MODELS FOR THE ECONOMIC
EVALUATION OF ROAD MAINTENANCE

By P. W. Abelson* and A. D. J. Flowerdewt'

There has been much interest over the past decade in the evaluation of highway
development, but little has been written on the evaluation of highway maintenance.
In practice, maintenance expenditure decisions have continued to be made largely
on the traditional and simple grounds that maintenance is necessary to preserve the
road assets. While this is frequently true, it is a rough judgement. Moreover, it fails
to consider whether the expenditure is justified, for instance, by savings in vehicle
operating costs; and it affords no means of quantifying the returns from road
maintenance and comparing these returns with the returns from other expenditures.

This lack of interest in the economics of road maintenance has been due doubtless
to its Cinderella image, compared with the more virile image of driving new roads
through virgin territory. Perhaps also the lack of interest has been due partly to the
feeling that road maintenance would fall away as better roads were built (savings in
maintenance are frequently included as a benefit in road construction programmes).
Partly, perhaps, it reflected the notion that road maintenance raised no separate
problems from those of road construction. While the “Cinderella image” remains a
matter of opinion, neither of the other two ideas has turned out to be correct.

In 1968/69 over £160 million was spent in Great Britain on highway maintenance,
exclusive of lighting and administration. This figure was (in money terms) more than
twice the combined expenditure on road maintenance and minor highway improve-
ments in 1957. On the basis of a sample of 33 authorities, maintenance expenditure
was 27 per cent of the total highway expenditure in 1967 [1].

In developing countries, too, expenditure on road maintenance is a high propor-
tion of total highway expenditure. In Jamaica, for example, the scene of our recent
work which formed the basis for this paper, road maintenance runs at about Jamaica
$4-4 million (approximately £2-2 million), and is about 75 per cent of total highway
expenditure [2]. The growing importance of road maintenance and related expendi-
ture in developing countries has caused the World Bank to initiate, or to participate
in, major feasibility studies in over half the developing countries of the world.

The difficulties of economic appraisal of road maintenance are, however, illus-
trated by the Marshall Report [1]. The Report produced a set of maintenance
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standards, based largely on the criterion of prevention of road failure, which were to
be implemented by the use of the Highway Sufficiency Rating System. These stan-
dards were fundamentally engineering judgements, involving no concept of
measuring the rate of return on maintenance. The Report states, for example, that
“the expected life of different surface treatments has not been defined” (p. 106).
A typical conclusion is that resurfacing should be undertaken when “surface irregu-
larity indicated by the bump integrator reaches 180220 inches per mile on the near
side traffic lanes on important roads” (p. 106). This conclusion is not conditional on
any level of traffic.

According to the Report, one of the major problems of economic analysis is that
“highway maintenance is in much the same position as other public services for
which meaningful measures of output—physical, economic and social—have still
to be found” (p. 15). Although measuring output is undoubtedly difficult, we believe
that it is possible to measure the improvement in a road due to road maintenance and
to correlate this improvement with vehicle operating costs.

A second major problem in the evaluation of road maintenance is the large
number of maintenance activities to be considered. The Marshall Report [1] lists
18 types of maintenance activities: 9 structural activities such as resurfacing and
corrections to camber, 6 aids to movement and safety, including snow and ice
clearance and traffic signs, and 3 amenity activities such as grass cutting. In the
T. P. O’Sullivan Report on Jamaica [2] some 30 different maintenance activities
were costed and analysed, including drain clearing, repairs to edge ravelling, and
major road reconstruction.

Thirdly, the evaluation of maintenance activities is complicated, as it is necessary
to sort out various maintenance strategies to find the optimal one. Moreover, main-
tenance is continuous through time and must be optimised continuously over time,
in contrast to the relatively simple decision on large capital expenditure, which is
required only once in time. The range of choices involved makes it difficult to obtain
a sensible rate of return, since, when the do-nothing strategy is a poor one, it is the
marginal rate of return which is relevant for decision making.

Most of these problems can, however, be solved by the use of the decision models
described in this paper. In the next section we describe the inputs and their inter-
relationship, which makes possible a decision model for road maintenance. In the
following section we introduce the concept of a dynamic programming approach to
optimising road maintenance (which is developed in more detail in Appendix B),
and describe ways of introducing a budget constraint.

DEVELOPMENT OF A MODEL FOR EVALUATION OF
ROAD MAINTENANCE

The Objectives of a Road Maintenance Programme
We define the objectives of a road maintenance programme as:
(i) To minimise the total cost, in the long term, of road maintenance, traffic
operations and accidents; and
(if) To achieve an agreed set of aesthetic standards (obviously related to cost).
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This paper is concerned with methods of achieving the first objective, and especi-
ally with the trade-off between road maintenance costs and traffic costs. The basis
of traffic costs is vehicle operating and time costs, but any fall in traffic which results
from increasing vehicle operating costs is included as a traffic cost.

Although road accident costs are included in the objective function, it is often
difficult to achieve a statistically satisfactory relationship between accident costs and
road states. In Jamaica, although skidding accidents are common on all types of
road because of the stone used for surfacing, it was difficult to suggest improvements
in view of the limitations of stone supplies in the island. Thus we have not considered
accident costs further in this paper.

Aesthetic standards are achieved by road maintenance activities such as bridge
painting, road signs and bush cutting. It is not easy to include standards of road
attractiveness in a quantitative evaluation. ‘

Sometimes there is also an important political objective that roads should be
maintained to provide permanent all-weather access. From an economic viewpoint,
if the seasonal nature of a road reduces local income by reducing either output or
trade, the loss of income may measure the cost of reduced access better than the
usual method, which measures the fall in traffic by the sum of lost traffic surpluses.
More generally, while it would be impossibly expensive to guarantee all-year-round
access on all roads in any country, we recognise that the political or social desirability
of road access may be a constraint on a road programme based solely on the economic
objective of minimising total cost.

The Evaluation Procedure

The main steps in the evaluation procedure are shown in Figure 1. The basis of
the evaluation is the road condition survey, from which alternative maintenance
strategies and estimated vehicle operating costs are drawn up for each road. Pre-
dictions are then made about the future state of the road and future operating costs
for each maintenance strategy.

In this paper we have concentrated on those aspects of the evaluation which refer
most specifically to road maintenance. They are:

The description of the road state

The selection of possible maintenance actions and strategies
Predicted road states

The output of a maintenance strategy

The evaluation of road maintenance strategies.

Such issues as traffic forecasting and the development of vehicle operating costs
are obviously important; but, as they have been dealt with extensively elsewhere,
they are mentioned only when special questions arise in the procedures of evaluation
of road maintenance.

Description of the Present Road State

The present road state is described by its design standard, its present condition
and its estimated rate of deterioration. The variables included in design standard
are the road surface type, width of the surface and shoulders, the drainage system,
and the horizontal and vertical alignment.

Road conditions are defined by a large number of attributes, including potholes,
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Procedure for Evaluating Road Maintenance Strategies

surface bleeding, surface deformation, edge ravelling, worn shoulders, pavement
weakening or differential consolidation, broken drains, silted culverts, etc. The
conditions noted in Jamaica are shown in Appendix A. The conditions of these
separate elements of a road must be described separately, as they may not be closely
correlated. For example, the shoulders may be poor or non-existent, but the road
surface can still be sound. Poor conditions in any element tend, however, to cause
structural failure in the road pavement in a number of years if preventive action is
not taken.
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Deterioration in an element of a road can vary in degree and must therefore be
described in degree. Shoulders may have lost a little or a lot of material; the drains
may need cleaning, be completely blocked or broken; the road surface may be
suffering from a few or from many potholes, from leanness, from weakening or from
total failure. The extent of the deterioration must therefore be measured.

The data required for describing the present road state should therefore fulfil
two main conditions. Firstly, they should describe in as quantitative a form as
possible all elements of a road state which may require a unique maintenance
response. Secondly, they should describe the road in such a way that the road
state can be correlated with vehicle operating costs.

Precise measurement of road faults would be exceptionally time-consuming, but
approximate measures in terms of minor, moderate or severe damage are possible.
For example, as shown in Appendix A, potholes over 2 per cent to 5 per cent of the
surface might be described as minor, 5 per cent to 10 per cent as moderate, and
more than 10 per cent as severe.

The two most important measurements concern the quality of the road surface
and the strength of the pavement. The quality of the road surface can be measured
by a bump integrator either embodied in the chassis of a vehicle or towed behind it.
This quantifies the roughness of surface irregularity (S.I.) of a road in terms of
inches per mile or an equivalent measure.

It is not generally agreed whether surface riding quality is correlated with struc-
tural strength. In an O.E.C.D. Report it is suggested that “for pavements which are
deformed before cracking, the structural deterioration and loss of riding quality are
clearly related and that the use of a single parameter (i.e. either rut depth or riding
quality) to describe both is not unreasonable” [3]. In Jamaica, however, it was
necessary to distinguish between roads which had a high surface irregularity (S.1.)
caused by poor quality construction, and those which had a high S.I. caused by
weakening. Whereas weakened roads deteriorate rapidly, roads of poor quality
construction often retain adequate structural strength and can continue to carry
traffic without significant deterioration, although operating costs will be raised by
the uneven surface. Pavement strength was obtained by a visual assessment of
deformation and cracking, since Benkelman beam deflexion tests were not possible
in the time. These tests are normally essential, but soils in Jamaica are generally
such that subgrade failures are rare.

The road conditions survey also included the collection of data on the type of
road surface and the width of road. Horizontal and vertical alignments were taken
from the inventory of a previous highway study done by the Traffic and Road
Research Laboratory [5]. These data, together with the surface irregularity score,
defined the road class.

First class roads were defined as paved roads with a surface irregularity, as
measured by the bump integrator on the short wheelbase Landrover, of less than
25 inches per mile.2 The free flow speed on straight level roads would normally be
at least 50 m.p.h., but speeds on Jamaican alignments are usually around 40 m.p.h.
even on roads with first class surfaces. Speeds may be further reduced through

2These figures do not correlate linearly with those published by T.R.R.L. for the towed integrator [5].
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traffic congestion. The lane width of first class roads was generally at least 12 feet,
with 6 feet shoulders on either side.

Second class roads in Jamaica were defined as paved roads in poor condition with
a surface irregularity of less than 115 inches per mile. The typical speed on such
roads in Jamaica is 30 m.p.h. The lane width was at least 9 feet, but there need be
no shoulders on the road.

Third class roads included about 700 miles of maintained metal roads and a few
badly failed paved roads. These roads generally had an S.I. of at least 200 inches
per mile. Speeds on such roads are very low, and are assumed to be typically
15 m.p.h. unless the roads are specially well maintained. Low speeds on third class
roads tend to represent increasingly poor or tortuous alignment rather than con-
gestion. Vehicle operating costs (for example, for depreciation and maintenance)
were therefore assumed to be higher as speeds fell, not just because of losses of time,
but because of the increasingly poor quality of the roads.

Roads in a country like Jamaica cannot be defined neatly as first, second or third
class. They are of all standards, with every variation in surface irregularity and many
variations in width and drainage qualities. Unsatisfactory though it may be to the
purist, there is therefore no alternative in the evaluation of road maintenance to
describing roads as being at a measurable point between defined road classes 1, 2
and 3. For example, a road of class 1-75 is nearer to a second-class road than to a
first-class road, and vehicle operating costs are calculated by interpolation between
the costs of first and second class roads.

The Selection of Possible Maintenance Actions and Strategies

Sometimes there are only two possible responses to poor road conditions, to do
nothing or to make the appropriate repairs (for example, to mend a drain or repair
the edge ravelling), although there may be a choice of technique to be resolved at
this level of decision. In other cases there are a number of possible responses, includ-
ing doing nothing. A surface, for example, may be patched, regulated, sealed, double
sealed, resurfaced to a number of thicknesses, or dug out and reconstructed. But,
however simple the choice appears to be, there is always the problem of the optimum
timing for a maintenance action.

The range of maintenance activities is shown in the table in Appendix A.3 For
ease of analysis, maintenance activities were classified as ‘“routine”, “periodic”,
“repairs” and “improvements”. ,

“Routine” activities were defined as activities required each year. They were
typically minor tasks such as bushing, grass cutting, culvert and drain cleaning,
minor patching and edge ravelling repairs. The large number and the small scale
of such activities makes it difficult in practice, though not in logic, to cost and
evaluate them in detail. We estimated the level of annual routine expenditure
required on good roads, according to the traffic levels, through observation of the
expenditure on routine maintenance on the better roads in Jamaica.

3Appendix A shows single maintenance activities against particular road conditions. This is
because early in the study the importance of separating the road condition from the recommended
actions was not fully appreciated. The relationships between conditions and actions were tested in
the study, however, as described in this paper.
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“Periodic” activities were defined as maintenance activities required once in a
number of a years. They included resealing and resurfacing, with or without a
regulating course.

“Repairs” were considered as maintenance activities required within a year of the
observed road damage or failure.4 Although routine and periodic activities are both
repairs in the normal seuse of the word, we found this special definition of “repairs”
useful. Ifroads are in good condition, routine and periodic maintenance are generally
sufficient. In Jamaica this was far from true, as many roads had fallen into a poor
state, requiring repairs as quickly as possible. Thus, for example, patching more than
a certain percentage of the road, and restoring more than 12 inches of shoulder, were
both considered repairs rather than routine activities. Even when roads are in good
condition, exceptional circumstances such as floods cause “repairs”: for example, to a
retaining wall or bridge parapet.

“Minor improvements” were defined as improvements to the design standard of
the road, to distinguish them from other maintenance activities which also improve
the road. They included building retaining walls, constructing drains and repairing
roads to avoid floods. It might be argued that “minor improvements” are not
properly part of a road maintenance programme, but in Jamaica many maintenance
activities are rendered pointless by the low design standards, especially in the face
of floods.

All maintenance actions, except for a few routine activities, were defined as
discrete actions which would occur at unique and identifiable points in time. They
had to be considered, however, as part of the life of a road, and evaluated therefore
in relation to a maintenance strategy. This strategy, which was defined as a stream
of maintenance actions and their consequences in traffic costs over time, is the subject
of the maintenance evaluation model described in this paper.

The Predicted Road State

The predicted road state is a function of the present road state, the climate, the
terrain and soil, the traffic flow, composition and growth, and the maintenance
strategy.

The base case for the evaluation procedure is the prediction of the road state with
the “do no maintenance” strategy.5 Given the climate, terrain and moderate
traffic levels in Jamaica, doing nothing to potholes, edge ravelling and loss of
shoulders was clearly an inferior strategy, since the damage would grow significantly
faster than 10 per cent per annum, which was the estimated opportunity cost of
finance. Therefore the existence of potholes, edge ravelling or loss of shoulders
automatically justified maintenance action within a year, defined as “repairs” if
major, or “routine” if minor.

Matrices were drawn up to describe the relationship over time between the state
of the roads, defined by their surface irregularity and structural strength, and a
do-nothing strategy, as a function of the traffic levels, climate, terrain and road

4This is sometimes referred to as rehabilitation.
5The appropriate base case of “do nothing” was assumed in Jamaica to include “‘routine main-
tenance”.
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conditions. Thus, the engineers estimated the rate of deterioration of first and
second class roads with traffic varying from 50 to 2,000 vehicles per day. An example
of this is shown in Table 1. The matrices were based on mathematically developed

TaBLE 1

Engineering Appreciation Informing Feasibility Tests®

Maintenance ACHVILY: ......cveeveierienreennenneennnens
(On existing seal or carpet)
Alternative
Action : Do Nothing (D)
Considered | ...,

Consequences of Taking Alternative Action

A.D.T? 50 100 200 500

Year Vehicle Main- Vehicle Main- Vehicle Main- Vehicle Main-
Op. Class  tenance  Op. Class  tenance ~ Op. Class  tenance  Op. Class  tenance

1-00 1-00 1-25 1-25
1 1-50 1-50 1-50 1-50
2-00 2-00 2-00 2-00
1-25 1-25 1-25 1-50
2 1-50 1-50 1-50 1-75
2-00 2-00 2-00 2:25
1-25 1-50 1-50
3 1-50 1-75 1-75 1-25 Bl
2-00 2-25 225
1-50 1-75
4 1-75 2-00 1-25 Bl
2-25 2-50
1-75
5 2-00 1-25 Bl
2-50
6 1-25 Bl
7
8
9 El
10

“The symbols in this table and all following tables can be understood by reference to the road
maintenance table in Appendix A.
bAD.T. is Average Daily Traffic (number of vehicles).
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principles and experienced engineering judgement, but could not be validated in
the time of the study for the local climatic, terrain and soil conditions.

Many maintenance actions not only prevent road deterioration, but also improve
the state of the road. For example, a resealing operation in conjunction with heavy
patching, regulation or reconstruction will produce an improved road surface.
Resurfacing will tend to make a larger improvement, especially to the surface
irregularity score. Indeed, the worse the road, the greater the improvement possible
from resurfacing. Table 2 shows the kind of improvements that we expected to
occur in Jamaica.

TABLE 2

Maintenance Actions and Road Improvements

Maintenance Action Road Class Result
Heavy patch and seal 2-00

Reconstruct and seal 1-50

Reconstruct surface and provide V drains 1-00

Seal No improvement
Regulate and seal } class improvement
Surface 13" pavement 175 or better to 1-00
Surface 11” pavement 2-00 or worse to 1-25

The “life” of any maintenance action depends on the traffic and its composition,
the road condition, the quality of the soil and the terrain. An engineering apprecia-
tion was made of the life of maintenance actions as a function of the traffic and the
road conditions in Jamaica. To take a typical example, the life of a reseal on a rough
road of class 1-75, with surface irregularity of about 90 inches per mile, was con-
sidered to be a function of traffic as follows:

TaBLE 3
Life of a Reseal Operation

Average daily traffic: 50 100 200 500 1000 2000
(No. of vehicles)

Life in years: 8 8 7 6 3 2

In making recommendations, the effect of soil and terrain on maintenance
actions was taken into account in special situations. For instance, the life of regravel-
ling tends to be especially short in mountainous terrain or under heavy rainfall, and
resealing is relatively more attractive.

The life of a maintenance strategy is as long as the life of the road. We evaluated
maintenance strategies over 10 years (see Table 5). If the quality of the road at the
end of 10 years was markedly different under alternative maintenance strategies, an
allowance was made for the estimated differences in residual values.
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The Output of a Maintenance Strategy

The outputs of maintenance evaluation are maintenance costs, vehicle operating
costs and changes in traffic levels.

The costs of maintenance actions were estimated in synthetic fashion by defining
and costing all the inputs necessary for each separate action. For the purpose of
economic analysis, they were converted into economic rather than financial costs.
Taxes, import duties and subsidies were omitted,6 and the resources of capital,
labour and foreign exchange were valued at their appropriate shadow price. This
valuation affects the choice of maintenance technique: for example, the use of
labour or of bitumen distributors in the resealing operation. These choices were
optimised and resolved as a separate issue, and the output of maintenance costs from
a maintenance strategy incorporated the techniques already optimised.

The quantification of vehicle operating costs in relation to road states has become
a common practice in many countries. The quantification is frequently along the
lines of the De Weille study for the World Bank [4] in which roads are classified as
first class—paved; second class—laterite; and third class—earth; and bench-mark
speeds are attached to typical cars and trucks in free flow conditions on these roads.
The major problems arise in defining clearly a road state or class, in validating
De Weille’s international data on vehicle operating costs for local conditions, and
in interpolating the results for the various road conditions that are found between
road classes.

In Jamaica, as already explained, road classes were defined as a function of the
type of road surface, the quality of surface (the S.I. score), and the width of the
road. As vehicle operating costs were related to road class, they were effectively
regarded as a function of the same variables. The operating costs were estimated on
the basis of Jamaican data, and traffic speeds were assumed to be correlated with
road classes. Work by the T.R.R.L. in Jamaica [5] and in Kenya [6] has established
a relationship between surface irregularity and speeds. Even with poor road align-
ments smoother surfaces increase speeds, as a small sample survey in Jamaica showed.

Vehicle operating costs are also related to road alignments [7]. However, since
road maintenance does not alter road alignments, the traffic cost of poor horizontal
and vertical alignments can be ignored. This is illustrated briefly in Table 4.

TaBLE 4

Vehicle Operating Costs

Level  Alignment Total Difference Between
Tangent Costs Costs 2nd & 1st Class
Costs
Ist Class Roads X K X+K (Y+K)—(X+K)
2nd Class Roads r K Y+K =Y-X

SIf the supply of resources is constrained by monopolistic practices, etc., the correct price is the
demand price including taxes, etc., not the marginal cost price [10].
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The relationship between vehicle operating costs and traffic flow is a basic one in
transport economics, and needs no explanation when introduced in a maintenance
study. As in conventional investment appraisal the benefits of generated traffic are
normally taken to be half the savings in vehicle operating costs, so the costs of lost
traffic as roads deteriorate may be taken as half the increase in vehicle operating
costs.

The Evaluation of Road Maintenance Strategies

The maintenance strategy is selected which minimises total discounted costs over
a 10-year period. The costs are road maintenance, vehicle operating and lost
traffic costs. Residual costs (or benefits) can also be included.

An example of one evaluation is shown in Table 5. In this case we evaluated
alternative maintenance strategies for a rough, primitive, paved road (estimated at
class 2+5), deteriorating to gravel. The recommendation was that at 100 A.D.T. the
road should be patched and resealed, but that at 50 A.D.T. the best strategy would
be to regravel and grade constantly.

A large number of calculations of the sort shown in Table 5 enabled us to draw
up operating rules for selection of a strategy. Some examples are shown in Table 6.

It was emphasised that the conclusions shown in Table 6 reflected a simplified
picture of reality, since they were based on average traffic composition, terrain and
soil, which were not found in all cases. Drainage can also be a decisive factor in
particular cases. Similarly it is difficult to generalise about the benefits, for example,
of a regulating course. The recommendations were therefore deliberately shown to
overlap each other; indeed, the recommendations would be even less clear cut if
all considerations were taken into account. This would however only be possible
with computerisation of the evaluation, especially when it is recalled that even in a
small island like Jamaica there are over 2,000 miles of main roads with generally
different conditions prevailing over sections as short as a quarter of a mile, leading
to some 8,000 strategy decisions.

Apart from a complete enumeration of the factors in the evaluation procedure,
it is also important to consider sentivity testing. This was done manually for the
important maintenance choices with respect to changes in the discount rate, changes
in the value of capital or of labour, and changes in the rate of traffic growth.

On the basis of the evaluation procedures described we were also able to indicate
a range of timing for the recommended strategies. (See Table 7.)

SELECTION OF AN OPTIMUM ROAD MAINTENANCE PROGRAMME

Introduction

The road maintenance programme proposed in Jamaica was based on a detailed
economic analysis of a large number of individual cases. Separate analysis for each
case was required because of the many variables affecting the choice of programme—
state of the road, traffic level, soil and climate conditions being among the most
important. These calculations are laborious and time-consuming. For subsequent
programme revisions, and for applications to other countries, a computer-based
method would be desirable.
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TABLE 6

" Road Conditions A.D.T. and Recommended Maintenance Actions®

Road Rough Condition Weakening
Condition|

Class Current ADT Action Consolidation Movement
ADT Action ADT Action

1-25 350+ E2 rare rare

1-25 350 — El isolated sections isolated sections

1-50 350 4- E4 or E2 6000 + E6 300+ B2 /V’J

1-50 100-350 E3 or El 300-6000 E5 100-300 Bl

1-50 100 — El 300 — rare 100 —

175 300+ E4 or E2

175 100-300 E3 or El 6000+ E6 300+ B2/V

175 50-100 El 300-6000 E5 100-300 Bl

1-75 50 — Al/A2 300 — rare 100 — 2xA2

2-00 250+ E4 6000+ E8

2-00 100-250 E3 or El 750-6000 E7 300+ B2/V

2-:00 50-100 El 250-750 E5 100-300 Bl

2:00 50 — Al/A2 250 — rare 100 — 2xA2

2:25 200+ E4

2:25 100-200 E3 6000 + E8 300+ B2/V

2:25 50-100 El 250-6000 E7 100-300 Bl

2:25 50 — Al/A2 250 — rare 100 — 2xA2

2:50 200+ E4 6000 + E8 300+ B2/V

2-50 50-200 A3 250-6000 E7 100-300 Bl

2-50 50— Al/A2 250 — rare 100 — 2xA2

3-00 350+ B2/V

3-00 150-350 Bl

3-00 50-150 J2

3-00 50 — J

%The symbols are explained in Appendix A. ADT = Average daily traffic (no. of vehicles).
b B2/V means B2+V Drains.

Road
Class

1-25
1-50
1-75
2-00
2-25
2:50
3-00

TaBLE 7

Probable Timing for Recommended Actions—Years 1 to 6

Repair or Periodic
Repair Rough Road Weakening due to :
Low ADT High ADT Consolidation Movement

Al,A2,G,D E], E3 A3 E2, E4 E5, E6, E7, E8 B1, B2

1 1-6 1-6 - -

1 1-5 1-5 1-3 1

1 1-4 1-4 1-3 1

1 1-4 1-4 1-2 1

1 1-3 1-3 1-2 1

1 1-2 1-2 1-2 1

1-5 1-5 1-5 1-5 1-5

105



May 1975 JOURNAL OF TRANSPORT ECONOMICS AND POLICY

Development of a computer-based method lay outside the scope of the Jamaica
study, as it would have taken more than five months to produce an operational
system. Moreover, an empirically based study is necessary before we can design a
computer system applicable to the real problems involved in road maintenance.

The use of a computer makes it possible to use more powerful optimising tech-
niques. In Jamaica, up to five different maintenance strategies were tested for each
case—three distinct alternative maintenance programmes, a “do nothing” alterna-
tive and one which involves deferment of the recommended action. The choice of
strategies for testing in the study inevitably depended on our professional judgement.
A computer method would make it possible to explore all possible maintenance
programmes and select the best.

A preliminary formulation of the mathematical basis of a possible computer
method based on the technique of dynamic programming is described in Appendix
B. We stress that considerable development work would be needed before the
system could be implemented.

Resource Constraints

The optimisation routine described in Appendix B takes no account of possible
resource constraints. A road maintenance programme may be made impossible by
restrictions on the availability of money, machines, materials or manpower.

In principle the presence of effective resource constraints requires the recalculation
of an optimum programme to satisfy those constraints. This is a problem in integer
programming.

Let there be n road sections ¢ = 1...7n and j possible maintenance strategies
J=1...m; let x; = 1 if the j™ strategy is to be selected and O otherwise. Let
ryu be the amount of resource £ required in year [ by the j* strategy on the i road
section, and let Ry be the total quantity of resource £ available in year I Finally
let Cy be the total discounted cost of applying the j* strategy to the i road section.
The problem is to find xy; so as to minimise

C = X Cijxij
i=1 Jj=1
subject to Z x<l (all?)
j=1
and S rgury < Ru (allk, D)
i=1 j=1
and xj =0or1 (all¢,5)

Computer methods are available to solve such problems (see for example E. M. L.
Beale [8], but, with the number of variables likely to be needed, available computer
methods will be prohibitively expensive or even impossible. Heuristic methods may
be used, but will not guarantee an optimum. Also the data input required is formid-
able, since one needs to define and cost all possible maintenance strategies for each
road section, not just the optimum strategy. Moreover, unless there is more than
one operative constraint the method is unduly complex.

Even if these resources are all adequate for a proposed programme, there may
nevertheless be inefficiencies if the programme is heavily unbalanced. This will be
likely to arise, for instance, where maintenance has been neglected for a number of
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years, giving rise to a disproportionate amount of economically justified urgent
work. Even though the resulting programme is feasible, it might prove more econ-
omical to “smooth” the programme by postponing some part of it.

Instead, the procedure illustrated in Figure 2 is recommended. This procedure is
a generalised approach applicable in many situations when a programme of projects
has to be drawn up.

CONCLUSION

This paper has discussed a number of economic and practical problems involved in
the selection of an optimum road maintenance programme. We have stressed the
very considerable expenditure of resources on road maintenance, and expressed
our concern that so little work has been done in this area by economists. As a result
of this neglect, perhaps, many decisions on road maintenance have by default been
taken very much on rule-of-thumb engineering standards. We have tried to show
that there is nevertheless an important role for economists to play in programme
selection, and to indicate that while practical problems are large they can be
overcome, even within the confines of a relatively short project. We have also tried
to point the way to intellectually challenging and practically useful future research
in this field.

APPENDIX A
Schedule of Road Conditions and Possible Maintenance Actions
Code Condition Action Classification
1 2 3 4
SURFACED ROADS
Al Potholes minor 2} per cent Light patching Routine or
Repair
A2  Potholes moderate 5 per cent Heavy patching Repair
A3  Potholes severe 10 per cent Patch and reseal Repair
A4  Potholes severe 10 per cent Patch and resurface 14” pave- Repair
ment?
A5  Surface bleeding Blind with sand Repair
Bl Surface deformation and pave- Dig out (scarify), recompact and Repair or
ment failure seal® Improve
B2 Ditto Ditto and resurface 13”¢ Ditto
Cl1 Edge ravelling, minor 6” Tack coat and premix Routine or
Repair
C2  Edge ravelling, moderate 12” Ditto, heavier Repair
C3  Edge ravelling, severe 24"+ Cut out and reconstruct Repair
D1  Shoulder worn, minor 17 Hand spread, level off Routine or
Repair
D2  Shoudler worn, moderate 2” Import, compact, level Repair
D3  Shoulder worn, severe 4"+ Ditto, heavier Repair
El Pavement sound but zero to a Reseal Periodic or
little surface deformation Repair
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Code Condition Action Classification
1 2 3 4
E2 Ditto Resurfacing 14” pavement Ditto
E3 Ditto, but moderate deformation Regulate and reseal Periodic
from rough work or
E4  Ditto Regulate and resurface 13” pave-  Repair
ment
E5 Moderate deformation from Repair
weakening/differential con- Regulate and resurface 14” or
solidation Periodic
E6 Ditto Ditto, 3” Ditto
E7 Severe deformation from weaken-  Heavy regulation and resurface Repair or
ing/differential consolidation 14 Periodic
E8  Ditto Heavy regulation and resurface 37  Ditto
F Roads being or to be constructed ~ Minimal maintenance Routine
UNPAVED ROADS
G Generally smooth or minor pot- Hand shape or light grade Routine
holes/corrugations, sufficient
gravel
H Rough and/or moderate potholes ~ Heavy grade, water and compact ~ Routine or
and poor shape, sufficient gravel Repair
Ji Very rough, potholed, rutted, bad Heavy grade, water and compact  Repair
shape, sufficient gravel Urgent
J2 Ditto, insufficient gravel Regravel and heavy grade Repair or
Periodic
ROADSIDE MAINTENANCE ;
K Roadside bushing and husbandry  Bushing, clearing silt, debris, etc. ~ Routine
L1 Unlined roadside drains over- Clean out and dispose of silt, etc. ~ Routine
grown, silted or deteriorated
one or both sides
L2  Lined roadside drains broken, Repair and repoint Repair or
deteriorated, need pointing Routine
one or both sides
M1  Culverts silted, overgrown Clean out and dispose of silt, etc.  Routine
M2  Culverts broken Take out and replace Repair or
Routine
M3 Outfall eroded Repair eroded section and install ~ Repair or
preventive measures . Routine
N1 Paintwork on large span steel Repaint Routine or
bridges poor Improve
N2  Paintwork on steel parapets or Repaint Routine or
concrete bridges poor Improve
N3  Parapet handrail or walls Replace Repair
damaged
P1 Road signs poor Supply and fix Routine or
Imprvoe
P2 Road markings poor Repaint Routine or
Improve
Ql  Retaining walls broken Rebuild Repair
Q2  Retaining walls needed Build Improvement
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Code Condition Action Classification
1 2 3 4
IMPROVEMENTS ALL ROADS
R Unusually restrictive local hori- Carry out earthworks and con- Improvement
zontal alignment involving struct pavement
earthworks
S Inadequate drainage or culverts Provide: 1—Pipe culvert; 2—Box  Improvement
culvert, 3—Bridge, 4—Longi-
tudinal drains
T Road waterlogged and liable to Raise road level and reseal or Improvement
flooding resurface
Ul  Roads with little or no camber Build up with penetration Improvement
madadam and reseal or
resurface
U2  Roads with a reverse camber Build up with penetration Improvement
macadam and reseal or
resurface
A% Roads which could possibly Routine maintenance subject to Routine
justify major improvement detailed evaluation of improve-
ment
EMERGENCY
w Emergency flood condition Immediate repair Repair

*With or without V drains.

APPENDIX B
Road Maintenance Model

For ease of exposition this model is kept simple. Some additional variables and
possible generalisations are noted below.
For a particular stretch of road we define 7 possible conditions, £ = 1. ..n (based
on surface and pavement wear, condition of road edges, etc.).

X, denotes the anticipated volume of traffic in year ¢.

(@) denotes the cost of maintenance activity j.

C(k, X) denotes the annual operating cost of traffic volume X on a road in
condition £.

S, denotes the state of the road in year ¢.

M, denotes the maintenance operation carried out in year ¢.

(M, = 0 denotes no maintenance).

: denotes the interest rate.

We assume that the state of the road in year 41 depends upon the state of the
road in year ¢, the maintenance activity carried out in year ¢ and the volume of
traffic carried in year #. This dependence in written:

S1;+1 =f(S,, Mt’ Xt)

A defined sequence of maintenance activities for a stretch of road (M, ..

(1)
My

is called a maintenance strategy. The total discounted cost of this strategy is given by:

110



EVALUATION OF ROAD MAINTENANCE P. W. Abelson and A. D. J. Flowerdew

CMys .- My) = 2 {C(S1, X) +C(M)} (1+)~ @

The optimisation problem can now be defined as follows: Given the initial state
of the road Sy, traffic forecasts Xj, . . . - Xj, cost functions C(j) and C(k, X) appropriate
to the stretch of road under study and the function f used to describe the change in
road condition as a result of various maintenance activities—find a maintenance
strategy (M, ..., My) which minimises C(M;, . .., My).

The technique appropriate to solving this kind of problem is called dynamic
programming (see, for instance, R. Bellman [9]). Dynamic programming is derived
from the so-called Principle of Optimality, which may be stated thus: If a function f
of n variables is optimised with a subset of variables sxq,..., x» having values
ki, . . .5 km, then optimum values of the remaining variables Xuyq, ... %, may be
found by optimising f (ky, . . .+ km Xms1, - - - - %n). (For alternative formulations see
Bellman.)

The importance of this principle is that it enables the dimensions of a problem to
be reduced and hence reduces the total calculation required to reach an optimal
solution. Its significance may perhaps be more clearly seen in its application to the
road maintenance problem and in the worked example which follows.

Let C* (S t) be the total discounted cost of the optimum maintenance pro-
gramme starting in year ¢ given the state of the road in year ¢. §;. Then:

C* (Sp t) = C(Sv X) (1+4)~*
+ Min {C(j) (147" +C* (Se, 2-+1)} A3)

This equation states that the cost of the optimum programme starting from year ¢
and state S; is equal to the operating cost incurred in year ¢ plus the minimum of the
combined cost of maintenance in year ¢ and the subsequent optimum programme
starting from year ¢£41.

Using equation (1), we can eliminate S; 41 from equation (3) and write:
C* (S t) = C(Sy, Xp) (142)~
+ Min {C(j) (1+)~'+C* (f(55J, X), £ 4)} (4)

Equation (4) can be used successively to calculate the cost of the optimum strategy,
starting with the final year T of the planning period, and, working back to C* (S, 1),
the overall cost of the optimum strategy. The actual maintenance activities com-
prising this strategy My, . . . . My are now obtained by listing the j's which minimise
each successive cost function C* (S, t).

A simplified worked example follows to illustrate this method.

Worked Example

There are three road conditions: good, bad and awful; and two types of main-
tenance, minor and major. Average daily traffic is 500 vehicles, rising by 100 each
year. The cost of a minor repair (1) is 4,000 units, and for a major repair C(2) it
is 20,000 units. Annual operating costs for an ADT of X are assumed to be 15X on a
good road, 20X on a bad road and 30X on an awful road. Discounting is ignored

(t =0). A 5 year planning period is taken (7 = 5). Changes in road state are
defined in Table Bl.
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TaBLE Bl
Road Conditions in Year ¢ +1

Condition in Year t+1

Maintenance Good Bad Awful

Do nothing Traffic 750 ADT Good Awful Awful
Traffic 750 ADT Bad

Minor Good Traffic 750 ADT Good Bad
Traffic 750 ADT Bad

Major Good Good Good

In year 5 we assume no maintenance activity, as this would not take effect until
after the planning period. So C* (S5, 5) = C(Ss5, X5) = C(Ss, 1000). Possible states
Ss are good (G), bad (B) and awful (A).

C* (G, 5) = C(G, 1000) = 15,000
G* (B, 5) = C(B, 1000) = 20,000
C* (A, 5) = C(A, 1000) = 30,000 (5)

In year 4, we have to choose the maintenance activity which will optimise main-
tenance costs -+ operating costs in year 5.

C* (G, 4) = 13,500 +Min (020,000, 4,000 +15,000, 20,000 +15,000)

= 32,500 (6)
The 13,500 is the operating cost of 900 vehicles on a good road. The first term in the
minimand is the “do-nothing” cost, 0, plus the cost of operating on a bad road 20,000
(from (5) ). The second term is the cost of minor repairs, 4,000 plus the cost of
operating on a good road, and the third term is the cost of major repairs, also plus
the cost of operating on a good road. Similarly;

C* (B, 4) = 18,000 +Min (030,000, 4,000 +-20,000, 20, 000 +15,000)

= 42,000 (7)
and '
C* (4,4) = 27,000+Min (0 +30 000, 4,000 +-20,000, 20,000 +-15,000)
= 51,000 (8)

The remaining calculations are worked out in the same way, each set of equations
relating back to those for the subsequent year:

C* (G, 3) = 12,000 +Min (0 442,000, 4,000 432,500, 20,000 +32,500)
= 48,500

C* (B, 3) = 16,000+-Min (0451,000, 4,000 442,000, 20,000 +32,500)
= 62,000

C* (A, 3) = 24,000 +Min (0+451,000, 4,000 442,000, 20,000 +32,500)
= 70,000

C* (G, 2) = 10,000 +Min (048,500, 4,000 +48,500, 20,000 —l—48 500)
= 59,000

C* (B, 2) = 14,000 +Min (070,000, 4,000 +48,500, 20,000 +48,500)
= 66,500
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C* (A, 2) = 21,000 +Min (070,000, 4,000 +62,000, 20,000 +48,500)
C* (G, 1) _ 897):838 +Min (050,000, 4,000 59,000, 20,000 +59,000)
C* (B, 1) _ ?g:ggg +Min (087,000, 4,000 +59,000, 20,000 +59,000)
C* (A, 1) _ zgig)(ég +Min (0-+87,000, 4,000 466,500, 20,000 +59,000)

We can now derive the optimum strategy for each of the three initial states by
working backwards through the equations and assessing which maintenance activity
gives minimum cost? at each state. This gives:

(i) Initial road condition good: Do nothing until year 3, then carry out
minor repairs each year.

(ii) Initial road condition bad: Carry out minor repairs in year 1, then
proceed as for initial road condition good.

(iii) Initial road condition awful: Carry out minor repairs every year.

Alternative Formulations and Extensions

For practical application of this model it will be necessary to take into account
more variables and to complicate the model in various ways. For example, annual
vehicle operating cost is a function of traffic speed as well as road condition, and this
will vary according to the traffic mix, road alignment and gradient, etc.

The function f representing the changes in road condition between one year and
the next may depend on other things than the maintenance action undertaken, the
initial state of the road and the traffic level. Climate, soil and terrain are three
possible additional variables.

Traffic volume may itself be a function of the state of the road. A good class road
will encourage more traffic to use it, whereas traffic will avoid dangerous conditions
and conditions which reduce speeds or increase costs. There may also be network
effects, where traffic is diverted away from a road on to one which has been improved.

Different traffic mixes will bring about deterioration differently, heavy trucks
obviously having a more serious effect than light motor vehicles.

The choice of a time horizon for the analysis is to some extent arbitrary, and
could affect the results. A useful rule of thumb might be: if the road maintenance
programme is to be reviewed and recalculated every x years, a time horizon of 2x
years could be used for optimising.

The dynamic programming method shown was worked backwards from the time
horizon. It is also possible to formulate the problem by working forward from the
present day. It would then be possible to write a computer program with a variable
time horizon, chosen as the date at which the optimum program for the first x years
ceases to vary.

7In a practical application these costs would be discounted: they have been left undiscounted in
this example for ease of exposition.
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For some purposes a smaller time unit might be desirable, especially for resource
allocation and to take into account seasonal variation in climate.

Additional work will be required to quantify these factors and incorporate them
into the basic model, but we see no reason why they should make the production and
operation of an appropriate computer program infeasible or prohibitively costly.
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