, climate, and other factors must suit 
these models. The other key models involve economic 
evaluation. They should consider the entire design period 
or life cycle selected. In the pavement field the present
worth method is the most widely used; it should consider 
all present and future costs over the design period. 

The item "Available Variance Data" on materials, traf
fic, climate, construction, maintenance, and so on is listed 
as input information in Figure 1. Whereas most design 
methods are deterministic in nature, the method in the 
1986 AASHTO Guide (2) incorporates a measure of the 
observed variance in pavement performance into the de
sign equation. The role of reliability (which requires such 
variance data) in pavement design is considered further in 
a subsequent section, Role of Reliability Analysis in Pave
ment Design. 

The objectives established for design should be related 
primarily to performance, safety, and economy. For ex
ample, they might involve minimum levels of serviceabil
ity for different road classes. Constraints on design might 
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include, for example, limits on costs, minimum time be
tween major rehabilitations, minimum or maximum layer 
thickness, and so forth. Expected costs are a vital part of 
the input information needed for design. Among the ma
jor cost items, both present and future, are construction, 
maintenance, and user costs. 

Generation of Alternative Design Strategies 

The term strategies, as related to design (see the middle 
row of Figure 1 ), is used to emphasize that, in addition to 
layer and material types and thicknesses, a design alter
native should or can include future rehabilitation actions, 
policies on expected construction and maintenance, and per
haps even policy on periodic performance evaluation. For 
example, different construction policies (i.e., method ver
sus end-product specifications) and maintenance policies 
(i.e., extensive preventive maintenance earlier in the life of 
the pavement versus corrective maintenance at or near the 
minimum acceptable serviceability level) can significantly 
affect performance. In addition, traffic-handling policy 
can provide important information for periodic updates 
of the original design estimates. 

Structural Analysis, Economic Evaluation, 
and Optimization 

The bottom row of Figure 1 gives the key elements that 
would ideally be involved in the structural analysis, eco
nomic evaluation, and optimization of the various alter
native design strategies. Although most design methods 
do not now include all these activities, design methodol
ogy seems to be moving toward this idealized form. For 
example, the Superpave program, to come from Strategic 
Highway Research Program (SHRP), will have test meth
ods and models for predicting fatigue cracking, rutting, 
and low-temperature cracking in flexible pavements. 

Comprehensive structural models would first therefore 
be able to predict distress, using certain calculated re
sponses such as stresses, strains, or deflections, and then 
be able to predict performance in terms of serviceability 
versus age. The economic evaluation models should in
volve the assignment of costs to the various alternatives, 
including those associated with the initial construction of 
the new pavement or rehabilitation, plus future costs of re
habilitation and maintenance over the design period or 
life cycle. Furthermore, user costs associated with the var
ious alternatives (i.e., vehicle operating costs) and user de
lay costs during construction and maintenance should be 
included, at least as an option to the designer, so that a de
cision can be made about whether to consider them in the 
final selection. 

When all the feasible design strategies have been ana
lyzed and evaluated, the design process concludes with 

optimization (which may be a true optimization using an 
objective function and considering all possible strategy 
combinations or simply a ranking from least cost to most 
expensive), which includes selection of the best alternative 
and recommendation of it (with full documentation) for 
implementation. 

Role of Reliability Analysis in Pavement Design 

Reliability analysis has been applied successfully to com
modities for a long time. In the area of pavements, the de
finition of reliability is given by the 1986 AASHTO Guide 
(2): "The reliability of a pavement design performance 
process is the probability that a pavement section designed 
using the process will perform satisfactorily over the traf
fic and environmental conditions for the design period." 

It is well known that uncertainty is bound to prediction, 
particularly for long-term forecasts. A pavement design 
period typically spans 20 to 30 years. It is not possible at 
this time to describe the whole performance process accu
rately. Like any other civil engineering design, pavement 
design has to tackle numerous variances. Materials, traffic 
estimates, construction quality, and environmental factors 
are among possible sources of variance (1 ). 

A rational design system should reflect performance 
under realistic operating conditions (3). One of the ad
vantages of reliability analysis is the recognition that vari
ance and uncertainty represent reality. Thus, the analysis 
tries to quantify them in terms of variance and to incor
porate them into the design equation. For example, Ap
pendix EE of the 1986 AASHTO Guide (2) provides the 
guidance necessary for any user to develop levels of over
all variance (S0 ). From the point of view of performance 
modeling technology, this probabilistic approach is an ad
vance over the deterministic one. 

The requirement for implementing a reliability analysis 
involves a substantial amount of long-term performance 
and traffic data collection. In addition, data on individual 
distresses, such as cracking, potholes, and so forth, need 
to be observed consistently over a period of 10 to 20 
years. At present, both these requirements are only met to 
a limited degree in Ontario. However, both the SHRP 
Long-Term Pavement Performance (LTPP) results per se 
and the impetus SHRP has created for agencies to do 
LTPP monitoring themselves should provide a basis for 
directly incorporating reliability analyses into pavement 
design in the foreseeable future. 

REQUIREMENTS OF PAVEMENT DESIGN 
IN ONTARIO 

The following studies were performed as part of the effort 
to ensure that the updated OPAC system meets the pave
ment design needs in Ontario. 
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MTO Pavement Design Procedure 

MTO divided its pavement design procedure into two 
stages: preliminary design and detailed design. Prelimi
nary pavement design serves the purpose of pavement 
selection, and detailed pavement design is used for con
tracting and actual construction. The Ministry's Pave
ment Selection Policy is given in Directive B-82 (4). 
Against a background of increasing costs and uncertain 
supplies of asphalt cement, the policy emphasized the fol
lowing aspects: 

1. The most appropriate pavement alternatives of 
both rigid and flexible types need to be considered. 

2. The pavement design recommended by Regional 
Geotechnical Sections should consider conservation of 
mineral aggregates and maximization of the use of local 
materials. 

3. Life-cycle costs of pavement alternatives are to be 
analyzed using OPAC; the pavement is to be designed to 
a minimum thickness. In the case of rigid pavement, 
OPAC is still to be used for calculating initial construction 
costs. (It might be noted that in this case it is really a cost 
calculator.) 

Both the preliminary design and the detailed design are re
quired to be implemented using the OPAC pavement 
design system. 

Review of OPAC and PRLEAM 

The current version of OPAC was originally developed in 
the 1970s; it was rewritten in 1989, which has been the 
only update. It is now called OPAC 2M in the User's Man
ual (5). There are two major subroutines in the existing 
OPAC: pavement performance prediction (6) and eco
nomic analysis (7). The basic equations for the perfor
mance prediction subroutine are as follows: 

where 

h 1, h2, h3 = actual thicknesses of the asphalt, base, 
and subbase layers; 

Mi, M2, M3 = moduli of the asphalt, base, and sub
base layer materials; and 

He = equivalent granular thickness. 

This calculation of equivalent granular thickness al
lows the pavement to be transformed into a two-layer
equivalent structure, and thus the (Odemark) subgrade 
deflection, W,, can be calculated as follows: 

p 

W, = [ ( )2]os 2M,Z 1+ ~ . 

where 

P = total load (i.e., 40 kN on a dual tire), 
M, = modulus of subgrade, 
Z = 0.9H, and 

(2) 

a = radius of loaded area (i.e., approximately 163 mm 
for an equivalent circular imprint of a dual tire). 

The foregoing then allows calculation of the riding com
fort index (RCI) losses due to traffic, t:.RC!y, as follows: 

t:.RC!y = 2.4455'1' + 8.805'1'3 (3) 

where'¥= 3.7283 X 10- 6 
X w; X N, N = number of 

( 80-kN or 18-kip) equivalent single-axle load (ESAL) 
applications, and the RCI losses due to environment, 
t:.RCIE, can be calculated as follows: 

t:.RCh = (RCio - 1 + ii62w)1 - e - 006Y) (4) 

where RCI0 is the initial RCI, and Y is the number of years. 
A key and most important feature of the foregoing for

mulation is the capability of separating RCI loss due to 
traffic and environment. This capability is a significant 
advance in pavement performance modeling; it has provided 
the basis for a number of cost-allocation studies (in which 
it is essential to be able to separate the damaging effects 
of traffic from the total damage or deterioration). 

There are, however, several limitations or weaknesses 
in the current OPAC. Many of them are attributable to 
the limited data base available in the early 1970s and the 
focus of most of the attention at that time on the design 
of new pavements rather than on rehabilitation. In addi
tion, traffic volumes and loads were substantially lower 
than they are today. Following are some of the specific 
weaknesses: 

• The performance prediction model for environment
associated loss is not very reliable beyond about 8 years 
(which was the life of the Brampton test road at the time 
OPAC was developed). In effect, only one "environment" 
was used. Also, the model for traffic-associated loss is not 
very reliable beyond about 7 X 106 ESAL applications. 
Figures 2 and 3 show the inadequacy of the performance 
prediction models as found in a recent study of 48 cases. 

• The user cost model is based on vehicle operating 
cost relationships from the mid-1970s; furthermore, it is 
not clear from the output whether the user cost item listed 
for each alternative contains both vehicle operating costs 
and traffic delay costs during future resurfacing. 

• The concept of reliability associated with alternative 
designs and their costs is not incorporated into OPAC. 
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FIGURE 2 Illustration of overestimation of traffic-related 
performance losses. 

• The computing environment for OPAC is not user 
friendly. For example, operation requires a tedious and 
time-consuming series of steps, there is little flexibility, 
and there are no graphic presentation capabilities. 

• OPAC handles only designs for flexible pavement. It 
does not include composite or rigid pavements. Also, the 
overlay design model in OPAC does not work particularly 
well, and OPAC is not able to consider the other rehabil
itation design alternatives that exist today. 

Remedies for these weakness can also be considered re
quirements for an updated or modified OPAC. 

MTO also uses a computer software program, 
PRLEAM, for the evaluation of different pavement reha
bilitation alternatives (8,9). PRLEAM is a comprehensive 
cost/benefit calculator that considers four sets of costs: 
construction of the rehabilitation, maintenance, user de
lay during construction, and salvage value at the end of the 
life cycle. It provides quantitative decision support to 
pavement designers in selecting project-specific rehabilita
tion treatments . The key features of PRLEAM can be 
summarized as follows: 

• The program is very user friendly: all communica
tion with the program is interactive, using menus with 
self-explanatory notes. 

• The mandatory inputs include the following: 
-Two or more treatment strategies covering the life

cycle period (although one can be run if only cost cal
culations are desired for it), 

-Cost estimates for all initial and future rehabilitation 
and maintenance treatments, 

-Life-span estimates for all rehabilitation treat
ments, and 

-Discount rate and length of analysis period (maxi
mum of 30 years). 
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FIGURE 3 Illustration of underestimation of environment
related performance losses. 

• The optional inputs (for effectiveness and user delay 
cost calculations) include the following: 

-Estimates of pavement condition index before, im
mediately after, and at the end of the life span of the re
habilitation treatments; 

-Car and truck volumes (initial and rate of change); 
and 

-Parameters to estimate traffic delays during con
struction. 
• The program can easily be used to evaluate the effect 

of different life spans, discount rates, costs, and so forth, 
by simply changing input values on the screen. Results 
from previous runs as well as input values are stored and 
can be recalled for comparison. 

• The program can rank the rehabilitation alternatives 
in ascending order of cost-effectiveness, where this factor 
is calculated as the ratio of effectiveness to total present 
worth of life-cycle costs. 

It should also be noted that although PRLEAM can 
quantify costs and benefits of alternative rehabilitation 
strategies, it is not a design or optimization tool. It can 
only consider those alternatives provided by the designer; 
that is, the "best" alternative may not have been included 
for analysis . Nevertheless, PRLEAM can be a most useful 
complement to OPAC 2000. 

Survey of System Users 

To further explore the need for changes in OPAC as seen 
by OPAC users, a questionnaire survey of MTO regional 
geotechnical staff was carried out. The main objectives of 
the survey were to 

• Identify the deficiencies of the current OPAC from 
users' perspectives, 
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• Determine the general requirements of the system 
functions to ensure that OPAC 2000 will meet the Min
istry's current and future needs in pavement designs, 

• Identify the specific requirements for input-output 
factors and models for pavement performance and eco
nomic evaluation, and 

• Involve OPAC users in the updating (which is im
portant because such a project cannot succeed without 
participation of and acceptance by the users). 

The findings from the survey can be briefly summarized 
as follows: 

• The new pavement design system should be capable 
of designing all three major types of pavement. 

• The current pavement design procedure in the Min
istry requires OPAC 2000 to act as both a cost calculator 
and a comprehensive design tool with outputs that can be 
used for pavement selection and for part of a Pavement 
Design Report accordingly. 

• It is important that rehabilitation design be incorpo
rated into OPAC 2000. With the mature highway net
work in Ontario, there is far less pavement design for new 
alignment than for rehabilitation. In fact, some regional staff 
estimate that over 90 percent of their pavement design 
work is for rehabilitation. 

• Pavement performance models in the current system 
should be improved for handling high traffic volumes (as 
high, perhaps, as 300,000 annual average daily traffic), 
and yielding more accurate pavement lives and costs. The 
option of a user-defined model would be useful for deal
ing with unconventional materials . 

• For the Ministry's pavement selection policy, the de
signs with minimum thicknesses should be reported. This 
suggests that the design outputs from the system should be 
ranked in different ways, such as by the total Granular A 
equivalent, initial costs and rehabilitation costs, and so 
forth, in addition to the total costs of the pavement alter
natives. 

• The computing environment should be more user 
friendly; ease in operation, help files, and a better user's 
manual might be included. It is important to link OPAC 
2000 with the data system in the Ministry's Pavement 
Management System. This would facilitate both pave
ment designs and pavement management in the Ministry. 

REVIEW OF ALTERNATIVE 
PAVEMENT DESIGN METHODS 

To assist in developing the optimum pavement design 
method for Ontario conditions and to identify the 
strengths of other pavement design systems for possible 
use in developing the framework and methodology of 

OPAC 2000, some of the available pavement design sys
tems or methods are evaluated with respect to their 
methodology, advantages, and disadvantages. The inten
tion here is not to present a complete list, but to choose 
those systems being used extensively in North America 
and other places in the world. They are the AASHTO 
method and those of the Asphalt Institute (AI), the Fed
eral Highway Administration (FHWA), Shell Interna
tional Petroleum Company (Shell), and the Portland 
Cement Association (PCA). The discussion of the design 
systems includes the methods and their associated com
puter programs. 

Assessment of Alternative Methods 

A summary of the evaluation of features of the various 
methods is contained in Table 1. Although most of the 
items are self-explanatory, some additional comments on 
these design methods follow. 

• The methods developed by highway agencies, such 
as the AASHTO and VESYS (10,11) methods, are based 
on pavement performance, which is related to pavement 
distress, whereas methods of AI (12), Shell (13), and PCA 
( 14) are based on mechanistic analysis of stresses and 
strains in the pavement layers. Although the design cri
teria of these methods are distress based, they are not 
directly related to pavement performance. 

• The VESYS, Shell, and PCA methods do not include 
a cost analysis. The cost-analysis procedure in the 
AASHTO DNPS860 program has no user cost elements in 
the calculation (15). The AI method carries out a life
cycle cost analysis separately by the computer program 
LCCOST (CP-5). 

• According to the framework of a pavement design 
system presented in Figure 1, selection of the best design 
alternative will be based on the cost analysis of the struc
turally sound alternatives. In the pavement design systems 
evaluated, the AASHTO DNPS860 program can make 
the structural and cost analysis, and then carry out an 
optimization, of which only the least-cost alternative is re
ported. Other design programs either do not have a cost
analysis procedure, or, as with Al's LCCOST program, 
carry out cost analysis separately. In those cases the users 
select a pavement structure using their own judgment. 

• Among the methods evaluated, the AASHTO 
method is the most developed for a computerized pave
ment design system. It can be used for flexible pavement, 
rigid pavement, and overlay designs, whereas others work 
only on flexible or rigid pavement design. Some of the 
methods do not provide an overlay design procedure. The 
pavement performance concept (present service ability in
dex), the load equivalency factors, and axle load calcula-
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TABLE 1 Summary of Features of Different Pavement Design Procedures 

STRENGTH WEAKNESS 

1. Design procedure for flex., rigid pvts and overlays 1. No user costs AASHTO 
(DNPS860) 2. ESAL calculation (LEF of SN=5 , Pt=2.5 is used by Al) 2. Gives only one design alternative 

3. Drainage condition being considered 
4. PSI concept being developed to measure pavement performance 
5. Optimization (least cost solution) 

Al 1. Consider climatic impact on material properties: 1. No drainage provision 
(HWY, LCCost) a) Effects of temp. on the dynamic modulus of asphalt mixtures 2. Not related to performance 

b) Freeze/thaw effects on the base and subgrade material 3. No comprehensive program which can 
generate alternatives , perform structural and 

cost analysis, and then carry out optimization 
c) Guideline for selecting asphalt grade under various climates 

2. Design procedure for emulsified asphalt pavement 
3. Provision for stage construction 
4. Overlay design and LC cost analysis procedures available 

FHWA 
(VESYS) 

1. Prediction model for perf. and distress (cracking, rutting) 1. Too many inputs, time consuming 
2. A "closed-form" reliability method based on statistical distributions of 

inputs and a standard statistic subroutine 
2. Predicting models of performance and 

distress only good for the first 5-7 years 
3. Adaptability to various traffic & environment 3. Gives only one alternative 

4. No overlay design procedure and cost analysis 

SHELL 
(Computer 
Program 
Package) 

1. Works on "real" properties of materials, so it is widely adaptable to 
variows traffic and climate conditions and materials 

1. Not related to pavement performance directly 
2. No cost analysis 

2. Design Reliability can be determined by specifying different confidence 
levels to the subgrade strain criterion 

3. Lack of systematic functions to generate 
design alternatives and carry out optimization 

3. Rut depth prediction subroutine 
4. Overlay design procedure available 

PCA 
(PCAPAV) 

1. Applicable to all kinds of PCC pavements (plain, reinforced, continuous 
reinforced) 

1. No drainage factor 
2. Not related to performance 

2. Takes into account the effects of concrete shoulder, curb or gutter, etc. 3. No cost analysis 
3. Easy to use 

tion method (ESAL) used by AASHTO are followed by 
many other methods. 

• For both flexible and rigid pavement design, the 
previously mentioned methods can be categorized as em
pirical or mechanistic. Empirical methods, such as the 
AASHTO method, take into account factors that highway 
engineers commonly meet; thus they are more practical. 
However, it has been realized that empirical methods are 
difficult to apply if the conditions are different from those 
for which the methods were developed . Other methods 
summarized in Table 1 are mechanistic methods that can 
be adapted to a wider range of traffic and climate condi
tions, but they often require as inputs actual axle loads 
(weights and repetitions) and material properties deter
mined in situ or in the laboratory. If estimated traffic, 
material, and climate data are used, the accuracy of 
outputs relies largely on the quality of the estimates and 
thus there are no prominent advantages over empirical 
methods. In this regard, a rational pavement design 
method should have the advantages of both empirical and 
mechanistic methods, or in other words, a mechanistic
empirical method, as referred to in Part IV of the 
AASHTO Guide (2). 

Implications for OPAC Updating Project 

From a review of the current OPAC and the alternative 
systems, it can be seen that OPAC has the strengths of 
both mechanistic and empirical methods. In a mechanis
tic sense, the pavement is modeled as a multilayer system 
that is subjected to a standard 80-kN ESAL; the subgrade 
deflection is calculated with the Odemark method . In an 
empirical sense, OPAC is similar to the AASHTO method 
in two ways: (a) OPAC is performance based; the two 
performance models use RCI (analogous to PSI) or PCI 
as the performance parameter; (b) OPAC employs gran
ular base equivalency (GBE) factors to represent the 
pavement material properties, which are similar to the 
AASHTO layer coefficients, a;. OPAC can thus be classi
fied as a mechanistic-empirical method. The mechanistic
empirical characteristics mentioned here should be 
retained in OPAC 2000. 

The functions of the OPAC system are still very pow
erful compared with those of some of the evaluated sys
tems. To overcome limitations of the current OPAC and 
enhance the functions of the OPAC pavement design sys
tem, the following recommendations are made: 
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1. Material and Environment Inputs: To incorporate 
the effects of environment on the material properties, the 
GBE factors should be improved in the following ways: 

a. For asphalt materials (asphalt concrete, polymer
modified asphalt materials, recycled asphalt mixtures, 
etc.), different weighted mean annual air temperatures 
(w-MAAT) should be used for south and north On
tario to modify the GBE factors. The w-MAAT concept 
is employed in the Shell method and the VESYS struc
ture subsystem. 

b. For untreated gravel and subgrade, drainage fac
tors should be used to modify the GBE factors. This is 
similar to the drainage coefficient, m;s, in the AASHTO 
method (2, Table 2.4, Part II). 

In addition to these considerations, a simplified way to 
deal with frost effects is to set up a guideline of minimum 
structure depth in the program to maintain an adequate 
depth of the granular sub base depending on the frost pen
etration depth of the area (16, p.139, Figures 3.4 and 3.5). 
This verification should be related to the type of the sub
grade soil (frost-susceptible or not). 

2. Pavement Model: As mentioned earlier, it is recom
mended that the Odemark analysis method and the use of 
GBE factors be retained in the new OPAC 2000 system. 
Furthermore, this model should be capable of being ex
tended to rigid (composite) pavements and overlay de
signs. Other types of rehabilitation, such as cold milling 
and microsurfacing, can also be handled by assigning dif
ferent GBE values. If this indeed proves to be feasible, 
OPAC 2000 will have a salient advantage over many 
other pavement design systems, many of which can deal 
with only one type of rehabilitation (asphalt concrete 
overlay). 

3. Distress Prediction: The Shell rutting-depth calcula
tion method should be "borrowed" for OPAC 2000. It 
would act as an optional function for rutting-depth 
assessment of otherwise structurally adequate pavement 
alternatives. Fatigue cracking is not a major problem on 
Ontario highway pavements, but reflection cracking 
prediction would be of practical significance. The 
WATMODE model (17) developed for Ontario, which 
predicts rutting, fatigue cracking, and low-temperature 
cracking, can be assessed for incorporation into the sys
tem. 

4. Reliability: The methods evaluated here deal with 
reliability in the pavement design in three ways: 

a. The AASHTO pattern: The reliability factor 
ZRSo in the AASHTO pavement design equations is in 
a log relationship with W18 • This factor controls the 
output of the design, as W18 represents the pavement 
life. 

b. The VESYS pattern: As was mentioned by Kenis 
(10), the "closed formed" design reliability is presented 
as mean values with variance coefficients for both in
puts and outputs. 

c. The Shell pattern: Design reliability is controlled 
by giving different confidence levels to the regression 
model of the subgrade strain criterion. Although the 
default confidence level is 50 percent, models based on 
85 percent and 95 percent confidence levels are also 
available. 

FRAMEWORK DESIGN FOR OPAC 2000 

On the basis of Figure 1 and the investigation of Ontario 
pavement design needs and the assessment of the alterna
tive design methods, a framework for the updated pave
ment design system has been established, as shown in 
Figure 4. Although the pavement performance prediction 
models are currently being updated and further developed 
in MTO, the new system has been designed to have the fol
lowing major functions: 

1. The system function has been extended to analyses 
of flexible, rigid, and composite pavements for both new 
designs and rehabilitation. Flexible and rigid pavement 
designs are handled by separate models in the system. 
Users can choose pavement types by inputting different 
types of materials. The extension of rehabilitation design 
and related economic evaluation is based on the Min
istry's overlay design method. 

2. The users of OPAC 2000 can choose to use the sys
tem either as a design tool or as a cost calculator. 
PRLEAM is incorporated in the system for cost analysis 
using the "user-defined" model. 

3. Improvements to environmental and traffic inputs 
have been taken into account-for example, w-MAAT, 
drainage factor, and ESAL calculation. 

4. The output format of OPAC 2000 has been de
signed to meet the requirements and, in effect, to be parts 
of the Ministry's Pavement Selection Report and Pave
ment Design Report. 

5. The following efforts make the system user friendly: 
a. Screens employing drop-down menus and 

spreadsheet format, which are easy to operate; 
b. Default input values, used extensively with the 

help of the setup command and numbered option keys 
(which includes making use of the Ministry's Material 
Costs Estimation Package); 

c. On-line help and a file menu. (A well-developed 
user's manual is recommended for additional user 
friendliness.) 

The structural basis of OPAC 2000 continues to be the 
Odemark elastic layer analysis method and the GBE fac
tors of pavement materials, and the GBE concept has 
been extended for rigid pavement and rehabilitation de
signs. For portland cement concrete and some new as
phalt materials, such as polymer-modified or premium 
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FIGURE 4 Flow diagram of OPAC 2000 (continued on next page). 

asphalt and asphalt mixture with geosynthetics, the GBE 
factors should be related not only to the elastic moduli 
(M;'s) of the material but also to the pavement perfor
mance. In OPAC 2000, GBE factors have been modified 
by the local temperature and the drainage condition of 
the highway section. For rehabilitation designs, the GBE 
factors of the existing pavement layers have been further 
modified by the surface deflection values from Dynaflect 
or falling-weight deflectometer surveys. Perhaps future 
updates of the GBE factors will be more performance 

based when the results of the SHRP LTPP projects be
come available. 

The foregoing material and the discussion of the pre
ceding sections represent Stage 1 in the development and 
implementation of OPAC 2000. It might be noted that the 
framework design summarized in this section also in
cludes a comprehensive set of menus plus input and out
put screens. In effect, these mock-ups represent the 
framework specifications, or what the system will look 
like to users; they incorporate typical, realistic numbers. 



12 THIRD INTERNATIONAL CONFERENCE ON MANAGING PAVEMENTS 
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FILE 
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FIGURE 4 (co ntinued). 

STRATEGY FOR FURTHER DEVELOPMENT 

The OPAC updating project is planned to be implemented 
in four stages. Stage 2 has as its primary objective completion 
of the detailed system design and with that, determination 
of all input data items and files required plus the selection 
or development, as appropriate, of all necessary models 
or subroutines. Some of the elements of the detailed sys
tem design are as follows: 

• Particular functions of and relationships between 
each subsystem or subroutine in flowchart form; 

• A detailed flowchart for each subroutine in the 
system; 

• Data items (types, units, etc.) and files plus numeri
cal variances of the major variables; and 

• Detailed designs for the prompt texts and graphs on 
the screen and in the printouts. 

Stage 3 involves coding the system on the basis of the 
selected computer language or languages, data base 
manager, and so forth, preparing the documentation and 
user manuals, and implementing trials and modifications 
as required. 

Stage 4 involves a series of training sessions for users of 

EXIT 

OPAC 2000 and ongoing system support plus periodic 
updates, as required. 

SUMMARY AND CONCLUSIONS 

This paper addresses the fundamentals of an ideal pave
ment design system from the viewpoint of project-level 
pavement management. The general strength and limita
tions of the existing OPAC and PRLEAM and of some 
major pavement design methods are examined. One of 
the major focuses has been on identifying the require
ments for the updated pavement design system in On
tario. These have provided guidance for the functional 
design of the new system, OPAC 2000. Future develop
ment and implementation will include the following: 

1. OPAC 2000 will incorporate as many of the key 
elements of an ideal pavement design system as pos
sible. These fall into three major classes: input informa
tion, strategies, and analysis, economic evaluation, and 
optimization. 

2. Provision will be made to incorporate reliability 
analysis (i.e., estimating the probability that a given de
sign will achieve its intended performance or life, or spec-
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ifying a reliability level that a design must achieve) as 
more Ontario variance data are acquired on the input fac
tors and as SHRP data become available. 

3. The current capability of OPAC to model traffic
and environment-associated deterioration separately will 
be retained, even though evidence from a limited number 
of situations (which may all have been overdesigned 
with regard to their ability to carry ESALs) suggests that 
only age, as a surrogate for environment, is related to 
deterioration. 

4. OPAC 2000 will also be able to handle rigid and 
composite pavements and various types of rehabilitation. 
Because performance models do not exist or may not be 
reliable for some of the rehabilitation designs, OPAC 
2000 will contain a default type of performance prediction 
model (using GBE factors for the existing pavement and 
analyzing the rehabilitated pavement design with the 
new pavement deterioration model) or, as an option, use 
PRLEAM, in which the designer inputs a straight-line 
deterioration model. 

5. The requirements of OPAC 2000, according to a 
survey of users from the MTO regions, are very relevant 
and reasonable and will be reflected in the update. These 
relate to certain general provisions, inputs, performance 
models, economic evaluation, outputs plus user friendliness, 
versatility, and flexibility. 

6. Explicit links between OPAC 2000 and the Min
istry's data base in its pavement management system will 
be developed. 

7. The basic approach to economic evaluation in the cur
rent OPAC is entirely applicable in OPAC 2000, but it 
will contain the option of not including calculations for ve
hicle operating cost or user delay cost (during rehabilita
tion or maintenance), if the designer wishes. Also, the 
basic relationships for vehicle operating cost and user 
delay cost calculations will be updated. 

8. The framework or functional design of OPAC 2000 
in Stage 1 of the overall development will be used as a 
basis for the detailed system design of Stage 2. 

9. The strategy for work subsequent to Stage 1 will be 
one of continuing stages; that is, detailed system design 
and further model development in Stage 2; coding the sys
tem, documentation, and trial implementation in Stage 3; 
and training sessions plus ongoing system support in 
Stage 4. 
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Development of Road Management Systems in 
Southern Africa 

S. P.R. Vincent, A. S. Leach, and K. McPherson, Scott Wilson 
Kirkpatrick & Partners, United Kingdom 

H. R. Kerali, University of Birmingham, United Kingdom 

Work carried out during the design and implementation of new 
road management systems developed to support the activities 
of the road agencies in southern Africa is described. A systems 
approach was applied to study the requirements of each part 
of the road agencies and then to define a logical framework 
for the system. The resulting system consists of a number of 
modules, or subsystems, that can be implemented individu
ally to suit management and organizational priorities as re
sources become available. The constructive participation of 
the road agencies during each stage of the development was 
found to be essential in ensuring the success of the road man
agement system. The work described is an amalgamation of 
projects carried out in southern Africa; it covers the design 
and implementation of a modular road management system 
comprising a central data base, a data collection and entry sub
system, a planning subsystem based on the use of HDM-III, 
a mapping subsystem that incorporates a geographic infor
mation system, and other subsystems that perform specific 
tasks. 

Many developing countries are reviewing and 
modifying the way in which they manage their 
road transport infrastructure. Countries in 

southern Africa have recently taken an active role in de
veloping a practical approach to the implementation of 
road management systems. This paper describes an ap
proach evolved from experience gained in developing 
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road management systems for two countries in sou thern 
Africa. The overa ll objective in each country was to develop 
a road management system that would meet the immedi
ate information needs of the road agencies. In addition, 
the road management system would be used to define the 
most cost-effective design and maintenance standards for 
the road networks. The administrative and organizational 
structure of the agencies implementing road maintenance 
were considered so that the system developed would pro
mote the best operational, managerial, and technical 
means of carrying out cost-effective road maintenance. 

The World Bank Highway Design and Maintenance 
Standards Model (HDM-III) (1) was used to establish 
optimum design and maintenance standards. The model 
required comprehensive information about the road net
work to be assembled and analyzed. The limited time 
available for the development work often placed significant 
constraints on the implementation of the road manage
ment system, which had to be developed from an initial re
quirements ana lysis to the final production runs in less 
than a year. 

The managem ent and organization of road agencies is 
critical to the success of any computer system that sup
ports their activities. This paper dea ls only with the de
velopment of computerized road management systems. 
The institutional aspects involved in improving the man
agement and organizational structure are described in 
these Proceedings by Pinard et al. 
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PROGRAM OF WORK 

This section describes the events undertaken during the 
development and implementation of a road management 
system that ideally comprises several interconnected 
tasks. Figure 1 illustrates the sequence of tasks under
taken in th e development of such a system for one coun
try in southern Africa. Early in the development cycle, a 
systems analyst investigated the needs of each part of the 
road agency. Then, through a series of meetings in which 
the road agency provided additional guidance on the in
tegration of different requirements, the analysis was fur
ther refined to produce the overview outlined in the next 
section. 

The sustainability of the road management system was 
an important consideration during design, since it is es
sential that it be maintained and operated by local staff. 
The systems analysis illustrated that a number of inter
acting modules were needed rather than a single complex 
computer system. This setup allows the system to be im
plemented in stages. 

The reg uirements analysis was developed during an 
initial intensive period of activity and was then used as 
the basis of a functional specification of the system. The 
"road network matrix" concept, which will be described 
later, was also defined during this period. A survey of 
most of the road network was carried out toward the be-

Task Name 
1 2 3 4 5 

System Implementation 

Requirements Analysis -
Functional Specification --
Network Definition 

Forms Design -... 
HDM III Calibration 

Data Collection 

Software Design -
Software Implementation 

Systems Training 

Data Entry 

HDM III Network Level Analysis 

Road Network Digitising -
Map Production 

FIGURE 1 Typical program of work. 

6 

ginning, and the resulting data were entered into the 
system by local staff. Before data collection could pro
ceed, it was necessary that the road network be specified 
and data collection forms be designed . HDM-III calibra
tion was carried out in parallel in preparation for the 
analys is. 

Hardware and software had to be procured and in
stalled before work could continue. The software system 
was implemented in consultation with local staff, allow
ing training on the data entry system to start at an early 
stage. In this way, data entry for some parts of the net
work was achieved concurrently with data collection for 
other parts. 

Maps of the road network were initially digitized with 
the intention of providing a definitive road network for 
data collection, but further updates and corrections were 
needed before the data were suitable for the production of 
maps. Finally, data were extracted and automatically for
matted for input to HDM-III analysis runs, producing re
sults for input to other modules of the road management 
system. 

To ensure the sustainability of the system, and despite 
the rapid time scale for this work, local staff performed all 
the data collection and input tasks, and counterpart staff 
in the road agency did much of the processing. This ap
proach also provided useful and constructive feedback 
into the development process. 

Month 

7 8 9 10 11 12 13 14 15 16 

~-·· )I ■■■ )I ■■ • '"■ •• 
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SYSTEM OVERVIEW 

The results of the systems analysis are illustrated in Figure 
2. The framework was developed through the consulta
tion process with the road agency, and current literature 
on road management systems was considered, including rec
ommendations from the World Bank (2). 

Figure 2 shows the division of the overall road man
agement system into subsystems, with a central or core 
data base surrounded by satellite subsystems that are both 
providers and recipients of data from the center. The func
tion of the central data base is to hold validated summary 
data from the subsystems and to control transfer of those 
data between subsystems. 

One key feature of this approach is that the road 
management system can operate with less than the full 
complement of subsystems. It was recognized that incor
porating all of the features of a complex system into an ex
isting organization would require a large investment in 
skills and resources, and that introducing all components 
at once was likely to be both impractical and undesirable. 
A modular approach allows parts of the system to be in
troduced separately as required. For example, if there 

were no funds or expertise available to implement a 
bridge management subsystem, then the central data base 
could be loaded with summary data on bridges, perhaps 
generated by hand or by simple spreadsheet applications. 
Other subsystems could use this information as required. 

Thus, with a modular structure to the road manage
ment system, the detail and design of each individual 
subsystem can be hidden from other subsystems. This 
structure permits flexibility for growth of the road man
agement system: individual subsystems may be changed 
without it affecting any of the others. The subsystems can 
even be implemented using different software and hardware 
solutions, depending on the availability of computer skills 
within the road agency, although it is preferable to main
tain a common computer platform. 

Another important feature is that each subsystem is 
managed by the appropriate branch or section within the 
road agency. Individual parts of the organization can be 
responsible for their own systems and data and hence are 
likely to have a greater interest in ensuring that the infor
mation is accurate, up to date, and consistent. 

However, the modular approach does not mean that 
the subsystem users can simply take summary data from 
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other subsystems as immutable fact. Awareness of the in
formation itself is required, especially in respect of prob
able accuracy and suitability to requirements. Liaison and 
management within the organization are necessary to en
sure the proper functioning of the road management sys
tem. Much emphasis has been placed on making sure that 
the human organization is both willing and able to sup
port the needs of the computerized system. 

RESOURCES: SOFTWARE, HARDWARE AND PEOPLE 

The choice of standard personal computers as a hardware 
platform was largely influenced by the knowledge and fa
miliarity of local staff with the personal computer and 
with the availability of technical support and mainte
nance for these products in the region. More powerful 
workstations were considered, but they were rejected be
cause of doubts about the amount of training and support 
available and because day-to-day systems administration 
of such machinery is more complex and time-consuming. 
Using a local area network was considered inappropriate 
at the time for similar reasons. 

Because of the very large volumes of data to be stored 
and analyzed, simple personal computer-based spread
sheets and data base software packages were considered 
insufficient. In addition, if the road management system is 
to migrate to other hardware and operating system envi
ronments in the future, it is important that the applica
tions can be transferred with little or no modification. 
Again, the availability of local technical support and pro
fessional training influenced the eventual choice of data 
base software from among those that provide powerful 
fourth-generation language capabilities. 

It should be emphasized that the logic of how the data 
should be stored and analyzed in a data base is more im
portant than the actual software package used. In this 
case, the data base software was chosen for its combina
tion of functionality, availability on different computer 
systems, and local support. 

Certain computer skills will generally be available 
within many road agencies in developing countries, 
including word processing, spreadsheet analysis, and 
computer-aided drafting. The choice of software was 
therefore influenced by the need to make appropriate use 
of existing skills. In the design of the software for the road 
management system, it was decided to implement routine 
tasks using a combination of menus and standard forms 
so that administrative staff who already have typing skills 
could easily be trained to use the system. 

NETWORK DEFINITION 

For general public use, a road network usually has a route 
numbering system that makes it straightforward to follow 

frequently used routes. However, for data collection and 
storage purposes, an accurate system of road referencing 
is required as a framework on which to locate any data. 
This storage framework is separate from route number
ing, which may change over time. The road referencing 
system also localizes the effect of any changes in distance 
measurements that may result from realignments or road 
improvements. 

The standard method of defining links is according to 
lengths of road for which the level of traffic is relatively 
constant. In practice, this results in nodes at every town or 
junction, with links in between. All information about a 
link is then referenced by its distance along the link from 
the node at one end. Hence the network definition only 
needs to be updated when a road is physically altered or 
new roads are included in the network. Changes to sur
facings or other parameters are just changes to the attri
butes of the link. 

It is essential to define the road referencing system be
fore data collection begins so that all data forms can be read
ily identified and data can be correctly referenced. All 
links should have numbers that indicate the administra
tive district in which the link is located, and all nodes 
should be given names corresponding to the town, village, 
or junction where they are situated. Noting the names of 
both nodes together with the link and the chainings on 
each form verifies that the link number is correct. Locally 
understood names are easier to get right than arbitrarily 
assigned node numbers. 

The road referencing system provides the essential 
common referencing system between the different mod
ules of the system, and any revisions to this referencing 
system must be carried out in a systematic and methodi
cal manner to minimize the chances of any incompatibil
ity between the different modules. 

DATA COLLECTION 

A comprehensive survey of the entire road network at a 
general level of detail is often more useful than detailed 
surveys of parts of the road network. A rapid method for 
visual inventory and condition survey was therefore de
veloped. One objective when collecting comprehensive 
data is that the data should assist in locating areas for 
more detailed investigation where serious deterioration 
has occurred. In the future, automated methods of data 
collection for the road network may allow the collection 
of more detailed data. 

During the first survey of a road network, two main 
types of data are necessary. The first is inventory data, 
which essentially define the assets for which the road 
agency is responsible for maintaining. The second is con
dition data, which indicate the state of these assets. In
ventory data can be further subdivided into two types: 
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(a) attributes that extend over lengths of road, such as the 
type of road surface defined by start and finish distances 
within the link, and (b) features that can be located by a 
single distance along the link. Two data collection forms 
were designed for the inventory surveys, one for continu
ous parameters such as the pavement surface type or 
roadway width and the other for point features such as 
culverts and bridges . 

Road condition can be measured in many different 
ways, depending on the level of detail, frequency, and ac
curacy required. These characteristics have implications 
on the quality of the data obtained (2) as well as the re
sources required for data collection. The experience 
gained working in southern Africa led to the decision to 
adopt simplified manual data collection procedures. Road 
condition was defined in subjective terms as parameters 
averaged over each kilometer by the observer. More detailed 
observations would have taken much more time and 
would have involved more training for each observer. 
Nine condition parameters were estimated for each kilo
meter and recorded on a four-point scale (e .g., defect 
severities and extents could be recorded as none, minor, sig
nificant, or severe). Manuals and training to assist in esti
mating each parameter were provided. An example of the 
data collection form designed for the initial rapid condi
tion survey is shown in Figure 3. 

All of the forms were designed to facilitate rapid data 
entry into the road survey subsystem by administrative 
staff. The overall objective adopted was to minimize the 
number of data items to be collected. Only data items re
quired within the road management subsystems should be 
collected. Consequently, the need for input data for 
HOM-III was a strong influence on the data parameters col
lected. When selecting the parameters, it was intended 
that the central data base should contain a comprehensive 
set of data from which other analyses might later be car
ried out. In addition, the HOM-III planning subsystem 
has other data requirements that would not normally be 
included in the road network survey. These had to be as
sembled separately and directly stored within the plan
ning subsystem to be used in HOM-III analyses. 

PLANNING SUBSYSTEM 

The HDM-III model was designed to analyze projects, not 
to complete road networks, so it has some limitations on 
how it may be used. Consequently, the concept of a road 
network matrix was developed to facilitate HOM-III 
analyses of entire road networks. 

The road network matrix can be used to analyze the 
physical characteristics, condition, and performance of an 
entire road network. It provides a method of modeling the 
road network to study the effect of networkwide policy 
changes-for example, proposed changes to maintenance 

funding levels, network restructuring, and maintenance 
and rehabilitation standards. In addition, it allows screen
ing of sections of the road network for further analysis
for example, short lists of upgrading projects-as well as 
for rehabilitation and maintenance projects. 

The road network matrix comprises up to 50 logical 
road links or matrix cells formed by aggregating physical 
road sections in the road network with the same charac
teristics, as shown in Figure 4. Each logical link can con
tain up to 10 pavement sections that can be used to model 
differences in pavement structure and condition. The 
maximum of 50 links is governed by the limit in the ex
penditure budgeting model , which is used to conduct the 
benefit maximization analysis. For example, in one coun
try, HOM-III analysis was permitted for subnetworks for 
paved, gravel and earth, and sand roads, each with up to 
20 links. The division of the road network into subnet
works was done according to differences in traffic com
position and the implications on vehicle operating costs. 

Figure 5 shows a typical framework for the road net
work matrix, in which the cells are divided according to 
functional road class, road type, and traffic group. Physi
cal road links with similar traffic levels are grouped into 
logical links, and the total length of roads with similar 
pavement construction and condition are then grouped 
into one of the 10 sections within each logical link. 

The ranges of attributes and condition parameters for 
each section are defined within the planning subsystem 
through a series of data entry forms. The whole road net
work is automatically grouped into the appropriate logi
cal links and sections within the road network matrix by 
a transfer process between the central data base and the 
planning subsystem. It would be extremely time consum
ing to carry out this process manually. 

The HOM-III model can then be used to analyze the 
logical links in the road network matrix to produce a pre
liminary road development plan. The plan contains a pri
oritized list of road sections within the road network 
matrix and defines the characteristics of roads that would 
be suitable for funding under medium- to long-term capi
tal budget constraints. Candidate projects for the road de
velopment plan are derived from two sources. First, from 
a short list of roads whose conditions exceed maximum 
maintenance and rehabilitation standards derived using 
HOM-III. Such roads may require rehabilitation for 
which funding would be outside the provisions of the re
current maintenance budget. 

The second source of candidates would be roads with 
traffic levels greater than the threshold defined for up
grading road standards within each functional road class. 
The corresponding physical road links in the network that 
carry traffic levels above the threshold need to be assessed 
individually by conducting a full-scale economic appraisal 
using actual physical parameters such as road condition, 
traffic loading, and predicted traffic growth. The benefits 
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Severe 4 

None 
Minor 2 
Sirnificant 3 
Severe 4 

Good/None I 
Moderate 2 
Bad 3 
Failed 4 

Good/None I 
Moderate 2 
Bad 3 
Failed 4 

FIGURE 3 Road condition assessment form. 

calculated for the improvement alternative are then used 
to determine the final ranking for upgrading. 

MAPPING SUBSYSTEM 

The system overview shown in Figure 2 includes a map
ping and general information subsystem. Maps of the 

.:.:.: .:.:.:.:.:;.:;._:_i:.:.:_:;::;y_: 

road network are one method of visualizing the informa
tion stored in the central data base of a road management 
system, but it should be emphasized that this is only one 
subsystem rather than the center of the system. In this 
case, a geographic information system (GIS) provides a 
conceptual window as a tool through which to look into 
the data base, but this process must not control or restrict 
the design of the data base. 
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FIGURE 4 Logical network analysis. 
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The mapping subsystem is designed to allow the pro
duction of maps of the road network. This subsystem in
corporates a commercial GIS that interfaces with a 
computer-aided drafting package and the relational data 
base at the core of the road management system. The 
mapping subsystem can be configured to display and plot 
any attribute data of any link provided that the data are 
available in the central data base. Links may be differen
tiated in terms of line type, thickness, and color. The sys
tem can be set up to display road classification, average road 
condition, and average daily traffic for individual links, as 
well as any development plans derived from HDM-III 
through the planning subsystem. It is also possible to pro
duce strip maps for individual links showing road condi
tion parameters and road features inventory data. 

During one of the implementations in southern Africa, 
some problems were encountered during the process of 
digitizing the road network from 1 :250,000 maps. Some 
road locations had changed and new roads had been built 
since the maps were last published. Digitizing facilities 
were subsequently provided to the road agency to enable 
future modification of the graphical representation of the 
road network or administrative boundaries. 

FURTHER DEVELOPMENT 

The main advantage of the modular structure is that parts 
of the system illustrated in Figure 2 can be implemented 
in stages. For example, in one country only the road sur
vey data base and a mapping system were implemented, 
whereas in another the central data base, road survey sub
system, planning subsystem, and mapping subsystem 
were implemented. The modular design means that sub
systems can be added progressively. 

In one country, further development of the traffic sub
system has been undertaken. This development plays an im
portant ro le in defining one of the key parameters for the 
economic analysis and prioritization carried out by the 
planning subsystem. The traffic subsystem takes discrete 

Paved Roads Gravel/Earth 
Sand 

Traffic Groups Traffic Groups 

ROAD 
CLASSES High Medium Low High Medium Low All 

Primary 

Secondary 

Tertiary 

Access 

FIGURE 5 Road network matrix . 

traffic counts from individual counting stations and con
verts them into estimated traffic levels for associated links 
in the road network. This procedure demonstrates the 
value of a modular system that permits individual subsys
tems to be updated without disrupting the operation of 
other subsystems. 

Another example of the versatility of the modular 
structure in one country is the addition of a pavement 
management system (PMS) within the overall road man
agement system framework shown in Figure 3. The PMS 
requires more detailed pavement condition surveys, and 
data from these surveys are fed into both the planning 
subsystem and the PMS subsystem through the central 
data base. Preliminary investigations of the work required 
to implement the cost accounting and materials subsys
tems have also been undertaken. 

The rest of the road management system can be imple
mented over time at a rate that suits both the resources 
available in a country and the requirement for a reason
able pace of change in working methods in order to inte
grate the new subsystems effectiv~y. 

CONCLUSIONS 

The paper has described the development of a framework 
for a sustainable road management system adapted over 
relatively short periods of time to the specific needs of in
dividual countries in southern Africa. The overa ll system 
design took into account the organizational structure of the 
road agencies, resulting in a modular approach that 
should ensure sustainability and flexibility in future. 

A comprehensive survey of the road network needs to 
be undertaken that incorporates a road inventory and 
condition survey tailored to provide the data required for 
the various subsystems and, in particular, for road net
work planning when using HDM-111. A network matrix con
cept was devised to allow HDM-III to analyze a complete 
road network within only a very small number of com
puter runs. 

This paper has illustrated a methodology whereby a 
road management system is developed and introduced in 
stages as a tool to support the activities of road agencies 
in developing countries rather than as a dramatic techno-
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logical change that might later become a constraint. A 
modular system is seen as a key requirement when imple
menting modern management methods in countries 
where the availability of skilled personnel is at a premium. 
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Integration of Pavement and Bridge 
Management Systems: A Case Study 

Dimitri A. Grivas and B. Cameron Schultz, Rensselaer Polytechnic Institute 

The integration of pavement and bridge management sys
tems is addressed for the New York State Thruway Author
ity. A phased plan provides a unifying framework for 
development and accommodates agency requirements. Early 
efforts focus on the development of the data base and ana
lytical methodologies for pavement management. Subse
quent work produces similar methodologies for bridge 
management, expands the data base to serve bridge manage
ment needs, and integrates the data base with pavement and 
bridge analysis programs. The requirement for integration is 
maintained throughout the entire planning, design, and im
plementation process. The integrated computer system is 
prototyped as Windows-based program managers using 
graphical user interfaces to unify CIC++ applications. Early 
prototypes highlight remaining issues of integration and 
facilitate the selection of appropriate procedures for inter
facing the data base with the application programs. Impor
tant issues related to system integration are discussed. On the 
basis of developments to date, it is concluded that (a) effi
cient integration is facilitated by the preexistence of a plan that 
defines a common methodological framework and comput
ing environment for all component systems, and (b) the most 
essential integration elements are a common referencing con
vention, data base, and computerized user interface. 

A n important goal of highway agencies is to identify 
the combination of pavement and bridge projects 
that makes optimal use of resources. However, the 
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current lack of integrated program development tools in
hibits the achievement of this goal. It is the broad objec
tive of a cooperative research effort between the New 
York State Thruway Authority and Rensselaer Polytech
nic Institute to address this need through development of 
an integrated pavement and bridge management system 
for the authority. The authority's goal is ultimately to 
implement a comprehensive infrastructure management 
system incorporating a pavement management system 
(PMS), a bridge management system (BMS), and similar 
tools for managing other types of physical facilities. 
The authority's system includes 1030 km (640 mi) of 
Interstate-type highway constructed primarily between 
1954 and 1960. The bridge inventory includes 860 
bridges of 24 types, with 7 major bridges, including the 
5.0-km (3.1-mi) Tappan Zee Bridge that crosses the 
Hudson River at Tarrytown, New York. 

The notion of an integrated system was conceived in 
1987 during a review of authority maintenance practices 
and policies. The review identified needs for improvement 
to the information basis and decision methodologies used 
for planning and monitoring of the capital program. A 
staged implementation of the ultimate system is necessary 
because of differences in the scope of the developmental 
work for PMS and BMS, required resources, variations in 
the characteristics of the systems, established needs and 
priorities, and so on. Thus, the first stage of PMS devel
opment was initiated in 1988, and the first stage of BMS 
development began in 1991. 
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This paper presents experiences and observations 
based on the current development effort. General termi
nology is used whenever possible, but authority vocabu
lary is used when needed to explain the system in its 
operational environment. Where usage cannot be inferred 
by context, terms are defined briefly on first occurrence. 

METHODOLOGICAL CONTENT 

PMS and EMS are concerned with the condition and 
needs of the two major components of Thruway infra
structure. In addition to competing for resources, the two 
systems must identify and select projects on the basis of their 
proximity, schedules, and other implementation aspects. 
Thus, the methodological frameworks of PMS and EMS 
are conceptually similar, because each system must sup
port the same general tasks (e.g., condition assessment, 
economic analysis, etc.). However, the information basis 
and specific problem-solving techniques are significantly 
different for the two systems. 

Information Basis 

As discussed later, PMS and EMS have a critical mass of 
information in common that enables the development of 
a comprehensive data base to serve both systems. The 
most significant difference in the information basis is the 
condition data available for each type of structure. 

Pavements are surveyed annually using a detailed vi
sual technique to determine linguistic ratings of surface 
distress types, severities, and extents (1 ). The eight ratings 
recorded for each 160.9-m ( 0.10-mi) nominal road seg
ment are combined into indexes descriptive of specific 
pavement components, such as slabs, joints, shoulders, or 
the entire pavement surface. The indexes are produced by 
a calculation method that accounts for the relative signif
icance of each individual distress through the use of ap
propriate weighing factors (2). 

Bridge condition is assessed biennially. Individual 
bridge elements and components are rated on a scale of 1 
(potentially hazardous) to 7 (new condition), on the basis 
of hands-on visual inspection procedures developed by 
the New York State Department of Transportation (3). 
The condition of the bridge as a whole is also rated with 
a general recommendation that reflects an inspector's 
opinion of the maintenance needs of the bridge. Condi
tion indexes representative of components, spans, and the 
bridge as a whole are produced by taking weighted aver
ages of selected element ratings (4). 

Project-Level Analysis 

PMS and bridge management system have several 
methodological commonalities, because both support the 

same general tasks. The relationship between condition 
indexes, which are used both for project and network 
characterization, and treatment options provides an im
portant link between project- and system-level method
ologies. Techniques for summarizing and characterizing 
condition are similar, and cost estimation and life-cycle 
cost analysis procedures are essentially identical for both 
systems. However, the approach to treatment selection is 
quite different for pavements and bridges, primarily be
cause of the varied information basis and the special con
siderations associated with bridges (i .e., structural safety, 
vulnerability, etc.) that do not apply to pavements. Details 
of the PMS methodologies are described by Schultz (5), 
Shen (6), and Ravirala (7). The corresponding bridge 
management system methodologies are under develop
ment, with early products being tested and used to adjust 
the authority's program. 

System-Level Analysis 

Formulation 

In contrast to the project-level tasks, opt1m1zation and 
capital program development techniques must address 
pavements and bridges simultaneously to produce the 
needed optimal, unified program. A goal-programming 
optimization formulation is used that allocates funds 
from a common source and maintains specified condition 
levels for both pavements and bridges. The analytical ex
pression for the objective function is as follows: 

Minimize 

subject to 

L (agv Xv) + di - d; = bg for g E G 
vEV 

.for g E G and v E V 

where 

G = set of goals, 
g = individual goal, 
d; = overachievement of goal g, 
P0 g = penalty associated with overachievement of 

goal g (d; ), 
di = underachievement of goal g, 

P,,g = penalty associated with underachievement of 
goal g (di ), 

(1) 

(2) 

(3) 

Pc = benefit of combining neighboring pavement and 
bridge projects as compared with implementing 
each project separately, 
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Xv = "basic variables" used in optimization formula
tions for pavements and bridges (e.g. , lane miles 
of pavement within each state that should re
ceive each type of treatment in a given year, and 
square feet of deck area in each span family that 
should receive each type of treatment in a given 
year), 

a gv = coefficients of basic variables, and 
b8 = targeted goals. 

Illustrative Example 

As an example, consider an illustrative case of two ad
ministrative regions with a total of three pavement projects, 
three bridges, and two sets of pavement and bridge pro
jects that (with associated unit costs) are considered for 
each of the pavement and bridge projects. Combinations 
of treatment options for pavements and bridges yield four 
possible options for each of the combined projects. 
Budget and condition goals are specified separately for 
the two administrative regions and for the "system" as a 
whole. The formulation of this illustrative example has 
118 variables, of which 64 are integer variables. The so
lution (with use of commercially available software) for 
the optimal capital program recommends a mixture of 
treatment options for the individual pavement and bridge 
projects, and it confirms combination of both the poten
tial pavement/bridge combination projects in order to re
alize economies of scope and scale. All condition goals are 
met, and overall required budgets for the system and in
dividual regions are within 2 percent of targeted levels. 
Further details of this illustrative example are given by 
Ravirala and Grivas (8). 

COMPUTERIZATION 

System Architecture 

The conceptual high-level architecture for the integrated 
computer system is shown in Figure 1. As can be seen in 
Figure 1, the system consists of several layers. The user ac
cesses information through a customized graphical user 
interface supported by Microsoft Windows . The devel
oped methodologies are available as PMS and bridge 
management system functions coded in the CIC++ and 
Pro*C languages. Alternatively, ad hoc querying, data en
try, editing, and reporting from the ORACLE data base 
can be achieved using the SQL Plus, SQL Forms, and SQL 
Report Writer commercial products. 

The computer system is being developed to operate in 
a networked environment. The data base will reside on a 
mainframe server unit and be accessed from personal 
computers running a customized graphical user interface. 
Some elements of the system will be capable of being off
loaded to permit engineers to study the data and alterna-

tive hypotheses in greater detail without threat to the data 
about the parent system. 

Development Process 

The development of the computerized system is pursued 
in a phased manner. Individual programs that apply 
specific problem-solving techniques are initially created 
quickly to support small case studies, then gradually 
expanded to address features of larger studies. Several 
iterative cycles of improvement typically follow as the 
methodologies are refined and adjusted. 

The main benefits of this approach are (a) to provide early 
products to assist agency operations, (b) to generate feed
back on the methodological content of the systems, and 
(c) to allow individual methodologies to mature before 
pursuing the final coding and documentation of the sys
tem. Shortcomings also exist, particularly for complex 
systems such as PMS and BMS, and include cumbersome 
data transfer between applications, inconsistent user in
terfaces, and so forth. Therefore, as methodologies ma
ture, the individual stand-alone computer programs are 
united under two Windows-based programs called 
WinPMS and WinBMS, which are the first prototypes of 
the authority's integrated computing system. 

WinPMS and WinBMS 

WinPMS and WinBMS are Windows-based interactive 
program managers that perform pre- and postprocessing 
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FIGURE 1 Conceptual high-level 
architecture of computer system. 
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as necessary to bring the individual PMS and BMS programs 
together under a menu structure that appears seamless to 
the user. Visual Basic is used to create a graphical user in
terface where most tasks are accomplished through 
"point and click" operations with a mouse. Analysis re
sults are displayed graphically, such as the example screen 
shown in Figure 2. 

The Windows environment and program design facili
tates flexible use. For example, in the Condition Graphing 
session shown in Figure 2, the user has (a) invoked network 
characterization methodologies to evaluate pavement 
condition throughout the "Albany" region, (b) reviewed 
condition index values for a particular segment within the 
region, and (c) recalled information on the severity and 
extent of a specific distress at that location. Many such 
combinations of tasks are possible throughout the various 
program modules. Figure 3 illustrates a condition sum
mary for the authority's entire bridge and pavement in
ventory obtained using WinPMS and WinBMS. 

Important benefits of WinPMS and WinBMS include 
the following: 

• Reduce user effort in performing operations and re
duce learning curve, 

• Facilitate computer system enhancement and growth 
through a prototyping approach, 

• Provide flexibility in defining and revising screen and 
menu layout, 

FIGURE 2 Sample display screen from WinPMS. 

• Provide an additional forum for discussion of 
methodological content, and 

• Uncover obstacles to integration of PMS and BMS 
and permit individual testing of potential solutions. 

As further enhancements and refinements to the 
methodologies and user interface are completed, the com
puter codes are revised, and the functional and technical 
specifications for the computerized system are docu
mented. These tasks are significant, because they enhance 
the future maintainability of the system. 

Relational Data Base 

The data base is created using the ORACLE relational 
data base management tool. A structured prototyping ap
proach is followed during the functional and technical de
sign, as well as implementation and data loading. The 
data base includes over 40 entities, such as pavement con
dition, bridge inventory and condition, vulnerabilities, 
maintenance history, contract history, traffic, accidents, 
salt application, climate, and the boundaries of political 
jurisdictions. 

Information is accessed through a menuing system that 
provides dedicated screens, forms, and menus for report 
generation. Associated utility programs have been de
signed to facilitate automatic data conversion and loading 
and to perform a wide range of analyses (9). 
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FIGURE 3 Sample WinPMS and WinBMS displays. 

The extensive amount of effort required for functional 
and technical design, implementation and data loading, 
and development of user interfaces precludes the feasi
bility of recoding the data base during development of the 
integrated system. Rather, it was designed to operate ini
tially as a stand-alone pavement management tool and 
then be expanded to serve bridge management needs and 
provide explicit linkages with the applications in the inte
grated system. The current version of the data base is op
erating in a single-user DOS environment. 

PROGRAM DEVELOPMENT 

An important use of the integrated PMS and bridge man
agement system is the development of the annual and 
multiyear capital programs. WinPMS and WinBMS cur
rently facilitate this process by performing condition and 
economic analyses, screening for treatment options, and per
forming other methodological calculations. When the sys
tem is complete, it will provide the additional capabilities 
of (a) recommendation of optimal program solutions for 
a variety of goals and constraints, and (b) performance 
of "what if" analyses to project budget and condition 
implications. 

The PMS and bridge management system methodolo
gies are primarily condition driven and do not attempt to 
capture certain noncondition factors (e.g., changes in 
safety standards, availability of equipment, etc.) that affect 
planning, scheduling, and examination of highway work. 
Thus, significant departures from the recommended "op
timal" solution may be required. 

When optimization results are translated into a capital 
program, the network is considered to consist of "planning 
sections," which include pavement projects, bridge proj
ects, and auxiliary items such as guide rails, lighting, in
terchanges, ramps, toll plazas, parking areas, signs, and 
slopes. Bridge projects include spans, and pavement proj
ects include of "uniform sections," which are defined so 
that each section has distinctly different needs compared 
to those surrounding it. 

The concept of "planning sections" is introduced to aid 
analysis of broad, long-term highway needs. The ratio
nale for this concept includes two main considerations, 
namely, (a) the condition and requirements of auxiliary 
items can significantly affect the scope and cost of work 
required at a given location; and (b) for multiyear planning, 
it is prudent to coordinate work on adjacent highway sec
tions, bridges, and bridge approaches in order to achieve 
economies of scale and scope and to minimize inconve
nience to users. 

DISCUSSION OF RESULTS 

Efficient integration is facilitated by the preexistence of a 
plan defining the methodological framework and com
puting environment for all component systems. This re
duces the need to later rework common elements and is 
particularly critical for data base development. 

Although phased development is commonly necessi
tated by agency resource constraints, it is not necessarily 
a detriment to the goal of integration. The existence of a 
unifying philosophy aids phased work efforts by identify-
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ing general requirements to be met by individual compo
nents of the complete system. In this case study, the choice 
to emphasize pavements in the early phase was driven pri
marily by needs and priorities of the agency, and it does 
not appear to have affected the potential for integration. 
One realized benefit of the phased approach is that as
pects of bridge management system development, partic
ularly computerization, have been expedited by the 
experiences gained during PMS implementation and 
enhancement. 

Experiences to date indicate that the most essential el
ements required to create an integrated system are (a) a 
common location-referencing convention, (b) a common 
data base, and (c) a common computerized user interface. 
The current study has benefited because the authority's 
network is relatively simple and composed entirely of 
Interstate-type facilities. Also, a comprehensive location 
referencing system common to both pavements and 
bridges was in place before management system develop
ment was initiated. Thus, emphasis could be placed on 
methodological and computer developmental work with
out having to contend with overwhelming problems of 
physical inventory. 

The human element of management systems is rarely 
considered explicitly. However, factors such as organiza
tional structure, agency culture, and the unique aspects of 
bridges (structural safety, vulnerability, etc.) generate dif
ferent perspectives between pavement and bridge groups. 
Developers of integrated systems must recognize and ac
commodate these differences while they engage both "cul
tures" toward cooperative development of a unified 
program. Thus, in addition to integration of methodolog
ical and computer aspects, the "cultural" differences be
tween pavement and bridge engineering and management 
teams must also be addressed. 

SUMMARY AND CONCLUSIONS 

The development of an integrated pavement and bridge 
management system was presented for the case of the 
New York State Thruway Authority. It involved a phased 
approach with stages that address individual components 
of each subsystem (PMS and bridge management system) 
but are consistent with the integration plan. The planning 
for a staged implementation was necessitated by immedi
ate needs and priorities and by demands for resources. 

Achievements to date include the completion of the 
PMS components with enhancements well advanced and 
the methodological content of the bridge management 
system functionality. Experience with the prototype com
puterized systems (WinPMS and WinBMS) has generated 
significant feedback for the individual functions of the 
system and provided additional insights for the integra
tion. Two useful lessons have been learned about the hu-

man component of system development. First, system 
developers must accommodate the "pavement versus 
bridge" perspectives, and engage both "cultures" toward 
defining commonalities, including a common language. 
Second, integrated systems require "integrated" develop
ers and users who can accommodate both pavement and 
bridge perspectives in a unified program. 

On the basis of the developments to date, the following 
conclusions may be drawn: 

• Efficient integration requires the existence of a good 
plan prior to the development of the individual systems. 
By providing a common methodological framework, the 
need for later reworking of common elements is reduced. 

• In addition to a unifying system development philos
ophy, a common referencing convention, data base, and 
computerized user interface are the most essential inte
gration elements. 
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Knowledge-Based Systems for Maintenance 

M.S. Snaith, H.T. Tillotson, H.R. Kerali, and A.J. Wilkins, University of 
Birmingham, United Kingdom 

This research aimed at using the predictive capability of a 
network model, HDM-III, to optimize the maintenance 
schedule applied by an aggregated project-oriented maintenance 
management system, BSM. A knowledge-based approach 
was indicated in order to replicate the use of HDM-III by an 
expert so that the parameters used by BSM could be set at ap
propriate levels and so that the works list could be further 
optimized to obtain the best return for the maintenance 
money spent. The knowledge-based approach will facilitate 
the future use of other models. The research resulted in a 
number of modules that fall broadly into three program 
modules while exploiting common knowledge bases. The 
purpose of the modules is explained. Included are results of 
the application of the work to data obtained from the road 
network in Cyprus. 

Researchers at the University of Birmingham have 
been involved in the development and implemen
tation of road management systems in Europe, 

Asia, and Africa. These range from the United Kingdom 
Pavement Management System (UKPMS) currently being 
designed for both central and local authorities of the 
United Kingdom to relatively small but nonetheless im
portant implementations in developing countries. The Re
search Group spent considerable time working on the 
aggregated project system BSM ( 1) and the network 
model HOM-III (2). As a result, the following conclusions 
have been reached: 

1. It is relatively simple to provide aggregated project
level systems that can assess the ongoing requirements of 
individual road sections in an overall network from road 
condition and traffic data. 

2. The cost of remedial work to address the engineer
ing needs of every network examined exceeds the avail
able maintenance budget. 

3. It is possible to set priorities for remedial work us
ing engineering and economic judgment as a proxy for a 
strategic economic analysis. 

4. It is relatively simple to use economic models such 
as HDM-III to set maintenance standards and determine 
a global strategy for maintenance. 

5. It is difficult to set such standards and strategies 
without appropriate models that are truly representative 
of the costs incurred. 

As a result, the group conceived the idea, shown in Fig
ure 1, that an overall management system operates at two 
levels-project and network-approximating engineering 
and economics. It is relatively simple to operate in one do
main or the other, but considerable judgment is required 
to take account of both. It is simplistic to keep all roads at 
a high serviceability level. Similarly, it is not acceptable to 
allow the investment in a road structure to be lost because 
of lack of maintenance on minor roads if those roads have 
sociopolitical importance (3) . What is required, therefore, 
is a tool that first considers both the engineering and the 
economic demands and is then able to present the findings 
to the road manager for further revision. 
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FIGURE 1 Integration of project and network approaches to 
pavement management. 

To that end, the group developed aspects of an intelli
gent knowledge-based system (IKBS) capable of interfac
ing an aggregated project model to a network economic 
model. For the development work the group used the sys
tems to which it has direct access: BSM and HDM-III. The 
group is aware of developments in both models and in
deed has been instrumental in the further development of 
HDM-III. 

AGGREGATED PROJECT-LEVEL SYSTEM 

The system used in this study was BSM. It has been used 
on a wide variety of networks, although the networks al
ways consisted of bitumenized roads. The network is split 
up into political units (e.g., districts in Cyprus); all roads 
are numbered and divided into short homogeneous 
lengths equating the shortest likely length of road to 
which a periodic maintenance treatment would be ap
plied. Every such length is categorized by geometry, road 
condition, and traffic . 

Attached to every section is a set of minimum stan
dards (intervention levels) in which each of a user
definable set of condition parameters may fall. As each 
standard is breached, a remedial treatment is required. 
This treatment selection process may be set up to operate 
in a relatively simple manner (i.e., the minimum standard 
breached for a condition parameter might trigger a single 
treatment) or in a more complex way (i .e., intervention 
levels for a number of condition parameters may trigger a 
combination of treatments). 

The standards may be set in a number of ways. In 
peninsular Malaysia on the National Road System of 
about 28 000 km, the standards were set initially as a 
function of engineering judgment combined with custom 
and practice of the Malaysian Public Works Department. 
In Cyprus on a route network of fewer than 2000 km 
ranging from a major dual carriageway to minor 
mountain roads, the intervention levels were set using 
HDM-III. [Details of this may be found elsewhere (4).] 

In an early implementation in Liaoning Province of 
China, the standards were varied until the remedial work 
suggested by the system matched the allocated periodic 

maintenance budget under the various treatment heads
the budget previously having been specified by the central 
government. Later implementations in China, notably in 
Yunnan Province, used HDM-III in a manner similar to 
that employed in Cyprus. 

Except for the Liaoning Province implementation, all 
others required that work be given priorities because the 
value of remedial work selected for consideration far out
stripped the available maintenance budgets. System BSM 
uses a relatively simple algorithm to put remedial work in 
priority order on the basis of traffic levels (as a proxy for 
economic importance of the road), type of deterioration 
observed, and its extent. [The procedure is fully covered 
elsewhere (5).] 

The system has been extended to permit the engineer to 
group adjacent subsections requiring the same treatment 
into continuous "projects" of a more economic length . 
On instructions from the operating engineer, the system 
can select these "projects" for transmission either to a 
works program or for further economic analysis. 

It is noteworthy that BSM was designed to operate on a 
microcomputer in a free-standing environment not reliant 
on a specific data base. This was deliberate. Although it 
has resulted in a relatively slow operation because of its file 
structure, it has been possible to implement the system 
with a minimum of delay in a wide variety of countries. 
Similarly its structure is relatively transparent to practicing 
highway engineers, who quickly become attuned to its use. 
They are then encouraged to seek appropriate develop
ments of it for their own environment. Particular examples 
of this are China and Malaysia, where quick and easy im
plementations demonstrated the value of management sys
tems and encouraged country-specific developments. 

ECONOMIC MODEL 

HDM-III is the model used by the group to determine in
tervention levels, the setting of priorities, and maintenance 
strategies. The model was developed using relationships 
derived from field experiments conducted in the Carib
bean (6), India (7), Kenya (8), and Brazil (9). It was con
structed in such a way that its relationships may be 
adjusted to suit local observations. Members of the High
ways Group have been involved in the use of HDM-III in 
Europe, Africa, and Asia. In particular, it has been used in 
conjunction with BSM in China and Cyprus. During these 
projects it became clear to the group that there was scope 
for a more formal link between BSM and HDM-III. For ex
ample, it was simple to set intervention levels in BSM once 
HDM-III had been populated with data derived directly 
from the BSM data base. 

Interestingly, the increasing use of and reliance on 
HDM-III also led to the belief that although it was excel-
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lent for the environments for which it was originally in
tended, if the philosophy embodied within it was to re
main credible, other packages would have to be added. 
Those would include indirect user costs, largely associ
ated with the value of time, which become significant with 
higher traffic levels. Nonetheless, HDM-III has proved to 
be a robust tool to use both in the field with live imple
mentations of BSM and as a model in the development of 
the overall management system. 

INTERFACE 

The principal tasks of the aggregated project system are as 
follows: 

1. To act as a data base of road inventory items con
cerned with road maintenance; 

2. To act as a data base of condition surveys conducted 
over a number of years with respect to various surface 
condition elements and indicators of structural condition; 

3. To make an initial treatment selection to ensure that 
each length of road for which there are data is of satisfac
tory serviceability; 

4. To cost all periodic maintenance activities; 
5. To make an initial prioritization of the remedial 

work; 
6. To group subsections of road requiring treatment 

into cost-effective maintenance lengths or projects; 
7. To audit all periodic maintenance activities year by 

year, to ensure satisfactory performance and compliance 
to agreed-upon standards; and 

8. To produce work lists by network, district, or road. 

The principal tasks of the economic model are as follows: 

1. To assist in setting the intervention levels for various 
road types and traffic levels, taking into account progres
sion from the time of survey to the likely time of remedial 
works; 

2. To take initial maintenance projects suggested by 
BSM and determine the net present value (NPV) for each 
project; 

3. To test that the initially selected treatment was the 
optimum economic solution and, if not, to replace it with 
a more appropriate treatment; 

4. On any stretch of road, to optimize the economic 
return by grouping projects of the same or compatible 
works, even if it requires upgrading, or no or lower-level 
treatments on intermediate road lengths; 

5. To recompute the NPV for the resultant aggregated 
projects; and 

6. To supply these data for final priority listing by 
BSM. 

In order to effect these tasks efficiently, a link between 
BSM and HDM-III was required. Originally this was a 
simple program known as LINK, which provided the 
initial maintenance project lengths to HDM-III and re
quested additional data from the user. It was quickly real
ized that this was inefficient in skilled engineer time, a 
commodity not always available in developing countries. 
Hence, an IKBS was constructed. 

The IKBS contains a number of modules, written in 
PROLOG, that fall broadly into three programs known 
as INPUT, LEVEL, and JOIN, as shown in Figure 2. 
INPUT provides IKBS support for a user creating data 
files for HDM-111. It may be used when all the data are to 
be provided by the user, and it is an alternative to the ed
itor supplied as part of the HDM-III package. LEVEL cre
ates data files for HDM-III for links derived from the BSM 
data base. Many of the data are extracted directly from BSM 
files, and the rest are supplied by the user. The knowledge 
base concerning HDM-III data requirements is accessed 
by both INPUT and LEVEL. [Further details may be 
found elsewhere ( 10).) 

As described by Kerali et al. (4), the output from 
HDM-III may be used to set the intervention levels in 
BSM at appropriate values. The LEVEL module applies 
postprocessing to the HDM-III output produced by the 
process previously described to provide values for the ma
trix of intervention levels in BSM for all combinations of 
traffic levels and construction types. The aim is to opti
mize the frequency of application of each maintenance 
treatment. 

JOIN can then take the subsection treatments pro
posed by BSM and seek to join adjacent subsections into 
economic projects. This process may be seen as invoking 
economy of scale whereby it would be cheaper, for exam
ple, to structurally overlay seven adjacent subsections of 
road than to treat separately two blocks of three subsec
tions that really require such treatment, separated by a 
single section that only needs a surface dressing. Figure 3 
illustrates the principle. Treatment 1 is more expensive 
than 2 but is a suitable alternative to 2. If the areas of the 
sections are A, B, and C m2 and the fixed (i.e., project mo-

FIGURE 2 Interrelationships between 
IKBS modules and models BSM and 
HDM-III. 
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B C 

A, B, and Care the areas 
of the sections 

and if the sections were to be joined into a single proj
ect with treatment 1 applied throughout, then the cost 
would be 

It follows that if 

FIGURE 3 Combination of subsection treatments into 

economic projects. 

bilization) costs and variable (i .e. , conventional unit rate 
derived) costs are $F and$ V with appropriate subscripts, 
the cost of applying separate treatments to the three 
sections is 

then it is economic to upgrade the middle section to the 
higher level of treatment. This basic logic is applied itera
tively within a framework of rules that cater for tends of 
road links and allow for further combinations. 

Once JOIN has created a set of projects by grouping 
adjacent subsections, it is necessary to establish priorities 
for these projects. HDM-III can be used to calculate the ($F1 + $V1 ·A)+ ($F2 + $V2 • B) + ($F, + $V, · C) 

TABLE 1 Selection of Treatment Intervention Levels by JOIN 

C.T. 

1 

2 

Notes: 

Traffic Level 

I 2 

Treatment IL NPY/C IL NPY/C IL 

Surface dressi ng 22.40 0. I 6 14.30 0.08 13.00 

Thin overlay 20. 80 ().I 5 29.60 0.10 63.70 

Regulating overlay 0.00 0.15 0.00 0.11 0 .00 

Structural overlay 87.40 0 .05 84.70 0.04 94.90 

Combined 0 16 0.11 

Surface dressing l l . l 0 0.36 17.80 0 .06 0 .00 

Thin overlay 48.20 (Ul 20.80 O.D? 48 .20 

Regulating overlay 0.00 0 39 0.00 0.06 -

Structural overlay JOO 00 0 12 IO(l.00 0.02 -

Combined 0.25 O.D? 

C.T. Construction Type 

IL Intervention Level. 

Surface dressing is Ir iggered hy 111 inor damage (% of road surface 
affected) . 

Thin overlay is triggered by major damage (% of road surface affected). 

Regulating overlay is triggered by percentage of ruts exceeding 20mm. 

Structura l overlay is triggered by major damage (% of road su rface 
affected). All NPY/C figures are per km. 

The process involves tran slation between the tri gger levels modelled in 
HDM -III and the !Ls used in BSM. 

Other traffic levels are prese n1 in the Cyprus ne twork , bu t anal ysis shows 
that at a discount rate of 5% no trc;1t111e11t shows a positive NPY. 

3 

NPV/C 

0.01 

0 .02 

0 .02 

0 .01 

0 .02 

0 .01 

0 .01 

-

-

0.01 
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NPV for each project, and a module of JOIN can create 
the data files to run HDM-III for this purpose. The 
benefit-to-cost ratio for each project is thereby deter
mined, and this may be used to set a priority value for 
each constituent subsection of each project within BSM. 
This enables BSM to produce costed work lists that will 
conform to given budget constraints while ensuring mini
mum total costs. 

EXAMPLE 

Given the amount of data involved, it is difficult to offer 
a brief example that begins to answer the many questions 
that might arise. The process was developed largely as a 
result of work done in Cyprus and China. The work in 
Cyprus used considerable input from engineers for the 
setting of the intervention levels, selection of work, and 

TABLE 2 Treatments to Routes Before and After Effects of JOIN 
Algorithm to Gain Economies of Scale 

Legend: 
A Surface Dressing 
B Patching 
C Thin Overlay 
D Regulating Overlay 
E = Structural Overlay 
H other works 

Route B0003 
Rec 1 to Rec 22 * 
Rec 23 to Rec 66 * 
Rec 67 to Rec 68 H 
Rec 69 to Rec 89 * 
Fixed+ Variable costs 

Total 

Route E0304 
Rec 90 to Rec 133 * 
Fixed+ Variable costs 

Total 

Route E0305 
Rec 134 to Rec 135 D 
Rec 136 to Rec 136 E 
Rec 137 to Rec 139 D 
Rec 140 to Rec 171 * 
Rec 172 to Rec 172 C 
Rec 173 to Rec 180 E 
Rec 181 to Rec 181 D 
Rec 182 to Rec 184 E 
Rec 185 to Rec 186 C 
Rec 187 to Rec 187 B 
Rec 188 to Rec 194 * 
Rec 195 to Rec 199 D 
Rec 200 to Rec 209 * 
Rec 210 to Rec 210 D 
Rec 211 to Rec 214 E 
Rec 215 to Rec 222 * 
Rec 223 to Rec 224 D 
Rec 225 to Rec 232 * 
Fixed+ Variable costs 

Total 

Route E0306 
Rec 233 to Rec 237 * 
Rec 238 to Rec 238 B 
Rec 239 to Rec 242 * 

Fixed+ Variable costs 
Total 

Before 

2000 + 790 
2790 

0 + 0 
0 

-iltJi 

E 
E 
E 

* 
E 
E 
E 
E 

* 
B 

* 
D 

* 
E 
E 

* 
* 
* 

131000 + 113463 
244463 

2000 + 6170 
8170 

After 

2000 + 790 
2790 

0 + 0 
0 

■ 
I 
■ 

57000 + 126090 
183090 

ITJJ 
2000 + 6170 
8170 

(continued on next page) 
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TABLE2 ( continued) 

Route E0307 
Rec 243 to Rec 278 * 
Rec 279 to Rec 280 C 
Rec 281 to Rec 289 * 
Rec 290 to Rec 290 D 
Rec 291 to Rec 299 D 
Rec 300 to Rec 304 * 
Rec 305 to Rec 318 D 

Fixed+ Variable costs 
Total 

Route E0309 
Rec 319 to Rec 329 * 
Rec 330 to Rec 331 C 
Rec 332 to Rec 334 B 
Rec 335 to Rec 336 * 
Rec 337 to Rec 340 * 
Fixed+ Variable costs 

Total 

Route F0310 
Rec 341 to Rec 345 D 

Fixed+ Variable costs 
Total 

Route F0314 
Rec 346 to Rec 365 * 
Rec 366 to Rec 367 D 
Rec 368 to Rec 375 D 
Rec 376 to Rec 379 * 
Rec 380 to Rec 380 * 
Fixed+ Variable costs 

Total 

Route F0315 
Rec 381 to Rec 386 * 
Fixed+ Variable costs 

Total 

District Total 
saving 

34500 + 
89332 

6500 + 
17744 

lltt 
10000 + 
23795 

20000 + 
43856 

0 + 0 
0 

430150 

* 
* 
* 
D 
D 

* 
D 

54832 

* 
* 
B 

* 
* 

11244 

D 

13795 

* 
D 
D 

* 
* 

23856 

I * 

94181 

20000 + 53136 
73136 

2000 + 9132 
11132 

10000 + 13795 
23795 

10000 + 23856 
33856 

0 + 0 
0 

335969 

-=============================-----------------------------------------

(Note that the project formed by the BSM sections marked as records no. 
290 to 299 are of a construction type not modelled by HDM3) 

the setting of priorities. The testing of LEVEL and JOIN 
has so far been based on the Cyprus network. Table 1 
shows the matrix of intervention levels for two types of con
struction and three levels of traffic and four treatments. 
The table also gives the NPV divided by the cost for each 
intervention level. 

The investigation of intervention levels summarized in 
Table 1 required 24 runs of HDM-III, each modeling 10 
alternatives against a base case over a 20-year lifetime. An 
attempt to do this work preparing all the data files manu
ally would present a daunting prospect. 

The rows labeled "Combined" in Table 1 give the 
NPV/cost figure when the intervention levels, which have 
been found to be optimal when applied singly, are applied 
in combination. There is scope for further extension of the 
analysis by using refined ranges of values to find a better 
set of intervention levels. However, it is important not to 
lose sight of the primary purpose of the intervention lev
els, which may be regarded as initial screening. There is lit
tle point in detailed analysis of projects that will receive a 
priority rating such that the budget is fully allocated on 
higher-priority projects. 
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The intervention levels are used by BSM in the process 
of selecting subsections for treatment. These are com
bined into economic projects; Table 2 gives an example of 
the use of JOIN to achieve this. Each subsection is identi
fied by the route and a record number along the route. 
The treatment selected by BSM for each group of subsec
tions is specified along with a diagrammatic representa
tion of those treatments. The effect of the JOIN process is 
shown by the treatment proposed for each group of sub
sections and a diagrammatic representation of the revised 
treatment list . The total budget requirement for each 
route, before and after joining, is also given. 

Table 3 shows the evaluation of the projects proposed 
by JOIN. The analysis required further use of HDM-III 
with the data files being generated by JOIN. 

CONCLUSION 

The concept of the aggregated project-level model operat
ing with a network-level economic model is attractive, 
because it avoids unnecessary oversimplification of eco
nomic or behavioral modeling. The use of IKBS tech
niques in the process outlined also has the advantage of 
allowing the subsequent use of any suitable front-end 
management system, and indeed any suitable economic 
model, by supplying appropriate knowledge bases rather 
than a complete system rewrite . Hence, as advances are 

TABLE 3 NPV/Cost Ratio for Each Joined Project 
Detailed in Table 2 

Project Treat- No . o f Construe- Traffic Rough- NPY/C 

ment Sections ti on Type· Type ness 

(mm/km) 

l E 2 I 3 4750 13.70 

2 E I I 3 3200 14.10 

3 B I I 3 3400 0.00 

4 D 5 I 3 4800 20.83 

5 E I I 3 5500 18.75 

6 B I 2 3 2450 0.00 

7 D 14 2 3 4755 26.90 

8 B 3 2 3 2959 0.00 

9 D 5 I 4 4550 3.57 

10 D 2 I 3 4350 21.67 

made in either or both, they may be used through the 
IKBS modules that have been developed and through their 
future derivatives. 

It is envisaged, for example, that the current work of the 
Birmingham group will provide an enhanced project-level 
structural diagnostics procedure (again based on an IKBS) 
that will feed into the aggregated project-level system. 
Also, as noted previously, work is under way in associa
tion with the Asian Development Bank, the Overseas 
Development Administration, the Swedish National Road 
Administration, the World Bank, Malaysian Public Works 
Department, and others to further enhance the existing 
capabilities of the HDM-III procedures to enable a truly 
universal economic model to be available. 

Thus, the work outlined in this paper serves a number 
of purposes. It provides a methodology for use today by 
practicing road engineers and at the same time it enables 
further enhancements to be incorporated. 
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Total Cost Rehabilitation Design Method 
for Use in Pavement Management 

Alex T. Visser, University of Pretoria, South Africa 
Cesar Queiroz, World Bank 
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The deteriorating condition of paved road networks and the 
limited resources available for rehabilitating these roads are 
challenging highway administrators and managers in both 
developing and developed countries. Research conducted in 
Brazil allowed the development of performance prediction 
models for pavement roughness, raveling, potholing, rutting, 
and cracking as a function of significant variables that define 
pavement structure, environment, and traffic loads. These 
models were incorporated into a microcomputer program 
that generates alternative rehabilitation strategies, predicts 
the performance of each strategy that meets the allowable 
criteria, and produces a set of the five best feasible strategies 
according to the predicted total cost. Presentation of the 
analysis package and demonstration of its application are 
achieved by discussion of the background, rationale, and 
summary of the performance models; a brief review of the 
structure of the package; and presentation of a case study. 
This method of analysis can be used as a project-level pave
ment management tool compatible with the needs of low- to 
medium-volume road links in tropical and subtropical envi
ronments or for evaluating a network of roads requiring re
habilitation. For applications at the network level, a key 
feature is its full compatibility with the Expenditure Budget
ing Model (EBM), which means that its output can be used 
as input to EBM to address the budgetary-constraint problem. 

H ighway administrators and managers are faced 
with increasing challenges to keep the paved road 
networks in serviceable condition despite shrink-

ing resources. This situation occurs not only in develop
ing countries but worldwide. Deferred maintenance is be
coming a regular option despite a lack of information 
about the economics of such actions. 

A long-term pavement monitoring program conducted 
in Brazil between 1975 and 1985 allowed the development 
of performance prediction models for as-constructed and 
rehabilitated pavements. The models, developed through 
multiple regression techniques and probabilistic time fail 
ure analysis, can be used to predict pavement roughness, 
raveling, potholing, rutting, and cracking as a function of 
significant variables that define pavement structure, envi
ronment, and traffic loads. These models were used to 
develop a design method that selects the optimal rehabili
tation strategy over a defined analysis period. The design 
approach has been implemented as a microcomputer pro
gram that generates alternative strategies, predicts the per
formance of each strategy that meets the allowable 
criteria, and produces a set of the five best feasible strate
gies according to the predicted total cost. In this paper 
total cost includes rehabilitation and routine maintenance 
as well as road user costs. 

This method of analysis can be used as a project-level 
pavement management tool compatible with the needs of 
low- to medium-volume road links in tropical and sub
tropical environments. Existing road investment analysis 
packages (e.g., HDM-III, RTIM2) have large data re
quirements and are cumbersome to operate. This method 
is devoted only to the problem of optimally allocating Jim-
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ited resources to asphalt pavement rehabilitation, and 
thus it is easy to use. The main value of this procedure is 
that it considers the do-nothing option and compares al
ternative treatments with that option. 

This paper presents the analysis package and demon
strates its application, briefly reviewing the structure, 
background, rationale, and summary of the performance 
models, and then presenting a case study. 

STRUCTURE OF DESIGN METHOD 

Figure 1 shows a flow diagram of the structur'e of the 
method. Usually a backlog of rehabilitation needs exists, 
and initially only those roads that have reached a warning 
or terminal condition would be included in the analysis. 
The design method is not restricted to these roads, be
cause certain sections in good condition at the time of the 
analysis may require attention during the review period of 
5 to 10 years. Information on three properties-traffic, 
structural characteristics, and condition-used to run the 
design method is required for each road. These require
ments are discussed in the following section. 

After the input information has been prepared, the cost 
and condition streams for the do-nothing and the rehabil
itation options are calculated. The five most cost-effective 
rehabilitation options are presented for each road and are 
saved on a file for further use in the Expenditure Budget
ing Model (EBM) (1). After evaluation of all the roads 
that require attention, the EBM is run to determine the ef
fect of budget constraints. The final step in the process is 
to list the selected options for a given budget. 

NO 

Last road? 

YES 

Run the Expenditure Budgeting 
Model to evaluate budget 

constraints 

Define network of roads that 
require attention 

For each road define traffic, 
structural characteristics and 

condition 

Determine the future 
condition and cost for the 

do-nothing case 

Determine the five most 
cost effective rehabilitation 

options 

List the most economic options for the given 
budget 

FIGURE 1 Flow diagram of the analysis procedure. 

BACKGROUND OF DESIGN METHOD 

In this paper the principles of the method are developed, 
and its feasibility is demonstrated. The actual models that 
are used can be those applicable to a specific environment; 
the Brazilian models used in this paper are purely for il
lustration. Queiroz et al. (2) presented the models, which 
were one set developed from the research carried out dur
ing the United Nations Development Program's Brazilian 
study and subsequent continuation between 197 5 and 
1985. Another set are those used in HDM-III (3). 

The scope of this rehabilitation design method encom
passes slurry seals, single- and double-surface treatments, 
and asphalt concrete overlays. Only feasible treatments 
are considered for each road. An advantage of the method · 
is that it can be used to predict both the required mainte
nance of pavements being designed and, by considering 
the existing condition, the maintenance of those that have 
already deteriorated. (This is because the performance 
models were developed from field observations of pave
ments that exhibited a range of conditions and received a 
variety of treatments.) 

The experimental sections used to develop the perfor
mance models are representative of unbound, granular
base flexible pavements located in a tropical to 
subtropical climate. Rainfall at the sections ranged from 
1200 to 1700 mm/year. The sections were trafficked by 
between 500 and 5,000 vehicles/day, of which between 20 
and 60 percent were heavy vehicles. 

The models that are incorporated into the rehabilita
tion method are limited to the prediction of pavement 
condition in terms of roughness, cracking, and raveling. 
Cracking is considered to include the occurrence of pot
holes and subsequent patching. Rut depths were consis
tently small on the experimental sections during the 
observation period and were not considered a significant 
design criterion for this method. This imposes a limitation 
on the applicability of the model, because it cannot apply 
to materials that are prone to rutting. Furthermore, the 
models were developed on pavements that performed rea
sonably well in practice, so they cannot be used on pave
ments with deficient materials or compaction. 

Each condition variable is associated with several mod
els, as shown in Table 1. These models provide the ability 
to predict the initiation of cracking and raveling and the 
progression of all condition variables before and after a re
habilitation treatment. The improvement in roughness 
achieved by an overlay is also modeled. In the method, 
slurry seals and surface treatments do not improve rough
ness, as is well known. 

The Benkelman beam deflection was found to be a 
highly significant independent variable for predicting 
roughness and the cracking of overlays. Changes in de
flection as a result of an overlay are therefore important 
and are modelled. The following prediction model for
mats were used: 
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TABLE 1 Performance Prediction Model Types 
Condition Nature of Model Surfacing Type• 

Roughness Progression 
Improvement due 
to treatment 

Cracking Initiation 
Progression 
Progression 
Initiation/ 

EP, OL, SST, DST, SS 

OL 

OL, SS 
EPb 
OL 

progression SS 

Ravelling Initiation 
Progression 

EP", SST, DST 
El", SST, DST 

•EP = existing pavement, either surface treatment or asphalt concrete; 
OL = asphalt concrete overlay; SST = single surface treatment; DST = 
double surface treatment; and SS = slurry seal. 
bOnly if it is an existing asphalt concrete surfacing. 
'Only if it is an existing surface treatment. 

• Roughness = ([surfacing age, cumulative equivalent 
single-axle loads (ESALs), corrected structural number, 
Benkelman beam deflection]. 

• Roughness after asphalt concrete (AC) overlay = 
f (roughness before overlay, overlay thickness). 

• Crack progression of existing pavement = ((age, 
Benkelman beam deflection, cumulative ESALs). 

• Crack progression of AC overlaid pavement = as for 
existing pavement and ((AC thickness) . 

• Crack initiation of AC overlaid pavement = ((crack
ing before overlay, AC thickness, deflection after overlay, 
ESALs after overlay). 

• Cracking of reseals = ((new surfacing age, deflec
tion, cracking before treatment). 

• Raveling of seals = ((average annual ESALs, age of 
surfacing). 

• Deflection after AC overlay = ((deflection before 
overlay, AC overlay thickness). 

Most pavement rehabilitation design methods use only 
the road authority costs to determine the feasible treat
ment solutions. Particularly in the case of holding-action 
treatments, the potential impact of road user costs on the 
national economy should not be neglected. In this reha
bilitation methodology, vehicle operating costs (VOCs) 
are included, because it is well known that rough roads 
increase road user costs. The selection of the optimum 
alternatives for each road is based on minimizing the total 
costs, which comprise the sum of rehabilitation costs 
and VOCs. 

Pavement Performance Prediction Models 

The prediction models used in the package are presented 
here, although any set of models could be used. 

Roughness Models 

In this paper, roughness is considered in terms of the 
quarter-car index (QI), which is a standard roughness 
summary statistic that can readily be calculated from sur
face profile measurements (e.g., using the rod-and-level 
procedure or some other profilometry technique) and also 
yields strong correlations with the output of response
type roughness instruments (4). As indicated in Table 1, two 
types of roughness models were incorporated. (All terms 
used in these and subsequent models are defined in the 
list of symbols, abbreviations, and units at the end of this 
paper.) 

The roughness progression for both original and reha
bilitated pavements was adapted from a study by Queiroz 
(5) . This model expresses QI as a continuous function of 
age, traffic, structural variables, and initial roughness . 

QI= 0.373A + 8.66logN/SNC 
+ 0.0000707(B · logN)2 

- DQI (1) 

In the case of an asphalt concrete overlay, the structural 
capacity is upgraded, in which case SNC = SNCa, and 
B = Ba, which was estimated by use of the deflection pre
diction model discussed in a later section. 

The term DQI is a constant offset term to ensure that 
the predicted QI value at age A is equal to the roughness 
measured at age A in the case of an existing pavement or 
is equal to the predicted QI after overlay (QIIA) in the 
case of rehabilitation by AC overlay. The value QIIA is es
timated by use of Equation 3. 

Because the QI model (Equation 1) is logarithmic in 
nature, it is not reliable for pavement or overlay ages and 
accumulated traffic close to zero. Consequently, the fol
lowing transformation is used to yield more realistic QI 
trends at early ages: 
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A' = (2/3)A + 0.5 
A"=A 

(if A< 1.5) 
(if A> 1.5) (2) 

Roughness immediately after an AC overlay is expressed 
as a function of existing roughness and overlay thickness: 

QIIA = 19 + (Qib - 19)/(0.602H + 1) (3) 

As was noted earlier, the QIIA value is used to determine 
a new DQI offset for Equation 1 for continuing prediction 
of the roughness progression of the overlay. 

Cracking Models 

In the context of this design method, cracking values 
(measured as a percentage of total pavement area) repre
sent the occurrence of Class 2 cracking or worse (i.e., a crack 
width greater than 1 mm) and include the presence of pot
holes and patching. Four cracking models are used to pre
dict the age at which cracking first appears and the rate of 
progression of a cracked area of an existing asphalt con
crete pavement, an AC overlaid pavement, and a slurry
seal-treated pavement. In this method cracking is assumed 
to be the primary distress determinant for pavements with 
asphalt concrete or slurry seal surfaces but not for single
and double-surface treatments. 

The cracking progression for an existing asphalt con
crete pavement is as follows (6): 

CR= B · logN(0.0456 + 0.00501A) - 18.53 - DCR (4) 

The term DCR is a constant offset term calculated so that 
cracking values conform to the defined extent of cracking 
at the start of the analysis period. If the existing pavement 
has no cracks, it is assumed that it will begin to crack at 
the start of the analysis period. 

Cracking initiation for an AC overlaid pavement is ex
pressed as a function of cracking in the existing pavement 
before overlay, thickness of overlay, surface deflection af
ter overlay, and traffic since overlay: 

AICR = (212.8 - 0.917 CRb) (H° 681
)/ 

{[(Ba - 19.45)AANc°336
] + 0.01} (5) 

Because this expression includes the term AANC, it must 
be evaluated iteratively for nonzero traffic growth rates. A 
minimum limit of Ba, the Benkelman beam deflection af
ter overlay, of 20 is assumed. 

The cracking progression model for an AC-overlaid 
pavement has a form similar to, and is related to, the pro
gression model for an existing AC pavement, with the ad
dition of the overlay thickness term: 

CR= Ba· logN(2.257 + 0.248A) · H-1.806
) - DCR (6) 

In this case the DCR offset term is calculated to ensure 
that predicted cracking progresses from zero after age A 
equals AICR. As in the case of the roughness prediction 
model, the age transformation given in Equation 2 is used 
when AICR is less than 1.5 to avoid inaccuracy of the log
arithmic model at early ages. 

Cracking initiation and progression of a pavement that 
was rehabilitated with a slurry seal surface is expressed as 
a function of deflection and cracking before treatment 
and of age since the slurry seal application ( 7): 

CR= (0.219B + 1.43CRb) · Y (7) 

where Y = A - (10/CRb) for Y > 0, otherwise Y = 0. 

Raveling Models 

Cracks on surface-treated pavements are often difficult to 
identify because of the open texture. The alternative ap
proach, which is used in this design method, is to quantify 
distress of surface treatments in terms of the amount of 
raveling caused by traffic and environmental effects. As 
with cracking, separate models are used to predict the on
set of raveling of either an existing or a new surface treat
ment and to predict the progression of raveling. 

The initiation of raveling in a surface treatment is ex
pressed as the surface treatment age at the onset of ravel
ing as a function of surfacing quality and average annual 
heavy traffic: 

In AIR= 2.465 - 0.45 CF - 0.189 AAHV (9) 

where 

AAHV = 0.00001327N/A (10) 

Equation 10 was developed from a study of the relative dis
tribution of heavy-vehicle axle groups (single, double, and 
triple) that prevail in Brazil. 

The progression of the extent of raveling is expressed 
as a function of average annual heavy traffic, age, and age 
of onset of raveling: 

RA= (2.226AAHV + 16.6) · (A - AIR) 

Surface Defiection Model 

(11) 

Another model that was developed from the data base of 
experimental overlay sections has been incorporated to 
predict surface deflection after an overlay as a function of 
average deflection before the overlay and overlay thick
ness. The field data suggest that deflection after the 
overlay decreases gradually over a 1- to 2-year period fol
lowing placement of the overlay and finally reaches a 
"stabilized" value, which is denoted Ba. 

Ba = B11 - o.0687H)041 SJ (12) 
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The design method assumes that the surface deflection B 
for any pavement configuration remains constant 
throughout its service life until it is adjusted by the addi
tion of an AC overlay. No reduction in deflection is at
tributed to slurry seals or surface treatments that were 
used as rehabilitation measures. 

VOC Models 

The road user prediction models were developed during the 
Brazilian study from road user surveys and fuel consump
tion experiments. These models [reported by Wyatt et al. 
(6), Harrison and Swait (7), and Chesher et al. (8)] were 
used because they were simple to apply but covered the 
important road condition aspects. 

Some adjustments were made to reflect current vehi
cles. For example, the fuel consumption of the articulated 
vehicle was almost 50 percent higher than is found in 
practice, and a new model was developed from a vehicle 
simulation program. In all cases voes were related to 
road roughness. In addition, vehicle utilization was ad
justed to reflect conditions more representative of devel
oping countries than were found in Brazil. 

Five vehicle types were used, namely, a medium passen
ger car/pickup, a bus, a medium two-axle truck, a heavy 
three-axle truck, and an articulated truck. voe includes 
the following, which are influenced by road condition: 

• Depreciation and interest cost, 
• Fuel consumption cost, 
• Tire cost, and 
• Parts and maintenance cost. 
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PAVEMENT PERFORMANCE OUTPUTS 

The package has the capability of producing pavement 
performance results in terms of roughness, cracking, and 
raveling for the existing pavement as well as for the reha
bilitated section. Figures 2 and 3 give such results for a 
typical pavement, ROAD2, whose properties are shown in 
Table 2. Intervention levels depend on user-defined values, 
or the most economic situation may be determined by it
eration. Invariably a road authority would specify a ter
minal roughness condition based on user perceptions. 

APPLICATION TO SMALL NETWORK 

To demonstrate the value of this method, a small network 
consisting of three roads was used. These sections could 
be different roads or different sections on the same route. 
One of the options is the do-nothing condition in which 
the only maintenance would be a reseal after the total area 
had cracked or raveled. 

The network consists of roads in varying stages of de
terioration, as shown in Table 3. This means that the 
roads would require different rehabilitation actions at dif
ferent times. The variety of actions will further assist in 
demonstrating the value of the design method. 
When the do-nothing option is seen, no condition limits 
are specified except that the maximum extent of cracking 
or raveling is 100 percent, and a resealing action is pro
grammed. In addition, the five least-costly alternatives 
over an analysis period (usually 10 years) are calculated, 
together with the predicted annual condition. This would 
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AGE OF ROAD (YEARS) 

I ~ EXISTING + REHABILITATED I 

FIGURE 2 Roughness for the do-nothing and rehabilitated ROAD 2. 
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FIGURE 3 Cracking for the do-nothing and rehabilitated ROAD 2. 

TABLE 2 Input Information for ROAD 2 TABLE 3 Summary of the Road Characteristics 

I. Existing data 
Identification of subtitle 
Condition survey date (MM / YY) 
Type of existing surface 
Length of homogeneous subsection 
Structural number corrected 
Quarter car Index Roughness 
Percentage class 2 and above cracking 
Percentage ravelling 
Benkelman beam deflection 
Age of existing pavement 
Pavement width 

Asphalt 

ROAD2 
03/93 

Concrete Overlay 
(km) 

(QI) 
(%) 
(%) 
(.01 mm) 
(years) 
(m) 

1.00 
4.00 

40.0 
40 
0 

70 
12 
7.0 

2. Traffic data 

3. 

4. 

5. 

500000 Initi al yearly ES0's 
E80's Growth rate (%/year) 1.00 

Unit costs 
Date of valuat ion of prices (MM / YY) 
Slurry seal 
Single surface treatment 
Double surface treatment 
Asphalt concrete overlay 

Overlay surface characteristics 

($ / square m) 
($ / square m) 
($/square m) 
($/cubic m) 

Double surface treatment thickness (cm) 
Double surface treatment st ru ctural coefft (/cm) 
Asphal t concrete minimum thickness (cm) 
Asphalt concrete maximum thickness at one time (cm) 
Asphalt concrete max rehabilitation thickness (cm) 
Asphalt concrete structural coefficient (/cm) 

Constraints 
Maximum permissible roughness 
Maximum percentage of cracking 
Maximum percentage of ravel ling 
Analysis period 
Minimum time hetween overlays 
Maximum number or overlays within analysis period 

(QI) 
(%) 
(%) 
(years) 
(years) 

03/93 
1.90 
3.63 
5.46 

530.00 

2.0 
0.04 
3.0 
4.0 

12.0 
0.17 

40 
40 
50 
10 
5 
2 

6. Construction costs 
Maximum initial construction costs 
Maximum persent value of future costs 
Average discount rate 

($/km) 
($/ km) 
(%/year) 

300000.00 
200000.00 

8 

Forming the Network 

Road Age Current condition 
Number years Roughness Extent of 

(Q I) cracking (%) 

Road2 12 40 40 
Road4 6 40 10 
Road5 20 50 20 

TABLE 4 Output for ROAD 2 

30 physically feasible alternatives examined 
30 economically feasible alternatives found 
5 least cost alternatives selected 

EBO/year Corrected 
struct no 

500 000 4.0 
600 000 4.0 
200 000 3.0 

REHABILITATION ALTERNATIVES VERSUS TOTAL COST 

No TOTAL COST 
($/km) 

REHAB. OPTION 

1 )0248 ASPHALT CONCRETE (h = 3.0 cm) 
SINGLE SURFACE TREATMENT 

2 117102 ASPHALT CONCRETE (h = 3.3 cm) 
SINGLE SURFACE TREATMENT 

3 117723 ASPHALT CONCRETE (h = 3.0 cm) 
DOUBLE SURFACE TREATMENT 

4 124023 ASPHALT CONCRETE (h = 3.3 cm) 
DOUBLE SURFACE TREATMENT 

5 124535 ASPHALT CONCRETE (h = 3.5 cm) 
SINGLE SURFACE TREATMENT 

DATE 

1995 
2000 

1995 
2001 

1995 
2000 

1995 
2001 

1995 
2001 

COST 
($/km) 

95422 
14826 

103374 
13728 

95422 
22301 

103374 
20649 

111325 
13210 

The performance models for single surface treatment were obtained from limited 
experimental evidence. It is recommended that a double surface treatment be used 
instead of a single, until more evidence is available to evaluate the models used. 
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result in the lowest road authority outlay. An example of 
such an output is shown in Table 4. 

Once the information on condition, particularly road 
roughness, is available, the resultant voe can be calcu
lated. This information is also required to determine eco
nomic optimality. 

For the preparation of the input for the EBM, the user 
benefits of the rehabilitation are required. These are ob
tained by first calculating the voes on the road without 
rehabilitation and subtracting the voes for the five reha
bilitation alternatives. The savings of any reseals in the 
do-nothing case are also included as benefits and are 
added to the user benefits in the appropriate year. The 
costs are those incurred for the different rehabilitation ac
tions. To evaluate the do-nothing case as an alternative, no 
user benefits or costs are assumed. By including this alter
native, the do-nothing option is selected when the avail
able budget is less than the total needs. 

In the EBM the net present value of the selected alter
natives is calculated. A zero discount rate is used, because 
the cost and benefit streams used as input are already dis
counted. For the case when available funds are less than 
the needs, the do-nothing alternative is selected for the 
least-effective option as reflected by the ratio of net pres
ent value to costs. Table 5 shows the EBM outputs for an 
unlimited budget and for a restricted one. In the first case 
a rehabilitation alternative was selected for every road, 
but for the second case the base or do-nothing alternative 
was selected for ROAD2. 

TABLE 5 Outputs from Optimization with EBM ($106
) 

No budget constraint, optimal level 0.28 

PROJECT 

ROA2 
ROA4 
ROA5 

ALT PREDETNED 

SELECTED CHOICES 

ALT! 
ALT! 
ALT! 

TOTAL NPV = 4.02 AT 
TOTAL NPV/ COST = 14.500 

Budget constraint of 0.20, optimal level 0.17 

PROJECT ALT PREDETNED 

SELECTED CHOICES 

ROA2 BASE 
ROA4 ALT! 
ROA5 ALT! 

TOTAL NPV = 3.45 AT 
TOTAL NPV / COST = 20.634 

NET PRESENT R A T I 0 
OF 

VALUE NPV/ 
COST 

.572 5.192 

.361 6.236 
3.091 28.246 

.0% DISCOUNT 

NET PRESENT R A T I 0 
OF 

VALUE NPV/ 
COST 

.000 .000 

.361 6.236 
3.091 28.246 

.0% DISCOUNT 

In the voe models that were used, it was assumed that 
there would be no user benefits from a roughness less than 
40 QI or better than a present serviceability index of 2.5. 
All rehabilitation strategies that provide a quality better 
than this threshold roughness would have the same user 
benefits, and the road authority's least-cost option would 
always be selected. However, where funds are severely re
stricted, intervention levels may result in a road roughness 
in excess of the threshold value, and in such cases user 
benefits play an important role in determining the most 
economic option. 

DISCUSSION OF RESULTS 

The design method was demonstrated on a limited net
work where the salient features were presented. It was 
used as a stand-alone option in which information for the 
different roads was input into the special program. In this 
format it is handy to evaluate roads within a small net
work either at the project level, in which a road may con
sist of a number of different homogeneous sections, or at 
the design stage, in which rehabilitation requirements 
during the life of a pavement have to be evaluated. 

This design method can also be incorporated into a for
mal pavement management system, in which it uses the 
information on the data base directly. All the roads on the 
network can be evaluated, but only those roads that reach 
an intervention level would appear on the analysis out
puts. The main benefit of this method is the inclusion of 
road user benefits instead of simply taking into account 
the authority costs. Using this type of evaluation also en
sures that engineers have the necessary information to jus
tify rehabilitation expenditures. 

CONCLUSIONS AND RECOMMENDATIONS 

The aim of this paper was to demonstrate an analysis pro
cedure that considers the sum of user and road authority 
costs in deciding on rehabilitation alternatives. A range 
of rehabilitation options, which include asphalt con
crete overlays, surface treatments, and slurry seals, is 
evaluated. This method was demonstrated on a limited 
network, but the method is equally suitable for incor
poration into a formal pavement management system. 
The advantage of the method is that it evaluates the do
nothing option, which is becoming a frequent alternative 
in light of dwindling resources in many parts of the world. 
The cost implications are also given; those could then be 
used to motivate additional allocations. It is recom
mended that the proposed method be incorporated into 
existing pavement management systems for planning fu
ture rehabilitation programs. 
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SYMBOLS, ABBREVIATIONS, AND UNITS 
USED IN MODELS 

QI = quarter-car index, or prediction of rough
ness (counts/km) 

A = age of pavement since original construction 
or since subsequent AC overlay or slurry 
seal (years) 

N = cumulative number of applications or equiv
alent standard (8.2-ton) axle loads, corre
sponding to age A 

SNC = modified structural number for the existing 
pavement 

B = Benkelman beam maximum deflection for 
the existing pavement (0 .01 mm) 

DQI = initial QI offset term, calculated at the start 
of the analysis period or after an overlay 

SNCa = modified structural number for a pavement 
with an AC overlay 

Ba = equilibrium Benkelman beam deflection 
after an AC overlay (0.01 mm) 

QIIA = predicted QI immediately after an AC 
overlay 

Qlb = QI value immediately before an overlay 
H = overlay thickness (cm) 

CR = predicted extent of Class 2 or worse cracking 
at age A for a pavement with AC surface 
(original or overlaid) or slurry seal surface 
(percentage of pavement surface area) 

DCR = cracking offset term calculated to ensure 
that predicted cracking conforms with the 
initial value at the start of analysis or to en
sure that CR equals 0 before the onset of 
cracking 

AICR = age since the last overlay when cracks first 
appeared (years) 

CRb = extent of cracking before overlay or slurry 
seal (percentage of area) 

AANC = average annual traffic in the period between 
overlaying and appearance of the first crack 
(ESAL/year) 

AIR = age of surface treatment when raveling 
appeared (years) 

CF = construction quality indicator for surface 
treatments; here it is assumed that CF 
equals 1 for a single-surface treatment; CF 
equals 0 for a double-surface treatment 

AAHV = average annual heavy-vehicle traffic in the 
period between surface treatment and onset 
of raveling (100,000 ESAL/year) 

RA = predicted extent of raveling at age A for a 
surface-treated pavement {percentage of sur
face area) 
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Pavement Deterioration Modeling in India 

V. K. Sood, B. M. Sharma, P. K. Kanchan, and K. Sitaramanjaneyulu, 
Central Road Research Institute, India 

The large and ever-increasing investment demands for the 
upkeep and for ensuring the desired level of serviceability of 
road infrastructure facilities that were created at great cost have 
concerned administrators, policy makers, and highway pro
fessionals in India, and caused them to seek appropriate 
solutions, in view of resource constraints, for road maintenance 
and rehabilitation problems. The development of a pave
ment management system for different conditions prevailing 
in the country is a step in this direction. A number of studies 
have been completed for achieving this objective, and a long
range project entitled the Pavement Performance Study (PPS) 
is in progress; its goal is to develop data for a total trans
portation cost model for Indian conditions. The part of the 
PPS project on Existing Pavement Sections was completed 
recently, and pavement deterioration models have been de
veloped. Separate models are available for estimation of dif
ferent modes of distress for different types of surfaces. The study 
plans and the models developed under the study are pre
sented, their limitations are described, and future work plans 
are discussed. The influence of pavement structure, traffic, 
and environmental factors on the progression of cracks and 
roughness is illustrated. 

A n efficient and adequate transportation system is 
one of the key indicators of a nation's prosperity, 
its developmental status, and overall economic 

growth. India, being the second most populous and the 
tenth-largest industrialized country in the world, has an 

extensive road transportation system. The roads pass 
through areas with extreme climatic conditions-from 
heavy rainfall to desert conditions; diverse terrains
from plains to extremely high mountain peaks; and vary
ing soil subgrades-rocky and gravelly to marshy land. 
Over the past four decades, the share of total rail and road 
traffic carrying passengers and goods has gradually in
creased from about 24 percent and 11 percent, respec
tively, in 1951 to about 80 percent and 58 percent, 
respectively, in 1990. Road length has increased corre
spondingly, from 0.4 million km in 1951 to 2 million km, 
giving a road density of 59 km/100 km2

• Because of fast 
and ever-increasing industrial, commercial, and other 
socioeconomic development activities, the road transport 
vehicle population, particularly vehicles carrying goods, 
has also increased phenomenally during this period. 

Efforts are under way in India to develop rational 
pavement design procedures that are based on mechanis
tic principles (critical strain criteria) to replace current 
pavement design methods, such as the California bearing 
ratio (CBR), which are based on an empirical approach. 
Construction in stages is currently in vogue because of the 
paucity of resources. Manual construction methods, used 
for many years, are gradually being replaced by mecha
nized methods, especially for the arterial road network 
and high-density corridors. The engineer's judgment and 
experience are relied upon heavily in decision making for 
maintenance and rehabilitation (M&R) of the road network. 
Ad hoc M&R norms are established for assessing mainte-
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nance budgets; such norms are not based on scientific or 
systematic studies undertaken for the purpose. 

Because of economies in road transportation, over
loading by truck operators is common. The majority of 
the arterial road system experiences overloading, as much 
as 18- to 20-tonne axle loads versus the permissible legal 
limit of 10.2 tonnes. The existing road network has 
shown signs of premature distress because of the unex
pected demands of growing traffic volume and heavier 
axle loads. The network has fallen short of its structural 
capacity and hence it is greatly overstrained. The funds al
located for road development programs have been de
creasing constantly over the years as a percentage of the 
gross national product (GNP). The majority of allocated 
funds are utilized for providing M&R measures to the 
existing network rather than for new construction. The 
funds being provided for the arterial road network are on 
the order of 50 to 60 percent of the amount needed. 

On the basis of recent studies, it has been determined 
that 3 km of every 5 km (1) of the arterial road network 
(national highways and state highways) is below required 
standards and needs upgrading. The studies also indicate 
that the country is losing about Rs 60 billion (U.S. $2 bil
lion) per year in additional vehicle operation costs be
cause of poor road conditions. A Road User Cost Study in 
India completed in the early 1980s and updated recently 
has successfully brought out the road user cost models 
(vehicle operating costs, accident costs, travel time costs, 
etc.) under varying traffic, roadway, and climatic condi
tions. It has been estimated that about Rs 600 billion (U.S. 
$20 billion) would be needed up to the year 2000 for im
proving and upgrading the national highways (2). 

NEED FOR PAVEMENT DETERIORATION 
MODELING IN INDIA 

The concept of total transportation cost/life-cycle cost 
and the application of pavement management techniques 
have been recognized in India recently as versatile tools 
for tackling road maintenance and rehabilitation prob
lems to achieve efficient and effective utilization of mea
gre available resources. Some studies have already been 
completed and others are in progress. The results are be
ing used for developing a suitable pavement maintenance 
management system for Indian conditions (3). 

Pavement performance data are required for the devel
opment of appropriate pavement deterioration models. A 
number of studies have been conducted to achieve this ob
jective. Most of the studies, such as the AASHO Road 
Test, and the Kenya and Brazil studies, were completed 
for local conditions. The World Bank model, HDM-III 
(4), was developed on the basis of data from studies on 
Kenya, Brazil, and the Caribbean. It is currently finding 
global application after being calibrated for local conditions. 

Some studies were also conducted in India recently. Dur
ing the mid-1980s, the Central Road Research Institute 
completed a short-term study on development of riding
quality models for purposes of maintenance accounta
bility (5). But the analysis was based on two series of 
observations and because there was no in-depth charac
terization of materials in the laboratory, the predictions 
were useful only as a rough tool for planning. The University 
of Roorkee developed models for predicting the life of an 
overlay (6). These models are based on performance data 
from overlaid flexible pavements for the period 1980 to 
1990. The models indicate that there is an exponential 
variation of characteristic deflection, rut depth, crack 
length, and maintenance cost with time. In addition to the 
models for individual distress modes and soil types, a gen
eral model was also developed for considering the data for 
all of the test sections; it predicts the life of overlays of dif
ferent materials and thicknesses. 

Because of a lack of adequate data to generate com
prehensive deterioration models and to cover a variety of 
parameters, a long-term study sponsored by the Indian 
Ministry of Surface Transport was initiated in 1985. The 
details of the study and the models developed are de
scribed in this paper. 

PAVEMENT PERFORMANCE STUDY 

Broad Objectives 

The Pavement Performance Study, a sequel to the already
completed Road User Cost Study, was undertaken for the 
primary purpose of developing data for a total trans
portation cost model through the following: 

1. Development of pavement performance data for 
pavement materials normally used in the country; 

2. On the basis of performance data, development of 
layer equivalencies, as feasible; 

3. Conduct of limited studies of the effect of the main
tenance level on pavement performance; and 

4. Generation of data on the construction and mainte
nance inputs of different pavements. 

The study comprised two parts: 

1. The study on Existing Pavement Sections (EPS), 
conducted on in-service road sections for expeditious 
development of approximate pavement deterioration 
models; and 

2. The study on New Pavement Sections (NPS), to be 
conducted on specially designed and constructed experi
mental sections on in-service highways. NPS will provide 
more accurate data generation, refinement of models de
veloped under the study on Existing Pavement Sections, 
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and detailed coverage of parameters over a period of 
about 10 years. This part of study, sti ll in its initial stage, 
is scheduled for completion by the year 2000. 

Study on Existing Pavement Sections 

A total of 113 test sections, each 500 m long, on the 
existing highways were selected for collecting periodic 
pavement performance data over a period ranging from 
3 to 5 years. The parameters included in the study are as 
follows: 

1. Pavement state 
Original construction 
Overlaid < 5 years 
Overlaid > 5 years 

2. Traffic 
Medium: 0.4 million-0.8 million equivalent stan
dard axles (MESA)/lane/year [600 to 1,200 com
mercial vehicles per day (CVPD)] 
High: >1.0 MESA/lane/year (> 1,500 CVPD) 

3. Climate 
Dry/semiarid (rainfall <500 mm/year) 
Moist/subhumid (rainfall > 500 mm/year) 

4. Pavement condition 
Good (no distress) 
Fair/poor (>10% distress) 

5. Pavement surfacings 
Premix carpet with seal coat 
Asphalt concrete 
Semidense carpet 

6. Maintenance 
Deferred level 
Normal level 
Higher than normal level 

Field Investigations and Performance Monitoring 

Six series of periodic performance observations, at 
6-month intervals, were made on 40 sections, and 10 
series of observations were made on 73 sections, for a 
total of 113 test sections. The periodic observations and 
measurements taken included the following: 

• Roughness (fifth-wheel bump integrator), 
• Deflection (Benkelman beam), 
• Pavement surface distress (actual measurements of 

various modes of distress), 
• Subgrade moisture content, 
• Traffic volume (72-hr count), 
• Axle load survey (annually, random sampling for 

72 hr on 35 selected locations), 

• Transverse profile, and 
• Lateral placement of vehicles (two times during the 

sixth and tenth series of performance observations on 
selected locations) . 

DATA MANAGEMENT AND ANALYSIS 

The data collected from the office records and the field 
were computerized and analyzed in three categories. 

Static Pavement Characteristics 

Static data on pavement characteristics included the cate
gory of road type, pavement thickness, and composition 
of different layers, pavement width, shoulder details. 

The pavement strength was expressed as a structural 
number (SN). The strength coefficients assumed for dif
ferent layers and materials are given in Table 1. The struc
tural number was improved by including the effect of 
subgrade strength, as follows, and termed the modified 
structural number (MSN). 

MSN =SN+ 3.51 log (CBR) 
- 0.85 (log CBR)2 

- 1.43 (1) 

where CBR is the percentage of in situ CBR at field den
sity and moisture content. 

In some cases, because of inadequate sample size, the 
CBR at field conditions could not be determined in the 
laboratory, so it was estimated from the following corre
lation developed by subjecting the available data to re
gression analysis (t values are indicated in parentheses): 

CBR = - 14.004 + 0.345 ( + 2.36 mm #) + 0.141 (SC) 

where 

(4 .54) (4.05) 

+ 0.154 (Pl) + 17.247 (FDD) 
(2.37) (2.30) 

- 0.345 (FMC) 
(2.36) 

R2 = 0.73 

CBR = CBR at field condition, 

(2) 

+2.36 mm#= fraction retained on 2.36-mm sieve(%), 
SC= sand content( %), 
PI = plasticity index, 

FDD = field dry density (gm/cc), and 
FMC= field moisture content(%). 

A plot of observed and estimated values 1s given in 
Figure 1. 
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TABLE 1 Strength Coefficients 

Layer Coefficient 

Surfacing 
Asphaltic concrete (AC) 40mm/25mm 0.2/0.18 
Semi-dense carpet (SOC) 25mm 0.16 
Premix carpet (PC) 20mm 0.12 

Base Course 
Bituminous macadam (BM) 0.14 
Built-up spray grout (BUSG) 0.13 
Thin bituminous layer (BT) 0.12 
Water bound macadam (WBM) 0.12 

Subbase 
Water bound macadam (oversized) 

(WBM-OS) 0.12 
Brick soling 0.10 
Brick ballast 0.10 
Kankar 0.08 

Dynamic Pavement Condition 

Dynamic data on pavement condition included periodic 
pavement performance data such as roughness (mm/km), 
characteristic deflection (mm), subgrade moisture con
tent (%), and different forms of pavement distress 
expressed as percentage of area with respect to total pave
ment surface area. 

Traffic Characterization 

Traffic characterization data included the details of traffic 
volume (time of day, direction, and average daily com-
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FIGURE 1 Plot between estimated and observed CBR values. 

mercial traffic) and axle loads. The damaging effect of ve
hicles was expressed by the vehicle damage factor (VDF). 
Equivalent standard axles were calculated for each series 
from the traffic data and the VDFs. The cumulative stan
dard axles were derived for each series of observation pe
riods. A typical plot of the VDFs and equivalent 
single-axle loads (ESALs) as observed on some of the ex
perimental sites at different periods during the course of 
study is given in Figure 2. 

Data Sorting and Smoothing 

As is expected from a study of this nature and magnitude, 
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a large variation in the performance data was observed. 
Some of the data trends were not justifiable. In order to 
overcome the large data variation, particularly that in 
roughness because of random and systematic errors, the ex
ercise of sorting and smoothing data was undertaken. 
Data that were unconvincing and extremely out of the 
population were excluded from the analysis. The plots of 
roughness for each section for different series of measure
ments were examined individually in the light of mainte
nance input data provided by the field engineers. In the 
absence of any supporting data for the improvement in 
roughness, the roughness being a monotonically increas
ing function with time and axle loadings (if resurfacing 
or rehabilitation is not done), such data were removed, 
and the whole observation period was divided into 
subperiods. 

The loss of excluded data was mitigated by processing 
the time-series data to determine the section-specific rate 
of roughness progression over time by a log linear regres
sion of roughness against time. This was done to minimize 
the impact of random errors in roughness. The roughness 
was estimated by using the following equation for model 
development: 

log Rg = a0 + a;PAGE (3) 

where Rg is the observed roughness (mm/km) and PAGE 
is pavement age (months). 

Model Development 

The large amount of data collected was subjected to the 
following forms of analysis: graphical, linear or nonlinear 
regression, and multivariate linear or nonlinear analysis. 

Data reviews were undertaken from time to time, and 
trends between different independent parameters, namely, 
MSN versus deflection, roughness versus cumulative stan
dard axles (CSALs), distress versus CSAL, pavement age 
versus roughness, and so forth, were plotted to examine 
the behavior and interactions of different parameters. The 
incremental approach, taking the difference between the 
two successive observations, was adopted in multivariate 
regression analysis as the most logical approach available 
for time-series data analysis for the predictions of change 
over the preceding value. 

The range of parameters covered in the data analysis 
for model development is given in Table 2. As seen from 
the table, the wide variation in pavement conditions nor
mally observed in India was covered in the study. The val
ues in Table 2 are the changes in different parameters 
between the two sets of observations included in the data 
analysis after the sorting and smoothing of the data. 
These changes are over a period ranging from O .417 to 
1.917 years for premix carpet and from 0.333 to 1.333 
years for asphalt concrete. The negative changes in some 

of the parameters are due to improvements in surface con
dition resulting from maintenance inputs made from time 
to time during the study period. 

Different forms of statistical models were developed 
for prediction of pavement deterioration from the data 
obtained after the sorting and smoothing techniques. The 
general form of models for the prediction of change in 
roughness and cracking are as follows: 

Change in roughness = ((current roughness, change 
in surface condition, traffic 
volume and loading, pave
ment age, pavement strength, 
maintenance inputs) 

Change in distress = ((current surface condition, 
traffic volume and loading, 
pavement age, pavement 
strength, maintenance inputs) 

Separate models developed for roughness progression 
and crack progression and for asphalt concrete and pre
mix carpet surfaces are given in Table 3. These models 
permit the prediction of change in roughness and crack
ing over time. Plots of observed and estimated values for 
roughness and crack progression for a premix carpet sur
face are given in Figures 3 and 4. 

DISCUSSION OF MODELS 

Separate models were developed for two different types of 
pavement surfaces normally used in India. The models 
were partly validated also with the data available from 
some of the experimental sections. It was found that pre
dictions for pavement deterioration, especially in terms 
of roughness, can be made with reasonable accuracy. 
Though the experiment provided for the study of the ef
fect of different levels of maintenance on pavement per
formance, the same could not be quantified because of a 
lack of feedback on maintenance inputs. For the purpose 
of these models, it was assumed that the test sections were 
provided with routine maintenance only. 

CONCLUSIONS AND FUTURE PLANS 

The models presented in this paper are based on the typi
cal traffic, environmental, and pavement conditions on 
the major highways in India. These models will provide use
ful input for the development of an appropriate pavement 
management system for maintenance planning and for 
setting priorities. There is still much data available for 
other forms of analysis. In view of the limitations of 
these models, further work on different aspects of model
ing is being continued. The inclusion of deflection in the 
models as an indicator of pavement strength is under ex-



TABLE 2 Range of Study Parameters 
51. Paeamet er
No . Premix Car-pet 

Range 
Asphaltic Concrete 

1 l.PHt 

2 li.CRt 

3 l.PWt 

4 l.DEPt 

5 l.Rgt 

6 l.CSAL 

7 MSN 

8 PAGE 

9 t 

10 Rgi 

11 CR . 
1 

1Jhere 

Li.PHt 

li.CRt 

l>PWt 

l>DEPt 

l.Rgt 

Ri,: i 

CR . 
1 

PAGE 

t 
MSN 

l.CSAL 

Minimum Maximum Minimum Maximum 

- 0 . 830 1.500 -0.777 1.400 

-37.690 52.900 -2 . 550 18.760 

- 6.910 14.460 -8.610 5.350 

- 3.900 2.680 -1.000 2.380 

15 1786 -433 995 

0.001 11.080 1 . 029 12.910 

1.200 4.480 3.250 5.024 

0.083 11.670 0.833 11.667 

0.417 1. 917 0.333 1.333 

1338 6651 1334 2866 

0 . 000 90.000 0.000 27.900 
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Change in roughness (mm/km) over- a time period 
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Initial r-ou.:hness (mm/km) 

Initial cracking (%) 

Pavement age since last r-ene1Jal/str-engthening 
( years) 
Time inter-val (years) 
Modified stru c tural number-

Change in cumulative standard axles (msa) 



TABLE 3 Roughness and Crack Progression Models 
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FIGURE 4 Plot between estimated and observed change in cracking. 

ploration. Analysis is also planned for prediction of de
terioration in terms of combined distress by assigning 
suitable weighting factors to different modes of distress. 
More refined models are expected to be available from the 
study on New Pavement Sections, which has already been 
launched. 
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Predicting Roughness Progression in Flexible 
Pavements Using Artificial Neural Networks 

Nii 0. Attoh-Okine, Florida International University 

To develop a balanced expenditure program for a highway net
work, the rate of deterioration of the pavement and the na
ture of changes in the condition need to be predicted so that 
timing, type, and cost of maintenance can be estimated. A 
pavement deterioration model, or pavement performance, is 
therefore a key component of the analysis supporting pave
ment management decision making. Models for predicting 
roughness progression have been developed on the basis of traf
fic and time-related models, interactive time, traffic, or distress 
models. These models differ in form, in level of initial rough
ness, and in the influence of roughness on the subsequent 
progression rate. A characteristic feature of the models is 
that they are formulated and estimated statistically from field 
data. To date, modeling pavement performance has been ex
tremely complicated; no pavement management system 
(PMS) can consider more than a few of the parameters in
volved, and then only in highly simplified manner. The capa
bilities of artificial neural networks (ANNs) are evaluated in 
predicting roughness progression in flexible pavement from 
structural deformation, which is the function of modified 
structural number, incremental traffic loadings, extent of 
cracking and thickness of cracked layer, incremental varia
tion of rut depth; surface defects, which are the function of 
changes in cracking, patching and potholing; and environ
mental and non-traffic-related mechanisms, which are the 
function of pavement environment, time, and roughness. 
ANNs have attracted considerable interest in recent years 
because of growing recognition of the potential of these net
works to perform cognitive tasks. The tasks include predic-

tion, knowledge processing, and pattern recognition. ANNs 
offer a number of advantages over more traditional statisti
cal prediction methods: they are capable of generalization, 
and because of their massive parallelism and strong inter
connectivity, they are capable of offering real-time solutions 
to complex problems. The back-propagation algorithm, 
which uses supervised learning, is used to train the networks. 

R
oad roughness is defined as the deviation from a 
true planar surface with a characteristic dimension 
that affects vehicle dynamics, ride quality, dy

namic loads, and drainage. Roughness, which is the irreg
ularity of the road surface familiar to all road users, and 
the perceptions of the riding quality of a road have long 
been considered criteria for the acceptability of the service 
provided by the road. Roughness affects the dynamics of 
moving vehicles, increasing the wear on vehicle parts. It also 
increases the dynamic loadings imposed by vehicles on the 
surface, accelerating the deterioration of pavement struc
ture as discussed by Paterson (1 ). 

Predicting the progression of roughness during pave
ment design life is very important for pavement manage
ment decision making, pavement design and evaluation, and 
road pricing. Many different models for characterizing 
roughness progression in flexible pavements systems are 
shown in Table 1. The merits and drawbacks of traffic, 
time-related, and interactive time-traffic models have 
been discussed by Paterson (2). New transferable causal 
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TABLE 1 Selected Previous Model Forms for Characterizing Roughness Progression 

MODEL FORMS 
*Traffi c Mode l s 

*Time Rela te d Model s 

20 - 30% per year 

* Interac tive time, tra f fic or di s tress 

7 . R, =a +b t +c f (S , log N,) 
8. 6RJR,=max ( aCXb, c ) 6 t 

9 . t =f [p 0 , RD,RD'·' , ( C+P ) 0
·' ] 

Generalized Mo de l s 

10 . RI,= e mt [RI, +a ( l+SNC- F HS CRX ) ' 5NE,] 
+cRDS , +dCRX, +e PAT, 

11. RI,=em'+ [R I 0 +a ( l+SNC)- 5NE,] 
+d CRX, +ePAT, 

13. RI , =e m' [R I 0 +a ( l+SNC-FiHS CRX ) ·'NE,] 

15 . RI ,=e"' [RI 0 +a(l+SNC-F HS CRX ) 9 NE,] 

1 7 . RI, =emt [RI , +a ( l+SNC ) 9NE\] 

* Adap t ed from ( 2 ) 

SOURCE AND COMMENT 

AASHTO from 1959-6 0 Road 
Test, Illinois 
RTIM2 Model from 1971-75 
Kenya-TRRL Road Cost Study 
USA (Lytto n et al. 1982 ) ; 
S-shaped curve of slope p 
and curvature /3 

Arizona, USA (Way and 
Eisenberg 1980). 
Australia (Potter 1982). 

Canada ( Cheetham a nd 
Christison 1981). 
Spain, Belgium (Lucas and 
Viano 1 979 ) 

Brazil (Queiroz 1981 ) . 
Great Britain (Jordan et 
al. 1987). -

(Uzan and Lytton 1982 ) . 

(Paterson and Attoh - Okine 
1993 ( 3 )) . 

( Paterson and Attoh-Okine 
1993 ( 3 )) . 

( Paterson and Atto h-Okine 
1993 ( 3 )) . 

(Paterson and Attoh-Okine 
1993 (3)). 

( Paterso n and Attoh-Okine 
1993 ( 3 )) . 

( Paterson and Attoh-Okine 
1993 (3)) . 

( Paterso n and Attoh - Okine 
1993(3)). 

( Paterson and Attoh-Okine 
1993 ( 3 )) . 

Note: g = damage function; p = serviceability index; N, = cumulative number of ESAL's; R = roughness; 
S = pavement strength parameter; t = age of pavement since rehabilitation; CRX = area of cracking; RD = 
rut depth; C + P = area of cracking plus patching; 13, p, are functions, and a, b, and h are constants estimated 
empirically through research; RI, = roughness at pavement age t; m = environmental coefficients; NE, = cu
mulative equivalent standard axle loads; SNCK = (1 + SNC - F HS CRX,); SNC = structural number modi
fied for subgrade strength; F - coefficient; HS = thickness of bound layers; CRX, = area of indexed cracking 
at time t; RDS, = standard deviation of rut depth; PHY, = volume of potholing; PAT, = area of patching. 

models (2) and generalized models described by Paterson 
and Attoh-Okine (3) have been developed (Table 1). To 
date, the models developed for predicting roughness have 
concentrated primarily on the expected or average future 
performance of the pavement. The outcome is based on sta
tistical prediction methods. 

Artificial neural networks (ANNs) have been shown to 
offer a number of advantages over traditional statistical 
methods. They are capable of making generalizations and 
of offering real-time solutions to complex prediction 
problems because of their massive parallelism and strong 
interconnection. Because ANNs learn from pavement his-
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torical data, no human expert, specific knowledge, or de
veloped models are needed. 

The aim of this paper is to evaluate the capabilities of 
ANNs in predicting roughness progression in flexible 
pavement from structural deformation (modified struc
tural number, incremental traffic loadings, extent of 
cracking and thickness of cracked layer, and incremental 
variation of rut depth), surface defects (changes in crack
ing, patching, and potholing), and environmental and 
non-traffic-related mechanisms (pavement environment 
and time). ANNs are particularly suited to such a task be
cause they are " taught," that is, exposed to data, allowed 
to "learn," and "told" what are the appropriate responses 
to different inputs. 

ARTIFICIAL NEURAL NETWORK APPROACH 

ANNs, or simply neural networks, are computing systems 
made up of a number of simple and highly interconnected 
elements that process information by its dynamic-state re
sponse to external inputs, as described by Kamarthi et al. 
(4). ANNs have been studied for many years, but there 
has been a recent resurgence of interest in this rapidly 
growing area in artificial intelligence (Al). ANNs are a 
form of AI designed from a blueprint of the brain that 
simulates the brain's capability to think and learn through 
perception, reasoning, and interpretation. Important 
characteristics of a neural network are its ability to 
"learn" and "adapt" and its flexibility and parallelism. 

Unlike expert systems, ANNs are capable of learning the 
interrelationship between the parameters of a problem by 
looking at some typical examples. ANNs are very flexible 
and can be thought of as black boxes that could be 
adapted for any problem. With today's advances in com
puter technology, the parallel structure of ANNs helps in 
the implementation and real-time applications. ANNs can 
operate simultaneously on both quantitative and qualita
tive data, and they naturally process many inputs and 
have many outputs that make them readily applicable to 
multivariate systems. 

The basic unit of an ANN is a processing element (PE). 
It combines (typically sums) the inputs and produces an out
put in accordance with a transfer function (typically a 
threshold function). The output of one processing element 
is connected to the input paths of other processing ele
ments through connecting weights. The PEs by themselves 
are not powerful in terms of computation or representa
tion, but their interconnection allows analysts to encode 
relations between variables, giving different powerful 
processing capabilities. Figure 1 displays the anatomy of 
a single PE. The inputs' signals come from either the en
vironment or outputs of other PEs and form an input vec
tor A = (a1, ... a; ... an), where a; is the activity level of 
the ith PE or input. Associated with each connected pair 

of PEs is an adjustable value called weight (also referred 
to as a connection strength). The collection of weight 
forms a vector W; = (w1;, ..• W; ; . .. wn;), where the 
weight W;; represents the connection strength from PE a; 
to the PE b;. And finally the bias e, is used to compute the 
output value b: 

b; = f(AW; - W0 ;0;) (1) 

b; = t( I, a;W; - W0 ;0;) 
,= l 

(la) 

DEVELOPMENT OF ANN MODEL 

Data Generation 

Roughness data were generated using the RODEMAN, a 
menu-driven PC version of the Road Deterioration and 
Maintenance Submode! of HDM-III. The approach uti
lizes a full empirical simulation model to generate rough
ness data. Table 2 is the example subset of data generated, 
and Table 3 shows the combination. There were 1,274 
discrete data items. 

Data Preparation 

The phases of data preparation for the modeling were 
broadly classified into three distinct areas: data specifica
tion, data inspection, and data preprocessing. The data 
specification was determined during the generation of 
variables from the simulation. After the data were identi
fied, box-and-whiskers plots were used to determine if 
there were outliers. An outlier is an extreme data point 
that may have undue influence on a model. Outliers are of
ten (but not always) caused by erroneous data cases. 

Box-and-whiskers plots are based on a "five-number 
summary," which consists of the median, the two quar-
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FIGURE 1 Artificial neural system. 



TABLE2 Example Subset of Data Generated by HDM-III Model 

SNC AADT ESALY AGE CRA CRW CRX RAV PHA- RDM RDS RI PAT 
veh/d Million yr % % % % % mm mm IRI= % 

3 1000 0.10 0 0 0 0 0 0 0 0 2.0 0.00 
1 0 0 0 0 0 3.0 1.3 2.21 0.00 
2 0 0 0 0 0 3.4 1.4 2.28 0.00 
3 0 0 0 0 0 3.8 1.5 2.36 0.00 
4 0 0 0 0 0 4.1 1.5 2.43 0.00 
5 0 0 0 0 0 4.3 1.6 2.51 0.00 
6 2 0 1 0 0 4.5 1.6 2.59 0 .00 
7 6 0 4 0 0 4.7 1.7 2.69 0.00 
8 12 3 8 0 0 4.9 1.7 2.80 0.00 
9 20 9 16 0 0 5.1 1.7 2.94 0.00 
10 31 19 26 0 0 5.2 1.7 3.09 0 .00 
11 44 31 39 0 0 5.4 1.8 3 .27 0 .00 
12 59 45 54 0 0.03 5.6 1.8 3.47 0.03 
13 72 61 68 0 0.04 5.8 1.9 3.68 0.07 
14 82 74 80 0 0.06 6.0 1.9 3.87 0 .13 
15 90 85 89 0 0.07 6.2 2.0 4.06 0 .20 
16 95 93 95 0 0.08 6.4 2.0 4.23 0.28 

1. Potholing area data shown is prior to patching, and is reduced to zero annually by the patching. 
2 . 1 m/km IRI = 63.36 inch/mi IR.1. 

~ : SNC = Modified Structural Number 

TABLE 3 Combinations and Ranges of Primary Parameter Used to Generate Condition Data 

Traffic Loading (million ESAL/Lanc-yr) 

Surface Surface 
Environment Type SNC Thickness 0.01 0,03 0.10 0.30 1.0 3.0 

AC 2 30 X X 
3 50 X X X 
5 80 X X X 
8 100 X X X 

DNF 
(0.005) ST 2 12 X X 

3 12 X X X 
4 15 X X X 
6 18 X X X 

WNF 
(0.023) AS FOR DNF ABOVE 

WF 
(0.100) AS FOR DNF ABOVE 

Note: DNF = Dry, non-freeze; WNF = wet, non-freeze; WF = wet, freeze; ESAL = equivalent standard axle 
loadings (8,200 kg). 
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tiles, called "hinges," and the range (whiskers). Figure 2 
is a box-and-whiskers plot of SNC (structural number 
modified for subgrade strength) without outliers, and 
Figure 3 is a box-and-whiskers plot of rut depth with an 
outlier. Although not all the outliers were erroneous, all were 
removed from the data before analysis because the data were 
only simulated, not from actual pavement conditions. 

The Explorer software is a commercial ANN used in 
the modeling process. To use the software, the data in
puts must be between 1 and 0. All the variables are di
vided by the maximum value in the generated data of the 
variable. Table 4 is a subset of data for a roughness pre
diction neural network. About 30 percent of generated 
data was used as an input, and about 10 percent was 
reserved for the set when networks were fully trained or 
had converged. 

2 3 4 5 

Training 

The proposed scheme for roughness prediction involves 
the development of an ANN that could be trained to pre
dict roughness of pavement, given pavement condition 
data. Initially three different architectures of the network 
were examined. The three had either one (48 PEs), two 
(24 PEs), or three layers (16 PEs), elements in keeping 
with a rule of thumb that requires a ratio of four hidden 
units for each input unit. The ANN training process 
depends mainly on the problem scale and the prediction 
accuracy required. 

The back-propagation learning algorithm, also known 
as the generalized delta rule, was used in the learning 
process. In the back-propagation, each presentation of the 
data set and the input value (roughness) of the ANNs 

6 7 a 

Modi~i■d Structural Numb■r 

FIGURE 2 Box-and-whiskers plot of structural number modified for subgrade strength without outliers. 
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FIGURE 3 Box-and-whiskers plot of rut depth with an outlier. 

are compared with desired output values and adaptive 
weights within the network and incrementally adjusted to 
minimize the output error. The sigmoid activation func
tion was used. The inputs was compressed by the activa
tion function into output values between O and 1. The 
back-propagation algorithm has demonstrated several 
advantages in addition to having the potential for deter
mining networks with arbitrary mapping properties (5). 
Although the back-propagation learning method works, 
the learning process is very slow, even for fast com
puters (6). 

The error function is expressed as 

(2) 

where 

c = input sample case, 
j = output node index, 
y = actual output, and 
d = desired output. 

The overall objective is to minimize the error function by 
adjusting the interconnection weights. The training algo
rithm using back-propagation is well presented elsewhere. 
The initial weights and biases are chosen randomly. The 
adjusted weights and biases are as follows: 

new _ ~.ur renr _ 81
Et + ( current _ previous ) 

W ;; - W ,1 TJ s:, . l\' W ;; W ;; 
uW;1 

(3) 

e
new 0current _ 8

1
£, + (ec.urrent _ ep. revious ) 

j = j l]~ a I I 

I 

(4) 



ATTOH-OKINE 6 1 

TABLE 4 Example of Subset Data Used as Input for ANN Modeling 

SNC AADT ESAL AGE CRA CRW CRX 

0.25 0.003 0.003 0 0 0 0 

0.25 0.003 0.003 0.45 0.14 0.09 0.16 

0.375 0.003 0.003 0.1 0 0 0 

0.375 0.03 0.03 0 0 0 0 

0.375 0.03 0.03 0.25 0 0 0 

1 0.01 0.01 0 0 0 0 

0.375 0.03 0.33 0.1 0.03 0 0.02 

0.375 0.33 0.33 0.6 0.94 0.94 0.95 

0.75 0.01 0.01 0.25 0 0 0 

0.75 0.01 0.01 0.8 0.17 0.05 0.13 

0.75 0.1 0.1 0.25 0 0 0 

0.25 0.003 0.003 0 0 0 0 

0.375 0.03 0.03 0.55 O.Ql 0 0.9 

0.5 0.1 1 0.35 0.77 0.77 0.78 

0.5 0.1 0.1 0.8 0.8 0.86 0.87 

0.5 0.10 0.1 0.6 0.17 0.1 0.15 

0.5 0.01 0.001 0.75 0.1 0.02 0.07 

0.375 0.33 0.33 0.55 0.93 0.93 0.94 

where a and 11 are learning rates. Back-propagation is 
accomplished in four steps: 

Step 1: Normalized condition data generated by simu
lation are presented to the input layer. 

Step 2: One pair of corresponding inputs (condition 
data) and the output (roughness) are presented. 

Step 3: Using the actual roughness (output), the error 
with respect to given roughness is determined. 

Step 4: Error is used to adjust the connecting weight. 
Step 5: Using the next data pair, the process is repeated 

until "correct" roughness is obtained for all inputs used 
for training. 

Result 

During training the network result is compared with the 
correct result, and the mean-square error (MSE) is com
puted as follows: 

Network Size Training Data Training Cycles 

12-48-1 0.2 30,000 
12-24-24-1 0.001 30,000 
12-16-16-16-1 0.002 30,000 

RAV PHA RDM RDS PAT RI 

0 0 0 0 0 0.14 

0.09 0 0.14 0.46 0 0.18 

0 0 0.15 0.23 0 0.15 

0 0 0 0 0 0.14 

0 0 0.26 0.31 0 0.16 

0 0 0 0 0 0.14 

0 0 0.29 0.31 0 0.18 

0.02 0 0.79 0.83 0.19 0.5 

0 0 0.17 0.23 0 0.20 

0.88 0 0.15 0.17 0 0.69 

0 0 0.14 0.17 0 0.24 

0 0 0 0 0 0.14 

0.14 0 0.33 0.35 0 0.18 

0.17 0 0.50 0.63 0.06 0.15 

0.13 0 0.42 0.46 0.02 0.24 

0.83 0 0.28 0.29 0 0.18 

0.9 0 0.22 0.25 0 0.16 

0.03 0 0.77 0.79 0.15 0.39 

The MSE improves significantly as the number of hidden 
layers increases. It is difficult to eva luate the reliability of 
a newly trained network; inputs could be removed, 
added, or altered and the network retrained until the reli
ability of the network is esta blished, according to Pratt 
et al. ( 6). 

Figure 4 shows the relationship between actual rough
ness (from simulated data) progression and roughness 
predicted by ANNs. Between 2 and 7 IRI there is a fairly 
good correlation between the desired roughness and the 
roughness output from the ANNs. Above 7 IRI the ANNs 
model overestimates the roughness predictions. The R2 

obtained was 39.54 percent and the standard error of 
1.88 IRI; 56 data points were used for the testing. 

CONCLUDING REMARKS 

The application of ANNs in pavement deterioration mod
eling is feasible when a large data base on pavement 
condition is available. This could form the basis for de
veloping a generic intelligent pavement deterioration 
process. In the present studies, it seems that the back
propagation method was not too successful in training the 
fully connected ANNs with sigmoid activation functions. 
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FIGURE 4 Plot of desired versus ANN roughness. 

This might be because of the preprocessing of the input 
data. Furthermore, the commercial software used the 
applications has numerous in-build functions. Unfortu
nately, no rigorous method has been reported in the liter
ature for selecting some of the in-build functions such as 
the learning rates. It will be important to explore whether 
different preprocessing of input data, learning rules, and 
transfer functions can perform more successfully. Testing 
was done using simulated data; it was recognized that this 
particular approach may not be general enough to per
form well on other data sets, especially on in-service pave
ments. Furthermore, additional work is needed to identify 
which pavement condition variables can be used to accu
rately characterize roughness. 
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Performance History and Prediction Modeling 
for Minnesota Pavements 

Erland 0. Lukanen and Chunhua Han, Braun Intertec Corporation 

Issues and problems encountered in developing performance 
prediction models for pavements in Minnesota are discussed. 
The purpose of these models is to predict remaining life. The 
models are being incorporated into the Minnesota Depart
ment of Transportation pavement management system. The 
development of the models was centered on the prediction of 
future distress levels rather than the prediction of a compos
ite index. The prediction models were based on about 13,000 
surface condition data records collected on the entire pave
ment system between 1983 and 1991. The modeling was 
based on simple two variable models relating distress density 
to age. Additional variables such as surface type, traffic, and 
structure were handled by grouping the pavements by spe
cific attributes. The project resulted in a set of performance 
prediction models for about 100 pavement groupings. The 
distresses modeled included transverse and longitudinal 
cracking at two severity levels, multiple cracking, alligator 
cracking, rutting, raveling, and patching for flexible pave
ments, and spalled joints, faulted joints, cracked panels, 
damaged panels, broken panels, faulted panels, overlaid pan
els, patched panels, and D-cracking. Roughness in terms of 
the present serviceability rating (PSR) was also modeled. The 
findings relate to the difficulties encountered in the process 
rather than traditional findings such as model coefficients. 
Examples of some of the difficulties follow: for specific sec
tions, the data were variable; trends could be identified only 
by grouping the data from a number of sections together. 
Since pavement lives are longer than the window of time cov
ered by the data, the grouping of sections combined older 

sections, "survivors," with new sections that included the 
poor performers. The poor performers would supply data 
only until they were rehabilitated, at which time they moved 
to a different group. Also explored was the increase in the 
PSR due to the overlay thickness. The results show virtually 
no correlation in the improved PSR to overlay thickness. A 
further analysis was performed including ride and surface 
conditions before overlay instead of thickness as indepen
dent variables . The better correlation exists. However, the 
satisfactory results in statistics could not be obtained. It ap
pears that some factors that were not part of the data set had 
a significant effect on performance, such as maintenance 
policies, construction or material qualities, project priorities, 
and section lengths. Since the data were not available, one 
could only speculate as to the effects. 

Pavement management is a generic term that de
scribes the process of managing a wide variety of 
activities ranging from routine maintenance tasks 

such as crack sealing to major projects such as pavement 
reconstruction. A key element of any management system 
is forecasting needs and budgeting resources, which in
clude people, equipment, and money. A principal mission 
of the Minnesota Department of Transportation (Mn/ 
DOT) is managing a surface transportation network 
made up primarily of pavements. To manage the pave
ments, it is necessary to measure a variety of relevant at
tributes, including use, condition, and cost of operating 
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the pavement network. Because planning and budgeting for 
pavement improvement projects require several years, it is 
necessary to forecast the future condition of the pave
ments or pavement performance. 

Knowledge of pavement performance characteristics 
allows several activities to occur: 

• Prediction of the future condition of the pavements; 
• Prediction of the future funding requirement to keep 

the pavement network at a certain level of condition; and 
• Comparison of the effects of various conditions or 

funding on pavement performance. 

To incorporate forecasting of pavement needs into the 
Mn/DOT pavement management system, a means was 
developed in 1986 to predict the future condition of pave
ment sections. The predictions were made from pavement 
distress and ride prediction models developed at that 
time. The models take the form of mathematical equa
tions that were developed to fit the growth curves for spe
cific pavement distresses such as cracking, rutting, and 
roughness. 

The modeling of specific distresses is relatively unique 
among agencies that have developed pavement manage
ment systems. Mn/DOT was able to do so because of its 
large pavement distress data base, which dates back to 
1967. No other state had as extensive an archived data 
base on pavement performance. 

Even though such an extensive data base existed, it was 
not without problems. Data on the pavement composi
tion in terms of layered materials were not in a data base 
in 1984; these data had to be manually gathered. After 
a substantial effort of recording the as-built plan cross
section data, layer information now is available. Mainte
nance activities resulted in improvements in pavement 
condition, but those activities are not recorded and could 
not be accounted for. Quality control on much of the data 
collection was not formalized, resulting in changes in the 
rating process. The rating is visually obtained from a ve
hicle traveling at slow speed on the shoulder; the viewing 
perspective and varying light conditions along with nor
mal rater subjectivity result in variations in the data col
lected from one time to the next, in addition to the normal 
change in the distresses. 

With the data available in 1984, pavement perfor
mance prediction models were developed that modeled 
the growth of the pavement distress quantities and the 
present serviceability ratings (PSR), as described by 
Lukanen in 1986 (1). The models developed were con
sidered interim at that time because of the problems, 
some of which were just briefly described, associated with 
the data. 

Since the time of the Lukanen report (1 ), several signif
icant data improvements have been made. One is the cre
ation of a roadway history file, containing the as-built 

construction data on the layered materials in the pave
ment system. Improvements have also been made in the 
quality control processes for manual distress data collec
tion; these include the provision of enhanced reference 
material for raters in the field and annual training sessions 
for raters. The PSR data collection has been improved 
with the procurement of new and better equipment such 
as the Mays ride meter, followed by the South Dakota 
profiler. The improvement in data collection activities 
began in 1983. 

In 1991, it was felt that a large enough data base had 
been developed under the improved procedures to allow 
an updating of the pavement performance prediction 
models. The results of the updating are reported by 
Lukanen and Han (2). 

In addition to developing mathematical models to pre
dict or describe the growth of pavement distresses, the ac
tual life of various pavement types was evaluated. At the 
same time a subsidiary issue, the amount of improvement 
to ride resulting from an overlay, was evaluated. 

DATA USED IN ANALYSIS 

To establish a data base of in-service pavements in Min
nesota, the selected data were downloaded from Trans
portation Information System (TIS) files by Mn/DOT. 
The downloaded files were created by Mn/DOT on a 
district-by-district basis to keep the size manageable. All 
of the files were condensed for transfer to the consultant's 
computers. 

All of the trunk highways in Minnesota were selected 
for the model development. Within the Minnesota trunk 
highway system {approximately 14,500 miles of road
way), about 5,000 sections are identified as D-records (4). 
A D-record is established as a unique section for the pur
pose of performance measurements, including roughness 
and distresses; it represents the beginning point of a sec
tion of highway that has similar construction, traffic his
tory, and surface type. Additionally, M-records (sampling 
sections) are added at each reference (mile) post between 
D-records, unless the reference post is located less than 
0.3 mile from a D-record, to provide representation of the 
section. A total of 25,916 D-records and M-records were 
downloaded for the model development. 

Since 1984, Mn/DOT has improved performance mea
surements by developing additional guidelines for the rat
ing process and training the condition survey staff. 
Because the reliability of data obtained from 1983 to 
1991 is expected to be much better than that for the data 
collected before 1983, this study was based on the condi
tion data collected from 1983 to 1991. 

Because the data collected after 1983 are specific to the 
individual D-record or M-record location, each D- or 
M-record was treated as a data record. The detailed data 
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available on the compos1t10n of the pavement section 
made this possible. For each D- or M-record, data were 
gathered from a number of sources to characterize the 
pavement structure, surface condition, and use. The pave
ment structural information consists of the age, material 
type, and thickness of each of the layers, as well as sub
grade soil information from deflection tests or from 
digitized soil survey maps. The surface condition infor
mation consists of data on pavement roughness and the 
amount of distress observed at each record location in a 
certain year. The use data consist of functional class in
formation and traffic volume. The primary data sources used 
were these: 

• Functional Class: The functional class was used to 
separate the pavements' usage for each of the roadways into 
one of four classes: Interstate, Principal Arterial, Minor 
Arterial, or Collector. 

• Roadway History: The roadway history file contains 
detailed information on the pavement layers by material 
type, thickness, year placed, and offset from centerline. 

• Condition: The condition file contains the distress 
data, surface condition ratings (SR), and present service
ability ratings (PSR) for each rating section. 

• Traffic: Traffic data for the years 1983 to 1991 were 
used. The data consisted of the annual average daily traf
fic (AADT) and the heavy commercial average daily traf
fic (HCADT). 

• Deflections: All of the deflection data were used to 
calculate the subgrade soil strength for the bituminous 
pavements. (Deflection testing is only conducted on bitu
minous pavements.) 

• Soil Landscape Units: Soil classification data digi
tized from county agricultural maps were correlated to 
the subgrade strength as determined from the deflection 
data and were used to estimate the soil strength under 
concrete pavements. 

DATA MANAGEMENT FEATURES 

Data downloaded from different sources in Mn/DOT 
data bases have different static segmentation schemes, 
and they have not yet been integrated. However, a unique 
road number milepost system, which is a physical refer
encing system, was developed for all roads in the 
Mn/DOT network. Because of reconstruction activities, 
the mile markers in the system are reference points rather 
than physical mileposts. Moreover, realignment activities 
introduce new pavements with new mileposts. Therefore, 
there is an inherent relation among different data bases, 
that is, referencing mileposts. 

Different data were segmented with different lengths 
depending on tests that are used to collect the data. Many 
attributes are included in the various types of data: func-

tional classification, pavement type, roughness, distresses, 
traffic, and so forth. The values of the attributes vary 
along the road and over time. An overall segmentation is 
needed for the organization of the various attributes. 
With the help of a road number and referencing milepost, 
all relevant attributes are associated with a segment of 
pavement, and they stay uniform within the segment. The 
segment specified by a road number and beginning and 
ending mileposts can have variable (dynamic) length (3) or 
fixed (static) length depending on the availability of all at
tributes along the road and over time. In the Mn/DOT 
pavement management system, data on pavement condi~ 
tion were segmented in D-records and M-records repre
senting a fixed-length segment of pavement (500 feet 
long). Because condition data are available only on these 
fixed-length segments, the overall segmentation is. limited 
to those having condition data; this resulted in static seg
mentation. Each data file was then scanned block by 
block to generate a master file by meeting segmentation re
quirements of the condition data. The master file defines 
the analysis segment and remains in effect throughout the 
analyses and prediction modeling unless a major recon
struction activity takes place. 

Figure 1 shows the number and distribution of all 
records or sections available in each of the functional 
classes. These records were constructed according to rat
ing samples in D-records or M-records of the master files. 
A total of 28,833 records were available for analysis. A pri
mary data analysis of all of the records resulted in 0.5 per
cent incomplete records. Incomplete records include the 
records that contain only aggregate layer or grading, no 
wearing surface, or no layer at all. 

The complete records were further broken down by the 
four functional classes listed earlier: Interstate, Principal Ar
terial, Minor Arterial, and Collector and Local. They rep
resent 7, 40, 42, and 11 percent of the total good or 
complete records, respectively. The further breakdown 
was based on the construction year of the original 
wearing course. Since 1953, the design procedures and 
specifications for bituminous pavements have been stan
dardized, and their constructions are more controllable 
than they were before 1953. For each functional class, 
records containing the wearing course constructed before 
1953 and after 1953 were separated into two major 
groups. As shown in the Figure 1, 100 percent of the 
records in the Interstate system are in the post-1953 cate
gory. About 49, 42, and 62 percent of the records in the 
Principal Arterial system, Minor Arterial system, and Col
lector and Local system belong in the post-1953 category, 
respectively. The emphasis of this study is on the post-
1953 construction for each major rank group. Overall, 
post-1953 construction is 58 percent of the Trunk High
way system. A corollary to this is that 42 percent of the 
system in service was constructed before 1953 and is now 
older than 40 years. 
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FIGURE 1 Distribution of available records. 

Overall, the numbers of records available by general 
surface type and major rank group that have been con
structed since 1953 are shown in Table 1. Three general 
surface types are defined: portland cement concrete 
(PCC), asphalt concrete (AC), and continuously rein
forced concrete pavement (CRCP). PCC represents a road 
section composed of at least one portland cement con
crete layer, thereby including bituminous over concrete 
(BOC) pavements. AC stands for a section without any 
PCC or CRCP layer. CRCP is a road segment with at least 
one continuously reinforced concrete layer. There are 
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16,572 records available in all. For performance modeling, 
further breakdown in grouping of pavement types was 
performed (see Table 2). 

PAVEMENT LIFE ANALYSIS 

One of the analysis tasks was to determine how long 
pavements were lasting by specific functional classifica
tion and pavement type. This information would be very 
helpful for cost-benefit analysis or life-cycle cost analysis 

TABLE 1 Total Records Available for Analysis 

MAJOR RANK GROUP PCC AC CRCP 

I. INTERSTATE 2874 506 456 

2. PRINCIPAL ARTERIAL 2350 3312 8 

3. MINOR ARTERIAL 704 4390 0 

4.COLLECTOR 44 1928 0 
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TABLE 2 Life of Pavements 

PAVEMENT TYPE RANK GROUP · : : · InterstBte . . ..... ·· Principal Arterial . ... .. Minor Arterial .. .. Collector .. 

I>••: ... t··•s ; ··•1-.---. ·•_<'"-1an_m_eean_nu_·_1e_•> ··_ ... ·-4-·· ---:-;-_:----1----:-;-_6---+-----:-:.-:---1-----13-1.o---➔t 

I ....• :.·. 
// •·· . / median 23 .0 24 .0 28.0 0.0 

< std 4 .1 5.8 6.2 0.0 

. ..... .lane mile · 20 156 43 

...... mean 6.2 9.1 12 .7 
? 1--------'---'--+---------+--------+------+-------➔t 

OL.) median · 6 .0 6.5 12 .0 
... 

"" std 1.0 4.3 6.7 . . ...... 

........ .: .. :· Jane mile. 12 12 21 -·:. 

I ·. 

..... / ·. < mean >) 9 .0 9.8 9.4 -

! '.'((;:6~~lt'. ·.~ .. -A..;.r•·-.. •••••-•• =-ed,-~:a..;.n•••• ...... - ... -..... /· ..... ..;..·/.••--+-••• .. ___ :-:o-1 __ -+ ___ 2_9:-:---+---:-::----+---:-----1 

/ > · \ 1 

lane mile 324 1402 2447 1181 
t---------+-------~1---------+--------+---------1 ... ... < mean>< / .. ·. 14.1 16 .7 16.6 17 .6 

.... 1---------+-------~1---------+--------+---------1 
median 17.0 16 .0 17.0 17 .0 

. ··• · . std .. · 5 .7 6.8 6.2 6.4 

67 211 306 226 

, " < ·.· median 18.0 12.0 16.0 9.0 
II ? ··.·) ... 

00 
.. > .... /.) · .. : .. mean< 16.9 14 .6 15 .3 10.5 

.. ·. \ <> < 1---..;...;. .. -s-td-----'-/ \-'--•• .. : ...... -+-. ---4-.2------..t-----6-.4---+----4.-5---+---5.-0---➔ I 

;Jf / { ; 1-
1

_ ·_ •••_ .... 1a_:_e_:_n_·1e_:'._·.·. _· ~,__ ___ i1_:_.: ___ +-___ ;:_.7_6 ______ 1--___ :_:6_.: ___ +-___ ;_:_~----, 

? median ){ 12.0 14.0 16.0 15 .0 

...... ... \/ .std 4.6 6.0 5.1 4.5 

I .. lanemile < ".. 48 61 116 65 
..... l,;......---------~------4-------4-------+--------II 

BOB 
(2nd OL.) 

mean 9.3 7.1 10.8 15 .0 

median 
· . 

. 9 .5 5.0 8.0 15.0 

std 2.8 3.1 5.7 3.0 

for the various pavements used such as concrete, bitumi
nous over aggrega te base (BAB), bituminous full-depth 
BFD, concrete overlaid with bituminous, and several 
others. 

Pavement life is typically thought to imply the length of 
time a pavement could last without losing bearing capac
ity, function , or safety. However, the life of a pavement 
can be extended by active maintenance or shortened by 
rehabilitation for reasons other than condition. There
fore, actual pavement life is not exclusively an indicator of 
structural or functional failure; it is, however, an indica
tor of overall management practice, as was found during 
the analyses for pavement life. 

Pavement Life 

The initial attempt at characterizing how long the pave
ment types in the analysis last was done by searching the 
data bases to determine how long a particular pavement 
was in service before it was overlaid or reconstructed. In 
the master file, statically segmented data blocks contain 
structural information that can be used for the analysis of 
pavement life. The master file was scanned and sorted ac
cording to functional classification and pavement type. As 
shown in Table 2, the number of lane miles (approxi
mately by the number of segmented data blocks), the 
mean age, the median age, and the standard deviation of 
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the age statistic is reported. Table 2 contains data from 
only those sections that have been rehabilitated, but it ex
cludes sections rehabilitated in the first 4 years of life. This 
removes most "stage" construction from influencing the 
pavement life, but it also eliminates early failure. 

Looking only at the pavements that have been overlaid 
or reconstructed did not take into account any of the 
pavements still in service (the survivors) (2). This skews the 
data to represent failures only. There were no outstanding 
trends in this respect from any of the pavement types. 

Conditions at Rehabilitation 

Another purpose of developing the pavement-life data 
was to provide information on how long· a particular 
pavement type will typically last before it needs rehabili
tation. In reality, however, it was found that many pave
ments are overlaid or reconstructed before this would 
have been needed on the basis of condition. To illustrate 
this point, several graphs were developed to show the last 
PSR, surface rating (SR), and pavement quality index 
(PQI) before rehabilitation. The PQI is a geometric aver
age of the PSR and SR. It is indicated by the graphs in 
Figure 2 that some sections are rehabilitated long before 
or after they need rehabilitation based on condition. 
Figure 2 was constructed on the basis of data for the con
crete pavements in the interstate system. Typical threshold 
values for rehabilitation, based on the PQI, are 2.6 to 3.0. 
Sections rehabilitated at a higher PQI cause the average 
pavement life statistic to be lower. 

It was found that pavement was rehabilitated in a wide 
range of conditions, making it obvious that a particular 
pavement might be rehabilitated for reasons other than 
condition. This practice does not allow a fair evaluation 
of how long pavement life will last until the pavement has 
deteriorated to the point of needing rehabilitation. The 
data do, however, show that pavements are rehabilitated 
for reasons other than condition and that budgeting on 
the basis of pavement management needs to take into ac
count the reasons for pavement rehabilitation not related 
to condition. In fact, different methods or models exist to 
set priorities for rehabilitation projects. Factors used to 
establish priorities for projects include pavement distress, 
ride, traffic, economy, functional classification, accidents, 
friction, geometric deficiencies, structural capacity, engi
neering judgment, age, and location (5). Pavement condi
tion trends may more accurately or realistically describe the 
structural and functional life of a pavement. The condition 
data will show when pavements tend to reach a state of 
needing to be rehabilitated . 

PSR Improvement Due to Bituminous Overlay 

During the evaluation of pavement life, it was decided to 
evaluate how much pavement's PSR improved with an 
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overlay. One particular factor that was evaluated was the 
effect the thickness of the overlay had on the improve
ment of the PSR. Thicker overlays should improve the 
PSR more than thin ones, because of the potential for im
provement available from multiple lifts. The results of the 
analysis showed that the thickness of the overlay had 
nothing to do with the improvement in PSR. As shown in 
Figure 3(a) for the BOC pavements, no specific conclu
sions could be drawn as to the reasons the PSR improve
ment was not a function of overlay thickness. 

To see what degree of improvement occurred in PSR as 
a result of the overlay and whether the thickness of over
lay was a contributing factor, the master files from all ma
jor functional class groups were screened to create data 
sets for analysis. For example, on BFD pavements, multi
ple linear regressions were run with the SR before the 
overlay and the overlay thickness as the independent vari
ables and the PSR increase as the dependent variable. An 
example of the resulting regression is as follows: 
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FIGURE 3 PSR increase due to overlay: (a) thickness; (b) FC. 

t>.PSR = 1.96 - 0.3 6 * SRbefore 
+ 0.01 * OL R2 = 0.18 

where t..PSR = PSR increase, SRbefore = SR before overlay, 
and OL = thickness of overlay (in.). 

The results of this example are consistent with the re
sults obtained from other pavement types that generally 
show thickness of overlay is not a significant factor in pre
dicting the improvement in the ride. By dropping variable 
OL and adding variable PSRbefore, multiple linear regres
sions were rerun, resulting in the following: 

t>.PSR = 3.7 - 0.24 * SRbefore 
- 0. 79 * PSRbefore R2 = 0.47 

where PSRbefore is the PSR before overlay. The interpreta
tion of the regression results indicates that the ride after 
the overlay is dependent on the ride and condition of the 
pavement section before the overlay is placed. 

There were 239 data records available that had the 
PSR of the concrete before it was overlaid and the PSR of 
the BOC after the overlay. The thickness of the overlay 
varied between 1 and 8 in. A multiple linear regression 
was run between the PSR increase and the inches of over
lay. The results of the regression are as follows: 

t>.PSR = 0. 72 + 0.0783 * SRbefore 
+ 0.0103 * OL R

2 = 0.0206 

An R2 of 0.0206 shows there was no relationship between 
the thickness of overlay and the increase in PSR. The re
gression also shows the PSR went up about 0.9 regardless 
of the overlay thickness. As a result, multiple linear re
gressions were rerun using precondition factors and re
sulted in the following: 

t>.PSR = 2.86 + 0.184 * SRbefore 
- 0.87 * PSRbefore R2 = 0.59 

Within the data base several projects were available that 
provided PSR readings before and after the second over
lay on concrete pavement. The relevant data again show 
virtually no correlation in the improved ride to overlay 
thickness. The best correlation exists among the before
PSR, before-SR, and the PSR increase. Based on the before 
ratings of PSR and SR, however, it appears that all of 
these sections might be overlaid for some reason other 
than ride or surface rating. The average PSR prior to over
lay was 3.34, and the average SR was 3. 72. After the over
lay the average PSR increased to 3.8 . However, the 
overlay thickness did not effect the amount of increase. 

During the evaluation of the increase in PSR resulting 
from the overlay, it was observed that the improvement in 
PSR increased as the functional class (FC) decreased, as 
shown in Figure 3(6) for BOC pavements. That is, the 
PSR improvement was better on the Collector and Minor 
Arterial classes than on the Principal Arterial, and it was 
better on Principal Arterial than on Interstate roadways. 
No explanation for this can be found in the data, but it is 
an interesting finding. A possible explanation may be that 
an overlay on a Collector and Minor Arterial concrete 
pavement is considered to be a "permanent" rehabilita
tion, whereas an overlay on an Interstate concrete pave
ment is considered to be "temporary." 

PERFORMANCE PREDICTION MODELS 

The available data base allowed the pavements to be 
grouped into smaller or more refined groupings than were 
practical during the interim study. The expectations were 
that the behavior patterns in smaller groups would be 
more similar than those in larger groups. Again, to limit 
the diversity that may be associated with older pave-
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ments, only data from pavements that were constructed 
after 1953 were included in the evaluations. 

Data Processing 

Once the data files were assembled, they were broken 
down by major pavement type as follows: concrete, con
crete with first and second bituminous overlay, bitumi
nous over aggregate base, bituminous over aggregate base 
overlaid, full-depth bituminous, and full-depth bitumi
nous overlaid. Within each pavement type, the sections 
were further divided into groupings on the basis of func
tional class for all of the pavement types, by district for 
concrete pavements, and by thickness of bituminous, sub
grade soil strength, and traffic on some of the larger 
bituminous groups. In all, 106 analysis groups were eval
uated; many other combinations could still be evaluated 
and might provide improved results. 

The data in each pavement grouping were consolidated 
by averaging the condition indices (PSR and SR) and dis
tress quantities for each year of age. For example, if a 
pavement group had 50 condition observations of pave
ments when they were 10 years old, the data for all 50 rat
ings were averaged to establish the data point for age 10. 
Performance model development was then based on how 
the average condition of the pavement changed as the 
pavements in that group grew older. This process resulted 
in a set of equations for each pavement group that al
lowed the average condition of a pavement to be calcu
lated based on its age. 

Prediction Models 

The equation forms that were used to fit the change in 
condition or distress were primarily a straight line {lin
ear), polynomial, or an S-shaped curve (sigmoidal). All 
the models used are based on objective measurements. 
However, these empirical models imply the current man
agement activity, including random variables and sub
jective decisions. The random variable and subjective 
decision could be analyzed using probability models and 
fuzzy set models, respectively. In the analysis presented, 
the straight-line equation was first used to model the 
change in the PSR and SR over time. The polynomial 
or sigmoidal model was tried if the linear fit was poor 
{R2 < 36 percent). Finally, the linear model was used to 
characterize PSR versus age. The polynomial or sigmoidal 
model would often result in better correlation coefficients; 
however, the results were considered to be less effective 
for predicting pavement performance, because the slopes 
of many of the prediction curves would approach zero or 
become positive for older pavements. Predicting the loss 

of PSR based on such models would result in minimal or 
little change, which is not reasonable to expect for old 
pavements. The average PSR did show such a behavior for 
many of the groupings, but it likely was due to such fac
tors as maintenance and rehabilitation of the pavements 
with low PSR. The sigmoidal equation was used to model 
the growth in the distresses, from which the SR could be 
calculated. The Mn/DOT pavement management system 
used decision trees that were dependent on the predicted 
distresses and the SR calculated from those distresses as well 
as the PSR. Therefore, there was no need to proceed any 
further with the models for the SR index itself. 

The PSR shows very little change over a typical life 
span for most of the pavement groups. The loss in PSR per 
year is typically about one-half of the expected design loss 
rate, which is good; however, the PSR values do not start 
out very high. The data suggest that more emphasis be 
given to produce a better ride in new pavements and new 
overlays. Other observations with respect to ride are 
these: 

• The rate of loss of PSR is greater for roadways in the 
Interstate and the higher-level functional classes. Inter
state pavements generally lose their ride quality faster, 
and Collectors lose their ride quality the slowest. 

• The loss of ride for concrete pavements is more de
pendent on the location in the state as defined by district 
than on traditional design factors of traffic and soil 
strength. This does not mean that the district staff are re
sponsible for these differences. An argument that local 
materials dominate the performance of the concrete pave
ments, for example, could be investigated. For instance, 
D-cracking has been identified as a significant distress in 
several districts and nonexistent in others. 

• New construction (first-generation) bituminous 
pavements retained their ride better than did overlaid bi
tuminous pavements, and, in general, BAB did better than 
BFD. Bituminous overlaid concrete had the worst perfor
mance with respect to ride. 

Distress-growth models were developed using the sig
moidal curve shape for all of the distresses that are part of 
the rating system. The S-shaped curve was fit through the 
data points of each of the distresses for each of the pave
ment groupings evaluated. With the modeled distress
growth rates, the SR could be calculated for each of the 
pavement groupings to describe the deterioration of sur
face condition with time. The model then could be used to 
estimate pavement life on the basis of condition. 

The prediction models developed in this study were 
based on predefined pavement families. The pavement 
families are different from those of interim models. There
fore, comparison of the models in this study to the interim 
models was not performed. 
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Predicted Condition 

Prediction models are used to forecast future conditions. 
Some of the results of the analysis regarding the SR are 
these: 

• The higher functional class concrete pavement 
groups have a greater SR loss during their design lives. 
The average SR at the end of the design life are as follows: 

Functional Class 
Average SR 
at 35 Years 

Interstate 2.08 
Principal Arterial 2.52 
Minor Arterial 2.54 
Collectors 3.56 

Bituminous pavements do not show as noticeable an 
effect due to functional class or traffic. 

• Regional effects, as defined by districts, have as 
much of an effect on the performance of the SR for con
crete pavements as other factors such as soil, dowels, or 
reinforcement. D-cracking seems to play a role in the re
gional effects but does not explain all of the differences 
between regions. 

• The SR loss for bituminous surfaced pavements, by 
construction type, are as follows: 

Pavement Type 

Bituminous, aggregate base 
Bituminous, full-depth 
Overlaid bituminous, aggregate base 
Overlaid concrete 
Overlaid bituminous, full-depth 

Average SR 
at 20 Years 

2.79 
2.60 
2.28 
2.22 
1.83 

It may be speculated that the poor showing for overlaid 
full-depth may be due to the stripping problem some of the 
earlier full-depth was subject to. It should be noted that 
the full-depth pavements are now constructed with de
signed bituminous mixtures for all layers and should not 
be as susceptible to stripping; therefore, the performance 
of the full-depth pavements constructed with designed 
mixes should improve. 

Predicted Li£ e 

As a means of comparing the results from each of the 
groupings quickly, the year when the PQI (calculated 
from the model coefficients) reaches 2.8 was calculated as 
the predicted life based on structural and functional 
characteristics. The predicted PQI values were compared 

to the actual PQI for several pavement groups, and the re
sults were found to be reasonable. It is recommended that, 
if the PQI is to be used to predict future pavement perfor
mance, it could be calculated from the predicted distresses 
and PSR. 

Some general observations can be made from the re
sults of the analysis. The higher functional classes (higher 
traffic) groups have shorter lives than the lower functional 
classes for concrete pavements. The predicted PQI of con
crete pavements for each of the four functional classes 
evaluated at 35 years is as follows: 

PQI at Age at PQI 
Functional Class 35 Years of 2.8 

Interstate 2.48 27 
Principal Arterial 2.65 29 
Minor Arterial 2.35 30 
Collectors 3.14 35 

The functional class (traffic) does not have as noticeable 
an effect on the SR life of original construction bitumi
nous pavements. 

FINDINGS, CONCLUSIONS, AND 
RECOMMENDATIONS 

Roadway History File 

The addition of the roadway history data will be a signif
icant aid for pavement management. It permits any of the 
pavement analysis procedures to be based on the actual 
section rather than on surface type alone. It is of particu
lar value to the development and application of models to 
predict pavement performance. With these data, perfor
mance prediction models could be developed for much 
more refined pavement groupings. For this evaluation, 
106 different pavement groupings were developed ac
cording to pavement type, use, and location. The road
way history file will allow additional groupings based on 
specific layer characteristics. The refinement in pavement 
groupings was considered to provide a significant advan
tage over the models that were developed for the interim 
models. 

Pavement Life 

The determination of typical pavement-life values for 
surface-type selection activities or other life-cycle cost 
analysis was found to be difficult. It was found that it was 
not reasonable just to use the number of years a pavement 
was in service before it was rehabilitated for the following 
reasons: 
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• The results reflect only the life of those that have 
been rehabilitated. Say, for instance, a pavement con
structed 15 years ago was rehabilitated, and another 
pavement constructed at the same time is still in service 
and in good condition. A pavement-life estimate cannot 
be based only on the pavement that was rehabilitated, be
cause that value does not take into account the surviving 
section. 

• Many pavement sections are rehabilitated before 
their condition would warrant it. If a pavement was reha
bilitated when its PQI was a 3.5, the data would not be 
representative of the number of years the pavement could 
be in service. 

The typical number of years a pavement is in service is 
of importance to pavement management activities for 
overall planning and budgeting activities, but it is not 
valid to use for surface-type selection. An analysis of the 
number of years a particular pavement group lasts before 
it reaches some predetermined terminal-condition level is 
perhaps a better expression of the typical life of a pavement 
for surface-type selection activities. 

Performance Prediction 

For each of the 106 pavement groups evaluated, a typical 
annual loss rate for the PSR was developed, and a typical 
growth equation was developed for each of the pavement 
distresses for which were available. The results were re
viewed, and a set of PSR loss coefficients and growth 
curves for each of the distresses was recommended for use 
in prediction of pavement performance for pavement 
management. The implementation would require some 
computer programming changes to take advantage of the 
data available in the roadway history file. 

Recommendations for Future Activities 

During the analysis, a number of instances were found in 
which pavements had substantial improvements in condi
tion but no associated record of activities in the roadway 
history file. One of the possible reasons for these changes 
is maintenance activities that are not recorded into the 
pavement management system. It is recommended that a 
data-gathering process be developed to obtain informa
tion on maintenance activities that would affect a change 
in the condition ratings. Maintenance is a very important 
activity, and the maintenance activities and cost need to be 
a part of the pavement management data base to be fully 
effective. Cost analysis and cost comparisons are not pos
sible until the data are collected and made available for 

analysis, and since maintenance can have a significant ef
fect on performance, it is highly recommended that such 
a system be developed and implemented. 

It is recommended that work be done to find ways to 
further improve the ride that results from pavement reha
bilitation activities, particularly from overlays. Many of 
the current data indicate that the ride of new overlays of
ten begins in the midthree PSR range. Improvement in the 
initial ride of a pavement may be able to add some life 
without large cost and will also improve the functional 
characteristics during the life of the pavement. 

Efforts to improve the collection of data on condition 
should be continued. The current process is manual dis
tress collection by visual inspection in the field. There may 
be variation in results because of lighting conditions and 
the subjectivity of the distress interpretation by the rater. 
Mn/DOT is presently proceeding with automating the 
distress data collection by using a video image data collection 
process and can limit the subjective distress interpretation 
effects in a controlled office environment. 

It is recommended that there be continued work with 
the data available for model development. A wealth of 
available information currently is not utilized. The typical 
performance information available from the data can be 
used as another research data source for evaluating de
sign, material, or construction parameters, and the effects 
they have on the pavement performance. The deflection 
data, for example, can be further analyzed to evaluate the 
structural characteristics of the bituminous pavements, 
which in turn can be compared with the data in the road
way history files. Differences in measured structural re
sponse to expected structural response may be useful in 
defining problem areas or as another input to predicting 
pavement life. 
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Performance Models and Prediction of Increase 
in Overlay Need in the Danish State Highway 
Pavement Management System, BELMAN 

Jan M. Jansen and Bjarne Schmidt, Road Directorate, Danish Road Institute 

A primary requirement for a more reliable long-term analysis 
for maintenance management is to take into account the de
terioration of pavement characteristics and the updating of 
pavement condition parameters after intervention. A signifi
cant effort has been invested in the general improvement of 
performance models in the Danish State Highway pavement 
management (PM) system, BELMAN, after discarding all re
cent models in the purchased, ready-made PM system. Mod
els for performance of degradation and restoration of rough 
surfaces and for forecasting the need for increase in overlay 
within the analysis period have been successfully established. 
The roughness degradation and restoration model was devel
oped by means of bump integrator measurements carried out 
on the Danish State Highway Network for several decades, 
including both routine and before-and-after measurements. 
The compound model was validated in EDP models simulat
ing the development of roughness during 100 years of pre
sumed rehabilitation. The forecasting model enables the PM 
system to forecast possible needs for future overlays and in
creases in calculated strengthening overlay thickness if 
strengthening is deferred. The model is based on the Danish 
analytical-empirical approach to pavement design. It uses the 
macroassumption, derived from extensive Danish experience 
in the variation of pavement £-modules, that referring the 
overall deterioration of the pavement to the asphalt concrete 
£-module is reasonable in a long-term view. Despite this 
rough assumption, the model has been verified and validated 
against an analysis of 2,000 back-analyzed, falling-weight 
deflectometer measurements from the State Highway Net-
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work with outstanding correlation. Implementing these and 
other models in BELMAN, it has been possible to use the PM 
system for its major purpose of forecasting and analyzing fu
ture perspectives under different budget constraints, giving 
explainable evolutions in main pavement characteristics. 

The Danish pavement management (PM) system 
arose from pure ranking systems developed in the 
1970s and early 1980s. The main shortcomings of 

these systems were their inability to optimize maintenance 
expenditures with limited budgets and to forecast future 
conditions and maintenance needs. To improve on this sit
uation, a ready-made PM system was acquired, and the 
important task of verifying and validating (V&V) this sys
tem's models and output was begun. 

It became clear that the major models had to be veri
fied and validated separately and possibly replaced by 
more-correct models that were based on local conditions 
and research and also better-functioning models operat
ing without artificially established limitations that were 
not justified by reality. 

The three major groups of models engaged in the PM 
system procedure are these: 

• Strategy models: These models indicate, on the basis 
of approved standards , when intervention ought to be 
considered and what maintenance solutions may be pos
sible options. 
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• Performance models: These models show how eco
nomic and physical parameters will perform, taking dete
rioration and future intervention into account. 

• Optimization models: From objective criteria, these 
models single out, from the list of possible options, the 
optimum plan of intervention that can be carried out 
within budget constraints. 

The strategy models ,,vere verified against the Danish 
Road Standards. These models will now set limits indi
cating when functional and structural criteria have been ex
ceeded and rehabilitation options may be possible. 
Accordif'lg to the Road Standards, these models would 
make rehabilitation a possible option according to the fol
lowing criteria: 

• The cost of repair exceeds the annual depreciation of 
a wearing course renewal; 

• Routine measurements show that roughness is be
low the threshold value in the Road Standards; 

• The structural residual lifetime is less than the stan
dard design period; or 

• The functional residual lifetime, based on a visual 
judgment, is less than 2 years. 

The V &V of the strategy models was done easily, but 
output from the PM system's "what-if" analysis could not 
be validated against actual experience. Supposedly this 
was caused by inadequate performance models, because the 
analysis results depend heavily on the quality of the per
formance models. 

The performance models extrapolate the present con
dition of structural and functional pavement parameters 
according to deterioration models and describe how pa
rameter values are changed when intervention is carried out. 
Inadequate performance models were identified as the 
main cause for misleading and inconsistent analysis re
sults. In 1989, a 3-year development project was under
taken to correct this situation. The preliminary results of 
this project are discussed in the following sections. 

BELMAN PERFORMANCE MODELS 

To establish performance models for pavement behavior, 
testing accelerated many times is carried out if historical 
data are not available. The test models are adjusted later 
as real data become available. However, developing per
formance models from long-term performance data gives 
the optimum conditions for modeling with no error in the 
time scale. 

In BELMAN the future functional condition is calculated 
by means of a model and with reference to actual condi-

tions. The model is established on the basis of a regression 
analysis on historical data from measurements of rough
ness versus age of the pavement and from before-and
after roughness measurements when the pavement is re
habilitated. The future condition is calculated following 
the established model for deterioration and the model for 
increase in roughness, when overlaid, both referring to 
present roughness and age of pavement. 

Assessment of the future structural condition in 
BELMAN is made by actual assessment of pavement E
modules using the falling-weight deflectometer (FWD) 
and by an analytical-empirical design procedure. The pre
sent need for overlay and the structural residual life are 
calculated. In the future condition the residual life is reduced 
by 1 year every year, and, subsequently, the need for 
strengthening overlay is increased according to the num
ber of years since the last assessment of present structural 
adequacy. When pavement is overlaid, the structural 
residual life is upgraded equal to the calculated effect of 
strengthening the pavement. 

Apart from the previously mentioned structural and 
functional performance models, the BELMAN system, of 
course, also contains economic performance models ex
plaining the evolution in repair expenditure with age and 
users' vehicle operating cost in proportion to the rough
ness of the pavement surface. These models are not 
described in this paper, which deals only with the perfor
mance models for pavement behavior. 

FUNCTIONAL CONDITION PERFORMANCE 

The primary parameter of functional condition consid
ered for maintenance intervention is the surface rough
ness of pavement. However, with time the roughness of 
the surface changes as a result of traffic impact as well as 
maintenance intervention. To describe this phenomenon, 
two models are used, one to describe the degradation of 
the roughness and another to describe the restoration of 
the rough surface when the pavement is rehabilitated. 

To verify and validate the models in the original, pur
chased PM system, a data analysis was launched. It was 
based on stored roughness data from the previous 7 years 
of bump integrator routine measurements in Denmark. 
All valid data were analyzed in relation to the age of the 
actual wearing course, together with a substantial number 
of before-and-after measurements on pavements that had 
been rehabilitated. 

Typical results of this analysis are shown in Figure 1, 
giving the measured bump integrator measurements, BI, in 
relation to the years since the last rehabilitation, and in 
Figure 2, giving the increase in BI after rehabilitation. On 
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FIGURE2 Roughness improvement versus applied thickness. 

both plots the original models for degradation and 
restoration are also plotted. The two model equations are 
the following: 

Degradation: 

Restoration: 

PS/new = .06 * PS/old 

APSI = Ah 
35 

where Ah is the thickness of new overlay and PSI is cor
related to BI with the equation 

PSI = 12.5 - 4.25 * log (BI) 

It was immediately recognized that the fit of these two 
models to virtual data was very poor, especially for the 
restoration model, and hence they were both discarded. 

Roughness-Degradation Model 

To establish a new degradation model, data from the 
annual routine measurements were retrieved for 1982 
through 1988, encompassing 1,400 section samples for 
which the average BI was evaluated for each 100 m. All 
sections were reviewed for invalid and misleading data. A 
total length of 2600 km of roads, or half of the road net
work, was included in the analysis. 

All sections were sorted according to type of wearing 
course and proportioned according to length to give them 
equal weight before the relation between measured 
roughness and age of wearing course was analyzed. For 
the prevailing types of wearing courses in Denmark, 
populations large enough for a statistical analysis were 
obtained. 

The prevailing types of wearing courses in Denmark 
are AC-asphalt concrete, DBM-dense bituminous mac
adam, and SD-surface dressing, 8/11 mm. Typical plots 
of the BI measurements for a 20-year range are shown in 
Figures 1, 3, and 4 . For AC and DBM there is a clear ten
dency toward a more uneven surface with age, whereas 
for SD there seems to be a stable level of roughness inde
pendent of age. 

Both AC and DBM were analyzed with a regression 
equation of the following composition, as recommended 
by Stevenson ( 1): 
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FIGURE 3 Roughness of DBM wearing course versus age. 
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FIGURE 4 Roughness of SD wearing course versus age. 

For AC, DBM, and AC + DBM, the following values 
were found for the constants in the equation and the cor
responding R2 value of the regression: 

AC 
DBM 
AC+ DBM 

a 

.141 

.242 

.270 

b 

.092 
2.100 
-.140 

C 

98.3 
83.6 
93.5 

0.61 
0.61 
0.51 

For the time being, only the equation for AC+ DBM was 
chosen as a practical application in the PM system. The 
analysis of SD data showed no clear correlation, but for 
political reasons the same relation as that established for 
AC + DBM was chosen to be used for SD. A plot of the 
combined results of AC and DBM is shown in Figure 5, 
which also shows the regression curve for the degradation 
model. 

When BELMAN uses the model, it is vertically stag
gered to encompass the virtual measured value for the 
pavement section in question before future performance is 
determined. 

Roughness Restoration Model 

The set of data compiled for the degradation model also 
contained a substantial amount of before-and-after mea
surements of roughness. These were investigated for 
trends in improvements of the rough surface resulting 
from rehabilitation. 

The first attempt was to verify whether all resurfacings 
fulfilling the Road Standards specifications would reach 
the same level of roughness after completion, independent 
of the roughness level before application. But this relation 
showed a very scattered tendency at that point, and no 
clear trend. 
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FIGURE 5 Roughness of AC and DBM versus age, with plot 
of the degradation model curve. 

The second attempt was to investigate whether a rela
tionship existed between the roughness level before and 
the relative improvement in the rough surface that can be 
obtained after application of a surface layer. For this pur
pose the percentage improvement of the current BI, which 
can be measured at any time, was chosen to reach the es
timated BI after resurfacing. This approach showed an ex
plainable trend for mixed asphalt concrete materials, but 
for SD the investigation showed that in the best case the 
percentage would be negative and in the political case the 
improvement would be nil. 

Hence, it was decided that the improvement model for 
SD was fixed at 0 percent, which means that application 
of SD alone would not reduce the roughness of the road 
surface. However, for all mixed asphalt concrete materi
als, the trend was the same. For surfaces that were already 
smooth, the obtained percentage of improvement was 
small, but it grew with the increasing roughness of the ex
isting road surface until the roughness reached a level that 
enabled full restoration with one only application. This 
approach was chosen for the further establishment of a 
roughness restoration model, to be tested in a V&V trail 
in which the model might be discarded. 

Again, it was decided that only one model covering all 
types of asphalt concrete mix applications would be es
tablished. The regression curve representing the model 
should fall between two asymptotes representing the up
per and lower limits of the percentage improvements ex
pected; a regression analysis with an equation containing 
an arc-tangent function, which holds this significance, 
was chosen. The plot of the measured values and the 
restoration model curve is shown in Figure 6. 
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FIGURE 6 Percentage improvement versus roughness before application, with plot of the 
restoration model curve. 

The final equation for the model, which has a correla
tion factor of 0.8, is stated as follows: 

Blafter = Bhefore * (1 - % BI) 

% s1 = 33.77 + 22.88 * atan (.063 * Bhefore - 9.214) 

The model also fulfills the secondary demand that the es
timated improvement in the rough surface after resurfac
ing give values in compliance with roughness criteria in 
the Road Standards specifications for asphalt concrete 
mixes. Following are the specifications' values for renewal 
of wearing courses: 

Bhefore 

100 
150 
200 
250 
300 

Percent Improvement 

Model Road Standards 

5 
40 
63 
66 
66 

20 
40 
52 
60 

The values indicate that the model gives higher esti
mates in the medium range than are demanded in the 
Road Standards. This may be because the model is based 
on actual values (which also show the greatest variance in 
this area) and because the Road Standards values are the 
criteria for acceptance, which contractors normally ex
ceed to avoid failures. Therefore, this discrepancy is al
most to be expected. 

The shape of the model curve is explained as follows: 
very smooth road surfaces can be improved little in prac
tice and will remain smooth after resurfacing, less-smooth 
road surfaces can be restored because of the leveling effect 
of the asphalt finisher and the experience of the crew, but 

very uneven road surfaces will need more than one appli
cation to eliminate the roughness completely. 

Verification and Validation 

To verify the combined degradation and restoration 
model, a computer simulation was performed; various 
normal and abnormal procedures for recurrent rehabili
tation were simulated. The test was intended to show the 
stability of the model against exceeding the natural range 
of roughness levels and to investigate how the model be
haved under abnormal circumstances. 

The test was made with repeated rehabilitation taking 
place either very frequently, as shown in Figure 7, or at the 
normally expected frequency, as shown in Figure 8. The 
frequency was selected randomly by the program and 
gave a simulation period of 50 to 130 years. 

The results of these tests showed that the model be
haved very well. It never dropped out of the scale, and the 
average roughness value of the surface throughout the 
tests was very close to the verified value from real road 
maintenance. Regardless of how roughly the model was 
treated, it remained stable. 

Compared with the original model, the enhancement is 
significant. The original model exposed to the same tests 
fell or grew out of the scale and therefore had to be 
boundup in restrictive limitations that for the new model 
were completely unnecessary. 

Evaluation of Roughness Models 

Replacing the original model with the new one produced 
a very positive effect, changing the quality and reliability 
of the BELMAN output completely. Forecasts of residual 



JANSEN AND SCHMIDT 79 

PSI 5.0 

4.5 

4.0 

3.5 

3.0 

2.5 

2.0 
0 20 40 60 80 100 

Q) 

~ 0 ~ 
(l) w ~ 
>- co <( 

4 2.4 4.4 
7 4.3 4.4 

11 4.3 4.4 
14 4.3 4.4 
16 4.4 4.4 
19 4.4 4.4 
23 4.4 4.4 
26 4.4 4.4 
29 4.4 4.4 
32 4.4 4.5 
36 4.4 4.4 
38 4.4 4.5 
40 4.5 4.5 
43 4.5 4.5 
45 4.5 4.5 
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FIGURE 8 Model simulation with normal rehabilitation frequency. 

functional life in "what-if" analysis declined and in
creased with a change in budget, as expected. An example 
of this can be seen in Figure 9, taken from the Danish 
Road Institute Annual Pavement Condition Report for 
the Danish State Highway Network. 

STRUCTURAL CONDITION PERFORMANCE 

Design procedures for the assessment of the need for 
strengthening overlays are well known and exercised in 
many ways. Some use empirically based methods with di
agrams, and others use analytical calculations; common 
to all, however, is that the result of the design is only valid 
for the actual state of the structural condition for which 
it is calculated. When such models are introduced in 

PM systems to analyze future maintenance intervention 
needs, the effects of structural deterioration and deferred 
strengthening often are not taken into account. This was 
the case with the purchased PM system under discussion 
in this paper. 

To improve this facility in BELMAN, the decision 
was made to develop a theoretical model based on the 
analytical-empirical model that has been used in Den
mark for many years for the structural design of roads 
with flexible pavements. It was decided that deterioration 
of the pavement parameters would not be investigated at 
this stage of the BELMAN improvement project as long as 
the developed model could be verified and validated 
against the extensive experience of numerous FWD tests 
carried out on the Danish State Highway Network over 
many years. 
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FIGURE 9 Example from "what-if" analysis of the evolution of roughness for 
different budgets. 

Forecasting Strengthening Need 

For all design procedures, the design period is established 
by technical, economic, and possibly political criteria that 
determine when bearing capacity is inadequate and calcu
lation of strengthening need is necessary. 

If calculated years to pavement failure are fewer than 
this accepted design period, normally a strengthening 
overlay design is executed to calculate actual strength
ening need. However, in a management system such 
as BELMAN, future strengthening needs must also be 
forecast within the analysis period for pavements that 
today exceed the structural design period or for which 
the application of the strengthening overlay will be 
deferred. 

To forecast future strengthening needs for pavements 
that have deteriorated beyond the present condition, a 
description is needed of how the pavement material 
properties will perform with time considering the effects 
of climate and traffic. However, to assess both the horizon
tal and the vertical scale for this structural performance 
model, the performance curve for each of the material 
parameters of each pavement layer must be known, as 
well as the time scale, which is dependent on the varia
tion in daily climate during the lifetime of the pavement. 
Cold winters or very rainy seasons will cause faster 
deterioration than average conditions, and so forth. 
Although the Danish Road Institute has worked with 
the problem of long-term performance of material 
parameters for many years, the full description of the 
deterioration curves still seems far off, and more field 
investigations must be carried out before a more de
tailed description of pavement performance over time 
becomes available. Therefore, the decision was made to 
establish a simpler model that could be validated and 
implemented in the present version of BELMAN in 
operation. 

Precondition for Prediction Model 

The prediction model should describe the augmented 
need in strengthening overlay thickness in case reinforce
ment becomes necessary or is deferred. It should not nec
essarily describe the state of deterioration of the 
pavement. It was decided to base the model on the Dan
ish design model and validate it against routine FWD tests 
from the State Highway Network. Previous experience 
led to the choice of degrading only the asphalt concrete 
E-module in the model calculations. 

The Danish design model is based on an analytical
empirical model. By means of this model, the actual verti
cal stress in each layer interface and the horizontal strain 
at the bottom of the asphalt concrete layer are calculated 
under a standard wheel load. They are then compared 
with established criteria for permissible levels of stresses 
and strains in the structure interfaces. 

The analytical part of the design model is primarily 
based on the fundamental equations of Boussinesq 
[Ullidtz (2)], developed for the description of the distrib
ution of stress and strain in infinite isotropic half-space. 
These equations were made applicable by Kirk and Ode
mark (3) for use in a layered half-space by introducing the 
method of equivalent thicknesses. The method was later 
improved with the concept of stress-dependent subgrade 
material properties (2). 

Criteria for permissible stress for materials in propor
tion to their actual Young's modulus and criteria for 
permissible strain for asphalt concrete materials in pro
portion to their binder content are derived empirically. 
The work was based on laboratory tests by Kirk (4) and 
full-scale investigations in STINA 2 (5) to assess the num
ber of accumulated load repetitions that will cause pave
ment failure at a given level of stress or strain in the 
pavement structure. The formulated relationships are as 
follows: 
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log (o-c,i,) = .978 * log (E) - .307 * log (N0 ) 

- 1.234 (E > 160 MPa) 

log (crc,i,) = 1.161 * log (E) - .307 * log (N0 ) 

- 1.638 (E < 160 MPa) 

log (Ec,i, ) = log (BF) - .176 * log (N0 ) + 2 .533 

where 

CTcrit = critical stress, 
Ecrit = critical strain, 

E = E-module of the material, 
N 0 = standard axle load repetitions, and 
BF = bitumen factor, reflecting the type and content 

of binder (4). 

In the design procedure the calculated stresses and 
strains in the proposed pavement structure are compared 
with the critical values, and if these values are exceeded 
the structure is adjusted and recalculated until consistenc; 
with the criteria is obtained, as described by Ertman and 
Stubstad (6). 

The analytical-empirical model is also a deterioration 
model for the structural adequacy of pavement bearing 
capacity. By calculating the actual stresses and strains in 
an existing pavement structure, solving equations for er . 
and Ec, ir with respect to the traffic load, and using calc~~ 
lat~d stresses and strains as present critical values, the 
residual structural lifetime will be calculated and ex
pressed in number of load repetitions, which, with known 
annual daily traffic (ADT), can be recalculated to number 
of years to pavement failure. When calculated stresses and 
strains are based on E-modules for each layer in the pave
ment assessed from back-analysis of FWD measurements, 
the residual structural life will represent the present struc
tural condition of the pavement and hence be used in the 
forecasting model. 

The entire Danish State Highway Network has been 
surveyed for bearing capacity on a routine basis since 
1988 by means of FWD tests [Schmidt (7)] followed by 
back-analysis calculations [Jensen and Leerskov (8)]. All 
calculated E-modules from the asphalt concrete subbase 

' ' and subgrade left a clear picture that only the E-module 
of the asphalt concrete layer significantly changed the 
level of magnitude in proportion to the calculated struc
tural residual lifetime of the pavement. Therefore, it was 
decided from the beginning only to change the magnitude 
of the asphalt concrete E-module with time, unless the 
V&V test discarded that decision. 

Model Design 

The algorithm in the model should, by use of the design 
procedure, calculate the residual structural life of the 

existing pavement structure. The layer thicknesses and 
E-module of each layer in the structure were known from 
the FWD measurements, and the critical number of stan
dard axle load repetitions was derived and expressed in 
number of years to pavement failure . This calculated 
residual life should be reduced by 1 year every year. Each 
time the residual lifetime was reduced, the equivalent re
duction in the asphalt concrete E-module was calculated 
as the reduced asphalt concrete E-module that gave the 
degraded pavement 1 year less residual lifetime, and the 
need of overlay thickness giving the degraded pavement a 
residual lifetime equal to the design period was calcu
lated. When the model reached a residual lifetime of less 
than 1 year, the procedure was stopped and the need for 
strengthening was not increased further. 

For an initial test of the assumption in the model, FWD 
test points with a back-analyzed and temperature
corrected £-module and derived structural residual life
time were selected, with different numbers of years to 
pavement failure representing different stages of pave
ment degradation. The tests were made by successively re
ducing the asphalt concrete E-module and calculating the 
reduced residual lifetime. The plot of the results from one 
of the calculated test roads is shown in Figure 10, where 
each data point represents the sequential results of calcu
lations for test data having different initial residual life
times. The plot shows that the results are spread 
continuously within the band, with increasing strengthen
ing need in proportion to the reduction in residual lifetime 
caused by reduction in the asphalt concrete E-module. 
The median curve within the band can be drawn as rep
resentative for the prediction model, but the model 
implemented operates as the algorithm and makes in
dividual calculations for each FWD-tested point on the 
section. 

Because of the smooth evolution in overlay thickness 
required as the calculated bearing capacity deteriorates, 
as well as the similar plots from calculations on other 
types of pavement structures showing the same picture, 
the model concept was approved for the V&V test. 

Verification and Validation 

For verification and validation of the model, the median 
curve was compared with the result from another analy
sis made on the distribution of assessed overlay needs 
from more than 2,000 FWD tests carried out on the entire 
Danish State Highway Network. The plot in Figure 11 
shows the parallel set of curves representing different traf
fic load levels, giving for each curve the correlation be
tween overlay need and structural residual lifetime. The 
median curve from the prediction model follows the par
allel curves, which is taken as validation of the prediction 
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model because it follows the same average degradation 
curve as those for evaluated existing pavements in the 
State Highway Network. The curve is shown correspond
ing to a design period of 9 years, which was used in the 
overlay need analysis, and it is not drawn below 1 year, be
cause existing pavements normally have at least some 
residual lifetime left. 

assessment of actual need of overlay thickness in propor
tion to time and according to the present stage of degra
dation of the pavement's bearing capacity. 

As can be seen from Figure 12, with the model it should 
be possible to follow the actual structural performance 
curve of the pavement. Of course, seasonal variations in 
climate and road wear change from year to year, and thus 
the model may not be absolutely correct. However, the 
prediction will be much more accurate than making no re
assessment of the overlay thickness needed. Evaluation of Structural Forecasting Model 

With implementation of the previously described predic
tion model in BELMAN, the PM system now updates the 

Overlay need , mm 

Furthermore, in the Danish PM system's procedure for 
data acquisition, the strengthening need is recalculated 
from actual FWD tests, which are made as routine surveys 
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FIGURE 11 Correlation between actual overlay need and prediction model curve. 
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FIGURE 12 The prediction model acting on a presumed degradation curve. 
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FIGURE 13 Influence of budget level on development of residual life. 

the last 4 years of the structural residual lifetime of the 
pavement. Therefore, the model becomes very precise in 
the most critical part of the degradation curve. 

Figure 13, taken from the Danish Road Institute An
nual Pavement Condition Report, indicates the results of 
the analysis of the influence of budget level on structural 
residual lifetime in the highway network achieved by 
means of BELMAN after implementation of the model. 

CONCLUSION 

Performance models are very important in PM systems for 
adjusting measured conditions to presumed future condi
tions when the intervention option is executed in the plan
ning stage, especially with a PM system that optimizes 
among several maintenance options for each subsection. 

Without performance models, deferring maintenance 
would have no technical or economic consequences in 
planning. Technically, it would be impossible to follow 
the development of the residual lifetime of the road net
work at different funding levels, and economically, infi
nite deferring of maintenance would have the highest 
benefit in planning-which of course is completely un
realistic. 

However, development of the performance models also 
revealed that models cannot just be borrowed from an
other environment but that with repeated measurement 
data, it is worthwhile to develop performance models. 
Throughout the work it was highlighted that good per
formance in the verification and validation test and after 
implementation in the BELMAN pavement management 
system is of the greatest importance for the credibility of 
the output. 
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The models made it possible to analyze the relationship 
between funding levels and the development of the func
tional and structural residual lifetime of the road net
work, which was the main objective. 

REFERENCES 

1. Fischer,]. Development of Road Life Curves and Tolera
bility Levels of Road Roughness. Main Roads Department, 
Western Australia, 1981. 

2. Ullidtz, P. Pavement Analysis. Elsevier, New York, 1987. 
3. Kirk, J. M. Vurdering af befa:stelsers brereevne. Dansk 

Vejtidsskrift, Vol. 38, No. 5, 1961. 

4. Kirk, J. M. Revideret metode ti! dimensionering af bitu
min0se befrestelser. Asfalt, No. 42, 1973. 

5. STINA 2: En komplementeringsstudie avseende inverkan 
av variationer hos olika faktorer vid dimensioneringen av 
en vagoverbygnad. Rapport A. Nordisk Ministerradets 
Sekretariat, Oslo, 1977. 

6. Ertman, H. J., and R. N. Stubstad. Description of HP-
41 CIHP-97 Program 'DELSAN4' for Elastic Layered Pave
ment Structures. Laboratory Report 49B. Danish National 
Road Laboratory, 1981. 

7. Schmidt, B. FWD Tests Used As Routine Measurements. 
Note 220. Danish National Road Laboratory, 1988. 

8. Jensen, B. R., and V. Leerskov. Falling Weight Deflectome
ter, Measurements and Results. Report 60. Danish National 
Road Laboratory, 1986. 



Mechanistic Performance Model for 
Pavement Management 

K.H. Chua, National University of Singapore 
C.L. Monismith and K.C. Crandall, University of California, Berkeley 

A framework for a pavement management system employing 
mechanistic performance submodels for pavement behavior is 
presented. These performance submodels explain the devel
opment of the physical distresses in fundamental terms. This 
approach enables the individual distress modes to be ad
dressed in pavement management strategies. It also forms the 
basis for a dynamic programming optimization scheme. The 
performance submodels are based on a reliability formula
tion incorporating full-distribution uncertainty information 
of the variables. They provide the transition probabilities for 
the optimization that determines the optimal strategy for re
habilitation from a set of alternatives subjected to management 
and operational constraints. The optimization also yields the 
expected annual performance in terms of the distresses and the 
expected capital outlay required to implement the strategy. 

0 ne essential element in an effective pavement 
management system (PMS) is an adequate char
acterization of the existing pavement condition of 

a pavement section. This usually takes the form of a com
posite index such as the pavement condition index (PCI) 
as used in PAVER (1), the PSC used in RAMS (2), or the 
PCR used in WSPMS (3). However, if the individual dis
tress modes are not masked by such composite indexes, 
such as the PMS implemented by the California Depart
ment of Transportation (Caltrans)(4), the correct rehabil
itative remedy can be prescribed to address the individual 
deficiencies. 

A framework for a PMS using mechanistic distress sub
models for predicting pavement performance is presented. 
These submodels are formulated within a probabilistic 
framework that allows for stochastic consideration of 
pavement performance so that a "dynamic" or "closed 
loop" decision process can be used. An optimal rehabili
tation policy is determined in which only the present de
cision needs to be implemented and future decisions are 
conditional on the actual performance of the pavement. 

Since pavement condition is characterized in terms of 
the individual distress modes, the deterioration in pave
ment performance for each attribute can be individually ap
praised and rehabilitation alternatives can be prescribed 
according to some rehabilitation-condition policy that 
specifies the appropriate measure to correct the deficiency. 
The level of pavement performance can then be managed 
by establishing minimum acceptable levels and specifying 
the minimum level of reliability for a rehabilitation alter
native for each mode of distress. The latter is the maximum 
tolerable probability that the pavement condition will fall 
below acceptable levels in the respective distress modes 
during the minimum life of the rehabilitation. 

OVERVIEW OF STOCHASTIC MECHANISTIC PMS 

An overview of the proposed stochastic mechanistic Pave
ment Management System (StoMe) (5) is shown in Fig
ure 1. It is composed of three distinctive features: 

85 
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Management Policies 
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'------------------

Feedback 
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FIGURE 1 Overview of stochastic mechanistic PMS. 

1. Mechanistic pavement performance subsystem, 
2. Stochastic analysis formulation, and 
3. Optimization procedure. 

This system recognizes that the input variables are sto
chastic in nature. Accordingly, the mechanistic models for 
the individual distress modes are formulated in a proba
bilistic framework, incorporating state-of-the-art struc
tural reliability methods. Given the uncertainty in the 
input variables, a probability distribution for the level of 
distresses is obtained instead of a single deterministic level 
of distress for pavement deterioration. The probabilities of 
transition from one condition state of the pavement sec
tion to another can then be derived, providing one set of 
inputs to the optimization subsystem. 

The dynamic programming technique is employed in 
the optimization component, by means of which an opti
mal rehabilitation policy in terms of discounted net life
cycle costs over the planning horizon for the pavement 
section is derived, subject to specified management oper
ational constraints. These constraints can be aggregated 
for each pavement section to obtain the network optimal 
policy. 

-. 

11' 

Optimization 
Optimization - Policy and 

Procedure 
.. 

Performance 

, .. 

Cost 
Submodels 

1r 

Implementation 

MECHANISTIC PAVEMENT 
PERFORMANCE SUBSYSTEM 

For the purpose of setting up the framework for the mech
anistic PMS, only the fatigue cracking mode of distress 
from repeated traffic loading is now modeled here. The 
implementation is representative of other modes of dis
tress, differing only in the exact details of the mechanistic 
model representation. 

Invariably, the mechanistic modeling is achieved in two 
stages as shown in Figure 2. The level of the controlling 
structural response, the stress or strain in the pavement 
section causing the initiation and propagation of the dis
tress, is first determined through some structural analysis 
of the pavement. The level of distress in the individual 
modes is then determined as a function of the structural 
response via the mechanistic distress submodels. 

Structural Analysis Component 

At present, since target strategies only are required at the 
network management level, and because of its simplicity 



C HUA ET AL . 87 

Input Variables 

Environment 

Pavement 
and 

Material 
Characteristics 

r---------------- - - - - - - - - - - - - - - - - - - -, 
I Traffic I 
I I 
I I 
I I 
I Loading Volume by Category I 
I 

Growth Rate 
I 

I Parameters I 
I I 
I ----------------- -------- --------- I 

I 
r------+------7 

I 

Pavement 
Structure 

Model 

t • 
Controlling 
Structural - Distress 

Submode! 
Response I 

I 

Structural 
I 
I 

Mechanistic Pavement 
Analysis I 

I I Performance Subsystem L.--------------...J 

FIGURE 2 Mechanistic pavement performance subsystem. 

and economy, the multilayered model-in particular, the 
ELSYM program (6) developed at the University of Cali
fornia, Berkeley-is incorporated into StoMe for the 
structural analysis module. This does not, however, preclude 
the use of more accurate methods such as the finite
element method. 

In any case, several modifications to existing analysis pro
grams would be necessary for successful implementation. 
Figure 2 shows the relations between the structural analy
sis and distress submodels, and the input associated with 
each component. The input data set must be enlarged to 
include traffic, environmental, material, and condition 
characterization. In addition, the input data set is no 
longer deterministic, as would be the case in existing 
structural analysis programs, but must be stochastic, so 
each random variable is specified by its mean, standard 
deviation, and distribution type. Furthermore, the pro
gram must be modified for the interface with the distress 
submodels, by which the controlling structural response for 
each distress mode is passed on to the distress submodel 
component. 

Pavement 
Transition 

- - Probability 
Performance -

Matrix 

Distress Submodel Component 

Each distress submodel defines a performance function in 
which the level of distress may be determined as a func
tion of the controlling structural response according to 
some damage criterion. A commonly accepted damage 
criterion for fatigue cracking derived from AASHO Road 
Test results (7) is adopted here: 

-3 -3 .291 ( I 
E* 1-0.854) N r = 18.4C 4.325 x 10 E1 6_89 (1) 

where 

N1 = allowable number of repetitions for 45 percent 
cracking at maximum tensile strain E1 in the 
asphalt-bound layer, 

E'' = dynamic asphalt mixture modulus (kPa), and 
C = the factor accounting for asphalt content and 

degree of compaction suggested by Pell and 
Cooper (8). 
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The cumulative damage hypothesis of the linear sum of 
cycle ratios may be applied to determine total fatigue dis
tress caused by a range of strain levels (9,10) . In this man
ner the performance function for fatigue cracking may be 
expressed as 

g wr(X) = Lw - tt ~ { ~;}-Lu (2) 
where 

x = vector of input variables in the mechanistic 
model, 

N; = allowable number of load applications at strain 
level E; according to Equation 1, 

n;1 = actual number of load applications in the tth 
year at the same strain level E; , 

Lw = damage index corresponding to w percent 
cracking, and 

Lu = damage index of the initial condition of the 
pavement, so that (Lw - Lu) is the "remaining 
life" of the pavement with respect tow percent 
cracking, assessed by the sum of cycle ratios. 

The damage index is defined so that a value of unity de
notes the extent of damage given by the failure criterion 
(e.g., 45 percent cracking). Correspondingly, the damage 
index Lw is given by the ratio Nw/Nf, where Nw is the num
ber of load cycles to w percent cracking at the same strain 
level. For example, the damage index for 10 percent 
cracking (Ll0) is 0.72 (or 13.3/18.4), since Nl0 has the 
same form as Nf in Equation 1, except that the coefficient 
is 13.3, from the AASHO Road Test findings (7) . 

STOCHASTIC FORMULATION 

The condition of the pavement at any time can then 
be characterized by the limit-state surface ::Ex = [x:gwr(x) 
= OJ according to 

F = [x:gwr (x) :5 OJ 

S = [x:gwr (x) 2:: OJ 

(3) 

(4) 

where F and S are the fail and safe sets, respectively, with 
respect to w percent cracking and x is the vector of input 
variables in the mechanistic model as shown in Figure 2. 
When the sum of cycle ratios exceeds the "remaining life" 
of the pavement (Lw - Lu), gwr(x) :5 0 and the pavement 
would be deemed to be in the fail set, that is, exceeding w 
percent cracking. This then forms the framework for the 
probabilistic formulation of the mechanistic performance 
submode!. 

In general, the condition of a pavement in a particular 
distress mode may be characterized by two damage in 

dexes, L w; and L wk' representing the lower and upper 
bounds, respectively. Thus, for a pavement section with 
initial state S1 of damage index Lu, the probability of find
ing the pavement section in the distress state S2 bounded 
by L w; and L wk after another T years of traffic operations 
is given by 

This is the transition probability from state S1 to S2• A ma
trix of these probabilities from states S; to all possible 
states S; forms the transition probability matrix for the 
optimization module of the PMS. 

Each term on the right-hand side of Equation 5 is eval
uated as 

P[gwr (x) :5 OJ = f fx(x) dx (6) 
gwT( X )'50 

where fx(x) is the joint probability density of variables Xi, 

X 2, •• • 'Xn, 

The exact solution of Equation 6 would require an 
n-fold integration of the joint probability density fx( x) of 
then basic variables, which would become computation
ally intractable if the number of variables exceeded just a 
few, except in special cases, when the integral may be ob
tained in closed form. Instead, an approximate but rea
sonably accurate solution is determined using the 
first-order reliability method (FORM) (11,12). FORM in
corporates the full-distribution probabilistic information 
of the variables in determining the solution, unlike the 
MVFOSM method adopted in existing probabilistic de
sign approaches (13), which uses only the first and second 
moments' information and lacks the invariance to the for
mulation of the performance function of the distress 
mode (14). The proposed methodology may be easily ex
tended to the case of multiple distress modes using the 
principle of cut-sets (15), which is the crucial point for 
such a mechanistic PMS. 

OPTIMIZATION PROCEDURE 

When growth in traffic volume is considered, the transi
tion probabilities are expected to change with time (12) . 
The assumption of a homogeneous Markovian process 
employed in some systems ( 16,17) then would not be 
valid. Furthermore, because of the overlays that may be 
placed on the pavement section, the pavement strength 
and corresponding transition probabilities change. The 
process is nonstationary, and the set of feasible pavement 
states expands with time. In this case, the dynamic pro
gramming approach (18) is appropriate for determining a 
rehabilitation policy that minimizes some objective value 
over the planning period. 
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Pavement Condition State 

In view of the mechanistic modeling of pavement be
havior, the pavement condition state will also have to be 
characterized in mechanistic terms. Accordingly, two 
pavement features are important in this characteriza
tion-pavement distress condition and pavement 
structure. 

The pavement distress condition may be denoted by a 
vector (di, d2, ••• , dm) where d,,, is the distress level for the 
mth distress mode. The level of distress for each distress 
mode is discretized into a set of collectively exhaustive, 
mutually exclusive bounds corresponding to varying extent 
of damage, represented by the damage index. This may be 
expressed in a damage-level table such as Table 1 for the 
case of fatigue cracking. The greater the number of levels, 
the finer is the discretization and the more accurate, but 
computationally longer, is the optimization model. 

The pavement structure may be denoted by a vector 
(n0 , n1, •.. , nq). The first element in the vector, n0, denotes 
the number of underlying cracked asphalt layers. The 
other terms record the sequence of q modifications to the 
original structure. If overlays and routine maintenance al
ternatives are considered, only overlay alternatives will 
modify the pavement structurally, and only these deci
sions are recorded in the vector. A number of routine 
maintenance activities may be performed between these 
overlays. These do not modify the pavement structurally, 
so the transition probabilities do not change; hence they 
are not recorded in the vector. For example, a pavement 
structure described by (1, "- vz , "- vil is composed of two 
overlays, namely, "- vz on the original pavement followed 
by A vt, each belonging to a set of overlay alternatives, and 
one cracked layer (i.e., the original asphalt layer). To
gether with the distress condition vector, these two vec
tors uniquely define the state of the pavement section at 
any point in time. 

Optimality Equation and Optimal Policy 

The objective function of the problem may then be for
mally defined as ¼(i,j) = minimum expected net present 
cost from the start of year k to the end of the planning pe
riod, given that the distress condition vector is i and the 

TABLE 1 

Damage 
Level 

Dl 

D2 

D3 

Damage Levels for Fatigue Cracking 

Description 

> 45 % cracking (severe) 

10-45 % cracking (intermediate) 

< 10% cracking (minimal) 

Damage 
Index 

> 1.0 

0.72-1.0 

0.0-0.72 

pavement structure vector is j. By this definition, the aim 
of the optimization is to determine a policy of rehabilita
tion treatment that will achieve the objective function at 
the start of the planning, namely, V0(i0, io), where i0 and j0 

are the initial distress condition and pavement structure 
vectors, respectively. 

On the basis of this objective function, the optimality 
equation for obtaining the objective function at every year 
k, formally called a stage, may be expressed as follows, 
where y is the number of stages for the transition de
fined by 

where 

+ Vk +y(i2,h) ]} 
(1 + r}' 

Avp: r, · Ca(i,A vp ) + r2 · Cu(i,A vp ) + 

' {P("" • • 1 k ) [ Y3 • Y . U(i,i2 ) L IJ , l 2f2 , Avp, ,Y . /2 + 
i2 (1 + rf 

Ao,: r1 · Ca(i,Ao1) + r2 · Cu(i,A o, ) + 

' {P("" • • 1 k ) [ Y3. Y. U(i,i2) L IJ , l 2J2, AOJ, ,Y . /2 + 
i2 (1 + rf 

Aoq: r, · C.(i,A oq) + r2 · Cu(i,Aoq) + 

' {P("" · · 1 k ) [ Y3 . Y. U(i,h) L IJ,12Ji,Aoq, ,y · 12 + 
i2 (l+r f 

Vk+y( i2,h) ]} 
(1 + rf 

for k = 0, 1, ... , H - 1 (7) 

y = { y, 
H-k 

if k + y, ~ H 
if k + y, > H 

H = number of stages (years) in the 
planning period; 

(8) 

y, = minimum life of rehabilitation ac
tivity X.., during which nothing 
should be done to the pavement 
section; 

"-v1,"-v2, ... ,"-vp = elements of Av, the set of overlay 
alternatives considered; 

"-01,"-02, • •. ,"-oq = elements of A0 , the set of routine 
maintenance alternatives consid
ered; 

i2 ,iz = new condition and pavement 
structure states as a result of the 
rehabilitation; 

Ca(i,X..) = agency cost for implementing al
ternative A at distress condition i; 

Cu(i,X..) = cost to users as a result of the on
going rehabilitation activity at dis
tress condition i; 
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U(i,i2) = average annual excess cost to users 
as a result of the pavement condi
tion's transition from i to i2; 

r = discount rate; 
r1, r2, r3 = parametric weightings of costs to 

agency and users; and 
P(ij,i2iz,11.,k,y) = transition probability for rehabili

tation activity A, from pavement 
state ij at stage k to pavement state 
i2iz at y stages ahead, obtained via 
Equation 5. 

V H(i,j) is the objective function at the boundary of 
Equation 7 (i.e., at the end of the planning period). For
mally, it is the long-term expected costs obtained by fol
lowing an optimal rehabilitation policy from that time on. 
In the economic analysis of pavement life-cycles, it is 
usual to characterize the value of the pavement section at 
the end of the cycle by a salvage value (19). In this way, 
V H(i,j) may be assessed as negative costs, by simple pro
portion of the cost of the last overlay Ek, according to 

VH(i,j) = -(~:)Ek (9) 

Stages 0 

DI 
D2 

2 

Do nothing (0) 

Overlay (V) 

Crack 
Uncrack 

3 

where LR and L0 are the remaining and expected lives of 
the last overlay, respectively. 

The optimality equation provides the mechanism for 
recursively determining the value of the objective function 
at the start of the planning period V0(i0,j0) beginning with 
the values VH(i,j) at the boundary. Thus, the objective 
value at stage k = n - 1, V" _,(i,j) is found according to 
Equation 7. The corresponding rehabilitation alternative 
that minimizes the objective function at each state forms 
the optimal rehabilitation policy for this stage . Then with 
k + 1 = n - 1 in the equation, the objective value at stage 
k = n - 2, V,, -2(i,j), is derived from V"_,(i2,h) and VH(i2,h) 
determined from the previous step. In this recursive fash
ion, the objective value at the start of the planning period 
V0(i,j) is eventually determined with k = 0. Furthermore, 
the set of optimal rehabilitation alternatives for each state 
at every stage forms the optimal rehabilitation policy for 
the problem. 

The problem defined by Equations 7 and 8 may be rep
resented by a path diagram. An example is shown in Fig
ure 3 for the case of a 5-year planning period with two 
condition states: cracked denoted by 1 and uncracked de
noted by 2. Only two alternatives are considered: "do 

4 5 

A 

B 

C 

D 

I L 

Pavement 
States 
(DI),( 1,0,0) 

(D2),(0,0,0) 

(Dl),(l ,V ,0) 

(D2),(0,V ,0) 

(Dl),(2,V ,0) 

(D2),(1.V ,0) 

(Dl),(l,V.V) 

(D2).(0,V.V) 

(Dl),(2.V,V) 

(D2),(1.V.V) 

(D1) .(3.V.V) 

(D2).(2.V.V) 

FIGURE 3 Path diagram for dynamic programming optimization. 



CHUA ET AL. 91 

nothing" (0) or an overlay (V). In the example, a mini
mum life of 3 years has been assumed for an overlay. In 
general, a computer program is required. A transition 
mapping in terms of a computer code describes the possi
ble paths in the path diagram. 

From the optimal policy, two other results of value to 
management can be determined, expected performance 
and expected capital outlay. The expected performance 
gives the probability that the pavement section will be 
found in the various states at the beginning of each year 
in the planning horizon when the optimal rehabilitation pol
icy is implemented. On the other hand, the expected cap
ital outlay gives the expected cost of rehabilitation to be 
expended by the agency at the start of each year, ex
pressed in current dollars. Depending on the actual per
formance of the pavement section, the true capital 
expenditure can be higher or lower than that expected. 

If all costs are computed in dollars per lane-mile, the sum 
of the expected annual capital outlay weighted by the 
lane-miles of the section yields the expected annual bud
get required to implement the optimal policy for the net
work. Similarly, the sum of the expected performance of 
each pavement section weighted by the lane-miles yields the 
fraction of the network that can be expected in the vari
ous pavement states at the beginning of each year. 

Management Policy 

A set of management policies serve as input to the opti
mization module. These policies include the range of 
rehabilitation alternatives and their corresponding minimum 
lives, the cost weightings r 1, r2, and r3 of Equation 7, and 
the discount rate. Management can also control the per
formance of the pavement section by specifying a perfor
mance criterion that defines the minimum reliability of 
the rehabilitation activity or, conversely, the maximum 
probability of transition to failure. 

Furthermore, in view of the mechanistic distress mod
eling of pavement performance, the appropriate rehabili
tation treatment is specified via a rehabilitation-condition 
policy. This is a matrix of rules for determining which 
rehabilitation treatment should be considered for imple
mentation after the pavement condition has been sur
veyed. In the alternatives are overlays or routine 
maintenance, one reasonable rehabilitation-condition 
policy for the condition states considered in Table 1 is pre
sented in Table 2. Under this policy, pavement sections 
considered failed with severe cracking are overlaid. In this 
case, only overlay alternatives are considered in the opti
mality equation of Equation 7. When the pavement is in 
other conditions, all treatment options are available for 
consideration. 

The consideration should be based purely on technical 
feasibility. For example, routine maintenance should not 

TABLE 2 Rehabilitation-Condition Policy 

Damage 
Level 

Dl 

D2 

D3 

Rehabilitation Alternatives 

Routine 
Maintenance 

X 

X 

Overlay Thickness 
Alternatives 

Thin Medium 

X X 

X X 

X X 

Thick 

X 

X 

X 

NOTE: Crosses indicate alternatives to be considered in optimization. 

be considered for a severely cracked pavement section. 
Otherwise, the rules should be as flexible as possible, since 
any unnecessary restrictions may eliminate better solu
tions from the optimization, such as reservation of over
lays for pavement conditions with evident cracking. If, 
however, an overlay is laid even when cracking has not be
come evident, performance in the future could be im
proved so significantly that the costs for future 
rehabilitation would be reduced to the extent that such an 
option became economically viable. Furthermore, the 
thickness of the overlay should be determined by the op
timization procedure and not preselected by some general 
rule of thumb. 

COMPUTATIONAL EXAMPLE 

The dynamic programming approach is a closed-loop de
cision process yielding an optimal rehabilitation policy 
for the pavement section for the entire planning period. 
The significance of such a policy is illustrated by the sim
ple two-stage problem shown in Figure 4. Points A 
through O denote the possible pavement states for the 
two stages, where A is the condition of the pavement at 
present. Only two condition states and two alternatives 
are considered. The minimum life in this case is 1 year for 
both alternatives. The costs and probabilities of transition 
for each path are tabulated in Figure 4. The numbers at 
the terminal states are the boundary values representing the 
long-term expected costs. All the costs and probabilities are 
arbitrarily assigned for demonstration purposes only. 

The minimum expected costs starting from Point B to 
the end is V8 = 138 by an overlay (V) decision at B, de
termined as follows: 

. {(0): (1 ) · (50 + 200) = 250 
V8 = mm (V): (0.3 ) • (80 + 100) + (0.7) · (60 + 60) = 138 

Thus, the optimal policy at B is V. Similarly, the optimal 
rehabilitation policy and corresponding objective func
tion for the other states are recursively computed and 
shown in Table 3. 
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Stages 
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Terminal Pavement States 
Costs 

200 
(Dl),(1 ,0,0) 

40 
(D2),(0,0,0) 

120 
(Dl) ,(l,V,0) 

20 
(D2),(0, V,0) 

100 
\ \..1 ,1, 

,1 \ 
i 1\ \ 

\ 

(Dl),(2,V,0) 

Transition 
Paths Costs Probability 
A-8 30 0.8 
A-C 20 0.2 
A-D 60 0.25 
A-E 50 0.75 
8-F 50 1.0 
8-J 80 0.3 
8-K 60 0.7 
C-F 50 0 .8 
C-G 20 0.2 
C-H 60 0.3 
C-1 50 0.7 
D-H 50 1.0 
D-N 80 0.3 
D-O 60 0.7 
E-H 50 0 .8 
E-1 20 0.2 
E-L 60 0.3 
E-M 50 0.7 

FIGURE 4 Two-stage computational example. 

The optimal policy yields a minimum expected cost of 
158. This is achieved with an overlay Vat A. By this de
cision, the pavement can go into states Dor E. If the pave
ment actually goes to D at stage 1, then nothing is done 
(0), or if it actually goes to E, another overlay Vis laid. 
The decision at stage 1 will take the pavement to the end 
of the 2-year planning horizon. 
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60 
(D2),(1 ,V,0) 

80 
(Dl),(l,V,V) 

10 
(D2),(0,V,V) 

180 
(Dl),(2,V,V) 

80 (D2) ,(1,V,V) 

The optimal policy for a larger problem with more re
habilitation alternatives and distress conditions can be in
terpreted in a similar way. The optimal decision at every 
stage is made conditional on the actual pavement condi
tion. This closed-loop decision process, provided by the 
feedback on pavement condition, makes the optimal pol
icy cost-effective. 
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TABLE 3 Optimal Rehabilitation Policy and Objective Function 

Costs of Alternatives 

Pavement Do 
State Nothing Overlay 

A 159 158 

B 250 138 

C 212 103 

D 170 176 

E 144 84 
NOTE: V denotes overlay; 0 denotes do nothing. 

In the case of the open-loop decision process, a se
quence of rehabilitation activities is found that minimizes 
the expected present cost. For instance, consider sequence 
0-0 (i.e., "do nothing" at stage 0 followed by "do noth
ing" at stage 1). Altogether in this sequence there are three 
possible paths that the pavement can take to arrive at the 
end: ABF, ACF, and ACG with probabilities (0.8) · (1), 
(0.2) · (0.8), and (0.2) · (0.2), respectively. This yields an 
expected cost of 270.4, computed as follows: 

Expected cost (0 - 0) = (0.8) · (1) · (30 + 50 + 200) 
+ (0.2) · (0.8) · (20 + 50 + 200) 
+ (0.2) · (0.2) · (20 + 20 + 40) 

= 270.4 

The possible paths and expected cost for the other se
quences are included in Table 4. By this approach, the 
minimum expected cost is 159 obtained by the sequence 
0-V; "do nothing" at A followed by an overlay no matter 
where the pavement actually ends, whether at B or C. 

By the open-loop decision process, the sequence is de
termined based on the projected performance derived 
from current situation without incorporating any feed
back on pavement condition. Consequently, it never 
yields a strategy that has lower cost than the optimal pol
icy obtained in the closed-loop decision process. 

TABLE 4 Expected Costs for Sequence of Rehabilitation 
Activities 

Sequence of Expected 
Rehabilitation Possible Paths Costs 

(0)-(0) ABF, ACF, ACG 270.4 

(0)-(V) ABJ, ABK, ACH, ACI 159 

(V)-(V) ADN, ADO, AEL, AEM 159.5 

(V)-(0) ADH, AEH, AEI 203 
NOTE: V denotes overlay; (0) denotes do nothing. 

Objective Optimal 
Function Policy 

158 V 

138 V 

103 V 

170 0 

84 V 

CONCLUSIONS 

A framework for a pavement management system incor
porating mechanistic distress submodels for predicting 
pavement performance is presented. In this way, the distress 
modes of pavement deterioration may be individually 
evaluated and the appropriate rehabilitation measures 
prescribed to address each deficiency. The distress sub
models are formulated as performance functions using 
FORM to provide the stochastic basis for obtaining the 
transition probabilities for the dynamic programming op
timization procedure. The optimization approach pro
vides a closed-loop decision process that finds an optimal 
rehabilitation policy during a planning period conditioned 
on how the pavement actually performs at each stage. 

Although these mechanistic distress models are sometimes 
simplistic and predict only individual modes while ignor
ing the interaction effects, which can be significant, the ap
proach is an important first step, providing the possibility 
of integrating the PMS with existing mechanistic pave
ment and overlay design procedures. As data are being 
gathered into the master data file, these models can be fur
ther refined and improved. Furthermore, with adequate 
structural modeling, at least in principle, this approach 
can also evaluate the effectiveness of the use of new mate
rials and construction methods for rehabilitation. 
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LOCATION REFERENCING AND 
GPS/GIS FOR THE INFORMATION 
TECHNOLOGY AGE: TO HARMONIZE, 
STANDARDIZE, OR MODIFY? 





Improvements to Utah's Location Referencing 
System To Allow Data Integration 

Richard A. Deighton, Deighton Associates Limited, Canada 
David G. Blake, Utah Department of Transportation 

A location reference system and a location reference method 
are distinguished by listing options available for location ref
erence methods and explaining the importance of a stan
dardized system to facilitate integrating data from more than 
one source. The conclusion describes necessary changes to 
Utah's method and the implementation procedures necessary 
to stabilize and improve Utah's system to meet the objective 
of data integration. Both linear and spatial approaches to lo
cation referencing are discussed. However, the focus is on 
explaining the details of the four basic linear methods, in
cluding advantages and disadvantages of each. Issues the 
Utah Department of Transportation needed to address when 
it selected its approach to location referencing are presented, 
including balance between system and method, stability of 
addresses, procedures to accommodate address changes, 
ability to replace one unit of measure with another, institu
tional issues, and training requirements. 

The question most often asked in a highway agency 
is, "Where is it?" Keeping track of where events 
and objects are on roads is called location refer

encing. Since terminology is important in location refer
encing, Table 1 gives definitions of the terms used. 

LOCATION REFERENCING 

The most important issue regarding location referencing 
is to make a clear distinction between a location reference 

system and a location reference method. National Coop
erative Highway Research Program (NCHRP) Synthesis 
of Highway Practice 21 (1) defines the difference between 
system and method: 

There is a definite distinction between a highway location 
reference system and a highway location reference 
method, the former being a larger set of office and field 
procedures that includes the latter. The method is seen by 
the user in the field as a way to identify a single location; 
i.e., to reference a specific position with respect to a 
known point. The system is seen as the procedures that re
late all locations to each other. It includes techniques for 
storing, maintaining, and retrieving location information. 

Location Reference Systems 

To manage location referencing a highway agency must 
have one, and only one, location reference system. A lo
cation reference system, like all information systems, re
quires separate components to acquire, store, manipulate, 
retrieve, and distribute information. Typical location ref
erence systems are a mixture of manual procedures for 
data acquisition and distribution and computerized pro
cedures for data storage, manipulation, and retrieval. 

Unlike other information systems, location reference 
systems depend on the manual components of acquisi
tion and distribution. The manual functions are carried 
out by employees in the agency who communicate the 

97 
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TABLE 1 Definitions 

Term Definition 

Address Sequence of numqers and characters to represent the location of 
a point, specific to a location reference method 

Offset Linear distance along the route to relate a point to a known point 

Location Particular position on a route, identified by address(es) a 

Primary direction 

Positive direction 

Negative direction 

Mile point 

Mile post 

Reference post 

Reference point 

Location reference method 

Location reference system 

The direction in which a route is said to "run" 

Undivided highways: the primary direction 
Divided highways: the direction of travel on each side 

Opposite to the positive direction 

Distance in miles from the beginning of the road in the primary 
direction 

Post placed along the road, with a number representing the mile 
point of the post 

Post placed along the road, with an identification number 

Point on the road which can be easily identified and whose 
identification number and location is known 

Set of procedures used in the field to identify the address of any 
point 

Set of procedures used in an agency to manage all aspects of 
location referencing 

a A point location is identified with one address, a section location with two addresses 

addresses of points among one another and with the sys
tem.- Since consistency in this communication is para
mount to success, managing the manual component is a 
large part of managing the entire system. One way to ease 
this burden is to enforce a well-conceived location refer
ence method. 

known point. Its purpose is to communicate the location 
of a point through an address. 

The method must be viewed as part of a larger system 
and should be developed within that context. The method 
must be easy to use in the field. It must also have charac
teristics that support the system. The balance between 
these two requirements provides the key to success for any 
location reference system. The NCHRP Synthesis (1) 
states that the objectives for a location reference method 
are to provide a means for 

Unfortunately, many agencies regard the location ref
erence system as unnecessary. Hence, training courses to 
show people how the system and the method works are of
ten neglected. Today, few highway agencies make location 
reference training a requirement for all employees. In fact, 
few states even publish a location reference users' manual. 
An example of such a manual is the Roadway Reference 
System Users Manual of the Indiana Department of 
Transportation (DOT) (2). 

Location Reference Methods 

A location reference method consists of a mechanism to 
find and state the address of a point by referencing it to a 

1. Designating and recording the geographic position 
of specific locations on a highway, 

2. Using the designations as a key to stored informa
tion about locations, and 

3. Uniformity in application of procedures through 
which various highway-related data observations are 
located. 

Listing "uniformity" as an objective explicitly high
lights the desirability for an agency to either use only one 
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location reference method or provide a location reference 
system that can accommodate many methods at once. 
This also shows that designating a location should be in
dependent of the viewpoint of various organizational 
units making observations. 

There are two quite different approaches to location 
reference methods, commonly classified as either "linear" 
or "spatial." Linear location reference methods express 
the address in terms of a linear displacement along a high
way. Spatial location reference methods express the ad
dress in terms of three-dimensional coordinates. 

Although much work is being done in the field of spa
tial methods, the authors are unaware of any highway 
agency that has abandoned a linear method in favor of a 
spatial method. 

Spatial Methods 

Spatial methods use a set of coordinates to identify the lo
cation of a point. These "geocoordinates," as they are of
ten called, are commonly expressed either in longitude, 
latitude, and elevation or in state plane coordinates and el
evation. The driving force behind using geocoordinates 
seems to be a desire to use Geographic Information Sys
tem (GIS) technology. 

Advantages 

The advantages of spatial methods are as follows: 

• No physical marking is required in the field, 
• Coordinates can be obtained electronically with a 

Global Positioning System (GPS) receiver, 
• Any address given in terms of coordinates is perma

nent since the location in a three-dimensional space never 
changes, 

• Any point can be automatically displayed on an elec
tronic map, and 

• Addresses can be given for data that are outside the 
right-of-way using the same method. 

Disadvantages 

The following are disadvantages of spatial methods: 

• It is difficult to assign the topological relation
ships between highway segments in a three-dimensional 
manner, 

• It is difficult to detect measurement errors in the 
field, 

• Communicating the location of a point is impossible 
without a map or without a linear location reference 
method, 

• The motoring public will not be able to use location 
referencing to chart their progress along a route, 

• Calculating a distance between two points requires 
complicated three-dimensional geometry, 

• Users in the field must have a GPS receiver, 
• GPS receivers do not work when there is overhead 

cover such as trees and bridges, and 
• Accuracy requirements are significantly greater than 

for any linear method, because small errors can result in 
the identification of a point on an entirely different 
facility. 

Linear Methods 

The manner of identifying a known point, generally called 
a reference point, usually distinguishes one linear location 
reference method from another. Existing implementations 
of linear location reference methods can be described us
ing one or more of the following fundamental methods: 

• Mile point, 
• Mile post, 
• Reference point, and 
• Reference post. 

Even though there are many different names, all linear 
location reference methods are fundamentally the same. 
The NCHRP Synthesis (1) addresses this issue in its con
clusion: 

To the casual user of a highway location reference method, 
there appear to be many widely different methods in use 
today. There is a tendency to "see" significant differences 
between methods on the basis of different names. To make 
matters more confusing, terms such as "straight-line dia
gram", "route log", "coordinates", "milepoint", and even 
"milepost" and "reference post", are used rather loosely 
in connection with location reference methods .... There 
really is not a great deal of difference between the several 
most commonly used methods. 

Mile Points 

The mile (or kilometer) point method is the most funda
mental method. Most location reference systems employ 
the mile point method in some manner. The more suc
cessful systems use the mile point method internally to re
late locations to one another. 

This method assumes that each road has one reference 
point located at its beginning. The address of any point 
along the road is the numerical value of the distance of the 
point from the beginning of the road. Mile points are not 
physically identified in the field. 
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Mile point addresses are communicated with a format 
of "NNNN 999.999", where NNNN is the route number 
and 999.999 is the mile point. Figure 1 shows a typical 
road that is 8.7 mi long and has five "incidents": a start, 
a bridge, a T-intersection, a culvert, and an end. 

Advantages 

The advantages of the mile point method are as follows: 

• The distance between any two points on the same 
road is equal to the difference between the "to" and the 
"from" addresses, 

• Special posts are not required, and 
• Mile point systems are easy to understand. 

Disadvantages 

The disadvantages of the mile point method are as 
follows: 

MILE POINT 

la.,I 

MILE POINT 

1,.sl 
MILE POINT 

1
5 - 7

1 

• A user in the field must start to measure at the be
ginning of the road each time to get an address, 

• Addresses are unstable because mile points change 
whenever the length of the road changes, and 

• Whenever mile points change on a road, the location 
reference system must go to all files, including historical 
records, and renumber the addresses for all points on 
the road. 

Mile Posts 

The theoretical difference between the mile post and the 
mile point methods is in the physical placement of posts 
at even mile points along a road. Each mile post must be 
labeled with a number that represents the true mile point 
at the post. The address of any point, then, is given by 
adding or subtracting the distance traveled from any post 
to the point in question. 

The format for communicating the address of a point 
is "NNNN 999.999," as for the mile point. Figure 2 

MILE POINT 

~ 

MILE POINT 

10.01 

DESCRIPTION ADDRESS 

Bridge 001 .700 

@JJJtftf:PtiliJiJ~Wti11&@!1&Xtllil@@fJitfTu@r~ttm£&9l1iliMEl~H% 
Culvert 007.500 

FIGURE 1 Mile point location reference method. 
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DESCRIPTION 

Bridge 

Culvert 

ADDRESS 

001.700 

007.500 

FIGURE 2 Mile post location reference method. 

shows the same road as that in Figure 1, this time with the 
mile posts. 

Advantages 

The mile post method has these advantages: 

• It is easy to use in the field, 
• Motorists can use the posts to chart their progress 

along the road, 
• A user has to travel at most 0.5 mi to find the near

est post, 
• Numerical sequencing of the signs provides users 

with easy orientation, and 
• A user can calculate the distance between any two 

points by subtracting the "from" address from the "to" 
address. 

Disadvantages 

The mile post method has these disadvantages: 

• Maintenance forces must place, maintain, and work 
around posts; 

• Posts must be replaced whenever the length of a road 
or the unit of measure changes; 

• If the posts ever become out of date, the method can 
no longer be a mile post method; it becomes a reference 
post method and all the requirements of using a reference 
post method must be practiced; and 

• Mile posts can be confusing on concurrent routes 
(the numbers on the posts represent the mile point for 
only one route, or there is a set of posts for each route). 

Reference Posts 

The reference post method uses posts physically placed at 
various increments along the road. Each post has a refer
ence number. In this method the reference point is identi
fied by the number on the post. The address of any point 
is stated by giving the route number, the distance traveled 
from any reference post to the point in question, and the 
direction. 
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To calculate the distance between any two points, all 
reference numbers must be related to a mile point. Al
though a reference post number never changes, the mile 
point associated with a reference post number may 
change. Maintaining the relationship between reference 
post number and mile point is the key to success. The dis
tance between any two consecutive posts is maintained 
in a file. Any user or information system that wants to 
calculate the distance between any two points must use 
this file. 

The format for communicating the address of a point 
using the reference post method is "NNNN XXX :±: 
99.999", where NNNN is the route number; XXX is the 
reference number on the post; + or - indicates a positive 
or negative direction, respectively; and 99.999 is the dis
tance from that post. 

Figure 3 shows the same road as that in Figures 1 and 
2, this time, with reference posts added. 

Advantages 

The reference post method has these advantages: 

MIies 

_______ --· 0.3--, __ .--· 
-' ,;,,,,~~------
!;,~~ ----

,v,11-- ----- --~---
0.5 __ -

,v,11--

• It is easy to use in the field, 
• Addresses are stable and changes in route lengths or 

in the unit of measure for distances do not affect the phys
ical location of the posts or the validity of the post refer
ence numbers, 

• On concurrent routes a single set of posts applies to 
all routes, and 

• The distance between posts is usually small enough 
so users need not travel a long distance to find one. 

Disadvantages 

The reference post method has these disadvantages: 

• Motorists may not be able to chart their progress 
along a route, 

• Maintenance forces must place and maintain the 
posts and work around them, 

• Users and information systems must use a list to cal
culate distance between any two points, and 

• It is difficult to maintain and distribute the list of 
mile points for all reference posts. 

4.0 MIies 

-·,· · · ·· --- · -·-·-··--- - -·--· -- ~ 1.7 MIies 
0.5 \ \__ 

,v,11-- --- ~ ', / 
-- ---------·- ~ 'f<•,_ _,, 

~ ~ 
~ ~ 

, Primary 
~ Direction 

DESCRIPTION ADDRESS 

wum1;,a~J1t.1snma•rrnttrmmimrnrnrnesL¥&e,ek2st2J@J@m 
Bridge A"I + 00.500 

¥H1lHftffittflnJl,LffJRSHsiHWfJ@~MJ®~11 @eiiJff@99.J§P#Ilt%l 
Culvert AS + 00.300 

mnrniai%0#.f:@ptW:aestni:::mcmmn:mrnm@:m@Brn1@#i:ili:~:rnw:m:: 
FIGURE 3 Reference post location method. 
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Reference Points 

The difference between the reference post and the reference 
point methods is the physical placement of the posts in the 
field. The reference point method relies on assigning ref
erence numbers to easily identifiable physical features 
such as bridges and intersections. The reference point is iden
tified by a number on a list_ Distance between any two 
consecutive points is given on the same list. The list is 
required in the field to find the number for any reference 
point. 

The format to communicate the address of a point us
ing the reference point method is identical to that in the 
reference post method: "NNNN XXX ::t 99.999." 

Figure 4 shows the same road as that in Figures 1-3, this 
time with reference points_ 

Advantages 

The reference point method has these advantages: 

--~----------· 

Miles 

DESCRIPTION 

Bridge 

Culvert 

• Special posts are not needed, 
• Addresses are stable and changes in route lengths or 

in the unit of measure for distances do not affect the va
lidity of the numbers for the reference points, and 

• On concurrent routes the reference points apply to all 
routes_ 

Disadvantages 

The following are disadvantages of the reference point 
method: 

• It is cumbersome to use in the field, 
• Reference points can often be located only at im

practical distances apart on rural roadways, 
• Motorists are not able to chart their progress along 

the route, 
• User and information systems must employ a list to 

calculate distance between any two points, and 
• Maintaining and distributing the list of mile points for 

all reference points is difficult. 

1.7 MIies 

~ 

ADDRESS 

A2 + 00.000 

A3 + 01.800 

FIGURE 4 Reference point location method_ 
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ISSUES IN SELECTING A METHOD 

In presenting issues that an agency should address in the 
selection of an approach to location referencing, the rela
tionship between system and method is discussed from 
five different perspectives: balance between method and 
system, experience of some DOTs, stability of addresses, 
institutional issues, and the act of replacing one unit of 
measure with another. 

Balancing Method Against System 

In general, two aspects must be balanced when the ap
propriate method for an agency is selected. The method must 
be easy to use in the field, and the supporting system must 
provide a mechanism to accommodate changes in ad
dresses. It is desirable to reduce the impact of address 
changes so that separate files, including historical files, 
can be easily integrated. Creating an appropriate balance 
between these two aspects is confusing because one is only 
achieved at the expense of the other. This is why mile 
point and mile post methods are unattractive; ease of use 
comes at the expense of address stability. 

Three principles have been observed by the authors . 
First, systems based on a single method are generally more 
successful than those involving many methods. Second, 
systems based on post methods are generally easiest to 
use in the field. Finally, systems that require a list to be 
used in the field are generally more difficult to use and 
maintain. 

Experience of Some DOTs 

A true mile post system must have a procedure in place to 

ensure that the posts are always located at exact mile 
points. All posts beyond an affected point must be re
moved and replaced whenever a realignment activity oc
curs. Since this removal and replacement is seldom done, 
many agencies that started with a mile post method ended 
up with a reference post method. Yet, these agencies still 
called their method a mile post method and did not have 
a system in place to manage either. Mislabeling the 
method and lack of system procedures have resulted in 
much confusion. 

Agencies still using these mislabeled mile post systems 
are trying to force some procedures of a mile post system 
to perform like those of a reference post system while still 
employing the main characteristics of a mile post method. 
When a road's length changes, an "adjustment equation" 
is introduced in the system. Because of post placement er
rors, some agencies have "short miles" and "long miles," 
also accounted for by adjustment equations in the list. 

Stability of Addresses 

The impact of address changes is also a system issue. The 
system must have procedures to accommodate changes in 
addresses swiftly and thoroughly. Since few agencies have 
integrated data bases in place, it is difficult to communi
cate address changes to all existing information systems 
automatically. Usually these matters are left to manual 
procedures, and manual procedures are notorious for not 
being applied properly, especially without documentation 
or formal training in their application. 

Therefore, an agency has two choices: automate proce
dures or minimize address changes. Since providing the 
system with automated procedures requires an expensive 
integrated data base, it is usually better to focus on edu
cation and address stability. Minimizing address changes 
is a methods issue. 

Institutional Issues 

Location referencing has a tremendous influence on virtu
ally all areas of business in a DOT. Anyone involved with 
DOT data must be familiar with various parts of the lo
cation reference system, and all must be familiar with the 
method. 

Whenever any change is recommended, it is most often 
greeted with resistance. People, particularly those inti
mately familiar with the nuances of the current method, 
tend to resist change. If an agency wants to change its 
method, this resistance must be considered, planned for, 
and accommodated. In the Utah Department of Trans
portation (UDOT), this was accomplished through edu
cation seminars and by forming a joint task force 
consisting of all major players, including the police. 

Changing Units 

Changing the unit of measure for distances to the Inter
national System of Units (SI) will definitely have an im
pact on the location reference system. The size of this 
impact can be linked to how easily the location reference 
method can handle the change. 

The conversion can be simple . In the reference post 
method, for example, all distances in all files can be con
verted from miles to kilometers through a simple pro
gram. Then those in the field must start reporting all 
distances in kilometers instead of miles. 

However, the conversion can be complicated. For ex
ample, agencies using any form of the mile post method, 
mislabeled or not, must either remove and replace all 
posts or convert their method to a reference post method. 
The agency must then make the same modifications in re
porting distances mentioned above for the reference post 
method. 
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UDOT LOCATION REFERENCE SYSTEM 

System Review and Recommendations 

The key to sharing information gathered and maintained 
by different divisions within the department was to relate 
all information pertaining to a specific location to a com
mon address on the highway system. For 15 years UDOT 
had used a Highway Reference System (HRS) to establish 
and report common addresses for points along the highways. 
In 1992, UDOT requested proposals for an engineering 
data base to develop a capability to provide complete and 
easily usable information to district field personnel and de
partment decision makers. As part of this request, UDOT 
specified that the data base provide an automated capabil
ity to store, maintain, retrieve, and report information by 
location, using the HRS. UDOT also requested a review of 
HRS to determine what adjustments would be needed to 
make the system compatible with the automated system. 

The consultant review and evaluation of HRS revealed 
major discrepancies between the desired capability and 
what was actually provided by the present system. HRS did 
not have documented procedures, and the operating 
methods were unclear. Over the 15 years since system im
plementation, changes in data collection and reporting 
procedures and individual, informal changes to meet in
dividual user's needs had rendered the system ineffective. 

UDOT's selected engineering data base provided the 
capability for the automated portion of a usable location 
reference system. It could concurrently support several 
reference methods. In addition to the automated capabil
ities of the engineering data base, the consultant made 
several recommendations for actions to implement an ad
equate location reference system, calling for UDOT to 
develop 

• A manual explaining UDOT's location reference sys
tem and giving examples of its use, 

• A formal location referencing training course for all 
employees who are involved with the HRS, 

• A policy designating one office as responsible to 
maintain all aspects of the HRS including effective distri
bution of the address list, 

• A procedure by which the location reference office 
annually freezes address data for a period of 1 year so all 
data collected during that year are referenced to the same 
addresses, 

• A formal computerized and manual system to cover 
all aspects of location referencing, 

• A procedure to make cascading changes to addresses 
in all current and historical files to allow comparison of 
data collected when other addresses were used, 

• A procedure to make the location reference method 
as easy to use in the field as possible, and 

• A strategy to implement metric measurement notation. 

Necessary location reference method changes basically 
combined the best features of the reference post method 
with the reference point method. Recommended changes 
were as follows: 

1. Leave existing posts in the field where they are. 
Costs to remove and replace the posts would be high, and 
the posts can be used as reference posts in the upgraded 
referencing system after "freezing" their locations to pro
vide consistency. 

2. The fact that mile points are fundamentally different 
from existing mile posts must be communicated effec
tively. The best place to start would be to officially change 
the name "mile post" to "reference post." This would help 
eliminate the mistaken belief that posts are always 
1 mi apart and would also help in the transition from miles 
to kilometers when none of the posts will be 1 km apart. 

3. Change the format of the address used by the HRS 
to the format shown below. This format must be used by 
all systems in the agency. 

NNNND FFF + 9.99 TTT + 9.99 

where 

NNNN = route number designator with leading 
zeros; 

D = direction of roadway lanes, for example, P, 
primary direction, used on the set of lanes 
that runs in the primary direction on di
vided highways; B, primary direction, used 
to indicate an undivided highway; N, op
posite direction for the set of lanes on di
vided highways that runs opposite to the 
primary direction; R, ramp in the primary 
direction; and S, ramp in the negative 
direction; 

FFF = identifier on the closest reference post in 
the negative direction from the address; 

9 .99 = distance from FFF to the address in the 
positive direction; 

TTT = identifier on the closest reference post in 
the negative direction from the address of 
the "to" point (only for sections); and 

9.99 = distance from TTT to the address in the 
positive direction (only for sections). 

4. Change all existing systems in UDOT to accommo
date the new address. If data from existing systems are 
to be integrated with new data, all must use the same 
addresses. 

5. Maintain and distribute the following four lists to 
users in both paper and electronic format. 

• Route list, showing route identifier, positive di
rection, and a description of each route in the location 
reference system; 
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• Reference post list, showing route identifier, ref
erence post identifier, mile (kilometer) point, distance 
from the next preceding reference post, and unit of 
measure for distance; 

• Reference point list, showing address and a de
scription of major physical features along each route; 
and 

• Concurrent highway list, showing the addresses 
of concurrent highway sections 

6. Change the method used to acquire addresses. 

Institutional Issues 

A Highway Location Reference System Group was 
formed to deal with the multitude of institutional issues that 
arose. Group membership included representatives from all 
UDOT users and a representative from the Utah Highway 
Patrol to represent the views of law enforcement users, 
both state and local, who report accidents and other in
formation using location references. Identification of all 
of the varied user requirements and providing a capabil
ity to satisfy them was key to implementing both the 
system and method. In some cases this dictated compro
mises, which led to some users' functions not being opti
mized. Thanks to the Location Reference System Group's 
expertise and professionalism, these areas were identified 
and accommodated. 

Pros and cons regarding extensive modification of 
UDOT's existing system were considered. Major points in 
favor of the new system were that it would provide 

• Easily communicated, exact location information 
from a wide variety of inputs and to any connected users; 

• Unification and integration of data from diverse data 
collection systems; and 

• Increased location referencing accuracy. 

However, the new system would require 

• A major effort to implement, and 
• Extensive computer program changes for all data

gathering activities. 

Several major departmental decisions were made af
fecting UDOT's location referencing system. A single, de
partmentwide location referencing system is essential to 
allow multiple users to share data. The automated por
tion of the system will be provided by the engineering data 
base program. Finding locations and identifying relation
ships among various combinations of data at and between 
specific locations is a repeated requirement, essential to 
ensure that information and analyses from diverse data 
areas reflect true conditions in the field. 

For example, investigating police officers usually drive 
from the scene of an accident to the next reference post to 
establish the reference post location and the distance from 
it. However, data collection is usually conducted in a pri
mary direction along a route over an area spanning sev
eral reference posts. 

To accommodate the varied needs of data collectors, 
the system allows locations to be identified using any valid 
address. However, to ensure easy communication with all 
users and uniformity, the system converts input addresses 
to a standard address that is stored, retrieved, manipu
lated, and used for all reporting. This leads to two types 
of addresses: 

1. To identify an address where data are collected, a 
"UDOT address" may be used. This address is expressed 
by a route number, direction indicator, reference post 
number, and an offset, which may be any distance (e.g., 
0015P 321 + 4.63). 

2. To provide the most stable and predictable way to 
identify a location for a wide variety of users over time, it 
was decided to establish a "UDOT standard address." A 
standard address ensures one, and only one, address for 
each location or event. The UDOT standard address uses 
route number, direction indicator, the number of the ref
erence post immediately preceding the location, and an 
offset in the positive direction, which is less than the dis
tance to the next reference post (e.g., 0015P 325 + 0.63). 
This address is the one under which all data pertaining to 
a particular location are stored, retrieved, manipulated, 
and reported. 

Data will be gathered and stored as separate roadways 
for each direction of travel on divided highways. 

Address reporting formats will be multiple and varied 
to meet the needs of individual users. For example, one 
user may need a report on all routes within a single 
UDOT district, and another may need to use standard ad
dresses to locate individual pavement sections or points 
along a route or routes. Other users will have their own 
unique requirements. 

To provide stability, accuracy, and repeatability, a unit 
within the Transportation Planning Division was desig
nated to manage, operate, and maintain the location 
referencing system. Maintenance Division and district 
maintenance personnel were designated as responsible to 
replace missing or damaged posts in locations designated 
by the system manager. 

Within UDOT's system a single reference method was 
desirable to communicate location more easily and to 
provide more consistent data for use. A single method 
throughout UDOT will allow easier, more accurate data 
communication and integration. To meet these require
ments UDOT selected the reference post method for loca
tion referencing. Several decisions were required to 
implement this method: 
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• Existing mileposts were redesignated "reference 
posts " and remained in their original locations. Missing or 
damaged posts were replaced and maintained at their 
original locations. 

• Each route had a zero reference post placed at its 
point of beginning and an ending reference post marking 
the end of the route. 

• Route designations and cardinal direction signs were 
placed on every fifth reference post, along with the post 
number. 

As currently constituted, the system provides several 
essential capabilities: 

• To accept any reported address, convert it to a 
UDOT standard address, and store, retrieve, manipulate, 
and report it in UDOT standard address format; 

• To identify linear segments in a standard manner by 
converting beginning and ending addresses to UDOT 
standard addresses; 

• To recover the distance attribute between two ad
dresses and to report the UDOT standard address of a 
point from any address when provided with a distance 
and a direction; 

• To provide standard addresses for selected data ele
ments without displaying addresses for any other unde
sired items; 

• To be easily convertible to metric measurement 
units; and 

• To treat divided highways as separate roadways. 

Within the system the method 

• Contains minimum perceived changes for field 
personnel, 

• Uses existing mileposts as they were previously 
installed, 

• Is easy to learn and use in the field, 
• Has flexibility to meet varied user needs for location 

identification, and 
• Provides stable addresses over time 

Implementation 

There were several implementation impacts. Full imple
mentation of the revised UDOT location reference system 

and method required about 1 calendar year and 3 to 5 
person-years of effort. Implementation required 

• Complete inventory of mileposts along the highway 
system to establish precedence, succession, distance, and 
condition of existing mileposts for their conversion to ref
erence posts; 

• Full inventory on opposing roadways for divided 
highways; 

• Modification of all existing data collection systems 
to use the new location reference method and format; and 

• A manual interface for each data area to translate 
between old and new method addresses. 

Finally, all potential users must be educated in using 
the system and to realize that optimizing the system is not 
the same as optimizing each individual area. Users in the 
UDOT Central Office must be aware of the reference 
method used in the field and know system capabilities for 
data retrieval, manipulation, and report generation. In the 
field , personnel must be familiar with the method used to 
report and find locations and be aware of the system ca
pabilities. In all areas, individual users must understand 
that they may be required to give up some desirable fea
tures to allow the system to best serve overall department 
needs. 

SUMMARY 

UDOT adopted the reference post method of location ref
erencing. This method allows data gathered by various 
department divisions to be related to specific locations 
along the highway system. Used with the management 
system provided by the engineering data base, this 
method provides the key to sharing information among 
UDOT's many separate activities. 
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Establishing a Link/Node Referencing System in 
North Carolina 

Mary C. Oppermann and Shie-Shin Wu, North Carolina 
Department of Transportation 

The state of North Carolina has historically managed 
highway-related data on a county/route/mile post system. 
Route changes due to new construction or redesignation of a 
route cause the mileposting of the route to change; therefore, 
tracking historical information over time is virtually impos
sible. A link/node referencing system was proposed to solve 
this problem by providing a stable designation over time. A 
node is ass igned to each permanent physical feature on the 
road with links established as the distance between adjacent 
nodes. This system solved the problem because all data will 
be associated with a link or node and will not be dependent 
on the route designation and the mile post. 

The development of the link/node system required 
coordination between various branches of the 
North Carolina Department of Transportation 

(NCDOT). Each branch had a different method of main
taining data. The operation of a relational database re
quires a single reference system to be used throughout 
NCDOT. Many compromises were necessary for each 
branch to adapt to the new reference system. 

The development of the system also had to allow for com
puterized data conversion. Many computer data files are 
stored in flat file form. NCDOT is in the process of con
verting flat files into a relational database. The link/node 
system is the primary key for the relational database. Sev
eral modifications had to be made to the link/node system 
to aid in the computer conversion. 
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HISTORY 

North Carolina maintains a highway system of over 260 
800 lane-km (162,000 lane-mi). A county/route/milepost 
system for referencing information to the highway system 
has been used. The mileposting of each route begins at the 
county line and follows the route through the county. 
New construction or reconstruction can affect the total 
length of the route in the county, resulting in a change of 
milepost designation for the section of the route. There
fore, a section of highway that has been referred to at one 
mile post will from that time forward be referred to by an
other mile post. No record of changes has been main
tained, thereby making tracking historical information 
across time almost impossible. 

The NCDOT is in the process of developing a relational 
database to contain departmentwide data. For this data
base to be successful, a common primary index was needed 
to link tables from different branches within NCDOT to
gether. A committee was formed with representatives from 
all branches of NCDOT to develop a unified reference sys
tem. Extensive coordination effort was required to bring 
all parties into agreement on a single system. For instance, 
there are five conventions of numbering counties in the 
state. Most branches did not want to compromise and 
wanted to continue using their existing numbering system. 
The process of coming to an agreement was painful, but 
without a standardized coding and reference system there 
cannot be a departmentwide relational database. 
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The department is also in the process of digitizing the 
highway network for a Geographical Information Sys
tem (GIS). It is anticipated that it will be several years 
before the mapping and attributed tables for GIS are 
complete. The need for a unified reference system be
fore the GIS completion date was recognized. Also, 
data stored in the attribute tables would not be stable 
over time if the primary index was a county/route/mile 
post system. 

ALTERNATIVE REFERENCE SYSTEMS CONSIDERED 

Three different referencing systems were considered: up
dating the county/route/mile post system, a link/node sys
tem, and a station post system. The link/node system was 
chosen as the most suitable for North Carolina's highway 
system. 

As discussed earlier, it is almost impossible to track any 
information across time with the current county/ 
route/mile post system. Because North Carolina's high
way system is constantly changing, the logistics of updat
ing all historical files to reflect changes was determined to 
be too complicated. In meetings with the Management In
formation Systems (MIS) section of NCDOT on develop
ing the new reference system, a method of keeping track 
of all changes was studied. It was felt that programming 
to encompass the changes to all files using the reference sys
tem would be very time-consuming and, since changes 
would be occurring frequently, the cost of computer time 
to update all files daily or weekly was prohibitive. 

A station post reference system was considered. It was 
determined that the cost of installing station posts along 
both sides of all 125 580 centerline km (78,000 mi) of 
highway would be prohibitive. In addition to the initial 
cost, the cost of monitoring and replacing posts destroyed 
due to accidents, mowing, and vandalism would be an an
nual maintenance problem. Therefore, the station post 
system was not determined to be economically feasible. 

With a link/node system, all data would be stored as
sociated with links and nodes which would not change 
over time. Any route changes would take place in one file, 
and with a relational database all appropriate historical 
data could be retrieved for any section of road. Also, all 
data points can be tied to a readily identified location so 
someone in an office could determine the link/node loca
tion from a physical description. 

Recently the FHWA has required data for the Highway 
Performance Monitoring System (HPMS) be reported in a 
link/node referencing system. Data reported in HPMS is ob
tained from other databases and a common reference sys
tem will simplify assembling of the report. 

LINKIN ODE SYSTEM 

A link/node system was selected as the method to isolate 
data from changes in designation over time. Each perma
nent physical feature is assigned a node number. These 
features include intersections, bridges, railroad crossings, 
county lines, and other features that will not change over 
time. Features such as city limits, changes in pavement 
type, etc. were not used because these features are subject 
to change. Permanent features other than intersections 
were used because these features are used to describe lo
cations on accident and other reports. Personnel located 
in various offices must be able to convert a written de
scription to the link/node reference system. Therefore, 
designating nodes at all permanent physical features used 
to describe locations in these reports will increase the ac
curacy of the database. 

Links are established as the highway between adjacent 
nodes. Any point along a link can be designated as the off
set from one node toward the adjacent nodes. Routes then 
become an accumulation of adjacent links. This system 
solves the problem of tracking historical data because all 
data are associated with a link or node and are not be de
pendent on the route designation or to mileposting which 
is subject to change. 

Three tables are required to manage the system. High
way link data, which include county, route, begin node, end 
node, and link length (see Table 1), are the basis of the sys
tem. The first table built from this data is the link table. 
The link table consists of the beginning node, the end 
node, and the highway distance between the two nodes 
(see Table 2). A route table is then compiled by connect
ing the links throughout a route (see Table 3 ). A table de
scribing each node (routes intersecting at the node) is 
computer-generated from the above two tables. This table 

TABLE 1 Data Entry 

COUNTY BEGfN NODE END NODE LENGTH ROUTE 

32 00683 00786 1.28 us 64 

32 00787 00788 IO I US64 

32 00786 00787 0.24 US 64 

32 00788 00795 2.34 US 64 

32 00788 01432 1 61 NC 574 

TABLE 2 Link Table 

COUNTY BEGfN NODE END NODE LENGTH 

32 00683 00786 1.28 

32 00787 00788 I OI 

32 00786 00787 0.24 

32 00788 00795 2.34 
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TABLE 3 Route Table 
ROUTE COUNTY BEGIN NODE END NODE LENGTH MJLEPOST 

us 64 32 00000 00683 0.00 0.00 

us 64 32 00683 00786 1.28 1.28 

us 64 32 00786 00787 0.24 1.52 

US64 32 00787 00788 LOI 2.53 

US64 32 00788 00795 234 4.87 

must be amended to include other physical features at the 
node not described in the route table such as bridges, rail
roads, county lines, etc. (see Table 4). 

All data stored in the database will be referenced to the 
link/node system. Point data will be stored by the offset dis
tance from a node. Other data will be assigned to links or 
portions of links, again described by the offset distance. The 
node numbers will always remain stable; therefore, when 
a route is changed, only the route table will be updated to 
reflect that change. The change will automatically be re
flected in the node description table. However, all data 
such as pavement type and condition, accidents, traffic 
history, etc. will remain on the section of highway to 
which such data pertain. 

The link/node system is also compatible with GIS. The 
nodes can be located on the digitized maps. From this, the 
xy-coordinates can be assigned to each node. In the fu
ture, when GIS is operational, the xy-coordinates can be 
used to locate data. This will be beneficial because hand
held Global Positioning System (GPS) units can determine 
exact position in the field from satellites, increasing the 
accuracy of data location. Eventually much data, such as 
accident data, will be located by this method. 

A flat file called the universe file is being maintained to 
contain data required for the Highway Performance 
Monitoring System (HPMS). Data in this file include 
roadway characteristics, average daily traffic, city limits, 
and mileposting of highway characteristic changes. Other 
files maintained by various units of NCDOT using a mile 
post designation include accident, pavement condition 
data, construction history, and the location and inventory 
file. Only the universe file has been updated annually to re
flect the changes in the highway system because of re
quirements of the FHWA. Therefore, this file is the most 

TABLE4 Node Locator Table 

COUNTY NODE DESCRJPTION DESCRJPTION DESCRIPTION 

32 00683 US64 NC 224 SR 1618 

32 00786 us 64 BR. 12363 

32 00787 US64 RR 54347 

32 00788 us 64 NC 574 

32 00795 US64 SR 2042 BR 98876 

32 00789 US64 us 301 

32 00790 US64 CL 73 

US-US Route, NC-NC Route, SR-Secondary Road, BR - Bridge, RR-Railroad, 
CL-County Line 

up to date and hence was used as the basis for the con
version. 

The MIS section of NCDOT developed a computer 
program to assign nodes to intersections and other fea
tures and to compute link length between nodes based on 
the universe file and the feature and location file. The uni
verse file contains all roads, including entire length and in
termediate points where road inventory items change. It does 
not include all intersections of roads. The feature and lo
cation file contains a list of intersections and correspond
ing mile posts along each road. However, the feature and 
location file was only approximately 50 percent complete 
and did not include all roads or all intersections along a 
given road. Therefore, only approximately 70 percent of 
nodes were included in the computer-generated informa
tion. Students were employed to locate nodes on county 
maps from this information, identify missing nodes and 
assign node numbers, and determine link length between 
inserted nodes. There are also discrepancies in section 
lengths between the two tables. Since information in the 
universe file takes precedence over all other fil es, correc
tions had to be made to a small portion of the link lengths 
generated from the feature file. 

Node numbers were assigned on a county-by-county 
basis, with each county starting with node 00001. To ac
commodate large urbanized counties, the node numbers con
sist of five digits. At this point, our largest county consists 
of over 6,000 nodes. This includes noding intersections of 
state-maintained roads, bridges, railroads, and county 
lines. Once the link/node system is completed for the state 
highway system, the Traffic Engineering Branch wants to 
expand the system to include local streets to locate acci
dents. It is anticipated that a five-digit number will be nec
essary to accommodate this expansion. There are 100 
counties in North Carolina, and the two-digit county 
code will become part of the node number, thereby re
sulting in a statewide seven-digit number for node identi
fication. 

DATA CONVERSION 

Once the manual location of nodes and determination of 
link length was accomplished, a computer update of the 
files generated by MIS was necessary. MIS set up a system 
where links were entered with their corresponding routes. 
The program then assembles routes from the various links 
by going from the end node of the first link to the begin
ning node of the second link, etc. To do this, a beginning 
link of each route had to be designated so the system 
could determine the start of a route. Therefore, the initial 
link of each route was entered with a beginning node of 
00000, with the second node being the actual first node on 
the route. The computer can then compile the route from 
start to finish. 
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Occasionally people who have worked in the field of 
data collection for many years have trouble thinking in 
terms other than county/route/mile post and have diffi
culty conceptualizing the link/node system. Therefore a 
cross-reference table from link/node to mile post will be 
maintained to facilitate data collection for reporting pur
poses and to help make the transition from one system to 

the other. This table will calculate mile post data from the 
link lengths and provide a window for users who want to 
continue using the county/route/mile post system to ac
cess the database. All data will be stored in association 
with the link/node and not by mile post. Those people 
who are used to using the mile post convention can con
tinue to access data by mile post with the link/node sys
tem operating internally. 

After the link/node tables have been completed, a com
puter conversion of the universe file will take place. Since 
the length between points on the universe file is consistent 
with those used in the link/node system, this conversion will 
only require minor programming. However, the milepost
ing of other files that require conversion is not consistent 
with the new link/node system. For instance, mileposting 
in the pavement condition database has not been revised 
in 10 years. Any changes in routes during that period have 
not been incorporated into the database. Also, some of 
the mileposting was done in the opposite direction from 
the universe file. Factors such as these make a computer 
conversion infeasible without verifying accuracy of the ta
bles being converted. Therefore, manual review of these ta
bles will be necessary to ensure correct mile posting before 
conversion takes place so that the associated data will be 
designated to the appropriate links. 

At this time, conversion from county/route/mile post to 
link/node on 80 of the 100 counties in North Carolina has 
been completed. The next step of converting the existing 
flat files to the new referencing system will be a major un
dertaking. It will be impossible to convert any files to the 
link/node system until the entire state has been completed. 
One county was selected and used to develop and test 
software for data conversion. Pitt County was selected be
cause it is one of the few counties that is complete on the 
GIS. When the reference system is complete for this 
county, MIS can develop software and use this county 
for testing. Using a pilot county will allow software for 
the conversion to be completed so that when the state
wide link/node system is finished, all flat files can be con
verted and the databases can be operational in a very 
short time span. 

Once the conversion has been completed a process to 
modify the database for changes to the highway system 
will be necessary. MIS is developing an update procedure 
that will accommodate the addition or deletion of nodes. 
This procedure will include checks to prevent breaks or 

overlaps of links along a route. All related databases will 
automatically be updated when a change occurs. 

COOPERATION EFFORT 

Much resistance has been encountered by other branches 
that cannot see past the additional work of the conversion 
to the benefits to be derived from the new reference system. 
Due to staff reductions, they do not want to invest the hu
man resources required to prepare their databases for con
version. However, for the system to be a success, all 
branches must participate and use the link/node reference 
system. Therefore, a directive from upper management is 
imperative for department-wide conversion to take place. 

CONCLUSION 

The benefits of a statewide uniform referencing system far 
outweighs the efforts required to accomplish the task of 
conversion. The ease of handling data will allow greater 
in-depth analysis for required information and reports. 
Management will be able to assess information more 
readily to make better-informed decisions. 

Major changes usually encounter resistance from those 
who are accustomed to the status quo. However, data 
standardization is essential for the development of a de
partmentwide relational database. The development of 
the link/node system will provide a foundation on which 
to base future database tables and modeling. 

A unified referencing system will provide the following 
benefits: 

1. Data can be shared throughout NCDOT, and each 
branch will not have to maintain duplicate data files. 

2. Historical data can be accurately tracked over time 
for each section of highway. 

3. HPMS reports can be generated from the database 
with updated information. 

4. Operation of GIS requires a standardized reference 
system. 

5. Activities such as performance prediction modeling 
that require information from various data tables can be 
accomplished. 

6. This system will allow computerized updating of all 
related data tables for modifications when nodes are 
added or deleted. 

For successful implementation of the link/node system, all 
branches must make a commitment to convert to the stan
dardized system. Upper management must support the 
concept and require all branches to convert to the same ref
erencing system to accomplish this goal. 



Integration of a Pavement Management System 
and a Geographic Information System 
in South Carolina 

Alan Cheetham, Pavement Management Systems Limited, Canada 
Bill Beck, South Carolina Department of Highways and 

Public Transportation 

With the increasing use of Geographic Information Systems 
(GIS) in public agencies, there is a growing trend toward 
integrating the Pavement Management System (PMS) data 
into the GIS. With the technological advances in computer 
hardware and software, this integration is becoming more 
practical. The advantages for the PMS engineer include the 
ability to visually display the results of database queries and 
pavement management analyses on a map of the highway 
network, view network conditions through dynamic color
coding of highway sections, and access sectional data 
through the graphical map interface. The alternative ap
proaches to PMS/GIS integration in general are discussed, 
along with a detailed evaluation of the alternatives in South 
Carolina. The integration can be achieved through total in
tegration so that the PMS is part of the GIS, through export 
of PMS data to match the GIS, or through export of the map 
into a PMS map display/query module. The advantages and 
disadvantages of each approach to system integration are 
discussed. The issues of highway referencing and data/map con
nection are presented. Finally, there is an examination of 
PMS/GIS integration as implemented in South Carolina. 

With the increasing use of Geographic Informa
tion Systems (GIS) in public agencies, there is a 
growing trend toward integrating Pavement 

Management System (PMS) data into the GIS. With the 
technological advances of computer hardware and soft
ware, the integration of these two types of systems is be
coming more practical. 
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Great effort is often expended by an agency in the im
plementation of a GIS because of the labor involved in the 
following operations: 

1. Digitizing or cleaning detailed maps, or both, and 
2. Attaching the data referencing information to the 

graphic elements. 

Map digitization is the first major step in a GIS imple
mentation and can often require a couple of years to com
plete. The second major step is to attach reference 
information (usually mileage for state highway agencies) 
for attaching existing data to the graphics. As a result of 
the level of effort required, a GIS implementation often 
takes several years to complete and the integration of 
other systems is sometimes adversely affected by this 
time lag. 

The advantages of the GIS/PMS system integration for 
the PMS engineer include the following abilities: 

• To visually display the results of database queries 
and pavement management analyses on a map of the 
highway network; 

• To view network conditions and projected work 
programs through dynamic color-coding of highway sec
tions; and 

• To access sectional data through the graphical map 
interface. 
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The South Carolina Department of Highways and 
Public Transportation (SCDHPT) Office of Planning has 
been implementing a GIS using the Intergraph MGE soft
ware (utilizing the lnformix database software) on Unix 
workstations. A PMS development project was conducted 
simultaneously. As part of the PMS implementation, the 
PMS/GIS integration options were assessed to determine 
the best solution to meet the users' needs. This paper fo
cuses on the GIS/PMS implementation from the PMS en
gineer's perspective as a system user. 

Two state maps are being developed by the Office of 
Planning in SCDHPT: a detailed map based on 7.5-min 
quads (referred to as the quad map in subsequent discus
sion), and a 1:100,000 map with less detail (referred to as 
the state map in subsequent discussion). The state map 
was originally digitized for publication annually. At pres
ent the state map is completely digitized, whereas the 
quad map is still under development. 

When maps are initially digitized, it is often done on a 
random basis (especially if the map was not created origi
nally for a GIS, but for another purpose, such as map pub
lishing). In a randomly digitized map, the graphic elements 
look like the map when displayed; however, the line strings 
do not correspond to pavement sections. In fact, if the map 
was not digitized initially for a GIS, the line strings would 
have no identifiers attached such as highway number, mile 
post, and so on. This is the case with the SCDHPT state map. 

Since the state map was at a scale sufficient for network 
pavement management and the map was completely digi
tized and cleaned, it was selected for use in the PMS/GIS 
integration. This map utilizes state plane coordinates on 
the MGE software. 

ALTERNATIVE APPROACHES FOR 
PMS/GIS INTEGRATION 

Three general approaches are available for PMS/GIS inte
gration: 

1. Total integration: The PMS is implemented within the 
GIS software and thus becomes part of the GIS; 

2. PMS data export: The PMS data are exported and 
then imported into the GIS for display or querying; and 

3. Map export: The map is exported from the GIS 
and then imported into the PMS for use in a map dis
play/query module. 

Total Integration 

Total integration involves the implementation of the PMS 
within the GIS software system. A disadvantage with this 

approach is that the choice of software for system imple
mentation is very limited, since any given GIS package 
will operate with only a specific database management 
system (or sometimes more than one). In the case of South 
Carolina, this is Intergraph/Informix, because this soft
ware was already being used for the GIS development. 

The total integration approach often results in a system 
that is more difficult to use and less flexible from the PMS 
engineer's perspective. This approach greatly limits the 
options available for the PMS implementation since the 
limits of the GIS software become the limits for the PMS 
software as well. 

Unless the GIS has dynamic segmentation available to 
match the PMS analysis sections to the map lines, the map 
has to be statically segmented to have the line strings 
match the PMS sections. This can result in a system that 
is either much less flexible or a lot more work to maintain. 

This approach is best suited to an agency in which the 
PMS user is already familiar and comfortable with using 
the GIS software and wants the PMS to be totally inte
grated within that system, otherwise the other two ap
proaches have the major advantage of greater software 
flexibility. In addition, the other two approaches allow the 
mixing of hardware/operating system environments for 
the GIS and PMS software. For example, many installa
tions utilize a GIS on a Unix network and a PMS on a per
sonal computer (PC) network. The networks' common 
area allows file transfer between the hardware and oper
ating systems. 

PMS Data Export 

The PMS data export approach requires an output utility 
in the PMS that will export the sectional data in a form 
that can be imported into the GIS for attachment to the 
line strings. This approach also entails the problem of 
making the line strings match the PMS analysis sections as 
in the total integration approach. Dynamic segmentation 
in the GIS can be used to overcome this limitation. 

This approach has the advantage of not placing re
strictions on the development environment used for the 
PMS, since the PMS and GIS communicate through file 
transfer and can use different software or reside on dif
ferent platforms. This approach has the major dis
advantage of requiring the user to use two separate 
systems-creating data on the PMS, but then having to 
perform data transfer to do graphical querying each time 
the PMS data are modified. 

The PMS data export approach is generally preferable 
to the total integration approach because of the flexibility 
in software combinations available. The authors have im-
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plemented systems that use this approach in several cities, 
using FoxPro-based PMS, ARC/Info GIS software for 
map maintenance, and ARCVIEW for map display or 
quenes. 

Map Export 

The map export approach requires an input utility in the 
PMS that can import the map fil e for use in a map dis
play/query module that is a part of the PMS. The utility 
needs to have the capability for dynamic segmentation of 
the line strings to match the analys is sections. 

This approach has the advantage of being easiest to op
erate for the PMS engineer. In addition, there are no re
strictions on the development environment used for the 
PMS or the GIS. Data display screens, querying functions, 
and so forth, can be identical whether invoked in the map 
display module or in the text-based database functions. 

In many situations, this approach offers fewer disad
vantages. However, more complex PMS software is re
quired to provide the map import and display or query 

capabilities. In addition, this approach may not be suit
able if other GIS users require access to PMS data through 
the map. Table 1 summarizes the major advantages and dis
advantages of each approach. 

For the SCDHPT, the map export approach was se
lected since it provides the easiest-to-use solution for the 
PMS engineer and because the PMS software was then not 
restricted to using lntergraph/lnformix. The selected ap
proach required the capability for dynamic segmentation 
since the PMS allows dynamic sectioning to produce 
analysis sections from a detailed database. With this ap
proach all map maintenance is still done on the Intergraph 
MGE system. The updated map is imported to the PMS 
on an annual or semiannual basis. 

HIGHWAY REFERENCING AND MAP 
DATA CONNECTION 

In all approaches to the PMS/GIS integration, a funda
mental requirement is to achieve the connection between 
the data and the map graphics (line strings representing 

TABLE 1 Summary of PMS/GIS Integration Approaches 

Total Integration PMS Data Export Map Export 

Approach PMS and GIS PMS data exported Map exported from 
integrated in common to GIS for linking to GIS to PMS for 
software map linkinq to data 

Map Maintenance GIS GIS GIS 
Data Export / Import No export / import Disadvantage: PMS Map requires export / 

data requires export import annually 
whenever data or 
analysis results 
chanqe 

Hardware platform Disadvantage: GIS Data transfer allows Map transfer allows 
and PMS restricted to PMS and GIS to exist PMS and GIS to exist 
common platform on different platforms on different platforms 

PMS Software Disadvantage: No limitations on No limitations on 
Flexibility Limited by GIS PMS software PMS software 

software speed and 
capabilities 

Consistency of User Consistent interface Disadvantage: PMS Consistent interface 
Interface between PMS and and GIS have between PMS and 

GIS portions of different user GIS (PMS map 
system interfaces display) portions of 

system 
Ease of Use for PMS PMS engineer Disadvantage: Data Greatest ease of use 
Engineer required to use GIS transfer and required for PMS engineer 

software - generally knowledge of two 
a more e-0mplex systems adds 
approach e-0mplexitv 

Segmentation Dynamic Dynamic Dynamic 
segmentation segmentation segmentation 
required in GIS required in GIS required in PMS 

Divided Highways Generally only single Generally only single Lines duplicated in 
lines are maintained lines are maintained PMS 
in a map in a map 

GIS Access to PMS All GIS users could All GIS users could Disadvantage: GIS 
Data access PMS data access PMS data users cannot access 

PMS data 
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highways). Highway agencies use various referencing 
schemes to relate data to the highways, the most common 
forms of which are true mileage and mile posting with 
equations. In a true mileage system, all references to high
way location are based on the true distance from the start 
of the highway. In mile posting with equations, all refer
ences are made to mile post markers that originally match 
true mileage but later do not, because of highway realign
ments, and so on. A series of mileage equations relates the 
mile post marker to the true mileage from the start of the 
highway. 

True mileage referencing is easier to relate to the map 
line strings since the intermediate step of mileage equa
tions is eliminated. A true mileage system is used in South 
Carolina. 

Since the state map was digitized before the need to at
tach data, the information necessary to attach data to the 
map was nonexistent. Thus a manual step was required in
volving the entry of highway identification data and 
known mile points into an Informix database attached to 
the Intergraph map. Mile log sheets were produced from 
the Road Inventory System listing the mile points at each 
highway intersection. Line strings in the state map termi
nate at highway intersections (although there are often 
multiple line strings between intersections). Each line 
string in the map was manually selected in the GIS soft
ware and the associated highway identification data were 
entered. Unknown mile posts were entered as - 1.0 to be 
replaced later by an interpolation routine. This provides 
the connection information to allow data to be connected 
to the map. 

PMS MAP IMPORT MODULE 

The SCDHPT PMS was implemented on a PC using 
FoxPro as the development environment since it provides 
the fastest database access available and very user-friendly 
interfaces can easily be implemented. Data are imported 
to the PMS from a variety of sources, including 

1. Highway definitions and attribute data from the 
mainframe Road Inventory System, 

2. Traffic data from the PC network Traffic Database 
System, 

3. Structure history data from the Construction His
tory Database, and 

4. State map from the Intergraph system. 

The PMS system concept overview is shown in Figure 1. 
The PMS/GIS interface is achieved through a map import 
module that includes the following functions: 

1. Intergraph file conversion, 
2. Highway mile post interpolation, 

ROAD 
INVENTORY 
SYSTEM 

INTERGRAPH 
STATE MAP 

TRAFFIC 
DATABASE 
SYSTEM 

PMS 
DETAILED 
DATABASE 

PMS 
SECTIONAL 
DATABASE 

PMS 
NETWORK 
ANALYSIS 

FIGURE 1 PMS system overview. 

3. Divided highway duplication, and 
4. Sectional database linkage. 

CONSTRUCrN 
HISTORY 
DATABASE 

Figure 2 shows the steps involved in achieving the 
GIS/PMS system interface through the map import and 
convers10n. 

Intergraph Map File Conversion 

The Intergraph map file conversion function is used to im
port the Intergraph EDG file(s) into a FoxPro database. 
The EDG file is an Intergraph export file format produced 
by the MGE software and transferred to the PC for import. 
The individual map layers can be processed or updated in
dividually. These layers include 

1. Primary highways (including Interstate highways), 
2. Secondary highways, 
3. County and state lines, 
4. City boundary lines, 
5. Water (lakes and rivers), 
6. County names, 
7. City names, and 
8. Maintenance district boundary lines. 

Only the primary highway layer has PMS data attached in 
the system. 
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FIGURE 2 PMS map import and conversion process. 

Highway Mile Point Interpolation 

The highway mile point interpolation function is used to 
import the lnformix milepoint file into a FoxPro file. Mile 
post interpolation is performed to fill in the unknown mile 
points on line strings based on the relative length of the map 
lines to the known mile points. The x,y-coordinates are 
ordered in the direction of increasing milepoint along a 
highway, by the conversion routine. In some cases, due to 
the random digitization, the line strings have to be re
versed to achieve the directional order. Options within 
this function allow the user to report on map mile post 
linkage problems such as overlaps or gaps in the linkage. 

Divided Highway Duplication 

The divided highway duplication function is used to gen
erate parallel lines for all divided highways in the state 
map. The state map maintained on the Intergraph system 
contains single lines representing a centerline map. This is 
a common problem in GIS systems. In the PMS, data are 
stored separately for each side on divided highways to al
low separate performance and rehabilitation analysis. 
This function produces the parallel lines so that data can 
be attached to each side on the map. The distance between 
the parallel lines can be controlled by the user when set
ting up the map file. A larger-than-reality distance is required 
between the lines so that the data displayed along the lines 
do not overlap. At the network level, this provides suffi
cient accuracy. 

Dynamic Segmentation 

The dynamic segmentation function performs the linking 
of the sectional database to the PMS map display file. This 

is achieved through a resegmentation of the map line 
strings to match the PMS analysis sections based on con
catenation of strings and breaking strings using interpola
tion. Section ID numbers are placed in the map display file 
to provide a relational linkage to the sectional database. 

PMS MAP DISPLAY MODULE 

The PMS map display module is invoked in two locations 
within the system: in the database subsystem Sectional 
Map Display function and in the network analysis sub
system Optimization Result Map Display function. The 
Sectional Map Display function allows display and query 
of all sectional data; the Optimization Result Map Dis
play function adds the capability to display projected 
work programs following an optimization run. As with 
the rest of the PMS, the display module was written in 
FoxPro using the dGE graphics library. 

The system allows the selection of any county or main
tenance district or the full state when starting the map dis
play. When the map display is invoked, it displays the last 
view from the previous use (for the county/district/state). 

The map display screen is shown in Figure 3. The main 
menu hierarchy for the map display module is shown in 
Figure 4. 

The Map View menu includes functions for zooming, 
panning, and restoring a previous view. The Zoom In and 
Zoom Out functions retain the midpoint but modify the 
distance viewed by a factor of 2. The Zoom Locn function 
allows the user to draw a rectangle to define the location 
to zoom in to. The panning functions (Left, Right, Up, 
Down) pan the view with a 25 percent overlap. The Prev 
View function allows the user to return to the previous 
view; Init View returns to the initial view when the map 
display module was invoked; Full Map draws the full map 
view. 

The Data menu function provides four functions for 
working with the PMS sectional data: Display is used to 
display data values along sections; the Point function is 
used to point and click on a section to bring up a screen 
of all of the data for the section; Query is used to highlight 
sections matching a user-defined condition; Range is used 
to color sections based on the ranges of data values. 

The Data-Display function provides a menu of choices 
for data to be displayed along the sections' lines on the 
screen: 

Hiway ID 
PQI 

POI/PSI 

Pave. Type 
Structure 

Highway identification fields, 
Pavement Quality Index (PQI) (overall 
performance index), 
Pavement Distress Index and Present 
Serviceability Index, 
Pavement type, 
Year of most recent rehabilitation and 
rehabilitation type, 
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FIGURE 3 Map display screen. 

AADT Average annual daily traffic, and 
Select Provides a list of all sectional data fields 

for user selection of any field. 

When the map display is invoked from the optimization 
reporting function , the projected type of rehabilitation for 
the selected optimization run is available on this menu. 
Figure 5 shows a view with PQI data displayed. 

The Data-Point function allows the user to point and 
click on a section using the mouse. A screen of the sec
tional data is then displayed as shown in Figure 6. This is 
the same screen accessed through the nonmap database 
function for data browsing. Buttons on the screen allow 
the popup of distress and history data. 

When the map display is invoked from the optimiza
tion reporting function, the sectional data screen includes 
the details of the projected rehabilitation for the section 
for the selected optimization run. A graphical screen plot 
showing the projected performance with and without 
the rehabilitation strategy is also available through this 

Map View 

Data 
I Features 

I 
Display Redraw 
Point I--Output Dstr Lin Query Quit Cnty Lin Range 

Cnty nam Main Menu 
City Lin 

I City Nam 

Laser/PJ Secnd Hwy 

HQ Lasr Water 

Dot Mtx Grid 

Plotter Highways 

.PCX File Main Menu 

Main Menu 

FIGURE 4 Main menu hierarchy. 
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FIGURE 5 Map view showing PQI data displayed on sections. 

screen. This is one of the major advantages of this 
approach to PMS/GIS integration-the standard PMS 
graphs and screen displays can be accessed through 
the map. 

The Data-Query function allows the user to define a 
query based on any combination of conditions and then 
highlight the sections matching the query on the map dis
play. This function uses the same flexible query builder as 
used throughout the PMS, allowing any combination of any 
of the sectional database fields. 

The Data-Range function provides a menu of choices 
for data items to be used to color the sections based on 
ranges of the data: 

PQI 

PDI 
PSI 
Surf Year 
Pave. Type 
AADT 
ESALa 
SN 
Fune. Clas 
Def. Range 

Pavement Quality Index (overall 
performance index), 
Pavement Distress Index, 
Present Serviceability Index, 
Year of most recent rehabilitation, 
Pavement type, 
Average annual daily traffic, 
Annual equivalent 18-K axle loads, 
Structural number, 
Functional class, and 
Allows the user to define a new set of 
ranges for the selected data item. 

When the map display is invoked from the optimization 
reporting function, the projected year of rehabilitation for 
the selected optimization run is available on this menu. 

The Features menu includes functions for toggling the 
inclusion of the various map layers, as well as for the dis
play of grid lines. The map layers include district bound
ary lines, county boundary lines, county names, city 
boundary lines, city names, secondary highways, water 
(lakes and rivers, etc.), as well as primary highways. 

SUMMARY 

Three general approaches are available in PMS/GIS inte
gration: total integration (where the PMS is implemented 
within the GIS software), PMS data export (where the 
PMS data are exported and then imported into the GIS), 
and map export (where the map is exported from the GIS 
and then imported into the PMS). 

The total integration approach has the major disad
vantage of limiting the choice of software used, since the 
PMS is limited by the GIS software, and often results in a 
less flexible system. This approach is best suited to an 
agency where there is a mandate for total integration or 
where the PMS engineer is comfortable with the limita
tions of the GIS software. 
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FIGURE 6 Sectional data screen. 
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The PMS data export and the GIS map export ap
proaches both have the advantage that the different soft
ware can reside on different platforms allowing greater 
choice in the type of systems to be implemented. 

workstation, incorporating map display capabilities, with 
the transfer of the highway map to occur on an annual ba
sis to provide map updates. 

The PMS data export approach has the major disad
vantage of requiring the user to use to separate systems
creating data on the PMS, but then having to perform 
data transfer to the GIS each time the PMS data are mod
ified to do graphical querying. 

The map export approach has the advantage of being 
easiest to operate for the PMS engineer, allows greatest 
flexibility in software choices, and generally has fewer dis
advantages. 

The map export approach was selected in South Car
olina for the implementation of the PMS and integration 
with the ongoing GIS implementation project. This al
lowed the development of a full-featured PMS on a PC 

A map import module was included in the PMS to con
vert the GIS (Intergraph/Informix) map into a FoxPro 
database. The conversion includes duplication of lines for 
representation of divided highways, as well as dynamic 
segmentation of the map lines to match the PMS analysis 
sections. 

The PMS map display module provides an easy to use 
graphical display and querying tool for the PMS engineer. 
This module allows control of the features to be dis
played, flexible map view manipulation, point-and-click 
selection of highway sections for full data display, display 
of data items along highways, coloring highway sections 
to match queries, and coloring highway sections by 
ranges of values for data items. 
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Framework of Performance Indicators for 
Managing Road Infrastructure and Pavements 

Frannie Humplick and William D. 0. Paterson, The World Bank 

Performance measures are the basic input to a variety of de
cision processes and activities in infrastructure management. 
These include charting progress toward achieving opera
tional, sectoral, and policy objectives; assessing whether 
users are receiving services that they want at the level of qual
ity that they are willing to pay for; and comparing compet
ing or alternative service producers to determine the most 
efficient provision arrangement for infrastructure services. A 
framework is presented for defining consistent measures of in
frastructure performance, particularly for roads and pave
ments. The framework identifies relevant indicators and the 
linkages between them. Because there are changes over time 
in information needs and in the types of agencies using per
formance indicators as well as in their relationships to one an
other, a framework is needed to maintain consistency in the 
information bases used and to update the indicators to ensure 
relevance. Performance is measured at five major levels: 
(a) service quality and reliability from a user's point of view; 
(b) network size and condition from a facility's point of view; 
(c) operational efficiency and productivity from a service 
provider's perspective; (d) sectoral performance measures 
such as investment, pricing, and provision arrangements; 
and (e) institutional performance indicators such as the ef
fectiveness of the expenditure program, enforcement of vehi
cle weights and dimensions, and so forth. These are applied 
to the management of pavements with a listing of all the road 
network and user indicators but defining the measures and data 
quality only for the pavement component. 

A number of changes in the past decade with respect 
to customer demand, regulation, technology, com
petition, and resource availability have created a 

focus on the performance of all infrastructure systems. 
Road infrastructure must increasingly be viewed in its 
macro context, from both an economic and an institu
tional perspective. Changes in ways of providing road in
frastructure,-including, for example, the provision of 
roads and toll roads by developers-as well as a general 
decline in resources available for investments in road in
frastructure-have made it necessary to allocate resources 
more efficiently across competing alternatives . Such effi
ciency can be achieved only if the nature of performance 
information used for determining the allocation strategies 
is consistent across the competing alternatives, which re
quires aggregating data from different sources and vari
ous spatial and time phases. These requirements present a 
need and an opportunity to reconsider the definition of 
performance and to develop a framework that allows in
tegrated consideration of functional, environmental, tech
nical, financial, and institutional issues. 

PERFORMANCE MEASURES: OBJECTIVES, 
USERS, AND USES 

Performance measures serve the following objectives: 

123 
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FIGURE 1 Users of road sector performance indicators. 

• As·a management decision-making tool they provide 
inputs for managerial decisions that address issues such as 
investment levels, maintenance expenditures, and fre
quencies and for day-to-day operating decisions on mat
ters such as traffic management (1 ,2) . 

• As a diagnostic tool they provide an early warning sys
tem that can identify critical locations for investment and 
allow actions to prevent undesirable outcomes, such as 
accelerated deterioration of pavements (3). 

• As a tracking and monitoring tool they help assess 
the adequacy of government and managerial policies by 
providing measures of effectiveness and mechanisms for 
charting the success of predefined policy objectives (4). 

• As a signaling system they provide information to 
users (e.g., communities monitoring the effectiveness of 
municipal roads and streets) from the suppliers of infra
structure services, and they also provide information to 
suppliers (e.g., about safety targets at intersections) from 
policy makers in order to guide action toward desired 
outcomes (5) . 

• As a resource allocation tool they support the effi
cient distribution and control of public resources by quan
tifying relative efficiency of investments across competing 
alternatives [see, for example, work by Dole and Barnhart 
(6), who use performance data as an input to resource 
allocation ratios across states and local governments]. 

• As information systems they track construction costs 
and other data of relevance for constructing and manag
ing infrastructure (7,8). 

Which particular performance indicators are of inter
est depends very strongly on the view of the party in
volved in the uses of the indicators. These parties include 
road users, transportation service suppliers, road network 
suppliers, and regulating agencies, as shown in Figure 1. 
For example, 

• Private users of road networks, such as passenger 
cars and pedestrians, demand a high quality of services 
from road transportation service suppliers (trucking and 
bus transportation agencies) as well as comfort, safety, 
mobility, affordability, accessibility, and a good driving 
environment. 

• Commercial road transportation service suppliers 
are concerned with the service qualities of the road network 
and the impacts of policy decisions on transportation 
operations. 

• Road network providers (owners and investors), 
roadway service suppliers (managers and operators), and 
producers of materials and services used in the supply of 
roads are concerned with efficiency, productivity, and ef
fectiveness in satisfying user demands. 

• Road transportation policy institutions (including 
regulators and enforcers) are concerned with the effi
ciency of investment allocation to various road agencies, 
with pricing and cost recovery for road-related use (e.g., 
fuel prices, tolls) and with compliance with road laws 
and regulations (e.g., safety and vehicle weights and 
dimensions) . 

Current practice in assembling performance infor
mation has several limitations. First, the data are collected 
by a variety of agencies, with or without formal perfor
mance-monitoring frameworks and systems, and they are 
collected for a variety of purposes. Second, the perfor
mance data collected often differ in nature. For example, 
there might be differences in (a) the type of data collected; 
(b) the level of detail, precision, and reliability with which 
they are collected; (c) the frequency in space and time at 
which they are collected, processed, and published; and 
(d) the frequency with which the various data items are 
updated as well as the currency of existing data types. 
Third, the consistency in performance data collection is 
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variable across time, and hence the relationships between 
different forms of data collected across agencies are not eas
ily established. Because of these factors, existing perfor
mance data do not lend themselves to easy aggregation. 
Furthermore, with increasing focus on performance, the var
ious uses and users of performance information increasingly 
need to be integrated, which means that a common and con
sistent framework for defining, collecting, and aggregating 
performance information is needed. 

FRAMEWORK OF PERFORMANCE MEASURES 

The appropriate identification of performance indicators 
is crucial to allow proper management and monitoring of 
a network of infrastructure and the flow of services gen
erated by such a network. The set of indicators selected 
should measure the following: 

• Whether operational, sectoral, and policy objectives 
are being met; 

• Whether user demands are being met and to what 
degree the users of the provided services are satisfied; 

• Whether the service providers are performing as effi
ciently as expected; and 

• Whether the actions desired by policy makers (e.g., 
regulators) are being carried out and whether policy 
makers' actions are creating bottlenecks for service 
producers. 

A subset of indicators that captured multiple effects 
and covered more than one of these four dimensions 
would be ideal. To satisfy these needs, performance can be 
viewed from five perspectives, namely, infrastructure pro
vision, service quality, provision efficiency, provision ef
fectiveness in sectoral aspects, and provision effectiveness 
in institutional aspects. 

The perspective of infrastructure provision, in the case 
of roads, includes indicators relating to the characteristics 
of the road system and network such as the size, value, 
and distribution of the network; it also represents the 
performance of the facility in meeting demand for availa
bility and access to road transportation users. The per
spective is that of government and the owners of the 
facility considering the size, value, utilization, and appro
priateness of the road stock. 

The service quality indicators reflect the user's perspec
tive, which can be measured in two ways. The first of 
these is in terms of the end product to the user-for ex
ample, whether the user actually receives the services de
sired and whether there has been an alteration, cessation, 
or total loss of service. This category of indicator relates 
more to expected than to actual quality of service. The 
second way of measuring service quality relates to how 
the services have been delivered-for example, the in
tegrity of suppliers with respect to tolling, charging users, 
handling user queries, and responding to reports of inci-

dents (e.g., accidents and slipperiness) and requests for 
service improvements, as measured by time required or 
promptness of response. This category of indicator relates 
more to realized than to expected quality of service. 

The indicators of provision efficiency measure charac
teristics of the infrastructure providers and the level and 
efficiency of supply. Generic indicators include measures 
of productivity and efficiency, quantity of works deliv
ered, and resources required per unit of output (such as em
ployment and expenditures). 

Provision effectiveness is measured in terms of achieve
ment with respect to a goal or policy objective. At the sec
toral level, effectiveness concerns measures of the overall 
adequacy of infrastructure provision and quality from 
economic, social, technical, and environmental perspec
tives. At the institutional level, relevant issues include the 
effectiveness of long-term supply strategies (maintenance 
backlog), the economic returns of investments in infra
structure, the ability to recover costs, and the functioning 
of the regulatory and enforcement bodies. 

APPLICATION TO MANAGEMENT OF ROAD 
SYSTEMS AND PAVEMENTS 

In this section, the framework is defined for the manage
ment of road systems and in particular for road pave
ments. By simple extension it could also be applied to 
other infrastructure pavements such as airfields and in
dustrial pavements. 

The performance indicators are identified in Tables 1 
through 5, one for each performance perspective, by as
pect, level of detail, and unit of measurement. Under as
pects, related indicators are grouped together. For 
example, in the case of infrastructure provision, the as
pects relate to road system size, asset value of the road 
system, users of the system, demographic and macroeco
nomic environment, availability of the road system to 
users, and utilization of the road system. 

The indicators are organized around two levels of de
tail. The first is general, providing the macrolevel indica
tors that would be used in public statistics. These 
indicators are readily understandable without a special
ist's knowledge, but each has an objective definition and 
is derived from a reproducible base. The indicators pro
vide sufficient information to chart progress toward the 
various performance objectives and to generate the type of 
information necessary for performing cross-national, 
cross-state, or cross-interest-group comparative studies. 

The second level of detail in the tables is more compre
hensive, providing the objective, detailed information on 
which the first level is based. Generally, this level com
prises the data that would actually be measured or re
trieved from a data base, and it includes the subdivision 
of the indicator data into smaller subunits likely to be rel
evant to particular applications or user groups. 
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The tables also present the preferred units of measure
ment for each of the indicators, as well as the method of 
reporting and aggregating the data collected. In some 
cases concurrence is yet to be reached on the standardiza
tion of units. In these cases the units shown are the au
thors' recommendations, based on their experience in 
international-sector studies and cross-national evalua
tions. In the performance perspective tables that follow, 
the aspects presented are somewhat selective for reasons 
of space; they are not exhaustive. 

Infrastructure Provision 

The indicators for the provision of road infrastructure 
characterize the size and value of the asset, the user envi
ronment, and the connection between these. They are 
used in tracking the amount of the largely public asset, the 
size of demand, and the adequacy of the road system for 
the demand environment. In Table 1 these uses are met by 
identifying the indicators within the following six aspects. 

Network Size 

The network size must be defined in terms of the primary 
elements of the publicly used road network. Road length 
is the total length that can be traveled by users; it is frequently 
subdivided at the secondary level by administrative, func
tional, technical, and subsectoral categories. Road space, 
defined here in terms of lane kilometers, is a measure of the 
space available for occupancy by vehicles and of the ex
pansion of the network. The lane-kilometer unit defines 
space in a more meaningful way than would a unit of pure 
area (say, square meters); it directly translates into average 
number of lanes (for any road group) when compared 
with road length; and it is a more effective base for estimating 
maintenance costs than is simple road length. 

Road structures should be grouped and measured in 
number at the primary level, that is, bridges and tunnels, 
and distinguished by type and class at a secondary level mea
sured in both total length and number. Road-ferry and 
missing or unclassified links should be grouped as ex
tramodal links. Road reserve area, in area units such as 
hectares, is a measure of land ownership and utilization. 

Asset Value 

The value of infrastructure assets (roads, bridges, tunnels, 
and road furniture) is an important measure of the capi
tal invested and at risk in a road system; it generally con
stitutes from 2 to 17 percent of gross national product 
(GNP). It is best quantified in terms of current replace
ment value, which is the cost of reinstating existing struc
tures to the as-new condition of existing standards. 

Road Users 

The user population is characterized by the indicators ve
hicle fleet and motorization. Detailed fleet data (second 
level) would include the composition in various cate
gories. The present vehicle classifications extant in many 
countries need to be rationalized or summarized in the 
light of policy needs and new traffic-sensing technology. The 
level of motorization is one of the important indicators of 
the potential for growth in vehicle ownership and hence 
traffic · growth; it can be sensitive to vehicle pricing 
policies. 

Demography and Macroeconomy 

The demographic and macroeconomic environment is an 
important determinant of demand and utilization of ca
pacity, sustainability and revenue generation, and the 
costs of provision. The primary indicators are total popu
lation, country area, urbanization, and GNP. 

Availability 

The availability of the road network for consumers is typ
ified by the network density (in kilometers per 100 square 
kilometers) and road-space availability per capita. The 
availability for producers and the economic sustainability 
of the network are characterized by road space per unit GNP, 
termed road-space sustainability. 

Utilization 

Utilization reflects the realized demand from users, which 
is sensitive to service quality, economic factors, and regu
latory policies. It is a strong determinant of total energy 
consumption and total vehicle emissions. The prevalent 
indicator is vehicle travel, colloquially known as VKT (ve
hicle kilometers traveled per year), or VMT (vehicle miles 
traveled). Secondary indicators are transportation
oriented aspects such as heavy vehicle travel, passenger 
travel, and freight travel, which are useful adjuncts dis
tinguishing the main user types for policy purposes. The 
traffic volume level on the network is the mean traffic vol
ume, calculated from the vehicle travel divided by the 
road length. 

Service Quality 

The quality of service sought by users consciously or sub
consciously relates to perceptions of (a) quality of the 
surface and functionality of the facility, ( b) safety risk, 
(c) ease of using the facility in terms of the quality of mo
bility and the risks of delay and access denial, (d) costs of 
usage and particularly the avoidable vehicle operating 
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TABLE 1 Indicators of Infrastructure Provision 

ASPECT INDICATOR UNITS' NOTES & SOME SECOND-LEVEL INDICATORS 

NETWORK SIZE Road Length km Lengths: by road class, jurisdiction, function, technology, 
(surface type), subsector (interurban, urban, rural) 

Road Space lane-km Total and by road category (access-controlled, primary, 
secondary, tertiary) 

Bridges and Tunnels m Bridge and tunnel categories. 
number 

Extra-modal Links m Road-ferry and Road-rail links, etc. 
number 

Road reserve area ha 

ASSET VALUE Replacement value SM Current replacement value by component (roads, structures, 
furniture, facilities, land area) 

USERS Vehicle fleet size Mveh. Vehicle fleet, i) by category, heavy, light; ii) class: 
articulated trucks, trucks, buses, lights, cars, other 
motorized. 

Motorization veh/ 1000 inhab. Licensed drivers (licensees per 1000 inha.) 

DEMOGRAPHY & Total population inhabitants 
MACRO ECONOMY Area of country km' II : Climate range, topography, etc . 

Urbanization % 
Gross National Product l$M 

AVAILABILITY Net\M'.lrk density km/100km2 

Road-space availability lane-km/M inhab 
Road-space sustainability lane-km/SM(GDP) 

UTILIZATION Vehicle travel G.veh-km/yr Vehicle Travel by road class and vehicle class. 
Traffic density veh/lane-day 
Passenger travel psg-km/yr 
Freight travel tonne-km/yr 

Note: 
1. Units : 1$ = Reference Currency (US$, ECU, etc.) indexed to normative year's value. $ = Reference currency in nominal (current) value. 

costs, and (e) judgments by users and nonusers on the us
age environment of air quality and noise. The indicators 
proposed for these various aspects are defined in Table 2 
and discussed in the following. 

Road Surface 

The primary performance characteristics demanded of the 
pavement surface by road users are riding quality, track
ing quality (that the surface be free from bias by ruts, 
grooves, uneven crossfall, or excessive crossfall), friction 
quality (having sufficient skid resistance, dependent on 
demand, and minimal potential for hydroplaning), mini
mal spray and splash, and acceptably low surface noise 
levels. 

It is proposed that all the service quality characteristics 
demanded of the road surface be summarized in just two 
new indicators, one representing all aspects of ride and 
tracking (because these all relate to profile and demand 
for 100 percent of travel time) and one representing all as
pects relating to the safety supplied by the road surface 
(which is in varying demand, depending on location and 
time). The indicator dimension should be the incidence of 
adequate, tolerable, and inadequate levels of service, and 

the relevant weighting is by vehicle travel, because that is 
the appropriate dimension of exposure and demand. 

The ride and tracking quality would combine measures 
of longitudinal unevenness, transverse unevenness, and 
interior noise ratings. Preferably the indicator should be de
fined as a quantitative function of objective measures, for 
example, roughness/unevenness [using the international 
roughness index (IRI) in meters per kilometer], rut depth 
mean divided by rut depth standard deviation, macrotex
ture and megatexture depths, and normalized with re
spect to the nominal traffic speed or the standard for the 
given road class. Some effort is required to formulate and 
gain consensus on this indicator. 

The Surface Safety Adequacy would combine a mea
sure of the skid resistance and hydroplaning potential rel
ative to demand. A good model for this is the British 
two-level classification of adequate or investigatory friction 
determined from sideways force coefficient (SFC) values rel
ative to standard values for 13 categories of road site (9). 
Similar demand levels could be set using other measures, 
such as skid number, or the new international friction 
index expected to emerge from the recent international 
experiment (10). A similar approach to classifying hy
droplaning potential would involve the parameters of 
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TABLE 2 Indicators of Service Quality for Roads and Pavements 

ASPECT INDICATOR UNITS'·' NOTES & SOME SECOND-LEVEL INDICATORS' 

ROAD SURFACE Ride and Tracking Quality Incidence(% VKT) [A/T/II Surface profile measures = {!RI, RDM/RDS, TX2, Vnom} 
Surface Safety Adequacy Incidence(% VKT) [A/T/1] Skid resistance relative to demand, hydro-planing potential 

ROAD CORRIDOR Geometric Standard Incidence(% km) (A/T/1] {Curvature, Gradient, Width, Shoulders, Sight Distance} 
Driver Guidance Incidence(% VKT) [A/T/1] Road markings, signage, message 
Collision Mitigation Incidence(% VKT) [A/T/1) Barriers , obstacles, distractions 

USER SAFETY Fatality risk exposure fatalities/ lOOk. veh-km 
RISK Injury risk exposure injuries/I OOk . veh-km 

Accident risk exposure accidents/lOOk. veh-km 

MOBILITY Total Vehicle Delay veh-hrs {Nominal speed, Avg. travel speed, VKT} 
QUALITY Incidence of Congested Flow incidence(% VKT) [A/T/1] Ranges of V /C, incidence adjusted for time and length by VKT. 

Average travel speed km/h Average speeds by road class, adjusted by VKT. 

ACCESSIBILITY Link closure incidence No. link-days Number of days a link is impassable (washout, flooding , blockage, 
QUALITY etc.) annually summed overall links. 

ROAD USER COST Average VOC/veh-km 1$/veh-km 
Avoidable voe 1$/veh-km [Program Total voe - Optimal Program Total VOC]/Total VKT 

ENVIRONMENT Emissions incidence % km [A/T/U] Time subject to elevated levels, location of areas 
Noise incidence % km [A/TIU] Time subject to elevated levels, location of areas 

Notes: 

1. Code for compliance categories: A = Adequate; T = Tolerable; I = Inadequate. 

2. Units: 1$ = Reference Currency (USS, ECU, etc) indexed to normative year's value . $ = Reference currency in nominal (current) value. 

3. VKT = veh.km/yr travelled; ROM = rut depth mean, RDS = rut depth standard deviation; TX2 = macrotexture TMS depth, mean; Vnom = nominal (design 
or posted) speed; V /C = volume-capacity ratio; VOC = vehicle operating costs; [] = expression; {} = function. 

macrotexture, permeability, crossfall, road width, super
elevation transition, and gradient, or simply a median 
value of surface water-film thickness. 

User Safety Risk 

The user safety aspect of performance is the extant levels 
of bodily risk to which the user is exposed through use of 
the road facilities; this involves many more factors than the 
surface characteristics. The appropriate indicator is the 
extant risk relative to the level of exposure, namely the fa
tality, injury, and accident risk exposures, determined 
from the annual rates relative to vehicle travel, that is, per 
100 000 VKT. 

Mobility Quality 

Mobility needs are experienced through the amount of 
delay in travel times, the uniformity and level of traffic 
flow, and the overall travel time required to make a trip. 
Indicators of the quality of service are difficult to measure 
and rare in practice but sorely needed. Those suggested in
clude total vehicle delays, in vehicle hours; delay risk, de
fined by the spatial incidence of encountering acceptable, 
tolerable, or inadequate traffic flow; and average travel 
speed, most usefully separated into interurban travel 
speed and urban travel speed. 

Accessibility Quality 

The quality of the access to road space is dependent on 
how often the road space is not available because of im
passability, closure, blockage (by debris or snow), 
washout, flooding, and so forth. The duration of impass
ability is, in turn, an indication of the responsiveness of the 
maintenance agency. Since closure affects the utility of the 
entire link, the indicator is the link-closure incidence, in units 
of link days closed per year. 

Road User Cost 

The costs of vehicle operation (VOC) in the system are an 
indication of how well the benefits of the road expenditures 
are transferred to the user. The key element relevant to 
service quality is the level of avoidable user costs, which 
is the difference between the extant costs and optimal user 
costs. The most appropriate measure is relative, such as per
centage of the optimal cost, which avoids currency units. 
Ideally the base optimal voe should be the uncon
strained optimum, because both underspending and bud
getary constraints are restrictions on the service quality 
delivered to users. The extant voe is the total voe cal
culated for the network under current conditions at the 
beginning of the program year. The base total optimal 
voe is that calculated for the theoretically optimal pro-
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gram of works and expenditures, without budgetary con
straint. Calculation of the optimal VOCs must rely on the 
use of a life-cycle simulation analysis [such as HDM-III 
(10) or a similar model]. 

Provision Efficiency 

The efficiency indicators address the productivity and ef
ficiency of the agency providing the inputs into the road 
system. The productivity is the measure of the resource 
throughput (quantity of works, amount of expenditures, 
number of staff, equipment, etc.) during the defined pe
riod. The efficiency is the measure of how much resource 
was required to produce a unit of output. 

Table 3 presents certain aspects and indicators of pro
vision efficiency. The aspects relevant to pavement man
agement include expenditure productivity, output 
productivity (works, operations, etc.), output efficiency 
(output per unit of resource, such as expenditure or em
ployee), and provision mode (use of public and private 
providers). Omitted here for brevity's sake, for example, 
is a description of the service providers (financiers, con
structors, owners, managers and operators, manufactur
ers) and their respective modes of provision (private 
contract, own account, etc.). 

Expenditure Productivity 

Statistics of expenditures are commonly used, fulfilling a 
general auditing type of function . For primary perfor
mance indicators, the expenditures should be aggregated 
and summarized in ways that relate to the major purposes 
of funding. The four categories recommended as suitable 

for universal use, which avoid the diverse uses of financial 
terms such as capital, investment, and recurrent, or work 
categories such as construction and maintenance, are the 
following: 

• Adjustment expenditures: expenditures for all works 
of extension (new construction, new roads and structures, 
etc.), betterment (upgrading of surface or functional stan
dard, realignment, minor widening), and expansion (ad
ditional lanes, highways, etc.) to the road networks, 
inclusive of pro rata administrative costs when these 
works are executed by public agency staff (i.e., realistic 
overhead costs). 

• Preservation expenditures: expenditures for all other 
works on the existing system (pavement, structures, fur
niture) such as rehabilitation, resurfacing, restoration, 
routine maintenance, emergency maintenance, and so 
forth, inclusive of pro rata administrative costs when 
these works are executed by public agency staff (i.e., real
istic overhead costs). 

• Operations expenditures: expenditures for all traffic 
management (traffic control, control equipment, staffing), 
safety management (enforcement of safety measures, ve
hicle weights and dimensions, incident response, etc.). 

• Administrative expenditures: expenditures on policy 
development, regulation, the preparation of expenditure 
plans and work programs, supervision of contracts and 
agencies, monitoring of road system conditions. 

Output Productivity 

The indicators for output productivity are the quantities 
of service provided during the period. For works, the as-

TABLE 3 Indicators of Provision Efficiency for Roads and Pavements 

ASPECTS INDICATORS UNITS' NOTES & SOME SECOND-LEVEL INDICATORS 

EXPENDITURE Total Expenditures [$ Civil works expenditures , total and allocation by works category. 
PRODUCTIVITY Adjustment Expenditures [$ All extension, bettennent and expansion works expenditures 

Preservation Expenditures [$ All other works expenditures on the road system 
Operations Expenditures IS Traffic and safety management expenditures 
Administration Expenditures [$ Preparation and supervision of policies , plans, programs , etc. 

OUTPUT Adjustment Works lane-km 
PRODUCTIVITY Preservation Works lane-km 

Operations Works veh-km 

OUTPUT EFFICIENCY Average Preservation Cost IS/lane-km (Civil works expendituresNKT: Total, and by works category. 
Average Operations Cost 1$/veh-km Operations includes traffic management, enforcement, emergency 

support , etc. 
Expenditure-staff ratio IS/employee Total expenditures/total agency staff. 
Employment-Output Ratio p-yrs/veh-km Total agency staff/ Annual Vehicle Travel 

PROVISION MODE Private Supply Participation % Contract expenditures/Total expenditures. 
Contract: Force Account % Contract expenditures/Agency force account expenditures. 
Expenditure ratio 

Note: 
1. Units: 1$ = Reference Currency (US$, ECU, etc.) indexed to normative year's value. $ = Reference currency in nominal (current) value. 
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pects are similar to those for expenditures, that is, adjust
ment works measured in road space {lane kilometers), 
with subsets of space added, upgraded, or bettered; 
preservation works measured in road space when pre
sented in aggregate or in subsets of road space for pave
ment rehabilitation and resurfacing, number of structures 
for structures works, and road length for routine mainte
nance. Fairly typically, agencies would report the subsets 
within each aspect since the distinctions are of interest, 
but those should be considered as second-level indicators. 

For operations, the relevant indicators would be vehi
cle travel, number of incidents, and so on. For adminis
tration, the indicators would comprise, for example, 
number of projects, road space monitored, and so forth. 

Output Efficiency 

The output efficiency indicators provide summary mea
sures of the unit costs of delivering the output services. 
The average preservation cost, in expenditures per unit of 
length, and average operations cost, in expenditures per unit 
of vehicle travel (vehicle kilometers per year), will indicate 
over time how well the agency is managing to contain or 
reduce costs of preserving and operating the existing road 
system. The adjustment works cost is the expenditure per 
unit of road space provided, that is, constant currency per 
lane kilometer. 

Useful indicators for human resources are the 
expenditure-staff ratio, indicating the total expenditures 
disbursed per staff employed, and employment-output 
ratio, being the total person years involved per unit of 
output (for an aggregate indicator the unit of output 
should be vehicle travel, but in subsets the unit of output 

TABLE 4 Indicators of Sectoral Effectiveness 

ASPECTS INDICATORS UNITS1. 2 

should be road space for works and vehicle travel for op
erations). As the institutional efficiency rises and as more 
services are supplied under contract, this indicator should 
decrease significantly. 

Provision Mode 

The extent to which the private sector is involved in the 
supply of services is indicated by the private supply par
ticipation, being the proportion of expenditures imple
mented through the private sector. The contract volume, 
measured in terms of funds and number, is a second-level 
indicators. 

Sectoral Effectiveness 

The sectoral effectiveness perspective of provision con
cerns how closely the condition and operation of the road 
facilities match the optimal state. These are the technical 
and functional qualities as evidenced by the physical con
dition of the facilities and the quality of service provided 
to road users. The primary aspects of relevance to pave
ment and road management are presented in Table 4. 

Roadway Function 

Roadway function assesses the provision, in technical di
mensions, of those components that affect service quality 
to the user. Being viewed from the sectoral rather than the 
service perspective, the indicators measure the spatial in
cidence of adequate standards achieved by the provider or 
providers. 

NOTES & SECOND-LEVEL INDICATORS 

ROADWAY FUNCTION Evenness Adequacy % lane-km [A/T/1) {Roughness incidence (km x !RI-level)} 
Friction Adequacy % lane-km [A/IV] Incidence of skid resistance not at investigatory level. 
Blackspot Incidence No./1000 km 
Traffic Flow Adequacy % lane-km [A/T/1) Thresholds of average travel speed or volume/capacity ratio. 
Environmental Adequacy % km [A/T/1) Thresholds of adequate noise, vibration and exhaust emissions . 

PRESERVATION Pavement Condition % lane-km [G/F/P] { Roughness ((RI), Residual Capacity, Surface Distress (SDI)) 
EFFECTIVENESS Sideworks Condition % units [G/F/P] Sidework components (sidedrains, signs, barriers , culverts, etc .) 

Structures Condition % units [G/F/P] { Bridge, tunnel condition scores: incidence by structure class } 

ROAD SAFETY Total fatalities persons 
Total injuries persons 
Total cost of accidents ISM 
Number of accidents Number 

Notes: 
1. Code for compliance categories: A = Adequate; T = Tolerable; I = Inadequate; G = Good; F = Fair; P = Poor; FD = Functionally Deficient; 

IV = Investigatory. 
2. Units: 1$ = Reference Currency (US$, ECU, etc.) indext!d to normative year's value.$ = Reference currency in nominal (current) value. 
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Ride quality concerns can be assessed from evenness 
adequacy, which is the incidence of road space where road 
roughness is better than the adequate and tolerable 
thresholds defined from an economic optimization analy
sis. This yields thresholds that become progressively 
tighter as traffic volumes and speeds reach higher levels. 
The roughness and thresholds are best defined in terms of 
a standard unit such as the IRI. 

Safety concerns can be assessed from friction adequacy, 
which is the incidence of adequate road surface friction 
where the friction available has not dropped to investiga
tory levels (9). The blackspot incidence, in number of 
blackspots per 1000 km of road length, is another indica
tor that is useful when blackspot is defined. 

The provision of capacity and management of conges
tion is assessible by traffic flow adequacy, which reflects the 
spatial incidence of adequate capacity and road geometry. 
To cover this range, the most objective measure of ade
quate flow is one such as this: "The average travel speed 
exceeds 0.8 of the general posted speed for at least 90 per
cent of the time." Finally, environmental adequacy would 
indicate the road length over which noise, load vibration, 
and exhaust emissions met applicable standards. 

Preseroation Effectiveness 

The aspect preservation effectiveness assesses the ade
quacy of response to preserving the condition and in
tegrity of the infrastructure asset. Here, the indicators 
measure those factors affecting the physical condition 
rather than function of the facility. These would include 
indicators for each of the major components of a road fa
cility, such as pavement condition, sideworks condition, 
and structures condition. Condition is represented by a 
composite indicator, normalized by thresholds depending 
on the technology, environment, and use. Incidence would 
be expressed in terms of road space for pavements, road 
length for sideworks, and length for structures. 

Pavement condition has three elements that would be 
distinguished at a secondary level. There are: (a) pave
ment residual capacity, a structural measure of the re
maining life of the pavement in terms of structural 
capacity for the traffic load being carried; (b) roughness (or 
unevenness), the surface profile element measured in IRI 
units; and (c) pavement distress index, the surface in
tegrity element, which could be an index such as the pave
ment condition index (PCI) (e.g., ASTM D5340-93), or 
preferably another distress index that distinguishes be
tween maintenance inputs and pavement distress. The 
combination of these into a single indicator, condition, 
can be done using one of a number of existing indexs and 
defined values of good, fair, poor, and bad. 

Sideworks condition measures the defects in the side
works components (comprising surface drains, culverts, 
verge, signs, barriers, etc.). An effectiveness indicator for 

sideworks could be based, for example, on the quantita
tive ratings given in an Organization for Economic Coop
eration and Development manual (11 ). 

Road Safety 

The road safety aspect assesses impacts on life and prop
erty through the indicators of total fatalities, m1unes, 
accident costs, and number of accidents. 

Institutional Effectiveness 

The performance of the institution on behalf of the pub
lic and road users can be defined by its effectiveness in 
identifying the necessary programs and budgets needed to 
optimize the total costs of the road system and to meet in
stitutional goals. Recommended indicators are shown in 
Table 5. The resource lag and the economic return are two 
aspects of the most relevance to pavement management. 
They measure the effectiveness of long-term infrastruc
ture supply strategies. Cost recovery covers the ability to 
recover costs in terms of revenue-to-expenditure ratios, 
expenditure-to-investment ratios, and maintenance
to-capital expenditure ratios. Regulatory goals cover the 
effectiveness of regulations and enforcement, such as the 
incidence and level of overloading, and road safety tar
gets. More aspects could be added-for example, invest
ments in research and training and choice of appropriate 
technology. 

Resource Lag 

The backlog comprises the works that could not be in
cluded or accomplished in the previous year's authorized 
program of works but that had been identified as eco
nomically feasible for some time up to that year in the 
long-run (e.g., 5-year) optimal program. Because the pro
gram is often being adjusted if it is a "rolling program," 
the most practical definition of backlog is "the sum of 
works were economically feasible in the previous year but 
were not included or achieved under the authorized pro
gram." The indicators represent this in physical terms of 
lane kilometers (usually for each main budget category of 
works) and as a percentage of the current budget. Short
fall is the amount of additional funding that would have 
been needed in the current year in order to accomplish all 
the works in the backlog. 

Economic Return 

Economic return is a measure of the economic return on 
the investment of funds in the road system, limited in this 
paper to meaning expenditures on the road pavements. To 
determine economic indicators, the program analysis in 
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TABLE 5 Indicators of Institutional Provision Effectiveness 

ASPECTS INDICATORS UNITS' NOTES & SECOND-LEVEL INDICATORS' 

RESOURCE LAG Backlog Value % (budget) Backlog ($) by budget works category 
Backlog Road-space lane-km Backlog (lane-km) by budget works category 
Annual shortfall % (budget) 

ECONOMIC RETURN Program Benefit: Cost ratio fraction Yearly total program net benefit (NPV)/Program total expenditure (may 
FOR PAVEMENTS be limited to civil works) 

Average NPV/km $/km Yearly total program NPV/Network length. 
Rate of return % Summary statistics of project EIRRs (Minimum, Median) . 
Net work Depreciation % Depreciated value/Replacement value of network 

USER SAVINGS Net Usage Savings $/veh-km [(Base total voe -Program total VOC)/Total VKTI 

COST RECOVERY Revenues ISM Revenue breakdown (fuel tax, user charges, appropriation) 
Revenue/Expenditure ratio % 
Revenue/Maint. Expenditure % (Maint.Exp) 

SAFETY GOALS Fatalities reduction % By composition (type of accident, impacted parties, etc) 
Injuries reduction % 
Accident cost reduction % 

RESEARCH & Expenditures % Research and training funds/total road expenditure(%) 
TRAINING 

TECHNOLOGY Employment generation Total Workforce (public 
CHOICE and private) 

Notes: 
1. Units: 1$ = Reference Currency (US$, ECU, etc.) indexed to normative year's value. $ = Reference currency in nominal (current) value. 
2. NPV = Net Present Value (economic); EIRR = economic internal rate of return. 

the management system must generate cost time-streams 
of total road costs comprising road works expenditures, 
road user costs (VOCs and accident costs), and other 
costs and benefits, all expressed as economic costs, that is, 
net of taxes and subsidies. The indicators are based on 
project-level statistics for (a) the net present value (NPV) 
of the project relative to the base case (usually "do mini
mum" maintenance strategy), computed at the appropri
ate discount rate (opportunity cost of capital), and (b) the 
economic internal rate of return (EIRR). 

The works program benefit, which is the aggregate eco
nomic benefit of all projects on the network, is compared 
with the works expenditures in the program benefit-cost 
ratio, and the average NPV per kilometer. The recom
mended indicator for the rate of return for a program is 
to cite the minimum and median project EIRR values, be
cause the EIRR is not strictly additive across projects. Fi
nally, an indicator that proves highly valuable when 
justifying road user charges is the net usage savings de
rived from the program-this is the works program ben
efit divided by total vehicle travel. Normalizing the net 
usage savings as a percentage of total VOCs may be found 
more appropriate than a currency value. 

PRODUCING PAVEMENT-RELATED INFORMATION 

The data required for generating the performance indica
tors discussed here need to be included under the regular 

monitoring procedures used for the planning and man
agement of road expenditures, for reasons of efficiency 
and to avoid duplication and discrepancies. Thus, it is im
portant to identify the necessary and sufficient data for 
calculating the performance indicators and to develop 
guidance on the amount of detail and accuracy required 
and the norms to be followed in the calculation. 

For the information specifically relating to road pave
ments, traffic, and their impact on users, most of the indi
cators are likely to be developed by aggregation from data 
collected on a link- or section-specific basis, which would 
be maintained in the data base of a road or pavement 
management system, if these exist. Such data vary consid
erably in amount of detail, depending on the system and 
on the originally intended usage. A classification of the 
level of detail, based on the number of attributes used to 
describe a particular item of information, has been de
fined first by Paterson and Scullion (12) and is being 
developed further. 

The options for determination of the performance in
dicators, therefore, fall in three categories: namely, de
tailed data collection and aggregation, sampling and 
projection, and the processing of bulk or aggregate statis
tics. The relative use of these methods varies with circum
stances, but the trend is toward greater use of detailed 
collection and aggregation as information technology has 
improved the ease of collection, storage, and processing 
of data. 
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CONCLUSIONS AND FUTURE WORK 

The framework presented here for defining performance 
indicators for the road sector was developed in the 
broader context of the modern trend to monitor perfor
mance and increase the accountability of those who pro
vide services and are responsible for public expenditures. 
In the specific context of the task of managing pavements, 
the framework is particularly apposite. The indicators 
identified here are of relevance and interest to the various 
transport groups involved, namely, private and commer
cial road users, policy makers and regulators, and the 
many groups of providers (including highway agencies for 
planning, programming, budgeting, and implementation ser
vices; consulting service agencies for design, supervision, 
and so forth; suppliers of goods and materials; and fund
ing or financing agencies). 

The paper has identified a number of specific perfor
mance indicators to satisfy these goals and defined these 
sufficiently to indicate the information that is needed. 
However, it has stopped short of defining all of these 
quantitatively and unambiguously, partly because this 
work is still in progress but also because of the need for 
consultation in the sector to reach consensus. In some 
cases the measures currently available from pavement 
management systems are adequate or can be made so with 
little recomputation. In several instances, though, the pa
per indicates a need to rethink and redefine some old 
parameters in a more relevant way. 

Particular efforts are in progress to define the indica
tors of service quality and provision effectiveness, because 
the physical measures now becoming available from mod
ern road and traffic monitoring technology make the per
formance indicator goals more capable of being realized. 
Several national, international, and standards agencies 
are active in these aspects. One objective is to define an im
proved set of statistics on the highway sector to be used 
worldwide in the reporting and analysis of highway and 
infrastructure data. 
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Performance Indicators in Product-Based 
Management in Finnish National 
Road Administration 

Raimo Tapio and Antti Piirainen, Finnish National Road Administration 
Vesa Miinnisto, Inframan Ltd., Finland 

The Finnish National Road Administration (FinnRA) is 
the national highway authority of Finland. The organiza
tion of FinnRA is divided into nine independent road 
districts and a small central administration. FinnRA has 
undergone several organizational reforms in recent years. 
For better management of the road system, FinnRA was 
required to change its organization from a management
by-objectives system to an internal business enterprise and 
its management style into product-based management. The 
system was tested with two districts in 1993; the whole ad
ministration will use product-based management in 1994. 
There are three kinds of roadkeeping objectives in Finland: 
effects on society, economical objectives, and additiona l 
objectives. Objectives for the effects on society are set by 
the Ministry of Transportation and then transferred into 
maintenance and rehabilitation quality standards for each 
product in the performance contracts made between the 
central administration and the districts. The performance 
of paved roads is the main roadkeeping priority in Finland. 
The quality standards of pavement performance are defined 
using four main condition variab les: rut depth, roughness, 
surface defects, and bearing capacity. Surface condition 
variables are measured every year at main roads; the 
standard measurement cycle is 3 years. Bearing capacity is 
measured every 3 or 5 years. Best practices in road man
agement can be based only on good data and analytical 
procedures. All levels of an road administration share needs 
in developing road improvement programs and evaluating 
their impacts. 

134 

The Finnish National Road Administration 
(FinnRA) is the national highway authority of Fin
land, responsible for the country's 76 000 km of 

public roads. The organization of FinnRA (see Figure 1) 
is divided into nine independent road districts, which 
carry out the everyday road maintenance and rehabilita
tion actions, and a small central administration for fund
ing and policy direction and for technical support with the 
help of separate service units. 

FinnRA has undergone a number of organizational re
forms in recent years as well as the development of man
agement by objectives (MBO) into the product-based 
management. 

Figure 2 shows that a road agency's work encompasses 
the management, planning, and execution involved in the 
development, rehabilitation, and routine maintenance of 
the road system. 

This three-part division corresponds to the policy and 
budget-making practices of most public infrastructure 
agencies and to the time horizon of decisions: develop
ment for the long range, rehabilitation for the intermedi
ate range, and routine maintenance for the short range. 

There are at least two administrative decision-making 
levels in each highway program area: network and project 
levels. The former, often exercised by the central manage
ment in the administration or the ministry, deals with pol
icy making. The latter, normally performed by the district 
offices charged with executing the policies, deals with 
planning and design. The programming level lies between 
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FIGURE 1 FinnRA organization. 

the network and project levels. Its function is to program 
the actions over years to implement the policies set at the 
network level: the multiyear road program. 

The current organizational structure of FinnRA can be 
called a fracta l organization, because each lower level is a 
replica of the higher level. This organizational structure 
does not mean that everything is delegated . Terms such as 
general purpose and comprehensive responsibility apply 
to management of activities that are performed at a given 
level (e.g., programming and executing road condition 
surveys, rehabilitation or maintenance of roads at the re-

SYSTEM 
LEVEL ROAD MANAGEMENT SYSTEM 

REHABILITATION 
NETWORK NEW OF ROUTINE 
LEVEL INVESTMENTS PAVEMENTS MAINTENANCE 

PROGRAM 
LEVEL 

PROJECT 
LEVEL 

FIGURE 2 

BRIDGES 

SHORT-TERM PROGRAMS 

Decision-making levels. 

SERVICE UNITS 

gional level, etc.). Centralization, decentralization, and 
delegation depend to a large extent on technology, espe
cially information technology. Organization structure 
should not get in the way of employing information tech
nology efficiently. 

The three decision-making levels described earlier en
able the simplification of the complex decision-making 
problem and permit the development of models that serve 
the decision makers and encourage the types of decisions 
made at each level. 

The best practices in road management can be based 
only on good data and good analytical procedures. All 
levels of a road administration share needs in developing 
road improvement programs and evaluating their im
pacts. For better and higher management of the road sys
tem and better service for the "road clients," FinnRA was 
required to change its organization into a so-called inter
nal business enterprise and its management style into 
product-based management. The system was tested with 
two districts in 1993, and the whole administration will 
be managed by product-based management in 1994-
which is, however, still a test year. 

PRODUCT-B ASED MANAGEMENT 

The new organizational structure, and the aim of better ef
ficiency and more savings in road keeping by better service 
for the customer, has driven FinnRA to change its man
agement into product-based performance contract nego
tiations. These negotiations take place between the 
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central administration and road districts in coordination 
with the overall MBO approach between the Ministry of 
Transport (MOT) and FinnRA. 

The system is shown in Figure 3, and it is more thor
oughly discussed in two FinnRA reports (1). The govern
ment (i.e., MOT) sets FinnRA the targets for economic 
objectives (return of investment, productivity, etc.) as well 
as for level of service (traffic safety, environment, pave
ment performance, etc.) . The objectives include long-term 
goals and strategies as well as the first-year budgets. This 
has been done by normal MBO procedure, with yearly ne
gotiations between FinnRA and MOT, since 1988. Ob
jectives set by MOT for 1994 are given in Table 1. 

The procedure continues up to the performance con
tract negotiations between the central administration and 
the districts. The emphasis on the district's long-term road 
maintenance strategy will increase in the near future. It 
should be consistent with the administration's long-term 
strategy set by MOT within the overall road maintenance 
objectives pertaining to the whole country. The key ele
ments in the maintenance strategy should be the effects on 
society, product demand and supply in the region, service 
to the clients, and the profitability of the organization. 

There are three kinds of objective: effects on society, 
economic goals, and additional objectives. 

Objectives for the effects on society are set by the MOT 
and then transferred into maintenance and rehabilitation 
quality standards for each product in the performance 
contracts made between the central administration and 
the districts. The geographical and circumstantial differ
ences among the districts are considered in the contract 
when the standards of quality are set up. 

TABLE 1 FinnRA Objectives, 1994 

Result Area/ Total 
Objective Weight(%) Weight(%) 

Road and traffic conditions 45 
Traffic safety 15 
Winter maintenance 10 
Pavement condition 20 

Environmental impacts 5 
Environment 5 

Productivity and profitability 50 
Productivity 25 
Overhead costs 15 
ROI 10 

Total 100 

The economic objectives are set by each district and are 
adjusted to the national objectives set by MOT. These ob
jectives are transferred into normal income statements 
and balance sheets for each district and should be consis
tent with the performance contracts. 

Additional objectives include such items as develop
ment of management and personnel. 

The procedure follows a formal timetable and docu
mentation. For instance, in 1993 the bidding documents 
were sent to the districts in May and their bids came into 
the central administration in October. After careful analy
sis and difference adjustments among the districts, the fi
nal negotiations took place in November. 

The intercourse between the central administration 
and the service units as well as between the districts and 
the service units is also done on a contractual basis. 

, ~so-~ --

Financial plan 
Budget 
• Income statement 
• Balance sheet 
• Appropriation estimate 

• Cost estimate 

Financi~I estimate 

-" 1994 objectives -
FinnRA strategies 

Product-based 
management 

District's strate ies 
• Society demand 
• Operation 
• Goats 

Objectives 
Impacts to society 
• Traffic safety 
• Traffic capacity 
• Transpotation costs 

• Environment 
• Societal costs 
• Customer satisfaction 

Economical objectives 
• ROJ 

• Productivity 
• Profit 

Additional objectives 

Consistency 

FIGURE 3 Product-based management concept. 

Product-based contract 
Products (price, quality) 
• Construction projects 
• Project design 
• Winter maintenance 
• Other maintenance 
• Pavement condition 
• Gravel road condition 
• Condition of bridges and docks 
• Ferries 
• Goverment authority services 

• Regional projects 

Unit price table 
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PERFORMANCE INDICATORS 

The performance of paved roads is one of the main prior
ities in Finland. The description of pavement performance 
is made using four main condition variables: 

1. Rut depth, 
2. Roughness, 
3. Surface defects, and 
4. Bearing capacity. 

Each of these variables can be measured and defined in 
different ways. Ruts, roughness, and defects are used in 
the definition of road surface condition, and bearing ca
pacity determines the structural condition of the road. 

Selection of Performance Indicators 

According to Haas (2) the main performance indicators at 
network-level management are the following ("H" signi
fies "high," and "L" signifies "low"): 

Indicator 

Roughness 
Surface distress 
Surface friction 
Deflection 

Importance 

H 
H 
H 
L 

Table 2 shows the performance indicators used in Fin
land and how they influence both road users and road 
maintainers. 

As one can see, these two indicator sets differ from 
each other in one respect: the Finnish set does not include 
surface friction but has rut depth as one indicator. This se
lection is due to the use of studded tires, which cause 
about 75 percent of the rut problem in Finland but, at the 
same time take care of most eventual skid resistance prob
lems. The indicator set used in Finland was tested by fac
torial analysis in 1989 (4), and the results suggested a 
similar choice. 

TABLE 2 Condition State Indicators and Their Influence 
on Road Users and Road Agencies (3) 

Indicator User Agency 

Rut depth Traffic safety Water layer 
Riding comfort Winter mainte-
User costs nance problems 

Roughness Riding comfort Dynamic loads 
User costs 

Surface defects Riding comfort Water leakage 
Bad impression Reduced bearing 

capacity 
Bearing capacity No straightforward Higher deteriora-

influence tion rate 

Definition and Measurements 
of Performance Indicators 

Rut Depth 

Ruts are measured by a special road surface monitoring 
(RSM) vehicle, designed by the Technical Research Cen
ter of Finland. The measurements are done at the normal 
traffic flow speed (40 to 80 km/hr) using 15 ultrasonic 
sensors each with a separate beam attached to the front of 
the RSM car (Figure 4 ). The transverse road profile is 
measured at 2-m intervals, and the average values (in mil
limeters) of maximum rut depths at each point are calcu
lated for 100-m sections, which are stored into the data base. 

Roughness 

Road roughness is measured by the same vehicle as rut 
depth (Figure 4 ). One laser sensor is attached at the front 
of the right front wheel to measure the distance between 
the car and the pavement surface. In addition, an ac
celerometer measures vertical acceleration. The data are 
recorded every 4 cm; these data are used to calculate the 
international roughness index (IRI), in millimeters per 
meter, for each 100-m section. 

Surface Defects 

Visual road surface defects are recorded from a van that 
is driven at walking speed (3 to 4 km/hr). The measure
ments are executed at the beginning of the thaw period, 
which takes place in spring (April or May). 

Defects are recorded on special paper or via a digital 
board. The following six main types of defects are 
recorded and summed in a defect index, using the weight 
factors. The measurement section is 100 m, and the defect 
index is standardized to a road of a width of 7 m. 

Crack Type 

Alligator cracking 
Longitudinal cracking 
Transverse cracking 
Joint cracking 
Potholes 
Patching 

MEASURING 
PROGRAM 

USER 
INTERFACE 

FIGURE 4 RSM vehicle. 

Unit 
2 m 

m 
# 
m 

2 m 
2 m 

Weight 

1.0 
0.5 
0.1 
0.1 
1.0 
1.0 

ROAD 
DATA 
BANK 

ROAD CONDITION 
DATA BASE 
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Bearing Capacity 

Road bearing capacity is measured with a falling weight 
deflectometer (FWD). Ten measurements are made for 
each road section (average length of 5 km), and the values 
of the defection curve are stored in the road data bank. The 
main indicators currently used are the average spring 
bearing capacity, KEVKANT, which is calculated from 
the maximum deflections (converted to MN/m2

), and the 
bearing capacity ratio, which is the ratio between 
KEVKANT and the target bearing capacity, which is a 
function of design standards and cumulative axle loads. 

Equipment and Measurement Cycle 

FinnRA has five RSM cars and 12 FWDs. Each road 
district has established several groups for yearly defect 
inventories. This capacity enables the following measure
ment cycles to be followed: 

Measurement 

Ruts 

Roughness 
Defects 
Bearing capacity 

Cycle 

Main roads at least every year, 
minor roads every second year 
Every second year 
Every third year 
Every fourth year 

Road condition information is stored in the road condi
tion data bank KURRE in the road districts. Copies of 
these regional data bases are transferred to the central ad
ministration to ensure data consistency. 

If a road section is not measured during the analysis 
year or the data are totally missing, the previous mea
surement data are updated to the current year using per
formance prediction models (5). 

Classification of Road Condition 

FinnRA has determined a set of overall threshold values 
that are used in all road-keeping activities. These average 
values were defined during special research projects (6,7) 
and are presented in Table 3. 

In the performance contracts for 1994, the threshold 
values and limits are somewhat different (Table 4) . 

MANAGEMENT SYSTEMS 

The pavement management system (PMS) used in Finland 
is shown in Figure 5. The PMS uses two main data banks, 
the road data bank (RDB) and KURRE. The decision
support tools used are the Highway Investment Program
ming System (HIPS), which is a network-level PMS used 
in the central administration, and PMS91, which is a 

TABLE 3 Threshold Values for Road Condition 
Variables (3) 

Bearing 
Roughness Rut Depth Defects Capacity 
(mrn/m) (mm) (m2) Ratio(%) 

Excellent :Sl.3 :S5 
Good 1.4-2.6 :S18 06-20 ~70 
Fair 2.7-4.1 19-24 21-40 < 70 
Poor 4.2-5 .5 25-80 41-80 
Bad ~5.6 ~81 

TABLE 4 Condition Standards for 1994 

Traffic(ADT) 

> 1500 350-1500 <350 

Rut depth (mm) 20 
Roughness (IRI) 

Average 1.8 2.5 3.1 
Maximum 2.7 4.2 5.6 

Defects (sum) 
Average 7 30 45 
Maximum 20 60 120 

Allowed below standard(%) 16 18 16 

project-level PMS used by paving engineers in road dis
tricts. The contents, purpose, and technical data of these 
systems are presented in Table 5. 

CASE EXAMPLE 

The following example shows the performance contract
ing procedure in the case of rehabilitation and mainte
nance of paved roads in one road district. The example is 
divided into three steps: definition of product, bid, and 
evaluation of bid. 

STRATEGIC 
PLANNING 

RSM 
• rut 
• evenness 

PVI 
• de/eels 

FWD 
• bearing 

capacily 

PROJECT 
PLANNING 

FIGURE 5 Pavement management system. 
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TABLE 5 Systems and Their Details (3) 

ROB KURRE 
. road address refe- . detailed condition 

rence system data: history, . basic data of roads present, future 
and traffic . the data is given in 
codes 

Administration Administration . research . research . statistics . input data for HIPS 
District . statistics: present . input data for PMS91 and predicted con-

and other planning dition state distri-
systems bution . statistics . annual objective 

selling 
District . input data for 

PMS91 . statistics . data for planning 
reconstruction 

. CODASYL-dalabase ORACLE-relational . in use since 1970's database . in use since 1991 

Definition of Product 

The product was defined by the central administration, 
consistent with the objectives set by MOT and was sent to 
the districts in May 1993. 

1. Product: performance and condition of paved 
roads. 

2. Definition: averages and distributions of condition 
indicators. 

3. Contents: maintenance and rehabilitation actions 
used in fulfilling the quality objectives set below. 

4. Objectives: the objectives are defined separately for 
three classes of average daily traffic (ADT). The main ob
jectives are to keep the current condition distribution at the 
national level and to reduce differences among road dis
tricts. The threshold values and allowed exceptions are as 
follows: 

-Rutting: for the ADT class of more than 1,500 ve
hicles per day {vpd), no ruts exceeding 20 mm are al
lowed. 

-Roughness: for ADT classes of more than 1,500, 
350 to 1,500, and fewer than 350 vpd, the IRI class 
limits are 2.7, 4.2, and 5.6, respectively. 

-Defects: for ADT classes of more than 1,500, 350 
to 1,500, and fewer than 350 vpd, the class limits for 
the defect index are 20, 60, and 120, respectively. 

HIPS PMS91 

. prediction models • prediction models . actions and effects • decision rules . user and agency • actions and effects 
costs 

Administration District . strategic planning . recommen-
and goal setting dations for . cost-effective individual roads 
maintenance . programming of 
policy repaving 

District . effect analysis . 

. 

. 

input data for 
PMS91 

programming PARADOX-rela-
language C tional database 
in use since 1989 programming 

language C 
in use since 
1987 

-Deviations: for ADT classes of more than 1,500, 
350 to 1,500, and fewer than 350 vpd, 16, 18, and 16 
percent roads exceeding the roughness or defect thresh
old values are allowed. 
5. Contents of bid: the following information is to be 

presented: 
-Maintenance and rehabilitation, in kilometers and 

Finnish marks (FIM) per kilometer, and 
-Reconstruction, in (kilometers, FIM/kilometer, and 

payment schedule). Prices should include all costs 
(work, material, and overhead). 
6. Quality control: RSM and defect inventories are 

used. Minimum measurement cycle is 3 years. Missing or 
old data are updated with PMS prediction models. 

7. Depreciations: a proposal for depreciations is to be 
included. 

Bid 

The contents of a bid are made by the districts. This bid 
example was sent to the central administration in Oc
tober 1993. 

The following bid example is from the Harne district 
($1.00 U.S. = 6 FIM). 

1. Product: performance and condition of paved 
roads. 
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2. Contents: maintenance, rehabilitation, and recon
struction of paved roads. 

3. Objectives: the condition of paved roads is kept at 
the current level. For each ADT class, an agreed-upon 
amount of roads is allowed to not meet the standards. 
Maintenance and rehabilitation actions are designed with 
the PMS91 system. The threshold values defined in the 
product card are used. 

Traffic (ADT) 

> 6000 
1,500-6,000 
350-1,500 
< 350 
Total 

Below 
Standard(%) 

2.8 
13.0 
11.3 
11.4 
10.8 

Requirement (%) 

16 
16 
18 
16 

For roads with ADT of more than 1,500 vpd, no ruts 
exceeding 20 mm are allowed; 

4. Costs: prices include work, material, and overhead 
as shown below: 

Traffic (vpd) FIM!km Total 

>6,000 36,200 22.0 
1,500-6,000 26,600 37.2 
350-1,500 24,000 39.7 
< 350 17,100 15.5 
Total 25,000 114.4 

5. Quality control: RSM and defect inventories are 
used. Measurement cycle is from 1 to 3 years. Missing or 
old data are updated with PMS prediction models. 

6. Depreciations: if more than 10.8 percent of roads 
are below standard, a deduction of price of 0.5 percent/ 
1 percent is proposed. 

Evaluation of Bid 

The central administration evaluates all bids. The follow
ing information is used in the comparison and evaluation 
of all bids: 

• HIPS, 
• Simulation of different strategies, 
• Statistics from KURRE, and 
• Current and predicted condition information. 

If the results of HIPS, KURRE, and other analyses differ 
from the bids, extra negotiations and tuning are needed. 
The final contract with the Harne district was signed in 
November 1993. 

CONCLUSIONS 

Basically, traditional MBO would be enough, but product
based management yields these further advantages: 

• The use of better information and procedures im
proves the management and service for road clients and for 
the society as a whole. 

• Better preparedness for business-oriented manage
ment results in more effectiveness and cost-effective road 
keeping. 

• Productivity and motivation of personnel increase. 
• The return on investment for state property is 

higher. 
• By acting similarly to private companies, districts 

gain internal competition among themselves, which is fol
lowed by the optimal unit price for different products, 
productivity and quality programs, personnel cost sav
ings, new operating freedom in financial and personnel 
management, all of which increase the productivity of 
work and of capital utilization and the cut in overhead 
costs. 

• Creation of better links between operations and cus
tomer/traffic and service are created, and the organization 
and resources are adapted to service demand. 

• Personnel are encouraged to better performance by 
reform of employment and contract and bargaining systems; 
job assignment and placement and voluntary mobility, a 
more flexible pay system; improved focusing on the de
mands of the job, personal performance, and results 
achieved . 

In developing the necessary management systems, setting 
up the objective measuring procedures, and evaluating the 
data definitions and needs for all levels of administration, 
better information systems, more advanced use of annual 
statistics on the key indicators, and better knowledge of 
the impacts on the society are required. 

Several problems remain: 

• Differing views on the necessary key indicators for 
products, especially at the different decision-making lev
els, and on network and project levels; 

• More accurate data needs for "optimal" pricing of 
products; 

• Definition of revenues in the internal state business 
enterprise approach; and 

• Interrelations between the societal impact objectives 
and the quality standard of the equivalent products. 
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Condition, Safety, and Asset Value 
Monitoring in Hungary 

Laszlo Gaspar, Institute for Transport Sciences, Hungary 
Dezso Rosa, Road Management and Coordinating Directorate, Hungary 

In Hungary the adequacy and asset value of the road net
work have been evaluated periodically since 1979. This as
sessment, covering pavements, drainage, alignment, capacity 
and cross section, junctions, bridges, and culverts and light
ing, was based on annual surveys of the road network and a 
series of standards established for the various road classes. 
The data collected were used to produce a number of perfor
mance indicators of the condition and performance of the 
network overall as well as their trends from year to year. The 
indicators, converted into scores, were used to determine the 
level of funding required for capital and maintenance works. 
In particular, the loss of asset value, expressed as the ratio of 
the net value (depreciated value of deteriorated pavement or 
structure) to the gross value (current replacement value of 
the roadway and foundation), was used to justify the amount 
of funds for road works to be made available. Since 1990 
continuous automated survey methods have been used and 
pavement management has been progressively implemented. 
The time series of accident data, which have already been 
collected in Hungary for several decades, are also used for 
several management goals. 

H ungary is a central European country 93 000 km2 

in area; it has 10. 7 million inhabitants. There are 
30 000 km of national highways and 76 000 km 

of local highways, and the total length of agricultural and 
forestry private roads exceeds 53 000 km. Ninety-three 
percent of national highways are paved . In density, Hun
gary is about the middle-ranking country in Europe with 
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its 321 km of national highway per 1000 km2
• There are 

plans to triple the present 315-km total length of motor
way network, using concession financing, in the next 
6 years. 

The optimal allocation of highway funds-which since 
1990 have come from a special highway fund and are far 
below the country's realistic needs-has constituted one 
of the most important tasks of the Hungarian highway 
administration. That is why monitoring of the condition, 
safety and asset value, and safety of the highway system 
was initiated some decades ago. The data series obtained 
and the pavement management systems (PMSs) can be 
used by the highway operators, and indirectly by the road 
users, in regard to various areas of information. 

MAIN FEATURES OF MONITORING SYSTEM 

To facilitate decisions on road management, the Hungar
ian Ministry of Transport initiated the monitoring of the 
main technical and economic highway indicators on ape
riodic basis. These performance indicators are condition, 
traffic, accidents, and asset value data. 

Condition Data 

In the late 1970s, it was decided in Hungary to create 
gradually a PMS. In 1979 the first sufficiency survey of the 
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entire national highway network, 30 000 km in total 
length, was performed. (The sufficiency of a section of 
highway is given by the comparison of the present feature 
value of a road section with a series of standards. Thus, it 
is a time-dependent ratio.) The survey covered-besides 
the investigation of alignment, capacity, cross section, 
junction, bridge and culvert, and lighting data-the fol
lowing pavement condition information types: 

• Pavement bearing capacity, 
• Unevenness (roughness), 
• Pavement surface quality, 
• Rut depth, and 
• Drainage condition. 

The pavement bearing capacity was measured using 
Benkelman beams or the Lacroix deflectograph. The suf
ficiency can be determined by the comparison of the mea
sured and the permissible deflection values (Table 1 ). 
Recently a Swedish dynamic falling weight deflectometer 
(FWD) was applied. The bearing capacity of the total net
work has been measured every 5 or 6 years. 

The longitudinal unevenness (roughness) of the asphalt 
concrete pavement sections (nearly half of the whole net
work) was characterized using bump integrators (Bls) un
til 1991. Because of insufficient survey equipment and the 
risk of damage to equipment on rough roads, the other 
half of the network, mostly asphalt macadam pavement, 
was classified on the mostly asphalt macadam pavement 
sections using a three-score subjective ranking system. 
Measurements were taken using vans traveling through 
each section. Since 1991 the roughness has been measured 
by the Swedish Laser-RST (L-RST). (Scores are calculated 
according to Table 2.) The survey frequency for the BI and 
subjective method was 5 years on average. The interna
tional roughness index (IRI) values supplied by RST, 
which have a fairly good correlation with BI values, are given 
every 3 years . 

Following a common international practice, the pave
ment surface quality is classified using a five-grade score 

TABLE 1 Rating of Pavement Bearing Capacity 

5 meas 
------ X 100 ( %) Score Rating 
s pe rm 
---------------------------------------------------------
a bove 105 1 good 

86 - 10 5 2 satisfactory 

71 - 85 3 tolerable 

at the end of 

56 - 70 4 design life 

below 56 5 over design life 

TABLE 2 Roughness Scores as Function of IRI 
and Road Type 

IRI (m/ km) 

Score on motor- on first c lass on secondary 
roads ways main roads 

l (good ) -1, 20 -1, 5 0 - 2 ,80 
2 (sa t is -

fac t o ry ) 1, 21-1, 50 1, 51-2 , 2 0 2 , 81-4,10 
3 (tole-

rable) 1, 51-1 , 8 1 2,21- 2 , 8 0 4,11-5,20 
4 (unsati s -

f a c tory) 1,81-2 , 20 2,81-4,1 0 5 , 21-6,30 
5 ( poor) 2 , 21- 4 ,11- 6,)1-

based on a visual assessment of the site condition. The ob
jectivity of this evaluation is increased by special condi
tion rating guides that contain higher requirements for 
main roads and asphalt concrete roads (Table 3 ). Recently 
pavement defect recognition has been enhanced by the use 
of a special board apparatus with a keyboard and site 
identification facility, and evaluation of the data has been 
aided by the software employed. The pavement surface 
condition is evaluated by the same operator in each 
county once a year. 

Rut depth measurements covering the entire highway net
work have been performed only since 1991, when the 
RST apparatus started to evaluate this condition parame
ter as one of its yearly measuring functions on the 10 000-
to 12 000-km length of the network. This is equivalent to 
a 3-year measuring frequency. 

The drainage system is evaluated on the basis of the 
common conditions of the shoulders and surface ditches 
by a three-grade visual ranking. It is carried out once a 
year by the help of a condition evaluation guide (Table 4 ). 

TABLE 3 Pavement Surface Quality Scores on Various 
Road and Pavement Types 
Main roads, a s phalt 
concrete pavement 

Homogeneous surface of 
good riding quality 

Some ravelling, finely 
repa i red pot-holes , 
fill e d cracks 

Max 5 % cracked, 
fatted, patched or 
deformed surface 

6-20 % cracked, 
patched or deformed 
surface with max 20 
mm rut depth 

More than 20 % cracked, 
patched or deformed 
surface, several pot
holes, ruts with more 
than 20 mm depth 

Score Se condary roads , a s phalt 
mac adam pavements 

2 

4 

5 

Homogeneous, den se 
surfac e 

Max 5 % c racked ,fatte d 
or patched s urf ace 

6-20 % cracked, fatt e d, 
patched or rutted s ur
face 

21 -50 % cracked, patched, 
fatted or deformed 
surface with max 20 mm 
rut depth, some pot
holes 

More than the half of 
the surface i s failed, 
c ondition hinders the 
continuous traffic flow 
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TABLE 4 Drainage Condition Evaluation Guide 

Score 

1 

2 

3 

Characteristics of the drainage 
system 

Suitable drainage (adequate gully
holes, shoulder slope, ditches) 

Hampered drainage (drain or gutter 
sludge, plash) on pavement or 
shoulder, ditches sludged to a certain 
extent) 

No drainage (blocked gutters,shoulder 
retaining water on pavement, large 
plash, washaways on pavement and 
shoulder, ditches filled with sludge, 
water standing in them) 

Since 1990 continuous automated survey methods 
(L-RST) have been used in Hungary, and several measures 
were taken to ensure the equivalence of the measurements 
made before and after 1990 (1 ). The Institute for Trans
port Sciences (KTI) organized a comparative test on eight 
sections in which the RST and the following measuring 
devices were run simultaneously: BI, Sideways-Force Co
efficient Routine Investigation Machine (SCRIM), Hun
garian Deformmeter (electromechanical towed rut depth 
measuring apparatus), and Hungarian Roadmaster. The 
main results of the correlation test were as follows: 

• A good correlation (r = .896) was obtained between 
the IRI of RST (meters per kilometer) and BI value (cen
timeters per kilometer): 

RSTr = 0.393 + 0.0146 BUMP81 ; 

• The function between the fine-texture parameter of 
RST and the SFC of SCRIM had only a fair correlation 
(r = .509): 

RSTr = 0.0526 + 2.52.10 - 3SFC; 

• An acceptable correlation factor (r = . 799) could be 
found only on relatively even main roads between the rut 
depth values of RST and Deformmeter: 

RDRsT = -0.194 + l.18RDoef 

• Practically no correlation (r = .340) could be found 
between the numbers of wide cracks registered by RST 
and Roadmaster. 

These results were used in the decisions about the pos
sibility of continuing the data time series after 1990. 

Traffic Information 

Regular traffic censuses have been carried out on the 
Hungarian national highways for several decades. The 
frequency of representative traffic counts was usually 

5 years, although the last one was 3 years. The traffic cen
sus is performed at 4,000 counting stations on the net
work for a relatively short period. To monitor the traffic 
features a,,systematic census is done on 400 cross sections. 
One hundred continuous stations serve in determining the 
traffic time-dependent regularities. Most traffic counts are 
done using an automatic vehicle counting device; only a 
small proportion are performed manually. 

Accident Information 

Data on highway accidents involving personal injuries are 
gathered by the police in Hungary. The statewide sum
mary of these data is performed in the Central Bureau of 
Statistics. All important information about accidents, in
cluding their possible causes, is standardized. This kind of 
registration has made it possible to carry out several spe
cial evaluations and processings. Since 1992 the Central 
Road Data Bank has received the highway accident data 
from the Central Bureau of Statistics to store the condition, 
traffic, and safety data of roads and bridges together. 

Economic Data 

Until 1992 highway maintenance, operation, and con
struction data were collected only in an aggregated form. 
Since then the various maintenance technique types and 
costs have been stored and identified using the highway 
reference system of the Central Road Data Bank (to be 
explained later). 

The regular determination of gross and net values of 
the total national highway system can be considered a 
more important task, since the net/gross value ratio can pre
sent very informatively, in a simple percentage form, the 
degree of the physical deterioration of the total highway 
network. After the first sufficiency survey, it became pos
sible to monitor the actual deterioration level of roads 
objectively, in numerical form. 

Using the actual road registration data, the gross value 
is calculated as replacement value, as if the road were re
produced today with original features. The calculation is 
performed separately for the road subgrade, the pavement 
structure, traffic engineering and drainage facilities, and 
bridges. 

When the net value of pavement structure is calculated, 
amortization-type percentages are used for the considera
tion of bearing capacity, pavement surface quality, and 
roughness scores (Table 5) (2). 

DATA STORAGE AND ROAD DATA BANK 

Technical data on roads have been stored since the early 
1970s in a central main computer. Central data registra-
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TABLE 5 Remainder Value Multipliers Used 
for Calculating Net Value of Pavement Structure 

Score 2 4 5 

Bearing capacity 1,0000 0,9503 0,8265 0,6200 0 , 3310 

Pavement surface 
condition 1,00 

Drainage condi-
tion 1,00 

Amortization
type ("moral") 
deterioration 1,00 

0,96 

0,90 

0,90 

0,92 0,86 0,80 

0,70 

0,80 0 , 60 0,50 

tion including condition data became decentralized to the 
regional highway directorates in 1989. This decentralized 
data base is stored on personal computers. The registra
tion managing program was developed further in 1993. 

The present data registration system has two levels: lo
cal and central. It is an important principle that all data 
enter the system on the local level. On the central level, the 
entire detailed data base is stored. The developmental spe
ciality of the data bank is that, besides the storing of all 
data in the main system together with the reference, con
dition, traffic, and safety data, other data are stored in 
special subsystems. If common data are stored in the main 
system and subsystems, they first enter the subsystem. The 
common local reference system allows the transfer of data 
from the subsystem to the main system. The main system 
and subsystems are presented in Figure 1. 

As a road reference system, the traditional highway 
number+ kilometrage (chainage) system was used before 
the present computerized system. The link node system 
was introduced along with the decentralized computer 

National Road 
Data Bank 

(main system) 

• localiaation system 
- tecb.oJcal data 
- quality data 

FIGURE 1 Connection of main and subsystems of National 
Road Data Bank. 

registration system. However, this system has not become 
popular, although it is much more reliable, especially for 
automated measurements. That is why both reference sys
tems are used simultaneously, with automatic conversion. 

DATA UTILIZATION 

Using the data is the final goal of data collection and stor
age. The connections between these activities, with their 
main application areas, are shown in Figure 2. Subse
quently the most important utilization areas-statistics 
and pavement management-will be shown here. 

Statistical Use 

As mentioned, the visual pavement surface condition 
evaluation initiated in 1979 is performed once a year as a 
part of the sufficiency survey. In the initial years this con
dition rating was carried out in autumn, when the condi
tion of the pavement is relatively good. From 1984 on, 
however, it has been performed during spring or at the 
end of the winter when the pavement condition is usually 
unfavorable. In 1991 a data collecting device promoting 
objectivity and a uniform data processing software were 
introduced. The pavement condition quality shows a con
tinuously deteriorating trend (Figure 3 ), indicating an in
creasing backlog of maintenance. 

Pavement bearing capacity has been classified by con
tinuous measurements during longer, 5-year periods. A 
kind of quality polarization can be observed: the bearing 
capacities of asphalt main roads and heavily trafficked 
secondary roads are relatively good, whereas the bearing 
capacity of macadam surface pavements of secondary 
roads is poor (Figure 4 ). The deterioration of unevenness 
(roughness) is only virtual partly because lightly trafficked 
secondary roads were classified visually in earlier surveys. 
Since 1991 classification has been done using a measuring 
apparatus. This reflects, however, realistic considerations 
as well as the actual deterioration of secondary roads 
(Figure 5). 

The calculation of the net/gross highway value ratio 
uses the condition scores mentioned. It has been done us
ing practically the same calculation technique since 1981. 
Unfortunately, a continuous worsening in condition has 
been demonstrated by the time series (Figure 6). 

The traffic volume of roads grew continuously from 
the 1960s until just recently. The most recent years show 
a decrease in traffic volume, primarily as a consequence of 
industrial structural change and growing fuel prices (Fig
ure 7). The number of highway accidents is high in com
parison with the level of motor vehicle use in Hungary. 
The number of fatal accidents, especially, is extremely 
high (Figure 8). 
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FIGURE 2 Scheme of activities in Road Data Bank system. 

Road Management Use 

The results of the sufficiency survey and the regular 
traffic census supply the important inputs of the first 
Hungarian network-level PMS (3). The main variable 
of the Markov transition probability matrices of 
the system is the integrated condition parameter 
coming from the combination of pavement bearing 
capacity, roughness, and surface quality notes. Traffic 
information is used in the selection of the appropriate 
Markov matrix. The unit costs of various intervention 
types are determined using the coordinated country
wide cost data collection recently begun. Even the ele
ments of Markov matrices (probabilities of the 
transition from a condition variant to another one) 
were calculated using the road condition data stored in 
the data bank (4). 

Some years ago a simplified project-level PMS (OPMS) 
was developed in Hungary that can rank the candidate 
projects from an engineering point of view. The system 
uses as inputs the condition data of sufficiency surveys 
and traffic information. 

The actual values and the time series of the gross/net val
ues of road networks can be utilized-among others-for 
comparing the financial means used in the counties for 
highway purposes, taking into consideration their actual 
needs. 

The accident data time series can be used in the identi
fication of accident "black spots" that can be investigated 
if there is a possibility of improving the situation by road 
maintenance, rehabilitation, or reconstruction. The pro
cedures developed for the efficiency calculation of various 
highway maintenance and rehabilitation techniques also use 
information on road condition, traffic, and safety. 
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FIGURE 5 Roughness categories, 1979-1993. 
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FIGURE 7 Traffic growth on national roads, 1983-1990. 

FUTURE PLANS 

Several directions for the development of Hungarian 
pavement management rely on the condition and eco
nomic data time series of the highway network. 

In 1991, 54 unit sections, each 2 km long, were se
lected that have been measured once a year using Swedish 
RST (IRI and rut depth), Hungarian Roadmaster (pavement 
surface quality), and Swedish FWD (pavement bearing ca
pacity). The data measured here are used in the applica
tion of a highway performance modeling system in 19 
road types, as a function of pavement structure types, 
traffic volumes, and subgrade California bearing ratio 
values. These models are updated each year. 

0 .. ~ 0 N n 
co c:) C') :."l c.") O') 
C, Cl C'I Cl C') CTI 

In 1993 the establishment of the so-called Time Series 
Subsystem connected with the Central Road Data Bank 
was initiated. Its main goals are as follows: (a) creation 
of the data series of various deterioration functions on 
500-m-long sections of the highway network, (b) the sub
sequent developing of regression performance models of 
various pavement structure types, and (c) the yearly pre
sentation of previously measured condition data using the 
performance models of the same road section type. 

As part of the activities aimed toward the adaptation of 
the World Bank's HDM-III model for Hungarian conditions, 
the Hungarian condition data series are to be used in the 
determination of the actual value of model coefficients 
suitable for the local conditions. 
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FIGURE 8 Accidents involving personal injuries on national roads, 1976-1992. 
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Toward a New Pavement Management System in 
Germany: Organization, Data Collection, 
Experiences, and Innovations 

Wolfgang Burger, Peter P. Canisius, and Peter Sulten, Bundesanstalt fur 
Strassenwesen, Germany 

In the Federal Republic of Germany the design of a new, 
complete pavement management system (PMS) is under way. 
Major components are already operational. Meanwhile, 
data on road conditions have been collected with high-speed 
monitoring systems for approximately 20 000 km of German 
autobahn lanes. The data were assembled according to even
ness, skid resistance, and surface damage and subsequently clas
sified via a special grading system. By applying special 
algorithms, a service value, a structural value, and an overall 
condition value were developed. The results of the survey can 
be presented in lists, route section graphs, and network 
graphs with different colors indicating where specific target, 
warning, and threshold values are exceeded. By means of 
continuous feedback, the information collected is used to im
prove and adjust the system's components and the plausibil
ity of the output. There is agreement that for an effective 
PMS application, repeated automated network monitoring is 
necessary. To minimize necessary monitoring and evaluation 
efforts, the use of multifunctional automated monitoring sys
tems is envisaged, which will collect all necessary data dur
ing a single pass. Fully automated operation with direct 
computerized evaluation is necessary here. The structure of 
the overall PMS and its major components is outlined. 

U
ntil the beginning of the early 1980s, road con
struction and network expansion to meet rapidly 
increasing motorization were the main fields of 

highway engineering in Germany. Meanwhile, mainte-
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nance and rehabilitation of existing roads became more 
and more important. [In 1990, the gross fixed assets were 
about OM 700 billion (1).] This is especially true for the 
five new federal states, where there is a considerable back
log in pavement rehabilitation. In this context, road ser
vice in its original, wider sense describes a road's ability to 
ensure safe and comfortable driving conditions and with
stand the stress and strain caused by traffic, climate, and 
weather. At the same time the highes t possible degree of 
environmental compatibility must be guaranteed. Thus, 
maintenance of this road service means consideration of 
the overall economic aspects. Financial means can only be 
assigned effectively to road maintenance if the pavement 
condition is evaluated on the basis of standard rules and 
objective criteria. 

DEFINITION OF DATA NEEDS 

Pavement conditions and their changes are described by 
means of condition characteristics and associated indica
tors. A distinction is drawn here between 

• Primary characteristics that are design and construc
tion factors-grade, curves, roadway geometry, evenness, 
texture and brightness, and 

• Secondary characteristics that describe effects result
ing from the vehicle-roadway interaction-driving dy-
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namics, surface drain_age, skid resistance, splash and 
spray, reflection, tire noise, and rolling resistance. 

These groups of characteristics allow one to judge ob
jectives such as traffic safety; driving comfort; environ
mental compatibility; energy savings; prevention of 
damage to roadway, vehicle, and vehicle load; and main
tenance of the road substance. 

In addition, the structural pavement condition can be 
described by characteristics such as bearing capacity, 
overall drainage, and surface damage. In 1990, the Fed
eral Republic of Germany started surveying and assessing 
the federal highway and autobahn network pavement 
condition (2). 

Problem-Solving Capacity of Data 

To rationalize data identification and data collection for 
these purposes, the process was governed by the need to 
ensure the problem-solving capacity (PSC) of every col
lected parameter either singly or in combination with oth
ers. PSC is the power-generally of a set of data-to 
contribute to the solution of a given problem (3). 

In the case in question, the expected usefulness of the 
data collected for and within a pavement management 
system (PMS) was of paramount importance. But PSC is 
only guaranteed if the algorithms for the subsequent pro
cessing of the data collected exist a priori, although adap
tions and alterations of such algorithms, of course, are 
still possible. Furthermore, the availability of the neces
sary technology for the collection of the data and the costs 
involved versus the putative benefits of the entire opera
tion have to be assessed. Last but not least, a high quality 
of data and reliability has to be ensured. Thus, the exis
tence of adequate plausibility check systems is a prerequi
site as well. 

Within the frame set by these boundaries, data identi
fication turned out to be an extremely complex process: One 
had to part with philosophies and desires of road mainte
nance engineers associated with PMS of the past and their 
tendencies to collect a large set of data merely assumed to 
be useful later. This was ultimately overcome via the as
sessment of the PSC of each individual parameter for 
pavement management purposes as well as the anticipation 
of the usefulness of each parameter in combination with 
one or all the others. The parameter "skid resistance," for 
example, has a PSC of its own, because a value below a 
set level leads to immediate maintenance measures. On 
the other hand, "skid resistance" when above the "warn
ing level" is entered into combined PMS values to indicate 
an overall condition of a section of road. 

Types of Data Collected 

Germany's federal highway and autobahn network in
cludes about 11 000 km of autobahns and 45 000 km of 
federal highways. The autobahn pavement condition sur
veys were only possible by monitoring with high-speed 
survey systems and automated registration (at a survey 
speed > 60 km/hr). Visual inspection would have placed 
crews and road users at risk and led to traffic congestion. 
Moreover, survey data density and data precision are 
considerable advantages of automated monitoring. Fur
thermore, surveys can be objectively and easily repeated. 
The survey results at network level allow one to establish 
a condition rating and to identify sections needing main
tenance. With these goals it was possible to define the 
problem-solving capacity of a limited but sufficient 
amount of data. 

A certain type of pavement data, for instance, tire 
noise, is of little importance for the mentioned target val
ues, its influence having already been taken into account 
in the design and construction specifications. Therefore, 
such characteristics do not need to be considered in a pe
riodically conducted survey at the network level. 

Other indicators of secondary characteristics can be 
extracted from evenness and texture profiles and do not 
need to be measured directly. Unfortunately, it is not yet 
possible to register the microtexture elements, and it is 
still necessary to measure skid resistance as an important 
performance parameter describing vehicle-roadway inter
action (4). 

Environmental preservation and energy economy are 
normally taken into account by the design standards. 

Ultimately the decision was taken to collect the follow
ing four main data groups: 

• Longitudinal evenness with respect to unevenness 
profiles, 

• Transverse unevenness profiles, 
• Skid resistance, an1 
• Surface damage. 

On the basis of characteristics, the pavement condition 
can be described sufficiently and evaluated with respect to 
the objectives. In many cases, maintenance measures can 
be derived directly from the network pavement condition 
data. Thus, rehabilitation of a section showing only poor 
skid resistance may simply be milling or thin coating. De
ficiencies in longitudinal evenness, rutting, and surface 
damage, however, require more thorough rehabilitation 
measures. In cases of doubt not clearly pointing at one or 
the other maintenance measure, a second and more de
tailed survey is necessary, including the evaluation of 
bearing capacity and core lifting. 
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FROM A PILOT SURVEY TO A COMPLETE DATA 
COLLECTION PROGRAM 

Survey and Assessment Concepts 

The relevant characteristics and indicators of the road 
surface, surveyed either by visual inspection or by automated 
monitoring according to the directives set up in the Fed
eral Republic of Germany (5,6), are shown in Figure 1. 
The corresponding condition data have different dimensions 
(millimeters, percentage, etc.). For the subsequent pro
cessing of these data for a particular road section (100 m), 
they are transformed (with the help of standardization 
functions) into dimensionless and comparable condition 
values, ranging from 1 to 5 (very good to very poor). 
These values subsequently are weighted and linked by 
particular algorithms resulting in two values, namely, a 
service value and a structural value. The poorer of these 
two is selected as the relevant overall value of a section. 

The standardization procedure is outlined using the ex
ample of rut depth (Fig. 2). Target values, alert values, 
and threshold values have been defined for each condition 
indicator, partly on the basis of technical requirements 
and partly on frequency distributions computed from rep
resentative road section collectives. Normally, the target 
value is set at the value required in acceptance specifica
tions for new or renovated roads; according to the German 
evenness requirements, this is 4 mm for rut depth. The 
alert value describes the situation in which maintenance 
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RESISTANCE 
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CHARACTERISTICS PARAMETERS 
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UNEVENNESS water depth 

SKID coeff. SFC 
RESISTANCE 

planning is due. It has been set at 10-mm rut depth. The 
threshold value characterizes a situation in which mainte
nance measures or traffic restrictions are to be initiated. It 
has been set at 20-mm rut depth. 

The condition data plotted on the abscissa are trans
lated via the standardization function into the condition 
value grades plotted on the ordinate. Grade 1.5 is as
signed to the target value, grade 3.5 to the alert value, and 
grade 4.5 to the threshold value. 
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FIGURE 2 Example of standardization from condition 
parameter to condition value: rut depth. 
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FIGURE 1 Condition characteristics and parameters for bituminous concrete and cement concrete. 
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The linkage of the condition values to the service value 
is shown in Figure 3. The following percentages of the val
ues are taken into account: 

• Maximum of unevenness value or rut depth at 25 
percent, 

• Theoretical water depth at 25 percent, and 
• Skid resistance at 50 percent. 

The service value is obtained by linking the weighted val
ues on the basis of a combination law and a logarithmic 
function. 

The structural value is obtained in a similar manner 
' but different weightings for asphalt and concrete are used, 

as follows: 

• Bituminous Concrete 
-Structural Value 
-Patches, 10 percent 
-Ravelling, 20 percent 
-Net cracking, 50 percent 
-Maximum longitudinal-transverse unevenness, 

20 percent 
-Service Value 
-Maximum longitudinal-transverse unevenness, 

25 percent 
-Water depth, 25 percent 
-Skid resistance, 50 percent 

• Cement concrete 
-Structural value 
-Longitudinal-transverse cracks, 30 percent 
-Corner demolition, 20 percent 
-Edge damage, 15 percent 
-Maximum longitudinal-transverse unevenness, 

35 percent 
-Service value 
-Maximum longitudinal-transverse unevenness, 

25 percent 

FIGURE 3 Formation of service value. 

-Water depth, 25 percent 
-Skid resistance, 50 percent 

The service value implies traffic safety and driving comfort 
and is oriented toward the road user. The structural value, 
on the other hand, is intended as an orientation for the 
needs of the financing authorities. 

First Survey of Autobahns 

Surveys and the assessment of the pavement condition 
of the federal highways and autobahns in Germany are 
the responsibility of the federal states. However, as part of 
the establishment of a new road information system, 
the Federal Ministry of Transport (BMV) financed the 
first survey on these roads. The Bundesanstalt for 
Strassenwesen (Federal Highway Research Institute) 
(BASt) advises and assists the authorities . It was decided 
in 1989 to start with the survey of autobahns, because 
they are of paramount importance for road transport in 
Germany (7). Before the unification of Germany, without 
the new states, this meant surveying about 40 000 km of 
roads. At that time, neither the monitoring techniques nor 
the assessment concepts had been thoroughly tested. The 
survey was conducted in two steps: The first step con
sisted of a 3000-km roadway pilot survey in the states of 
Bavaria, Hesse, Lower Saxony, and North Rhine
Westphalia. Two-, three-, and four-lane unidirectional 
roadways, asphalt and concrete pavements, and sections 
with and without emergency shoulders were monitored. The 
monitoring and organizational results were used as the 
basis for 

• Launching a first survey bid for all autobahns, 
• Drawing up instructions for survey preparation and 

execution, 
• Developing the basis data for 16 states, 
• Limiting the survey to the necessary extent, and 
• Adapting the existing concepts to the particular con

ditions of automated monitoring. 

After the pilot survey it was possible to start the second 
step of the first survey at the network level in all 16 states 
(8,9). 

Although it had been possible to cut the price per sur
vey kilometer from approximately DM 400 to DM 270, 
it was believed that further reduction of the monitoring 
expenses was necessary and possible. The original con
cept envisaged monitoring of about 56 000 km in total. This 
was reduced to 22 000 km by deciding to survey all traf
fic lanes in the new states and only the right-hand lanes in 
the old states. 

The survey was begun in April 1992 and completed in 
September of that year. 
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Measuring Systems-Needs and Possibilities 

The following measuring systems were used to register 
pavement condition in the pilot survey: 

• Longitudinal evenness: High-Speed Road Monitor 
(HRM), 

• Transverse evenness: Automatic Road Analyzer 
(ARAN), 

• Skid resistance: Sideway-Force Coefficient Routine 
Investigation Machine (SCRIM), and 

• Surface damage: Groupe d'Examen Routier par Pho
tographie (GERPHO). 

All measuring devices performed satisfactorily during the 
pilot survey. 

It soon became obvious that simultaneous monitor
ing of longitudinal and transverse evenness was necessary 
to reduce costs. In the subsequent survey of the auto
bahn network, the Swedish system Laser Road Surface 
Tester (LRST) was used for this purpose. The remaining 
characteristics were registered again using SCRIM and 
GERPHO. 

Random checks of the measuring systems, the registra
tion process, and the evaluation of the data were made 
during the entire operation. Longitudinal and transverse 
evenness were checked with the newly developed German 
Automatic Road Condition Graduating Unit System 
(ARGUS), and skid resistance with SCRIM. 

The British HRM registers the longitudinal evenness 
values using laser probes attached to an inflexible beam ( 10). 
In Germany, this system is the calibrational standard for 
longitudinal evenness monitoring. The measuring interval 

9 
8 [cm) 

7 
6 
6 

for the unevenness peaks is 100 mm in the direction of 
driving. Transverse evenness profiles cannot be monitored 
with the HRM. 

The Canadian ARAN calculates the longitudinal pro
file by means of a vibration replace system including the 
measurement of vertical acceleration. Transverse profiles 
are surveyed by means of a front beam (width up to 3.60 
m) equipped with ultrasonic detectors placed at 100-mm 
intervals ( 11 ). 

The Swedish LRST device registers the longitudinal 
evenness by using a laser probe in combination with aver
tical acceleration meter (12 ). The transverse profiles are 
measured by means of a 2.50-m front beam fitted with 20 
laser probes. They are placed in an angular position per
mitting a total registration width of 4.0 m. 

The German ARGUS measures the longitudinal profile 
on a laser basis using the HRM principle (13) . Transverse 
profiles are also measured using laser detectors that are 
mounted on the front beam at 100-mm intervals. For lon
gitudinal evenness, it is now accepted that a measuring 
system must collect profile data approximating the real 
longitudinal profile that enable the calculation of the pa
rameters relevant for the condition rating. 

The profiles resulting from surveys carried out with 
HRM, LRST, ARGUS, and ARAN were compared and 
proved to be quite consistent, in particular where isolated 
irregularities and longer unevenness waves are concerned 
(Fig. 4 ). In Germany the unevenness value <!>1, (fl0 ) is used 
as relevant indicator in the condition rating process. The 
differences of the mean uneveness values are in the toler
ance range of 0.6·103 mm3

• The value <!>1, (fl0 ) is derived 
from the unevenness spectral density and represents the 
height in the balanced spectrum near 6-m wavelength. 
However, investigations are currently being made as to 

FIGURE 4 Comparison of longitudinal profiles taken by ARAN, ARGUS, HRM, and LRST: A4 from Km 25.6 to 26.0. 
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how far single irregularities and periodically occuring ir
regularities have to be taken into account. 

Transverse evenness studies revealed that the rut depth 
can vary considerably within just 1 m and does not re
main steady over the distance of longer sections. This has 
to be considered when one is comparing measuring systems 
calculating the rut depth at different intervals in the 
driving direction. It was observed that the results of 
ARAN, LRST, and ARGUS calculations of the average 
right-hand lane rut depths are quite consistent. The dif
ferences of the mean rut depths are smaller than the stan
dard tolerance of 1 mm. Apart from the rut depth, the 
theoretical water depth is also relevant for the condition 
rating. This value is calculated using the transverse profile 
in connection with the transverse grade. 

Six SCRIM are currently used in Germany for routine 
skid resistance measurement (14,15). The pavement wet
ting devices have been significantly improved. Measuring 
results of the systems have been compared and proved to 
match (Fig. 5). The differences of the mean SCRIM values 
are below the tolerance value of 0.018. 

With the French system GERPHO, the pavement sur
face is filmed continuously at a driving speed of 70 km/hr 
(16). Cracks of 0.7-mm width can still be registered. Sur
veys are only carried out at night to guarantee the same 
exposure to light. 

The developed films are assessed according to the pro
cedures of visual inspection. The condition parameters for 
asphalt pavements are expressed as a percentage of the 
damaged areas. In the case of concrete roads, two condi
tion parameters exist for each type of surface damage. 
One describes the average development of damage, the 
other the number of the slabs affected. 

Data Processing, Evaluation, and Presentation 

In order to allow an accurate and correct allocation of the 
condition data, a network system that is independent of 
possible changes in length or road classification in the 
road network is needed. In Germany, this is realized by 
means of the so-called network nodes coding system serv
ing as a basis for the road data information system. Roads 
are subdivided into several network sections, each one de
fined by two network nodes. Signs in the form of triangu
lar boxes (Fig. 6) are set up in situ. 

For each monitored 100-m section, condition data, 
condition values, service values, and structural values, as 
well as overall values, are established from the raw data 
using the mentioned concepts. Most of the programs were 
developed during the pilot survey. The results were com
piled in dBase data files. Results can be presented in the 
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form of lists, section profiles, frequency distributions, and 
network graphs (Figs. 7-11). 

In order to present a condition rating "at a glance" in 
a map, four color classes were assigned to the respective 
grades. These color ranges are divided by the target val
ues, the alert values, and the threshold values. The colors 
used and their meanings are the following: 

• Blue, condition of a new road; 
• Green, no measures necessary; 
• Yellow, attention: reasons for deficiencies should be 

analyzed and maintenance measures planned; and 
• Red, very poor condition: maintenance measures 

should be carried out and traffic restrictions introduced. 

With these colors used the network deficiencies are 
made visible "at a glance." Subsequently it is easy to look 
at a particular poor section and start a detailed, object
oriented study of the corresponding raw data material. It 
is also possible to choose other forms of assessment, in-

corporating, for instance, other information drawn from 
the basic data (e.g., the type of pavement) or from the sec
tion characteristics (Fig. 10). 

In order to judge the condition rating for federal states, 
autobahns, traffic lanes, and construction types, fre
quency distributions were plotted in eight condition 
categories with half-grade steps (Fig. 11). Graphic illus
trations linking frequency items with the service value and 
the structural value by means of a matrix are especially 
appropriate for further analysis and decisions concerning 
measures to be taken. 

OUTLOOK 

Feedback into the Evaluation System 

The survey and the condition rating of the German auto
bahn network have been an important step toward a com
plete PMS ( 17,18). For the first time, a condition rating at 
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FIGURE 7 Profile of condition data skid resistance (source: Auswertungen Schniering/IFTA). 

network level is possible. The modification of the survey 
methods and assessment system, started right after the pi
lot survey, will be continued taking into account all future 
findings. The assessment rules are presently checked with 
respect to their plausibility in sensitivity analyses. For this 
purpose, frequency distributions for condition parame
ters, condition values, and partial and overall values have 
to be established in order to gradually improve the algo
rithms in a quasi-iterative process. 

The relevance of single-condition indicators must be 
checked with respect to the objectives, in particular to the 
user aspects, environmental compatibility, and the appro
priateness of maintenance measures. For instance, the va
lidity of the unevenness value <l>n(fl0 ) is being studied more 
in detail. The limits defined in 1985 will be verified in ve
hicle simulators. When one is defining rut description in
dicators, it will be considered whether parameters other than 
rut depth and water depth are to be taken into account to 
allow a better choice of maintenance measures. In Ger
many, rutting appears as 

• Deformation in the upper asphalt layers, showing 
lateral uplifting with heavy flank inclinations, and 

• Insufficient bearing capacity leading to flatter ruts 
without uplifting. 

These influences can also overlap. Therefore, surface 
damage detection must be as accurate as possible. Where 

damage is identified, the entire graphic documentation 
has to be consulted for further object-oriented mainte
nance planning. This is also the case if the automatic eval
uation has already taken place simultaneously with the 
survey, and image storing was not intended originally. 

Moreover, efforts will be made to reduce the amount of 
data by means of correlations and linkages of different 
condition indicators. In this context, also, aspects cur
rently discussed within the framework of the European 
standards harmonization have to be taken into consider
ation. 

Refinement and Integration of Additional 
Information 

The results of the survey allow a rating of the road sections 
with respect to their condition. Weak points can be iden
tified, and it is possible to reduce risks caused by safety
relevant deficiencies, for example, by limiting traffic 
speed. Pavement management requires the linking of 
damage reasons to condition characteristics-one by one 
or in combination. Characteristics such as age, traffic 
load, construction data, construction material parame
ters, and maintenance history have to be taken into ac
count as well. Subsequently there is a need to typify 
deficiencies so that appropriate maintenance measures 
can be recommended. 
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FIGURE 8 Profiles of service value and the associated 
condition values (source: Auswertungen ASTRA). 

In addition, attempts to typify statistically the behavior 
of different pavements are made by means of classifica
tion. There is an indication that strengths and weaknesses 
of various pavements and appropriate maintenance 
strategies can be identified in this way. Findings here can 
be used to improve concepts for forecasting models and the 
especially important modalities for repeated monitoring. 

For the survey of pavement changes, the following pro
cedures need to be fixed in the future: 

• Target values as acceptance values in construction 
contracts leading to the examination of the construction 
performance based on the rules of condition rating-the 
so-called initial test-at the time of the acceptance of a 
contract, and 

• Repeated monitoring in fixed time intervals. 

A network- or section-based strategy and requirement 
planning can be developed based on the actual changes. In 

LEGEND 
1.00 • 1.49 
1.50 • 3.49 
3.50 • 4.49 
4.50 • 5.00 

FIGURE 9 Network representation of the overall value 
(source: Auswertungen DASTRA). 

certain cases more detailed investigation may be neces
sary, requiring additional data, such as bearing capacity, 
construction material type, or layer thickness, which must 
be integrated into the PMS data pool. The same goes for 
the results of in situ condition monitoring carried out con
tinuously by the autobahn operation centers. 

Repeated monitoring requires that measuring and eval
uation costs be kept as low as possible. For this purpose 
pilot versions of multifunctional monitoring systems are al
ready in operation in Germany and elsewhere. These sys
tems are capable of surveying nearly all relevant condition 
characteristics using light-optical reading of the road sur
face geometry and eventually also registering deflections 
during a single pass. Subsequent data processing is com
puter-aided without manual intervention. For an overall 
PMS, apart from the network node system, information 
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measure s 

( END ) 
Flowchart for object-oriented PMS. 

in situ 
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about the design, construction, traffic, and costs as well as 
environmental aspects has to be accessible in a special 
data base. Only when these requirements are fulfilled is a 
priority rating of different maintenance alternatives pos
sible with respect to available financial means, political 
priorities, and economic aspects. 

In the present stage a stepwise approach is used to ar
rive ultimately at an overall PMS. Provision is made to 
guarantee the independent use of the various components 
of the system. 

Figure 12 shows the flowchart of the system to plan 
highway maintenance measures and allocate available 
funds. The system is based on the basic data of the road 
network and the evaluated monitoring data. Object-oriented 
surveys are optional. The various components of the sys
tem are presently introduced in simple forms. With later 
data and based on the experience gathered, they can be re
placed by more sophisticated algorithms. 
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Evaluation of French National Highway 
Network Based on Surface Damage Surveys 
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In 1992 the managing authority of the French National 
Roads Network decided to modernize the means of evaluat
ing the condition of its roads. The tool set up to do this is based 
primarily on a systematic survey of pavement surface dam
age, completed by skidding resistance measurements. Sixteen 
Regional Public Works Laboratories were assigned to gather 
road information. For the evaluation tool to have the ex
pected qualities, there has been a special effort to make the 
damage survey a means of investigation as reliable as a mea-

. surement. The laboratories use a highly formalized method 
that precisely fixes the cond itions in which the survey must 
be performed, the type of information to be recorded, and its 
codification. Training incorporating an introduction to the 
method, practical work on sections of road, and days spent 
coordinating the terms complete the arrangements made to 
ensure the reliability of the survey. The information gathered 
on the road network is then realigned on the official distance 
markings of the road network and accepted in 200-m lengths 
before being transferred to a data base. There it is processed 
to provide a series of ratings qualifying the condition of the 
pavement structures and the safety that the pavement offers 
the user. 

The definition and application of a maintenance pol
icy on a large road network assumes that the 
owner has a suitable tool for periodic evaluation of 

the condition of its roads. In 1992, the Roads Managing 
Authority of the French Ministry of Infrastructure, owner 
of the National Roads Network (NRN), decided to mod-

ernize its evaluation tool. This decision reflected a 
twofold concern: on the one hand, to better evaluate the 
maintenance needs of the NRN to specify and justify the 
costs necessary for this maintenance, and on the other to 
better manage the use of these costs in partnership with lo
cal project supervisors. 

The attention of the Roads Managing Authority was 
directed first to the preservation of the enormous asset 
constituted by 34 000 km of roads and motorways, most 
of which must carry high levels of traffic and therefore 
consist of wide pavements, treated with hydraulic or bi
tuminous binders, in large thicknesses. But the road user's 
safety has not escaped attention-quite the contrary. 
Thus, the evaluation tool takes into account these two 
aims of maintenance. There are two specialized ratings, 
one reflecting structural condition and the other, surface 
condition. From these ratings are derived a global quality 
rating, which gives an overall picture of the condition of 
the road, and a users' rating, which reflects how the road 
is perceived by those who travel on it. 

GENERAL CONSIDERATIONS RELATING 
TO INFORMATION GATHERING 

Choice of Indicators 

The evaluation tool is based primarily on a survey of 
pavement surface damage for the whole of the road net
work. This survey is simple but rigorous. It covers per-
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manent deformation of the pavement, cracking (with a 
distinction between shrinkage cracks and other types of 
cracks), wearing course damage, and repairs. Each of 
these categories is characterized by its extent and its sever
ity. Cracking and deformations are essential indicators to 
evaluate not only the condition of a pavement at a given 
time, but also its likely short-term evolution. The defor
mations are also used, with the wearing course damage, in 
evaluating the level of safety provided for the user. 

Measurements (sand patch texture depth, coefficient of 
transverse friction) complete the indicators used in the 
calculation of the safety ratings, because it is impossible to 
judge the skidding resistance of a surface from a visual im
pression alone. 

The deflection measurement is not taken into account 
in the calculation of the structural ratings. This choice 
does not result from considerations of the pertinence of 
this measurement to the objectives of the evaluation tool. 
Practically, it turned out to be impossible to make this 
measurement on 34 000 km of roads within the cost and 
time limits fixed by the managing authority in 1992. 
However, it is not impossible that this indicator will be re
instated in the evaluation tool in the future. More impor
tant, it is still considered in the downstream stages of the 
sequence of maintenance studies: scheduling of work, es
pecially diagnosis of structural problems. 

Conditions of Gathering of Indicators 

For the evaluation tool to meet the expectations of the 
owner, it is first necessary that the data collection methods 
should be reliable (i.e. repeatable, reproducible, and as ac
curate as possible). These conditions do not pose too 
many difficulties for skidding resistance measurements. 
On the other hand, the difficulties inherent in the damage 
survey are well known: subjectivity of the information en
tered, influence of many external parameters such as 
lighting, dampness of the road, and so forth. To overcome 
these difficulties, the survey procedure selected for the 
evaluation tool is defined carefully and precisely. It is 
based on a detailed and rigorous survey method that the 
Public Works Laboratories have developed, and more 
particularly on one of its procedures, M3, specially con
ceived for the rapid evaluation of a road network. A 
computer-assisted recording system, named DESY, which 
is totally coherent with the survey method, guides the op
erator in the application of this procedure and makes his 
or her work much easier. All teams performing this survey 
undergo a certification procedure that includes training in 
the use of the DESY system and in the application of the 
M3 procedure, and regular cross tests. The arrangements 
so instituted (method + apparatus + training + cross 
tests) ensure the quality of the survey. 

LPC SURFACE DAMAGE SURVEY METHOD 

General Principles of Method 

For several years, the French Public Works Laboratories 
have become increasingly aware that to make the surface 
damage survey a reliable and precise tool, it is necessary 
to formalize the survey method rigorously, codify the 
damage, configure the survey assistance apparatus, and 
train the teams. This growing awareness led first to the 
drafting of a precise and complete method (1) that can be 
adapted to all circumstances in which the damage survey 
can be used. For this purpose, the method includes six dis
tinct, complementary procedures (see Table 1) in which 
the way that damage is recorded is carefully described. 
According to the objective, the type of study for which it 
was conceived, the procedure more or less finely differen
tiates the damage to be recorded . Three of these proce
dures are to be used in normal surveys: 

• Ml: detailed procedure, for diagnostic studies; 
• M2: standard procedure, recommended for pro

gramming of maintenance work; and 
• M3: a summary, but still rigorous, this procedure is 

applicable to the evaluation of networks; it may also be used 
(with some reservations) for the programming of mainte
nance work. 

The three other procedures are devoted to special surveys: 

• M4: special procedure for Gerpho surveys, recom
mended for evaluating and programming maintenance 
work on motorways; 

• MS: special procedure, extremely precise with 
graphical report of degradations, for monitoring of test 
sections; and 

• M6: special procedure for evaluating and program
ming maintenance work (with some reservation) on 
urban networks. 

In the procedures, the damage is classified into differ
ent main headings according to type, and for each head-

TABLE 1 Circumstances of Maintenance Studies 
and Corresponding Operating Procedures in Damage 
Surveys Method 

Management "high" "normal" "light" special 
conditions urhan 
Evaluation 

Programming M2 M:l M6 
of works M4 

reinforcement 

dia2nosis Ml Ml -MS 
monitoring of MS -
test sections 
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ing, into two subheadings according to severity. Tables 2 
and 3 give the lists of the headings and subheadings of the 
Ml (detailed) and M3 (light) procedures. The comparison 
between the two tables illustrates one aspect of the refine
ment between the procedures. With respect to the previ
ous situation in France, one of the innovations of this 
method is that it considers the severity as well as the ex
tent of the damage. This parameter has been recognized 
as having a major role in the assessment of pavement 
condition. 

M3 Procedure 

For the evaluation of the NRN, Mode M3 was selected. 
Its domain of application, which is defined as "light sur
vey applicable to the evaluation, surveillance, mainte
nance scheduling, and overlay studies of all types of 
pavements in the open country," exactly matched the ob
jective of the tool. In this procedure, a vehicle equipped with 
a DESY survey system slowly travels the route to be in
vestigated. Two operators are on board, one driving the ve
hicle and describing the damage seen, the other entering 
this information into the DESY system. The damage is 
classified into five main headings, and for each heading, into 
two subheadings (see Table 3). Each item of damage is 
represented by beginning and ending abscissa on the 
x-axis if it has some longitudinal extent (e.g., longitudinal 
crack, damage of surfacing, etc.) or by a single abscissa if 
it is localized (e.g., transverse crack). 

TABLE 2 Headings and Subheadings of M2 Operating 
Procedure Indicating Corresponding Damage 

headings 
(dama e) 

ruting 

other 
deformation 

surface 
defects 

potholes 

transverse cracks 

longitudinal 
joints 

longitudinal 
cracks 

other 

alligator 
cracking 

square cracking 

repairs 

sub-headings 
(severit ) 

light 
se rious 

light 
serious 

bleeding 
raveling 

visible 
serious 

visible 
serious 

visible 
serious 

visible 
serious 

local 
large 

extent observations 

Im > 15 mm 
Im > 30 mm 

Im > 15 mm 
Im > 30mm 
Im damage of the 
Im wearing course 

number 

number no spalling 
number with spalling 

Im opened 
Im with crack 

Im no spalling 
Im with spalling 

Im 

Im 
Im 

Im 

Im < 1/ 2 lane 
Im > 1/2 lane 

Im : linear meters of pavement concerned with the distress 

TABLE 3 Headings and Subheadings of M3 Operating 
Procedure Indicating Corresponding Damage 

headings 
(dama e) 

deformation 

surface 
defects 

transverse cracks 

long. & alligator 
crackings 

repairs 

sub-headings 
(severit ) 

light 
se rious 

bleeding 
raveling 

visible 
serious 

visible 
serious 

local 
large 

extent 

Im 
Im 

Im 
Im 

number 
number 

Im 
Im 

Im 
Im 

Im: linear meters of pavement concerned with the distress 

observations 

> 15 mm 
> 30mm 

damage of the 
wearing course 

no spalling 
with spalling 

no spalling 
with spalling 

< 1/2 lane 

> 1/2 lane 

In this procedure, the survey is done in a single pass per 
pavement, during which is recorded damage on the lane 
on which the survey vehicle is traveling and on the adja
cent lane. The procedure states what to do when several 
items of damage are present on the pavement simultane
ously: if they are of different types, they are all recorded; 
if they are of the same type, only the most severe is 
recorded. Note that, as a general rule, damage is recorded 
only if it is clearly identifiable (the pavement gets the 
benefit of the doubt) . 

Training of Teams and Cross Tests 

All damage survey teams receive thorough training m 
three stages: 

1. The first stage is an introduction to the method and 
to the use of the DESY survey apparatus, also including 
an exercise using slides illustrating all types of dam
age likely to be encountered and their different levels of 
severity. 

2. During practical work immediately after this train
ing, all teams, one after another, perform the damage sur
vey on a section of road, then jointly discuss the results of 
these common surveys. This discussion covers, in particu
lar, differences found between the different surveys in the 
type, severity, and extent of the damage records and so 
serves to eliminate any ambiguities that may persist after 
the first step. 

3. After a few weeks of operational practice of the sur
vey, harmonization surveys bring together all or some of 
the teams and take them again to another section of road 
where the foregoing exercise is repeated. 

All the data collected during the third part of the train
ing were processed. The global quality rating was calcu
lated for each team and on each 200-m section of road. This 
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first analysis showed that 90 percent of the ratings from 
different teams, on a same section, are within ±20 per
cent of the average value. Complete repeatability and re
producibility tests were forecast by the end of Septem
ber 1993. 

COMPUTER-ASSISTED RECORDING SYSTEM: DESY 

The DESY system (2) has been used since 1990 by the net
work of Regional Public Works Laboratories for the col
lection, processing, and formatting of road data with a 
view of their introduction into data bases. The collection 
device itself (Figure 1) takes the form of a small rigid car
rying case that is easy to carry inside any type of vehicle. 
It includes a personal computer (PC)-compatible micro
computer with a hard disk and a floppy disk drive, along 
with two special units to perform the functions specific to 
the system. 

Two complementary keypads each having 20 keys 
flank the standard keyboard; each key can be dedicated to 
recording one of the types of road data required by the ap
plication. Figure 2 shows the configuration of the special
ized function keypads used to record pavement damage 
according to the M3 procedure. This configuration provides 
one key per level of severity of each damage heading, plus 
one for the mandatory recording of identification points 
along the route. Thanks to a specific device (a sensor con
nected to the vehicle's gearbox), DESY knows its position 
along the road being surveyed in real time. 

The principle of a survey using DESY is simple. After 
identifying the section of road concerned (geographical 
department, type of road and number, localization of start 
and end of section, direction of trip) the operator travels 
along the section of road. Each time he or she judges that 
damage belonging to one of the aforementioned headings 
for Method M3 has begun, the operator assesses its sever
ity and presses the associated function key, which auto
matically enters the corresponding starting point. 

DESY 2000 

. 
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FIGURE 1 Computer-assisted recording system DESY used 
for damage survey (with its two specialized-function keypads) . 

left keypad right keypad 

□□-
□□-

long. & alligator cracking 

deformation 

□ □- □□-surface defects 

transverse cracks 

□ □ □□-R.F. weari 19 repairs ~---------~ 

D visible D serious ■ en 

FIGURE 2 Specialized-function keypads for application of 
M3 operating procedure. 

PREPROCESSING OF DATA AND THEIR 
INTRODUCTION INTO VISAGE DATA BASE 

Preprocessing of Data 

It is generally not possible to transfer road data directly 
into a data base. The information that is fed into a road 
data base in effect comes from different collection de
vices: DESY, deflectograph, longitudinal profile analyzer, 
Sideways-Force Coefficient Routine Investigation Ma
chine (SCRIM), and others. Each device uses a location 
reference system that is specific to the device. Within a 
data base, all this information must be location-referenced 
by the same reference system, failing which there may be 
rejection or (much worse) pairing of information concern
ing different sections of pavement in the same processing. 
Furthermore, it is important not to overload the data base 
with useless elementary data that consume space and com
puting time. The DESY system has, in addition to the 
functions described earlier, a set of software that enables it 
to manage and control these problems. These functionali
ties were widely used for the evaluation of the NRN. 

To start, a special function is used to import into DESY 
the identification file extracted from the road data base 
into which the recorded information is to be transferred. 
Thanks to this function, all the surveys and measurements 
made on the NRN were harmonized and realigned with 
respect to the reference points. Then the raw data im
ported into DESY were combined in sections of constant 
length (200 m) and stated in terms of relative extent for 
each damage heading and subheading and in terms of 
mean values for the measurements. This was done with a 
view of calculating the structural condition and global 
quality ratings by section. This preprocessing was 
completed before the information was transferred to the 
data base. 
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It should be noted that at the end of the stages of pre
processing and generation of the derived headings, there 
was a possibility of displaying the results on linear route 
diagrams. The systematic plotting of route diagrams was 
an important step in the validation of the data collected 
on the NRN, before their incorporation in the data base. 

Incorporation in the VISAGE Data Base 

The last stage (Figure 3) entrusted to the DESY system 
consisted of reformatting the results to make them com
patible with the VISAGE data base and to allow them to 

be imported into it. DESY has, for this purpose, an effec
tive and powerful interface with the VISAGE data base. 

PROCESSING OF RECORDINGS 
AND MEASUREMENTS 

Type of Ratings Calculated 

The ratings produced by the evaluation tool, calculated 
for sections 200 m long, are intended for two distinct 
decision levels: 

1. The structural (as opposed to surface) condition rat
ings inform the local project supervisor in charge of main
tenance of the presence of defects in the structure to guide 
maintenance studies and work; they are obtained by pro
cessing the recordings and the measurements. 

2. The global quality (as opposed to users') ratings in
form the owner about the global condition of the asset 

pavement 

isual survey 
DESY 

processing 
EVALUE code 

preprocessing of data 
sing special functions of DESY 

incorporation 
VISAGE data base 

Presentation 
of results 

FIGURE 3 Acquisition and processing line of 
evaluation tool applied on French network of national 
roads. 

through its maintenance needs (rather than users' percep
tions of the road); they are derived from the foregoing two 
ratings in accordance with the diagram in Figure 3. 

Principles of Rating 

The rating system was created by the Centres d'Etudes 
Techniques de l'Equipement (CETE), the Laboratoire 
Central des Ponts et Chaussees (LCPC), and the Service 
d'Etudes Techniques des Routes et Autoroutes (SETRA). 

The structural condition rating N, reflects the differ
ence between the condition found by the survey and mea
surements of the pavement and a reference condition 
defined by the fact that in this condition, there exists less 
than r percent risk of having to maintain the structure of 
the pavement within 20 years; r depends on the traffic. 
The difference between the condition found and the ref
erence condition is quantified as follows. 

• The roads are classified by structure (untreated base, 
base treated with bituminous binders, base treated with 
hydraulic binders) and by traffic range (four ranges); 

• The pavement condition of each 200-m section is de
termined from a combination of pertinent indicators, cho
sen according to the type of structure; 

• A "conventional" solution of works based on bitu
minous techniques, as a function of the structural condi
tion and the traffic range, is chosen to restore the 
pavement to the reference condition; 

• The cost C of this solution is quantified then com
pared with the cost Cmax of the most expensive solution, 
which happens to be the one for a pavement with an un
treated base, carrying the highest traffic, and in the worst 
structural condition (i.e., 20 cm CTM + 8 cm asphalt 
concrete); and 

• The structural condition (N,) rating ascribed to the 
section is calculated by the formula 

N, = Ent [20 (1 - C/Cmax)l (1) 

where Ent [] means "integer part of." 
As an example, let us consider a flexible pavement, 

with medium traffic (between 100 and 600 trucks per 
day). Table 4 gives the conventional solution of work on 
this pavement, depending on the cracks and deforma
tions. Table 5 gives the ratings derived from the preceding 
through Equation 1. 

The surface condition rating N, is obtained by the same 
approach. But the estimate of the surface condition, and 
the conventional work solutions necessary to restore this 
condition to a reference value, are independent of the type 
of structure and of the traffic range. The cost of these 
works is again compared with the maximum value Cmax and 
the rating is determined by Equation 1. 
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TABLE 4 Conventional Solution of Maintenance Work Depending on Damage on a 
Flexible Pavement with Medium Traffic (Between 100 and 600 Trucks per Day) 

D E F 

extent 0% =< 10 % > 10 % 

vis. & ser. vis. ser. 
C V =< JO% - 1 AC 1 AC Ml. + 3.5 AC 
R I 10-50 % SD 2 AC 3 AC Ml. + 4 AC 
A s > 50 % 2 AC 3 AC 5 AC Ml. + 6 AC 
C 

K s =< 10 % 6 AC 7 AC 8 BTM 12 AC 
s C l0-50 % 8 AC IOAC 12 AC !0BTM + 6 

AC 
r > 50 % IOAC 12 AC 10 BTM + 6 14 BTM + 6 

AC AC 

AC : asphalt concrete vis. = visible ser. = serious (see table 3) 
BTM : bitumen treated material MI. : milling SD : surface dressing 

TABLE 5 Structural Condition Ratings, depending on Damage, on a Flexible 
Pavement with Medium Traffic (Between 100 and 600 Trucks per Day) 

extent 

C V =< 10 % 
R I 10-50 % 

A s > 50 % 
C 
K s =< 10 % 

s e 10-50 % 
r > 50 % 

vis. = visible ser. = serious (see table 3) 

The global quality rating Ng is obtained by taking the 
smaller of the two foregoing: 

Ng = min (N" N,) (2) 

Finally, the user rating is calculated like the surface rating, 
but with Cmax in Equation 1 replaced by the largest cost of 
surface works. 

Presentation of Results 

The results of this processing are presented in different 
forms. First, histograms are provided: 

• A series of histograms of the different ratings by cat
egory of roads, for the whole national network (see ex
ample in Figure 4); and 

• A series of histograms of the different ratings by cat
egory of roads for the part of this network located in each 
of the 95 French departments (see example in Figure 5). 

The histograms of the ratings by category of roads for the 
whole network provide useful information for evaluation 

D 

0 % 

20 

19 

19 

16 

14 

13 

E F 

=< 10 % > 10 % 

vis. & ser. vis. ser. 
19 19 16 
18 18 16 

18 16 14 

15 14 II 
13 11 9 
II 9 6 

of the maintenance needs for this network, and for bal
ancing costs among the various categories of roads. The 
comparison between the "departmental" histograms and 
the whole-network histograms provides a valuable means 
for balancing the sharing of the maintenance costs among 
the local authorities. This presentation is accompanied by 
a series of maps that display, department by department, 
the condition of the roads (see example in Figure 6), and 
that the local maintenance authority can use for a first 
identification of the sections that probably require struc
tural maintenance work. Of course, further detailed in
formation is necessary on these sections. (The original 
map in Figure 6 is in color; in the black-and-white repro
duction, the green lines are thicker and the blue and black 
lines are the darker spots in them.) 

PREPARATION AND EXECUTION OF 1992 
EVALUATION OF NRN 

The decision to evaluate the 28 000 km of national roads 
was made on April 6, 1992. The operation was supervised 
by SETRA and LCPC. 
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FIGURE 4 Histogram of global ratings on 
different categories of national roads in France 
(1992), example. 

Visual Surveys 

The visual surveys mobilized 16 Public Works Laborato
ries throughout the country, with each laboratory provid
ing one or two teams. The preparation of the operation and 
the training of the teams took the next month. The actual 
survey operation was begun on May 18, 1993 and lasted 
4 months. Each laboratory received a list of routes to be 
surveyed and a computer file containing complete posi
tion identification information on these routes. On the ba
sis of this order, it organized the work of its team(s). Each 
team drove at a mean speed of 4 km/hr, on the right-hand 
lane of the pavement to be surveyed, recording damage as 
it advanced. The survey was done without interrupting 
traffic; the project supervisors provided protection for the 
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teams. Adequate signaling was installed on each route 
during the survey and a heavy vehicle followed the survey 
vehicle. These arrangements allowed daily progress of ap
proximately 30 km. As soon as a route was finished, the 
corresponding data were preprocessed and transferred to 
a regional center where they were stored in a VISAGE 
data base (1 ). It was in this center that the data were in
terpreted and the ratings calculated, section by section. 

Measurements 

The sand patch texture depth measurements were made 
using a Rugolaser system. Two systems in France are 
equipped to make this measurement: the SAMRA's 
SIRANO vehicle and the SCRIM of the Lyon Regional 
Laboratory. The measurements of transverse coefficient of 
friction were made using the SCRIM of the Lyon labora
tory. In fact, a good share of the available measurements 
on the NRN in 1992 were produced during campaigns in 
previous years with these systems. In 1992 the data base 
was completed with 2000 km of Rugolaser measurements 
and 6000 km of SCRIM measurements. 

Retrieval of Results 

Once the surveys and measurements had been made 
and preprocessed by the DESY system, they were put into 
VISAGE data bases. In France, eight regional centers 
(CETE) have this data base. Each of these centers has in 
its data base all the information about the national roads 
passing through the departments for which it has admin
istrative responsibility. The ratings were processed by 
these centers, which issued documents grouping the re
sults to the project supervisors in their regions. Processing 
at the national level was organized concurrently to for
ward the results to the owner. 
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FIGURE 5 Histogram of global ratings of first-category national roads in North department (front) compared with national 
histogram on same category of roads (rear). 
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Thanks to this organization, in November 1992, 
6 months after the order, all results of the evaluation of 
28 000 km of national roads were submitted to the owner 
and to the project supervisors. 

CONCLUSIONS 

The Department of Roads of the French Ministry of In
frastructure decided in April 1992 to proceed with the 
evaluation of the condition of the 28 000 km of national 
roads that it owns. Six months later, it had the complete 
and detailed results of this operation: histograms of the 
ratings for the network as a whole and by department, 
maps of the routes showing the ratings of the sections by 
color codes, and so on. It was thus in a position to justify 
precisely the maintenance needs of this network and un
dertake a more rational and more rigorous maintenance 
policy than ever before. Such results could never have 

been obtained in such a short time, and with such relia
bility, if the Public Works Laboratories, which made the 
measurements, had not had a perfectly formalized 
method of recording surface damage and apparatus in 
agreement with this method. The evaluation described in 
this article shows that a damage survey can merit the 
name of "measurement," with the objectivity that that 
term implies, provided that it is based on arrangements 
associating sufficiently thorough training of the teams 
with this method and this apparatus. 
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The Profilograph: A Technological 
Enhancement of BELMAN, the Danish 
Pavement Management System 

H.J. Ertman Larsen, Bjarne Schmidt, Rikke Rysgaard Nielsen, and 
Susanne Baltzer, Road Directorate, Danish Road Institute 

The integration of the profilograph into BELMAN, the pave
ment management system used on the Danish state road net
work, is investigated. In this case, the "profi lograph" is a 
condition measurement device based on laser technology, 
and it must not be confused with the U.S. "profi lograph." 
Also investigated are the establishment of suitable proce
dures for data handling and ana lysis and the performance 
models needed to integrate the profilograph data into the 
BELMAN system. Denmark began to develop a systematic 
approach to pavement management in the 1970s and has 
since developed a fully operationa l pavement management 
system that evaluates pavement management strategies for 
the entire Danish state road network based on performance 
models (i.e., the BELMAN system). The most recent en
hancement to the BELMAN system is its integration with the 
Danish profilograph. By incorporating the exact measure
ments of roughness and profile data obtained through the 
profilograph, the BELMAN system's capabilities for plan
ning maintenance and rehabilitation strategies have been 
greatly improved. The profilograph records very precise data 
on the geometry of the pavement surface obtained by 17 
laser sensors mounted on a moveable bar, as we ll as gyro
scopes and accelerometers. The geometrical data are 
processed afterward to produce longitudinal roughness (e.g., 
IRI), cross fall, rutting, and curvature. Integration of the pro
filograph's measuring system into the Danish pavement man
agement system also involved development of suitable 
procedures for handling and ana lyzing the tremendous 
amount of data and information that the profi lograph pro-
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vides about the road network. New models for performance 
prediction using the profilograph data were also developed. 

The Danish Road Directorate has been working on 
pavement management systems for the state road net
work since the beginning of the 1970s in order to 

establish a systematic approach to pavement management 
in Denmark. Although the present system has been in op
eration for 5 years, further development of the system is 
being carried out. One of the parameters used to evaluate 
the road network consists of the actual surface character
istics: longitudinal roughness, skid resistance, rutting, and 
others. In order to establish sufficient data for developing 
performance-related deterioration models for a road net
work, historical data from a wide variety of roads are 
needed. 

In the late 1980s a revision of the performance model 
for roughness was performed based on data collected by 
the bump integrator over a decade on the state road net
work. During the same period, an attempt was made to es
tablish a similar performance model for skid resistance 
measured by the Danish stradograph. Although substan
tial data were avai lable, it was not possible to establish a 
sufficient correlation between the pavement's skid condi
tion and age. The result of the analysis was that skid re
sistance was incorporated in the BELMAN system at an 
intervention level. The parameters that were measured 
randomly, for example, rutting, gave insufficient data to 
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analyze and hence could not be incorporated into the sys
tem, although the state road network consisting of high
ways and motorways showed an increase in rutting due to 
the increase in loads. 

In 1991 , the Danish Road Institute, under the Road Di
rectorate, purchased the Danish-manufactured condition 
measurement device, the profilograph, which is based on 
laser technology. At the same time, the Danish Road In
stitute established a joint venture with the company for 
further development and implementation of the equip
ment to perform routine measurement on the Danish state 
road network. The profilograph is capable of measuring 
surface characteristics, for example, roughness and rut
ting. The possibility of incorporating those surface char
acteristics into the Danish BELMAN system has given the 
system a new perspective, which will be described in this 
paper. 

THE PROFILOGRAPH 

The development of vehicles to measure and record sur
face characteristics of the pavements in a road network is 
changing from mechanical-based equipment to laser
based equipment. The development of this technology re
sults in a more direct recording of the pavement surfaces, 
providing the same basis for determination of different 
characteristics, for example, roughness and rutting. Fur
thermore, each surface characteristic can be determined 
from different algorithms, depending on the desired value 
or unit. 

The profilograph can measure the road's surface struc
ture in the entire wave spectrum from 0.5 mm up to ap-

proximately 100 m, whereas the previously used measur
ing vehicles were designed to measure only a narrow 
wavelength range. Figure 1 shows the profilograph's mea
suring range compared with those of the measuring vehi
cles previously employed. 

The profilograph measures the exact profile every 
5 mm and stores the data as an average profile for every 
8 cm. By use of different algorithms, it is possible to de
termine roughness, cross fall, rutting, and the depth of 
free water in the pavement ruts . Further development may 
lead to an expression for the road's skid resistance on the 
basis of the micro- and macrotexture. 

In regard to operating speed, the profilograph is also 
very flexible, because it operates at normal traffic speed 
(up to 100 km/hr); therefore, it is not necessary to close 
intersections and disturb normal traffic. 

The profilograph (see Figure 2) is equipped with the 
following instruments: 

• Laser sensors; 
• Laser box; 
• Inertial navigation unit, containing gyros, ac-

celerometers, and thermometer; 
• Control desk for measuring beam; 
• Distance measurer; 
• Computer screen; 
• Computer keyboard; 
• Computer; 
• Computer storage; and 
• Power source. 

The laser equipment, composed of the 17 lasers, is 
placed on the front of the car on a movable beam measuring 
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FIGURE 1 Profilograph's measuring range compared with those of the measuring vehicles previously employed by Danish Road 
Institute. 
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FIGURE 2 Main components in the profilograph. 

2.4 7 m. The lasers are not placed at equal distances but 
are positioned most densely, where the paths of the wheels 
are assumed to be found. The two outermost lasers are 
angled, making it possible to measure a collective road 
width of 2.9 m. 

The lasers measure the distance between the beam and 
the road surface by one simultaneous reading with a mea
suring accuracy on the lasers of 0.5 mm. The inertial unit, 
containing two gyros and three accelerometers, along 
with the car's distance measure, registers the horizontal 
and vertical movements. In combination, the laser record
ings and the data registered by the inertial unit can pro
vide information about cross profile, cross fall, horizontal 
curves, and vertical curves. 

For many applications, the precise data about the 
geometry of the road surface need to be linked to other road 
parameters such as mileage posts, crossings, road signs, 
and changes in road conditions. The profilograph has the 
capability to be linked to a satellite-based global posi
tioning system that will provide exact information on the 
location of the profilograph and the pavement surface it is 
measunng. 

The profilograph's measuring quality has been tested 
on several occasions. In July 1992, the Strategic Highway 
Research Program (SHRP) in the United States performed 
a trial in Ames, Iowa, to compare different types of pro
filing equipment. Profiling equipment, including the Dan
ish profilograph, from different countries around the 
world was used in this trial. The results, which were sat
isfying, are reported elsewhere ( 1 ) . 

In Denmark a small trial was performed on one of the 
state roads. In order to compare the profilograph's mea
surements with measurements of existing equipment, sev
eral different cross profiles were measured by the 
profilograph, the planum apparatus, and the profiler. The 
profiler is an apparatus developed at the Danish Road In
stitute. Basically it works the same as the planum appara
tus, but instead of results being registered on wax paper, 
the data are stored digitally every 10 mm. 

A metal wheel runs on the pavement surface; the wheel 
is connected to a digital transducer recording the level of 
the wheel relative to a reference level (the beam). The pro
filer is shown in Figure 3. Profiles measured by the pro
filograph and the profiler are shown in Figure 4; it can be 
seen that they are very alike. 

The profiles can never be identical, because the profilo
graph "only" records the cross profile at 17 points, 
whereas the profiler measures "continuously." Also, the 
cross profile registered by the profilograph is an average 
profile of 8 cm, whereas the profiler's wheel width is only 
8 mm. The profilograph will generally measure a profile 
that is more uneven than that measured by the planum ap
paratus and the profiler because the diameter of the laser 
beam makes it possible to record points between surface 
stones, whereas the wheel of the profiler only runs on the 
top of the stones. 

Generally, the trial showed very good agreement be
tween the profiles measured by the profilograph and the 
more exact measuring equipment. To illustrate the mea-

mmm,[",,,,,,EL,mww 
FIGURE 3 Profiler, apparatus for continuous digital 
measurements of profiles developed by the Danish Road 
Institute. 
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FIGURE 4 Comparison of cross profiles measured by the 
profilograph and the profiler. 
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suring accuracy of the profilograph, a statistical analysis 
was carried out on the profile shown in Figure 4. For this 
analysis, data from the profiler were used, because they 
are registered as digital numbers. 

The mean deviation of the profiles measured by the 
profilograph and the profiler is calculated on the basis of 
values for every 10 mm of the cross profile. Values used to 
represent the cross profile of the profilograph at positions 
where no sensors are placed are linearly interpolated 
values. 

The result of this analysis is that the profile registered 
by the profilograph deviates (average numerical deviation) 
1.9 mm from the profile measured by the profiler, with a 
standard deviation of 2.9 mm. If one looks at these values, 
it should be kept in mind that the deviation could never be 
0 mm because the profiles are not exactly the same. 

The good results of these two trials has convinced the 
Danish Road Institute that the measured profiles from 
which the roughness and rut depth values are to be calcu
lated are very reliable. 

IMPLEMENTATION IN PAVEMENT 
MANAGEMENT SYSTEM 

The profilograph is the first piece of laser-based equipment 
in Denmark used to measure surface characteristics and 
hence a great deal of effort is demanded to implement it to 
standard practice for evaluating surface characteristics. 

One of the problems of introducing new ways of mea
suring road characteristics is that the known and the fa
miliar are changed to the unknown, which has to become 
familiar. Thus, although a new machine can be seen as an 
enhancement through an opportunity to get more infor
mation and often more reliable data, there is also the 
point that general users have to understand the numbers 
given by this new equipment. For road engineers in 
county or local government who have been used to rough
ness values such as those produced by the bump integra
tor, it is a problem to convert to other values such as 
international roughness index (IRI). 

Another problem is to use these new measurements in 
a pavement management system in which existing perfor
mance models are based on the equipment used previ
ously. It demands extensive work to redesign the existing 
models or to make sure that the new equipment gives re
sults equivalent to those given by the old equipment. 

One of the existing models for pavement performance 
in the BELMAN system is the model for roughness pre
diction. Roughness has routinely been measured on state 
roads since the beginning of the 1980s, providing good 
statistical data for development of a performance model, 
which was carried out in 1990. The implementation of a 
new method to measure roughness demands extensive 
work to correlate the existing model to the new type of mea-

surements. Simulation of the bump integrator on actual 
longitudinal profiles measured by the profilograph caused 
some problems. Therefore, a correlation analysis--corre
lating roughness values on roads previously measured by 
the bump integrator with IRI values calculated from lon
gitudinal profiles measured by the profilograph-was per
formed. Although extensive work was carried out to 
ensure that correct values were correlated, the correlation 
analysis showed no comforting relation. Therefore, it was 
believed that it was necessary to look into other types of 
algorithms. 

In 1981 (2), an analysis was performed to correlate the 
bump integrator measurements with the slope variance 
used in the present serviceability index (PSI) equation 
developed during the AASHTO trials in the late 1950s. 
Ullidtz (2) shows that for the Danish state road network, 
the significant dominant factor in the PSI equation is the 
roughness, determined by the slope variance, calculated in 
accordance with the one determined during the AASHTO 
trials. This correlation was generally accepted in the Dan
ish pavement management system to link roughness and 
user cost. The use of longitudinal profiles gives a more di
rect method to determine the slope variance, which can be 
used in the PSI calculation. This procedure also gives a 
more direct method to calculate a bump integrator value, 
which currently is the best understood roughness value in 
Denmark. How successfully this approach is working still 
remains to be seen as the model is incorporated into the 
BELMAN system, which is for research and development 
purposes. When the final analysis is performed for this 
approach and is shown to be successful, the method will 
be implemented in the service version of the BELMAN 
system. 

Measurements of rutting have previously been made 
randomly by a straightedge, when the parameter was ob
served to be close to the intervention level. Within the last 
decade, rutting has shown an increase on the Danish state 
road network, caused by an increase in axle loads, tire 
pressure, and the use of the so-called super single tires. 
The increased rutting demands that routine measure
ments for rutting be taken into account when one is per
forming maintenance optimization strategies for the 
network. Therefore, one of the first tasks with the pro
filogra ph was to develop a method for calculation of rut 
depth. 

The shape of a rutted cross profile depends on the 
mechanism causing the rutting. If the asphalt concrete 
layer is unstable in relation to the load from the traffic, it 
is often seen that the layer is pushed aside, giving the char
acteristic profile shown in Figure 5(a). Second, if the rut
ting is caused by insufficient bearing capacity in the 
unbound layers in the construction, it is typical that the pro
file has a smoother curvature, as shown in Figure 5(6). 

In developing a model for calculation of rut depth, 
many factors have to be taken into consideration, for ex-
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FIGURE 5 (a) Characteristic road surface with instability 
problems in the asphalt concrete layer. (b) Characteristic road 
surface from a road with bearing capacity problems in the 
unbound layers. 

ample, to what extent the results from the algorithm have 
to simulate the results of the current straightedge mea
surement and also how to ignore different anomalies, 
such as curbs, longitudinal cracks, and potholes. 

To find the optimum algorithm for calculation of rut 
depth, analysis was carried out on different models. The 
principles of two of the evaluated models, including their 
advantages and disadvantages, are described in the fol
lowing paragraphs. For both models, the rut depth is de
fined as the largest vertical distance between the reference 
line and the profile. To test the models, representative pro
files from two different test sections were used. A few of 
the profiles are shown in Figure 6, illustrating the applic
ability of the models. 

------

C. 

Model 1 ----- 
Model 2 - -

- --

---

' ' 
' 

FIGURE 6 Principles of two evaluated models for calculation 
of rut depth employed on three different profiles measured by 
the profilograph (see text for description of profiles a-c). 

Model 1 

The reference line simulates a stretched string attached at 
the two outermost laser recordings, following convex 
curves and overlying hollows as a straight line. An ad
vantage is that the model is very good at convex road pro
files because it follows the general shape and still takes 
hollows at the top into consideration (Figure 6a, c). But 
the model has a disadvantage that it can give very large rut 
depths, where the midprofile is one large basin (Figure 
6b). Furthermore, the rut depth for concave profiles will 
often be calculated as only one value. 

Model 2 

The reference line is a straight line between the two out
ermost laser readings. An advantage is that in some cases 
for concave profiles, the two outermost laser readings give 
a reasonable basis for a reference line, for example, for 
profiles like those shown in Figure 6(b). But a disadvan
tage is that the reference line is so dependent on the outer 
readings that the model can give very misleading results. 
In Figure 6(c) it gives practically no rutting, where the cur
rent definition of rutting (straightedge) would give the 
same results as Model 1. Furthermore, the model can re
sult in negative rut depth values when used on convex 
profiles (Figure 6a). 

The algorithm, now implemented in the BELMAN sys
tem, is an improved version of Model 1. It was weighted 
highly that the algorithm calculates two rut depth 
values-one for each wheel path. Each wheel path is cal
culated by attaching a 2-m-long "string" to the outermost 
laser at that side. The rut depth is defined as the largest dis
tance between the profile and the reference line, except for 
the middle three laser readings, which are not taken into 
account because permanent deformations in this area are 
not believed to relate to rutting. To avoid the use of curbs 
as a point from where the "string" is being stretched, the 
model ignores the outermost laser reading if the line be
tween the two outer lasers (on the same side ) exceeds a 
certain angle. Figure 7 illustrates the model used on a 
measured profile. This algorithm generally gives very reli-

FIGURE 7 Model for calculation of rut depth implemented 
in BELMAN shown on a cross profile measured by the 
profilograph. 
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TABLE 1 Example of Rut Depth Information Printout from Profilograph 

ID Dist Mean-max Rut 5 
(km) (mm) (%) 

1 0,010 11,6 100 
1 0,020 15,9 100 
l 0 ,030 14,0 100 
1 0,040 13,5 100 
1 0,050 13,2 100 
1 0 ,060 12,4 100 
1 0 ,070 9,8 100 
1 0 ,080 6,8 97 

able results, which are very close to the result measured by 
the 2-m-long straightedge. 

The rut depth used for BELMAN is a mean rut depth 
over a user-specified distance ranging from 1 to 100 m, 
given as the percentage of rutting above 5, 10, and 
20 mm, as shown in Table 1. In the future, when rutting 
has been monitored for some years, performance models 
for predicting rutting and the cost of different mainte
nance solutions can be incorporated into the BELMAN 
system in order to improve the optimization procedure. 

CONCLUSION 

The introduction of the Danish profilograph has provided 
the possibility of greater optimization of the maintenance 
strategies for the Danish state road network because of 
the possibility of getting more reliable data on the differ
ent surface characteristics occurring on the road network. 
Incorporating new measures into the BELMAN system 
calls for some additional work in the continuous develop
ment of the system because new measures need new pre
diction models to be built into the system. In the future, 
when more historical data are made available, newly re
fined deterioration models can be incorporated in order to 

Rut 10 Rut 20 Mean-left Mean-right 
(%) (%) (mm) (mm) 

98 0 11,6 2,6 
100 0 15,9 7,4 
100 0 7,5 14,0 
100 0 1,6 13,5 
98 0 1,8 13,2 

100 0 1,9 12,4 
30 0 1,7 9,8 
0 0 2,0 6,8 

improve the planning and maintenance strategies for the 
Danish state road network. 

When there is a possibility of obtaining more informa
tion, the question always asked is how much more is re
quired. Currently, the second-generation profilograph has 
been developed. It has a slightly different laser setup (25 
lasers giving a measuring width of 3.5 m) in order to give 
a more detailed measurement of the road surface and to be 
able to measure a wider track of the road. Particularly, the 
problem of getting sufficient information on the outer part 
of the cross profile is important when rutting and the pos
sibility of hydroplaning has to be determined. It is obvious 
that more laser sensors mean that the acquisition system 
becomes more costly and that the data analysis needs 
more EDP time. An analysis of the cost-effectiveness for dif
ferent setups is somewhat difficult to perform. 
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STATE/PROVINCIAL DEVELOPMENTS 
AND ISSUES IN PMS IMPLEMENTATION 





Special Implementation of Pavement 
Management for a Large Highway Network 
in a Developing Area of China 

Li Ningyuan, Highway Bureau of Qinghai, China 
Ralph Haas, University of Waterloo, Canada 

Significant development of the highway network will occur in 
China in the next 10 years. The characteristics of the change 
are embodied in a relatively large investment in new con
struction and upgrading of the existing highway network. 
Consequently, it is important to manage the available funds, 
resources, and technology in the most efficient and cost
effective way. Although the pavement management technol
ogy was developed in North America, there is a tremendous 
benefit to be gained by applying it in developing countries. As 
a result, some developing counties have established pavement 
management systems (PMS) to better manage their road in
frastructure assets. PMS in China have rapidly progressed 
from a concept to a broadly accepted practice over the past 
few years. A methodology is established for the implementa
tion of a special PMS in the developing areas of China. The 
emphasis is on establishing road investment priorities that 
are adjustable and suitable to developing countries, which in
cludes determination of the present status of the network, de
veloping needs, and priority programs that consider the 
future serviceability of the network. The system was applied 
to an actual sample network of the Southeast Economic De
veloping Region of Qinghai, China, where a large amount of 
new construction will be undertaken while rehabilitation and 
maintenance of the existing pavement will carried out at the 
same time. 

Most current pavement management systems 
(PMS) in developed countries have been effec
tively implemented after a sound network of 

highways has been established. This provides a good tech
nical and economic base for decision makers in managing 
the existing pavements. However, it would be too late to 
make big changes in the pavement structures and other 
road infrastructure components if, after a certain number 
of years of implementation of the PMS, cost-effectiveness 
studies showed that such changes should have occurred 
originally. 

The application of models to make investment deci
sions for the road sector in some developing countries has 
benefitted considerably over the past 10 years from the 
program initiated by the International Bank for Recon
struction and Development (1,2). However, the applica
tion of pavement management in China in recent years 
has posed some new and special technology challenges for 
the system users. Because of the recent economic reforms 
and high rate of development, highway transportation 
has been ranked as one of the four key development ini
tiatives in China since 1985. This has been embodied in 
heavy investments toward the establishment of a highway 
network. Hence, in many areas of the country, particu
larly in most of the Economic Development Zone along the 
coastal provinces, a large number of highway construc
tion projects, and projects to upgrade the existing high
way network, are either under way or being planned. This 
includes new construction, rehabilitation, and mainte
nance of the network. Proper investment distribution 
among these different projects is important, and this requires 
the implementation of a PMS, including priority pro
gramming procedures. 
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Such decisions on distributing and managing the in
vestment have significant long-term effects in costs to 
users of the roads and in costs to the members of general 
public who own the roads. If the proper sections in the 
road network receive funds, these long-term costs can be 
minimized and good value obtained. 

SCOPE AND OBJECTIVES 

This paper is largely directed to describing application of 
a PMS specially adapted for a highway network in a de
veloping area, Qinghai Province in China. The geograph
ical position of the province in China is shown on the 
outline map in Figure 1. A large amount of new highways 
will be under construction in Qinghai in the next 10 to 15 
years, and rehabilitation and maintenance of the existing 
pavement will have to be carried out at the same time. 
More specifically, the objectives of the paper are to 

1. Identify the basic considerations, requirements, and 
systematic procedures for scheduling proper management 
activities for a highway network in a developing area, 
which incorporates a large-scale construction of new 
highways, pavement structural analysis, and performance 
prediction and the existing pavement rehabilitation and 
maintenance; 

2. Briefly review recent development (modules de
signed for a network level) and application experience of 
PMS (features, limitations, etc.) in North America and 
elsewhere; 

3. Discuss whether the commonly defined network 
versus project levels of pavement management are also 
appropriate to the situation of a provincial highway net-

FIGURE 1 Overall outline map of Qinghai Province, China. 

work of Qinghai, China, and what improvements have to 
be made; 

4. Define a set of building block requirements for the 
provincial highway network PMS, including a staged im
plementation plan, components, operations, and prod
ucts, which are comprehensive in scope and flexible with 
regard to staged implementation, including data base, 
needs analysis, new highway construction programming, 
and rehabilitation and maintenance planning and priority 
programming; and 

5. Summarize the basic concept of managing the tech
nical and economic efficiency of the special PMS for high
way networks in developing areas for a range of 
implementation situations. 

BASIC CONSIDERATIONS FOR SCHEDULING 
PAVEMENT MANAGEMENT ACTIVITIES 
IN A DEVELOPING AREA 

Features of Highway Network 

Compared with highway networks in developed coun
tries, some of the distinguishing features of highway net
works in most developing areas of China are discussed. 
Unlike in developed countries, a sound network of high
ways and the corresponding pavement structures have not 
been established in China, but they are being planned, are 
under construction, or both. Concurrent with much new 
construction of highways and other infrastructure com
ponents, routine maintenance and rehabilitation of the 
existing pavements needs to be carried out to protect the 
existing investment. 

Only a few high-speed freeways or special highways 
that serve as high-speed facilities have been built in many 
provinces of China. Most of this occurred in the late 
1980s and early 1990s. Currently almost all of the net
work consists of ordinary two-lane highways, with pave
ments of asphalt surfacing layer or treatment or gravel 
surfaced. The requirements for performance functions, 
serviceability, and traffic volume of the highway network 
are not so high as those in developed countries. 

Standards and specifications for pavement structural 
design, construction, paving materials, and maintenance are, 
in the situation of ordinary highways, relatively lower. 
Therefore, to be effective in applying a PMS in such a de
veloping area, certain appropriate major modules suitable 
to this situation should be established first. These include 

1. Models for combined new construction planning or 
scheduling and existing pavement maintenance and reha
bilitation priority programming, 

2. Inventory data base of the existing road network, 
3. Methods and procedures for pavement evaluation 

and needs analysis, 
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4. Models for rehabilitation and maintenance priority 
programming, and 

5. Models for scheduling the activities of maintenance, 
rehabilitation, and new construction, and allocating the 
funds available. 

Structure and Functions for Qinghai PMS 

The effectiveness and major functions of applying a PMS 
in an actual network depend not only on its structural 
components but also on the organization of the particular 
agency within which it is implemented. Because the man
agement system and its corresponding organizational 
structure in China are much different from those of most 
other countries (each province even has its own distinctive 
organization), any PMS should be designed to fit a special 
situation or functional requirements when it is applied or 
developed. In the case of Qinghai, it was considered im
portant that pavement management include the following 
components: the existing road network data base, present 
investment policies and new construction plans, pavement 
performance evaluation and prediction, cost-effectiveness 
and needs analysis, rehabilitation alternative strategy 
analysis, priority ranking, and maintenance program. The 
overall structure of the Qinghai PMS is shown in Figure 2. 

The data base of the existing road network includes in
formation on road length and surroundings (climate, 

topography, and subsoil conditions), road resources (geo
metric alignment, bridges, and other auxiliary facilities), 
organization (administrative district, number of staff, and 
length of road served), structural adequacy, roughness, 
distress, construction history, as well as traffic survey. A 
coded program in which each coding number represents 
a special data record was designed to facilitate the data 
input procedure and upgrade the data on the network 
periodically. 

Investment policy and new construction plans vary at 
different periods of time. When these two major factors vary 
in the short term, they affect to a large extent the process 
of planned implementation of a PMS. For instance, if a 
10-year programming period is selected, during which a 
scheduled rehabilitation and maintenance program has 
been planned under specified budget constraints based on 
a minimum pavement quality index (PQI) level of 4.0, 
when the originally designated investment amount and 
annual budget are raised to a higher level after 2 or 
3 years' implementation, what alternative strategy should 
be chosen? This change in level could range from building 
a new highway to changing the pavement performance 
level from the original minimum PQI of 4.0 to a higher stan
dard or intensifying the maintenance program. 

Pavement performance evaluation subsystems are con
cerned with the assessment of the present service level of 
the network and identification of highway sections in 
need of rehabilitation and maintenance. The detailed 
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PROJECT SELECTION 
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FIGURE 2 Overall structure of Qinghai PMS. 
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pavement evaluation procedures are subsequently de
scribed in the paper. 

Cost-effectiveness and needs analysis require the use of 
suitable models to simulate total life-cycle performance 
and costs for every given action determined by rehabilita
tion alternatives. The rehabilitation priority projects are 
ranked according to the comprehensive considerations of 
needs and cost-effectiveness analysis. T he maintenance 
program and project selection are finally developed with 
the constraints of budget or other factors . 

Decision Model for Pavement Investment Planning 

The basic principles for planning investments in pave
ments, either at the network level or at the proj ect level, 
should be that the economic analysis considers a ll possi
ble alternatives and detailed information for decisions. 
Like investments in other infrastructure components, the 
capital expenditure programs for highways are allocated 
as whole-system plans, including bridge construction, 
grade construction, new construction, reconstruction or 
rehabilitation of existing pavements, and so on. It is nec
essary to recognize the various existing methods that are 

used for preparing highway investment programs. When 
the total budget for highway management or construction 
activities in a road network level is outlined, the first stage 
of a llocating funds is to determine the investment rate for 
routine maintenance, rehabilitation, and new construc
tion. The proportion of investment among these different 
activi ties depends on the following factors: new construc
tion plans and investment policies, performance or ser
viceability standard, and needs analysis of the existing 
road network. Figure 3 is a schematic representation of 
planning pavement investments. 

If the purpose of investment lies in gaining as high 
benefits as possible, the benefits can be weighted by three 
criteria: preserving the existing road network, improving 
service level, and promoting economic development. The 
benefit ana lysis is solved by a structuring evaluation 
matrix, which involves a priority analysis model applied 
to the process of rehabilitation strategy alternatives under 
different conditions and provides corresponding sug~ 
gestions of funds allocation (3). Figure 4 shows the struc
ture of the ana lytical hierarchy model. It should be 
mentioned that at the top of the hierarchy are three levels 
that make decisions and policies for allocating annual 
budgets in pavement improvement: administrative juris-

PAVEMENT 
CONSTRUC-TION BUDGET 

REHABILITATION OF 
EXISTING PAVEMENTS 

Information on various sections 
al the road networi< 

Estimate year in which each 
section will need rehabilltation, 
selection of atrategiee or actiona 

MANTiaNANCE OF 
EXISTING PAVEMENTS 

Information on various HCtiona 
al the road Mtw0rli 

Plan and aeleclion of 
routine ma intena nee 

alternative or activities 

Consider all project• requiring action within program period 

Estimate costs for each project and accrued benefits 

Order projects on a priority basis, conaidering benefits 
!or rehllbilltation, maintenance and new pavement projects 

NEW PAVEMENT 
CONSTRUCTION 

Traffic data and road 
or transport needs study 

Establish year in which 
new pavement ia required 

Prepare list for subsequent detailed design and Implementation 

FIGURE 3 Schematic diagram in planning pavement investments for Qinghai PMS. 
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BENEFITS 

FIGURE 4 Structure of analytical hierarchy model. 

diction level (central government, provincial, municipal), 
budget-planning or decision-making level for various gen
eral departments, and detailed budget-allocation level for 
specific projects. The result of pavement investment 
analysis can be expressed as a vector that represents the 
proportion of investment in different levels of construc
tion activities. For example, the vector (0.30, 0.40, 0.30) 
includes suggestive values of investment rate of new con
struction, rehabilitation, and maintenance, respectively. 

REVIEW OF AVAILABLE PMS 

Basic Requirements 

A complete PMS should have at least the following main 
functions or characteristics: 

1. To operate efficiently at both the network and proj
ect levels and to make good decisions regarding network 
programs and individual projects; 

2. To be equally applicable and effective in large agen
cies as in those of medium or small size; 

3. To have sufficient flexibility that modifications or 
upgrading can be carried out in terms of operational mod
els, components, and methods; and 

4. To make good use of the existing and new technol
ogy and to make effective use of available funds. 

In order to fulfill these requirements, a generic struc
ture and staging modules for pavement management were 
outlined (4). The major component activities and deci
sions to be executed for the management are given in 
Table 1. Any actual system used by a particular agency 
would cover part or all of the components of Table 1. The 
rate at which these modules are developed and imple
mented varies widely, depending largely on resources, size 
of the agency and its special needs, and the people 
involved. 

Since they were originally developed in North America 
in the 1960s, PMS have been widely used both in devel-

oped countries where a sound road network has been es
tablished and in developing countries where the road net
work is still being expanded. PMS activities are directed 
toward achieving the best value possible for the available 
funds in providing and operating pavements (5). 

Features and Limitations 

A number of PMS have undergone at least partial imple
mentation in some developing countries (1,6). Choosing the 
best alternative from the economic point of view and es
tablishing the priority of works under given budget revenues 
have been taken as the two major optimization consider
ations when the road network development plans of an 
area are to be carried out. To meet these two basic con
siderations, a large number of interacting parameters and 
existing pavement condition data base analyses have to be 
executed, which involves a great quantity of data collec
tion, road tests, surveys, and complex calculation. There
fore, a series of comprehensive computer programs have 
been developed. The most widely used are programs for 
the developing countries established by the World Bank. 
Most of the programs focus on the study of the feasibility 
of long-term investment strategies based on the simula
tion of pavement performance in connection with traffic 
and maintenance action alternatives during the entire life
cycle. Some of the programs deal with the investment 
strategies under the overall predicted costs during a given 
project period. 

Better and positive pavement management, when it 
means improving current pavement activities or the be
ginning of a PMS, must recognize the organizational 
structure of the agency and be suitable to this situation. Ex- _ 
perience suggests that major factors in the successful im
plementation and improvement of PMS are staging, 
preimplementation planning, and strong top management 
support. For the first stage and often for subsequent stages 
of PMS implementation, experienced consultants have 
been very useful. They have also been useful to PMS im
provements and in helping to maintain a strong interest by 
agency managers through periodic technology consulta
tions and seminars. In essence, financing and consultant 
expertise can play a key role in development, implemen
tation, and ongoing improvement of a PMS. 

APPLICATION AND IMPROVEMENT 
OF A PMS IN CHINA 

Background 

Highway transportation has become one of the four key 
areas of development in China since 1985. Huge invest
ments have been scheduled to effect new highway con-
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TABLE 1 Pavement Management Decision Levels and Activities 

Basic 
Blocks of 
Activities 

Network Management Level 
(Administrative and 
Technical Decisions) 

Project Management Level 
(Technical Management 
Decisions) 

A.Data 

1 Sectioning 
2 Data acquisition 

a)Field inventory 
(roughness, surface 
distress, friction, 

b)Other (traffic, costs) 
3 Data processing 

1 Max. serviceability, 
friction, and structural 
adequacy, max. distress 

1 Detailed data (structural, 
materials, traffic, climate, 
and unit costs) 

2 Sub sectioning 
3 Data processing 

1 Min. as-built roughness;max. 
structural adequacy and friction 

2 Min. project costs 
B. Criteria 2 Min. user costs, maint. costs 

3 Min. program costs 
3 Min. traffic interruption 
4 Selection criteria (least total 

costs) 4 Selection criteria (benefit max.; 
cost-effe'ctiveness) 

1 Network needs(now) 

C. Analyses 
2 Perf. predictions and future needs 
3 Maint. and rehab. altem. 

1 Within-project alternatives 
2 Testing and technical analyses 

(performance and distress 
predictions) 4 Tech. and econ. evaluation 

5 Priority analysis 3 Life cycle economic analyses 
6 Evaluation of alternative budgets 

1 Final priority program of capital 
projects 

1 Best within-project alternative 
(rehab, or new pavement) 

D. Selection 2 Final maintenance program 

1 Schedule, contractor 
2 Program monitoring 

2 Maintenance treatments for 
sections in networks 

1 Construction activities, 

E. Implementation 3 Budget and financial planning updates 
contract control and as-built 
records 

struction projects plus rehabilitation and maintenance of 
the existing network. Two major implementation stages 
were planned to increase highway network links and im
prove the existing highway network, the objective being to 
establish a sound national highway network. The vital 
role of highway transportation in the economic prosper
ity of developed countries has been clearly recognized in 
China (2). 

There are many approaches to finding resources and 
funds for carrying out such highway expansion. These in
clude budgets from the various levels of government, for
eign investment, loans from the World Bank, and so on. 
As a result, the total length of highways in China has in
creased from 0.96 million km in 1985 to 1.04 million km 
in 1992. Freeways and some high-speed expressways have 
now begun to appear in many provinces of China. 

The initial aim of PMS development was to assist with 
decisions on preservation of the investment in the more 

2 Maint.activities, maint. 
management and records 

important roads up to late 1990. However, fast deteriora
tion of the existing pavements on the remainder of the 
network appears to be the biggest problem after the first 
5 years of the original implementation plans, which fo
cused on new highway construction. The concept of pave
ment management systems was introduced into China in 
the early 1980s, and some practical management systems 
had been developed in the mid- to late 1980s. 

Technology transfer, consultations, and guidance of de
veloped countries have played a significant role in assist
ing and accelerating the development and implementation 
of PMS in developing countries. Major benefits have been 
received from utilizing technical development from vari
ous countries such as Australia, Japan, Canada, and the 
United States. In addition, a 2-week series of seminars on 
pavement management in China by Haas and Hudson in 
1989 generated a great deal of interest, to the extent that 
PMS have been encouraged from ordinary technicians to 
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engineers to top managers or administrative leaders. For 
example, in late 1992, a senior delegation led by Deputy 
Minister Zhanyi Wang of the Ministry of Transportation 
of China made a special trip to Canada and the United 
States for a 2-week official visit. The aim was to observe 
and study the technology development of PMS and the 
corresponding implementation. In addition, a number of 
senior managers, engineers, researchers, and technicians 
from different provinces of China were sent to North 
America to study or make contact with some agencies and 
companies that developed the PMS technology. 

Experience suggests that major factors in the successful 
implementation and improvement of a PMS are strong 
top management support, in addition to the staging pre
viously noted. Very important steps are to convince top 
management of the value of a PMS, illustrate to them 
what a PMS can do, and describe what is required to de
velop such a system. 

In Qinghai Province, the Ministry of Transportation di
rectly manages the principal road network, including plan
ning, design, construction, and management. This includes 
about 9500 km of highways, with bituminous surfacing in 
36 percent. There are an additional 8500 km of local roads 
in Qinghai that are directly managed by local government 
and municipal regions. Improvement of and investment al
location for the highway network in Qinghai over the last 
7 years is shown in Tables 2 and 3, respectively. 

Most of the existing pavements were constructed with 
different thicknesses of asphalt or surface treatment. It 

may be noted that new construction, both in absolute 
terms and as a percentage of the total budget, increased sub
stantially from the mid- to late 1980s. At the same time, 
rehabilitation and maintenance as a percentage of total 
budget dropped somewhat. Consequently, substantial re
habilitation work will be required to preserve the invest
ment during the new-construction boom of the late 
1980s. It can be seen from Table 2 that the total length of 
highways in Qinghai has increased 1200 km from 15 490 
km in 1980 to 16 691 km in 1992. A third of the original, 
unpaved highways have been reconstructed and paved, 
including a large amount of special highways that are 
used for transportation in new resource-developing areas 
such as oil fields, areas with mineral or coal resources, and 
landscape or scenic areas. Reduced investment in rehabil
itation and maintenance will result in fast deterioration of 
the existing pavements. A reasonable and consistent allo
cation of the investment among the different activities is 
imperative. Selection of proper rehabilitation alternatives 
and fulfilling a required level of performance or serviceability 
are the primary tasks for the decision maker and the goal 
of the implementation plan. 

Pavement Evaluation 

A systematic approach to a pavement management data base 
has been recommended since 1988 by the Ministry of 
Communications of China for application to the national 

TABLE 2 Change in Total Mileage of Highways in Qinghai, 1980-1992 
-----------------=================================================== 
Year Total Length Provincial Local & 

(km) & National Rural 
Special 
Highways 

Paved Unpaved 

-----------------------------------------------------------------------------------------------------------------------
1980 15490 8580 6040 870 11620 
1982 15614 8624 6120 870 11744 
1984 15798 8690 6163 945 12039 
1986 16078 8788 6203 1087 12319 
1988 16147 8802 6258 1087 12470 
1990 16505 9104 6269 1112 13411 
1992 16691 9254 6325 1112 13700 

TABLE 3 Budget Allocation for Different Activities 

Year 

1980 
1982 
1984 
1986 
1988 
1990 
1992 

Total budget 
(million $) 

14.6 
14.9 
15.8 
17.4 
19.8 
24.2 
26.4 

New Construction Rehabilitation 
Cost % Cost % 

2.77 19 6.57 45 
3.43 23 6.56 44 
3.95 25 6.79 43 
5.39 31 7.13 41 
6.34 32 8.12 41 
7.26 30 10.16 42 
6.6 25 11.88 45 

3870 
3870 
3759 
3759 
3677 
3094 
2991 

Maintenance 
Cost % 

5.26 36 
4.92 33 
5.06 32 
4.87 28 
5.35 27 
6.78 28 
7.97 30 
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and provincial highway networks. Pavement condition 
survey and performance evaluation can be carried out 
from three aspects: structural condition, functional con
dition, and safety condition. Structural condition surveys 
include structural capacity and surface defects. The for
mer is evaluated by use of the Benkelman beam to test the 
surface deflections on each chosen homogenous section, 
and the latter is assessed by measuring the quantity of 
cracking (alligator, transverse, and longitudinal), distor
tion (rutting, heave, and consolidation settlement), and 
other conditions (patching, potholes, etc.). Pavement 
function condition is assessed by its riding quality or 
serviceability. Safety condition is marked by the skid
resistance coefficient. 

A special pavement evaluation methodology has been 
developed for Qinghai's PMS. Pavement condition evalu
ation of each section on the network is finally described in 
terms of strength index, distress ratio, riding quality in
dex, and skid-resistance coefficient, which represent the 
results of evaluation on the pavement conditions men
tioned earlier, respectively. For the purpose of evaluation, 
the paved road network is divided into "homogeneous 
subsections." The sampling segment system for network 
survey is described in Figure 5. 

The following sequence of procedures was applied to de
fine segments, where deflections were measured, and as-

NAME AND CODES ·······{> 
OF HIGHWAYS 

HOMOGENOUS 
SUBSECTION .... 

I 

ADMINISTRATIVE 
DISTRICT 

DEFLECTION 

sessment areas, where detailed condition surveys were 
carried out: 

1. Division of a section of highway into a number of 
homogeneous subsections by the district engineer accord
ing to the type of pavement structure, condition of the 
surfacing, and the traffic volume. 

2. Identification of sample segments that were consid
ered representative of each homogeneous subsection; a 
minimum length of homogeneous subsection is 1000 m. 

3. Measurement of deflection on the sample segments; 
the Benkelman beam was adopted to measure deflection 
in outside wheel tracks at certain intervals of each sample 
segment. 

4. Roughness testing on homogenous subsections 
by using a bump integrator because it relates to safety, 
the overall economics of the road, rider comfort, and 
performance. 

5. Investigation of pavement condition-determining 
the types and extent of pavement defects is of great im
portance for planning road maintenance and reha bili
tation. 

In summary, the pavement evaluation includes a survey 
of pavement condition and deflection measurements on a 
sampling basis and of roughness on the whole network. Data 
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FIGURE 5 Measured attributions for network survey. 
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for this case study were obtained on about 4500 km of the 
provincial and national paved network located in the 
southeast region of Qinghai. The surveyed pavements 
were divided into 950 homogeneous subsections and 
1500 sample segments. Pavement structural capability is 
measured by strength index (ratio of tolerable deflection 
under certain conditions over the actual measured deflec
tion by Benkelman beam). The pavement distress index is 
calculated by using the following formula: 

PD I = 100 - L L DP;; * W.; 
i ; 

where DP;; is a deduct value for distress type i and severity 
j and W;; is an adjustment factor for multiple distresses 
that varies with the proportion of the deduct value to the 
total summed deduct value. Riding quality index is mea
sured by vehicle-mounted bump integrator. Skid-resistance 
coefficient is measured by the sideways-force coefficient 
route investigation machine. For data collection and 
analysis, see the technical report by Li (6) . 

Present Status of the Highway Network 

A 2-year detailed data investigation for the southeast re
gion, which is a recently developing economic area of 
Qinghai, was carried out in 1990, as shown in Figure 6. 
The pavement condition evaluation of the highway net
work includes strength index (structural adequacy index), 
distress ratio (visual condition index), roughness (riding 
comfort index), and skid-resistance coefficient. Detailed 
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records of these measures for each section, in tabular 
form, along with such other data as geometric and traffic 
volume, were generated. Each of the measured results can 
be converted to a scale of 0 to 10 and eventually expressed 
as a combined pavement quality index (PQI) (7). For in
stance, the strength index (SI) mentioned here is 

SJ= Dmax 
Dact 

where Dmax is the maximum acceptable deflection for the 
expected traffic loads and D.c, is the actual deflection mea
sured on site. The results of the calculated SI range from 
1.0 to 0.5 for asphalt concrete pavement. The relationship 
to convert SI into a 10-point structural adequacy index 
(SAI) is given in Table 4. 

TABLE 4 Conversion of Strength Index to Structural 
Adequacy Index 

Strength Index Structural Adequacy Index 

>0.9 9--10 
0.85--0.9 8--9 
0.80--0.90 7--8 
0.75--0.80 6--7 
0.70--0.75 5--6 
0 .65--0.70 4--5 
0.60--0.65 3--4 
0.55--0.60 2--3 
0.50--0.55 1--2 
<0.5 0--1.0 

------------· ----------------------------------

- Resource: Highway Bureau of Qinghai 

Date: November, 1990 

-

-
-

-

2 3 4 5 6 7 8 
PAVEMENT QUALITY INDEX 

9 

PQI 
1-1.9 2-2.9 3-3.9 4-4.9 5-5.9 6-6.9 7-7.9 8-8.9 9-9.9 INTERVAL 

LENGTII 96 160 247 360 471 350 260 210 90 
(KM) 

NO.OF 56 76 82 126 141 132 133 40 19 
SECI10NS 

FIGURE 6 PQI distribution for the southeast region, Qinghai. 
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Figure 6 shows the distribution of the composite PQI 
of each road section in the network. About 34 percent of 
the total road sections of the network are below a pave
ment quality index of 5 .0, which amounts to 863 km in 
length. Moreover, most of these road sections were reha
bilitated in the form of different thicknesses of asphalt 
overlay or surface treatment approximately 10 years ago. 
Therefore, on the basis of this experience and research, 
those sections with a PQI between 3.0 and 3.9 will dete
riorate very quickly in the next few years because of the 
lower-quality rehabilitation material, long service, and 
greatly increased traffic. Normally, when the PQI of a 
road section drops below 2.5 or 3.0, the section will be re
constructed with a new base layer and new paving mate
rials, particularly when the section has been rehabilitated 
more than once over the last 8 to 15 years. Those sections 
with a PQI level over 8.0 are new highways and freeways 
built about 3 years ago with relatively high paving qual
ity and standards. The life-cycle was designed to be 12 to 
1 7 years, and these sections are not expected to experi
ence any major rehabilitation within the next 8 years on 
the basis of both traffic and environment analyses, which 
indicates that little emphasis will be put on these sections 
when needs analysis and rehabilitation priority program
ming of the whole network are studied. There are 59 sec
tions involved, with a total length of 300 km. 

Needs Analysis 

The needs year is the point in time when the performance 
curve for a particular road section reaches its terminal ac
ceptable or "trigger" level. Before the needs distribution 
of a highway network is worked out, pavement perfor
mance prediction models have to be identified and the dif
ferent minimum acceptable levels have to be designated. 

Performance is a general term to describe changes in 
the basic functions or serviceability of pavements with ac
cumulating effects of traffic and environment. Develop
ment of performance prediction models is a most 
important requirement because the identification of fu
ture needs years depends on them. Development of these 
models involves a large quantity of work related to classi
fication and performance prediction analysis of each sec
tion in the road network. Because each section of 
pavement has its own particular characteristics, its per
formance is based mainly on the following factors: pave
ment type, material and structure, construction and 
rehabilitation history, and traffic and environment. One 
of the most useful approaches, particularly in developing 
countries where data collection on pavement condition 
has just started or is very limited, involves the develop
ment of a model based on the current state of the road. This 
could be done by applying the Markov chain model 
analysis, which relies on the knowledge and experience of 

local engineers, researchers, and technicians to predict the 
change in road condition with time for various combina
tions of traffic volume, pavement type and detailed struc
ture, base strength, and subgrade condition. 

Another available and simple approach is the applica
tion of existing models used in other agencies or even in 
other developed countries provided that the pavement 
type, traffic and environment, and other factors are simi
lar. In the case of Qinghai, both of the approaches have been 
adapted to real applications. Although desirable models 
for performance prediction of the highway network have 
not been developed for each type of pavement structure, 
the performance prediction methods used are practical 
and comprehensive. They are a combination of pavement 
condition history and theoretical life-cycle analysis. For 
each section, the following information is needed: 

1. Type of pavement structure (asphalt concrete, rigid, 
or composite); 

2. Recent traffic volume and classification, future in
crease rate and rank analysis or calculations; 

3. Environment factors that affect pavement deterio
ration in terms of time and extent (climate, temperature, 
precipitation, ultraviolet rays, etc., for which a meteoro
logical map is provided by the local meteorological 
bureau); 

4. Present pavement condition data as described previ
ously; and 

5. History of pavement construction and future main
tenance and rehabilitation programming. 

An example application of needs analysis to the net
work of the southeast region of Qinghai is shown in Fig
ure 7. It is based on a minimum PQI level of 4.0. The 
performance prediction models used are not shown. The 
high level of needs for the first year of the programming 
period is typical for many provinces of China. Normally, 
those needs in the first year cannot be met because of lim
ited financial support. Also, some of rehabilitation projects 
cannot be carried out in the year in which they are re
quired, but may have to be deferred to the second year 
and so on, depending on the funds available. 

Priority Programming 

Selecting a length of program period for rehabilitation is 
not necessarily the same as that for life-cycle economic 
evaluation. In fact, it would be less because the latter com
monly covers 20 or more years. Certainly, the length of 
program period for maintenance would generally only be 
1 to 5 years . A very practical approach is to develop a 
5- or 10-year program. The priority assessment methods 
vary from simple subjective ranking to sophisticated 
mathematical programming. Each has specific features in 
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FIGURE 7 Needs distribution of the southeast region, 
Qinghai. 

terms of the pavement rating parameters, type of eco
nomic analysis applied, and so forth . An alternative ap
proach to priority programming is to specify a standard 
or requirement and then determine the funding required 
to meet this standard. Such standards could be a mini
mum average serviceability for the network. 

For the real application of Qinghai pavement manage
ment, after one prepares the needs distribution of the road 
network for a planning and programming period, knowl
edge of what sections will become needs in what years 
does not, however, indicate which sections should be re
habilitated and which should be deferred under the usual 
budget constraints, or what the optimum rehabilitation 
strategy should be for each section. In order to make a fi
nal selection and to make maximum use of the economic 
analysis results, not only the economically optimal strate
gies but also a number of nearly optimal strategies should 
be listed. The expected availability of funds has a major 
impact in strategy selection. Some major factors that have 
been considered in the rehabilitation priority program
ming of the Qinghai PMS are pavement types and life
cycle, traffic volume and rank, and present pavement 
condition (structural capability and distress ratio). The 
process of priority ranking follows: 

1. The existing pavement rehabilitation alternatives 
are determined in terms of pavement service life, potential 
structural capability, and visual distress ratio . Strength in
dex is used in determining whether a section is to be re
habilitated or reconstructed. 

2. Any chosen rehabilitation candidate should have at 
least 5 years' service life. 

3. Traffic and distress (PQI) are two major factors in 
ranking. Traffic is ranked higher than distress; that is, the 
project with a higher level of PQI is ranked higher than the 
project with a lower traffic level. 

4. In the same rank group (each section candidate has 
the same traffic volume and similar distress) , the project 
with lower riding quality is ranked hig]:ler than that with 
higher riding quality. 

5. Economic analysis is based on the calculation of the 
rehabilitation candidate's costs and benefit and determi
nation of which candidates will be selected is made by 
comparison of the total rehabilitation budget. 

The formula for calculation of the priority index is ex
pressed as follows: 

PI = IKF; (i = 1, 2, 3, 4, 5) 

where 

PI = priority index, 
F; = priority factor (i.e., Fi, daily traffic volume; F2, 

distress ratio; F3, service life; F4, pavement 
roughness; F5, pavement type), and 

K; = weight of corresponding factors, determined by 
type of pavement structure, traffic rank, and en
vironment condition; it can be adjusted in dif
ferent regions. 

Priorities can be determined by many methods, ranging 
from simple subjective ranking to the true optimization, 
by using a mathematical programming model or marginal 
cost-effectiveness. The techniques for developing a prior
ity program of pavement preservation will assist the 
pavement manager in selecting sections, treatments, 
budget-level evaluation, and timing for projects. 

CONCLUSIONS 

The present process of programming pavement projects 
(including new construction, resurfacing, and recondi
tioning) in Qinghai is the first step in the implementation 
of its PMS, and it has been applied in the southeast region 
developing area of Qinghai. The system provides an ob
jective and systematic means for planning and justifying road 
improvement expenditures in developing countries. It is 
being used as a tool to assist in the development and 
preparation of reasonable annual maintenance and reha
bilitation program fund allocation. The major modules or 
building blocks for implementing the network level of 
PMS include 

1. Detailed pavement condition surveys and measure
ments, with the aim of establishing a sound data base in
formation system; 
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2. Needs analysis based on the existing pavement eval
uation, cost-benefit economic analysis, technical stan
dards, and other considerations; and 

3. Rehabilitation and construction priority program
ming, by which a list of optimum investment times for all 
projects is determined with the budgets available. 

For investment in new construction, rehabilitation, 
and maintenance, a number of steps are involved in de
termining a series of projects for pavement improvement 
based on the priority programming and the hierarchy of 
planning levels. The top level of the hierarchy is the ad
ministrative jurisdiction (central government, provincial, 
municipal). Next is the level of the total budget planning 
in different departments. The final level is that of allocat
ing the road building budget (new construction, rehabili
tation, and maintenance). A reasonable proportion of 
budget allocation among the activities is determined by 
establishing the module of investment benefit analysis, 
which is based on the generic structure of decision mak
ing for the implementation of a PMS. 

The process of priority ranking used in the Qinghai 
PMS for the selection of rehabilitation strategies as well as 
for fund allocation of rehabilitation and maintenance ac
tivities is practical and objective in terms of grading 
performance functions and serviceability for various 
pavements. The major factors such as pavement class, 
traffic volume, pavement structural strength, and distress 
ratio are taken into consideration and then ranked in de
termining the proposed network projects. 

Further improvements and adjustments to the imple
mentation include 

1. Automated methods of measuring and evaluating 
pavement condition, widespread use of microcomputers, 
and available software; 

2. Utilization of experience as the implementation of 
the PMS becomes more widespread; and 

3. Long-term, performance-based specifications. 
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Implementation of VIC ROADS 
Pavement Management System 

David Anderson, Colin Kosky, Garth Stevens, and Andrew R. Wall, 
Roads Corporation of Victoria, Australia 

Toward the end of 1987, the Roads Corporation of Victoria, 
Australia (VIC ROADS ), identified the need for the develop
ment and implementation of a pavement management sys
tem (PMS). A steering committee was established to guide 
the development, and by the end of 1988 the PMS had been 
implemented in each of the eight regions for use on the high
way network. The PMS has been in operation for 4 years at 
a regional level and has recently been extended to cover all 
major roads under VIC ROADS control but is maintained by 
local governments. The PMS now operates on a network of 
over 23 000 km. The process of implementation and the use 
and impact of the system over the last 5 years were investi
gated. In particular, the need for clear objectives and owner
ship of the PMS was essential. Key problem areas include 
data collection, pavement performance modeling, training, 
and the need for a more widespread understanding of the 
concepts underlying the system for all users. 

Toward the end of 1987, the Roads Corporation of 
Victoria, Australia (VIC ROADS), identified the 
need for the development and implementation of a 

pavement management system (PMS). A steering commit
tee was established to guide the development, and by the 
end of 1988 the PMS had been implemented in each of the 
eight regions for use on the highway network. VIC 
ROADS is the responsible authority within the state of 
Victoria for the management of the 23 000-km principal 
road network and its use. 

ORGANIZATIONAL ENVIRONMENT 

The organizational environment into which the VIC 
ROADS PMS was born was one of major cultural change, 
characterized by 

• A chief executive determined to introduce commer
cial management into what was a very strong technically 
oriented organization, 

• Increasing decentralization of authority, 
• Rapidly developing computer literacy and capability, 
• Major efforts to direct staff attention to customer

oriented outputs rather than internal processes aimed at in
put management, 

• Significant loss of experience and skill because of re
tirements of a number of senior engineers, 

• A road network that had a significant proportion of 
pavements approaching 20 to 30 years of age, and 

• A change in emphasis from new road construction to 
road maintenance. 

Each of these characteristics had a major effect on the 
method that was adopted for developing and implement
ing the PMS and on its eventual form and capability. 

OBJECTIVES 

Five objectives were developed for the PMS, which are to 

191 
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1. Provide road users with the optimum road condi
tions for a given budget; 

2. Predict pavement conditions and user costs for a 
given budget; 

3. Assess the effect of different management strategies 
on a statewide, regional, and road section basis; 

4. Provide a means of objectively reporting on asset 
preservation needs; and 

5. Relate pavement performance to past investment 
levels. 

These were ratified by the Statutory Board of the Road 
Authority before further work commenced. The members 
of the board were representatives of major road user 
groups and of state and local governments. 

SYSTEM DEVELOPMENT 

From the outset, ownership by those who were to use the 
system was the major guiding principle. In particular, 
the statement that the desire for a PMS has to come from 
the very top of the organization proved to be true and rep
resented the catalyst for the project to develop and to im
plement the PMS. 

Ultimate responsibility was given to the director of op
erations, who chose to form a steering group consisting of 
four of the five directors who reported to the chief execu
tive, representatives of local government engineers, and a 
senior pavement research manager from the Australian 
Road Research Board. This ensured the ownership and 
commitment of the corporation's most senior manage
ment group. 

The group to work on the project was chosen from one 
of the operational regions with assistance from experts in 
computers and pavement performance monitoring as re
quired. The decision to develop the PMS in the operations 
area assisted in obtaining the support of the managers of 
the eight regions throughout the state, and ultimately of 
local government. 

The system was deriV;ed from that developed for the 
Arizona Department of 'Transportation (DoT) Network 
Optimization System (1), which uses probabilistic models 
(Markov transition matrices) for performance prediction 
and a linear programming-based technique to determine 
optimum treatment strategies. 

It is not the purpose of this paper to describe the sys
tem in detail. Suffice it to say that the system was chosen 
because it was capable of satisfying the organization's ob
jectives for pavement management, and 10 years of con
dition data were available to derive reliable performance 
models. The value of the probabilistic modeling approach 
proved to be that the results were seen as reasonable 
across the network. The alternative model, using deter
ministic predictions of performance, could have been sub-

ject to accusations of unreliability when compared with 
the actual performance of particular road sections. The 
cooperation of the Arizona DoT during the development 
phase was generous and invaluable. 

PAVEMENT PERFORMANCE CRITERIA 

In keeping with the principle of ownership and to ensure 
that objectives 3-5 were achieved, it was decided to use a 
Delphi questionnaire (2) approach for two purposes: to 
identify relevant pavement performance criteria for deci
sion making and to "calibrate" the performance models with 
the best judgment of expert pavement managers who 
were working in or had recently played a significant role 
in the organization. 

The aim was to try and model the decisions about man
aging pavements that had been previously made using the 
same criteria but at the same time to improve consistency, 
reliability, and optimizing benefits and costs. 

The initial choices of performance criteria were rough
ness as measured by the NAASRA roughness meter 
(J) and cracking, rutting, and surface texture as rated 
using a manual system that had been used annually for 
about 10 years (4). 

These criteria were seen to reflect both the road user 
and the agency perspectives of pavement surface and 
structural characteristics as follows: 

Perspective 

Agency 
Road user 

Pavement Characteristic 

Structural 

Rutting 
Roughness 

Surface 

Cracking 
Texture 

In hindsight this was useful in interpreting the PMS out
puts in a manner that is understood by politicians, pave
ment engineers, road user groups, and management 
within the Roads Corporation and local governments. 

MARKETING AND INITIAL IMPLEMENTATION 

During the development, a marketing approach was 
adopted. This involved not only the frequent meetings 
with the steering committee including 80 percent of the 
corporate management group and key stakeholders, but also 
monthly reports to and consultation with regional managers 
and key operations staff who would ultimately become 
the principal users of the system. 

The benefit of this activity was that the system could be 
fine-tuned to suit the organization's operational needs and 
the potential users could maintain an involvement and 
influence, thereby gaining an understanding of the way 
in which they would eventually use the system for 
management. 
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As a consequence, when the system was ready for im
plementation, only minimal effort was required to train 
regional managers and regional maintenance engineers in 
its use. Training for each region was completed in about 
2 days. 

Initial implementation included developing business 
rules for the collection and input of condition data and 
producing guidelines for the use of the PMS in developing 
annual pavement management strategies and budget bids 
by regions and on a statewide basis. 

From the beginning, all regions were given access to 
each other's data and PMS files. Therefore, they could, if 
they wished, run optimization trials for other regions and 
for the state as a whole. Many availed themselves of this 
opportunity, and in doing so not only learned more about 
the sensitivity of PMS to a wider range of pavement con
ditions but also developed confidence that the system was 
treating them fairly from the point of view of obtaining funds 
for pavement maintenance. 

This concluded the development phase, ensuring that 
as far as possible the VIC ROADS PMS satisfied corporate 
objectives, was owned by corporate management and op
erational regions; and was compatible with the organiza
tional culture and technology. Therefore, it had a good 
chance to be useful and to improve the efficiency and 
effectiveness of pavement management well into the 
future . 

LOCAL GOVERNMENT IMPLEMENTATION 

Following the successful implementation of the PMS on 
the 9000 km of major highways throughout the state of 
Victoria, implementation proceeded to cover the remain
ing 14000 km under the management of local govern
ments. The scale of implementation and the issues 
involved were significantly different in many respects. 

There are over 200 local government authorities, and 
for virtually all roads there were no historical road condi
tion data to form the basis for the performance models. Con
sequently, extensive input was sought from expertise in 
the local government area to calibrate the known perfor
mance models for the ma jor highways onto the lesser traf
ficked local-government-maintained road network. 

Implementation into local government was left to each 
of the VIC ROADS regional managers. This was done 
very well in some areas and not so well in others, but it 
did help develop ownership of PMS throughout VIC 
ROADS. Importantly, the push for development and use 
of a uniform PMS statewide is being recognized by many 
local government authorities, because they see the poten
tial benefits that may follow. As discussed later, the use of 
a network-level PMS at this local level is not ideally 
suited. Local governments are more interested in using the 
raw pavement condition data, and this approach has been 

encouraged to focus users on road needs rather than 
on funding. 

USING THE PAVEMENT MANAGEMENT SYSTEM 

Organizational Structure 

VIC ROADS PMS is used at three levels within the orga
nization. At the lowest level, local governments are re
quired to submit PMS analysis and results in support of 
funding applications for roads that they maintain on be
half of VIC ROADS. The eight regions coordinate the use 
of the PMS at the local government level and use the sub
missions to assist in distribution of funds to each local 
government authority. In turn, each region uses the PMS 
to support funding applications for maintenance and re
habilitation works to the central operations group, which 
ultimately uses statewide optimization for the final distri
bution of funds. Figure 1 shows this three-level approach. 

The PMS Process 

The PMS forms an integral part of the annual develop
ment of the works program for each VIC ROADS region. 
The process begins with the condition survey during Sep
tember to November and ends in June the following year. 
The process is shown in Figure 2. The PMS is operated by 
the central operations group at all levels, providing re
gions with guidelines on condition standards and analyz
ing the road network as a whole. 

At a regional level, the PMS is used for network analy
sis in support of maintenance and rehabilitation require
ments on individual roads. Although statewide standards 
are set centrally and essentially based on traffic volumes, 
local conditions and factors provide input into justifying 
the adoption of condition standards for specific roads. 
The raw condition data are available to support the fund
ing of individual projects, and it is left up to each region 
to use and analyze the data at this project level. 

VIC ROADS 
Ce ntral Operations 

23,000 km 

~--------- --r------ -------------,--- --- -

VIC ROADS 
Region A 

VIC ROADS 
Region C 

Total 
8 Regions 
9,000 km 

~ -----1-------,--------------------,--- ----

Local 
Government 

Authority(LOA) 

LO A 
50 to 200 km 

LOA 
50 to 200 km 

FIGURE 1 Organizational use of PMS. 

Total 
200 LO As 
14,000 km 
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Task 1993 

Survey Road Network 

Enter & Load Surveys 

Bid Submission Guidelines 

PMS Analysis 

Budget Review Process 

FIGURE 2 PMS process. 

The steps involved in using PMS at the regional level are 
detailed in VIC ROADS Business Planning Guidelines (5) 
and can be summarized as follows: 

1. Determine the budget required to maintain the cur
rent road conditions across the whole region, 

2. Determine the budget required to achieve and main
tain the statewide standards set for each road category, 

3. Decide on appropriate road condition standards 
across the region and then determine the budget required 
to achieve those standards, and 

4. Use the road condition data base to provide support 
for each of the individual road projects being considered. 

Given the significantly smaller network of major roads 
in each of the local government areas (50 to 200 km), it 
has been found that a network analysis using PMS does 
not provide a meaningful result unless local government 
areas are grouped together. This is undertaken at the re
gional level, and it is left to local government to use the 
road condition data base to provide the necessary objec
tive support of maintenance and rehabilitation treat
ments. In many cases, this can simply take the form of a 
ranking of road sections based on road condition. 

At both the regional and local government levels, users 
are encouraged to make comparisons outside their areas 
of responsibility to encourage standardization. However, 
the tendency is still to consider road conditions and needs 
only within their own area, and the analysis of the most 
effective distribution of funds is done at the next higher level. 

Part of the difficulty in encouraging use of the PMS is 
in redirecting thinking away from a budget-driven ap-

1994 

Dec Jan Feb Mar Apr May Jun 

1t:!:lr.:f.!!:i 
I I 
I I 

I 

proach to a needs or standards basis. The setting of 
statewide standards for different road categories was de
veloped to address this problem and provide a base for the 
determination of appropriate road condition standards 
for each road. 

Data Collection 

The collection and maintenance of road condition data 
each year are by far the greatest expenses in implementing 
and using a PMS. Even so, the cost represents only 1 per
cent of VIC ROADS' total maintenance and rehabilita
tion budget and forms the basis for decisions that have 
been estimated to improve the effectiveness of funding by 
up to 20 percent. 

Initially, regional and local governments were required 
to collect the majority of road condition information us
ing a visual survey. It was soon discovered that, despite 
extensive training and spot audits, comparability between 
regional and local government authorities was not suffi
ciently accurate. In addition, the repeatability of visual 
surveys from one year to the next is highly dependent on 
the individual concerned and relies on that same individ
ual's performing the survey each year. 

The pavement performance model associated with the 
PMS highlighted the need for an accurate, objective, and 
repeatable measurement of road conditions. In 1992, a 
firm commitment was made by VIC ROADS to start us
ing machine-based road pavement condition measures 
with the acceptance of a 3-year contract on all 23 000 km 
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of major roads throughout the state of Victoria. This was 
a significant step, taken to enhance the quality and relia
bility of pavement condition data and therefore improve 
user acceptance of results from the road pavement condi
tion survey. This was particularly the case with users from 
the local government level who were skeptical of the con
sistency of pavement condition measures across the state 
following the 1991 survey. 

Although ownership of the PMS at regional and local 
government levels was important during implementation, 
it was soon discovered that centralization of the data col
lection functions is essential to ensure the ultimate accep
tance and ownership of the PMS. The survey is now 75 
percent automated using vehicle-based laser technology 
with the intention to automate fully when a technical so
lution is found for the reliable measurement of cracking. 

Pavement Condition Standards 

In 1992, considerable work was carried out by VIC 
ROADS on the development of pavement condition stan
dards (6). This work comprised two main thrusts. The 
first was an extensive survey of what customers consid
ered the most important aspects of pavement condition in 
judging whether a road was in good condition or not. 
This was carried out in urban and rural areas, with car 
drivers, truck drivers, and motorcycle riders being the 
main customer groups. Roughness (or smoothness) ap
peared the most often as the critical factor in customers' 
judgments about road condition. This customer survey 
also attempted to establish the threshold values of pave
ment condition that signaled when a road pavement had 
deteriorated to an unacceptable level from the customer's 
viewpoint. 

The second thrust of the work was an economic analy
sis of the user benefits obtained when road pavement 
conditions were improved by carrying out some rehabili
tation work, for example, the savings in road user costs re
alized by placing an overlay on a rough road pavement. 
Both aspects of this work have helped to establish some 
strategic guidelines for statewide road pavement condi
tion standards for use in PMS analyses and to help with 
the development of road asset preservation works pro
grams. 

PMS Outputs 

The reports and output from the PMS optimizations have 
been kept as simple and straightforward as possible. This 
was due mainly to the network-level approach and also to 
the apparent complexity of the optimization. A number of 
issues have stemmed from users' interpretations of the 
PMS outputs. The most significant was for users to come 

to grips with the logic behind the analysis and the proba
bilistic nature of pavement performance across a network 
of roads. 

Although a probabilistic-based system provides a clean 
and simple solution to the problems of predicting pave
ment performance, there are few persons in the organiza
tion who understand the detailed workings of the PMS. This 
inevitably leads many users to interpret outputs wrongly 
and to apply the results inappropriately. It is important 
that the tools used to assist in managing the road network 
be fully understood. In order to facilitate this understand
ing, VIC ROADS intends to target three areas by 

• Stimulating technical discussion on aspects of pave
ment management and using the PMS to illustrate these 
concepts, 

• Opening the system up to make the workings of the 
system more transparent, and 

• Initiating formal training on concepts and mechanics 
of the system including interpretation of input and 
output. 

IMPACTS OF THE PAVEMENT 
MANAGEMENT SYSTEM 

General 

PMS has great potential to affect road maintenance fund
ing levels. To date, the impact on total levels has been lim
ited by the overriding effect of political decisions on state 
and federal budgets. Until PMS forecasts are given greater 
status at these levels, they will continue to have the most 
impact at the regional and local government levels in the 
appropriate distribution of available maintenance funds. 

Ideally, reductions in funding would only have an im
pact on the road improvement program. In practice, it is 
difficult to reduce funding for improvement projects with 
a political commitment. Furthermore, in the declining 
funding situation of recent years, it is inevitable that pave
ment condition standards together with community ex
pectations will be reduced. 

Redirection of Funding 

Funding targets for road maintenance and rehabilitation 
are set centrally for each of the eight regions. Target 
statewide condition standards are defined by the central op
erations group for each class of road. The distribution of 
funds between regions is based on PMS analysis that at
tempts to achieve target standards over a 5-year period. 

A redirection of funding is required at both regional 
and local government levels because of a significant vari
ation between existing conditions and target conditions. 
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These largely insupportable variations were prime cata
lysts for the need to develop a PMS. Redirection will 
require a 5- to 10-year period to be achieved in a funding
neutral sense that is, without requiring an overall increase 
in funding levels. This variation is a result of a tendency 
to maintain higher- and lower-trafficked roads to a simi
lar standard and to maintain historic levels of funding to 
regional and local government authorities. Redirection of 
funding is a sensitive issue that requires sufficient time to 
avoid political repercussions. 

Supporting Regional Funding Bids 

Distinct from the central approach to funding redirection 
is the impact of regional and local government bids that 
use the PMS for support. Considering that the PMS is still 
in a relatively early development phase, regional factors 
and local knowledge can have a marked effect on appro
priate road condition standards. These standards may, in 
fact, vary significantly from the centrally set statewide 
condition targets. The potential to have an impact on 
funding in this way using an objective approach to justi
fying standards has been slow to evolve. Again, the emphasis 
has remained on historical funding levels and resources, and 
it is likely to remain so until regions perceive that the dis
tribution of funds is actually being influenced by such an 
approach. 

One of the major problems hampering the user accep
tance of the potential impacts that use of the PMS can af
ford relates to the current overall funding levels for 
maintenance and rehabilitation. In most instances, the 
PMS suggests a far higher funding requirement than is 
currently available, and, hence, users are seeing little in
fluence on these overall funding levels. Unfortunately, this 
has clouded the benefits that can be obtained by using the 
PMS to use the existing funds more efficiently. 

Supporting Submissions to Government 

An annual PMS report is submitted to the state government 
describing (a) the 5-year forecast of pavement conditions 
based on the current and proposed levels of funding, 
(b) funding levels over time, and (c) condition variation 
over time. Another corporate report now being prepared 
annually compares maintenance expenditure with asset 
value and roughness condition over time. Initially these 
reports were not favorably received when they indicated 
an increased need for funding. However, the information 
had greater effect when it was presented in a manner that 
illustrated the adverse effects on road users in terms of, 
say, travel time, safety, and vehicle operating costs. 

An annual report is submitted to the federal gov
ernment providing pavement condition data on the na
tional highway network as requested. PMS is used in 

determining appropriate maintenance funding levels 
for submission. 

Altering the Funding Mix 

Maintenance funding allocations are grouped by type
routine, periodic, and rehabilitation. The distribution of 
funding among these types can be adversely affected by 
factors other than need, such as current resources or pre
vious funding. The appropriate levels can be determined 
using PMS, given accurate pavement performance data. 

This area is seen as having the greatest future potential 
for the PMS to have an impact on funding given the cur
rent funding constraints. At this time, the pavement per
formance models have not been developed to this level of 
accuracy. However, the commitment to machine-based 
road condition measurement is an essential first step in a 
necessary system improvement. 

CONCLUSIONS 

A number of issues have been tackled during the 4 years 
of implementation and use of the VIC ROADS PMS. The 
following summary reflects VIC ROADS' experiences 
during that period: 

• Establishing a clear set of objectives for the PMS is 
essential for a successful implementation. 

• Ownership of the PMS must be established at all lev
els, but most importantly at the top of the organization. 
Formation of a steering committee was key to acceptance 
at the top level. 

• Initially, a PMS should be compatible with the cul
ture and technology of its user. As confidence is gained in 
its ability to provide "reasonable" predictions of pave
ment performance and investment needs, more sophisticated 
development can be accommodated. 

• Road pavement condition measurement is the single 
most important part of the PMS, and accurate, repeatable 
machine-based measurement is essential to gaining accep
tance of the PMS. 

• Ongoing support, training, and development are es
sential because most systems are evolutionary in nature 
and must cope with changes and improvements in computer 
and condition measurement technology. 
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Organizational Implementation and Application 
of Alaska's Pavement Management System 

Eric G. Johnson and Billy G. Connor, Alaska Department of 
Transportation and Public Facilities 

Ram B. Kulkarni, Woodward-Clyde Consultants 

The Alaska Department of Transportation and Public Facil
ities (DOT/PF) implemented its pavement management sys
tem (PMS) formulated as a dynamic problem using the 
Markov decision process. Four technical and management 
committees were established in headquarters and three re
gions. Planning, design, materials, construction, and mainte
nance are represented on these committees. Technical 
committees provide and review data and help delimit reha
bilitation projects on the basis of PMS recommendations. 
Management committees, which include directors, deputy 
commissioners, and commissioners, establish target pave
ment conditions and budgets. Alaska's PMS projected an an
nual savings of $3.9 million compared with the average 
previous 10-year budget of $28 million. Although the com
mittees require much of the PMS engineer's time, it provided 
a very successful vehicle for implementing PMS. Ninety per
cent of initial project recommendations were implemented in 
the 6-year plan. In 1988 the department increased the tandem 
axle legal load limit to 38,000 lb, reducing the average struc.
tural pavement life 28 percent and increasing roughness and 
rut depth 7.5 percent. PMS showed that the long-term an
nual cost would increase $3 million, as opposed to $12 mil 
lion based on structural life alone. Urban rutting and rural 
roughness were found to control the scheduling of pavement 
rehabilitation projects rather than pavement fatigue. Because 
of this, pavement structural design lives were reduced from 
20 to 10 years for rural Interstate and principal arterials and 
to 12 years for urban Interstate and principal arterials. 
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Alaska 's PMS shows the preventive maintenance is more 
cost-effective than corrective maintenance and that rehabili
tation is more cost-effective than corrective maintenance. 

The field of operations research has long recognized 
that management systems must function within the 
system of a human organization. Rarely does a new 

method fit harmoniously within previous management 
methods and organizational cultures. People automati
ca lly resist change. "A truly successful implementation of 
an operations research system must apply behavioral as 
well as mathematical science, because the resultant system 
must interact w ith human beings" (1, p.8 ). 

This paper presents experiences of the Alaska Depart
ment of Transportation and Public Faci lities (DOT/PF) in 
creating and implementing a pavement management sys
tem (PMS). The development history of the system is pre
sented from 1981 with the decision to create a PMS, 
hiring of a consultant in 1985, and delivery of the system 
in 1988. The system characteristics are discussed briefly 
to provide a framework for the rest of the pa per. In 19 8 8 
the department hired a PMS engineer. Organizational is
sues are discussed as is information learned during imple
mentation. Applications of the system other than those 
related specifica ll y to project selection are also presented. 
These helped demonstrate the system's capabilities and 
sell the system to the department. Full implementation of 
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pavement rehabilitation project recommendations was 
completed in 1991 with maintenance recommendations 
implemented in 1992. 

DEVELOPMENT OF ALASKA'S PMS 

Development of Alaska's PMS began in 1981 as part of a 
transportation improvement programming system (TIPS). 
TIPS was divided into three parts: the PMS, the Highway 
Analysis System (HAS), and the Highway Improvement 
Programming System (HIPS). Airports and marine sys
tems were not included. 

PMS provides input for planning, design, construction, 
maintenance, evaluation, and research of pavement struc
tures. The HAS coordinates data entry and retrieval for all 
data bases required by HIPS and PMS. HIPS assists in the 
management of all highway improvement activities in
cluding pavement, bridge maintenance and rehabilitation, 
and geometric improvements . 

A statewide committee was established for each of the 
systems. The chairperson of each committee served as a 
member of the other two committees. The remainder of the 
committee members represented planning, design, con
struction, and maintenance. These committees ensured 
that the department's needs were met by focusing on the 
technical merits of the systems. 

A steering committee was also established to oversee 
the overall development of TIPS and ensure that manage
ment needs were met. This committee was composed of the 
commissioner and directors of planning, design, con
struction, and maintenance, and the committee chairper
sons of the other three committees. Their focus was on 
integrating the systems into the budgeting cycle and how 
the systems would affect policy. 

It is interesting that there were three different commi,
sioners during the development of PMS, HAS, and HIPS; 
however, the committee structure provided the continuity 
to complete all three projects. 

Three consultants were selected to develop the systems. 
Although the contracts were independent, each contract con
tained a coordination task to ensure continuity between 
the systems. The contract for PMS was awarded to 
Woodward-Clyde Consultants. 

The first task under the PMS contract was to become 
familiar with Alaska 's budgeting and design processes and 
its unique physical environment. The contractor was then 
required to educate the PMS and steering committees on 
the various types of pavement management systems, fo
cusing on how each would suit Alaska's program and in
cluding advantages and disadvantages of each. This task 
proved to be one of the most valuable efforts of the con-

tract. Through this education, not only was a system se
lected, but the participants were also convinced of the 
value of a PMS. Consequently, support for the PMS 
throughout the department was quickly established. 

Three PMS models were considered: a priority ranking 
model, a static decision model, and a dynamic decision 
model. Alaska chose a dynamic decision model because of 
its flexibility. The model is complex, but its computeriza
tion makes the system practical. 

Once the committee had selected the decision model, 
the contractor was given specifications for the pavement 
management system. The development was divided into 
nine steps: 

1. Divide the highway network into uniform road 
segments; 

2. Define road categories on the basis of factors that 
do not change with maintenance actions; 

3. Define distress states and conditions for each of the 
road categories; 

4. Select appropriate maintenance actions; 
5. Develop performance prediction models; 
6. Develop cost estimation models; 
7. Develop the optimization model; 
8. Develop computer software; and 
9. Develop documentation and training materials and 

train department personnel in the use of the system. 

The PMS committee was kept informed of the 
progress. Whenever decisions were required, input from the 
committees was obtained. Consensus was obtained before 
continuing with the project. 

The contractor completed the project in 1986. The sys
tem was turned over to the pavement management engi
neer, who was thoroughly trained. 

DESCRIPTION OF ALASKA'S PMS 

The Alaska PMS includes a formal optimization model 
that can be used to meet two basic pavement management 
objectives: 

• Maximize pavement performance for a fixed pave
ment preservation budget and 

• Minimize life-cycle costs to achieve specified pave
ment performance standards. 

Details of the optimization model can be found else
where (2,3). 

The optimization model is formulated as a Markov de
cision process that captures the dynamic and probabilistic 
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aspects of pavement management. The dynamic aspect 
refers to the fact that pavement rehabilitation decisions 
are not simply one-point-in-time decisions. Instead, they 
represent a sequence of decisions over a specified planning 
horizon. Furthermore, future rehabilitation decisions de
pend on rehabilitation choices made at the present time, 
future pavement conditions, and rehabilitation budgets 
available in future years. The probabilistic aspect of pave
ment management refers to the uncertainty in forecasting 
future pavement conditions given the rehabilitation ac
tions implemented now. The Markov decision process ad
dresses these uncertainties by estimating the "transition" 
probabilities (i.e., the probability that a road segment will 
move from its current condition to each of several possi
ble future conditions if a particular rehabilitation action 
is implemented now). 

For computational convenience, the statewide highway 
network is divided into road categories of different traffic 
and environmental factors. Within each road category, 
1-mi road segments are identified and grouped into con
dition states. A condition state defines a particular com
bination of specific levels of the variables relevant to 
evaluating pavement performance. For example, if pave
ment roughness and fatigue cracking were the only rele
vant variables, one condition state might be defined as the 
combination roughness = 65 in./mi and fatigue cracking 
= 5 percent. Note that the definition of a condition state 
retains descriptions of individual pavement distresses; 
hence, rehabilitation actions are better matched with 
pavement condition than combing all relevant distresses into 
an overall condition score or index. 

For the optimization model, decision variables are the 
proportions of road segments within each road category 
that should be maintained in different condition states 
and the rehabilitation action that should be applied to the 
road segments in each condition state. The optimal values 
of decision variables are found by specifying the appro
priate objective function (i.e., minimize cost or maximize 
performance) and relevant constraints (e.g., fixed budget 
and desired performance standards for d/fferent road 
categories). / 

Assignment of a specific rehabilitation action to each 
condition state within each road category defines a reha
bilitation policy for the entire highway network. The 
model provides both short- and long-term optimal reha
bilitation policies. The long-term policy maintains the 
highway network in steady state (i.e., the proportion of 
road segments in each condition state and expected bud
get requirements remain constant over time). The short-term 
policy is formulated to bring the network from its current 
condition to the optimal steady-state condition over a 
specified period (such as 5 or 10 years). 

Besides identifying the optimal short- and long-term re
habilitation policies the model also provides (a) estimates 
of current and future budgetary requirements, (b) pro
jected network performance (i.e., the proportion of road 

segments in good, fair, and poor conditions), and (c) lists 
of specific road segments selected for rehabilitation ac
tions in each year of the planning horizon. 

IMPLEMENTATION 

Organization 

To implement the pavement management system, an or
ganization of committees was created. Alaska DOT/PF 
has three regions and a headquarters section. Technical 
and management committees members were appointed by 
the directors. The PMS engineer first presented the theory 
and operation of the pavement management system to 
each of the committees. Implementation, from the time of 
delivery of the system from the consultant to the first list 
of pavement rehabilitation projects, took 3 years. Bi
annual presentations to the committees were made 
throughout the implementation period to update the com
mittees and solicit feedback. 

Technical Committees 

In the regions, technical committees consisted of repre
sentatives from design, planning, maintenance, materials, 
and construction. At headquarters, the committee also 
included representatives from groups responsible for 
the statewide relational data base and the highway 
performance monitoring system. These committees re
viewed all technical data and provided input into the 
implementation. 

The technical input included regional design, construc
tion, and maintenance costs. The committees also pro
vided suggestions on how the system should handle 
permafrost settlement areas and how the various roadway 
categories should be delineated. Alaska has more than 70 
categories that vary the basis of equivalent single-axle 
load (ESAL) level, climatic zone, frost susceptibility, func
tional class, and foundation code. On completion of the 
first implementation rehabilitation project recommenda
tions, the technical committees provided input to define 
project limits. Alaska's PMS is based on 1-mi sample sec
tions that do not necessarily coincide with logical project 
termini. 

Management Committees 

At the headquarters level, the management committee 
consisted of the commissioner, deputy commissioner, and 
the headquarters directors. Regional management com
mittees included planning, maintenance and design, and con
struction directors. It was originally envisioned that these 
committees would receive only an executive summary, but 
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questions asked during the presentations dictated that the 
full technical briefing be given. 

The management committees selected long-term optimal 
steady-state pavement target conditions. As a starting 
point the average existing pavement condition was pre
sented for each roadway category. Once the permafrost 
settlement area data were separated from the pavement 
condition data, most categories were at acceptable levels. 
Only rural, low-volume minor collectors and local roads 
and urban primary routes fell considerably below accept
able levels. By selecting the pavement target conditions, 
the management committees committed the department 
to a specific budget level for pavement rehabilitation. The 
regional budget split closely approximated historical bud
gets, probably because PMS is based on pavement area 
and ESAL level whereas historical budgets were based on 
lane miles and vehicle miles of travel. 

The management committees selected a transition pe
riod from the current pavement condition to the long
term steady-state optimal condition. A transition period of 
6 years was shown to cost approximately 20 percent more 
than a 10-year transition period. The committees chose 
10 years. 

System Verification 

During implementation, the two largest roadway cate
gories, one urban Interstate and one primary Interstate, 
were selected for research into the annual rehabilitation 
cost for the past 10 years. This cost was apportioned over 
the remaining roadway categories on the basis of perfor
mance models, then compared with the long-term opti
mized steady-state pavement condition recommended by 
the PMS. The PMS showed an annual savings of $3.9 mil
lion over previous rehabilitation on a total annual budget 
of $32.2 million, or 12.1 percent. Most of the savings 
probably result from the linear programming optimiza
tion selecting the optimum rehabilitation timing. In the 
past, the department rehabilitated entire previous pro
jects, because they had been constructed at the same time, 
rather than the individual mile segments that truly de
served rehabilitation. 

Implementation Summary 

The management and technical committee structure re
quires much of the PMS engineer's time, but because of 
extensive communication, acceptance of the PMS recom
mendations was almost unanimous. By addressing con
cerns over the 3 years, while collecting historical data and 
developing the models, almost all problems were solved. 
Approximately 90 percent of a statewide list of federally 
funded projects selected in the first implementation list for 

the 6-year planning cycle were programmed. It is believed 
that by intimately involving the committees in the imple
mentation phase, the department invested in the system 
and was ready to embrace the results when they arrived. 
Because knowledgeable people at all levels of the depart
ment had the opportunity to be heard and educated, many 
of the barriers that could have blocked the implementation 
of PMS were removed. 

APPLICATIONS OF ALASKA'S PMS 

Unstable Foundation Areas 

Alaska's PMS makes recommendations for releveling un
stable foundation areas caused by melting permafrost, 
peat settlement, and other embankment instabilities. 
Most of Alaska's unstable foundation areas are caused by 
permafrost thaw settlement. Permafrost is permanently 
frozen material, which can be mostly ice. Paved embank
ments over permafrost have settled up to 4 ft/year. The 
unstable foundation areas are not considered pavement 
structure problems, correctable by surface rehabilitation, 
and are treated separately in Alaska's PMS. Those mile 
segments with greater than 15 percent unstable founda
tion areas are set apart from the rehabilitation optimiza
tion; rehabilitation costs are assumed to be driven by the 
foundation problems. Only 3.4 percent of Alaska's total 
paved area is affected by unstable areas, but about 500 mi 
of Alaska's approximately 2,800 centerline-mi of pave
ment have unstable areas, and 210 mi have greater than 
15 percent area of permafrost instability. 

Material borings, maintenance supervisors' experi
ences, and visual observation were used to estimate the 
frequency of releveling for each unstable area. Previous 
releveling budgets were then apportioned over the settle
ment areas to determine the total annual cost for relevel
ing unstable foundation areas, which is $5.5 million. With 
the data from PMS, a designer can look at the releveling 
cost for a specific length of roadway and compare it with 
the cost of mitigating the settlement with insulation, ther
mal probes, or other alternatives. For a further discussion, 
see the work by Johnson (4). 

Effects of Increased Legal Axle Loads 

Just before implementing PMS, the state of Alaska raised 
the tandem axle load limits on trucks from 34,000 lb to 
38,000 lb. Using the distribution of Alaska's trucks, this 
amounted to an approximate increase in ESALs of 28 per
cent. This increase will result in a reduction in fatigue life 
of the pavement. If the life of all Alaska's pavements were 
reduced 28 percent this would translate into an increased 
annual budget of $12 million/year in additional asphalt 
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concrete to maintain the same design life. PMS was used 
to include the effects of increased roughness and rutting. 
By comparing the models for different levels of ESALs, it 
was estimated that both the roughness and rutting would 
increase only 7.5 percent. The ESALs on much of Alaska's 
rural paved roads are low enough to require a minimum 
2-in. pavement with considerably more fatigue life than 
required. The roughness lives for these roadway cate
gories are shorter than the design life for fatigue. Hence, 
the additional ESALs reduced the service life only 7.5 per
cent instead of 28 percent. Taking into account rutting 
and roughness, PMS then demonstrated that the actual in
crease in the annual budget was only $3.1 million. 

Pavement Design Lives 

Before PMS, Alaska's pavement design life for all pave
ments was 20 years. Alaska's PMS analyzes various thick
nesses of hot asphalt pavement and overlays. The system 
selects the optimum alternative on the basis of its pre
dicted average performance and cost. The output includes 
the average frequency of rehabilitation; the inverse is av
erage pavement life. The design life is selected to give a 95 
percent confidence level based on pavement life distribu
tions determined during research performed for Alaska's 
excess fines design method. (These distributions will be 
updated from annual PMS pavement condition surveys.) 
The following table shows Alaska's recommended pavement 
design lives: 

Recommended Design 

Rural Interstate and principal arterials 
Urban Interstate and principal arterials 
All other routes 

Life (years) 

10 
12 
20 

Fatigue controls the high-volume rural Interstate and 
principal arterial design lifes; rutting rarely exceeds 0.5 in. 
during the life of the project. Roughness controls the low
volume rural Interstate and principal arterial design lives. 
PMS recommends recycling or replacing 2 ins. of hot as
phalt pavement on the average for both these categories. 
The urban Interstate and principal arterial design lives are 
controlled primarily by rutting (5 to 11 years) and secon
darily by roughness. For urban principal arterials and In
terstates with curb and gutter, PMS recommends an 
average of 5 in. of hot asphalt pavement, milling and re
placing the upper 2 in. until fatigue occurs. For urban 
principal arterials and Interstates without curb and gutter, 
the PMS recommends a 3-in. overlay. All other routes re
quire only Alaska's minimum pavement thickness of 2 in., 
because of low ESALs, and therefore were left at the orig
inal 20-year design life. The aforementioned design lives 
are recommended for new construction as well as reha
bilitation projects. 

Preventive Versus Corrective Maintenance 

On the basis of Alaska's performance models, Alaska's 
PMS recommends no corrective maintenance or seal coat
ing but does recommend preventive maintenance. Preven
tive maintenance is defined as crack sealing with hot 
rubberized sealant. Alaska's performance prediction mod
els are assumed to vary on the basis of climatic zone for 
preventive maintenance. In a wet maritime climate, the 
design life is assumed to be reduced 50 percent if no pre
ventive maintenance is performed; in the transitional zone 
the reduction is 35 percent; and in the drier continental 
climate the reduction is 25 percent. These data are based 
on estimates of engineers and maintenance supervisors. 
Using an annual cost equal to resealing all cracks each 
year, the benefit cost ratio for the maritime zone from 
Alaska's PMS is 3.5; the transitional zone, 2.5; and the 
continental zone, 1.0. Alaska is currently reanalyzing 
these assumptions, including reducing the annual cost of 
crack sealing assuming a service life of up to 5 years. This 
should make crack sealing more attractive. Research is 
needed to verify this experience. 

CONCLUSION 

The full creation and implementation of Alaska's PMS 
started in 1982 and finished in 1992. The experience of 
Alaska shows that including department representatives 
from both the technical and management levels in all 
phases of the decision process will lead to a successful im
plementation of a PMS. By holding regular committee 
meetings, presenting interim results, and receiving feed
back and concerns, all resistance can be addressed and the 
system will be embraced rather than rejected or ignored by 
the organization. Demonstration of the results of various 
applications of PMS also helped sell the system to the 
department. 
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Strategic Tools in Finland 

C. Sikow, K. A. Tikka, and J. S. Aijo, 100 GEN Oy, Finland 
V. J. Mannisto, InfraMan Consulting Ltd., Finland 
R. 0. Tapio, Finnish National Road Administration 

The Finnish National Road Administration (FinnRA) has 
been developing pavement management systems (PMSs) 
since the late 1970s. By now, the following systems of the 
pavement management process have been implemented and 
are in use: the Highway Investment Programming System is 
used for strategic decision making by the central administra
tion (FinnRA). Recommendations for budget levels and 
maintenance measures from the model have been transferred 
to nine highway districts to their project-level PMSs for cap
ital programming. The condition register contains all rele
vant information on road condition needed in both PMSs. 
Basic information on, for example, traffic and construction 
history is retrieved from the road data bank. As in many 
other road agencies around the world, the development and 
implementation of these systems has appeared to be time
consuming, laborious, and even sometimes difficult; signifi
cant resources, both human and financial, have been used in 
the development. The most significant problems have been 
organizational, institutional, and human, whereas technical 
problems are currently minor. The systems developed and 
implemented in Finland are first evaluated mainly according 
to the outlines defined by the PMS literature. Discussion con
centrates on the pros and cons as well as new solutions faced 
during the development and implementation process. Finally, 
some recommendations for improving this process are pre
sented. Second, experiences of application of management 
tools in the Lapland highway district are presented. Because 
of the economic recession, Lapland is facing severe budget 
cuts. To fully comprehend the implications, the district initi-

ated a study on the impacts of different strategies concerning 
the allocation of funds between maintenance, rehabilita
tion, and investments. It turned out that the different road
keeping actions are not independent of each other and that 
their simultaneous optimization is necessary. 

The Finnish National Road Administration 
(FinnRA) is the central administrative body for 
nine highway districts. FinnRA is responsible for 

making policy for the whole country, developing stan
dards and guidelines, evaluating the districts' efficiency 
and productivity, and relating with the Ministry of Trans
portation and Parliament. The districts execute the pro
gram and policies independently within a given budget 
framework. 

FinnRA has been developing pavement management 
systems (PMSs) since late 1970s. The first systems opera
tional in microcomputers were put into use around 1985. 
As in many other road agencies around the world, the de
velopment and implementation of these systems in Fin
land has appeared to be a time-consuming, laborious, and 
sometimes difficult task; significant resources, both hu
man and financial, have been used in the development. 
Despite these, many problems have hampered the process. 

Evaluation of pavement management implementation 
process has been widely discussed in the literature. In 
1987, at the Second North American Conference on 
Managing Pavements in Toronto, this topic was discussed 
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in several papers [Clark (1 ), Jackson and Grauberger (2)). 
In 1991, the Conference on Pavement Management im
plementation was held in Atlanta, Georgia. In this con
ference, Paterson and Robinson (3) listed parameters for 
technical evaluation and ranking of PMSs. Other topics, 
such as benefits of these systems and the most common in
stitutional barriers of PMS implementation, were also dis
cussed in this conference. 

PMS IMPLEMENTATION IN FINLAND: 
EXPERIENCE GAINED SINCE 1985 

PMS Overview 

The FinnRA's PMS contains three parts: 

1. Network-level PMS, Highway Investment Program-
ming System (HIPS); 

2. Project level PMS (PMS91); and 
3. Road condition data register (KURRE + RDB). 

The network-level system, HIPS, is used for strategic-
level decision making by the central administration of 
FinnRA located at Helsinki. It analyzes the condition 
state distribution of all paved roads and predicts its 
change in the long term. The objective of HIPS is to find 
the optimal condition level of roads by minimizing total 
costs to the society; this includes road maintenanc,.: and 
rehabilitation costs as well as road user costs. More detailed 
information on HIPS is found elsewhere (4). 

Recommendations for budget levels and maintenance 
measures from HIPS are transferred to the nine road dis
tricts to their project-level systems PMS91, for yearly cap
ital programming. In the districts, the goal is to find-the 
right rehabilitation actions and timing for each road seg
ment. PMS91 also contains tools for follow-up of quanti
ties of the actual paving work and determination of the 
improvement after paving. 

The condition register contains accumulated up-to
date and historical condition data for each 100 m of the 
paved road network. It produces comparisons of condi
tion states in different districts or road classes and shows 
the trend for condition changes. It also produces all con
dition data needed in both pavement management sys
tems. The system is decentralized: districts are responsible 
for updating the data and the central administration 
maintains its version of the register for strategic level data 
needs. Other data needed in analysis are retrieved from 
the road data bank. 

Technical Evaluation 

A set of evaluation criteria has been defined by Paterson 
and Robinson (3) in which more precise definitions of the 

parameters can be found. Evaluation of the Finnish systems 
according to these 15 criteria is given in Table 1. 

Completeness and Resources Required 

All three decision-making levels and two monitoring lev
els are included in the Finnish systems. Implementation 
and quality control are being monitored, and all systems 
are completed but development work is continuous. 

User Interface 

System efficiency is a problem because the running of all 
programs is still time-consuming, even in 486-level mi
crocomputers. User-friendliness is high in all systems, al
though understanding the HIPS structure is difficult. All 
programs are interactive and produce sensitivity results. 
Reports are mainly ready-made numerical reports; ad hoc 

TABLE 1 Technical Evaluation of Finnish PMSs 

Maximum Finnish 
COMPLETENESS AND RESOURCES REQUIRED score scores 

1. Completeness of System for: 

a. information sub-system 8 8 

b. strategic network planning 8 8 

c. tactical network-level programming 10 10 

d. project design and analysis 8 8 

e. implementation and quality monitoring 6 6 

2. Need for system development or customization 

a. information system 5 4 

b. Decision-support modules 15 14 

USER INTERFACE 

3. System efficiency 10 6 

4. User-friendliness 10 7 

5. Interactive capability 5 5 

6. Quality of reporting 10 8 

7. Software robustness and security 5 3 

MODELS 

8. Technical analysis 10 8 

9. Validity and calibration 10 8 

10. Sectionization 5 5 

11. Economic evaluation 5 4 

12. Prioritization and optimization 10 9 

DATA MANAGEMENT 

13. Data item requirements 10 9 

14. Data collection and processing procedures 15 13 

15. Data storage, retrieval and communication 15 13 

SUBTOTALS 

Completeness and resources required 60 58 

User interface 40 29 

Models 40 34 

Data management 40 35 

TOTAL 180 156 
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reports and graphical outputs require extra skills. Pro
gram robustness has not yet been fully tested, and security 
questions are open. 

Models 

Full empirical deterioration and cost models are in use in 
both PMSs. A sample road network was established in 
1987 to collect information for deterioration model up
dating. Sectionization is done by various parameters and 
is flexible. Economic evaluation includes a comprehensive 
economic analysis of road agency and user costs. Opti
mization is implemented at full scale in HIPS; simple pri
oritization is used in PMS91. 

Data Management 

Data collection and management are well developed. 
Road surface condition (roughness, rutting) is measured by 
high-speed vehicles. Structural condition is measured with 
FWDs and pavement distresses are inspected visually. All 
data are stored in a road data bank and KURRE and can 
be reported and viewed easily. 

Conclusions of Technical Evaluation 

The earlier technical evaluation confirms that the Finnish 
pavement systems contain most of the features needed in 
an advanced package. The main features to be further 
improved are (a) system efficiency, (b) user friendliness, 
(c) reporting, (d) deterioration and cost modeling, and 
(e) bearing capacity and distress data validity. However, all 
these development needs are minor: the development of 
pavement management systems is, in any case, a continu
ous process. 

Pavement Management and the Organization 

The organizational structure of pavement management is 
twofold: development organization and user organiza
tion. There have been many stages in the organization of 
this management system. The first idea was to distribute 
all programs to both the central administration and all 
districts. Currently, the organization is well formalized. 
The development organization, a special PMS-group in 
FinnRa's Research Center, is developing the model inde
pendently of the user organizations both in the central ad
ministration and district agencies. The PMS group is 
responsible for all programs, development of the models, 
and training of users. FinnRA's management, strategic 
planning, and financial planning departments are inter
ested in strategic-level information produced by HIPS. 
Road districts use PMS91 for their planning and capital 
programmmg. 

Problems of Pavement Management 
Implementation 

Hall (5) and Smith (6) have listed major PMS implemen
tation problems. In their conclusions, problems center 
much less on technical aspects than on human questions. 
In the following, the authors' experiences reflect these 
barriers, and solutions are presented. 

Resistance to Change 

Traces of resistance to change are found in Finland. In 
1980s, FinnRA started to develop two totally separate 
systems because decision makers were not able to decide 
how to proceed. District engineers have resisted PMSs be
cause they think that new systems will decrease their de
cision power by cutting down annual budgets. Road data 
bank staff were not willing to store huge amounts of road 
condition data in their registers; this led to the creation of 
a separate condition register. Another barrier in Finland is 
the so-called not-invented-here syndrome. 

Long Time Frame 

The long development period has occasionally been frus
trating, and the short-term benefits of the system have 
been questioned. On the other hand, this period has also 
been extremely important and fruitful because the neces
sary learning process has taken place simultaneously. 

Black Box Effect 

Both HIPS and PMS91 are theoretically advanced and 
complex systems. To reduce the "black box" effect, the 
use of the system is left for a small group of experts, who 
are also responsible for marketing the results to decision 
makers. Training and data quality improvements have im
proved the situation, but the highly mathematical nature 
of these systems still causes resistance, especially when 
HIPS is implemented. 

Data Reliabiliry and Validiry 

Data reliability and validity have appeared to be significant 
questions in Finland. During the development process, 
the need for more objective road condition information 
became essential and the evaluation procedures had to 
be designed. This led to purchasing of five high-speed 
road condition measurement vehicles, which, after regu
lar calibration measurements, produce valid and accepted 
information. 

Bearing capacity and distress measurements are still 
problematic. They are slow and expensive, and the relia
bility of the samples is considered low. 
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Other sources for prejudice are road deterioration and 
road user cost models. To overcome the problem, a sam
ple road network was founded to collect objective data 
for empirical deterioration models. Finland has a long his
tory of estimating road user costs, but the effect of road 
condition on these costs is unclear; this is still causing 
obstacles. 

One-Person Show 

In the case of PMS91 and KURRE, the importance of or
ganizational structure has been well understood by 
FinnRA, and the problem of the one-person show has 
been avoided. For HIPS the situation has been worse. 

The importance of adequate, skilled personnel for the 
use, training, and development of the systems is currently 
better valued. Wide support from upper management is, 
however, limited. 

EXPERIENCES FROM LAPLAND CASE STUDY 

General 

In the beginning of the 1990s with the economic reces
sion, opinions began to differ between FinnRA and the re
gional Lapland district concerning the development of the 
northern part of the Finnish road network. FinnRA sug
gested decreasing resources for investments, rehabilita
tion, and maintenance whereas the district felt that such a 
policy would have harmful long-term effects. To fully 
comprehend the implications of the proposed budget cuts, 
the district initiated a study of the impacts of different 
strategy alternatives on the road network condition, 
agency and user costs, maintenance level of service, and on 
the regional economy. 

In this study, the impacts of different budget levels were 
first analyzed separately within each component (i.e., re
habilitation, summer and winter maintenance, and in
vestments). In the second phase, marginal benefits and 
losses due to changes in the budget level were compared. 
This, however, proved to be difficult because a consider
able part of the benefits cannot be measured in monetary 
terms. This is why only broad conclusions can be pre
sented at this stage of the study. 

Lapland District in Numbers 

Lapland differs considerably from other regions in Fin
land. The road network is very long, about 9000 km, 
whereas traffic volumes are low because of an extremely 
low population density. The arctic climate puts severe re
strictions on the technology used, the amount and quality 
of winter maintenance, and road standards. 

Lapland is covered with forests that are the basic 
source of the local value added; it is the main touri st at
traction in Finland, and its future depends heavily on pub
lic funds and investments. There are several schemes for 
the future development of Lapland. The main factors that 
were taken into account when evaluating the benefits of 
alternative strategies concerning road maintenance are 
given here: 

• Wood and paper sectors will be more important in the 
future for the well-being of Lapland, and it is essential to 
invest in roads used for transportation on this sector. 

• Tourism will increase considerably in the future and 
the main road network to the holiday resorts in the north 
toward the Norwegian border, to the northwest and to 
Sweden, and to the east crossing the Russian border will 
get a special emphasis. 

• The triangular area in the southwest part of Lapland 
encompass most of the population. In some road sections 
congestion is already severe and the road standard is not 
always up to that of the nation in general. Thus, invest
ments are needed . 

• The population of northernmost Europe is consid
erable; thus, increased contact between Norwegian, 
Finnish, and Russian Lapps is potentially strong, but is 
dependent on a good west-east road network. 

• The potential of commerce and tourism between 
Lapland and the Kola Peninsula emphasizes the impor
tance of a transborder road network. 

For the planning period of 1992-1995, about 450 million 
marks/year have been allocated to the Lapland road dis
trict ($1.00 U.S. = 6 Finnish marks). In 1992, 440 million 
marks were used. Almost 50 percent of the funds are be
ing used for rehabilitation, 30 percent for summer and 
winter maintenance, and the remaining 20 percent for in
vestment projects. However, because of the severe eco
nomic recession, the budget level will be cut drastically. 

Maintenance of Paved Road Network (HIPS) 

Input to HIPS Model 

FinnRA uses the HIPS mainly to analyze the road network 
of the whole country and to allocate funds to the nine 
highway districts. However, HIPS is a practical and effi
cient tool for gathering more precise results concerning 
one highway district and for facilitating decisions on how 
to allocate the rehabilitation funds to different roads. The 
system used in this study is basically similar to FinnRA's 
model. The main difference concerns the problematic part 
of Lapland's road network: the HIPS model was adapted 
to take into account roads that have extremely low traffic 
volumes and without national importance but that are es
sential to the well-being of the local population. 
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The road network of Lapland was divided into nine 
subnetworks depending on pavement type, average daily 
traffic (ADT) volumes, and the functional class. There 
were three pavement classes: asphalt concrete main roads, 
soft asphalt main roads, and soft asphalt secondary roads. 
The ADT classes were chosen to reflect relative low, 
medium, and high traffic volumes on the respective pave
ment types just mentioned. For the asphalt concrete main 
road network, the ADT classes are less than 1,500, 1,500 
to 6,000, and more than 6,000 vehicles per day; for the two 
other classes the boundaries are considerably lower: less 
than 350, 350 to 800, and more than 800 vehicles per day. 
The classification made it possible to evaluate different 
maintenance policies between asphalt concrete and soft 
asphalt roads and ADT classes. 

The HIPS analysis requires the following input data 
from each of the nine subnetworks: 

• Current condition: roughness, bearing capacity, ruts, 
and defects were produced from the condition register. 
The time lapse between the last measurements and this 
study was insignificant (less than 1 month). 

• Average daily traffic to calculate the user cost. 
• Current budget levels for different subnetworks. 
• Condition constraints that were chosen according to 

the FinnRA's policy. 
• Agency costs, allowable states input data, and tran

sition probability models were the same as those used by 
FinnRA. 

The application of the FinnRA's network-level PMS to 
the case of one highway district is straightforward and 
there is thus no need to explain it in more detail. 

Results of HIPS 

The starting point of the HIPS analysis is the current con
dition of the nine subnetworks versus target condition set 
centrally by FinnRA. With a given budget framework 
those rehabilitation actions are suggested that minimize 
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both social cost (i.e., agency and user costs) and deviation 
from target condition. The optimization period is 8 years. 

In Figure 1, user cost savings for the total network are 
shown as a function of different budget levels. The savings 
are estimated after 6 years of rehabilitation actions pro
posed by the HIPS model and are calculated as differences 
from the current situation where the annual budget is 100 
million marks. 

There is a steep decline in user costs as a response to re
habilitation actions up to a yearly budget level of 150 mil
lion marks. For a 25 million mark marginal increase in the 
pavement management budget, the user costs decrease 
about 15 million marks annually. On the other hand, the 
relative user benefits from a rehabilitation budget of 175 
million marks or more are far less striking. A 25 million 
mark/year increase in pavement management investments 
benefits the users by only about 5 million marks, implying 
diminishing marginal returns. 

In Figure 2, the development of the road condition fol
lowing to different budget levels is presented for the sub
network of "soft asphalt main roads," the total length of 
which is 1157 km. The condition (bearing capacity, 
roughness, ruts, and defects) is presented after 8 years. 
The different budget levels used were 14 million, 31 mil
lion, and 45 million marks, whereas the current budget 
level is 25 million marks. Similar analyses were performed 
for all nine subnetworks. 

As to bearing capacity and roughness, the actual bud
get level is satisfactory whereas the amount of ruts and 
defects would increase in comparison to the target condi
tion. The target condition would be reached or exceeded 
in 8 years only with a considerable increase; in fact, al
most a doubling would be necessary (from 25 to 45 mil
lion marks) in the funds allocated for this pavement class. 

As a summary covering all the nine subnetworks, the fol
lowing conclusions concerning pavement maintenance 
can be obtained: 

• The current budget level (130 million marks) is sat
isfactory because the main road network can be main-
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FIGURE 2 Condition development with different budget levels. 

tained in good condition and the other subnetworks 
approach the target condition although they do not reach 
it within the study period. 

• It is unacceptable to decrease the budget level to 80 
million marks because this would mean that the condition 
of all subnetworks deteriorates. 

• The economic depression Finland is facing does not 
allow for an increase in the current budget level, although 
the optimal budget resources should be increased to 160 
million marks to meet the pavement condition targets set 
by FinnRA. 

Presentation of Results 

The results of the HIPS analysis were presented to the 
management personnel of Lapland district in three 1-day 
semmars. The seminar program covered the following 
topics. 

• Theoretical foundations of the model: definition of 
agency and user costs, optimization procedure, and sub
networks. 

• Presentation of aggregate results for the nine subnet
works: actual versus optimal budget level, and develop
ment of the road condition due to proposed budget cuts. 

• Analysis of the concrete rehabilitation actions sug
gested by the HIPS model subject to different budget 
levels. 

Summer and Winter Maintenance (AHP) 

For the allocation of summer and winter maintenance 
budget, the Analytical Hierarchical Process (AHP) was 
chosen as a comprehensive maintenance management sys
tem and is still under development in Finland. AHP is a 
method involving pairwise comparisons that allows the 
selection of best action or alternative among different pol
icy options [for theory see work by Saaty (7)]. AHP was 
used to evaluate the appropriateness of the level of funds 
allocated between different actions of summer and winter 

maintenaqce assuming, however, that the total budget is 
optimal. The respondents consisted of district manage
ment and operation staff; road users were not interviewed 
at this stage. 

The hierarchy consisted of two levels. In the first stage, 
road users were classified into four functional classes: 
commerce/distribution, local inhabitants, industry, and 
tourism. The respondents agreed that the most important 
classes were the two last ones. These classes were given a 
more important weight implying that maintenance ac
tions on the road networks serving these two user groups 
were valued more than on other subnetworks irrespective 
of, for instance, total traffic volumes. The second level 
consisted of four subnetworks: asphalt concrete roads, 
soft asphalt main roads, soft asphalt secondary roads, and 
gravel roads. The results of summer maintenance are 
summarized in Figure 3. 

Major divergencies were found in funds used and funds 
needed to accomplish actions related to the level of service 
standard, which represent 12 percent of the total mainte
nance funds. Maintenance personnel appear to prefer 
construction-based actions, as opposed to providing ser
vices to road users. According to their preference setting, 
it would be possible to save up to 6 million marks annu
ally in summer maintenance activities such as mowing, 
cleaning, putting up signs, and painting. On the other 
hand, dust removing, grading, and forestry actions need 
more funds than they are currently allocated. However, 
were the road users included in the hierarchy setting, the 
results would probably have been different in this respect. 

Investments 

The average yearly investment budget level of Lapland 
has been about 100 million marks. This represents a con
siderable amount of the total demand or the gross re
gional product of Lapland's economy. To analyze the 
effects of the aggregate level of investments on the re
gional economy, it was assumed that the investment bud
get would be decreased to 70 million marks or increased 
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FIGURE 3 Summer maintenance, actual expenses versus AHP weighted budget. 

to 130 million marks. The calculations were made with a 
regionalized input/output model and the results are sum
marized in Table 2. 

The monetary multiplier effect presented in Table 2 
makes it possible for the companies of Lapland to hire 
600, 720, or 950 additional employees for the three bud
get levels, respectively. On the other hand, if the invest
ment budget of Lapland is cut from 100 million marks to 
zero, as suggested, the region's enterprises lose almost 200 
million marks as direct and indirect income and the num
ber of unemployed increases by more than 700 persons. 

In the second stage, different investment projects were 
compared. In addition to conventional cost-benefit analy
sis, further information about each project was obtained 
by calculating the indirect multiplier effects of user cost 
savings. It turned out that the heavier traffic there was, the 
more benefits the project would yield in terms of produc
tivity gains and increased sales and employment. 

Road keeping is not market-driven in Finland but is fi
nanced through general taxation, so the long-term effects, 
direct as well as indirect, should be taken simultaneously 
into account by the government when allocating funds for 
road upkeep. If the highway investment monies are cut, it 
would be necessary to increase the unemployment funds 
or to stimulate the regional economy by other means. 

TABLE 2 Multiplier Effects of Road 
Investments (million marks) 

Yearly budget level 70 100 

Multiplier effects/ sector 

Agriculture 3 3 

Industrv 53 75 

Transoorts 53 77 

Services 27 38 
Total 136 193 
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Summary of Results 

Comparison of user cost savings from highway invest
ments and pavement management actions showed that al
location of funds between these two subcomponents was 
not straightforward. Depending on traffic volumes and 
the composition of traffic, total benefits from investments 
in urban areas appeared to exceed those of pavement 
maintenance on rural gravel roads. In economic terms, 
this means that the marginal benefits of 1 mark invested 
in congested areas exceed the marginal benefits of 1 mark 
used for rehabilitation of rural gravel roads. It is thus 
probable that rehabilitation and investments are, mathe
matically speaking, nonseparable and that a simultaneous 
optimization model for the two subcomponents is essen
tial for maximizing the welfare of the society of Lapland. 

Presumably maintenance is also nonseparable from re
habilitation and investment. This being the case, it is of 
primary importance to develop a comprehensive model to 
cover all road keeping actions, as nonseparability implies 
that optimization or decision making cannot be made sep
arately for different actions but the allocation of funds 
must be done centrally and simultaneously. 

CONCLUSIONS 

In this paper, the most significant issues and problems in 
the implementation of pavement management systems in 
Finland were presented. The major implementation prob
lems were related to human issues and the implementing 
agency. Yet successful implementation depends heavily on 
the agency's confidence that the system is well supported 
by the organization and that the development process will 
be continued and enhanced in the future. 

On the other hand, following to the results of the Lap
land case study, it is evident that rehabilitation, summer 
and winter maintenance, and highway investments can-
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not be viewed independently of each other. Road keeping 
must be seen as a whole and the optimization of its sub
components has to be done simultaneously. Mathemati
cally speaking, this means that pavement maintenance, 
summer and winter maintenance, and highway invest
ments are nonseparable from each other and that the op
timization function has to cover them all. 
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Implementation of Pavement Management 
System in Spanish State Road Network 

Oscar Gutierrez-Bolivar and Francisco Achutegui, 
Centro de Estudios de Carreteras, Spain 

The Spanish Ministry of Public Works and Transport has be
gun to implement a pavement management system for its 
road network. Studying the experience of other authorities 
has been extremely important in selecting a method. The aim 
was to adapt the system to the circumstances of the network. 
The system is being implemented in stages in order to produce 
results as soon as possible and to not lose the advantages of 
a rigorous approach. The existing requirements and re
sources available have been considered in selecting the data 
to be collected. Some of the problems that have arisen during 
the work have been solved, and it is hoped that others will be 
solved in the future. The first stage has been implemented, 
and work is under way on the second stage. 

The road network managed by the Spanish Ministry 
of Public Works and Transport covers 20 000 km, 
of which 2000 km are toll motorways, 4000 are 

expressways, and the remainder are single-lane highway. 
The 2000 km of motorways are managed under conces
sions by private companies that are responsible for their 
maintenance. In geographical terms, Spain is divided into 
provinces, in each of which is a head of maintenance. 
These provincial heads report to regional heads, who in turn 
report to the director general for roads. 

Although there are more than 300 000 km of roads in 
Spain, the majority of road transportation uses the Min
istry of Public Works ' network. In addition, 85 percent of 
land transportation in Spain uses the roads, and 70 per-

cent of truck traffic is supported by the state roads. This 
network therefore is of fundamental importance to the 
country's transportation system. In other words, the state 
network, which accounts for 7 percent of the roads, car
ries more than 70 percent of the truck traffic of the entire 
country. The average annual daily truck traffic (AADTT) 
of the entire network is 1,390 per road. For this reason, 
bearing in mind that the maximum axle weight permitted 
is 13 tons, the network withstands considerable loads. 
Concern was therefore expressed by those responsible 
that the method of road rehabilitation be improved as ef
fectively as possible. To this end, it was decided to develop 
a pavement management system (PMS) (1 ). 

Few governments in Europe have fully developed 
PMSs; many of them are still in the early stages of imple
mentation (2). In Spain, the Ministry of Public Works and 
Transport commissioned the CEDEX Road Research 
Center in 1991 to draw up a PMS for its road network. 
The first phase of the system is being implemented now. 
The experience of other authorities, especially in North 
America, has been extremely useful in choosing the 
methodology to adopt. 

The rest of this paper deals with the problems that 
arose during the development of the system. From the ex
perience observed in other countries' systems (J), prob
lems that often arise in operating systems happen because 
either the data have not been properly selected or the sys
tem is so complicated and sophisticated that it is difficult 
to adapt it to varying circumstances. The process that was 
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adopted and the decisions reached, taking into account 
the effects that they would have when the system entered 
operation, are analyzed in the following. 

Although it is true that the first results of the PMS were 
available in 1992 and experience in operating the system 
is very recent, an explanation of why one method was 
chosen over another could prove of interest. 

GENERAL DESCRIPTION OF SYSTEM 

As mentioned, the experiences of other authorities were 
considered when the system was designed. Special consid
eration was given at this stage to various AASHTO guide
lines (4, 5). 

Several possibilities were examined during system de
sign. The first of these involved whether to make a new 
design from scratch or to buy a ready-made system. To 
this end, several systems were analyzed and special atten
tion was also paid to the methods and means already 
available. Pavement management had been carried out for 
several years using a certain methodology and particular 
means, and for this reason it w.:;s decided to take maximum 
advantage of this whenever possible. This ruled out all 
commercial systems and left the possibility of changing 
the methods and means. The ones already in use generally 
appeared to be effective, and it was not thought necessary 
to make any major changes. It was therefore decided to 
adapt the system chosen to the existing circumstances, 
rather than the other way around (6). 

One alternative was whether to implement a system 
that covered all requirements, one that would cover a long 
period of time, or one that was simpler. The fact had to be 
taken into account that no data base was available in 
which information had been stored in the past; for this 
reason, a compromise solution was reached, consisting of 
implementing the system in three stages. These stages 
could be characterized in terms of implementation of the 
three analysis methods proposed in the AASHTO Guide-
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lines on Pavement Management Systems (5), in other 
words pavement condition analysis, priority assessment 
models, and network optimization models. Doing this 
would avoid the use of prediction models not adapted to 
the pavements in the Spanish network, which could have 
led to considerable errors. Furthermore, it would be pos
sible to use a simpler system while the models continued 
to be studied. 

In the first stage, therefore, indexes were assigned to 
each road section. Action was assigned in accordance 
with traffic levels, pavement distress, and pavement type. 
For this purpose, it was assumed that the useful life of the 
road works would be equal when attempting to resolve 
similar problems. A priority was assigned to each item of 
action and was costed. This meant it was possible to take 
a given budget and select road work actions to be carried 
out or to ascertain the means required to maintain the net
work in a particular condition. 

User costs were not considered during th is first stage 
and may not be considered in future stages. It is very dif
ficult to qssess them, and it is not usual to take into account 
high levels of roughness that would considerably increase 
these costs. Loads are high and traffic is intense, in gen
eral, in Spain, so pavements have a considerable thickness 
of aspha lt concrete or cement-treated layers and are there
fore fairly rigid (Figure 1 ). Pavements with more than 
15 cm of asphalt concrete plus rigid and semirigid pave
ments amount to 61 percent of the total, whereas flexible 
pavements with less than 7 cm of asphalt concrete only 
make up 13 percent. The authors' experience is that sur
face evenness does not vary much over the life of Spanish 
pavements and hardly affects users. For example, Figure 2 
shows a surveyed section of the road N-501, which has 
12 cm of asphalt concrete over a granular base. Roughness 
is good, fluctuating from an international roughness in
dex (IRI) of 1.2 to 2. 7, while cracked areas reach 50 per
cent. In other words, there comes a time when it is 
necessary to rehabilitate pavements before users are 
affected to any substantial extent. 

C'on('rrtr (4.0 1;) 
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FIGURE 1 Types of pavement, Spanish network. 
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FIGURE 2 Cracked area, roughness (Road N-501). 

Figures 3 and 4 show the results of running the World 
Bank HDM-III program, for a typical section of the Span
ish network designed for an average daily truck traffic 
(ADTT) of 180, with 15 cm of asphalt concrete over gran
ular base. It was assumed that traffic does not grow, so 
that the evolution of vehicle operation cost could be related 
only with the evolution of roughness. Although the model 
uses asphalt concrete with lower moduli than those used 
in the Spanish network, it confirms the authors' experi
ence. The same does not happen with more flexible pave
ments, but these are less common and carry less traffic. 

This first phase is already in operation. For the second 
phase it will be necessary to develop prediction models 
that enable different courses of action to be allocated to 
each road section and the most appropriate ones to be 
chosen over a particular period of time. It is to be hoped 
that with the information already gathered, model design 
can begin. Some sections have borne different numbers of 
axles and are in a differing condition, although they have 
the same pavement types. In other cases it will be neces
sary to wait. 

During the third stage it will be possible to choose the 
most suitable courses of action, not for each road section 
but for the entire network as a whole. 
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FIGURE 3 HDM-ill run for IRI and percentage of cracked 
area for 1-km section of Spanish network. 
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Each road in the network has a name, and each road sec
tion is referenced according to the distance from the last 
post. Throughout the system are posts at 1-km intervals. 
Occasionally, when modifications are made to the hori
zontal alignment, this distance between posts can vary. As 
a result of the inventory of the geometrical characteristics, 
carried out at set intervals and using vehicles, the distance 
between the posts is known and each point can be prop
erly located. In addition to the vehicles taking this inven
tory and obtaining other information, global positioning 
systems have been brought into operation that enable co
ordinates to be assigned to each point with a high degree 
of accuracy. From the outset, prime importance was 
placed on the reference system since, without this, it 
would be impossible to proceed. 

Inventory 

Many roads in Spain were built on older roads, even on 
old Roman roads. Over the years these roads have been 
modified on many occasions. Preparing an inventory that 
contained full details of all pavement layers was not an 
easy task. Modifications have been made not only along 
their length but also in their cross section. If the highway 
personnel directly responsible had been asked to carry out 
a detailed inventory, there would have been a risk of noth
ing being done, as the task was almost impossible. A 
method was therefore chosen by which the personnel re
sponsible described the composition of the pavements 
along their section of road, which could be considered as 
a single homogeneous unit. 

The information included highway width, shoulder 
width, type of surface, type of layers and their thicknesses, 
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and details of past rehabilitation work done. The only in
formation obtained for the subgrade was whether or not 
it had been treated with cement, given the difficulties in
volved. Details were also provided as to whether the pave
ment was uniform in a transverse sense (7). 

Equipment is being studied that, using radar, can check 
the thicknesses and some of the characteristics of layers. 
The use of falling weight deflectometers (FWDs) together 
with backcalculations will also enable the moduli of dif
ferent layers to be ascertained. 

Traffic 

The figures for the average annual daily traffic (AADT) 
and the AADTT were taken into account, the latter to 
provide information on loads and the former to ascertain 
how the condition of pavements affected road users. The 
weights of vehicles are measured using weigh-in-motion 
equipment. Up to now, only the AADTT has been consid
ered in each road section, but soon details of the distribu
tion of the loads on them will be available. 

Pavement Condition Surveying 

Two types of information were examined in establishing 
the condition of the road network: information on dis
tress and on the coefficient of friction. The former was 
mainly used to establish the degree of fatigue and rutting; 
the latter is fundamental for vehicle safety. 

To establish the structural capacity on various sections, 
deflectometers such as the Lacroix, the Curviameter, and 
the FWD were used. The Lacroix and the FWD performed 
poorly. The Curviameter takes measurements at 18 km/hr 
but its use is still in the study stage. Although there is con
siderable experience in Spain in designing rehabilitation 
work using deflections, it has not been used in the PMS be
ca use it is a lengthy and costly process. It is hoped that 
better-performing equipment will be used in the future. 

Ride quality is another parameter being measured on 
roads, but it has still not been incorporated into the PMS. 
The IRI has been adopted as a measure of roughness and 
will soon be incorporated into the system. 

Distress 

To assess the condition of pavements, a visual pavement 
inspection method was designed. It was necessary to dis
tinguish between distress caused by fatigue and that 
caused by other wear. For this purpose, each lane was di
vided into five zones, and fatigue was considered only in 
the wheelpath zones. Within the latter, a distinction was 
made between longitudinal cracking, crazing, alligator 
cracking, and potholes. Distress was also considered 

away from the wheelpaths, along with other types of wear 
such as rutting. The severity of the distress was not taken 
into account; in other words, it was a question of keeping 
the system as simple as possible with minimum reliance 
on individual personal assessments. This meant that al
though there was less information, that which existed was 
more objective and different sections could be compared 
reliably. Earlier experiences had proved that detailed in
spections in which personal assessments weighed heavily 
led to problems. 

These inspections were carried out mostly on foot, but 
in some cases vehicles were used to obtain video images. 
It will be necessary to improve the resolution of the videos 
to be able to use them in a general way in the future . They 
have the advantages of being more objective, accurate, 
and easy to repeat, and in the longer run it will be possi
ble to process the images automatically. This subject is un
dergoing study and will constitute a considerable advance 
in the PMS. 

Safety 

To measure the friction factor that is so important for 
safety when pavements are wet, the Sideways-Force Coef
ficient Routine Investigation Machine (SCRIM) is used. 
This equipment has been used for some years on the net
work with good results. Texture is also measured using 
vehicles equipped with laser-operated measuring devices, 
but these devices have not yet been incorporated into 
the PMS. 

Although there were problems some years ago with rut
ting it hardly exists now with the current way that asphalt 
mixes are designed. Nevertheless, rutting is one of the dis
tresses measured during the visual inspection process. 

INDEXES 

To select indexes, the possibilities were to use several sim
ilar indexes or one combined index. Many authorities 
combined roughness with distress, but experience on the 
road network in Spain, as mentioned does not enable the 
use of these combinations because current information 
suggests that roughness develops in a different manner 
from the other forms of distress. In addition, no informa
tion was available on the evenness of the pavements on 
initial construction; consequently, surface evenness and 
other forms of distress were treated separately. 

Combining a distress index with an index with an in
dex for the friction coefficient was ruled out because dif
ferent treatment is required to solve these problems. In 
other words, different indexes were selected with respect 
to each problem that could require a separate type of 
treatment. During the first stage, a structural index was 
chosen, consisting of the percentage of the length of a lane 
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showing distress as a result of fatigue, from 0 in the best 
case (with no distress) to 100 in the worst case. 

As far as the friction coefficient was concerned, a some
what more complicated value was adopted as the index, 
one that basically consists of taking the value exceeded by 
95 percent of the measurements. 

ACTIONS 

Actions have been divided into two types, one relating to 
the structure and the other to the surface, depending on 
the index involved. Structural actions were the pavement 
type, the heavy traffic rate, and the index. Action is as
signed as a function of combinations of these factors. It is 
assumed that in each case the structural rehabilitation 
work will last for 10 years. A financial cost is assigned to 
each action. Surface actions were the overall traffic, the 
road type, and the index. In this case, the problem can be 
resolved in a similar manner in all instances. The financial 
cost of the action is also examined, as in the previous case. 

Thresholds are set in both cases, below which no action 
is assigned apart from routine maintenance. 

PRIORITIZATION 

For structural actions, priority is given to sections with a 
higher density of heavy traffic and increased distress. 
Where these factors are equal, priority is given to the less 
flexible pavements. Considering the heavy traffic density, 
distress, and pavement type, each section is allocated a de
gree of priority and, where two sections are similar, prior
ity is given to the one with the highest AADTT. The aim 
of this ranking is to give preference to roads in which more 
resources have been invested, which are usually those with 
the greatest traffic. This criterion also benefits road users. 

For actions to improve the friction factor, priority is 
given to roads with a higher AADT and a lower index. 
Single-lane roads are given preference over dual-lane 
roads, because a higher coefficient of friction is usually 
more important on them. In short, preference is given to 
the sections where there is a greater effect on road user 
safety. 

IMPLEMENTATION 

The main problems before implementation were the in
ventory and visual pavement surveying. It was difficult to 
know the thicknesses of the layers and the times when 
they were constructed because of the lack of records at the 
time. Surveying many kilometers of road was also hard, 
and a new, faster method was provided to reduce the 
amount of and accelerate the work. For the next cam
paigns a new method has been developed and is ready 
for use. 

At present the system has been run only for first time, 
therefore experience with it is not great. Nevertheless, this 
short experience appears to be good and convincing for ob-
taining funds for road rehabilitation. Contrast between 
the system results and the provincial manager's opinion 
has been fulfilled in most cases. Table 1 gives action costs 
calculated with the system and the real project cost. Al-
though in some cases differences are large, the average 
is good. 

All the actions proposed by the system were ordered 
with the prioritization criteria and show the cost and ac-
cumulated cost (Table 2). 

TABLE 1 PMS Costs of Actions Versus Project Costs. 

COST MPTASLKM 

ROAD START END PMS PROJECT 

N00002 464.80 465.90 13.83 21 .19 
N00004 52 .70 58 .75 33 .07 27.73 
N00004 58.75 59 .35 33 27 .73 
N00006 407.00 407 .10 11.75 12 .23 
N00006 407 .10 408.00 21 12.23 
N00006 408.00 420.00 14.70 12.23 
N00006 421.80 424 .00 14.68 12.23 
N00006 424.00 424.50 9.20 12.23 
N00006 427 .30 427.60 16.67 12.23 
N00006 427 .60 432 .00 13.73 12.23 
N00110 189.70 189.73 6 .19 17.46 
N00120 426.00 426.65 21.08 14.81 
N00120 426.65 427.00 21 .14 14.81 
N00120 427.00 429.50 14.72 14.81 
N00122 458.00 458.06 16.83 11 .92 
N00232 405.90 411 .60 15.85 34.86 
N00234 28.90 31 .00 14.24 8.13 
N00234 31 .00 33 .70 13.19 8.13 
N00234 33.70 36.00 17 .17 8.13 
N00240 118.40 11 8.44 11.50 6.99 
N00260 476.00 477.90 9.89 4.53 
N00260 477.90 478.00 3.30 4.53 
N00502 20.60 20.70 11. 75 10.33 
N00502 77 .40 77 .50 4.40 17 .76 
N00620 192.99 193.00 17.64 18.28 
N00625 40.90 62.00 10.64 25.42 
N00625 115.14 121. 70 10.08 12 .15 
N00625 130.00 131 .00 9.90 12 .1 5 
N00630 152.00 153.00 21 13.98 
N00634 148.40 149.30 8.85 3.38 
N00634 154.00 172.00 10.72 3.38 
N00634 172.00 173.70 5 .06 3 .38 
N00004 53.00 58.80 27.62 27.73 
N000041 58.80 59.35 22 27.73 
N00004 81.72 81.88 14.38 23.63 
N00004 250.00 250.60 14.50 21.33 

AVERAGE OF DIFFERENCES : -0.09 
STANDARD DEVIATION 6.93 
AVERAGE OF ABSOLUTE VALUE OF DIFFERENCES : 5.51 
STD OF ABSOLUTE VALUE OF DIFFERENCES : 4 .20 
MAXIMUM DIFFERENCE : 19.01 
MINIMUM DIFFERENCE : 0.09 
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TABLE 2 Prioritization Table 

STARTING 
PRIORITY ROAD CARRIAGEWAY KM POINT 

l N-538 Single 965.6 

2 N-679 Single 330.8 

3 N-287 Right 4.0 

.. .. 

As the budget was not large enough for all actions, the 
top manager decided to select sections until the budget 
was completed. All the other actions were postponed for 
future years. One-third of the total cost of the structural 
rehabilitation proposed by the system was accepted. In 
the case of surface rehabilitation, two-thirds of the total 
cost was accepted. The reason for this larger acceptance is 
that costs are lower than in structural actions and that 
safety concerns exist. 

CONCLUSIONS 

During the first stage, the work necessary to implement a 
PMS has been carried out. The aim has been to adapt the 
system to the means available and to the requirements of 
the network. 

An effort has also been made to implement a simple 
but rigorous system as soon as possible. The complicated 
systems used by other authorities ~ere ruled out because 
of the difficulties in adapting them and because they did 
not solve the problems of the Spanish network. It was also 
decided not to wait for a complicated system of special 
design to be made available. Preference was given to im
plementing the system to achieve results as quickly as 
possible. 

Although there were difficulties over gathering data, it 
has already been possible to use the system to prepare net
work rehabilitation plans. Proposals for the PMS have 
been compared with the requirements of each province in 
Spain and with the projects carried out. The results of this 
comparison have been satisfactory. 

Difficulties have arisen in this work, some of which 
have partly been overcome; others still need to be solved. 
The inventory needs to be improved to provide more de
tails of pavement characteristics. It will also be necessary 

ENDING TYPE CUMULATIVE 
KM POINT OF COST COST 

970.7 A-2 177.6 177.6 

334.0 A-3 101.0 278.6 

9.5 S-3 115.5 394.l 

. . .. .. 

to adapt the visual inspection process so that it can be au
tomated, if possible, or simplified. Information on rough
ness and deflection also needs to be incorporated. 

Work on the subsequent stages is under way, and it is 
hoped that prediction models will be available soon for 
comparison with actual circumstances. 

Considerable benefit is expected to result from the 
PMS. In addition to more effective management, there 
will be increased knowledge of the performance of pave
ments and construction techniques. 
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A brief background is given to the implementation of a pave
ment management system in the Transvaal Provincial Ad
ministration in the Republic of South Africa. The system has 
been in place for 8 years and provides valuable information 
in terms of the overall condition of the road network and its 
deterioration over time. The pavement management system 
primarily utilizes visual inspections to assess the network 
condition and to prioritize resealing and rehabilitation. The 
current visual inspection procedure is described briefly, and 
the various changes that have been made and problems that 
have been experienced with this procedure over time are de
scribed. In view of the fact that reseals are prioritized on the 
basis of road condition, the poorer roads have been sealed 
during periods of severe budget constraints. This has led to 
neglect of the better-quality roads, which in their turn have 
deteriorated significantly. More recently the approach to re
sealing has been changed so that resealing is prioritized on a 
cyclical basis for each road, with condition playing a smaller 
role. The current intention is to try and maintain the better 
roads and to abandon the very poor roads because of severe 
budget constraints. The road network condition is deterio
rating, and funds have been reallocated from other sources to 
prevent the deterioration. A combination of user operating costs 
and road maintenance costs is used to prioritize the rehabil
itation and reconstruction work. The problems in carrying 
out rehabilitation work in the past and with present proce
dures in a period with decreasing budgets are described. 

The Roads Branch of the Transvaal Provincial Ad
ministration (TPA) administers the planning, con
struction, and maintenance of 44 000 km of road 

in the Transvaal Province of South Africa. These roads in
clude roughly 200 km of freeway and 20 000 km of black
top roads; the remaining roads have a gravel wearing 
course. A pavement management system (PMS) for the 
surfaced road network was initiated in 1982 and fully im
plemented in 1985. The system has gradually been refined 
over the last 8 years while funds for road maintenance 
and rehabilitation have dwindled. More recently, funds 
have been reduced significantly and the adoption of the 
most cost-effective rehabilitation strategy has become a 
primary goal of the system. 

The current system is described briefly and some of the 
changes that have had to be made during the above period 
and problems experienced with system implementation 
are examined. In addition, some of the current issues be
ing addressed and changes envisaged are described. 

BACKGROUND 

The PMS forms one part of a reasonably comprehensive 
road network management system that includes, among 
other elements, a 

• Geometric management system (1 ), 
• PMS, 
• Maintenance management system, and 
• Gravel road management system. 

217 
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Several other information systems such as a traffic count
ing system and collision reporting system are also 
included. 

Environment and Pavement Performance 

In view of the high cost of the bituminous materials in 
South Africa and the relative abundance of reasonable to 
good-quality natural gravels, most pavements consi~t of 
granular layers with thin bituminous surface dressmgs. 
The granular layers range from natural gravels through 
cement-stabilized gravels to high-density crushed stone 
layers . . 

The climate in the Transvaal varies from dry areas with 
rainfall of approximately 300 mm/year to extremely wet 
areas with annual rainfall figures of over 2000 mm/year. 
However, these latter wet areas are extremely limited; 
most of the province has a rainfall of less than 600 mm/ 
year. Most of the rainfall occurs in the form of short thun
dershowers during the summer rather than long soakmg 
rams. 

In view of the environment, most pavements perform 
satisfactorily when constructed from granular materials 
provided that the surfacing is kept well sealed and surfac_e 
runoff is adequately accommodated. In places, subsoil 
moisture occurs, and this is kept out of the pavement by 
using either deep side drains or subsurface drains. 

Daytime temperatures range from 16° to 30°C, and 
night-time temperatures range from 0° to l8°C. Frost 
occurs at night in some of the higher areas, but no freeze/ 
thaw situation needs to be catered to. 

Pavement distress normally occurs in the form of grad
ual rutting or other permanent deformation due to densi
fication of some of the granular layers, followed by 
crocodile cracking of older surfaces, water penetration 
into the granular layers, and further shear failures of the 
wet materials. The PMS is primarily aimed at ensuring a 
watertight surfacing layer by means of regular resealing 
and at providing some minor rut filling and smoothenmg 
using coarse slurries. In the extreme situations where the 
riding quality has deteriorated significantly, reconstruc
tion or the addition of one or more pavement layers, 
followed by resealing is normally considered as a rehabil
itation option. In view of the fact that much of the Trans
vaal is at an altitude of more than 1000 m, hardening of 
the bituminous material because of ultraviolet radiation 
and oxidation is common, and diluted emulsions are gen
erally applied between resealing operations to i_mp~ove 
the waterproofing of the surfacing and to extend its hfe. 

Organization 

The province is divided into four regions, and the respon
sibility for road maintenance in each region is assigned to 

the regional engineers. They obtain support with respect 
to materials, pavement design, and pavement manage
ment from a centrally located materials directorate. How
ever, the regional engineers are not obliged to carry out 
any work in accordance with the outputs of the PMS, and 
they have a significant input into the final treatment se
lected and the prioritization of projects within the region. 
The staff within the materials directorate attempt to ensure 
some degree of uniformity with regard to priorities across 
the regions and are responsible for combining the regional 
priorities into an overall resealing program for the 
province. 

Funding 

In view of the current status of political developments in 
the country, the decision makers are reducing all capital ex
penditure on the infrastructure in favor of expenditure on 
social upliftment. The maintenance of the existing road 
network therefore receives priority and even then funds 
are severely restricted. 

IMPLEMENTATION 

The PMS was implemented m phases, with associated 
problems, as follows: 

• Departmental visual evaluations of the entire sur
faced road network: This had the advantage that all wads 
were inspected on a link-by-link basis by two engmeers 
with the result that reasonably uniform visual inspections 
were achieved, but severe strain was placed on the in
spectors. This strategy could only be kept_ up for 1 yea_r, 
after which only part of the network was mspected. This 
made it difficult to present details of overall network con
dition over time. 

• Visual evaluations by seven consultants on a re
gional basis: This facilitated the inspections but led to 
some nonuniformity between inspectors. Detailed docu
mentation of inspection procedures and training, in
cluding "test" inspections on selected links to prove 
competency prior to carrying out network inspections, 
has improved the situation. 

• Implementation of a detailed network inventory of all 
surf aced and gravel roads: This is to ensure consistent link 
descriptions and to add traffic information to the PMS. 

• The inclusion of pavement structure data, resealing 
history, and riding quality measurements of the entire sur-
faced road network in the PMS. . . 

• Modification of procedures and algorithms: This 
previously only considered visual inspection data to de
termine resealing needs, to also utilize traffic, riding qual
ity, pavement structure, and resealing history in a more 
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comprehensive algorithm that also identifies rehabilita
tion needs. 

Traditionally, the PMS in the Transvaal has been aimed at 
optimizing periodic resealing of the road network. This is 
primarily carried out using annual visual evaluations of 
the entire surfaced road network, followed by panel in
spections of selected projects. Limited additional riding 
quality data and other information on the pavement are 
currently also used to select rehabilitation options. As in
dicated above, the network has now deteriorated in places 
to the extent that surface treatments are no longer ade
quate, but funds for major rehabilitation are not avail
able. The past procedures and adaptations thereof and the 
present strategy being implemented to address this prob
lem are set out in the following sections. 

Components 

The TPA PMS has the following major components: 

• Inventory: A fairly detailed inventory exists within 
the province and selected information is extracted for the 
PMS. This mainly involves items such as the kilometer 
distances and descriptions of each individual road link, 
the road type (i.e., whether it is a freeway, dual carriage
way, or conventional two-lane road), and the surfaced 
width of the road. 

• Traffi,c: Traffic information is obtained from short
term traffic counts carried out at all intersections on a 
3-year cycle, as well as from axle weight analyses carried 
out at selected locations. 

• Pavement structure: Fairly detailed information on 
the pavement structure exists on the PMS that relates to 
the thickness and material classification of each individual 
pavement layer. 

• Surfacing: Surfacing details involve the start and end 
kilometer position of each surfacing layer placed over the 
life of the structure and a type code describing each layer. 

• Visual evaluations: Formal network level visual eval
uations are carried out on the entire surfaced road net
work on an annual basis. 

• Riding quality: Riding quality measurements are 
carried out using response-type devices on a 3-year cycle. 

More details about these phases of implementation and 
the associated problems follow. 

Inventory 

It was initially decided to carry out visual evaluations on 
a link-by-link basis, where a link is defined as a road sec
tion stretching from one intersection to another. The data 
are stored per road number and kilometer position. On 

the face of it, defining these links and carrying out the vi
sual inspections would appear to be simple, but in prac
tice it has proved to be extremely difficult. Links were not 
numbered, because this was expected to become compli
cated due to renumbering when new intersections were 
built. 

The major obstacle encountered involved the kilometer 
position of the intersection and the need to maintain a 
fixed value for this kilometer position to compare visual 
inspections for successive years on the link. Many arguments 
arose between the materials directorate and the regions as 
to the exact kilometer position of intersections, with the 
result that the start and end kilometer distances of links 
often changed in successive years leading to a lot of man
ual work in attempting to redefine equal links in succes
sive years in order to compare historical data over that 
link. The problem was eventually solved by carrying out 
fairly accurate measurements of the road network with 
vehicle-based electronic distance measuring equipment 
and by installing node point markers at each intersection 
identifying the road number and the kilometer position of 
that intersection. The various regions are responsible for 
installing and maintaining these node point markers and 
all the various management systems now use a common 
inventory. Visual inspections in successive years are carried 
out on forms which are preprinted with the road num
bers, kilometer distances, and descriptive information. 
Where node point problems are observed in the field these 
are noted on the form and action is taken in the following 
year to rectify this problem. 

Traffic 

In the early stages of implementation of the PMS the type 
of work to be carried out and its priority was primarily based 
on network-level visual evaluations and subsequent proj
ect level inspections by a panel of engineers and techni
cians. Traffic volumes are taken into account during these 
inspections and influence the decision on the type of seal 
and the priority of the work. More recently, the need for 
more substantial rehabilitation has increased and the se
lection and prioritization of these projects is largely based 
on excess user costs which are incurred on these roads rel
ative to user costs on roads with a reasonable riding qual
ity. Traffic counts are required to compute the excess user 
costs and these are obtained from the comprehensive traf
fic information system (2). 

Heavy vehicle volumes and axle loads are primarily 
used at the project level and not at the network level. Fur
ther work is being contemplated at the network level in 
which the expected number of E80's relative to the over
all pavement structural strength will also be used to assess 
the type of project being contemplated on poor roads. If 
the road is weak relative to the traffic load some form of 
strengthening is considered. 
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Pavement Structure 

Pavement structure information has been collected from as
built information and is stored per layer for each uniform 
section of road. At this stage the information is primarily 
used at the project level although some network-level in
vestigations have been carried out, by dividing the pave
ments into categories using the basecourse type, pavement 
age, and visual inspection details, to assess the long-term 
performance of different pavement types. The accuracy of 
the information is often suspect and it is gradually being 
improved with time as more information comes to hand. 

Resealing History 

The details of every seal and treatment with diluted emul
sion are stored by kilometer distance, with a code indi
cating the type of seal. This information is extremely 
useful at the project level to assess the performance of the 
past seals and the likelihood of good or bad performance 
of future seals. It is also fairly useful in the identification 
of rehabilitation projects as the excessive costs of placing 
seals with short lives can also be used to justify rehabili
tation actions. 

No work has been done yet at the network level to as
sess the lifespan of different types of seals and their cost
effectiveness, but such an analysis is being contemplated 
in the medium term. 

Annual Visual Evaluations 

In the early stages of implementation, all project identifi
cation and prioritization was based on the visual evalua
tions. Initially, visual evaluations were only carried out on 
parts of the network, but since 1985 this has been ex
panded to include all roads, every year. The form used for 
the visual evaluations is shown in Figure 1 and the proce
dures used have largely been standardized throughout all 
rural road authorities in South Africa (3). 

Visual evaluations were initially carried out on a link 
basis, where a link is defined as a road section between in
tersecting roads. Some of the links were as short as a few 
hundred meters while others were up to 50 km long. 

The degree and extent of 21 different distress types 
were noted and used to show the overall visual condition 
of the link. This entails the calculation of a visual condi
tion index (VCI) by weighting and combining the attrib
utes of distress. The evaluation data are also used to 
calculate several other indices to identify possible reseal
ing projects and to determine the repair measure that 
would be likely to improve the road condition. 

Some problems were experienced in that long links 
would be shown to have erroneous conditions, because 
distress might only occur in isolated areas. The inspection 
links were subsequently redefined and long links were 

subdivided into two or more segments if the overall link 
length exceeded 7.5 km. This has largely eliminated the 
above-mentioned problems. However, it is felt that the vi
sual inspection procedure may now include several un
necessary details and too many types of distress . For 
example, recording the extent of some of the distress types 
may be irrelevant on such short links as it invariably oc
curs over the entire link. 

The inspections are carried out by consultants and are 
paid for on a kilometer basis. Each consultant is allocated 
a region and some inspections across the boundaries of re
gions are carried out to compare the results of the differ
ent inspectors and to ensure uniformity. 

Riding Qualities 

Riding quality measurements are carried out using a lin
ear displacement integrator (LDI). This is a device similar 
to a Mays meter mounted in a vehicle that measures the 
displacement between the rear axle and the vehicle body. 
The results are converted to present serviceability index 
(PSI) and the latter value is stored per 100-m length of 
road on the database. Measurements are currently carried 
out by in-house personnel and a cycle time of approxi
mately 3 years is aimed for. 

In retrospect, it is generally felt that it would be prefer
able to have annual riding quality measurements, partic
ularly on the more heavily trafficked roads and on roads 
that are nearing the end of their lives and where the rid
ing quality is deteriorating fairly rapidly. The cost associ
ated with this work would, however, be fairly significant. 
Furthermore, although significant effort was put into the 
establishment of several calibration sections and the LDis 
are calibrated on these sections regularly, organizational 
problems led to a delay in the resurvey of the calibration 
sections with a result that all of the more recent riding 
quality measurements differ fairly significantly from those 
measurements made prior to the resurvey. Some adjust
ment of the measurements taken immediately prior to the 
resurvey are heing considered. 

The riding quality measurements are used, together 
with vehicle operating cost functions, to identify possible 
rehabilitation projects on a network level. They are also 
used at the project level to assess past performance and 
whether strengthening and smoothing of the road is re
quired, and to justify these improvements in economic 
evaluations. 

Procedures 

Apart from the normal data collection and storage proce
dures, several further procedures are carried out annually 
to identify problems, define projects for solving these 
problems and prioritize them, and to produce overall net-
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work conditions statistics with time. These procedures are 100 

described in more detail in the following subsections. 

80 

Visual Condition Index 

A VCI is computed from all of the defects identified dur
ing visual inspections. The formula for the condition 
index is as follows: 

VCI = 100(1 - C * F,.) 

where 

F,. = (D,. X E,. X W,.), 
C = 1/f,,max, 

VCI = visual condition index, 
D,, = degree of defect n, 
E,, = extent of defect n, 

W ,. = weight of defect n, and 
F,,max = F,,, where degree and extent of each defect are 

set to the maximum possible value. 

Each defect is weighted and the combined index at
tempts to provide an overall rating of the road condition 
in general terms. Various index limits have been estab
lished for different condition categories and the all road 
segments are grouped into these categories and their con
dition reported as very good, good, fair, poor, or very 
poor. Three other condition indexes, namely, a functional 
index, a structural index, and a resealing index, are also · 
computed using different weights and selected defects. 
These indexes are used to identify problems reflected by 
the name of the index. 

Printouts are produced in order of descending visual 
condition category and statistics in respect of the distri
bution of condition per region and per road class are pro
duced annually to assess the trend of the network 
condition with time and to identify areas with greater re
habilitation needs. An example of the overall deteriora
tion of condition with time for the Transvaal road 
network is shown in Figure 2. 

The overall statistics of network condition have been ex
tremely useful for assessing the trend in the network con
dition over time. Some minor problems were experienced 
when small changes were made to the visual evaluation 
procedures and when the formula for the index was mod
ified. These adjustments normally resulted in changes in the 
network condition statistics and resulted in some conflict
ing statistics over time, which were difficult to justify to 
decision makers. However, the statistics have proved to be 
extremely valuable when informing political decision 
makers of the need for funds for road rehabilitation. It is 
of interest to note that the road network deterioration 
rate has been very gradual in spite of the fact that only 
very few roads are rehabilitated annually. Many pave
ments are exceeding their design lives significantly, which 
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FIGURE 2 Transvaal network condition statistics . 

attests to the benefits of timely routine maintenance and 
periodic resealing. 

A further problem with this approach is the question of 
whether the general condition of a road can adequately be 
described by a single index. There are so many different 
defects resulting in loss of condition and so many differ
ent causes and remedial actions that it is doubtful whether 
these can all be reflected in a single condition index. Nev
ertheless, the resulting condition categories have been cal
ibrated repeatedly with panel inspections, and they do 
provide a very good indicator of overall network condi
tion and trends. The use of a single condition index in 
problem identification and prioritization, however, would 
appear to be somewhat limited. To a certain extent this is 
overcome by utilizing other indexes and algorithms as 
indicated above. 

Repair Algorithm 

An algorithm has been produced to provide an initial in
dication of the repair measure that is likely to be required 
for each individual road to improve its condition. These 
measures include the following: 

• Diluted emulsion, 
• Reseal using conventional binders, 
• Slurry seal, and 
• Reseal with modified binders such as bitumen

rubber. 

The algorithm is fairly detailed and is extremely useful 
for estimating the likely resealing action required. How
ever, it will be noted that the algorithm does not identify 
rehabilitation projects, and these are normally identified dur
ing panel inspections on the problem roads, and more re
cently using vehicle operating cost models as described 
below. 



TAUTE ET AL. 223 

Problem List 

After all the visual evaluations in a particular year have been 
carried out, all the various indexes are computed and a list 
of road segments is prepared by descending visual condi
tion category and, within each category, by road number 
and kilometer distance. The list also shows the likely re
sealing measure required to address the problem, com
puted using the above-mentioned algorithm. 

Panel Inspection 

Inspections are carried out annually on all roads on which 
problems are identified by the above procedures and that 
are not already included on a current resealing program. 

Staff from the Materials Directorate and the region 
normally carry out the inspection. The priority of each re
seal and the type of reseal is normally selected during these 
inspections by the panel, with the regional staff attempt
ing to maximize their allocation and the Materials Direc
torate attempting to ensure uniformity across the regions. 

The reseal program is drawn up after these inspections 
and the projects are sorted in order of descending priority 
for the entire province. The total resealing budget alloca
tion then determines the cutoff point on the list, and all proj
ects above the cutoff are carried out. 

In the early stages of implementation this procedure 
produced satisfactory results. However, as funds have 
dwindled and as road conditions have deteriorated, the 
procedure has led to a "worst first" approach, and the ap
plication of expensive seals with modified binders on 
roads in a poor condition, where some form of rehabili
tation may have been more cost-effective. In addition, as 
competition for the available funds becomes fiercer, it be
comes more and more difficult to ensure reasonable uni
formity between the regions, particularly as the Materials 
Directorate's staff involved are less senior than the re
gional engineers. 

Rehabilitation 

Most rehabilitation projects were initially identified dur
ing panel inspections and were added to the overall list of 
capital projects for the province. However, funds have di
minished to the extent that none of these projects are be
ing carried out. This has led to a significant rethinking of 
the present maintenance and resealing policies with the 
following inputs from the various management systems: 

1. All resealing funds were being concentrated on 
poorer roads and more expensive types of seals were be
ing applied, of which many were ineffective; 

2. The condition of the surfaced road network is dete
riorating steadily while other service levels such as capac
ity are not deteriorating as rapidly; 

3. The condition statistics of the primary, secondary, 
and tertiary road networks are similar; 

4. The gravel road network is roughly equal in length 
to the surfaced road network but only carries 7 percent of 
the total vehicle-kilometers. It absorbs a major portion of 
the overall maintenance budget and such expenditure 
could probably be reduced without a major effect on user 
costs; 

5. Currently, roughly 10 percent of the surfaced road 
network is in a very poor condition and repairing these 
roads for a 20-year design life could significantly exceed 
the budget expectations over the next 5 years; 

6. The maximum realistic long-term budget amount 
for rehabilitation will only allow an average rehabilita
tion cost of R200,000 ($60,000)/km if all current and ac
cruing problems on the network are to be attended to over 
the next 5 years. 

Although the TPA PMS does not currently include any so
phisticated predictive models for evaluating future reha
bilitation strategies subject to budget constraints, a few 
simple calculations based on the current network condi
tion and trends, likely budget allocations, and possible re
habilitation alternatives within the limits of the likely 
budgets, indicate a need for a review of current resealing 
and rehabilitation policies and also the need for a revised 
strategy to limit network deterioration. Detailed predic
tive models may assist in optimizing this strategy but un
til these are available, a strategy that concentrates on 
retaining the condition of good roads while at the same time 
attempting to improve the condition of the more impor
tant roads which are in a poor condition, at minimum 
cost, is likely to go a long way toward arresting network 
deterioration. 

The above considerations have led to the adoption of 
the following strategy for road rehabilitation over the 
medium term. 

1. Prioritize the work by classifying the road network 
into primary, secondary, and tertiary, depending on the 
importance of the road, and by aiming at achieving higher 
levels of service on the more important roads than on the 
less important roads; 

2. View resealing and light rehabilitation as mainte
nance and increase the total funds for this work by re
ducing maintenance expenditure on gravel roads and by 
reducing the costs of some capital works by scaling down 
of standards; 

3. Carry out preventive resealing on all roads which 
are currently in a good to fair condition in order to retain 
these conditions on these roads. The amount allocated for 
this work will allow for inexpensive reseals at roughly 
10-year intervals on these roads. Carry out this work 
based on the results of the panel inspections, but priori
tized per region; 
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4. Divide the total resealing and rehabilitation funds 
between the regions in proportion to the blacktopped 
area within each region, with some adjustments for road 
type and climate. This effectively eliminates manipulation 
of the reseal funds between regions. Some inter-regional 
transfers can be considered depending on road network 
conditions; 

5. Commission consultants to evaluate roads in the 
primary network that are in poor and very poor condition 
and to come forward with rehabilitation designs with a 
10-year life and with a limit on the average cost per kilo
meter of all rehabilitation actions. Alternative designs for 
a longer period are considered in exceptional circum
stances. 

6. Use all funds remaining from the increased alloca
tion, after deducting the amount required for preventive 
resealing, for this work; 

7. Carry out heavier rehabilitation on selected primary 
roads only; 

8. Abandon less important tertiary roads in a poor 
condition if funding constraints become more severe. 

In addition to the above, a further algorithm is used to 
evaluate roads on which rehabilitation is likely to be eco
nomically justified in view of the user benefits that would 
accrue from reducing the roughness of the road. The al
gorithm uses the latest roughness measurement on the 
road, and the traffic volume, in a vehicle operating cost 
model to compute the likely vehicle operating cost saving 
resulting from rehabilitation. In addition, the algorithm 
also adds the annual routine maintenance cost and the 
equivalent annual cost of the most recent reseal measure 
to the above vehicle operating costs to compute the total 
likely annual savings that will accrue from the rehabilita
tion project. A printout showing all roads where these 
costs exceed a selected cutoff value is produced for use in 
the evaluation of rehabilitation projects. 

The use of the system and current problems have high
lighted the need for more objective mechanical measure
ments in addition to the current visual evaluations. In 
particular, the need for reasonable predictive models that 
can show expected network conditions subject to various 
rehabilitation strategies and budget allocations has been 
highlighted. Significant work in this respect is being con
templated in the ne,ar future using computer programs 
such as HDM-III and the current database to develop pre
dictive models and rehabilitation strategies. 

CONCLUSIONS 

Several lessons have been learned from the implementa
tion of the PMS in the Transvaal that could be of use to other 
agencies in evaluating the implementation of their systems. 

1. The road network should be divided into reason
ably uniform links which are clearly marked in the field and 

which facilitate obtaining historical data. When the links 
have been established, efforts must be focused on keeping 
them constant and avoiding unnecessary changes to road 
numbers and kilometer distances. 

2. The importance of good riding quality measure
ments can never be emphasized enough and calibration 
requirements should be reviewed annually. 

3. Visual evaluations are a valuable tool for identifying 
roads in a poor condition and for assessing the condition 
of the road network over time. Visual evaluations are also 
a valuable tool for assessing resealing needs, but rehabili
tation needs should be assessed in the context of road 
functional classification, overall budget allocations, net
work condition trends, economic evaluations, and a vi
able rehabilitation strategy. 

4. Funds should not be allocated for resealing and re
habilitation based on pavement condition only as this will 
focus attention on the poor parts of the road network to 
the detriment of the roads which are in good condition. This 
is particularly relevant when the available funds are se
verely curtailed. 

5. If a regional road network is large enough, fund al
location for road maintenance and light rehabilitation be
tween the regions can be based on network length as it is 
likely that each region will have an adequate spread of 
road conditions to use the funds effectively and various 
strategies can be adopted within each region to eventually 
achieve reasonably equitable conditions over time. 

6. If funds become extremely severely curtailed an op
timal policy will probably entail the abandonment of 
some roads. 

7. A 10-year design life for rehabilitation options is 
probably the most cost-effective method of extending the 
life of the network in the light of current budget con
straints. Over time, however, it is expected that road con
ditions will again deteriorate and eventually more funds will 
be required or parts of the network abandoned. 

8. Reasonable performance models and optimization 
systems are required to show likely future network trends 
subject to budget constraints and to enable decision mak
ers to take early actions where required. The models 
should however be credible and should produce results 
that are consistent with actual performance. 
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Development of United Kingdom 
Pavement Management System 

Stephen J. Phillips, Department of Transport, England 

The United Kingdom Pavement Management System 
(UKPMS) is a computer system currently being designed for 
the economic management of the structural maintenance 
budget of a road network. It is being promoted and funded 
by most highway authorities in the United Kingdom, repre
senting owners of all classes of roads, from congested city 
streets to narrow rural roads. It will incorporate a new sys
tem of visual data collection, data analysis, and budget allo
cation for all paved areas within the highway boundary and 
will combine data from different types of condition surveys. 
Other significant features include the ability to project con
dition data into the future; this enables the user to take 
account of the economics of alternative maintenance treat
ments when deciding where and what treatments should 
occur. Because the economics of alternative maintenance 
strategies are considered, UKPMS is, in essence, prioritizing 
the solutions to structural road maintenance rather than, as 
many systems do, prioritizing the problems. To test the in
novative principles of UKPMS, and to test the new data col
lection techniques, prototype software has been written. It 
is being used by highway maintenance practitioners them
selves during the current design stage. The core philosophy 
of UKPMS is to defer treatments where it is cost-effective 
and safe to do so and to give priority instead to preventive 
maintenance. 

There are more than 360 000 km of road in the 
United Kingdom, of which about 270 000 km are 
in England. The most heavily trafficked routes in 

England-the national roads-are looked after by the De
partment of Transport (DoT). The national road network 
includes about 2000 km of superhighways and some 
8000 km of all-purpose trunk roads. Although they rep
resent only 4 percent of the network, the national roads 
carry about 30 percent of all traffic and about 55 percent 
of heavy goods vehicle (HGV) traffic. 

The remainder of the network in England-the local 
roads-is the responsibility of the local highway authori
ties: the county councils and metropolitan councils. To
gether they look after nearly 260 000 km of roads, which 
vary from small, lightly trafficked country lanes to 
densely trafficked urban routes . 

Central and local governments spend a significant 
amount of money each year on the maintenance and man
agement of the road network. The following table pre
sents the level of road maintenance expenditure in 
England in 1991-1992: 

Maintenance Type 

Structural 
Routine (cyclic) and 

winter 

Expenditure (£ millions) 

National Roads 

400 

160 

Local Roads 

480 

320 

227 
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PAVEMENT MANAGEMENT BEFORE UKPMS 

To control expenditure arid ensure the best value for 
money, highway authorities have designed various sys
tems for maintenance management. For example, the 
DoT has introduced a management system for the routine 
(cyclic) maintenance of the national roads in England. It 
enables inventory data~road, footpath, and shoulder 
width ano type; drainage provision; road markings; and 
so on-to be collected using hand-held computers and 
subsequently transferred for processing onto mainframe 
or personal computers. 

However, the need for structural, or noncyclic, mainte
nance on British roads is assessed by highway authorities 
in different ways. For example, the DoT uses a two-level 
system. The first level-a coarse assessment-is carried 
out using the High-Speed Road Monitor (HRM). The 
HRM, developed by the Transport Research Laboratory 
(TRL), makes use of contactless laser technology to mea
sure, among other things, longitudinal profile and perma
nent deformation {rutting) of the road surface. These 
measurements are taken at up to 80 km/hr and are 
recorded automatically for later computer analysis . The 
entire national trunk road network is covered by one ma
chine every 2 years, without inconvenience to the road 
user. The HRM provides a quick and relatively inexpen
sive method of assessing the serviceability of the national 
road network. 

The second level of assessment-the detailed assess
ment-is carried out at the time of scheme design using a 
combination of machine measurement and visual assess
ment. The machine surveys are carried out using the de
flectograph, which measures the transient deflection of 
pavements under a known wheel load. It is used both to 
assess the structural condition of the pavement in terms of 
the residual life and to provide information for use in the 
design of strengthening treatments. 

Visual assessment methods are also used to record de
fects. Measurements of the surface condition are recorded 
using ha~d-held computers and automatically analyzed to 
provide needs-led priorities and recommendations for 
treatment. 

A Sideways-Force Coefficient Routine Investigation 
Machine (SCRIM), which travels at 50 km/hr, is used to 
measure the wet skidding resistance of the road surface; it 
covers the national road network on a 3-year cycle. 

As good as all the current systems are, they produce 
data sets that are not coordinated. All the systems are sep
arate; they are related, for the department's roads, by a 
common referencing system, but data are not combined in 
any way. An engineer may be faced with several survey re
sults for the same section of road; some in paper form, 
some computerized. Deciding on priorities in these cir
cumstances is difficult. 

A particular problem for local highway authorities 
arises because not all the survey methods are relevant to 

all classes of road. A county with an extensive rural net
work may not wish to use expensive laser technology; 
similarly, techniques used on these roads may not be rele
vant to an authority with a large urban network with 
many service provider openings, such as those for water 
and electricity supply, in the highway. 

PAVEMENT MANAGEMENT WITH UKPMS 

History of Project 

The Local Authority Associations (LAA) and the DoT es
tablished a joint initiative in the mid-1980s to consider a 
new pavement management system (PMS) that would re
place the various existing methods of visual road condi
tion assessment and be able to combine this visual data 
with machine-based assessments. But it was important 
that any PMS should manage the maintenance of all 
roads: from heavily trafficked trunk roads to little used lo
cal roads, both in towns and on interurban routes. In 
short, the need was for a national PMS, now known as 
UKPMS. 

The total project is being managed in three stages. 
Stage 1 was a feasibility/design study that established 
draft user requirements and delivered to sponsors a pre
liminary design for a UKPMS. It concluded that there 
were significant benefits to be gained by taking UKPMS 
forward . 

All parties therefore decided to proceed with a full
scale system design and prototype testing program
Stage 2. Fifty percent of funding is provided by DoT, and 
the rest by 91 local authority sponsors from England, 
Scotland and Wales, and the Department of the Environ
ment for Northern Ireland. A contract was established in 
July 1990 with the aim of producing a logical design for 
UKPMS together with the testing of prototype software; 
a logical design being a machine- and data base
independent specification of a computer system. 

The final stage of the project, Stage 3-the implemen
tation of UKPMS by each sponsoring highway author
ity-is being discussed and planned; it will begin in 1994. 

Brief Description of System 

An engineering view of the structure of UKPMS is shown 
in Figure 1. It is recognized that UKPMS must protect in
vestment already made in data by the various highway au
thorities. Standard format interfaces have therefore been 
specified to enable links to be made to existing systems. 

UKPMS is being designed to enable highway authori
ties to 

• Monitor the condition of the existing road network, 
• Formulate options for maintenance treatments, 
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FIGURE 1 Engineering view of UKPMS. 
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• Allocate limited resources on the basis of best value 
for the money. 

It will introduce significant innovations, which include 

• A common auditable approach to road assessment 
nationwide, based on both condition and economic 
priorities; 

• A flexible approach capable of use in all types of 
highway authority and on all paved areas on all types of 
road;and 

• Cost-effective methods of data collection. 

The remainder of this paper discusses in more detail some 
of the innovative aspects of the system: 

• The ability to tailor condition surveys to the needs of 
a highway authority, 

• Network analysis and the creation of schemes, 
• Projection of condition data; and 
• Priority optimization by cost-that is, economic 

ranking. 
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COLLECTION OF CONDITION DATA 

Condition data used by UKPMS can be described as col
lection by visual or manual methods or by machine or au
tomatic methods. 

Four new visual inspection systems have been designed 
to take account of both the strengths and weaknesses of 
current visual inspection systems currently in use in the 
United Kingdom: 

• Annual engineering inspection (AEI), 
• Coarse visual inspection (CVI), 
• Aggregated visual inspection (AVI), and 
• Detailed visual inspection (DVI). 

The AEI is essentially a windshield survey to give a rough 
estimate of pavement condition. The output is aimed at 
planning further surveys. Both AVI and DVI are detailed 
surveys carried out on foot. 

Machine inspections that UKPMS can use are 

• HRM, 
• Deflectograph, 
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• SCRIM to measure wet skidding resistance, and 
• Any other machine data whose output can match 

that of those just given. 

The user can pick and choose which survey to use for 
particular types of road. On a rural network only a coarse 
visual inspection may be necessary to formulate maintenance 
schemes. On extensive super highway networks, all the 
various detailed surveys may eventually be needed; 
UKPMS can accommodate these extremes and all other 
situations in between. This graded approach ensures that 
the demands for data and analysis are kept in proportion 
to the cost of the works. 

NETWORK ANALYSIS AND SCHEME CREATION 

General 

The highway maintenance engineer, so as to decide the 
right treatment, strives to ensure that the right amount of 
data are gathered at the right time. To help this, the oper
ation of UKPMS falls into two distinct passes. The first is 
the automatic pass, where UKPMS wiJI process data for 
the entire network automatically to provide a coarse 
ranking of maintenance schemes for final design or to 
identify those schemes warranting more detailed investi
gation before final design is carried out. The maintenance 
engineer uses the second pass-the interactive pass-with 
the results of the automatic pass, and other data available 
within UKPMS, to combine defective lengths of the net
work to produce maintenance schemes and undertakes 
the detailed design of the works. 

Automatic Pass 

The automatic pass is intended to analyze the entire net
work, or convenient subsets of it, to determine priorities 
for investment in maintenance works. The central pro
cessing functions of UKPMS work as follows: 

1. Sections of road are split into lengths of uniform de
fectiveness known as "defect lengths," which are defined 
as lengths of a feature (roads, sidewalks etc.) in a single cross
sectional position (e.g., lane) in uniform condition. 

2. Defect lengths are rated on a scale of 0 to 100, where 
-0 is "good," or where further improvement would 

not be of any significance, and 
-100 is "bad," or where further deterioration would 

not be of any significance. 
3. Defect ratings are combined into condition indexes 

(Cis); those used in UKPMS are 
-Surface, 
-Structure, 
-Edge (bituminous surfaces only), 

-Joint (concrete surfaces only), and 
-Overall. 

4. To allow condition assessment to use up-to-date in
formation, the condition is projected on a time basis, to 
the current date. 

5. Cis are input into algorithms to produce treatments 
for each defect length. 

6. Cost estimates are produced by multiplying esti
mated treatment quantities by unit rates. 

7. Priority indexes are produced by comparing Cis 
with user-defined thresholds. Highest priority is given to 
those indexes exceeding the thresholds by the greatest 
amount. 

8. Budgets are prepared for treatments under user
specified budget heads. 

As a result of extensive research carried out at TRL, 
rules and parameters have been identified and tested. The 
starting point of the research was to identify the level of 
defect that would trigger a change in treatment. Figure 2 
shows, for a selection of flexible pavement defects, the 
level of measured defect required to trigger a particular 
treatment, together with an example of defects that work 
in combination to cause particular treatments to be trig
gered. Defect ratings for a selection of bituminous defects 
are given in Table 1. (In Table 1, residual life is the num
ber of years until the road becomes critical and requires 
major strengthening by overlaying; it is calculated from 
pavement deflections measured by deflectograph and 
from past and future traffic loading. Whole carriageway 
major cracking is wide single cracking greater than or 
equal to 2 mm or multiple cracking and coarse crazing. 
Wheeltrack rutting is the depression of the wearing surface 
in the vehicle wheelpaths relative to the rest of the wear
ing surface. Wheeltrack major cracking is wide single 
cracking greater than or equal to 2 mm or multiple crack
ing and coarse crazing occurring within the wheelpaths.) 

CI rules define how the various rated defects are com
bined to give CI values that will identify the need for treat
ment. Within these rules, precise values of coefficients had 
to be specified to ensure that boundaries between treat
ments occur at particular measured defect values. For ex
ample, the structural CI for a flexible pavement is the 
highest rating of 

1.0 X residual life 

0.95 X WC major cracking 

0.5 X residual life + 0.6 X WC major cracking 

0.75 X WT major cracking+ 0.3 X WT rutting 

0.3 X WT major cracking+ 0.75 X WT rutting 

or 

0.8 X failed patching/reinstatement 

where WC is whole carriageway and WT is wheeltrack. 
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FIGURE 2 Treatments required for levels of defects on flexible pavements. 

The automatic treatment selection procedure is con
trolled by sets of rules. Each rule, in a set, defines the val
ues of various Cls-such as surface, structure, and 
edge-that will trigger a treatment. An example of a typ
ical rule could be 

When 

Structural CI 2: 70, 

Surface CI 2: 40, and 

Edge CI 2: 0, 

Then treatment is strengthened by bituminous overlay. 

However, within UKPMS, the rules use not CI values di
rectly but numbered treatment selection thresholds 
(TSTs). Each TST rule comprises a set of CI values. These 
TSTs allow the condition of the road pavement to be com
pared with a set of CI values. One treatment is associated 
with each TST. The assignment of TST variables to rule sets 
within UKPMS is fixed, but the user assigns the CI values 
to each TST depending on road classification and type of 
pavement. The TST values proposed for flexible pave
ments in the DoT road network are shown in Table 2. 

For each defect length the treatment selection process 
tests the CI values against each rule of the appropriate 
rule set, in turn, until the CI values satisfy a rule. The 
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TABLE 1 Defect Ratings for Flexible Pavements 

Residual Life Wheeltrack Major Cracking 

Mean Life Years Rating % Length Rating 

20 0 0 0 
4 50 15 66.67 
2 70 25 93.34 
0 90 100 100 
-10 100 

Whole Carriageway Major Cracking Wheeltrack Rutting 

% Area Rating Depth (mm) Rating 

0 0 0 0 
20 52.64 15 66.67 
40 73.69 25 93.34 
60 94.74 100 100 
100 100 

treatment associated with that rule is then assigned to the 
defect length. The treatment selection rules proposed for 
DoT flexible pavements are given in Table 3. 

As an example of how the automatic treatment selec
tion process works, assume the condition of a length of 
road is 

Structural CI = 78 

Surface CI = 20 

Edge CI= 40 

Each rule in Table 3 is tested against these values. 

• Rule 1 fails because the structural CI of 78 is less 
than the TST6 value of 90. 

• Rule 2 fails because the edge CI value of 40 is less than 
the TSTl value of 50. 

• Rule 3 passes the test, so the treatment of overlay is 
assigned to the defect length. 

TABLE 2 Treatment Selection Thresholds for Flexible 
Pavements 

Treatment Selection Threshold 

TST0 
TSTI 
TST2 
TST3 
TST4 
TST5 
TST6 
TSTII 
TST12 
TSTl3 

Condition Index Value 

0 
50 
40 
70 
90 
80 
90 
90 
80 
70 

Although it is possible to use raw defect data to trigger 
treatments, defects need to be rated so that network con
dition can be monitored and network trend analyses 
carried out. 

It should be noted that within UKPMS, as well as the 
definitions of all defects, all the calculations concerned 
with combining and rating defects, and indeed the Cls 
themselves, are parameterized. Consequently, any new or 
different defect or new machine collecting techniques can 
easily be incorporated into the system. This has been 
adopted throughout the design of UKPMS to ensure max
imum flexibility. 

Interactive Pass 

It is recognized that the rules embedded in the automatic 
pass-for example, those for treatment selection-will 
not match the skill and knowledge of an experienced en
gineer. The engineer can refine the allocation of the avail
able budget and the details of treatments to be applied 
using the interactive pass. The interactive pass uses the 
same processing as the automatic pass, but the user "steps 
through" the modules and progressively builds up treat
ments and schemes for possible implementation within 
next year's allocated budget. It is intended that the prior
ity list of treatments identified in the automatic pass forms 
the basis of the detailed analyses in the interactive pass, but 
the user is free to select the schemes to be evaluated and 
can choose to evaluate the entire network on this basis. 
When working interactively, the user may access other 
data held in UKPMS, such as 

• Network section data (e.g., length), 
• Inventory (e.g., width, surface type), 
• Traffic data (e.g., daily flow), 
• Accident data (type and number), 
• Condition surveys (e.g., raw condition data), 
• Results of automatic processing, and 
• Construction and maintenance records. 

From this information, the user can then define 

• Treatment lengths (i.e., lengths over which the treat
ment is constant and that typically span several of the de
fect lengths produced by automatic processing), 

• Treatment length options (i.e., treatments that could 
be applied to cure some or all defects within a treatment 
length), and 

• Schemes and scheme options, which typically comprise 
several treatment length options. 

As treatment lengths options and scheme options are 
created, their priority indexes are calculated (see next 
section). 
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TABLE 3 Treatment Selection Rules for DoT Flexible Pavements 

TSTs 

Rule Structural Surfa~e Edge Treatment 
Number 

1 ~ 6 Any Any Reconstruction 
2 ~ 3 Any ~ Edge reconstruction + Overlay 
3 ~ 3 Any < Overlay 
4 ~ 1 Any ~ Edge Reconstruction + Overlay 
5 ~ 1 Any < Resurface by Inlay 
6 < 1 ~1 ~ Edge Reconstruction + Overlay 
7 < 1 ~1 < Resurface by Inlay 
8 < 1 ~2 ~ Edge Reconstruction + S Dress 
9 < 1 ~2 < Surface Dress 
10 < < 2 ~ Edge Reconstruction 
11 < < 2 < None 

Note: from Table 2, TSTJ = 50; TS72 = 40; TST3 = 70; TST6 = 90 

PROJECTION OF CONDITION AND 
PRIORITY RANKING 

UKPMS can be classed as a third-generation PMS when 
compared with the more common first-generation sys
tems currently in use in the United Kingdom. (Second
generation systems include basic facilities that enable 
conditions to be projected so that trend analyses can be car
ried out.) The important third-generation facility is the 
ability to carry out optimization of multiple options of 
treatments for all sections of the network for the budget 
in the treatment year. This ability to maximize economic 
benefit under conditions of budget constraint is included 
within UKPMS. This facility is of particular interest to the 
DoT because, in the analysis of cost implications for fu
ture years, it has been shown to give rise to substantial 
benefits. 

Priority optimization is a method of setting priorities 
for maintenance expenditures, when budgets are con
strained, by minimizing the longer-term costs. In other 
words, the method requires that in addition to consider
ing the cost implications this year, the implications for fu
ture years must also be taken into acco'imt. This is a 
fundamentally different approach to that adopted by 
many other systems that react to current conditions, 
rather than looking at the consequences of likely changes 
in conditions and, therefore, costs with and without 
treatment. 

Condition Projection 

For priority optimization to work, the system must have 
the ability to project pavement condition into the future. 
This gives immediate benefits, since treatments are not 

normally undertaken until at least 1 year after condition 
surveys are carried out, given the time required for rela
tive prioritization and establishing funding. Whereas 
many systems determine next year's treatment on the ba
sis of this year's condition, UKPMS determines next year's 
treatment on the basis of condition projected forward to 
next year from the current condition. This improves the 
basis for decision making, because decisions on treat
ments are based on conditions prevailing at the time the 
treatment is needed, rather than at the time of the 
assessment. 

Prediction of pavement conditions is also required for 
longer periods into the future so that historical data can 
be projected forward and future trends in network condi
tion estimated. UKPMS takes a pragmatic approach to 
this by using standard-shaped curves relating condition to 
time, which extend between (0,0) and (1,1) in two
dimensional space. The relationships are generalized using 
five constants (a, b, c, d, and k) to define the curve given 
by Equation 1. 

where 

y = k[a + (b - a) X f (x - c)] 
(d- c) 

y = defectiveness, 
x = time, 
y = a when x :s c, 
y = b when x ~ d, and 
k = 1 (in first implementation). 

(1) 

The relationship is shown diagrammatically in Figure 3. 
Deterioration curves for a defect on a particular section 

of road are user-definable and are specified as a series of 
discrete points; intermediate values are determined auto-
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FIGURE 3 Generalized deterioration relationship. 
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matically 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 to define curves. 

Selection of Deterioration Curves 

As a result of a comprehensive research study carried out 
by TRL, the generalized curve form to most appropriately 
represent the long-term deterioration trend for each of the 
defects on each pavement construction type was derived 
in two stages 

1. Deterioration trends exhibited by each of the de
fects were identified; and 

2. A standard curve form was assigned to fit the ob
served trend. Standard curves include linear, exponential, 
quadratic, and S-shaped curves. 

An extract from the catalog of curve types proposed for 
fully flexible DoT roads is shown in Table 4. (In Table 4, 
PCV is the proportional change in variance, which is the 
proportional difference over 2 years in the variance of the 
deviation from the 3-m moving average of the pavement's 
profile measured by the High-Speed Road Monitor. WT ma
jor tracking is as defined for Table 1. Whole carriageway 
major fretting is loss of material other than chippings 
from the wearing surface to the degree that the original 
wearing surface is no longer discernible. Whole carriage
way minor fretting is loss of material other than chippings 
from the wearing surface although the original wearing 
surface remains discernible.) 

Once the choice of curve function has been made, its 
shape can be changed by altering the values of a, b, c, and 
d. For skid resistance values, for example, a is greater than 
b so that the relationship gives decreasing values over time. 

To predict future values of defects, it is necessary to fit 
the curves to existing measurements of condition. For the 
curves to fit current condition data measurements, they 
are shifted along the time axis to pass through the current 
value. Where historical data exist, curves are stretched or 
shrunk along the time axis to give the best fit to past data 
but weighted to give more emphasis to recent data. 

A comprehensive sensitivity analysis has also been car
ried out that shows that the projection of defects, for up 
to about 4 years, is not sensitive to small differences in de
finition of the base curve. It is considered that reasonable 
projections can be obtained over the limited number of 
years necessary for priority optimization to operate. 

TABLE 4 Selection of Pavement Deterioration Forms 

Carriageway 
Defect 

WT Rutting 

WT Major 
Cracking 

WC Major 
Fretting 

WC Minor 
Fretting 

PCV 

Measurement Curve Form 
Units 

mm Cubic 

% Length S-curve 

% Area S-curve 

% Area S-curve 

Maximum 
Defect Limit 

100 mm 

100% 

100% 

100% 

% Exponential 600% 

Duration 
(Years) 

Start Finish 

0 40 

10 30 

10 30 

6 20 

2 40 
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Setting Priorities 

Since maintenance budgets are normally constrained, 
choices must be made about which maintenance should 
be undertaken now and which should be deferred for an
other year or more. Current maintenance systems give 
priority to remedial measures on those roads in worst 
condition but do not help the choice between the more ex
pensive treatments and their timing. However, it can be 
shown that such an approach inevitably leads to a back
log of work building up. 

UKPMS can make recommendations with a view to 
minimizing future, or whole life costs. In particular, the 
following costs are included 

• Future maintenance costs, and 
• Costs to the road user: accidents and delay costs at 

times of maintenance. 

Basing priorities on the principle of minimizing longer
term costs overcomes the problem of a backlog of work 
building up. This is the basis of priority optimization, 
which defers treatments where there is little immediate 
cost penalty of doing so. In essence, this gives more prior
ity to preventive treatments, which are more cost-effective 
over time. 

An approach to setting priorities in this way is to use a 
whole life cost model to determine the net present value 
(NPV) of each option by comparing the costs associated 
with carrying out the treatment, the do-something case, 
with those costs associated with doing either nothing or 
the minimum treatment possible, the do-nothing or do
minimum case. The option providing the highest NPV 
should be given priority. 

When budget constraints apply, choice of schemes and 
treatments of schemes, in terms of highest NPV-to-works 
cost ratio, will ensure that the NPV is maximized within 
the constraints. 

Within the context of UKPMS are several problem 
areas when applying the NPV test: 

• There is a need to make traffic projections for long 
periods into the future to cover the whole of the evalua
tion period: 

• Capacity problems are likely to occur on major 
roads if traffic continues to grow through the evaluation 
period; UKPMS would need a comprehensive traffic 
model when considering costs and benefits of capacity im
provements on new routes. 

• The identification of appropriate future maintenance 
treatment (and road user) costs relies on the projection of 
pavement condition, both in the do-something and the 
do-minimum cases, over the whole evaluation period. 

• Decisions on future maintenance treatments-as is 
the case with all long-term evaluations-require assump-

tions to be made about their economic viability and about 
the availability of budget for their funding. 

The DoT has developed a whole-life cost model, to be 
known as COMPARE, that addresses these issues, but its 
data requirements are such that it is inappropriate for use 
by the smaller highway authorities on their local roads . As 
a result, a different approach had to be sought. 

The alternative method of priority optimization pro
posed for UKPMS is based on a technique developed dur
ing the UKPMS design study. A similar but simpler 
technique had been used by Rendel et al. (Department of 
Transport, unpublished document, 1989) in a project they 
had previously carried out in an overseas country. It involves 
determining priority rankings, which are based on the 
benefits derived in the first year of operation only, and on 
the annualized costs of the first and subsequent treat
ments. Annualized cost is the "equal annual cost which, 
when discounted and summed over the life of the treat
ment, is equivalent to the total cost of the treatment." 

In this proposed simplified method, the ratio of NPV to 
cost, which would be the normal criterion for ranking 
schemes, is replaced by an economic indicator (El). This 
is calculated for each treatment option by considering the 
costs resulting from carrying out a treatment now and 
those resulting from deferral of the treatment, as follows: 

where 

El = 100 X {Tdm - Td,) 
C 

(2) 

Tdm = sum of total annualized costs resulting from 
deferring a treatment or doing a holding (mini
mum) treatment (do-minimum case); 

Td, = sum of total annualized costs resulting from 
carrying out a treatment now (do-something 
case); and 

C = cost of do-something treatment minus cost of 
do-minimum treatment 

Annualized costs are calculated for 

• Pavement structural maintenance and/or surface 
maintenance, and 

• Routine maintenance costs; 

plus, if the user wishes, 

• Cost of traffic delays during works, and 
• Costs of increased accidents at roadworks. 

The value of EI can be considered as a surrogate for the 
NPV-to-cost ratio; the larger its value, the higher the 
scheme is placed in the priority list. A negative value of EI 
indicates that the treatment cannot be justified on eco
nomic grounds. 
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Highest economic cost indicators anse for "doing 
something" when either 

• A more expensive treatment will be needed next year 
if the treatment is deferred this year, or 

• The treatment provides a longer-lasting solution 
than a minimum holding treatment with a relatively high 
cost and a short life. 

An example of this approach is shown for the scheme in 
the following table: 

Treatment Cost 
Type Year Life Treatment (£ thousands) 

Do minimum 5 20 Reconstruct 27 
Do something 0 15 Edge recon-

struct 12 
1 8 Surface dress 0.35 

The calculations to produce the economic indicator for 
this scheme are given in Equations 3 through 9, where 
Equations 3 through 6 show the calculations for the do
something case, Equations 7 and 8 show the calculations 
for the do-minimum case, and Equation 9 shows the final 
calculation necessary to produce the EI. 

AC ( ear 0) = (l 2 X 0.07) = 1.32 
I y (1 - l.0T15) 

AC ( ear 1) = (0.35 X 0.07) = 0.059 
2 y (1 - l.0T8

) 

0.059 
AC2(year 0) = -- = 0.055 

1.07 

AC( l+2) = 1.32 + 0.055 = 1.375 

ACi(year 5) = (27 X 0.07) = 2.55 
(1 - l.OT 20

) 

AC1(year 0) = 
2

·55
5 

= 1.82 
1.07 

El= 100 X 1.82 - 1.375 = 3.7 
12 - 0 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

where AC is the annualized cost and AC, (year y) is the 
annualized cost for treatment tin year y. 

This approach requires the projection of pavement 
condition and traffic flow for a maximum of only 2 years 
beyond the present year. It is anticipated that it can there
fore be used by maintenance engineers with greater con-

fidence. In particular, it avoids the complications of con
sidering future capacity limitations on roads when 
assessing maintenance works. 

BENEFITS 

Priority optimization within UKPMS will be provided to 
enable 

• Treatments to be identified that provide a return 
greater than their cost, 

• Most cost-effective treatments to be chosen from a 
range of possible treatments, and 

• Priorities for investment to be determined under cir
cumstances of budget constraint. 

Analysis carried out as part of the UKPMS design study 
has demonstrated convincingly that the priority optimiza
tion method proposed leads to not only lower costs for 
highway authorities, but also improved road conditions 
over time. The DoT recognizes the significant benefits to 
be gained in adopting such an approach for determining 
priorities of maintenance schemes. The availability of pri
ority optimization in UKPMS will enable all highway au
thorities to take advantage of its benefits. 

CONCLUSIONS 

In essence, the answer to one question will decide both the 
treatment and its timing. Will the treatment cost any more 
in real terms if it is delayed until the next year? If it will, 
and there is sufficient budget, program the work; if not, 
defer the scheme for 1 year. Under that principle, costly re
construction schemes will no longer have an automatic 
first call on the maintenance budget. UKPMS will thus en
courage funding of less expensive but more cost-effective 
treatments than systems that choose treatments on the ba
sis of condition alone. The core philosophy of UKPMS is 
to defer treatment where it is cost-effective and safe to do 
so and give priority instead to preventive maintenance. 
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Comparing Pavement Performance and Its Effect 
on Maintenance and Rehabilitation Cost 

M. Y. (Mo) Shahin, Chad Stock, and Lisa Beckberger, U.S. Army 
Construction Engineering Research Laboratory 

Example pavement performance for different maintenance 
and rehabilitation (M&R) strategies is presented. The effect 
of the different performances on pavement life-cycle costing 
is also analyzed. A pavement network of 1.5 million yd 2 was 
used for illustration. Three M&R strategies were applied to 
the pavement sections in the network: structurally designed 
rehabilitation, thin overlay (1 to 2 in.), and thick overlay 
(3 to 4 in. with or without fabric). Three fami ly curves were 
developed, one for each M&R strategy, from available data 
bases. These family deterioration curves were each assigned 
to the pavement network and a work plan was developed. 
The results illustrate the economic effect of asphalt overlays 
compared with structurally designed rehabilitation. The 
family curve and work planning techniques are procedures 
incorporated in the MicroPAVER pavement management 
system. These techniques are also discussed. 

A n essential component of any pavement manage
ment system is condition prediction. Before pavement 
maintenance strategies and repair budgets can be 

prepared or evaluated effectively, pavement managers 
must assess the current and future condition of their pave
ment network. This information is necessary for effective 
pavement management. Through years of research, the 
U.S. Army Construction Engineering Research Laboratory 
(USACERL) has developed the family curve technique as a 
method of predicting pavement condition accurately and 
determining the consequences of different maintenance 

and rehabilitation (M&R) budgets. The procedure is part 
of the MicroPAVER system developed by the U.S. Army 
Corps of Engineers and distributed by the American Pub
lic Works Association and the University of Illinois. 

The family curve technique relies on the concept that sim
ilarly constructed pavements, subjected to comparable 
traffic and climate, deteriorate at very similar rates. The 
procedure for family curve development consists of 
grouping pavements with similar deterioration character
istics, filtering data that are in error, identifying data that 
are statistically outlier, and then fitting the data with a 
constrained polynomial curve. The family curves created 
are used to predict pavement condition at the section 
level. Predicting pavement condition at the section level 
assumes that the deterioration of all pavement sections in 
a family is similar and is a function only of their present 
condition, regardless of age. 

M&R work planning uses the critical pavement condi
tion index (PCI) concept. The point beyond which the rate 
of pavement deterioration and the cost of applying pre
ventive localized maintenance increase significantly is de
fined as the critical PCI. The work planning procedure, a 
feature of MicroPAVER, uses the developed family curves 
to optimize the type and timing of M&R application. This 
procedure includes determining the critical PCI, assigning 
M&R alternatives to the pavement sections, and assign
ing M&R priorities to pavement sections. 

This paper presents an application of the fami ly curve 
and work planning techniques. During the past 2 years, 

237 
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USACERL has applied these techniques to the pavement 
networks of many army installations. This application in
cluded developing several family curves for each installa
tion and analyzing the consequence of various M&R 
budgets. The ensuing work plan, developed for a ll asphalt 
concrete (AC) roads at a typical Army installation, pre
sents these findings in the most significant fashion. The 
pavement families that were developed contain sections of 
comparable characteristics. Several operations, unique to 
MicroPAVER, produced a work plan report. The work 
plan report used the family curves and budget constraints 
to optimally assign M&R. The deterioration rates of the 
families helped determine optimal M&R scheduling while 
the budget limits demanded optimal M&R scheduling. A 
comparison of the resulting work plans outlines the best 
scenario. 

PAVEMENT CONDITION PREDICTION 

Accuracy in prediction is essential for budget forecasting 
and work planning. The family deterioration modeling 
technique was specifically developed for MicroPAVER. 
The development of a family consists of four major steps. 

1. Grouping pavements with similar material charac
teristics and traffic conditions, 

2. Identifying and omitting the condition data that are 
obviously in error, 

3. Identifying other statistically outlier data, and 
4. Fitting the remaining data with a constrained poly

nomial curve. 

Pavement families are based on criteria such as pavement 
use, pavement rank, surface type, traffic loading, and 
other factors. The formation of pavement families is de
pendent on the pavement network. Each network can 
have several families 

A scatter plot of PCI versus age for each family is used 
to identify and filter data points that are in obvious error. 
A statistic examination of the filtered data is then used to 
identify and omit extreme points (outliers) . The outlier 
procedure is based on the finding that the errors between 
the predicted and observed PCis ( 1) are normally distrib
uted. A confidence interval identifies the extreme data as 
outliers. Figure 1 shows an example of outlier-processed 
data using a 95 percent confidence interval. A constrained 
polynomial curve (the family curve) describes the remain
ing data points (minus any outliers). Two constraints 
are applied to the polynomial curve: the PCI = 100 at 
age = 0, and the deterioration slope is negative. 

Pavement sections in the network are assigned to ap
propriate families. The PCI prediction for each pavement 
section assumes that the deterioration of all sections in a 
family is similar and is a function only of their present 

100 
h ' ' ·•.~. ' 

80 +H 

", ' ' ' .. , f.'. ' 
PC! 60 

.. ...... .. 1. 

40 0 

20 

0 : OUTLIER POINT 
+ : IN BOUNDS POINT 

5 10 
AGE (YRS> 

15 20 

FIGURE 1 Outlier-processed data file, constrained 
fourth-degree curve. 
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condition, regardless of age (Figure 2). The predicted sec
tion PCis are used for the selection of M&R strategies. 

COMPARISON OF FAMILY CURVES FOR 
DIFFERENT PAVEMENT TYPES 

Figure 3 is an example of two family curves from a typi
cal municipal data base. One family is for AC pavements 
without overlays (AC) and the other is for surface treat
ment roads (ST). Figure 4 is an example of two family 
curves for another network where a 3-in. overlay was ap
plied. One family was created for AC pavements without 
overlays (AC) and the other was developed for AC pave
ments with a 3-in. overlay (AAC). 

Figures 3 and 4 show the very different deterioration rates 
of AC pavements than those for ST or AAC pavements. 
These figures illustrate the considerable differences in 
pavement life for these three families and the reasons that 
family curve development is necessary for condition pre
diction. Since an accurate PCI prediction is so important 
in determining M&R strategy, family curves are a signifi
cant part of the work planning process. 

100 

PCI SO 

/ 
Family 
Curve 

0 '------- ---------

Pavement Age, Years 

FIGURE 2 Section condition prediction. 
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FIGURE 3 Sample AC and ST deterioration curves, ST 
(surface treatment roads). 

DEVELOPMENT OF M&R WORK PLANS 

Work planning must consider both pavement life and cost 
when selecting the best M&R strategy for each of the 
pavement sections in a network. The work planning pro
cedure is based on the critical PCI concept (2) and consists 
of the following steps: 

• Identify the critical PCI (the PCI below which the 
condition deteriorates rapidly) for each pavement family. 

• Assign appropriate M&R type to each pavement 
section for each year in the analysis period. 

• Rank M&R requirements on the basis of budget 
limitations. 

• Calculate M&R cost, future PCI, and backlog of 
M&R for each budget scenario . 

IDENTIFY CRITICAL PCI FOR EACH FAMILY 

Annual and long-range work planning operates on the 
critical condition concept. The critical condition (critical 
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FIGURE 4 Sample AC and AAC deterioration curves, AAC 
(3-in. overlay with fabric). 

35 

PCI) is the condition beyond which the pavement condi
tion deteriorates rapidly and the cost of applying localized 
preventive maintenance increases significantly. Previous 
research results have shown that it is more economical to 
apply M&R before the pavement deteriorates beyond the 
critical condition (4). 

The critical PCI for a family is identified as follows: 

1. Visually select the critical PCI range on the basis of 
the shape of the family deterioration curve (Figure 5). 

2. Select a localized preventive distress maintenance 
policy to be used in the analysis of budget scenarios. 
Table 1 is an example of such a policy for asphalt roads. 

3. Apply the selected preventive distress maintenance pol
icy to pavement sections in the family. This can be done 
using the MicroPAVER network maintenance report. 

4. Plot the cost of localized preventive maintenance 
per unit area versus PCI for each of the sections. Figure 6 
is an example of such a plot. 

5. Select the critical PCI from the results of Steps 1 
and 4. 

ASSIGN M&R TO EACH PAVEMENT SECTION 

There are seven M&R types in the current version of 
MicroPAVER: localized stopgap, localized preventive, 
three types of global preventive, and two types of major. 
M&R types are assigned to each pavement section on the 
basis of the section's PCI concerning the critical PCI 
(Figure 7). Following is a description of each of the 
M&R types: 

Localized Stopgap (Safety) 

Stopgap M&R is defined as the localized distress that 
M&R activities needed to keep the pavement in a safe and 
operational condition. A stopgap policy is different from 
a preventive policy in that it usually includes only high
severity-level distresses that could be a safety hazard. 
Stopgap maintenance should be applied only to pave
ments below the critical PCI. 

100 
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20 
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55 
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FIGURE 5 Critical PCI range shown 
on typical deterioration curve. 



TABLE 1 Example of Preventive Distress Maintenance Policy 

Distress Sev Work Type~ Description Cost Unit 

1 ALLIGATOR CR M PA-AD Patching - AC Deep 5.00 sq. ft. 
1 ALLIGATOR CR H PA-AD Patching - AC Deep 5.00 sq. ft. 
3 BLOCK CR M C"~-AC Crack Sealing - AC .60 ft. 
3 BLOCK CR H CS-AC Crack Sealing - AC .60 ft. 
4 BUMPS/SAGS M PA-AS Patching - AC Shallow 2.00 sq. ft. 
4 BUMPS/SAGS H PA-AS Patching - AC Shallow 2.00 sq. ft. 
5 CORRUGATION H PA-AL Patching - AC Leveling 1.00 sq. ft. 
5 CORRUGATION H PA-AD Patching - AC Deep 5.00 sq. ft. 
6 DEPRESSION M PA-AD Patching - AC Deep 6.00 sq. ft. 
6 DEPRESSION H PA-AD Patching - AC Deep 6.00 sq. ft. 
7 EDGE CR M CS-AC Crack Sealing - ac .60 ft. 
7 EDGE CR B PA-AD Patching - AC Deep 5.00 sq. l't. 
8 .JT REF. CR M CS-AC Crack Sealing - AC .60 ft. 
8 .JT REF. CR H CS-AC Crack Sealing - AC .60 ft. 
9 LANE SH DROP M PA-AL Patching - AC Leveling 1.00 sq. ft. 
9 LANE SH DROP H PA-AL Patching - AC Leveling 1.00 sq. ft. 

10 L" T CR M CS-AC Creek Sealing - ac • 60 ft • 
10 L" T CR H CS-AC Crack Sealing - ac • 60 ft • 
11 PATCH/UT CUT H l'A-AD Patching - AC Deep 5.00 sq. ft. 
13 POTHOLE L PA-AD Patching - AC Deep 1.00 SQ. ft. 
13 POTHOLE M PA-AD Patching - AC Deep 5.00 sq. ft . 
13 POTHOLE H PA-AD Patching - AC Deep 5.00 sq. ft. 
15 RUTTING M PA-AD Patching - AC Deep 5.00 sq. ft. 
15 RUTTING H PA-AD Patching - AC Deep 5 . 00 sq. ft. 
16 SHOVING M PA-AS Patching - AC Shallow 2.00 sq . ft. 
16 SHOVING H PA-AS Patching - AC Shallow 2.00 sq. ft. 
17 SLIPPAGE CR L PA-AS Patching - AC Shallow 2.00 sq. ft. 
17 SLIPPAGE CR M PA-AD Patching - AC Deep 5.00 sq. ft. 
17 SLIPPAGE CR H PA-AD Patching - AC Deep 5.00 sq. ft. 

$/SF 
2.5 

$/ AREA (FT2) VS PCI 

2.0 BMNCM SECTION PC1 • AREA I/AREA 
HEAMN 01 20 88729 31374 2.13 
ELMRA 01 23 5213S 27909 1.117 
ELIZA 01 21 22204 13329 1.117 
FINUP 01 47 111111 71121 0.09 

1.5 FINLW 01 57 290 1118118 0.02 
DORSY 01 83 0 3c;.c11 0 .00 
RUROG 01 88 0 28478 0.00 
IRWlN 01 98 0 2118111 0 .00 

1.0 

0.5L----------~,----------------; 

20 40 60 80 100 

PCI 
FIGURE 6 Cost per square foot versus PCI. 
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Localized Preventive PCI 

Localized preventive M&R is defined as localized distress 
maintenance activities that are performed with the pri
mary objective of slowing the rate of pavement deterio
ration. These activities include crack sealing and various 
patching techniques. An example of a localized preventive 
distress maintenance policy is given in Table 1. This pol
icy is applied to pavements above the critical PCI. Note 
that applying a localized preventive maintenance policy 
to pavement sections below the critical PCI is not cost
effective. 

Global Preventive 

Global preventive M&R is defined as those activities that 
are applied to the entire pavement section with the pri
mary objective of slowing the rate of condition deteriora
tion. These activities include surface treatments for 
asphalt surfaced pavements and joint sealing for concrete 
pavements. Global preventive M&R is applied to pave
ments above the critical PCI. Applying global preventive 
M&R to pavements below the critical PCI is often not 
cost-effective. 

The current version of MicroPAVER accommodates 
three types of global preventive M&R for asphalt sur
faced pavements. These three types are assigned to the 
pavement sections on the basis of existing distress types as 
shown in Figure 8. This is done to optimize the selection 
of the surface treatment type on the basis of existing 
distresses. Type 3 is recommended for pavements with 
skid-causing distresses such as bleeding. Type 2 is recom
mended for pavements with climate-related distresses 
such as block cracking. The selection of the M&R type is 
also a function of the use of the pavement. For example, 
aggregate seals may not be appropriate for runways due 
to the possibility of foreign object damage to aircraft en
gines. A thin overlay should be used instead. 

MajorM&R 

Major M&R is applied to the entire pavement section to 
correct or improve existing structural or functional re
quirements. Major M&R is divided into two types: major 
M&R applied to pavement sections above the critical 
PCI, and major M&R applied to pavements below the 
critical PCI. 

PRIORITIZE M&R 

Factors used to prioritize M&R include M&R type, pave
ment use, pavement rank, and PCI value. Priorities are 

Critical 
PCI 

FIGURE 7 M&R types. 

Year 

first established on the basis of M&R type as listed, with 
Type 1 being the highest priority: 

1. Localized stopgap (safety); 
2. Localized preventive; 
3. Global preventive, Type 1; 
4. Global preventive, Type 2; 
5. Global preventive, Type 3; 
6. Major, equal to or above the critical PCI; and 
7. Major, below the critical PCI. 

For M&R Types 1 through 5, priorities are assigned 
within each type based on the section PCI, with the 
lower PCI receiving higher priority. For example, within 
M&R Type 1, a pavement section with a PCI of 20 would 
receive a higher priority than a pavement section with a 
PCI of 50. 

For M&R Types 6 and 7, priorities are assigned within 
each type based on user-defined criteria as presented in 
Table 2. Pavement sections within each major M&R type 
are ranked by PCI, the lower PCI receiving the higher 
priority. 

CALCULATE M&R COST 

The calculation procedure is slightly different for pave
ment sections above and below the critical PCI. 

DOES THE SECTION HAVE ANY OF THE 

FOLLOWING DISTRESSES: 

L, M, H POLISHED AGGREGATE 

L, M, H BLEEDING ? 

NO 
DOES THE SECTION HAVE ANY OF THE 

FOLLOWING DISTRESSES: 

L. M, H BLOCK CRACKING 

L, M, H WEATHERING/RAVELING 

L, M, H LONGITUDINAL AND TRANSVERSE 

CRACKING? 

NO 

TYPE 1 EXAMPLE: FOG SEAL 

ES TYPE 3 EXAMPLE: AGGREGATE 

SEAL OR THIN OVERLAY 

ES TYPE2 

EXAMPLE: REJUVENATION 

FIGURE 8 Asphalt global preventive maintenance. 
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TABLE 2 Major M&R Priority 
Table 

I Roadway 

~ p s T 

70 - 100 2 4 10 

Critical - 70 1 3 9 

40 - Critical 1 3 9 

0-40 2 4 10 

Pavement Sections Above Critical PCI 

The first step is to investigate if the pavement section has 
a structural distress (Figure 9). Structural distresses in
clude alligator cracking and rutting in asphalt pavements 
and corner break and divided slabs in concrete pavements. 

Pavement Sections With No Structural Distress 

1. Apply localized preventive M&R using the preven
tive distress maintenance policy and the extrapolated dis
tress data from the last condition survey. For subsequent 
years in which the PCI is predicted but the distress infor
mation is not available, the cost of localized preventive 
maintenance is estimated on the basis of the user-specified 
PCI-versus-unit cost relationship (Figure 10). 

2. Apply global preventive M&R on the basis of the 
user-specified interval between applications. And the 
maximum number of applications per pavement section 
should not be exceeded. The selection of the type of global 
M&R for asphalt pavements was presented in Figure 8. 

3. If a global M&R is selected, section PCI will be in
creased according to specified value. A preferred method 
of accounting for the effect of global preventive mainte-

PCI > PCI Critical 

.----N_o __ ___, ;:i~!'~is~~:! ___ v_E_s __ ~ 

Apply Localized 
Preventive --------, 

I 
I 
I 
I 
I 
I 

'I,~ 
SY~ 

I 
I --~-----Apply Global 

PC! l 
Funds Availability 

YES 
Preventive Maintenance 

Apply Major M&R 
Set PCI = 100 

FIGURE 9 Pavement sections above critical PCI. 
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FIGURE 10 M&R cost per square yard. 

nance on pavement performance is to let the user specify 
the ultimate increase in pavement life (T) and calculate the 
effective increase in PCI (Figure 11). 

Pavement Sections With Structural Distress 

1. Determine the cost for major M&R based on the 
PCI-versus-unit cost relationship (Figure 10). 

2. Check on the availability of funds on the basis of 
available budget and M&R priorities. 

3. If funds are available, apply major M&R and set the 
PCI value to 100. If funds are not available, apply the same 
process as in the previous section. Check on the availabil
ity of funding for major M&R in the following years. 

Pavement Sections Below Critical PCI (Figure 12) 

1. Determine the cost for major M&R on the basis of 
the user-specified PCI-versus-unit cost relationship (Fig
ure 10). 

2. Check on the availability of funds on the basis of 
budget and priorities. 

3. If funds are available, apply major M&R and set 
the PCI value to 100. If funds are not available, apply lo
calized stopgap (safety) M&R. Check on availability of 
funding for major M&R in the following years . 

PCI 

Apparent 6PCI 

~, ,rM a R Application 

''✓ U.:-'-'..... 
-------------.... ........ 

Effeetive6PCI ~6T 

Time (T) 

FIGURE 11 Effect of global preventive 
maintenance on pavement performance. 

\ 
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PCI < PCI Critical 

1•;.,~ 
i PCI 

Funds Available 

Yes 

Apply Major M&R 
Set PCI = 100 

I Apply Stop - Gap Maintenance I 

FIGURE 12 Pavement sections below critical PCI. 

To summarize, pavements above the critical PCI re
ceive localized preventive maintenance (such as crack fill
ing or patching) and global preventive maintenance (such 
as surface treatments). Pavements below the critical PCI re
ceive stopgap maintenance (such as pothole filling) until 
money becomes available for major rehabilitation. Pave
ments above the critical PCI with structural distress are 
scheduled for detailed condition investigation and major 
rehabilitation. The factors used to assign M&R priorities 
include pavement use, pavement rank (functional classifi
cation), and PCI. The critical PCI technique yields results 
that agree with engineering judgment and output from 
dynamic programming techniques, developed as part of 
the MicroPAVER research effort (3). 

BUDGET SCENARIO ANALYSIS 

The ability to analyze the consequences of different bud
get scenarios and rehabilitation philosophies for a road 
network has been automated as part of the MicroPAVER 
system. The example network consisted of 1,427,304 yd2 

divided into more than 200 pavement sections with an age 
to PCI distribution as shown in Figure 13. The average 

80, 0 

70. 0 
L 60. 0 a 
s 50 , 0 t 

p 40, 0 
C 30, 0 I 

20 , 0 

10. 0 

Age (Las 

FIGURE 13 Average last PCI by age (last inspection). 

PCI for the network was 66 in 1992 (when work planning 
was initiated). Analysis of the family curves determined a 
critical PCI of 70 for the installation. 

Two budgeting plans were considered; a minimal bud
get of $100,000 and an affordable budget of $2 million a 
year (Tables 3 and 4 ). The minimal budget represented a 
pothole repair and stopgap program and resulted in a to
tal unfunded requirement of $11.2 million by 1999 and an 
average PCI of 60. In this scenario, many section PCis 
would be below 60, indicating that many roads have un
acceptable operating conditions. The $2 million/year rep
resented the affordable budget for pavement M&R and 
resulted in a zero unfunded requirement by 1996 and an 
average PCI of 70, where all pavements are acceptable. 
The total amount of funding required would be $8.9 mil
lion for the $2 million/year scenario and $11.9 million for 
the $100,000/year scenario, leading to a total cost avoid
ance (funded plus unfunded) of $3 million. 

COST COMPARISON OF THREE M&R STRATEGIES 

Three M&R strategies were compared to illustrate the im
pact of M&R strategy on long-term pavement perfor-

TABLE 3 Pavement Budgeting Plan, $100,000 Annual Funding 

Dedicated Total Unfunded Total Avg 
Year Funding($) Funding($) Requirement ($) Requirement ($) PCI 

1993 100,000 100,000 6,200,000 6,300,000 67 

1994 100,000 200,000 6,800,000 7,000,000 65 

1995 100,000 300,000 7,600,000 7,900,000 64 

1996 100,000 400,000 8,300,000 8,700,000 62 

1997 100,000 500,000 9,000,000 9,500,000 61 

1998 100 ,000 600,000 10,000,000 10,600,000 61 

1999 100,000 700,000 11,200,000 11,900,000 60 
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TABLE4 Pavement Budgeting Plan, $2,00,000 Annual Funding 

Dedicated Total Unfunded Total Avg 
Year Funding($) Funding($) Requirement ($) Requirement ($) PCI 

1993 2,000,000 2,000,000 4,300,000 6,300,000 74 

1994 2,000,000 4,000,000 3,000,000 7,000,000 78 

1995 2,000,000 6,000,000 1,500,000 7,500,000 81 -

1996 1,800,000 7,800,000 0 

1997 220,000 8,000,000 0 

1998 361,000 8,400,000 0 

1999 497,000 8,900,000 0 

mance and M&R costs: thin AC overlays (less than 2 in.), 
3- to 4-in. overlay with or without fabric, and structurally 
designed rehabilitation. 

The analysis developed and used typical family curves 
for overlays 1 to 2 in. thick, overlays 3 to 4 in. thick, and 
structurally designed rehabilitation (Figure 14 ). The fam
ily curves were selected as typical from available data 
bases. Each family was assigned to the network, and three 
20-year work plans were created (one for each family as
signment); Figure 15 shows the results . The economic 
analysis feature in MicroPAVER converted these numbers 
to a cost per square yard using an interest rate of 6 per
cent and an inflation rate of 0 percent. The conservative 
interest and inflation rates were chosen to yield the mini
mum cost difference between the M&R types. 

The results of the economic analysis show that the an
nual difference in M&R cost per square yard is $1.50, 
$1.25, and $1.14 for the 1- to 2-in., 3- to 4-in., and struc-

PCI 
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FIGURE 14 Family curves for three types of M&R. 

7,800,000 83 

8,00,000 79 

8,400,000 75 

8,900,000 72 

turally designed overlays, respectively. The M&R cost for 
the thin (1- to 2-in.) overlay is $0.36/yd2 higher than the 
M&R cost for the structurally designed pavement. For a 
pavement network of 1.5 million yd2, this leads to a dif
ference in cost of more than $500,000/year: 

M&R Strategy 

Structural design 
3- to 4-in. overlay 
1- to 2-in. overlay 

Annual M&R 
Cost ($/yd2

) 

1.14 
1.25 
1.50 

Predicted PCI 

65 
65 
67 

The pavement conditions after 20 years are nearly identi
cal, but they have very different costs. These results con
firm that the structurally designed M&R is more effective 
and costs much less than the commonly used AC overlay. 
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HDM-111 Model-Appropriate Pavement 
Maintenance and Rehabilitation Programs 
Under Conditions Prevailing in Central 
European Countries 

Mate Srsen, Civil Engineering Institute of Croatia 

The study of possibilities for using the Highway Design and 
Maintenance-III (HDM-III) model to optimize selection of 
appropriate pavement maintenance and rehabilitation pro
grams under conditions prevailing in Central European 
countries is presented. The analysis was carried out on a part 
of the South Bavarian road network, and it is the first at
tempt to apply the HDM-III model for optimizing road 
maintenance and rehabilitation in this West European coun
try. The results obtained clearly point to the numerous ad
vantages of using the HDM-III model, if regional specificities 
are realistically presented. Particular emphasis is placed on 
the critical analysis of HDM-III model results with respect to 
the great number of input parameters used as a basis for 
modeling, including the possibility of error in defining indi
vidual values of so many parameters. The influence of vari
ous parameters on the performance of the model is analyzed 
in detail. This task is performed in the context of a sensitiv
ity analysis of the HDM-III model. The analysis justifies the 
global ranking of input data according to their importance in 
the HDM system. The research was carried out in Munich, 
Germany, in 1991. 

The model-based pavement management system has 
not yet been accepted in the Federal Republic of 
Germany as a basis for selecting appropriate road 

maintenance strategies. In the circles of building authori
ties this system is almost unknown, and the many efforts 
being made to enable its introduction and implementation 
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are still widely considered superfluous. Such an attitude is 
somewhat unusual or even imprudent since road mainte
nance costs in Germany are starting to exceed new con
struction costs and, for that reason, any improvement 
aimed at rationalizing decision making in the sphere of 
road maintenance would result in considerable savings. 
On the other hand, an eminent expert in this field, Alfred 
Schmuch, claims that the present aloofness related to the 
application of this system for decision making and opti
mization in Germany can hardly be understood, as widely 
recognized institutions such as the World Bank for 
Reconstruction and Development and some highly devel
oped countries (e.g., the United States) have been developing 
such systems since 1969 and are continuously working on 
their improvement. Until recently, such developments 
were practically ignored in Germany. This is mainly due 
to the fairly good state of German roads (except those in 
the former East Germany) and to the fact that German en
gineers have generally not been showing sufficient interest 
in economic issues and in the science of economics, being 
a scientific basis for both creative thinking and decision 
making. 

Only in the late 1970s were the first German attempts 
made to develop appropriate economic procedures. In the 
early 1980s, these activities, initially involving investiga
tion of surveying procedures, pavement condition evalua
tion, and determination of maintenance requirements, 
were extended to other related areas. This research was 
greatly supported by the Federal Ministry of Transporta
tion and by the Road Department of the Hessen Province. 
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In the late 1980s, experts from Croatia and some other 
former Yugoslav states acquired some knowledge related 
to the use of the Highway Design and Maintenance-III 
(HDM-III) model. This knowledge is primarily based on 
the pilot study of the HDM-III model application that was 
performed in Croatia in collaboration with World Bank 
experts. 

The present study, based on the experience gained in 
Croatia, was performed at the University of Bundeswehr, 
Munich. The author was engaged to investigate possibili
ties of applying the HDM-III model under the conditions 
prevailing in Central European regions. The results ob
tained are presented in the following sections ( 1 ). 

POSSIBILITIES OF APPLYING HDM-111 MODEL IN 
FEDERAL REPUBLIC OF GERMANY 

Aim of Analysis 

During the process of road network maintenance and re
habilitation, road authorities strive to select an optimum 
maintenance strategy from a number of alternatives. This 
selection may be obtained only through a realistic prog
nosis of total costs incurred (employer costs plus user 
costs) during the life of a road. In addition, an economi
cally acceptable maintenance strategy may be . selected 
among a number of maintenance alternatives only if it is 
possible to rapidly calculate and compare cost variations 
over a longer period. 

The HDM-III model (2) is one of a few existing mod
els that generally meet this precondition. This paper fo
cuses on the technical and economic possibilities of using 
the HDM-III model under conditions prevailing in Central 
European regions, which are represented here by appro
priate road sections in southern Bavaria. 

Individual aims of this research consisted in defining 

• Economically optimal maintenance strategies 
• The most favorable maintenance strategies in case of 

limited financing, 
• Maintenance and rehabilitation costs using such 

strategies, and 
• Individual input parameters for the HDM system. 

The final objective of the analysis is to evaluate the ap
plicability of the HDM-III model under the aforemen
tioned conditions. 

Analytic Procedure 

The analysis is based on the prognosis of road deteriora
tion when different maintenance strategies are applied 

and on calculating costs while selecting optimum mainte
nance strategies for individual road categories. 

The selected part of the Bavarian road network was 
classified into individual sections on the basis of pavement 
structure, pavement condition, and traffic volume. Pave
ment condition was then predicted for all sections defined 
in such way, and the corresponding maintenance activities 
for the period from 1991 to 2010 were defined. 

These predictions served as a basis for defining road 
maintenance costs and user costs, mainly consisting of ve
hicle operating costs, which have been discounted to the 
present value. An optimum maintenance strategy was 
thus defined for each selected section. 

The analysis using the HDM-III model was performed 
in three stages: 

1. Data input and data consistency control, 
2. Simulation of traffic flows and simulation of the 

change in pavement condition including maintenance ac
tivities required in the period under consideration, and 

3. Economic analysis and comparison of maintenance 
alternatives for the selected road sections based on the net 
present value for different discount rates. 

Procedure for Selecting Roads in Bavaria 

The selection of road sections within the Bavarian road 
network was performed taking into account 

• Pavement structure (construction method used), 
• Traffic load (traffic volume, vehicle types, traffic 

growth), 
• Pavement condition, estimated according to the 

actual road surface condition (particularly with respect to 
unevenness), and 

• Soil characteristics (bearing capacity) . 

The required information was collected by the Road and 
Bridge Construction Section of the Civil Engineering De
partment, Ministry of the Interior (Oberste Baubehorde 
im Bayer, Staatsministerium des Innern). 

In this way, the pilot study provided analysis of practi
cally all road categories (highways included) present in 
Germany: 

1. Federal Road B2 (Bundesstrasse B2): three sections 
between KM 30.960 and KM 40.500. 

2. State roads (Staatsstrassen): 
-St 2063 (five sections between KM 34.600 and KM 

45.900), 
-St 2067 (for KM 1.750 to KM 3.080), 
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-St 2068 (three sections between KM 32.465 and 
KM 33.670), 

-St 2069 (three sections between KM 2.550 and KM 
6.270), 

-St 2070 (four sections between KM 6.330 and KM 
20.140), 

-St 2073 (nine sections between KM 1. 700 and KM 
16.900), and 

-St 2349 (from KM 22.200 to KM 26.310). 
3. District roads (Kreisstrassen): 

-STA 3 (four sections between KM 19.880 and KM 
37.040), and 

-STA 9 (two sections between KM 0.050 and KM 
4.200). 
4. County-level roads (Gemeindestrasse: Puchheim

Aubing): from KM 13.200 to KM 14.700 

The total length of all 36 analyzed sections amounts to 
55.145 km. 

Analysis of Maintenance Strategies 

For the purpose of this study, several maintenance strate
gies have been defined and analyzed according to differ
ent technical-maintenance procedures and specific types 
of damage. Maintenance measures include all road main
tenance activities: from repairing potholes and individual 
cracks, to strengthening pavement using different asphalt 
layer thicknesses, to rehabilitating pavement by com
pletely changing its structure. 

The so-called zero-alternative, comprising all regular 
(routine) maintenance activities outside of the pavement 
structure, was defined to enable comparison of various 
maintenance alternatives. The regular maintenance was 
included in all other maintenance strategies. Winter main
tenance costs were not considered. 

Alternatives to the analyzed maintenance strategies 
contain different combinations of the following mainte
nance activities: 

• Regular (routine) maintenance includes care for the 
roadside vegetation, shoulder maintenance, drain clean
ing, and traffic sign maintenance and cleaning. 

• Patching activities include local repairs on the pave
ment surfacing and the repair of potholes or individual 
cracks, calculated as a percentage of the total pavement 
surface. 

• Surface treatment with or without previous profile 
correction. The extent of individual damage (damaged 
spots, joints, ruts) must be known before proceeding to 
this maintenance activity. 

• Road strengthening by adding an additional asphalt 
layer of variable thickness if the pavement surface would 
be elevated by up to 40 mm by doing so. The frequency of 

strengthening by a 40-mm layer depends only on the un
evenness of the road surface. 

• Rehabilitation by gradually reconstructing either the 
existing pavement or some of its parts if the damage also 
affects layers beneath the surfacing layer. Rehabilitation 
activities include strengthening, additional construction, 
or removal of the corresponding part of the pavement. 
When that is done, one or several additional asphalt lay
ers of variable thicknesses (80 and 140 mm) are placed. Re
habilitation may also be performed by modifying the 
placing method and layer thickness to achieve better me
chanical resistance of pavement to changes in volume. 

All 15 maintenance strategies are presented in Table 1 (all 
alternatives include regular routine maintenance). 

Input Data for HDM-III Model 

The following groups of data are required to enable ef
fective functioning of the HDM-III model: 

• Up-to-date characteristics of the analyzed road net
work sections (route elements, structure of and damage to 
the pavement structure, environmental impact estimate), 

• Traffic load (volume, growth), 
• Maintenance standards and unit rates, and 
• Characteristics of motor vehicles and unit rates 

Characteristic Features of Analyzed Road Sections 

Route elements (rise plus fall, horizontal curvature, pave
ment width, shoulder width) are primarily used in the 
analysis to determine vehicle operating costs. 

Structural properties of pavements are defined using 
the structural number (SN). This number indicates the 
change in pavement condition and is therefore the most sig
nificant parameter for predicting such a condition. The 
SN coefficient (SNC), being a statistically appropriate in
dicator of the mechanical resistance of pavements to vol
ume change, is suitable for the analysis and may be 
described as a linear combination of coefficients of indi
vidual materials and thicknesses of pavement layers above 
the subgrade, including the contribution of the subgrade 
itself. 

As to the information on road condition, the HDM-III 
model requires quantification of all damage to the pave
ment surface: all types of cracks, wide cracks, raveling 
(due to bitumen or mortar cutoff), potholes, rutting, and 
unevenness. Pavement surface unevenness was visually 
observed according to indications given elsewhere (3) and 
classified in the range from "hardly noticeable" to "very 
pronounced." Visual estimates of unevenness were then 
converted to the international roughness index (IRI) (me
ters per kilometer) and the values obtained were applied 
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TABLE 1 Alternative Maintenance and Rehabilitation Strategies for Selected Bavarian Roads 

Maintenance Patching (%) SURFACE TREATMENT (ST) 
of 

alternative the road with prolile without profile 
surface with correction correction 

damaqe) 
ALT 00 0 
ALT 01 100 
ALT 03 100 at 50% road 

surface damage 

ALT 04 100 at 50% road 
surface damaqe 

ALT 06 100 at 50% road 
surface damage 

ALT 07 100 at 25% road 
surlace damaqe 

ALT 08 100 
ALT 09 100 
ALT 10 100 
ALT 11 100 
ALT 12 100 
ALT 13 100 
ALT 14 100 
ALT 15 100 
ALT 18 100 

in the model. Other pavement condition properties were 
registered either visually or through appropriate measure
ments. These properties were then used to define homo
geneous road sections, as given in Table 2. 

Environmental Impacts on Pavement Condition 

Damage to the pavement surfacing (cracks, raveling, and 
potholes) develops in two stages: 

2.1. Initiation stage: the period in which the damage to 
the pavement surfacing is not yet visible, and 

2.2. Progression stage: the period in which the extent 
of damage increases. 

The model considers only the progression stage in case of 
structural damage such as rutting and unevenness. 

As the model was initially designed for conditions pre
vailing in Brazil, variable environmental conditions (tem
perature, precipitation, type of soil, and drainage) are 
taken into account by modifying the HDM-III model us
ing the so-called damage factors. These factors are in fact 
linear multipliers enabling prediction of individual types 
of damage. For example, the damage factor 1 is used for 
conditions prevailing in Brazil. 

A detailed study of the pavement damage process in the 
investigated area would be required to properly adapt the 
model to different environmental conditions. As such a 
study is normally not feasible, it is necessary to define av
erage representative values of the pavement performance 
factors. 

Overlay RECONSTRUCTION 

(wearing Strengthening New pavement 
course WC construction 
- 40 mm) 

at 7.0 IRI 

at 7.0 IRI 

at 5.0 IRI 
at 4.2 IRI 
at 3.5 IRI 

immediately 80mm + ALT 08 
immediately 80mm + ALT 09 
immediately 80mm + ALT 10 
immediately 140mm+ ALT 08 
immediately 140mm+ ALT 10 

immediately + 
ALT 10 

These damage factors were determined for each type of 
pavement damage by taking into account actual average 
climatic conditions prevailing in the southern Bavarian re
gions where the investigated road sections are situated: 

Damage Factor 

Crack initiation 
Crack progression 
Raveling at initiation stage 
Relationship between uneven-

ness and pavement age 
Pothole progression 
Rutting depth increase 
Unevenness increase 

Abbreviation Value 

K, 0.9 
KP 1.2 
K,i 0.9 

Kage 1.5 
KPP 1.3 
K,dp 1.0 
K,qp 1.0 

These damage factors are used to linearly correct the in
fluence of environment on the initiation and progression 
of pavement damage with respect to the Brazilian results. 

The average precipitation in the area under investiga
tion amounts to approximately 0.10 m/month (from 
0.075 to 0.13 m/month), and the average altitude of this 
area is 637 m (from 520 to 705 m). 

Traffic Volume 

The following traffic-related information was used in the 
analysis: (a) traffic density and types of vehicle, and (b) 
annual traffic increase rate. These data were obtained 
from the Bavarian Road Authority. The most recent traf
fic count results (1985), corrected for an annual traffic 
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TABLE 2 Characteristic Features of Selected Road Sections 
in Southern Bavaria 

Road Pavement Modified 
section wearing structural 

course age number 
(years) (SNC) 

B 2/1 30/13 6.5 
B 2/2 30/5 9.8 
B 2/3 30/13 6.7 

St 2063/4 30/23 3.4 
St 2063/5 30/23 3.4 
St 2063/6 30/3 3.9 
St 2063/7 30/9 8.5 
St 2063/8 30/10 8.4 
St 2067/9 30/3 3.4 

St 2068/10 30/7 8.5 
St 2068/11 30/13 8.3 
St 2068/12 30/13 8.3 
St 2069/13 30/ 12 8.3 
St 2069/14 30/3 3.4 
St 2069/15 30/3 3.4 
St 2070/16 30/20 9.8 
St 2070/ 17 30/3 4.0 
St 2070/18 30/21 6.4 
St 2070/ 19 30/3 4.0 
St 2349/20 30/3 4.6 
St 2073/21 30/30 2.5 
St 2073/22 30/30 2.5 
St 2073/23 30/30 2.5 
St 2073/24 30/26 2.4 
St 2073/25 30/5 8.3 
St 2073/26 30/24 2.5 
St 2073/27 30/24 2.4 
St 2073/28 30/4 6.7 
St 2073/29 30/3 3.3 
STA 3/30 30/30 5.8 
STA 3/31 30/30 5.8 
STA 3/32 30/30 5.8 
STA 3/33 30/30 5.8 
STA 9/34 30/12 6.0 
STA 9/35 30/ 12 6.0 
Gem. 36 30/18 2.5 

growth of 3 percent, were used to define traffic volume for 
the first year of the 20-year period (i.e., for 1991). This an
nual traffic growth rate was also applied for the period 
1991 to 2010. 

In 1991 the average daily traffic (ADT) volume in ve
hicles per 24 hr, presented by vehicle type for all analyzed 
road sections, was as follows: 

Vehicle Type 

Passenger car 
Bus 
Light delivery truck 
Medium-weight truck 
Heavy truck 
Heavy truck with trailer 

ADT 

540 to 9,239 
0 to 80 
3 to 312 
1 to 66 
1 to 86 
0 to 157 

Maintenance Strategies and Unit Rates 

Appropriate maintenance strategies were defined for the in
vestigated roads or their sections, as presented in Table 1. 

The unit rates for individual maintenance tasks to be per
formed in the scope of defined maintenance strategies 
were provided by the Bavarian Road Authority and by a 

Unevenness Cracks Rut Thickness 
IRI (m/km) all/wide depth wearing c./ 

(% of road (mm) supporting 
surface) c. (mm) 

2.8 2.5/0 1.0 30/ 100 
2.0 1.0/0 3.0 40/190 
2.0 5.0/0 4.0 35/100 
2.8 7.0/0.2 9.0 30/0 
8.7 3.0/0.2 10.0 30/0 
4.6 7.0/0.3 9.0 50/0 
1.2 9.0/0 2.0 40/150 
1.2 1.5/0 2.0 35/155 
2.8 2.5/0 1.0 30/0 
1.2 1.0/0 4.0 40/150 
2.8 1.0/0 10.0 35/150 
2.8 1 0/0 10.0 35/150 
2.0 1.0/0 2.0 35/150 
7.6 7.5/0.4 6.0 30/0 
4.6 3.5/0.5 10.0 30/0 
2.0 1.5/0 6.0 70/ 150 
4.6 2.5/0.1 2.0 70/0 
7.6 1.5/0.2 1.0 30/95 
7.6 7.0/0.5 2.0 50/0 
4.6 1.5/0.4 6.0 70/0 
7.6 22.0/2.3 7.0 25/0 
7.6 12.7/ 1.9 10.0 25/0 
7.6 7 9/1.5 9.0 25/0 
4.6 12.8/1.1 8.0 20/0 
4.6 7.5/0.1 9.0 120/120 
4.6 2.2/0.1 2.0 25/0 
4.6 16.4/0 3.0 20/0 
2.8 1.9/0 1.0 40/80 
4.6 8.6/0 6.0 50/0 
2.0 1.5/0 3.0 35/70 
1.2 1.0/0 1.0 35/70 
2.0 1.0/0 8.0 35/70 
2.0 2.5/0 6.0 35/70 
2.8 1.5/0 3.0 35/70 
3.5 2.5/0 3.0 35/70 
10.0 4.1/0.6 2.0 20/0 

major Bavarian civil works contractor. The rates adopted 
in this analysis are given in Table 3. 

Elements of the Vehicle Operating Costs 
(Vehicle Characteristics and Unit Rates) 

The following elements were defined and used for calcu
lating vehicle operating costs: 

1. Vehicle type: passenger cars, buses, light delivery 
trucks, medium-weight trucks, heavy trucks, and heavy 
trucks with trailers. 

2. For each vehicle type: the number of equivalent 
standard-axle loads, total weight, number of axles, an
nual load rate (in percentages of allowable load), and av
erage fuel consumption. 

3. For each vehicle, unit rates for: fuel, motor oil, tires, 
serv1cmg and maintenance (spare parts, maintenance 
time). 

In this analysis, the vehicle operating costs were calcu
lated on computer using the HDM-III model as applied 
under Brazilian conditions . 
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TABLE 3 Unit Rates for Individual Maintenance Tasks 

Task 

Regular (routine) maintenance 

Patching 

Surface treatment, without previous profile correction 

Unit Rate (D M)" 

Financial Price 

620.00/km/year 

20.00/m2/year 

4.00/m2 

Economic Price 

539.00/km/year 

17 .40/ rrr/year 

3 .50/m2 

Surface treatment, with previous profile correction using 30-mm 
ACb leveling course 10.56/m2 9.20/m2 

Strengthening using 40-mm AC wearing course 10.30/m2 9.00/m2 

Pavement rehabilitation by strengthening with layer 80-mm thick 

Pavement rehabilitation by strengthening with layer 140-mm thick 

Rehabilitation by reconstruction< 

13 .44/m2 

23.46/m2 

44.73/m2 

l l.70/m2 

20.40/m2 

38.90/rrr 
"DM = Deutsche marks 
b AC = asphalt concrete 
<Includes placement of gravel layer 400 mm thick as frost protection, road base course 100 mm thick, and 
AC wearing course 40 mm thick. 

Optimum Maintenance Strategies and 
Related Costs 

One of the individual aims of the HDM analysis was to 
determine economically optimum maintenance tasks for 
each road or road section analyzed. In addition to road 
user costs, the analysis also focuses on maintenance costs 
in the 20-year interval (1991 through 2010). 

The value discounted from the cost difference between 
the so-called zero strategy (regular routine maintenance) 
and individual maintenance strategies is used as the crite
rion for evaluating alternative maintenance strategies 
(this is a net present value, which shows possible savings 
in the total costs when selecting a particular maintenance 
alternative). 

Table 4 contains an overview of optimum maintenance 
tasks, including years in which such tasks are performed. 
All costs are related to the period of 20 years and are dis
counted using a 4 percent interest rate . 

Table 4 indicates that the model selected the following 
optimum maintenance and rehabilitation strategies out 
of all possible alternatives for the total of 36 sections 
covered: 

1. ALT 15 + ALT 14: in 19 cases, or 53 percent, 
2. ALT 13 + ALT 12: in 6 cases, or 17 percent, 
3. ALT 18: in 5 cases, or 14 percent, 
4. ALT 07: in 4 cases, or 11 percent, and 
5. ALT 10: in 2 cases, or 5 percent. 

In general, it may be stated that the HDM-III model pro
poses, in 70 percent of all cases, an optimum maintenance 
strategy consisting of strengthening the road section to a 
total thickness of 140 mm (5 3 percent) or 80 mm (17 per
cent) in 1991, and a subsequent additional strengthening 

of some road sections using an asphalt layer 40 mm thick 
in the period beginning in 2000. 

For the remaining 30 percent of road sections, an opti
mum maintenance strategy proposed by the HDM model 
consists in rehabilitation by reconstruction (14 percent), sur
face treatment (11 percent), and strengthening using an 
asphalt layer 40 mm thick (5 percent). Regular mainte
nance tasks and possible local patching activities are not 
presented as separate items in Table 4. 

The following funding is required in the first 5-year pe
riod (1991 through 1995) to implement the optimum 
maintenance strategies for 55.145 km of analyzed roads: 

Year 

1991 
1992 
1993 
1994 
1995 

Funding (DM) 

5,441,260 
140,085 
113,197 
133,678 
30,101 

These figures do not cover costs for the partial improve
ment of the route (grade, radius, cross section), special 
costs (e.g., for drainage and slope improvement), and 
winter maintenance costs. 

If funding cannot be secured for implementing opti
mum maintenance strategies in their entirety, then the 
HDM-III model enables selection of other appropriate 
maintenance strategies. Thus the financial loss is reduced 
to a minimum in case of insufficient funding. 

CRITICAL REVIEW OF HDM-111 RESULTS 

The HDM model has not previously been applied in Cen
tral European countries. The practical experience on the 
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TABLE 4 Optimum Maintenance and Rehabilitation Strategies for Bavarian 
Road Network 

Road Chainage Road 
section from km to km length 

(m) 
B 2/1 30.960 - 31.120 160 
B 2/2 34. 120 - 34.450 330 
B 2/3 38.000 - 40.500 2.500 

St 2063/4 34.600 - 31.120 700 
St 2063/5 35.850 - 36.580 730 
St 2063/6 37.300 - 37.640 340 
St 2063/7 37.700 - 37.800 100 
St 2063/8 44.900 - 45.900 1.000 
St 2067/9 1. 750 - 3.080 1.330 

St 2068/10 32.465 - 33.470 1.005 
St 2068/ 11 33.470 - 33.570 100 
St 2068/ 12 33.570 - 33.670 100 
St 2069/ 13 2.550 • 3.310 760 
St 2069/ 14 3.930 - 5.395 1.465 
St 2069/ 15 5.395 - 6.270 875 
St 2070/ 16 6.330 - 6.560 230 
St 2070/17 11 .260 - 13.045 1.785 
St 2070/ 18 16.810 - 18.240 1.430 
St 2070/ 19 18.240 - 20.140 1.900 
St 2349/20 22.220 - 26.310 4.090 
St 2073/21 1.700 - 3000 1.300 

St 2073/22 3.000 - 4.750 1.750 

St 2073/23 4.750 · 5.800 1.050 

St 2073/24 6.000 · 8.000 2.000 

St 2073/25 8.000 - 9.500 1.500 
St 2073/26 10.000 - 12.500 2.500 
St 2073/27 13.500 - 14.500 1.000 
St 2073/28 14.500 - 15.850 1.350 
St 2073/29 15.850 - 16.900 1.050 
STA 3/30 19.880 - 23.810 3.930 
STA 3/31 23.810 - 26.920 3.110 
STA 3/32 27.600 - 28.960 1.360 
STA 3/33 29.500 - 37.040 7.540 
STA 9/34 0.050 - 1 .260 1.210 
STA 9/35 2.125 - 4.200 2075 
Gem. 36 13.200 - 14.700 1.500 

model use has mainly been gained in the developing coun
tries (countries where the traffic volume is much smaller). 
The aim of this study was to investigate possibilities of 
HDM application under conditions prevailing in Bavaria 
and to determine possible conditions and limitations related 
to such application. 

Besides the useful information and realistic results 
obtained during HDM model application under Central 
European conditions, the study has shown that some 
questions still remain open. 

Calculation Procedure 

The calculation (simulation) procedure using the HDM 
model requires numerous input data. On one hand, the 
collection of such a huge amount of information may 
cause considerable practical difficulties; on the other 
hand, unrealistic results may be the outcome if sufficiently 

Maintenance Maintenance activity and year of 
alternative implementation (time period: 1991-

2000) 
ALT 15 140 mm strengthening in the year 
ALT 15 of 1991 
ALT 15 
ALT 15 140 mm strengthening; 1991 
ALT 18 new pavement construction; 1991 
ALT 15 140 mm strengthening; 1991 
ALT 07 surface treatment(ST); 1992 & 1999 
ALT 07 ST; 1994 and 1999 
ALT 14 140 mm strenQtheninQ; 1991 
ALT 07 ST; 1994 
ALT 15 140 mm strengthening ; 1991 
ALT 15 140 mm strenQtheninQ; 1991 
ALT 15 140 mm strengthening; 1991 
ALT 18 new pavement construction; 1991 
ALT 15 140 mm strengthening ; 1991 
ALT 10 40 mm WC overlay (2002) 
ALT 13 80mm strengthening;1991 (and2002) 
ALT 18 new pavement construction; 1991 
ALT 18 new pavement constructions; 1991 
ALT 15 140 mm strengthening ; 1991 
ALT 13 80 mm strengthening ; 1991 + 

40 mm WC overlay; 1 993 
ALT 12 80 mm strengthening ; 1991 + 

40 mm WC overlay; 1 993 
ALT 13 80 mm strengthening ; 1991 + 

40 mm WC overlay; 1993 
ALT 13 80 mm strengthening; 1991 + 

40 mm WC overlay; 2001 
ALT 13 80 mm strengthening ; 1991 
ALT 15 140 mm strengthening; 1991 
ALT 15 140 mm strengthening; 1991 
ALT 14 140 mm strengthening ; 1991 
ALT 15 140 mm strengthening; 1991 
ALT 10 40 mm WC overlay; 1 999 
ALT 07 ST; 1994 and 2000 
ALT 14 140 mm strengthening ; 1991 
ALT 15 140 mm strengthening; 1991 
ALT 14 140 mm strengthening; 1991 
ALT 14 140 mm strengthening; 1991 
ALT 18 New pavement construction 

accurate data are not available. Optimization results 
based on such a great number of parameters are generally 
burdened with at least some inaccuracies. 

In addition, each individual parameter is to some extent 
unreliable. For instance, it is not known whether the traf
fic load in an individual case amounts to 8,000 or 9,000 
vehicles per day, although this information significantly 
influences the final result. 

All input data used in the calculation procedure revolve 
more or less around a single average value, which means 
that the accuracy of the registered parameter values relies 
on a single statistical probability. In cases when the influ
ence of individual parameters is multiplied, the accuracy 
of input parameters decreases with the number of para
meters used. 

This point can thus be summarized as follows: 

• Too many input data are required, 
• Each individual parameter is to some extent unreli

able, and 
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• The accuracy of input parameters is significantly 
reduced in case of parameter multiplication 

Influence of Individual Parameters 

To what extent do individual parameters influence the 
final result? After answering this question, the decision 
can be made to (a) omit irrelevant parameters, and 
(b) define highly significant parameters, that is, those that 
must be determined with the highest level of accuracy 
(sensitive visual determination or determination through 
measurement). 

It would therefore be sensible to examine in more de
tail parameters such as the precipitation and thickness of 
layers forming the pavement structure. It can also be as
sumed that the heavy traffic load considerably influences 
the pavement condition. Consequently, the traffic load 
must be determined with great precision, which, although 
not a great problem in countries having low traffic density, 
is difficult to achieve in Central European countries char
acterized by a high level of motor vehicle traffic. 

Calculation Results 

Some calculation results cannot logically be explained, 
thus, in some cases the results can hardly be considered 
plausible. The following conclusions can be made by 
comparing optimum maintenance strategies and pave
ment construction methods defined using the HDM 
model to the German guidelines for road pavement stan
dardization [Richtlinien fur Standardisierung des Ober
baues von Verkehrsflachen (RStO 86)]: 

• In one-third of calculations made according to HDM 
model, the strengthening level is greater when compared 
to RStO 86 guidelines. 

• In the middle third of calculations made according to 
HDM model, the strengthening level is lower when com
pared with RStO 86 guidelines. 

• In the final third of model calculations, the strength
ening level according to HDM model coincides with 
RStO requirements. 

The reason for this discrepancy may, among other 
things, be sought in the fact that RStO 86 guidelines do 
not account for road condition data. On the other hand, 
the HDM model is based on the modeling procedure re
quiring numerous input data of variable significance and 
accuracy. 

It would therefore not be reasonable to accept HDM cal
culation results without previously performing an appro
priate plausibility control. This plausibility control may 
consist in a comparison with relevant calculations (i.e., 

with the corresponding guidelines for pavements) . The 
plausibility control could also be performed on the basis 
of subjective evaluation of the technical and economic 
feasibility of the solution obtained using HDM system. 
Such a control should be performed by an experienced 
pavement engineer. 

Immediate Maintenance Activities 

Some maintenance strategies defined as optimal by the 
model would require immediate realization of some main
tenance activities (this particularly concerns pavement 
strengthening). However, this could hardly be considered 
realistic in practical situations, since such hopeless road 
conditions as those defined by the model can hardly be ex
pected under the circumstances now prevailing in Central 
Europe. If this were the case, the sections analyzed would 
be in a state of complete collapse in the spring, which is 
not true for the well-maintained Bavarian roads. 

Two aspects should be considered when attempting to 
provide a rational explanation for such HOM-model 
results. 

1. The reason for requmng immediate pavement 
strengthening as an optimum maintenance strategy may 
be sought in the philosophy of the HDM system, which ex
amines the road maintenance issue by assessing costs in
curred by the national economy (i.e., primarily the road 
user's costs and then the employer's costs). 

2. The need to perform such immediate maintenance ac
tivities generally arises in case of pavements characterized 
by a small asphalt layer thickness. However, such layers 
may prove satisfactory if an effective drainage system is pro
vided. In other words, effects that are the same or similar 
to pavement strengthening may be obtained by appropri
ate drainage system improvements. In this sense, it is ap
propriate to mention that, for several sections situated on 
national road St 2073 and characterized by a relatively 
small traffic volume, the HDM model proposes strength
ening using asphalt layers 140 mm in thickness. In addi
tion, geometrical features of the route should be 
considered to reduce the total transportation costs on 
these sections. 

As for costs related to the implementation of optimum 
maintenance strategies, it should be noted that the HDM 
model takes into account only the pavement construction 
costs. Other costs required to provide. for routine mainte
nance activities (drainage, slope improvement) are not in
cluded in the cost calculation when the HDM model 
is used. 

The model also does not consider the route improvement 
costs (for some of the sections analyzed, improvements 
are required not only because of the poor pavement 
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conditions, but also to improve locally deficient route 
elements). 

It would therefore be interesting to consider some al
ternative maintenance strategies to be implemented by the 
HDM model instead of the present expensive mainte
nance activities such as multiple-asphalt-course strength
ening and pavement rehabilitation. Such alternative 
solutions for the maintenance and rehabilitation of roads 
might prove acceptable not only for Central European 
roads, but also for road networks existing in other regions 
of the world. 

The analysis of influence exerted by individual para
meters on the HDM-III model results (the sensitivity 
analysis) was performed to gain a better insight into some 
of the issues studied in this paper. This analysis consisted 
in selecting maintenance strategies (optimum strategy de
termination) depending on changes in the values of indi
vidual parameters. In other words, the influence of 
individual parameters on calculation results was exam
ined in the scope of that analysis. The analysis provides more 
accurate answers to such questions as Which parameters 
may be left out due to their insignificance for the calcula
tion? and Which parameters are particularly significant 
for the calculation (i.e., for which parameters must a high 
level of accuracy be ensured)? 

SENSITIVITY ANALYSIS OF HDM-III MODEL 

Analysis of the HDM-III model sensitivity to the influence 
of individual parameters (and of their input data) was per
formed for two road sections: Section 5 (St 2063, from 
KM 35.850 to KM 36.580) and Section 10 (St 2068, from 
KM 32.465 to KM 33.470). These sections are character
ized by the features described in Table 5. 

Section 5 is in a relatively poor condition with cracks 
on approximately 3 percent of the pavement surface, an 
average rut depth of 10 mm, and an IRI of 8. 7. The pre
cipitation rate for this region is 0.09 m/month. 

TABLE 5 Characteristics of Sections 5 and 10 

Characteristic Section 5 Section IO 

Pavement structure 

AC thickness (cm) 3 4 

Gravel subbase thickness (cm) 20 15" 

Frost-resistant layer thickness (cm) 0 50 

ADT (1991) 

Passenger cars 9,205 8,790 

Trucks 136 247 

"Bitumen-stabilized gravel. 

The HDM model results based on these input parame
ters show that an optimum maintenance strategy for this 
section would be that specified for ALT 18, that is, com
plete replacement of the existing pavement (rehabilitation 
by reconstruction) in 1991 and strengthening, several 
years after reconstruction, using a wearing course of as
phalt concrete 40 mm in thickness, as soon as the un
evenness attains the value of 3.5 IRI. 

Conversely, Section 10 is in very good condition: 
cracks appear on 1 percent of the pavement surface, the 
average rut depth is only 4 mm, and the unevenness 
amounts to 1.2 IRI. The precipitation rate is also 0.09 
m/month. In this case, an optimum maintenance strategy 
proposed by the HDM model is the alternative ALT 07, 
that is, surface treatment for 25 percent of the damaged 
surface and pavement rehabilitation by full reconstruc
tion at a later time when unevenness attains the value of 
7.0 IRI. 

The sensitivity analysis was made for the following six 
parameters: 

1. Structural number (SN), 
2. Bearing capacity [California bearing ratio (CBR) 

value for the subgrade or subbase], 
3. Unevenness (IRI), 
4. Traffic volume (average daily light and heavy 

traffic), 
5. Precipitation rate, and 
6. Unit rates for maintenance activities. 

The calculation was performed as a simple sens1t1v1ty 
analysis whereby a specified parameter is modified while 
all others remain unchanged. 

The values of individual parameters were modified 
within the following ranges: 

• SN for Section 5 gradually changed from - 30 to 
+ 100 percent, while this number for Section 10 gradually 
came down to - 70 percent. 

• The CBR value for Section 5 gradually changed from 
-80 to + 100 percent, while this value for Section 10 de
creased from + 25 to - 70 percent. 

• The unevenness value for Section 5 gradually de
creased (in increments of 1.0) from 8.7 to 2.0 IRI, while 
this value increased by several times for Section 10 (from 
1.2 to 10.0 IRI) . 

• The traffic volume for Section 10 remained un
changed as this section is not suitable for analyzing sensi
tivity of this parameter due to its strong pavement 
structure. In case of Section 5, the traffic volume de
creased by - 30, - 50, and -80 percent. 

• The precipitation rate for both sections gradually 
changed in - 50 percent increments up to + 100 percent. 
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• Unit rates for both sections gradually changed m 
- 50 percent increments up to + 100 percent. 

The sensitivity analysis shows that of the six parameters 
examined, only the change in unevenness and in traffic 
volume resulted directly in the change of an optimum 
maintenance strategy. Thus the improvement of unevenness 
for approximately 200 percent (reduction of the rough
ness index from 8.7 to 5.0 IRI) resulted in selecting ALT 
14 as an optimum strategy, instead of ALT 18. This means 
that by changing the roughness index for 1. 7 times, that 
is, by improving evenness by 1. 7 times, the strengthening 
by asphalt layers of 140 mm in total thickness appears as 
an optimum maintenance activity, instead of rehabilita
tion by full pavement reconstruction. On the other hand, 
the alternative ALT 14 replaces the previous ALT 07 as an 
optimum maintenance strategy for Section 10 due to the 
fall in evenness value manifested in the roughness index in
crease from 1.2 to 5 .0 IRI. Practically, this means that in 
this case strengthening by 140-mm asphalt layers is more 
favorable than surface treatment. Consequently, these re
sults show that unevenness is an extremely signi-(icant pa
rameter of the HDM system. The sensitivity of the HOM 
system to the change in IRI (manifested through the pre
ceding changes in optimum maintenance strategies) may 
also be manifested through the changes in total road-use 
costs or net present values. 

The 80 percent traffic volume reduction results in the 
change of an optimum maintenance strategy, in the mod
ification of time schedule for performing maintenance ac
tivities, and in the change in both maintenance costs and 
net present value. The 10 percent change in heavy-vehicle 
structure influences the total road use costs as well as the 
net present value. Similarly, the sensitivity analysis has 
shown that the 1 percent change in the number of vehicles 
results in a change in both maintenance strategy and net 
present value. These results show that the traffic volume 
is a signi-(icant parameter of the HDM system. 

The change of other parameters (SN, CBR, monthly 
precipitation rate, and unit rates for maintenance activi
ties) within limits set for this analysis did not result in the 
change of an optimum maintenance strategy (i.e., only 
slight differences in total road-use costs were observed). The 
changes in roughness index influence to a certain extent the 
time schedule for performing maintenance activities and 
hence the total maintenance and road-use costs. 

Relatively small sensitivity in the HOM model to the 
change in unit rates for maintenance activities may be ex
plained by the fact that vehicle operating costs account for 
up to 94 percent of the total transportation costs. There
fore, the percentage of maintenance in the total costs is 
insignificant. 

The results of the analyses performed indicate that the 
SN, roadbed bearing capacity, precipitation rate, and unit 

prices for maintenance activities may be considered less 
significant parameters of the HOM system. 

CONCLUSION 

Particular emphasis has been placed on the sensitivity 
analysis performed to differentiate very significant from 
less significant and negligible parameters. The sensitivity 
analysis results constitute the basis for classifying input pa
rameters according to their significance for the HOM sys
tem. This results in a double benefit: (a) the total number 
of parameters is reduced since some of them may be neglected 
because of their insignificant influence on the final results, 
and (b) greater emphasis is placed on parameters that must 
be precisely quantified as they determine the accuracy of the 
results. It was established that only two of the six analyzed 
parameters may be considered really significant: pavement 
surface unevenness and traffic volume. The detailed analy
sis showed that pavement surface unevenness is a particu
larly important parameter and that traffic volume is one of 
the significant parameters for the HOM system. It is inter
esting to note that the influence of maintenance cost on the 
HOM model is practically negligible, which is due to the 
considerably greater proportion of vehicle operating costs 
in relation to total transportation costs (> 94 percent). 
Such a great proportion of vehicle operating costs has also 
been noted in several road studies performed in develop
ing countries (75 to 95 percent) (4). 

The final part of the paper stresses that some of the de
tails of the HOM-III model should be modified and also 
simplified in part so that it may properly be used under con
ditions prevailing in Central Europe. These simplifica
tions primarily concern the differentiation of significant 
from negligible parameters. The HDM-III model should be 
used as a valuable tool in selecting appropriate road main
tenance strategies, although it should not lessen the role 
of experienced pavement engineers who decide on the 
spot whether measures proposed by the model are ac
ceptable. However, the results of this investigation clearly 
point to the many benefits that might be gained through 
use of the HOM-III model within the pavement manage
ment system, provided that regional specificities have 
been evaluated realistically. 

With respect to future model-related investiga
tions, which certainly must be performed, the primary 
task is to determine criteria for deciding at what point 
pavement maintenance or rehabilitation act1v1t1es 
should begin. It seems that the most favorable mainte
nance strategy for roads where traffic density exceeds 
1,000 vehicles per day should be based on the per
centage of wide cracks in the pavement surfacing, not 
on the pavement surface unevenness (which is currently 
the case). This conclusion is based on the experience 
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gained by Riley (M. Riley, personal communications, 
1991-1992) on road maintenance projects in Thai
land and Indonesia, where he analyzed the possibility 
of applying the model for optimizing road maintenance 
costs. It is obvious that these initial findings need to 
be further confirmed from the standpoint of practical 
expenence. 
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Maintenance and Rehabilitation Effectiveness 
Evaluation (MAREE) System 
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Every year, hundreds of millions of dollars are invested in 
cities, provinces, and states to preserve the pavement system. 
The challenge is to spend these funds wisely. To do this, one 
must plan, then observe, evaluate, and analyze the results of 
various alternative actions in order to learn which are suitable 
for which conditions. The concepts of two rational and sys
tematic procedures to analyze maintenance and rehabilita
tion options or treatments are introduced. The first procedure 
refers to the rationality testing and formulation of past main
tenance and rehabilitation (M&R) selection policies. More 
precisely, it tests the rationality of the past decision-making 
process in selecting M&R options within an administration, 
measures its degree of rationality, identifies the prerehabilita
tion conditions that led in the past to the selection of each 
specific option, and mathematically formulates a systematic 
decision rule that describes past M&R option selection. The 
second procedure evaluates the performance and the opti
mum application conditions of each M&R option treatment. 
It verifies whether and to what extent the performance of a 
specific treatment depends on the prerehabilitation charac
teristics of the treated sections. In essence, the intent is to 
formulate a systematic decision rule that mathematically ex
presses the optimal conditions within which a specific M&R 
option performs well. 

P
ublic authorities face many demands in making 
spending decisions. Paved roads have difficulty com
peting for funds in such an environment. This is why 

it is important to quantify the effectiveness of an interven
tion ( 1). The initial decision to spend money on paving 
roads may be considered an investment. Equally impor
tant, however, are the continuing decisions to spend 
money on maintenance and rehabilitation (M&R). These 
continuing decisions can have significant long term effects 
in terms of costs to the road users and costs to the road own
ers. If the proper sections of the roads receive funds and 
the right type of work is done at the right time, these long
term costs can be minimized and good value obtained. 

Spending decisions on paved roads should consider 
what type of M&R is best for the traffic and the pavement 
characteristics. The challenge for wise spending decisions 
is to observe, evaluate, and analyze the results of alter
native actions to identify which are suitable for which 
conditions. 

In this paper, the concepts of two rational, systematic, 
and complementary procedures to analyze M&R options 
are introduced. The two procedures, shown in Figure 1 
and applied on a subnetwork level basis, refer to (a) the 
rationality testing and formulation of the past M&R op
tion selection policy, and (b) the performance evaluation 
and the formulation of the optimum application condi
tions of each option (2). 

The tasks of the first procedure, as illustrated in Fig
ure 2, are to 

257 
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RATIONALITY TESTING AND FORMULATION 
OF PAST M & R OPTION SELECTION 

I 
PERFORMANCE EVALUATION AND OPTIMUM 
APPLICATION CONDITIONS OF AN OPTION 

FIGURE 1 Rehabilitation performance evaluation. 

1. Test, within an administration, the rationality of the 
past M&R decision-making process as to the extent it de
pended on the prerehabilitation variables, 

2. Measure the degree of rationality or consistency of 
that process, 

3. Identify, if the selection process is found to be ratio
nal, the prerehabilitation conditions that led in the past to 
the selection of each specific type of M&R, and 

4. Formulate a systematic decision rule that mathe
matically describes the past M&R selection policies. 

In the event that the process is found in Step 1 to be ra
tional (i.e., based on the prerehabilitation variables), the 
end product in Step 4 is clearly a decision-making system 
that takes the same decisions as local administrators have 
taken in the past. If the selection of a M&R option is 

I RATIONALITY EVALUATION OF 

I 
PROCESS IS RATIONAL 

I 

LOGIC FORMULATION OF 
M&R SELECTION PROCESS 

found in Step 1 to have been performed regardless of the 
prerehabilitation conditions, the decision process is 
strongly subjective. In this case, selections are indepen
dent of the prerehabilitation variables (i.e., regardless of 
the pavement condition, its traffic, and characteristics). 

The primary aim of the second procedure is to analyze 
the performance of each option. It verifies whether, and to 
what extent, the performance of a specific M&R option 
depends on the prerehabilitation characteristics of the 
treated sections, such as the pavement structure and capacity, 
soil, traffic, climate, surface condition, and roughness. 

The tasks of the second procedure, as illustrated in Fig
ure 3, are to 

1. Test whether the performance of a specific interven
tion or option depends on the prerehabilitation variables 
and to what extent, 

2. Measure the degree of influence of each prerehabil
itation variable on the postapplication performance or 
success of an intervention, 

3. Identify the prerehabilitation conditions leading to 
the good or the bad performance of a M&R intervention, 
and 

4. Formulate a systematic and automatic decision rule 
that mathematically expresses the optimal conditions 
within which a specific M&R treatment performs well. 

PAST M & R OPTION SELECTION I 
I 

I 

PROCESS IS IRRATIONAL 

I 
POOR DATABASE OR NON 
SYSTEMATIC DECISIONS 

FIGURE 2 Rationality analysis and formulation of past M&R selection. 

EVALUATION OF THE INFLUENCE OF PRE-REHABILI-
TATION VARIABLES WITH REGARD TO THEIR RANGE 
ON THE FUTURE PERFORMANCE OF A M&R TREATMENT 

I I 
PRE-REHABILITATION PERFORMANCE INDEPENDENT 
VARIABLES AFFECT M&R OF PRE-REHABILITATION 
TREATMENT PERFORMANCE VARIABLES 

I I 
IDENTIFY ORIGINAL PRE- POOR DATABASE OR ELSE 
REHABILITATION VARIABLES TREATMENT IS COMPLETELY 
LEADING TO A SUCCESS UNPREDICTABLE 

FIGURE 3 Performance evaluation and optimal application conditions of option. 
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If none of the prerehabilitation variables affects the per
formance of a treatment, then the treatment is totally in
dependent of these variables and the performance cannot 
be forecast. 

The treatment selection is therefore irrational, and, un
less often successful, such M&R options should be avoided 
because of unknown postapplication performance. 

In the expected situation in which the prerehabilitation 
variables affect the performance of a M&R treatment, the 
procedure isolates the following: 

• The most influential prerehabilitation variables that 
affect future performance. 

• The extent of their contribution, and 
• The combined intervals within which they are influ

ential and within which a specific M&R treatment per
forms well or badly. 

M&R DECISION POLICY RATIONALITY 
TESTING AND FORMULATION 

Method 

The problem addressed in this section is to assess, in the 
light of the recorded preapplication conditions, which 
treatments have been used and in which conditions. The 
prerehabilitation conditions clearly refer to the condition, 
characteristics, and properties of the pavement before the 
application of the treatment. The task in the next section 
is to assess which option should be used and for which 
conditions by evaluating the postapplication performance 
of each M&R option within the administration's network. 

The global problem of formulating optimal decision 
rules involves first the formalization of the actual M&R se
lection practice rules (Step 1). It then involves the detection 
of successful M&R options {Step 2) for various intervals 
of preapplication conditions. The formulation of the past 
M&R decision-making process (Step 1) is needed to com
pare with the optimal M&R decision policies (Step 2). 

The developed procedure is explicative. It relates a 
qualitative variable-the choice of an intervention-to a 
set of parameters that identify a section before rehabilita
tion. These variables integrate traffic, climate, soil, struc
tural, distress, and roughness data. It is descriptive in the 
sense that it reduces to a minimum the number of prere
habilitation quantitative variables that explain the quali
tative variable that is the choice of the M&R option. It is 
finally predicative since it defines a decision making or an 
assignment tool that allows one to estimate the qualitative 
variable (past M&R choice) for any set of prerehabilita
tion quantitative variables. 

In this context, each treated section is identified by a set 
of prerehabilitation variables and a qualitative variable 
varying from 1 to r, designating the M&R option. The 
process is to deduce, from past practice, a rule that sto
chastically associates for any set of preintervention val-

ues, a specific M&R option, formalizing the past decision 
policy that will be compared with the optimum policy 
presented in Step 2. 

Model 

Let us suppose !} = {w1, W2, . , . , Wn}, the set of past re
habilitated sections w; having received one of r M&R op
tions. !1 consists of r classes Ci, ... , C, whereas each C; 
regroups the sections w; that received option j; j equal to 
one of r possible options. 

Let <I> be a function from !1 tor that associates with each 
section W; a vector of p prerehabilitation variables related 
to the pavement structure, soil, traffic, climate, capacity, 
surface condition and roughness. The values of the pre
rehabilitation variables are identified for section w; as the 
components of the vector <l>(wi): 

<l>(wJ = [x1(w;), X2(w;), ... , Xn(w;)] 
for instance, <l>(wi) = [100, 200, 80] 

where 

x 1(w;) = traffic intensity before rehabilitation (i.e., 
DTN = 100), 

x 2(w;) = deflection before rehabilitation (i.e., 200 
µm), and 

x 3(w;) = amount of cracking before rehabilitation 
(i .e., 80 discipline). 

The function <I> associates with any section W; a vector of 
p variables: 

<1> : n ~ r 
W;~ <P(wJ = [X1(W;), X2(W;),,,,, Xn(W;)] 

A decision rule is a function 0 applied from r to {1, ... , r) 
that associates with each vector <l>(wil E r of prerehabili
tation variables, a rehabilitation option j E {1, 2, ... , r) 

<I> 0 

n~r~{l,2, ... ,r) 

W;~<P(wJ~j j E {1,2, ... , r) 

where 

W; = pavement section i; 
<l>(wi) = prerehabilitation vector of pavement section 

w,; 
j = type of M&R treatment applied 

= 1, 2, ... , r; 
!1 = set of rehabilitated sections under analysis; 

and 
r = space of all vectors of prerehabilitation vari

ables. 



260 THIRD INTERNATIONAL CONFERENCE ON MANAGING PAVEMENTS 

Conversely, if a section W; is such as 0[<1>(w;)] = j then w; 
E to C;, This leads to a classification of all sections hav
ing received a specific treatment j in the class C;, 

The past M&R selection policy can be formulated with 
the following partition off in j classes (Ti, T1, ••• , T,): 

T; = {<l>(w;)/0[<1>(w;)] = j) j = 1, 2, ... , r 

This expresses the partition of the multidimensional 
vectorial space generated by the prerehabilitation vari
ables in j subspaces, such that each subspace T; regroups 
those values of prerehabilitation variables or vectors that 
led in the past to the selection of the alternative treat
ment j. 

For any other section of the network in need of a treat
ment, the function 8 can stochastically assign the most fre
quently used treatment applied in the past for comparable 
sections in terms of the prerehabilitation vector. The deci
sion-making selection, based on the maximum likelihood 
formula in discriminant analysis (2) that minimizes the er
ror of misclassification, states that a pavement section is 
assigned to a rehabilitation treatment j if w; has the high
est probability P to belong to the associated partition T;: 

0[<1>(w;)] = j 

if P(w; E C;) = Sup P[<l>(w;) E Tk] 
j = l, 2, ... , rand k = l, 2, ... , r 

Figure 4 illustrates the rationality analysis of past M&R 
selection policies. It shows the prerehabilitation variables 
that most significantly affected the choice of Treatment A 
instead of Treatment B along with the combined bound
aries or intervals of these variables that led to the selection 
of Treatments A or B. It may further be observed that sec
tions received Treatment A when traffic intensity was less 
than 100, cracking was less than 20 percent, and bitumen 
penetration was larger than 5. 

PERFORMANCE ANALYSIS AND OPTIMUM 
APPLICATION OF OPTION 

Method 

This procedure relates to the performance evaluation of 
any M&R option and the rational formulation of its op
timal application conditions. 

Any M&R option should be evaluated in order to as
sess the conditions for which it performs well. The per
formance of an option is evaluated a number of years 
after it is applied and codified as either good or bad. The 
number of years after which a M&R option is classified 
as successful or not depends to some extent on data avail
ability, although a minimum of 4 years is necessary before 
one can make any judgment. 

The prerehabilitation condition and characteristics of the 
treated sections are further needed to carry out the analy
sis. This set of variables is the same as the one required in 
the previous procedure. The qualitative variable, how
ever, instead of relating to the nature of the rehabilitation 
option, concerns its postperformance evaluation with re
spect to a good versus a bad rating. 

The first step in the procedure is to verify whether the 
postapplication performance of an option depends on the 
prerehabilitation conditions and characteristics related to 
the pavement structure, soil, traffic, climate, structural ca
pacity, surface condition, and roughness of the treated 
sections. When the prerehabilitation conditions and char
acteristics are found to affect the performance of a specific 
option, the procedure computes the degree of influence or 
the weight of each of those variables on the performance 
of that option. The procedure partitions, for that option, 
all possible combinations of preapplication characteristics 
in one of two outcomes: namely, good or bad future per
formance. It detects the values of the boundary limits or 
the combined intervals associated with these influential 
variables, beyond which a specific treatment performs 

Bitumen consistency before rehabllltatlon 
(realduol penetration at 2s~ C) 
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rehabllltatlon o : Sections that received a trectment A 
D : Sections that received a trectment B 

FIGURE 4 Rationality analysis and formulation of past M&R selection process. 
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well or badly. As a result, the procedure formulates a de
cision rule that expresses the probability that an option 
will perform well or poorly for any combination of prere
habilitation characteristics. The objective of this proce
dure is clearly to deduce a rehabilitation assignation tool 
that associates the best rehabilitation strategy for any de
teriorated pavement characterized by its prerehabilitation 
parameters. 

In this regard, this procedure formalizes the optimum 
M&R selection process that identifies the specific condi
tions for which a particular option is expected to perform 
well. This process is based on the tracking of the pre
rehabilitation conditions that did lead to good perfor
mance for each of the past applied M&R options. It 
should however be separately applied to each option. In 
the very particular case in which none of the prerehabil
itation variables affects the performance of a specific 
M&R option, the latter is apparently totally independent 
of the collected prerehabilitation conditions and charac
teristics and its performance can never be forecast. 

Such an alternative should be avoided, unless the treat
ment is cheap and often successful, because its postap
plication performance (good or bad) is unpredictable. 
Another reason may be that the prerehabilitation charac
teristics are missing a major parameter that dictates the 
success or the failure of the option. In fact, the failure of 
a treatment, for instance, may indicate an independence with 
the prerehabilitation variables. This does not necessarily 
prove that the treatment is inappropriate. The explana
tion may be that the treatment was badly applied and 
quality-control data should in this case be integrated with 
prerehabilitation variables. 

As an example, a very successful European patented 
chip seal treatment applied in Montreal failed and the 
treatment was rejected; later it was discovered that a 
binder component had been stored for more than a year 
in a warehouse. 

The necessity of this M&R postapplication evaluation 
has been demonstrated, but its sufficiency will always be 
a function of common sense and engineering judgment. 

Model 

To fix ideas, let fl = {wi, w 2 , ••• , wn) be the set of sec
tions w ; having received one specific treatment, and r the 
number of postrehabilitation performance grades for in
stance good, fair, or bad. The set fl consists of r classes 
C 1, ••• , C,. Each class C; regroups the sections w; that re
late to specific postrehabilitation index j; j equals one of r 
possible performance indexes, (j = 1, ... , r). 

Let <P be a function from fl tor associating to each sec
tion W; a vector of p prerehabilitation variables related to 
its surface, structure, and so on, and identified as 

<P : fl ~ r 
W;~ <P(w;) = [x1(w;), X2(w;), .•. , Xn(W;)] 

A decision rule is a function 0 applied from r to (1, ... , r) 
that associates with each vector <P(w;) E r of prerehabili
tation variables, a postrehabilitation performance index 
j E {l, ... , r). 

<P e 
fl~f~{l, ... ,r} 

W;~<P(w;)~j j E (1, ... , r) 

Hence, if a pavement section W; with a prerehabilitation 
vector <P(w;) is such as 0[<P(w;)] = j then W; belongs to C;. 
This leads to a classification of all pavement sections hav
ing a postreha bilitation performance index j in the class C;. 
The identification of which sections lead to a specific 
postrehabilitation performance index can be deduced 
with the following partition of r in j classes (Ti, 
T2, • •• , T,) such as 

j = 1,2, ... , r 

Figure 5 illustrates the partition of the space generated by 
the preapplication variables in two subspaces, such as 
each T; (j = 1, 2) represents the combined intervals that 
lead to the performance index j. Figure 5 shows that the 
evaluation of the performance and the optimal applica
tion conditions of a treatment is based on the prerehabil
itation variables that most significantly affect its future 
performance. The function 0 assigns the most probable 
future performance index for any section with a particu
lar set of prerehabilitation variables. The selection, based 
on maximum likelihood, in discriminant analysis (2) that 
minimizes the error of misclassification, assigns a perfor
mance index j if W; has the highest probability P to belong 
to the associated partition T;: 

0[<P(w;)] = j 

if P[w; EC;] = Sup P[<P(w;) E Tk] 
j = 1, 2, ... , rand k = 1, 2, ... , r 

APPLICATION OF MAREE PROCEDURE: 
DATA ANALYZED 

The pavement network of the city of Montreal accounts 
for more than 1500 km, of which about 150 km are re
habilitated each year for a budget of more than $15 mil
lion. The city network is divided into more than 5,000 
sections. The network is evaluated with a visual surface 
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Bitumen consistency before rehabilitation 
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FIGURE 5 Performance evaluation and optimal application representation. 

quality index (SQI) that reflects the global surface dis
tress condition on a 0-to-5 scale in 1980 and in 1985. The 
higher the visual SQI (maximum of 5), the more the 
section is distressed; conversely, the lesser the visual 
SQI (minimum of 0), the better the section. By city 
standards, a value of 3.25 indicates a need in the sense 
that some M&R treatment may eventually be due. The 
visual SQI introduced by Joseph Hode Keyser has been 
gathered by the city for more than 20 years and depends 
on the average visual evaluation of the distresses by three 
evaluators (2). 

The data analyzed include the following variables: 

• Visual SQI in 1980 and 1985 (SQI1980, SQI1985 ) for 
128 sections overlaid in 1980 with a 40 mm of asphalt 
concrete (AC) versus 180 nonoverlaid sections; 

• Traffic intensity indicated in vehicles per day (traf
fic); and 

• Pavement construction year (construction). It does 
not include either a roughness or a structural capacity 
index. 

The data from the city of Montreal were used to test the 
system by 

• Formulating mathematically on what basis past de
cisions as to the application of a given treatment were 
triggered and how consistent or rational was this decision 
making, and 

• Identifying the conditions in which the application 
of a given treatment led to good postintervention perfor
mance (success), the condition in which case it did not 
(failure), and the predictability of the performance of that 
treatment. 

FORMULATION OF TRADITIONAL DECISION RULE 

This first procedure is performed on the data of the city of 
Montreal. The analysis is carried out in order to assess the 
particular prerehabilitation conditions of traffic and SQI 
(SQI 1980 ) that led to the application of a 40-mm AC resur
facing in 1980. 

The data included the SQI 1980 (1980) and the traffic 
(1980) for 180 unsurfaced sections and 128 surfaced sec
tions. Figure 6 illustrates the sections overlaid in 1980, 
and Figure 7 illustrates the sections that were not overlaid 
in 1980. 

The data are analyzed with the past decision rule ra
tionality testing and formulation procedure. The similar
ity test performed between the overlaid and nonoverlaid 
populations, with regard to the prerehabilitation vari
ables, indicates a probability of 2.29 percent. (If the two 
populations are assumed to be similar, the probability of 
obtaining the collected data is 2.29 percent.) In other 
words, there was a substantial difference in SQI and traf
fic just before the treatments in 1980, between the over
laid and the non overlaid sections. 

The two prerehabilitation variables (SQI 1980 and traf
fic) did affect the decision making process as to the choice 
of a 40-mm AC resurfacing. The impact or the weighting 
factor associated with the traffic in the decision making 
was 63 percent, as compared to 37 percent for the SQI in 
1980. Traffic was more important in the mind of the de
cision maker than the pavement surface condition. 

The equation of the optimal straight line that optimally 
separates the sections that received the treatment from 
those that did not is calculated as shown earlier in the 
paper: 

10- 3 * traffic + 8 * SQI 1980 = 34 
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FIGURE 7 Illustration of sections not overlaid in 1980 and clearly showing strong concentration below 
optimal separation line. 



264 THIRD INTERNATIONAL CONFERENCE ON MANAGING PAVEMENTS 

The diagonal straight line cutting each of the two Figures 
6 and 7 by half indicates the optimal cutting point that 
separates the sections that did and did not receive treat
ment. It is the optimal straight line that, in simple terms, 
minimizes the error of misclassification. It may be ob
served that over this optimal line is a concentration of 
overlaid sections, as illustrated in Figure 6; conversely, be
low this line is a concentration of nonoverlaid sections, as 
illustrated in Figure 7. 

The construction year had such negligible effects that it 
was eliminated from the analysis. 

EVALUATION OF PERFORMANCE OF TREATMENT 

This second procedure was also performed on the data 
from the city of Montreal. The analysis was carried out to 
assess the prerehabilitation conditions of traffic and SQI 
(SQI 1980) that led in 1985 to a good or a bad performance 
of a 4O-mm asphalt resurfacing that was done in 1980. 

The data included the traffic and the SQI1980 for 128 
overlaid sections in 1980. Of these, 84 sections remained 
in good condition in 1985 with an SQI 1985 below 2.0 and 
29 sections deteriorated significantly with an SQI1985 
above 3.25. Figure 8 illustrates the 29 sections in bad con
dition in 1985, and Figure 9 plots the 84 sections in good 
condition in 1985. 

The data were analyzed with the performance analysis 
and optimum application of a treatment procedure. The 
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similarity test performed between the sections in bad con
dition and the sections in good condition indicates a prob
ability of only 0.2 percent for the prerehabilitation 
variables of these two groups to be similar. (If the two 
populations are assumed to be similar, the probability of 
obtaining the collected data is 0.20 percent.) The similar
ity assumption between the sections in good and bad con
dition was rejected since the probability is small. In other 
words, there is a substantial difference in SQI1980 and traf
fic in 1980 between the sections with good and the sections 
with bad performance in 1985. Therefore, the two prere
habilitation variables (SQI1980 and traffic) do affect the 
performance of the resurfacing. The weighting factor as
sociated with the traffic in influencing the results is 68 per
cent as compared with 32 percent for the SQI1980. Traffic 
affects the performance of a 4O-mm AC resurfacing more 
than does the prerehabilitation surface condition. It is fur
thermore observed that with higher traffic, the perfor
mance of the resurfacing is equal to or better than that for 
lower traffic. This can be due to a number of reasons, in
cluding compaction from traffic and stronger initial de
signs for the high traffic sections. 

The formulation of the equation of the optimal deci
sion process that, in simple terms, optimally separates in 
the SQI1980-traffic graph, the sections that performed well 
from those that did not, is calculated as shown earlier: 

10- 3 *traffic+ SQI1 980 = 16 

◊ 

s 
◊ 

◊ 

20 30 

Trarr1c (1000 veh/day) 

FIGURE 8 Sections overlaid in 1980 and in bad condition (index > 3.25) are present mostly to left of 
optimal separation line. 
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FIGURE 9 Sections overlaid in 1980 and in good condition (index< 3.25) are present mostly to right of 
optimal separation line. 

This optimal straight line, shown in Figures 8 and 9, min
imizes misclassification errors. It may be observed that 
there is a concentration of failed sections on the left of this 
optimal line, as illustrated in Figure 8, and that there is a 
concentration of successes on the right of the line, as 
shown in Figure 9. In this case, too, the construction year 
had negligible effects and was eliminated. 

CONCLUSIONS 

The essence of the twofold MAREE methodology is its 
usefulness in establishing an understanding of pavement per
formance under various M&R treatments. The system 
provides the basis of a practical, working package. The 
framework for integrating the MAREE system into pave
ment performance modeling and decision-making 
processes should have a general or universal applicability 
in pavement management systems. MAREE, of course, 
does not provide the final decisions, but it certainly is a set 
of complementary tools that can aid management in se
lecting M&R options. 

The major conclusions arising from the application of 
the MAREE methodology to the data base of the city of 
Montreal include the following: 

1. MAREE identifies the criteria on which past M&R 
options were selected, the criteria that were eliminated 

from the selection process, and the importance attributed 
to each criterion. The comparison of resurfaced and un
resurfaced sections shows a probability of independence be
tween their preapplication conditions of only 2 percent. 
The weighting factor associated with the preapplication 
traffic in the decision making is 63 percent, as compared 
with 37 percent for the preapplication surface condition. 

2. MAREE formulates the past M&R selection 
process in terms of the two or three most influential crite
ria. This is achieved by formulating the equation of the 
separation line or plan, within the space generated by the 
criteria retained, between the different M&R options. 
This results in a decision-making system that takes the 
same decisions as in the past, allowing the analyst to pro
ject the future condition of the network for various bud
gets in case the M&R options were to be selected as in the 
past. Analysis of the choice of a 40-mm resurfacing pro
vides, in Figures 6 and 7, a separation line that optimally 
segregates the sections that received a resurfacing from 
those which did not. 

3. MAREE verifies, for each M&R option, whether its 
performance depends on the preapplication conditions. In 
case one or more of the prerehabilitation conditions af
fects the M&R performance, then the extent of the influ
ence of each is determined. Analysis of the performance of 
the 40-mm resurfacing, 5 years after it was applied, shows 
a probability of independence between the performance 
of the treatment and the pretreatment variables of about 
0.2 percent. The weighting factor associated with the 
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prerehabilitation traffic is 68 percent, as compared with 
32 percent for the prerehabilitation surface condition. 

4. MAREE formulates the specific combination of 
preapplication conditions that lead to good or bad per
formance of a particular M&R treatment. The resulting 
equation that separates the well from the poorly perform
ing 40-mm treatments is shown in Figures 8 and 9 on a pre
rehabilitation traffic-versus-condition plan. 
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Introduction of Investment Analysis into 
Pavement Management Practices in the 
Philippines 

Kim R. Howard, Snowy Mountains Engineering Corporation, Australia 
Neil F. Robertson, Queensland Department of Transport, Australia 
Richard Francisco, Philippines Department of Public Works and Highways 

The successful implementation in the Republic of the Philip
pines of a powerful and sophisticated pavement management 
system is discussed. This system is suitable for road network 
applications ranging from national strategic road networks 
to regional or district arterial and collector/distributor net
works. The system consists of an accurate and up-to-date 
locational reference system for the road network; automated 
pavement condition data collection techniques; data manage
ment, data access, and data presentation techniques based on 
an easy-to-use geographic information system, which also 
provides menu control of data analysis processes; and a pave
ment investment analysis system. Particular features of the in
vestment analysis system, based on the World Bank Highway 
Design and Maintenance Standards (HDM-III) package, 
include the abilities to (a) analyze networks of any size, by 
classifying network elements into pavement categories; 
(b) determine economic impacts of alternative maintenance 
strategies over the pavement life cycle, by predicting pave
ment deterioration under the action of maintenance strategies 
over the life cycle, and predicting the life-cycle cost streams 
that arise under each strategy; (c) include both agency costs 
and road user costs (i.e., vehicle operating costs and user time 
costs) in the economic analysis; (d) determine the optimum 
maintenance strategy for each pavement category under bud
get constraints, or average network condition standard con
straints; and (e) determine an optimum distribution of budget 
allocation across a 3-year budget program. The HDM 
package has proven to be adaptable to technological envi
ronments beyond its original domain of relevance. In this 

project, successful performance and economic modeling of 
concrete pavements has been achieved, based on historical 
performance data. Successful implementation of a pavement 
management system in any road authority requires that three 
principal issues covering institutional impact be adequately 
addressed: technology impact, management commitment, 
and follow-through from planning to delivery. 

I
n 1991 the Government of the Republic of the Philip
pines embarked on an initiative to introduce formal 
pavement management practices into the management 

of maintenance of the Philippines national road network. 
The initial phase of the initiative was a pilot project designed 
to introduce appropriate technology and procedures into 
the planning and administration of pavement upkeep 
strategies applied to the national network of Luzon Is
land, with a view to national implementation of a com
prehensive computer-based pavement management 
system (PMS) later. The initial project was also to estab
lish a rolling periodic and preventive maintenance pro
gram for national roads in Luzon, on the basis of outputs 
of the pilot PMS. 

Development and implementation of the pilot PMS 
was executed by a consortium of Australian public sec
tor-owned organizations for the Philippines Department 
of Public Works and Highways (DPWH), and was funded 
by a technical assistance grant from the Asian Develop
ment Bank. 

267 
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This paper describes the salient features of a principal 
component of the pilot PMS-a pavement investment 
analysis system. This analysis system provides a major de
cision support tool for formal planning and programming 
of maintenance and rehabilitation works, based on objec
tive assessment of priority needs, and economic justifica
tion in terms of maximized future community benefits. 

SCOPE OF PILOT PMS PROJECT 

The requirements of the PMS were characterized by 

1. Pavement rating methodologies encompassing 
roughness, visual condition, structural capacity, and asso
ciated data base management facilities, 

2. An investment modeling system capable of deter
mmmg 

-Prioritized programs of periodic and preventive 
maintenance on road sections under given budgetary 
constraints, 

-Economically justified intervention levels and timing, 
-The economic effects on society of various mainte-

nance and rehabilitation strategies at different levels of 
intervention, and 

-Optimized application of budget resources to ap
propriate maintenance and rehabilitation strategies; 
3. Economic analysis of community costs and benefits 

based on vehicle operating costs and agency costs for 
maintenance and rehabilitation. Other externalities were 
not required in the pilot; 

4. Appropriate overlay design methodology; and 
5. Comprehensive training of local personnel in the 

data collection, analysis, and design methodologies. 

FEATURES OF PAVEMENT CHARACTERIZATION 
METHODOLOGIES 

The approach to pavement investment modeling de
scribed in this paper requires that the pavement physical 
and operating environment be characterized in terms of 

• A road reference framework (road identification, lo
cation reference system, road section lengths), 

• Physical inventory (pavement widths, lengths, type 
of pavement structure, surface type), 

• Pavement functional and structural condition, 
• Traffic characteristics (volumes, composition, 

growth rates, axle load equivalents), 
• A range of effective maintenance and rehabilitation 

treatment strategies for each major pavement group in the 
network, 

• Unit rates of cost for maintenance and rehabilitation 
treatments, and 

• Operating cost characteristics for representative ve
hicles in the national vehicle fleet. 

Methodologies and technologies employed in the col
lection of these data are briefly noted here. More detailed 
exposition of the application of particular technologies is, 
however, beyond the scope of this paper. 

The road reference system was established primarily by 
a vehicle-based resurvey of the road system, which estab
lished a system of road identification, accurate road 
lengths, and location of physical points of reference (in
tersections, bridges, and so on). In general, collection of 
new reference information was necessary to overcome the 
gaps in completeness, inconsistencies, and inaccuracies 
which inevitably accumulate in old paper-based physical 
records. 

The road reference system was subsequently incorpo
rated into a geographic information system (GIS) (Map
Info for Windows), which then provided the environment 
for management of all pavement data used in the analysis 
phase of the pilot PMS project. 

Inventory, traffic, and maintenance cost information 
generally has made use of DPWH records, which, histor
ically, have been consistently maintained and were con
sidered sufficiently reliable. Adopted maintenance and 
rehabilitation strategies generally followed current practices, 
but with the introduction of some well-tested and cost
effective strategies (e.g., chip seal surface treatments) used 
in other countries but not yet in routine usage in the 
Philippines. 

Assessment of pavement condition has required the in
troduction of several new technologies into normal local 
practice. Roughness was measured using the Australian 
standard response meter technology, with automated data 
recording for later data base loading. Visual condition 
rating employed windshield surveys, with voice-actuated 
computer logging of condition ratings. Pavement struc
tural condition was assessed by use of falling weight de
flectometer (FWD) technology, together with some 
limited confirmatory subgrade testing using dynamic cone 
penetrometers. Specific research was undertaken to provide 
a correlation between FWD results and structural number 
(SN) and subgrade California bearing ratio (CBR) mea
sures required by the adopted pavement model. 

Development of up-to-date vehicle fleet characteristics 
and vehicle operating cost characteristics was undertaken 
in specific focused studies as part of the pilot project. 

SCOPE OF INVESTMENT ANALYSIS SYSTEM 

The purpose of the pavement investment analysis system 
is to provide a means for managers of the upkeep of the 
Luzon national road network to investigate appropriate 
strategies for maintenance, rehabilitation, or reconstruc-
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tion, which may be applied across the network, under 
given levels of agency budget. 

The goal of the investment analysis system is to deter
mine an optimum set of maintenance strategies to be ap
plied to those parts of the network in need of upkeep. The 
optimum set of strategies is determined to provide maxi
mum net benefit to the road user community, when con
strained by upper limits on capital budget or recurrent 
expenditure or constrained by a desired standard for 
maximum average roughness across the network. 

The system is designed to analyze investment possibil
ities on a network of any size. Thus, it may be applied at 
the district network level, at the regional network level, to 
all regions forming Luzon Island, or (as a future expansion 
of scope) to a nationwide analysis of the national road 
network. Analysis at any level requires the appropriate 
setting of budgets available to the selected geographic 
area. 

This flexibility in network analysis has been achieved 
through the definition of a wide range of pavement cate
gories. Each pavement category is defined in terms of four 
attributes: 

1. Pavement type, 
2. Pavement condition, 
3. Traffic characteristics, and 
4. Quality of pavement structure. 

By assembling the appropriate data on pavements in a 
network, any "project" length of pavement (i.e., a length 
considered to be a potential candidate for future work) 
can be classified as belonging to a particular pavement 
category. Thus, the lengths of all pavement categories in a 
network may be determined. 

The investment analysis for a network is undertaken to 
determine appropriate treatment strategies to be applied 
to the pavement categories. Any project length within 
a category is a potential candidate for that treatment 
strategy. 

The total number of categories defined for the Philip
pines network is summarized in Table 1. A detailed de
scription of category definitions is given in Figure 1. 

In a complete analysis of a network, the system is ca
pable of recommending an optimum treatment strategy 
for each of 488 pavement categories. The recommended 

TABLE 1 Number of Pavement Categories 

Pavement T)'flC No. of No. of No. of Total 
Condition Traffic Quality 

R:rngcs Ranges Ranges 

Gravel 4 5 2 40 
Asphalt / Bit. Macadam JO 8 2 160 
Concrete 11 9 2 198 
Overlaid Concrete 10 9 90 

Total all Categones 488 

treatment strategy will depend on the total available cap
ital budget allocated for the network. Under more re
stricted budget scenarios, less expensive (and less 
effective) treatment strategies are recommended. Under 
normal budget levels , many categories are recommended 
to receive no capital expenditure and are allocated a 
"minimum maintenance" strategy (that is, routine main
tenance and patching). 

The investment analysis system is further designed to de
termine a 3-year budgetary program. This enables bud
gets to be set for each of 3 consecutive years. The system 
determines the best distribution of treatments across the 
3-year program, which maximizes the future net benefit 
to the community. In determining future costs and bene
fits, the system uses an analysis period of 20 years. In the 
initial application of this system, the budget and treat
ment years are 1993, 1994, and 1995, and the analysis pe
riod is 1993 through 2012. 

To provide a consistent basis for comparison between 
alternative treatments, the "rules" for a treatment strategy 
are as follows: 

1. The "primary" treatment forming the strategy 1s 
applied in the chosen year (Year 1, 2, or 3 of the budget 
period). 

2. If the primary treatment is not applied in the first 
year, the minimum acceptable maintenance treatment 
(sometimes referred to as the do-nothing or patch-only 
treatment) is applied in the preceding year(s) of the bud
get period. 

3. Minimum acceptable maintenance treatment is ap
plied each year after the primary treatment is applied for 
the remainder of the 20-year analysis period. 

4. In the final (20th) year, an appropriate rehabilita
tion treatment is applied to return the pavement to good 
condition. 

No other major works are assumed applied to the pave
ment after the budget period, as it is assumed in the 
Philippines that there is no present control of future allo
cation of funds to that pavement after the budget period. 
The final year treatment provides a means to include in 
the yearly stream of costs a notional future cost of re
turning all pavements to a comparable level of good con
dition (but not necessarily returned to a new pavement 
condition). 

The allowable treatment strategies for each pavement 
type are shown in Table 2. The treatment strategies are de
fined by the primary treatment applied in the strategy, and 
by the budget year in which applied. Available numbers of 
treatment strategies for each pavement type are shown in 
Table 3. 

The investment analysis system is based on application 
of two World Bank pavement investment analysis tools: the 
Highway Design and Maintenance Standards Model 
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FIGURE 1 Structure of pavement categories. 

(HDM-III), and the Expenditure Budgeting Model(EBM). 
Detailed descriptions of the nature and application of 
these tools are available elsewhere (1,2). 

Other purpose-built software developed within the 
project provides a range of user-friendly data manipulation 
functions and the control of program flow required to 
perform many repeated analysis cycles. 

Microcomputer (MS-DOS) versions of all software 
were employed in the pilot system, as this was judged to 
be the most appropriate level of computing technology to 
introduce into local management practices. With the sys
tem running on a relatively fast 486 computer, a full 
analysis cycle would complete overnight, which was 
judged to be acceptable. 

SYSTEM OVERVIEW 

The main system elements and information flows are 
shown in Figure 2. (Numbers in brackets refer to parts of 
Figure 2.) The Maplnfo-integrated (GIS) data base and 
map base [2] forms a powerful yet easy-to-use central 

repository for information used by, and generated by the 
system, and also provides the means for mapbased and 
statistical interrogation and reporting. All data base 
processes and investment analysis processes are con
trolled from a customized front-end menu system built 
into the Maplnfo package. Network elements are classi
fied into pavement categories [3] and category length data 
[ 4] are assembled by the GIS. 

Life-cycle performance and cost analysis, for all treat
ment alternatives applied to each category is executed in 
the category analysis phase (5,6]. The resulting cost 
streams, which apply to a unit length of each category, are 
adjusted for actual category lengths [7] and fed to the 
budget optimization tool EBM (8], which determines an 
optimum category workplan (11] for a particular trial 
budget (9] and other constraints [10]. 

The network data base transforms the category work
plan into a network workplan (12] for the trial budget, 
consisting of a program of candidate projects in each bud
get year. Summary reports and projections (13] of the 
physical and economic impact of each budget strategy can 
be prepared. Finally, when a budget or intervention strat-
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TABLE 2 Adopted Maintenance and Construction 
Treatment Strategies 

Pa,·emcnt 

Type 
GRAVEL 

ASPHALT 

Treatment 

Minimum grading frequency. 
spot regravelling 

Desirable grading frequency, 
reshceting 

New granular pavement. with 
surface treatment 

New granular pavement. with 
AC surfacing 

New concrete pavement 

Patch potholes 

AC overlay 50 mm 

AC overlay 100 mm 

Surface treatment reseal 

AC pavement reconstrnction 

Granular pavement overlay. 
with surface treatment 

New concrete pavement 

Notes 

Base case ("do nothing") 

strategy 

Base case ("do nothing") 
strategy 

includes AC removal & 
scarify 

includes drainage works 

CONCRETE Patch damaged area Base case ("do nothing") 
strategy 

AC overlay 50 mm 

AC overlay 100 111111 

Slab replacement - Low % 

Slab replacement - High % 

force rapid cracking 

force rapid cracking 

New granular pavement. with includes concrete slab 
AC surfacing disposal 

New concrete pavement includes concrete slab 
disposal and drainage 

OVERLAID Patch damaged area Base case ("do nothing") 
CONCRETE strategy 

& CTB AC ove rlay 50 mm 

AC overlay IOO mm 

Surface treatment reseal 

New grnnulm pavement. with includes concrete slab 
AC surfacing disposal 

New concrete pavement includes concrete slab 
disposal and drainage 

* - Treatment design and effect is dependent on Pavement Category traffic level 

Traffic 
Dcp * 

y 

y 

y 

y 

y 

y 

egy is adopted, budget allocations to districts [14] may be 
made to allow the work to proceed. 

Analysis phases forming the core of the network in
vestment analysis system (i.e., covering system elements 
[5] to [12]) are further detailed in Figure 3 and are de
scribed briefly below. 

Network Category Definition Phase 

This phase consists of the assembly of all data items required 
to characterize each pavement category, in terms of the in
put data requirements for the HDM-III package. In some 

TABLE 3 Number of Maintenance and Construction 
Treatment Strategies 

Pavement Type Base Case No. of No. of Budget Total 
Treatment Treatment Years 

Strategies 

Gravel 4 3 13 
Asphalt / Bit. Macadam 6 3 19 
Concrete 6 3 19 
Overlaid Concrete 5 3 16 

cases, interrogation of the PMS data base is required to es
tablish representative data items for categories. The data 
are assembled into a number of data files that feed the 
HDM-III input file generation phase. 

HDM-III Input File Generation Phase 

The HDM-III package requires a set of input files (the Se
ries A to Series K files) to perform a single analysis run. The 
analysis system sequentially performs analysis runs for 
every pavement category, one run per category. 

To assist in the automation of multiple analysis runs, 
this input file generation phase makes use of project
developed software to generate HDM series files appro
priate for each category. 

Pavement Category HDM-III Analysis 

This phase consists of the complete execution of a single 
analysis run for one category, in which the performance and 
economic consequences arising from each treatment al
ternative applied to the category are determined and re
ported. The run includes report directives to produce a 
standard HDM output report, which feeds the analysis re
sults to the next phase, the EBM interface. 

EBM Interface Phase 

The EBM interface phase consists of two parts. Each part 
makes use of special project-developed software. The first 
part (data extraction) consists of extraction of required 
data from the HDM output report for a particular cate
gory, and.occurs within the processing cycle for each cat
egory. The data extracted consists of yearly streams of 
predicted financial and condition data for each category al
ternative (that is, a treatment alternative applied to the 
category under analysis). Additional present worth eco
nomic summary information, including discounted total 
costs and benefits over the analysis period and other mea
sures, is also calculated for each category alternative. 

The phases of input file generation, category analysis, 
and EBM data extraction are repeated sequentially for all 
pavement categories forming a single pavement type. The 
cyclic process is then repeated for all four pavement types. 
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FIGURE 2 Network pavement upkeep investment analysis system overview. 

The analysis cycle for all categories of a pavement type 
(e.g., for 160 asphalt pavement categories) runs continu
ously, is time-consuming, and generates very large output 
files. Use of extended memory, however, permits signifi
cant reduction in analysis time. Depending on the speed 
and configuration of the computer used, analysis of all as
phalt categories may take between 4 and 20 hr. 

The second part of the EBM interface phase (data as
sembly) occurs after all category analysis runs for all 
pavement types have been completed. The previous data 
extractions are assembled into a single file to feed the 
EBM analysis phase, and the EBM input file is further 
processed to reflect the impact of actual total lengths of road 
belonging to each category. 

EBM Analysis of Optimal Network 
Maintenance Strategies 

This phase is composed of execution of a special cus
tomized version of the World Bank EBM program, called 
EBM500. Customization has increased the maximum al
lowable size of the optimization problem, to accommo
date 500 projects (categories), 20 alternatives for each, 
and 3 budget years; it runs within the Microsoft Windows 
3 environment. EBM500 accepts the project input file 

(a large file), which provides yearly data streams for each 
alternative treatment strategy applied to each of the 
488 pavement categories. The program then provides an 
interactive mode of operation, to allow the analyst to vary 
budget and network average roughness constraints and 
the discount rate and to generate sets of optimum cate
gory workplans (i.e., the best treatment strategy for each 
category) applying to different budget scenarios. 

The configuration of this phase provides two powerful 
alternative approaches to determination of optimal in
vestment strategies: 

• Budget-constrained investment strategies, and 
• Serviceability-constrained investment strategies. 

In the former case, optimal treatment strategies are de
termined for each pavement category under constraints of 
capital and recurrent expenditure limits for the whole net
work in each year of the rolling program. Under tighter bud
get limits, simpler and less cost-effective treatments may 
be recommended for categories, or fewer categories may 
receive treatment other than minimal maintenance. 

In the latter case, optimal treatment strategies are de
termined for each pavement category to achieve a minimum 
average network roughness standard for the network. 
Normally, imposition of such a standard should be ac-
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FIGURE 3 Investment analysis process flow. 

companied by a relatively unconstrained budget, to 
achieve a feasible solution. The solution in this case rep
resents the type and quantum of investment required to 
maintain a network at a prescribed serviceability level 
( expressed in terms of roughness). 

Although this latter approach may not normally prove 
to be useful in practical application (network investment 
decisions are normally always budget constrained), the 
approach can be beneficial in, for example, demonstrating 
and justifying potential additional community benefits 
available under alternative network management policies. 

Project Selection Within Optimal 
Network Strategies 

This final phase is applied to those budget scenarios con
sidered worthy of further detailing to identify actual pro
ject lengths that qualify as candidates for particular 
treatment strategies. Interrogation of the PMS data base 
will provide a list of project lengths for each category, for 

the network under analysis. Each project length is then a 
potential candidate for the recommended optimal treat
ment strategy for that category. In all cases, these poten
tial candidate project lengths must then be investigated in 
detail to ensure that the recommended treatment strategy 
is, in fact, appropriate. It may also be possible for adjacent 
project lengths on the same road to be combined with 
larger projects, for treatment under the same strategy at 
one time. The final assembly of rationalized project 
lengths represents the network workplan. 

Control of Data Flow and Analysis Processes 

A complete investment analysis of a network starts with 
extraction of specific data concerning the selected net
work, then transformation and transfer of the data to the 
HDM III and EBM analysis modules, and finally transfer 
of the analysis results back to the GIS data base and trans
formation into forms relevant for specific network ele
ments. All data flows and initiation of analysis processes 
are controlled from a customized menu incorporated into 
the GIS package. This greatly facilitates the training, use, 
and supportability of the investment analysis package. 

FUTURE EXTENSION OF SCOPE 

A limitation to the design of the pavement categories was 
imposed by the size of the optimization problem that 
could be handled by the enhanced EBM program 
EBM500. Consequently, the category definitions were 
limited, for example, in the number of cracked ranges 
within the condition classifier, the number of traffic 
ranges within the traffic classifier, and the number of qual
ity ranges, which reflect a broad characterization of struc
tural property. Some category ranges in the current 
definition may be considered coarse and therefore un
likely to be good differentiators in prioritizing mainte
nance needs in different parts of a network. 

An increased number of pavement categories can be ac
commodated by either or both of the following enhance
ments now in place or proposed: 

1. In the EBM analysis, not every category will be pop
ulated by a length of pavement in the network under 
study. "Unpopulated" category alternatives in the EBM 
input file are removed to reduce the problem size. 

2. A newer enhancement to EBM, raising the problem 
size to 1,000 projects, is under development. 

MODEL CALIBRATIONS 

Among the great strengths of the HDM model are the in
built capabilities for calibrating model outputs to local 
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experience. Calibration is possible in two main areas: cal
ibration of pavement performance prediction and calibra
tion of life-cycle cost prediction. 

Effective calibration of performance prediction re
quires reliable and representative historical data that relate 
a known past pavement environment (the combination of 
structure, climatic setting, traffic loading, and mainte
nance activity} to objective observations of pavement de
terioration over a substantial period. In this pilot project, 
it was possible to assemble a number of reasonably reli
ably known as-constructed pavement environments, but 
in general an adequate history of progression of rough
ness or initiation and progression of cracking was not 
available. The best that could be obtained was, for exam
ple, an estimate (based on knowledge of the construction 
process) of as-constructed roughness, a measure of rough
ness and cracking in 1985 (the time of a major pavement 
study), and a measure of current roughness and cracking. 
This type of problem (gaps in critical data} will commonly 
be experienced in any PMS implementation project. 

Consequently, a highly controlled calibration study 
was not possible in this project, apart from the concrete 
pavement study described later. Calibration of perfor
mance prediction, even though based where possible on 
the backcalculation of observed performance, relied on a 
judgment of the reasonableness of predicted outcomes in 
the light of local experience. Calibration focused mainly 
on roughness and cracking performance of asphalt
surfaced roads. Rutting was generally observed to be a 
relatively minor phenomenon on Luzon national roads. 

Calibration of cost predictions is addressed by atten
tion to appropriate unit rates of cost and should be 
accompanied by comparison of predicted and actual his
torical expenditure for known amounts and types of 
maintenance work. Again in this project, some inade
quacies of available data required that judgment, based 
on experience, of the reasonableness of predicted cost 
outcomes was necessary. 

Particular attention was paid in the project to up-to
date characterization of vehicle operating cost parame
ters, to support the credibility of the very large predicted 
user cost savings produced by the model for recom
mended treatment strategies, which commonly tended to
ward overlay strategies for roughness control. 

The standard HDM-III vehicle operating cost (VOC) 
model was employed, but the extensive range of input 
data that this model requires, to characterize the operat
ing and cost characteristics of the typical vehicle classes in 
the Philippines vehicle population, were completely re
vised from normal (Brazilian) data defaults. The revision, 
undertaken by a senior transportation economist within the 
project team, brought together recent Australian research 
into VOC characteristics with specific Philippines data 
collation and current VOC parameters used for planning 
purposes by the DPWH. 

ANALYSIS AND CALIBRATION OF CONCRETE 
PAVEMENT PERFORMANCE 

Approximately a third of the national road network of 
Luzon Island consists of concrete pavements. Conse
quently, the investment analysis system was required to 
successfully model the physical and economic perfor
mance of concrete pavements over their life cycles. Devel
opment of the HDM-III model did not encompass 
concrete pavements within its various performance mod
els, although cement-bound pavements were included. 

To maintain a consistent economic modeling approach 
for all pavements in the network, it was necessary to con
clusively demonstrate the feasibility of concrete pavement 
modeling using the HDM approach. Two aspects of the fea
sibility needed to be proven: 

1. The feasibility of predicting the deterioration of 
concrete under the action of traffic: this requires predic
tion of roughness progression and the initiation and pro
gression of cracking and potholes (resulting from severe 
spalling and punchouts}. In this case, the issue is perfor
mance model calibration, recognizing that the model 
would be applied to a problem outside its original domain 
of relevance. 

2. The feasibility of incorporating typical concrete 
pavement treatments-such as reconstruction in concrete, 
slab replacements, and asphalt overlay on cracked con
crete-that are not available in the range of standard 
treatments offered in the HDM model: the issue in this 
case is correctly reflecting the effect of a treatment on 
pavement condition after treatment, and correctly reflect
ing any change in performance after treatment. 

Feasibility of Deterioration Modeling for Concrete 

The first aspect of feasibility was proved successfully by un
dertaking a detailed calibration study, using the calibration 
capability (i.e., deterioration factors) provided in the 
HDM model. The project was very fortunate to have 
available the results of a detailed Pavement and Axle Load 
Study undertaken under World Bank funding in 1983 
through 1985 (3). This study included derived relation
ships (from field studies) between roughness, the extent of 
wide cracking, and traffic loading (measured as cumula
tive equivalent single-axle loads). This provided an his
torical base reflecting the progression of roughness and 
cracking with cumulative traffic loads suitable for model 
calibration. 

Critical assumptions made in the model calibration in
cluded the following: 

• The rigid pavement was modeled as a cement-treated 
base pavement with moderate to high resilient modulus 
(20 GPa). 
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• A subgrade CBR of 8 would reflect the composite ef
fect of a relatively low-quality sub base and normal sub
grade; 

• The pavement SN was 5, compared with calculated 
SN from FWD testing typically in the range 5 to 7; 

• Unlike asphalt surfacings, historical evidence indi
cated that there was no pronounced crack initiation period 
(3). To suit the model, this required that new concrete 
started with 5 percent all (i .e., fine) cracking; 

• Raveling and rutting were considered not possible 
for a rigid pavement; 

• Potholing occurred (and therefore required predic
tion) in severely deteriorated concrete pavements as a re
sult of severe spalling and block punching; and 

• Maintenance was performed at the low (nominal) 
rate of 1 percent of the severely damaged pavement area 
(wide cracking or potholes) per year, adjustable to reflect 
actual average maintenance expenditure. 

Appropriate deterioration factors were determined by 
trial and error for a range of cases representing low to 
very high traffic loading (equivalent single axles per year) 
and normal and poor-quality concrete base (defined by ei
ther historical performance or concrete and subgrade 
moduli). Deterioration factors were determined for these 
cases as follows: 
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Definitions of these factors are specific to the HDM-III 
model design and may be obtained from Watanatada et 
al. ( 1). They provide the mechanism by which perfor
mance prediction may be altered from that observed in 
the original Brazilian pavement studies, from which 
HDM-III was developed. 

A typical comparison of HDM predicted cracking and 
roughness with the 1985 study observations is shown in 
Figure 4. In this case (medium traffic, normal construc
tion) the HDM-predicted roughness was allowed to over
estimate the 1985 model roughness for high pavement 
ages, as the latter was reported in that study to underesti-
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FIGURE 4 Typical result for HDM calibration for concrete. 
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mate the effects of significant spalling (corresponding to ex
tensive wide cracking). 

Feasibility of Concrete Treatment Modeling 

Successful modeling of the effects of concrete mainte
nance treatments required some innovative manipulation 
of HDM analysis cases and outputs. Concrete treatments 
generally required that cracking after treatment be re
duced but not eliminated, and for this reason standard 
HDM treatments could not be used. For example, new 
concrete (as reconstruction in concrete) must be modeled 
as cracked when constructed, and slab replacements must 
be modeled as reducing the extent of wide cracking and 
modifying roughness. Asphalt overlay placed an old con
crete required resetting of deterioration calibration fac
tors after treatment. 

All of these requirements were beyond the capabilities 
of normal HDM maintenance or construction treatments. 
However, all were successfully accomplished by sepa
rately modeling the before and after cases as separate 
pavement sections and then programmatically combining 
the relevant parts of the before and after predicted condi
tion streams and predicted cost streams, as part of the 
HDM analysis postprocessing before EBM optimization 
analysis. All data manipulations occur external to the 
HDM III program, which was not altered in any way. 

PMS IMPLEMENTATION ISSUES 

The primary objectives of the pilot PMS project were to 
develop and introduce into practice systems for collecting 
and managing critical pavement-related data, an invest
ment analysis system for identifying and prioritizing ben
eficial maintenance strategies and for identifying 
candidates for work, and initial application of these de
velopments for establishing a .rolling maintenance pro
gram. Implementation of these developments entails 
introduction of a range of testing, computing, data man
agement, and data access technologies that are not widely 
used in the normal infrastructure planning operations of 
the Philippines DPWH. 

Consequently, a secondary objective of the project was 
to identify the issues and barriers that would impede ef
fective implementation of the system into wider practice 
throughout the nation. Solutions to these issues would 
then be needed in subsequent technology transfer activi
ties. Principal issues identified included the following. 

Technology Impact 

Microcomputers and their application software, and 
pavement testing equipment with associated vehicle-

based computer data logging, had not been used before in 
some operational units, particularly in the line organiza
tion. Skills, knowledge, and experience of these technol
ogies were at a very low level. Effective solutions to 
training and ongoing support are needed, as is a means for 
ensuring that the technology will continue to be main
tained and, where appropriate, kept in calibration. 

Management Commitment 

Improved formal pavement management practices, which 
require substantial organizational and technological 
change, are rarely successful without solid management 
commitment. The commitment is required during the de
velopment and implementation phases, and then as a con
tinuing commitment to apply, improve, and capitalize on 
the benefits that only slowly accumulate in the early years 
of application. If the management support and commit
ment, and the belief by management that such systematic 
change will be good for the organization, does not arise 
naturally from the prevailing organizational culture, then 
there is substantial risk of eventual system breakdown af
ter the early enthusiasm has dissipated. 

Follow-Through from Planning to Delivery 

The planning phases of pavement management-involving 
identification of need, analysis, strategy setting, investiga
tion of budget and treatment alternatives, development of 
a works program, and allocation of budgets to regions 
and districts-are conducted by units of central manage
ment. However, this exemplary activity is of no value un
less there is assurance that budget will be expended and 
works performed by the district units that supervise and 
carry out the works, in accordance with the works program. 
This is likely to require political commitment at the local 
level, to proceed in accordance with the program, and re
sistance to pressures for reprioritizing expenditures to suit 
political agendas. 

CONCLUSION 

A powerful and sophisticated PMS, suitable for road net
work applications ranging from national strategic road 
networks to regional or district arterial and collector/dis
tributor networks, can be designed and implemented at a 
relatively low cost using the techniques discussed in the 
paper. The system described consists of 

• An accurate and up-to-date locational reference sys
tem for the road network; 

• Automated pavement condition data collection 
techniques; 
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• Data management, data access, and data presenta
tion techniques based on an easy-to-use GIS, which also 
provides menu control of data analysis processes; and 

• A pavement investment analysis system, which is the 
major subject of this paper. 

Use of automated survey and condition rating systems
for roughness, visual condition, and FWD strength-has 
proved successful and is believed to offer greater 
prospects for sustainability than alternative manually 
based systems. 

The Maplnfo GIS, providing an integrated combina
tion of relational data base, mapping, graphing, pro
gramming, and customizing capabilities, is an integral 
and most important part of the system. 

The pavement investment analysis system, based on the 
World Bank HDM-III package, offers sophisticated and 
powerful capabilities: 

• The ability to analyze networks of any size, by clas
sifying network elements into pavement categories; 

• The ability to determine economic impacts of alter
native maintenance strategies over the pavement life 
cycle, by predicting pavement deterioration under the ac
tion of maintenance strategies over the life cycle and pre
dicting the life-cycle cost streams that arise under each 
strategy; 

• The ability to include both agency costs and road 
user costs (i.e., vehicle operating costs and user time costs) 
in the economic analysis; 

• The ability to determine the optimum maintenance 
strategy for each pavement category under budget con
straints or average network condition standard con
straints; and 

• The ability to determine an optimum distribution of 
budget allocation across a 3-year budget program. 

As institutional capabilities and requirements develop, a de
tailed project-level analysis capability can be added to the 
system. 

The investment analysis system has proved to be flexi
ble in adapting to application to the analysis of pavement 

technologies that were not within its original domain of 
relevance. The calibration capabilities are critical in this re
gard, and calibration of the HDM models in different en
vironmental and technological contexts will be a fruitful 
area for future research. 

This project has demonstrated that the condition and 
economic performance of concrete pavements can be an
alyzed by suitable calibration and manipulation of HDM 
analysis runs. Further investigation is required, particu
larly into the performance of concrete pavements and the 
effects of concrete rehabilitation treatments; this will be 
pursued in ongoing projects in the Philippines. 
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