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The World Employment Programme was launched by the International Labour Organisa-
tion in 1969.

It is designed to assist national decision-makers in the reshaping of their policies and
plans so as to achieve more effectively the employment and income distribution objectives
of economic and social development.

its main aim is in fact the eradication of mass poverty and unemployment.

The World Employment Programme thus constitutes u.> 1LO’s principal contribution to
the International Develcpment Strategy for the Second United Nations Deveicpment
Decade.

There are four major types of WEP action:

1. comprehensive employment strategy missions and exploratory country employment
missions;

2. regional employment teams for Africa, for Asia and for Latin America and the Carib-
bean;

3. country employment teams; and
4. an action-oriented research programme.
This publication is the outcome of a WEP project.
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Even in countries where labour is abundant and capital is scarce, people
concerned with the planning and design of roads generaily have no clear
idea of the scope for the use of labour-intensive methods in road construc-
tion. The scope is in fact considerable. To take the fuiiest advantage of it,
however, road investment programmes and road designs, with their asso-
ciated iechnological options, must be methodically reviewed in the light of
the essential objectives of the national plan and of the roads themselves.
The authors first give systematic descriptions of how the choice of tech-
nology can be incorporated into planning and design. Thev then describe
how labour-intensive techniques should be analysed, and the range of
technological options available. They also show how to analyse road con-
struction costs proper as well as maintenance costs, road users’ costs and
indirect benefits, and suggest criteria and methods to be used in evaluating
different possible combinations of design and technology, both in orthodox
financial terms and in terms of shadow prices using cost-benefit analysis.
The concluding chapters review the problems of organisation and manage-
ment in labour-intensive works, and suggest action that should be taken to
eliminate capitai-intensive biases in fiscal and financial policy, conditions of
tender and contract terms, and the attitudes of engineers.

Price: 40 Swiss francs
ISBN 92-2-1015643-2
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PREFACE

This manual is being published mainly for the use of people who are engaged
in the planning, evaluation and design of road construction projects; such
persons will generally be responsible for co-ordinating and implementing road
construction programmes throughout their country. This is not to say that
policy makers, on the one hand, and site engineers, on the other, will not find
anything of value in this guide but merely to specify to whom it will be most
valuable.

An attempt has been made to isolate various stages in the planning and
implementation of road projects at which procedures can be changed to incor-
porate the assessment of alternative technologies. The changes required are
described in some detail and practical advice is given on how to implement them.
Thus, in Chapter 2, various aspects of the design process are selected to show
how the design can seriously affect the choice of technology, and practical
advice is given to show how the relationship between design and the choice of
technique can be evaluated.

The assessment of alternative technologies requires adequate data, and a
system of data analysis is described in Chapter 3, whilst Chapter 4 illustrates
the range of alternative construction techuiques.

Considerable emphasis has been laid on project evaluation, not only in
respect of choice of technology but also with regard to the assessment of the
real cost to a country of utilising the various resources involved in road construc-
tion. Certainly the economic arguments put forward in Chapters 5 to 9 will be
unfamiliar to many. What is suggested in these chapters is not only a broadening
of perspective to include alternative technologies but also a reassessment of the
way in which the costs and benefits of particular projects are estimated for
the economy as a whole, through social cost-benefit analysis. Although the
rationale behind this evaluation procedurc is relatively easy to grasp, it should
be said that the actual methodology of evaluation is more complex. An endeav-
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Lahour-intensive road construction

our has been made to present the methodology in a straightforward, practical
manner so that readers will be able to appreciate its relevance and applicability.

The later part of the manual covers various measures that may be taken in
order to ensure that the appropriate technology will in fact be given due
consideration. Fiscal and financial policy are analysed in relation to their
effects. and the practicality of certain adjustments is considered. The type of
organisation and management required for labour-intensive projects is illus-
trated. Conditions of tender and contract terms are discussed, and suggestions
are made for minimising biases tuwards the use of capital-intensive technologies.
Proposals are also made regarding ways of changing the generally negative
attitude of engineers and contractors toward labour-intensive technologies, and
inducing them to seriously consider their adoption whenever such technologies
are proven to be technically and economically feasible.

The manual is principally the work of Moise Allal, an economist, and
Geoff Edmonds, an engineer; however, some preparatory work was carried
out by Joel Gochenour, André Lumbroso and Runé Ericksson. Geoff Edmonds
wrote Chapters 2 to 4 and Chapter 10; Moise Allal was responsible for Chap-
ters 1 and 5 to 9. Ajit Bhalla collaborated with Geoff Edmonds on Chapters 11
and 12.1

In the final stages of preparation Jens Miiller examined the entire draft and
made various valuable suggestions for its improvement.

The preparation of the manual has been financed by a grant from the
Swedish Government.

The International Labour Office is grateful to the Transport and Road
Research Laboratory of the United Kingdom Department of the Environment
for permission to reproduce the photogranhs in fignies 3 to 6 and 37 to 39;
and to the editor of Appropriate Technology (London, Intermediate Technology
Development Group) for figure 8.

1 Messrs. Allal and Edmonds are both members of the Technology and Employment
Branch of the Employment and Development Departmeni of the International Labour
Office; Mr. Bhalla is Chief of the Branch.
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INTRODUCTION

It is generally recognised that developing countries have a tendency to use
production methods that are inappropriately capital-intensive: since such
countries are usually short of capital and foreign exchangs, and have high
unemployment, the relative prices of labour and equipment should favour the
use of technologies that are less capital-intensive than those currently in use.
The adoption of appropriate technology could help to alleviate the dependence
on foreign exchange, while creating substantial numbers of new jobs and
providing the rural and urban poor with the means of meeting their basic
needs.

The mere presentation of ideas is not sufficient to make them attractive.
However correct the argument outlined above may be in theoretical terms,
planners, project evaluators and engineers in the developing countries need
something rather more substantial on which to base their day-to-day decisions
regarding expenditure of limited funds on a host of competing projects. They
may fully agree with the notion of appropriate technology, but they must first
be presented with viavle alternatives to the technology they are using. They
also need to be given the means of evaluating, assessing and taking advantage
of these alternatives. The present manual constitutes an attempt to meet that
need.

It is often said that the role of a civil engineer is to make the best use of the
available resources for tiie benefit of society. Like many high-sounding state-
ments, this maxim is open to diverse interpretations, generally revoiving around
the word “best”. In recent years road construction has figured prominently in
written exchanges about the choice of the most appropriate techniques in
developing countries, mainly because of the assumption that many of the tasks
involved in road building could be executed by relatively uuskilled labour.
Advocates of more labour-intensive methods have suggested that the “best”
use is not being made of labour: it is argued that in countries with a shortage




Labour-intensive road construction

of capital and a surplus of labour, there is an obligation to investigate the
possibilities of utilising more labour-intensive methods.

In an effort to provide some facts to justify the use of labour-intensive
methods of construction, various case studies have been carried out. They have
generally taken the form of theoretical analyses of road construction projects
carried out capital-intensively; the feasibility, both economic and physical, of
carrying them out by using more labour-intensive methods has then been
calculated. A limited number of studies have been done on projects for which
these other techniques were actually used. All these studies have been extremely
useful for identifying the operations to which a variety of methods could be
applied, and to a lesser extent for assessing the efficiency of such methods.
However, because the studies were generally not initiated by engineers, the
road construction process was considered in isolation. Thus some basic mis-
conceptions were written into the studies: first, the construction process was
considered to be independent of the design whereas, in fact, the design is an
active constraint upon it. Secondly, and as a logical consequence ¢ ‘he first
point, the responsibility for design was considered to coincide with the respon-
sibility for construction. In fact, nothing is further from the truth: most road
construction work is carried out by private contractors, who are responsible
for the construc’ion but not at all for the design. Thus engineering designers
were criticised for not making the best use of resources, but the evidence used
in support of the criticism was based on the construction process, for which
the designer generally has no direct responsibility. It was also assumed that
choice of design had no influence on the choice of construction methods,
whereas it is likely that most designs are biased towards equipment-intensive
operations because of the designer’s training.

It is clear that any dictum about the best use of resources must be viewed
within the institutional framework to which it applies. Thus, a design that is
based on equipment-intensive technology is unlikely to allow a labour-intensive
technology to display its optimum usefulness. To make the best use of the
available resources, the engineer or planner must work in the correct frame-
work. The range of designs considered for a road or group of roads must be
such as to span the whole range of techniques. If the designs are all geared
towards equipment-intensive operations, then no real comparison can be made
of the correct use of the two resources, equipment and labour. Moreover, only
when the designs provide for different alignments, specifications, and mainte-
nance and road user costs will it be possible to assess accurately the most
economic use of the resources.

One of the most prevalent criticisms of road construction methods that do
not involve the use of large-scale equipment is that their output is limited. The
bulk of such criticism is levelled at the standard of compaction, the effectiveness
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of grading and levelling and the inability to achieve he required tolerances.
The World Bank, for example, has suggested that this factor severely limits
any discussion of the use of more labour-intensive methods.* There is indeed
some foundation for this criticism when the basis of comparison is a fixed,
equipment-orientated design, and it is assumed that a road must necessarily
have the pavement thickness, level of compaction and tolerance limits associated
with one method even if it can be produced by a variety of methods. However,
once it is accepted that a willingness to use different methods of construction
implies a change of design philosophy, some of the criticisms are invalidated.
Without departing from over-all objectives, it can be accepted that the finished
road will have different characteristics if constructed by alternative methods.
For example, the road may have varying levels of tolerance as regards the
finished surface, and the road user costs will then differ. The compaction of
the sub-grade may be limited to 90 per cent of the optimum dry density, and
it may have to be sealed to create an impervious layer. Also, the pavement
thickness may have to be greater if the level of compaction is limited. The
road maintenance costs may vary for each different design.? It is necessary,
therefore, for engineers to rid themselves of the idea that all methods are to be
gauged by the standard of construction produced by equipment-intensive
methods. Such methods produce a certain standard which can be associated
with particular construction, road user and maintenance costs. Other methods
produce roads of different standards which have different costs. It may well
be that, all in all, the equipment-intensive methods will be shown to be the
most economic. Nevertheless, it should not be automatically assumed that the
alternative methods are inferior because they do not produce the same standard.

When discussing the standard achieved by the use of labour-intensive
methods, there has been a tendency to consider only cases in which such
methods have been used to the exclusion of all others for an entire project.
For example, it is admittedly difficult to achieve a high value of compaction
with totally labour-intensive methods, and critics therefore assume that highly
compacted earthworks cannot be a feature of projects using labour as the
major resource. However, the use of equipment for compaction is advisable in
such a case.

In this controversy the question of productivity, particularly that of labour,
has perhaps received more attention than any other. This is principally because,
with the type of studies that have been carried out, any discussion of economic

1 International Bank for Reconstruction and Development: Study of the substitution
of labor for equipment in road construction, [Draft] Phase I final report, Oct. 1971, p. 6.
2 The question of maintenance is dealt with in Chapter 6. It is worth noting here, however,

that road maintenance is generally a labour-intensive activity, so that a need for increased
maintenance will increase employment.
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viability has hinged upon this factor. The productivity of machinery is difficult
to assess because factors such as efficiency, rolling resistance, gradient and haul
have to be considered. However, the manufacturer can at least indicate the
maximum output of the machine, and from that calculation a working figure
can be derived. Such a procedure cannot, however, be used in the case of
manual labour: attitude, health, environment and physiology all have to be
considered (for example, a World Bank study! reported a 1,300 per cent
variation in the output of workers involved in excavation). It is a little sur-
prising that productivity should be used as a stick with which to beat labour-
intensive methods when so little is known about it: our present knowledge of
labour productivity in road construction is related to such factors as haul dis-
tance and height of lift; very little work has been done on the effect of good or-
ganisation and supervision, diet and other conditions. The conclusion drawn by
researchers is that when considered in isolation, labour productivity would
appear to limit the implementation of labour-intensive methods. A far better
approach would be to consider what productivity rates are required to make
more labour-intensive methods viable, and whether it is possible to achieve
those rates by supplying the right organisational and institutional framework.

When deciding between any two or more designs it will generally be the
over-all cost that will be used as the criterion for selection. Of the studies that
have been carried out, many come to the conclision that when evaluated at
market prices, labour-intensive techniques currently in use are not economically
competitive with modern capital-intensive techniques. However, if accounting
or shadow prices were to be used in project evaluation, labour-intensive
techniques could appear much more attractive.? Moreover, when discussing
more labour-intensive methods most analysts have restricted themselves to the
construction costs, and the methods have all been assessed in relation to the
same design. Thus it is not necessarily the correct alternatives that are being
considered: the costs associated with more labour-intensive methods are
restricted to the costs of constructing a certain design, whereas a true comparison
of cost can be made only if a variety of designs are priced in terms of construc-
tion, maintenance and road user costs. The argument of inferiority on a cost
basis is based on a consideration of alternative techniques for a limited number
of operations such as earthmoving and sub-base laying. While this may provide
useful data on the productivity range that can be expected for those operations,

1 International Bank for Reconstruction and Developmeut: Study of the substitution
of labor for equipment in road construction, [Draft] Phase I final report, op. cit., p. 28.
2W. A. McCleary, in collaboration with Moise Allal and Bertil Nilsson: Equipment

versus employment: A social cost-benefit analysis of alternative techniques of feeder road
construction in Thailand (Geneva, 1L.O, 1976).
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it is not a true assessment of the viability of alternative techniques for entire
projects.

Most of the methods used in road construction have been taken over from
developed countries. If the methods had been imported in isolation, there
would be no great problem in alte-rmg them. At the same time, however, the
administrative procedures were also imported. Thus in most developing coun-
iries the contract terms, specifications and conditions of tender are hasically
the same as those used in the developed world. In many developing countries
the private sector is dominated by European and North American contractors
whose expertise is geared towards the use of equipment-intensive methods. How
far they would feel capable, or willing, to work to other design specifications
and with other construction methods is a matter of conjecture. It may be
necessary to unify the responsibility for design and construction in the initial
stages, and the public authorities may be called upon to prove the viability of
alternative techniques.

It has already been suggested that the attitude of designers and contractors
in developing countries is biased towards equipment-intensive methods. While
an effort should be made to permit the fair evaluation of alternative techniques,
it is necessary to guard against an automatic bias towards more labour-intensive
techniques. There is a danger of assuming that more labour-intensive methods
are always appropriate instead of regarding them as a possible alternative. It
would be a mistake to alter the institutional framework so that it discriminates
against equipment-intensive methods: the framework must be altered in such a
way that proper consideration will be given to all the technological possibilities.
It is possible that although more labour-intensive methods are now appropriate
in many cases, in 20 years’ time the situation may change. In view of this
uncertainty it would be foolish to completely change the institutional frame-
work. The best solution is to widen it so that the methods that are the most
advantageous in terms of the public interest can in fact be identified and applied.
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ROAD PLANNING

.ld

In order to facilitate an understanding of the various evaluation procedures
described in later chapters of this manual, it is first necessary to describe the
framework within which the choice of technology is undertaken. Accordingly
the first section of this chapter brieflv describes the elements that should be
taken into consideration when choo<.ng road projects and construction tech-
nologies. The second section describes the steps involved in the elaboration of
a road investment programme and the identification of potential road projects.
The third section describes how those potential projects must be analysed and
their most appropriate versions in terms of routing, design and technology
identified. The fourth section describes how the project choice is made for the
five types of roads to be considered in the manual.

ELEMENTS OF CHOICE

Evaluating the social profitability of road projects involves the estimation of
both direct and indirect costs and direct and indirect benefits. Costs can be
divided into capital costs, including the cost of land acquisition and construc-
tion costs, and variable costs, including road user costs and road maintenance
costs. The social benefits of a road include higher economic activity in the area
crossed by the road, and decreases in both road user costs and maintenance
costs.

The difficulty in evaluating the profitability of a road project arises from the
fact that there are usually several versions of the project. For a given road
project, there may be a number of possible routes and various sets of design
specifications. Furthermore, a number of different construction technologies
may be used in order to build the road. In other words, for a given road project,
there usually exists more than one version in terms of routing, design and tech-
nology. The project evaluator’s task is to evaluate all versions of a read project
in order to identify the most socially profitable one. Other, less profitable
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versions may then be disregarded when comparing the profitability of the
particular road project with that of other public investment projects.

The routing of a road is mainly determined by socio-economic considerations
and by the topography of the area which the road should cross. These are
exogenous variables which define the range of potential routes. Within those
limits, however, the choice of alignment to be adopted is influenced by the
design specifications and the construction technology which are adopted. This
aspect of the problem will be examined in some detail in Chapter 2. The main
point to be stressed here is that different routes may yield different road-
induced benefits since the area of influence of a road is a function of the route it
follows. Furthermore, different routes and alignments yield different road
lengths, and therefore different constraction costs, road maintenance costs,
and road user costs.

Road design specifications (governing the solidity of the road and such
factors as the maximum permissible gradient and curves) are mainly determined
by the current and future traffic volume and composition, by the topography
of the area to be crossed by the road, and by the speed at which it is intended
or expected that traffic should move. It will be shown later that the design
specifications adopted affect construction costs, maintenance costs and road
user costs. It will also be shown that the narrower the range of design specifi-
cations, the narrower the range of construction technologies that may be adop-
ted. Design specifications therefore affect construction costs by limiting the
choice of construction technology. There is generally a trade-off between the
initial construction costs, on the one hand, and the future maintenance and
road user costs, on the other; and it is therefore very important that road
designers should be concerned with both initial and future costs.

The choice of construction technology is mainly determined by the route
and design adopted, and by the availability of equipment and labour. Obviously,
the use of labour-intensive technologies should not be considered in sparsely
populated areas unless workers from other areas are willing to live in workers’
camps during the duration of the project. On the other hand, capital-intensive
techniques cannot be used if skilled labour and construction equipment are not
available. It should be stressed that the construction technology adopted will
also affect construction costs. It may be noted that for any particular design
specification the technology adopted will not usuaily affect maintenance costs
and road user costs since it may be assumed that all technologies under consi-
deration will yield the required output quality.

To conclude: the profitability of a road project is generally a function of
the road’s route, its design and the construction technology. It is the version of
a road project which maximises social profitability that is to be evaluated for
the purpose of comparison with other public investment projects.
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THE ROAD INVESTMENT PROGRAMME

The choice of technology follows the identification of actual or potential
projects. Road projects are selected either on an ad hoc basis or on the basis
of a more or less elaborate road investment programme. In the first case, the
selection of road projects is made on the basis of political, social and economic
considerations with little or no attempt to link the particular road projects to
an over-all national or sectoral plan. In the second case, the selection of road
projects follows the elaboration of an over-all transport investment programme
which includes a number of potential road projects. If bottlenecks and excess
capacity are to be avoided, and if national resources are to be used in the most
efficient manner, economic planners must know how projects relate to one
another within a given sector, as well as how sectors interact with one another.
It is necessary to consider, for example, how the growth of one means of
transport (e.g. railways) may affect the growth of other means of transport.
Similarly, it is necessary to examine, for example, how the improvement of
transport facilities in general will affect other sectors of the economy (e.g. agricul-
ture and industry). Such information is very important in developing countries
since the development of transport is usually a prerequisite—although by no
means a guarantee—of economic growth. The aim in elaborating a transport
programme is therefore to identify promising projects, to relate them properly
to one another, and to relate all projects together to the macro-economic plan.

It must be pointed out that the elaboration of a transport sector programme,
and consequently of a road investment programme, requires a great deal of
work and time. Transport experts may need to spend a year or longer on the
elaboration of such a programme for a medium-sized country. Owing to lack
of personnel trained in transport problems, lack of traffic data and time
constraints, some developing countries may not be able to elaborate comprehen-
sive transport programmes. In such circumstances rudimentary programmes
can none the less be prepared on the basis of more subjective assessments to
include transport projects which seem to be crucial to the future growth of the
country, or for which there is a strong demand.

A transport programme may cover a country’s entire transport system,
including, in this case, a road investment programme worked out within the
framework of the over-all transport programme. The development of an
independent programme for a particular means of transport should be under-
taken only if it can be shown that no other means of transport can be substituted
for the one to which the programme relates. Thus a road network development
programme may be elaborated independently of other transport programmes
if it is shown that transport by air, rail or inland waterway would not be
competitive with road transport. Within the road investment programme
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itself, on the other hand, the identification of certain potential projects can
be made independently of other transport projects. For example, feeder roads
attached to future agricultural projects or roads serving industrial sites are
included in the programme as a result of a decision to implement those more
general investments projects. In those cases, roads are a joint cost with other
investments outside the transport sector, and the realisation of benefits depends
not only on the roads but also on these investments. The planning of such
roads is thus part of the planning of the sectors from which the above invest-
ments originate.

The elaboration of a transport investment programme follows the following
sequence:

(a) identification of the basic goals of the programme;
(b) survey of existing means of transport;
(c) traffic forecasts; and

(d) identification of the potential transport projects to be included in the
programme.

Means of transport serve to connect production and population centres
with one another. Consequently the development of the transport network
cannot be dissociated from the country’s over-all development goals or strategy.
Ideally, a transport investment programme should be elaborated concurrently
with the programmes for other sectors, and all programmes should be merged
into an over-all national plan. A transport investment programme elaborated
with respect to the planned growth in other individual sectors of the economy
should take into consideration the need for various means of transport in each
of those sectors: if it is planned, for example, to give priority to increasing
agricultural production, feeder roads will have to be built; similarly,
regional development plans may require that the existing road network be
expanded.

The planned growth of individual sectors of the economy can sometimes be
achieved through the development of alternative means of transport: for
example, the development of mining may require that the existing road network
should be developed, oi iusiead, that new railway lines should be built; the
problem is then to identify the less costly means of transport in each particular
case.

In order to plan future transport, it is essential to have a fairly good assess-
ment of the quantity and quality of existing facilities. Transport data collection
is a fairly complex task, and surveys carried out with that object in view call
for a great deal of work and time as well as qualified personnel. The total
amount of information to be collected depends on the amount and reliability
of the information already at hand. On road transport it is usually scarce, and in
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most cases unreliable: road condition is not usually known, and little infor-
mation is available on such factors as vehicle operating costs and traffic flows.
A survey should provide a description of the existing facilities in qualitative
as well as quantitative terms: for example, a survey of the existing road network
should include estimates of the relative extent of various types of roads (e.g.
paved, gravel, or earth roads), their current condition (good, fair, poor), and
the volume and composition of traffic flows. To be useful, a road transport
survey needs to include information about the main commodities and the
passengers carried, as well as about the origin, destination, types and capacity
of the vehicles using a given road. This type of information needs to be gathered
for various times of the day as well as various seasons of the year.

Since transport projects have long lives, of 20 years or more, traffic forecasts
are essential for the elaboration of a transport investment programme. Traffic
forecasts are needed not only in order to identify specific transport projects,
but also in order to schedule project implementation in the cases where construc-
tion can be carried out in stages. The way to conduct traffic forecasts will not
be described in this manual since many books have already been published on
this subject.

Once forecasts of traffic by the various means of transport have been made,
potential transport investment projects can be identified. For each means of
transport, projects are listed and may be grouped into three distinct classes as
follows:

(a) maintenance projects;
(b) improvement and modernisation projects; and

(¢) new projects for the purpose of increasing existing capacity.

Once the transport programme has been elaborated, the next step is to
rank transport projects and select the higher-ranking ones for implementation,
within the limits imposed by budgetary and other constraints. As regards roads
this selection process is the subject of the present manual, and will be described
in detail.

IDENTIFICATION OF THE MO2ST APPROPRIATE VERSIONS
OF POTENTIAL PROJECTS

In elaborating a transport investment programme, potential road projects
are identified but not analysed in great detail. Information about potential
roads is usually sketchy: design specifications are not fully elaborated, the
route to be followed by individual roads is approximate and little information
is available about the way in which the roads should be built. This lack of
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information is to be expected, since the purpose of a transport invesiment
programme is to provide not detailed information on specific transport projects
but an over-all view of transport investment needs. In order to enable planners
to compare and select projects on the bases of their social profitability, a
detailed analysis of potential projects must therefore be undertaken before
individual projects are selected.

As will be shown in Chapter 2, the choice of road design may affect the
choice of construction technology and thus construction costs. Furthermore,
road design always affects road maintenance costs and road users’ costs. The
choice of the route which a road is to follow may affect construction costs,
road maintenance costs, road users’ costs, and in some cases, the value of
benefits derived from the road. Once potential road projects have been ident-
ified, project evaluators must identify the most appropriate route and com-
bination of design and technology for each potential road project. It is this
version of a project that is ranked at the project selection stage.

The identification of the most appropriate route and combination of design
and technology generally includes the following steps.?

1. Identification of possible routes for a road

The route which a road shall follow is determined on the basis of socio-
economic considerations as well as a number of technical constraints. Project
evaluators may identify possible routes with the help of regional development
planners.

2. Estimation of road benefits for each possible route

Road benefits may include additional agricultural production or the develop-
ment of new industries which would not take place if the road were not built.

3. Identification of possible road designs for each possible route

Technical constraints may limit the number of possible road designs for
each route.

4. Identification of possible combinations of design and technology for each route

The construction technologies considered for a given design must vield
the quality of output specified in the design.

5. Estimation of construction costs for each possible combination of design and
technology

! The identification procedure described in this section is further elaborated in Chapters
2and 7.
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6. Estimation of read maintenance costs and road users’ costs for each combi-
nation of route and design

Road maintenance costs and road users’ costs must be those applying to
the most appropriate (i.e. least costly) maintenance policy (covering the fre-
quency and extent of maintenance operations over the life of a road).

7. Identification of the most appropriate route and combination of design and
technology

The most appropriate route and combination of design and technology is
that which maximises the difference between road benefits (estimated under
step 2) and the sum of road construction costs (estimated under step 5), road
maintenance costs, and road users’ costs (both estimated under step 6).

The following mathematical formulation summarises the above steps:

Let B; = road benefits that apply toroad route i (i = 1,2, ... I);
C;; = road construction costs that apply to road route i for a given road
design j (j = 1, 2, ... m) and a given construction technology

kk=12,...n);

(MC + RUC);; = sum of road maintenance costs (MC) and road users’
costs (RUC) for a given route i and a given road design j.

The most appropriate route and combination of design and technology is

that which maximises the net road benefits (NB);; where
(NB);jx = B; — Cijy — (MC + RUC);

(NB),, must be estimated for each (ijk) combination, the most appropriate
cembination being the one that yields the highest net benefits. If, for example,
there are two possible routes (/ = 2), two possible road designs for each route
(m = 2 for all is), and two possible construction technologies for each design
(i.e. n = 2 for all js), then the total number of (ijk) combinations to be analysed
is equal to 8 (i.e. 2 X 2 X 2).

It should be pointed out that the identification of the most appropriate
version of a potential road project does not require that all benefits and costs
be estimated : those that are common to all possible versions of the same project
need not be estimated since they would cancel out when the various versions
are compared. In most cases, the benefits of a road need not be estimated since
they usually do not differ from one version of a project to another. Moreover
if it is felt that there can be only one possible road route and design, the only
variable will be construction costs, as a result of the existence of a variety of
construction technologies. All costs and benefits must, however, be estimated
if projects have to be ranked before the project selection stage.

If benefits are not quantifiable, the identification of the most appropriate
version of a potential road project will usually be based on information regard-
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ing the cost of different possible combinations of design and technology
for each route, and on the economic planner’s subjective evaluation of benefits
for each route.

The assumption that costs are fully quantifiable implies that different
technologies are fairly well known and have already been tested in the process
of building existing roads, so that figures on the productivity of labour and
equipment are both available and reliable. It also implies that other input
prices that will prevail during the implementation of the project can be estimated
with an adequate degree of certainty. In practice, however, little may be known
about alternative construction technologies. In particular, there may be little
information available on the productivity of equipment and labour and on
managerial efficiency. This is especially true of labour-intensive construction
technologies, in respect of which very few studies have been carried out.
Furthermore, the few studies completed to date apply to particular environ-
mental and other conditions such as climate, soil composition, topography and
management; and it is difficult, if not impossible, to use their results to arrive
at general rules applicable to other countries. A lack of information on the
direct cost of a variety of possible technologies precludes the identification
of the most appropriate one for a potential road project. Yet cost data are
needed if projects are to be ranked for selection purposes, and if the national
or sectoral budget is to be properly balanced. One solution to this dilemma is
to collect all necessary data prior to undertaking the identification procedure.
This solution, however, requires a fairly long time; indeed in some cases data
collection could take over two years, which is the period covered by some short-
term plans. The selection of road projects—or any public investment projects—
generally cannot wait that long: the cost of waiting could be extremely high
since scarce funds would be kept idle at the expense of the country’s growth.
Such a solution is thus not feasible.

An alternative solution, and the one usually adopted, is to estimate direct
costs on the basis of past experience, assuming a standard construction techno-
logy previously in use in the country, or construction costs per unit of output
obtained from completed road projects. In this case, road projects will differ
from one another with respect to routing and design only, since different
technologies are not considered. Once the most profitable potential project has
been identified on this basis and if the project is selected for implementation, a
more detailed analysis may be undertaken in order to identify the most appro-
priate construction technology, providing that enough time is available for such
an analysis. Whenever feasible, experiments with different construction tech-
nologies should be undertaken before a selected road project is implemented.

Project selection in the absence of quantifiable data has two main short-
comings. First, the modified identification procedure just described may lead
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to the selection of projects that would have been ‘cjected, or, conversely, to
the rejection of projects that would have been seircied had reliable figures
been available. In other words, unreliable information on costs and benefits
may lead to an unreliable ranking of projects. This situation cannot at present
be avoided, and will continue to prevail until reliable information is available.
However, collection of reliable information is not an impossible task: given
sufficient time, project evaluators should succeed in improving their data base
for project evaluation.

A second shortcoming of the procedure is that actual construction costs
may differ from initial estimates based on an assumed technology or on standard
unit costs. This situation requires future revisions of the budget in order to
balance public revenues with public expenditure. It should be noted, however,
that budget revisions would be needed for a number of reasons even if there
were full knowledge of construction technologies at the project selection stage.
First, input prices used at the selection stage may differ from those that will
actually prevail when the project is implemented. This fact is usually recognised
by project evaluators, who try to take account of potential price movements in
carrying out project evaluation. They may not, however, always succced in this
endeavour. Secondly, unforeseen events may increase construction costs: floods
may destroy some of the construction work; delays may be ircurred in the
import of needed equipment. In general, there is always some degree of uncer-
tainty with respect to the conditions that will exist at the implementation stage,
and some discrepancy between estimated costs and actual costs nearly always
occurs. Finally, estimated public revenues may differ from actual revenues.
This necessitates the continuous adjustment of public expenditure to public
revenues through the postponement or earlier implementation of public projects.

PROJECT SELECTION

Depending on the type of road project, selection may precede or follow the
identification of the most profitable version of each potential road project.
Five types of road projects will be considered in this manual, namely—

(a) road maintenance;

(b) road improvement;

(c) new roads primarily intended to shorten travelling distances;

(d) new roads that are part of wider sectoral investment projects; and
(¢) developmental roads.

In general, projects of types (a), (d) and (e)-—concerning road maintenance,
new roads that are part of wider sectoral investment projects and developmental
roads—are selected before the most appropriate versions of such projects have
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been identified. On the other hand for projects of types (b) and (c), concerning
road improvement and roads to be built for the main purpose of shortening
travelling distances, the identification of the most appropriate version usually
prece “cs the selection of the project. The reasons for these different approaches
are explained below.

Projects of types (a), (d) and (e) are among the many public investment
projects for which costs and benefits cannot be fully quantified. Public planners
have to choose which non-quantifiable projects should be implemented in the
light of the funds available. Their choice may be made by first ranking non-
quantifiable projects on the basis of a subjective valuation of their wortl. to
society. Then, given a ranking of quantifiable projects, each non-quantifiable
project may be compared, on the basis of subjective considerations, to successive
quantifiable projects in order to det:rmine the rank which should be assigned
to it. Once a unique ranking of all projects—quantifiable and non-quantifiable—
has been obtained, the higher ranking projects are selected within the limits
imposed by budgetary constraints.

Road maintenance

Public works departments are usually responsible for maintaining the
existing road network. Road maintenance is carried out either in accordance
with rules laid down by those departments or under pressure from road users
or local or other authorities. The public works department must know which
roads should be maintained, at what time intervals maintenance activities
should take place and what will be the extent of each maintenance operation.

There is rarely a decision to take on whether to continue or discontinue
maintenance of existing roads. In most cases, existing roads are essential links
between population centres, and it is obvious that such roads must be kept open
to traffic, and maintained accordingly.

In general, whenever roads are used, there will always be some pressure
from road users for continuing maintenance. The only situation in which a
government may decide to discontinue the maintenance of roads serving
population centres is one in which the government wishes to relocate the popu-
lation. In other cases roads may have ceased to be useful, and it is obvious that
they should therefore cease to be maintained: this is true for roads which no
longer perform the role originally assigned to them (e.g. approach roads to
closed mines or military camps no longer in use).

Unless it has been decided that a road should not be maintained, the public
works department must determine the frequency and extent of each maintenance
operation so as to reduce to a minimum the sum of maintenance costs and road
user costs properly discounted to the present.

18



Road planning

It will be apparent from the foregoing passage that the maintenance of a
given road need not be the outcome of a deliberate decision taken in relation
to its merits by comparison with those of other road projects: on the contrary,
road maintenance is normally undertaken on the unchallenged assumption of
its intrinsic worth. Moreover, if a road is to be kept open to traffic at all,
maintenance operations must be carried out as needed since their postponement
unnecessarily increases maintenance costs and road users costs, and thus results
in the long run in a decrease of the amount of investible funds that may be used
for other purposes. '

Road improvement

The improvement of an existing road may be required for any number of the
following reasons:

(a) traffic so heavy that average travelling times between places along the road
are unduly long;
(b) high vehicle operating costs;

(¢) ahigh accident rate resulting from the existence of dangerous sections along
the road;

(d) uncommonly high road maintenance costs; and

(e) frequent closing of the road to traffic as a result of floods, landslides or other
natural disasters. '

When contemplating road improvement, the public works department must
compare improvement costs to the sum of the various costs resulting from
the use of the non-improved road. These costs include quantifiable items
such as—

(a) additional vehicle operating costs;
(b) additional costs attaching to traffic accidents;
(c) additional road maintenance costs; and

(d) loss of income due to frequent closing of the road.

The profitability of a road improvement project may be expressed as the
difference between the sum of the above four cost items and the rcad improve-
ment cost. Unless unlimited funds are available, a road improvement project
must be ranked along with other projects in order to determine whether it is
sufficiently profitable to be selected for implementation.

The identification of the most appropriate version of a road improvement
project precedes project selection.
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New roads to shorten travelling distances

The main purpose of a new road is often to lower road users’ costs by
diverting some of the traffic on existing roads to the new road. Other road
benefits may occur, but they are generally of secondary importance.

Benefits derived from such a new road may be expected to include—

(a) lower road users’ costs for traffic diverted to the new road;

(b) lower maintenance costs of existing roads since they will bear a lower traffic
volume than if the new road were not built; ana

(c) increased benefits in the area crossed by the new road (e.g. an increase in
agricultural production).

Costs attached to a new road include—
(a) construction costs, and ‘

(b) maintenance costs of the new road itself.

The profitability of this type of road may be expressed as the difference
between the benefits and the costs mentioned above. The identification of the
most profitable version cf such a project must precede project selection.

New roads that are part of wider sectoral investment projects

Some public investment projects require the construction of new roads to
serve either as links between the project site (e.g. in the case of a mine or an
industrial plant) and existing roads, or as a means of communication on the
project site itself, as in the case of feeder roads. Projects that include the con-
struction of roads may or may not be compared to other projects for selection
purposes. In any case, the task of selecting such general projects is not a concern
of the road project evaluator. Once the over-all investment project has been
selected, by whatever method, it is no longer necessary to compare the road
project or projects involved to other road projects for the purpose of obtaining
the necessary allocation of investment funds.

Road projects falling within wider projects need to be implemented by a
construction technology that maximises the social profitability of the over-all
project. For example, in the case of an agricultural project, feeder roads must
be designed and built in such a way as to ensure that they will not need to be
closed to traffic during part of the harvest or planting seasons: the road design
must satisfy that minimum quality standard. Subject to this kind of requirement,
the identification of the most appropriate version of the road project consists
in identifying the one that is least costly in terms of construction costs, mainte-
nance costs and road users’ costs.
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Developmental roads

The purpose of developmental road projects is to promote economic
development in isolated parts of the country in which development has not
kept pace with that of other regions. The main motives behind a decision to
invest in such road projects may be considerations of social equity. Since the
benefits and certain costs attached to these projects are difficult to quantify, it
is rarely possible to evaluate alternative versions prior to project selection, and
the identification of the most appropriate version is therefore carried out after
the project has been selected.

To identify the most profitable version, project evaluators must estimate

e o d ki mn b ] samntsatamasa ~ o
road construction costs, road maintenance costs and road users’ costs for each.
it

In most cases, however, road users’ costs are not available since it is extremely
difficult to forecast traffic flows for future developmental roads. The identifi-

cation of the most appropriate version is then based on the first two cost items
only.
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This chapter deals with the effect of choice of design on the choice of tech-
nique. It will be shown that the design process can be improved to allow con-
sideration of different construction techniques, and that there are particular
aspects of road design that should be analysed to ensure that the optimum use
is made of the available resources. In many cases this optimum use is very
different from that which would result from designs taking little account of
the possibility of using more labour-intensive techniques.

DESIGN SCOPE

There are many roads that do not need engineering design, or at best a
very limited amount: rural access roads, roads built under self-help schemes
and access roads serving major public works such as dams fall into this cate-
gory. Their construction has been the subject of extensive study by the United
Kingdom Transport and Road Research Laboratory and to a lesser extent the
Intermediate Technology Development Group (London).

These roads are generally of a low technological level and lend themselves
admirably to the use of more labour-intensive methods. As long as the basic
ideas of alignment, drainage and compaction are understood, there is no
reason why such roads should not be built without the full-time assistance of an
engineer. However, by far the largest amount of money allocated for road works
will be spent on roads that require a full-scale design by a civil engineer.
The methodology developed in this chapter is concerned with these roads.

The question of over-all road planning was discussed in the previous chap-
ter. In the present chapter an attempt is made to indicate how a design engi-
neer could use a knowledge of alternative methods of construction in designing
a particular road, once the road planners have identified an economic priority
for it and the engineer has been given the task of preparing a design.
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It is quite clear that in many cases the design limits the choice of technique:
the road designs are geared towards equipment-intensive techniques and it is
therefore difficult for more labour-intensive techniques to compete. It is at
the design stage, therefore, that the use of alternative techniques should be
considered. What every designer must ask himself is “what purpose does this
road serve and what methods could be used to achieve the objective 7’ An
example may hélp to illustrate this point. It may be necessary for a road to
cross a river. The initial solution envisaged may be to provide a sophisticated
pre-cast, pre-stressed concrete structure; but the engineer should ask himself
why the structure should be of pre-stressed concrete rather than of reinforced
concrete or of timber, and also whether it is necessary to provide a bridge at
all and whether a ferry crossing would not adequately serve the purpose.
Coupled, therefore, with the acceptance of the consideration of alternative
techniques goes the need to consider the basic objectives in providing the road
and the whole range of designs that might be suitable for their attainment.

Many studies have already been carried out on the possible use of alternative
technologies in road construction.® The figures that have been assembled
in these studies are of value in indicating the efficiency of various methods.
However, the studies have concentrated on alternative methods of implement-
ing particular designs, without considering the possibility of altering the designs
in order not to impose a constraint on technological choice. Thus, the original
design is often biased towards the methods with which the designer is familiar,
and it constrains the choice of techniques. It is not surprising, therefore, that
when alternative methods are examined they are found to be inefficient. It is as
if a motor car designed to be powered by petrol were expected to run equally
well on kerosene. It has also been generally assumed that the construction costs
can be considered in isolation, and that maintenance costs and road user costs
will be the same whatever construction method is used. In fact each individual
design will exert different pressures on the choice of technique to be used. For
example, one design may call for a pavement construction of high quality
which entails a low degree of tolerance in its construction, and has minimal
maintenance costs and low road user cost; an alternative design may be less
restrictive in the final quality of the running surface and be associated with high
maintenance and road user costs; a design may provide for a route which is
direct but involves a large amount of rock excavation; another may follow a
more leisurely route which merely involves short-haul earth excavation.

1See for example Deepak Lal, assisted by A. Heap, H. Boisen, B. Nilsson and
L. Karlsson: Men or machines : A Philippines case study of labour-capital substitution in road
construction (Geneva, ILO, 1974; mimeographed World Employment Programme research
working paper for restricted distribution only).
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In the initial stages the production of alternative designs will not be easy.
The engineer will have to reconsider many of his preconceived ideas. There is
unfortunately no short cut to the optimum combination of design and con-
struction technique. It is not suggested that no extra work will be involved in
the consideration of a wider range of design possibilities: certainly 1t will be.
However, the benefits that will accrue should heavily outweigh any cost in
terms of extra time and resources spent at the design stage.

This chapter is therefore intended to show how a more wide-ranging assess-
ment of the optimum design can be arrived at. It is hoped that, with use, the
ideas put forward here would eventually be taken for granted. Theroad designer
would then truly assess alternatives in terms of factor proportions and not
purely the use of different types of equipment-intensive technology.

COSTING OF DESIGNS

It is possible therefore to think in terms of a road project for which there
are a variety of possible designs. Some will be more suited to equipment-
intensive techniques, others to labour-intensive techniques. The next step is to
make a detailed costing of the designs. For each design a bill of quantities can
be prepared. This describes each operation and the quantity of materials
required. From the design drawings and the bill of quantities a schedule of
material requirements can be made which can then be costed from information
on the cost of the materials.

To complete the costing procedure it is necessary to have labour rates for
each type of labour used, plant rates for the equipment used and an assessment
of the overheads. Some authorities promote the idea of using unit costs for
each activity. Thus one item in the bill of quantities may be “‘excavate in bulk
and cart to fill ”. The quantity may be 20,000 cubic metres. The estimator
would then calculate on past experience and prevailing costs the rate for moving
1 cubic metre of soil. Unfortunately in civil engineering these unit rates vary
enormously and past experience is ofien not a very good guide. A more effective
method is the operational approach in which a whole operation of say excavat-
ing, loading, hauling, unloading and spreading is costed and the total cost is
then distributed among the relevant items of the bill of quantities.

However, whatever method is used it is always necessary to calculate plant
and labour rates. The calculation of plant rates involves an analysis of the
initial cost of equipment, expected life, maintenance and operating costs and the
prevailing interest rates. An hourly rate can then be calculated for each piece
of equipment. The calculation of labour rates is equally involved. It is not
sufficient merely to know the prevailing wage rate for a specific type of labour;
one must know the total net hours paid and add to this any non-productive

25




Labour-intensive road construction

time. Deductions must then be made for such factors as inclement weather,
strikes and public holidays. A figure is then arrived at for the average effective
working hours paid per day. To the basic daily wage for each category of wor-
ker must be added allowances for such factors as are appropriate: this may
include national insurance, holidays with pay, daily travel, subsistence allow-
ance, nedical insurance, tool money, hutting allowance; in Europe these
allowances double the basic wage. The cost then to the employer is the total
labour cost per day, divided by the effective working hours. These labour rates
will vary for different categories of workers and for different times of the year.

The overhead cost consists of a large number of items which are spread
over the duration of the contract. Apart from the obvious costs such as the
salaries of site management staff and headquarters staff the following would
also be included:

(a) attendant labour such as chainmen, laboratory assistants, site vehicle
drivers, watchmen and checkers;

(b) site vehicles;

(c) setting up of the offices; this wguld include any necessary offices for the
site management, stores, canteens, sanitation, fencing, access roads;

(d) all surveying and laboratory equipment;

(e) theinstallation, maintenance and removal of any services that are supplied,
such as electricity, water, telephone and sanitation;

(f) administrative charges such as postal charges, stationery, signs and pho-
tography;

(g) first aid, canteen supplies and protective clothing;

(h) temporary works, comprising scaffolding, hoists, generators, temporary
fencing, etc.; and

(i) otheritems which would include pumping, land charges, abnormal weather
precautions and safety measures.

All these items would be costed as a. lump sum and added to the total cost
of the project usually in the form of a percentage added to each item of work.

The materials, plant, labour and overhead rates are then brought together
to build up a rate for each item in the bill of quantities.

PAVEMENT MATERIALS AND THE CHOICE OF
CONSTRUCTION TECHNIQUES

Roads can be broadly classified on the basis of pavement types into three
categories—paved roads, gravel roads and earth roads. The distinction be-
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tween paved roads and gravel roads usually rests on the distinction between a
sealed and an unsealed pavement surface. The distinction is therefore usually
clear, except in relation to such surfaces as wet-bound or dry-bound macadam,
for which it becomes optional. The transition from gravel roads to earth roads
is less clear-cut, particularly in the case of soil-stabilised roads, such as roads
built of soil mechanically stabilised with the addition of aggregate.

There are a number of points to be made about the choice of technologies
for various categories of pavement materials. First, it is possible to produce a
pavement of the same strength and durability using different materials. Because
different materials are often best suited to different construction techniques, a
choice of materials increases the range of choice of techniques in terms of
factor proportions.

Secondly, certain road-building operations ,provide little scope for the
economic use of labour-intensive methods. Theée operations tend to be those
that produce roads of a high standard and that are a necessary part of the con-
struction of paved roads. Thus the use of labour-intensive methods is more
likely to be viable for earth than for gravel roads, and for gravel than for paved
roads. Research is needed to discover how these operations can be carried out
efficiently by labour-intensive methods.

Thirdly, the possibility of using certain materials, which may be either tra-
ditional or modern, is generally not taken into consideration when roads are
designed. Some of these maierials, however, could be used effectively if manual

methods were chosen. All these factors are discussed under each category of
pavement.

Paved roads

According to O’Flaherty ! there are at least 25 design methods in use
throughout the world for paved roads. These can be divided into empirical,
semi-empirical and purely theoretical. The empirical methods, i.e. those that
use formulae and specifications based on data accumulation, are the more
common. Of these the California bearing ratio (CBR) method is by far the most
widely used; it is the method that will be generally referred to in this chapter,
and knowledge of that method will be assumed.

A typical cross-section of a paved road is shown in figure 1. With the CBR
design method the depth of construction is determined by the CBR value of
the subgrade, whereas the quality of the surface and base of the pavement is
generally not considered except to state that they should be of a minimum
quality. This is because the CBR method consists in determining what depth

1 C. A. O’Flaherty: Highways (London, Edward Arnold, 1967), p. 561.
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Figure 1. Structural elements of flexible and rigid road pavements

Bituminous surfacing Concrete surfacing
Base
Base
Sub-base (if required)
(if required)
Subgrade Subgrade ]
of natural soil of natural soil
Flexible pavement Rigid pavement

of construction is required with a given material to dissipate the axle loads into
the subgrade. The choice of pavement surface and base materials is mainly
dependent on the amount of deformation that is allowed, the drainage charac-
teristics of the various materials and—perhaps most important for the surface
material — the riding quality of the pavement. For roads carrying a present or
expected daily traffic of more than 300 vehicles it is generally assumed that
maintenance costs preclude the use of anything but a high-quality surface
treatment. The choice of construction techniques for surfacing is somewhat
limited in that for a high standard some form of bitumen or tar must be
applied, and that cannot be productively and effectively done by manual
methods. Hence it may well be that capital-intensive methods are the only
possible choice for the surfacing of 2 paved road. This does not mean, however,
that labour-intensive methods cannot be used for the basc and subgrade layers
of the pavement, and in the choice of methods for those layers the outputs of
the labour-intensive and capital-intensive methods should be very carefully
compared.

Once the expected traffic volume is known and the necessary quality of the
subgrade (i.e. the CBR value) is determined, the quality and depth of materials
to be used are decided. It may be that different materials should be used
according to whether the construction method is Iabour-intensive or capital-
intensive. For example, modern bitumen madacam is particularly suited to
laying by mechanical means and is not easy to place by labour-intensive
methods. When consideration is given to the use of labour-intensive methods
in the construction of high-standard roads particular attention must be paid
to the choice of paving material as some of these materials pre-suppose the
use of equipment. Generally the objective is the selection of the most suitable
materials for each layer so that the stress distributed to each layer is commen-
surate with its load-carrying capacity. Furthermore, the materials selected must
be those which can be economically placed by a given method.
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(1) Hand-pitched stone. For roads that do not carry heavy traffic, hand-
pitched stone bases (figure 2) are particularly suited to large labour forces.
The main problems arise because of the large voids between the stones. If
suitable drainage is not provided or if the underlying layer is not sealed, the
substratum becomes soft and can work its way up into the base, which may
then be heavily deformed. "Moreover, layers of stones more than 10 cm in
diameter are difficult to compact effectively, which is the reason for which hand-
pitched stone bases are not suitable for use on roads with heavy traffic.

Figure 2. Hand pitching

_

(2) Dry-bound macadam. Dry-bound macadam provides a compact and
effective pavement layer. A coarse aggregate of a carefully determined size
(40 or 60 mm nominal) can be laid by hand, usually in a layer 10 to 12cm
thick. This layer is then rolled with a smooth-wheel roller. A fine aggregate
or dust is then spread over the compacted coarse aggregate. This can be done
with ordinary farm equipment (figure 3). Afterwards it is usually necessary to
broom the surface to spread the material evenly. When compacted with a
small plate vibrator (figure 4), the dust fills the interstices between the coarse
agregate, thus filling the voids.

(3) Wet-bound macadam. A road of wet-bound macadam is similar in
construction to one of dry-bound macadam, the difference being that in the
wet-bound method water is sprayed onto the surface and the resulting surface
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Figure 3. Spreading fine aggregate for dry-bound macadam
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is then compacted and rolled. The water acts as a lubricant allowing the aggre-
gate to move and thus lock more easily. Further, a certain cementing action
is produced with the interaction of the water and the fine aggregate. A potential
drawback to the use of wet-bound macadam is that each layer must be allowed
to dry thoroughly before the next layer is laid. In the case of labour-intensive
methods this drawback may become an advantage iu that the slower speed of
working with those methods may match the need for a drying period.

(4) Stabilised soil. There are numerous ways in which the properties of
a soil can be modified to give a dense homogeneous mass. These include
mechanical stabilisation with the addition of aggregate, chlorides, lignin and
molasses, cement stabilisation and stabilisation with bitumen and lime. Many
of these operations can be carried out by manual methods. Some stabilised
soils can be used as base material for roads, but usually not as a running
surface because of their poor resistance to abrasion. Equipment such as
levelling machines, rotary mix-in-place equipment and stationary mixing plants
can carry out the mixing and placing operation. However, it is perfectly feasible
to use modified agricultural equipment and labour to produce the required
result (figures 5 and 6).

(5) Bituminous paving. Grouting or penetration of road metal with a bind-
ing material in a liquid state stabilises a road, i.e. it reinforces its structure to

Figure 5. Lime stabilisation: bags of lime are dumped along the road
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Figure 6. Lime stabilisation: a rotary plough raises a cloud of lime dust

withstand traffic loading. There are various types of bituminous paving which
are useful for different intensities of traffic. The simple method of bituminous
paving requires no special tcols or plant or skilled labour. The method consists
of spreading the aggregate on the subgrade, to a thickness of at least 125 mm,
and rolling with a smooth-wheeled roller. Then either a cold (emulsion) or a hot
(bitumen or tar) binder can be allowed to penetrate into the consolidated stone
layer either to the full depth or to half the depth. The binder is poured by
workers using pouring pots. After the binder has been applied, and while it is
still hot in the case of hot binder or before it “breaks’ in the case of emulsion,
small hard stone chips should be spread evenly over the surface and lightly
rolled to force the chippings into the binder. A variant is the pre-mixed method,
under which the aggregate is first mixed with the binder (hot or cold) and then
spread on the road. In the hot process the bitumen is heated in a boiler and
mixed with aggregate either in a power rotary mixer or hand drum mixer. The
pre-mixed aggregate can be hauled in wheelbarrows and unloaded onto the
prepared sub-base; it is then spread by workers with rakes, and finally rolled by
smooth-wheeled rollers. The hot bitumen can be handled in pouring pots or
cans. For pre-mixing with emulsion the aggregate can be placed in perforated
buckets and then coated by dipping into tanks containing emulsion; the coated
aggregate is spread on the road and then left for 24 hours before rolling to let
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the water content of the emulsion evaporate. There are cases in which the binder
is first applied on the road bed and the coarse ingredient is added immediately
afterwards. ““Surface dressing” is a kind of bituminous surface treatment under
which a film of bitumen, tar or emulsion is first applied on top of road founda-
tions; a thin layer of stone chippings or other fine mineral aggregate is then
spread on this film and the surface is rolled.

(6) Concrete paving. For concrete paving the natural subgrade or the top
of the sub-base is first given the required shape. Wooden or steel forms are
placed and the laying of concrete is planned in sections. The mixing of concrete
is carried out by mechanical or hand-operated mixers; if such mixers are not
available the mixing can be carried out by workers with shovels. If a mixer is
used its size naturally determines the rate of production and therefore a balance
must be struck between the size of mixer and the number of workers employed
to haul and lay the concrete. The concrete can be taken from the mixer either
in wheelbarrows or in head baskets and laid between the forms, where the
concrete can be consolidated either with a hand tamper or with a mechanical
vibrator. The hand tamper or a wooden tamping beam (see figure 7) consists
of a beam 75 mm wide by 225 mm deep and of a length equal to the width of
the section, pius 300 mm. The underside of the beam has a metal plate equal to
the width of the beam. The concrete can be compacted with the tamper by
using a backwards and forwards sawing motion across the section in combina-
tion with a series of lifts and drops with an advance of about 1 cm each time.
Tamping is continued until the mortar in the mix begins to work up to the
surface. The surface finish is produced with wooden floats. Whenever desired
the surface can be roughened by brooming with a siiff fibre brush. After two to
four hours the finished surface is covered with a layer of hessian bags or other
suitable material, which is kept wet about 24 hours. Then the bags are removed
and a layer of sand about 39 mm thick can be laid on top of the concrete and
kept moist; as an alternative the surface is divided into a number of sections by
forming small 50 mm earthen ridges and the sections are then filled with 25 mm

Figure 7. Wooden tamping beam
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Gravel roads

Gravel is generally used for roads on which the traffic flow is not expected
to be more than 200-300 vehicles a day. The simplest form of gravel road is
that in which gravel or coarse aggregate of a less carefully determined size than
in the case of macadam construction is laid onto the subgrade. Each layer is
then rolled and compacted. The final surface may be produced by spreading a
thin layer of a finer aggregate.

Gravel roads by their very nature are more adaptable to construction by
labour-intensive methods than paved roads. With capital-intensive methods
one can use gravel from any suitable quarry or borrow pit within several
kilometres of the construction site. However, it is difficult to find efficient
methods of transport by labour-intensive methods for haul distances greater
than 1 kilometre. In order to attain a given standard, therefore, consideration
may have to be given to using greater thicknesses of inferior material that can
be obtained in the close vicinity.

Earth roads

The term “ carth roads ™ covers roads from mere penetration tracks to
high-quality earth roads with some form of stabilised surface. The expected
maximum traffic for earth roads would be of’ the order of 50 vehicles per day,
depending on the type of vehicle. Earth roads are the most suitable for labour-
intensive construction. Earth-moving provides the best opportunities for
labour-equipment substitution. Also, earth roads are generally used to transport
farm produce to market or to provide access to remote villages. Accordingly
they are of direct and obvious benefit to the local population. This fact not
only makes it easier to enlist local support for the building of these roads but
also facilitates routine maintenance because the local people think of it as
their own road.?

Most earth roads are of very simple design, as shown in figure 8. One of
the major problems of earth roads is deformation under wheeled traffic, which
generally produces longitudinal grooves. This tendency can be reduced by
placing circular timbers of small diameter in the tyre tracks.

17, Miller: “Labour-intensive methods in low-cost road construction: A case study”,
in International Labour Review (Geneva, ILO), Apr. 1970, pp. 359-375.
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Perhaps the most important requirements for earth roads from the engi-
neer’s point of view are adequate maintenance and proper drainage: although
these roads are not usually designed as ali-weather roads, the proper crowning
of the surface and careful placing and shaping of drainage channels can make
all the difference between high and low maintenance costs.

Figure 8. How to make a simple earth road
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Roads made of other materials

As has been emphasised, the use of labour-intensive methods requires that
the design and the construction materials should be orientated towards their
use. Certain materials, which may not normally be considered for use with
capital-intensive methods, are worthy of mention here.

In some parts of the world there is a traditional local expertise in the con-
struction of cobblestone roads. These are similar to the hand-pitched bases
referred to above, except that the cobblestones are used as the final running
surface. The subgrade is first levelled and then the stones are placed with great
precision so that the final surface is smooth. Sand or fine aggregate is then
spread over the surface and this fills the interstices between the stones. Speeds
of 100 k.p.h. are perfectly feasible on this type of road. It should be added that
they are usually built in areas of very low rainfall because of the damaging
effect of rain on this type of road. A typical cobblestone road construction is
shown in figure 9.

This is one example of materials that could be considered. There are many
others, such as wood or stone setts, pozzolan bricks and asphalt blocks which
have been abandoned for pavements by engineers in developed countries
because their use involves dependence on labour. It is this very dependence,

Figure 9. Cobblestone road construction
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however, which makes the use of these materials of interest to developing
countries with abundant labour supplies.

THE DETAILS OF DES!GN CHOICE

One of the earlier road studies undertaken by the IL.O emphasised the
limiting role that the design played in the choice of technique. It was suggested
that ““the adopted design standard . .. will . .. determine the range of choice
of appropriate construction technologies” and that “in the selection of design
standards . . . a bias . . . will generally operate in favour of known (or Western)
standards”.! In the present section the relationship between the design and the
choice of technique is examined more closely in order to show how the choice
of technique can be considered at the design stage, when the design itself is a
variable. The design of a road mainly consists of structural elements (i.e. the
composition and structure of the pavement surface, base and sub-base), the
routing of the road and its vertical and horizontal alignment, or slope and
curvature. All of these elements can be treated as variables.

The interaction between a design and a construction technique can be
taken into account in two main ways. The first is to start by choosing the design,
and then to make a choice among the methods by which it would be possible
to produce a road of that design; i.e. the design standards of the road are fixed.
The alternative approach, where the design standards of the road are variable,
is not to start by determining the design, but to allow for the fact that there is a
trade-off between the initial construction cost and the future maintenance and
road users’ costs, and to recognise that the trade-off may justify the choice of a
design giving a road of a lower standard, which is likely to be more suited to
construction by labour-intensive methods. In this section both approaches are
discussed, but more attention is devoted to the second, which has hitherto
tended to be ignored.

In road design where the standards are fixed, the possibility of a trade-off
between subgrade strength and pavement thickness should be examined in
order to extend the range of construction methods, in terms of different factor
proportions, that might then be considered by the designer.

Trade-off between pavement thickness and subgrade strength

For paved roads the depth of construction depends upon the quality of the
subgrade as measured by the CBR value. As a consequence of this there

1 G. W. Irvin, assisted by B. Nilsson, L. Karlsson and L. Eriksson: Roads and redis-

tribution : Social costs and benefits of labour-intensive road construction in Iran (Geneva,
ILO, 1975), p. 25.
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Figure 10. Relationship between pavement thickness and subgrade strength
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Source: L. Odier, R. 8. Millard, Pimentel dos Santos and S, R. Mehra: Low cost roads: Design, construction
and maintenance (London, Butterworth, n.d.), p. 79.

is a certain amount of trade-off between pavement thickness and subgrade
improvement. It is unlikely that the trade-off rate will be the same for roads
built by labour-intensive and capital-intensive methods respectively. Particu-
larly in the case of gravel roads for which long-distance hauls of gravel may be
unavoidable, it may be better to improve the subgrade to a very high quality
and to reduce the depth of gravel.

In practice the extent to which the subgrade can be improved will be the
limiting factor. An experienced engineer may be able to assess the trade-off
almost by looking at the quality of the subgrade material. It is useful, however,
to try and quantify the relationship between subgrade strength and pavement
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Figures 11 and 12. Pavement thickness and subgrade strength cost functions
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Source: R. M. Soberman: Transport technology for developing regions: A study of road transportation in Venezuela,
a publication of the Joint Center for Urban Studies of the Massachusetts Institute of Technology and Harvard
University (Cambridge, Massachusetts, and London, M.LT. Press, n.d.), p. 14.

Figure 13. Road cost isoquants
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Source: Soberman, op. cit., p. 15.

thickness, for it may be that, as shown by Soberman !, a change of factor costs
may move the point of optimum balance between the two. Moreover, there is
a clear relationship between pavement thickness, subgrade strength and the
design axle load.? This is shown in figure 10.

1 Richard M. Soberman: Transport technology for developing regions: A study of road
transportation in Venezuela, a publication of the Joint Center for Urban Studies of the
Massachusetts Institute of Technology and Harvard University (Cambridge, Massachusetts,
and London, M.LT. Press, n.d.), pp. 13-14.

2 See L. Odier, R. S. Millard, Pimentel dos Santos and S. R. Mehra: Low cost roads:
Design, construction and maintenance (London, Butterworth, n.d.), pp. 76-80.
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The cost of increasing the pavement thickness can be easily calculated or
obtained from experience of pavement costs. A typical relationship could be
similar to the one shown in figure 11. The cost of improving subgrade strength
is more complex and depends a great deal on the type of material of which the
subgrade is composed. However, there seems to be no reason why this relation-
ship could not be easily calculated on the basis of data usually available in
the costing unit of the public works department. The relationship is unlikely
to be linear, and could be as shown in figure 12. Of course, the subgrade can
be improved in a variety of ways, the simplest being compaction, although
more expensive methods suchs as soil stabilisation could be used. The actual
costs will depend on local factor costs.

From the cost functions shown in figures 11 and 12 and from the amount
available for the road project, it is possible to construct isocost curves like
those in figure 13, in which each curve describes different ways of spending a
specified amount. At one extreme all the money can be spent on the pavement,
at the other it can all be spent in improving the subgrade. Naturally isoquants
will vary in shape if the relative costs of the two possibilities change.

If quality isoquants (of which the curves in figure 10 are an example) are
superimposed on isocost curves as shown in figure 14, the cheapest combina-
tions of pavement thickness and subgrade quality are then given by the points
at which the isocost curves are just tangential to the quality curves.

It must be emphasised that the shape of the cost curves, and hence the
points of tangency of the two sets of curves, would vary with factor costs: the
cost curves for labour-intensive and capital-intensive methods would not be
the same, and thus the most economical trade-off between subgrade strength
and pavement thickness wouid be different. A mistaken belief that the factor
proportions do not have a direct effect on the choice of designs is one of the
main reasons for the choice of inappropriate designs in developing countries.

Routing and geometric alignment

The possibility of a trade-off in terms of pavement thickness and subgrade
strength having been considered, attention will now be devoted to the other
major elements in the design of roads, i.e. routing and geometric alignment;
and the possibility of relating these to the choice of construction technique
will be investigated.

The route which a road is to follow is often dictated by the need to maxi-
mise the benefits of the project. It may be proposed that a road should be built
from A to B. In between these points, it could approach various areas of indus-
trial and agricultural production and population centres, and the benefits
that would accrue from it, and consequently its economic justification, will
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Figure 14. Tangency points of quality and cost curves
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Sm.irce: Soberman, op. cit., p. 16.
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often depend on how well it would serve those areas. There will be other cases,
however, in which the building of a road between points 4 and B may have
been already decided once and for all, but the more detailed aspects of its
location and therefore the route to be followed may not be unalterable. It is
possible in such cases that the route can be changed so as to facilitate the adop-
tion of more labour-intensive construction techniques.

There are various operations that are less amenable to the substitution of
labour-intensive for equipment-intensive methods: these are principally the
haulage of earth over long distances, rock excavation, the clearance of dense
vegetation on the site, and the building of very high embankments and large
structures. A judicious choice of route could limit these operations to a mini-
mum, although the result may well be that the road is less direct.

Of these operations, earth hauling is extremely iniportant in limiting the
choice of technique. A re-routing of a road so that it runs closer to borrow pits
or quarries, so as to reduce haul distance to a minimum, may increase the
length of the road and thus some of its direct construction cost. These increases,
however, must be weighed against the benefits of using labour-intensive
methods. With regard to the other operations, the rcad may have to be routed
away from areas where hard rock would have to be excavated. It is even pos-
sible to follow the ground contours, building simple embankments instead of
taking a more direct route and building complex bridges or high embankments.
Naturally the extra cost of extending the length of the road would have to be
considered in any comparison. However, it is important to bear in mi .d the
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Figure 15. Example of the relationship between design speed and construction cost in
different terrains
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possibility of altering the route of a road in order to achieve the optimum
social cost-benefit ratio.

The geometric alignment is dependent to a great extent on the design speed:
it is in relation to the design speed that maximum vertical and horizontal cur-
vatures and maximum gradients are specified, mainly according to the sight
distance of vehicles travelling at a particular speed and the centrifugal force
exerted on vehicles at certain speeds on a particular curvature. It is not totally
.unreasonable to think in terms of lowering the design speed of certain roads
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so that the limitations on curvature and gradient are reduced. This would
allow a road to follow a less direct route and could reduce the earth works
required, since the road could more easily follow the land contours. However,
the reduction in design speed would have serious repercussions on the road
users’ costs: the depreciation cost of vehicles may be increased, the time of
travel would be longer and consequently the cost of transporting passengers,
goods, and material would also increase. This might result in a net loss in
benefit. Moreover, it might also preclude the upgrading of a particular road
to a higher standard when the traffic flow on the existing road reached capacity.
Again, the possible reduction in design speed in relation to labour-intensive
methods would have to be evaluated in terme of the total cost of the facility
provided. As a first step it would be necessary to attempt to quantify the
relationship between design speed and construction costs. This was done by
Soberman for Venezuela, as shown in figure 15.

VARIABLE ROAD DES!GN STANDARDS

The various possibilities that present themseives in relation to the choice
of design have been discussed. In practice four cases are likely to arise:

(1) The techniques are fixed although the design is variable. It may be that
the choice of the technique to be used is dictated by political reasons, so that
there is in fact no choice even if it were possible to produce a road of the same
standard by different techniques. In this case the design must be tailored
directly to the methods: thus if there is no alternative to using certain equip-
ment, the most effective design will be the one that allows the machinery in
question to work most effectively.

(2) The design is fixed, but there is no objection in principle to making a
choice among a number of different techniques. This is likely to be the familiar
situation in which the practical possibility of using more labour-intensive
techniques has to be viewed in the context of a framework which favours
capital-intensive methods. Although this situation often puts the manual
methods at a disadvantage, in the case of earth roads and low-quality gravel
roads labour-intensive methods are probably still competitive.

(3) The routing and geometric alignment of the road remain fixed, but the
design of the pavement may be varied to suit the techniques that are employed.
It would be assumed in this case that, because the product would in any event
be of a specified strength and durability, the maintenance and road users’ costs
would be the same irrespective of the design. For example, it has been suggested
above that a stabilised soil road can be adequately and efficiently laid by
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manual methods. If such a road has the same structural strength and durability
as a sealed surface road that is more easily constructed -by equipment, then
the over-riding criterion will be the comparison of construction costs, whether
at market or shadow prices.

(4) There are no limitations in principle on the choice of geometric align-
ment, pavement design or method of construction. This also implies complete
freedom of choice with regard to routing. In practice, however, the possibility
of altering the general route followed by the road is somewhat remote and has
not in fact been considered in the subsequent analysis; roads are usually con-
ceived as providing certain definite benefits, and it will be regarded as inappro-
priate to re-route a road to such an extent that it does not fulfil the function
for which it was originally planned. Total operating costs (i.e. maintenance
costs and road users’ costs) can be directly affected in two ways by variations in
road alignment: if the length of the road is increased, however slightly, this
will clearly increase the operatiug costs; and if the geometric alignment stan-
dard is lowered the design speed will also be reduced, again with important
repercussions on the operating costs.

In this fourth case, as in the third case already discussed, the composition
and structure of the pavement are also regarded as variables; unlike the situa-
tion in the third case, however, the standard of the pavement in terms of
strength and durability is treated as a variable also, and it is recognised that
the different standards of pavement design will certainly imply changes not
only in the construction costs but also in the maintenance and road users’
costs. It is this possibility of trade-off that is discussed further in the present
section. The three basic cost elements in road construction will first be briefly
described.! An example will then be given of a trade-off in which accou::iing
(shadow) prices are used in addition to market prices.

Construction costs

There are two important facets of road construction costs, namely the
standard of design in terms of quality 2 and expected life and the distribution
of the costs among the various roadbuilding operations.

It needs no detailed figures to show that in many cases the cost of earth-
works as a proportion of the total is much higher for minor roads (which are
not necessarily earth roads) then for major roads. The extent of the difference

1 The calculation of maintenance and road users’ costs is described in more detail in
Chapter 6.

2 The question of design standard has been dealt with above and is also expanded in
the discussion of maintenance costs and road users’ costs in this section and in Chapter 6.

'
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Table 1. Percentage distribution of road construction costs among various operations in
certain parts of Asia and the Far East

Operation Type of road
Feeder Secondary Primary
1. Clearing 3 2 2
2. Excavation of earth with haul less thai. 100 metres 20 16 14
3. Excavation of earth with haul more than 100 metres 12 10 9
4. Compacting and grading 12 11 10
5. Production and hauling of road materials other
than earth 30 23 16
6. Laying of base course and surfacing 9 18 25
7. Drainage and structures 14 20 24
100 100 100

is illustrated by the case referred to in table 1. The first point to appreciate is
that in this case even for minor (feeder) roads the production and haulage of
road materials other than earth constitutes no less than 30 per cent of the total
cost; this aspect of the matter must therefore be considered if the adoption of
more labour-intensive methods is under consideration. The second point is
that because labcur-intensive methods are more applicable to items 1, 2, 3 and
5 it is clearly much easier to substitute labour for equipment in the construc-
tion of minor roads than in that of major roads.

Maintenance costs

Maintenance accounts for only a small part of the total cost of a road pro-
ject. However, if maintenance is not carried out to the originally designed stan-
dard, a road that is intended to last ten years may have to be reconstructed
after seven, and this shortening of the road’s life will make nonsense of any
project evaluation: there is no point in contemplating the construction of a
road on the strength of a project evaluation assuming a standard of mainte-
nance that is never achieved in practice. To enable realistic maintenance costs
to be applied to the appraisal of projects, two steps should be taken. First,
accurate records should be kept of the amount of expenditure on maintenance
for each category of road. Secondly, total expenditure on the maintenance of
the road system should be planned, as well as the allocation of that total among
the various classes of road.

National standards of maintenance vary: in some cases the authorities
aim to retain as nearly as pessible the original standard of the roads, whereas
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in others they merely wish to ensure that the roads will remain passable. Road
maintenance to a given standard is in any case generally regarded as consisting
of two elements. First, vegetation must be cleared and the drainage system kept
clear: this involves a fixed cost independent of the amount of traffic that tra-
vels on the road. Secondly there is the variable amount of work required to
repair the damage caused by traffic. Maintenance costs in the first year can
therefore be represented as follows:

MC = X + (Y. ADT)

where X = cost of clearing,
Y = cost of repair per unit of traffic, and
ADT = average daily traffic.

The average daily traffic is usually assumed to grow at a constant rate per
year. Thus one obtains

MC,= X+ Y. ADT( + g) 6))

where MC, = maintenance cost in year n,
ADT = present traffic flow, and
g = expected absolute annual increase in
traffic flow.

Road users’ costs

The total road users’ costs for a road project are calculated over the design
life of the project in relation to the traffic flow. For a major road these costs
are therefore usually far in excess of those for a minor road, first because the
traffic volumes are usually greater on a major road and secondly because the
design life of a major road is usually longer than that of a minor road. In the
case of a major road the road users’ costs generally account for much the
greater proportion of total costs, whereas in the case of a minor road the road
users’ costs and the construction costs are much more nearly equal.

The great relative importance of users’ costs in the case of a major road
can be a source of difficulty. Total road users’ costs are very dependent on the
traffic flow projections and these are often very tentative at best, so that the
amount of the major cost to be considered in the project evaluation is the one
most open to error. One difficulty is the estimation of traffic flow: the higher
the speed at which traffic moves, the lower the number of vehicles which can
safely travel along any given length of road at the same time. If the estimated
speed-flow relationship used in an evaluation is in error by as little as 5 per
cent, the error can mean the difference between a positive and negative net
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present value for the whole project. To make the point another way, Jan de
Weille finds that a 5 per cent change in traffic growth is reflected in a change of
roughly 5 per cent in the rate of return on a project irrespective of the specific

P 1 1 ? M 1
assumptions concerning the project’s life.

A further difficulty arises in the assessment of the lifetime of the road. If a
high rate of traffic growth is assumed, benefits in the more distant future
become more significant. Thus, if the lifetime of the road is assumed to be
30 years, it requires, with the same traffic growth, a much lower initial average
daily traffic to produce a given rate of return than if the lifetime is assumed to
be 20 years.

It should be clear that the choice of realistic values for the lifetime of the
road and the traffic growth rate is supremely important: in fact, cynics suggest
that to produce the required rate of return on a project one need only choose
a suitable lifetime and traffic growth rate. The estimation of road users’ costs
should therefore be seen in its correct context: it is possible to estimate them
quite accurately, but the estimates will be useless unless the assumptions made
concerning traffic growth rate and road lifetime are realistic.

EXAMPLE OF THE DESIGN TRADE-OFF IN TERMS OF INITIAL
AND FUTURE COSTS

In Chapters 5 and 6 the detailed evaluation of construction, maintenance
and road users’ costs is described. In Chapter 7 the evaluation of the most
economic combination of design and construction technique in terms of pre-
sent and future costs is discussed in detail. In this section, however, a simple
illustration of the trade-off between initial construction costs and future main-
tenance and road users’ costs is given. (The comparison will be made in terms
of the trade-off not only at market prices but also at shadow prices. Shadow
pricing and social cost-benefit analysis were mentioned in the Introduction
and are discussed in detail in later chapters. In brief, it is a matter of valuing
resources in terms of the true cost of their utilisation to the country. For
reasons described in Chapter 8, this valuation is often different from the market
cost that is given to them.)

Let it be supposed that the road under consideration is to be a gravel road
6 metres wide in rolling terrain.2 It will be assumed that th-re are two possible
designs. The first would be suitable for construction by equipment-intensive

1Jan de Weille: Quantification of road user savings, World Bank Staff Occasional
Paper No. 2 (International Bank for Reconstruction and Dev.iopment, 1966), p. 81.

2 The example is based on an actual road project in the Philippines.
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Table 2. Market and shadow prices of ait
(in US dollars)

4]
:l

Design Market Shadow
prices prices

Capital-intensive ! 38 200 42 250

Labour-intensive * 32200 27 380

1 Distribution of costs: plant, 67 per cent; labour, 6 per cent; materials, 12 per cent; profit and overheads, 15 per

cent. 2 Distribution of costs: plant, 26 per cent; labour, 45 per cent; materials, 14 per cent; profit and overheads,
15 per cent.

methods. It would have a high design speed and therefore a high geometric
design standard. The alternative design would be more suited to construction
by labour-intensive methods; it would have a lower design speed and possibly
also a reduced width. It is assumed that the external benefits in terms of, for
example, an increase in the marketability of produce, would be the same for
each design.

Let it be assumed that the cost of construction to the two designs at market
prices and shadow prices is as shown in table 2.

Let it be further assumed that the maintenance costs would be higher for
the labour-intensive design than for the equipment-intensive one. Using the
summation of equation (1) the net present value * of the stream of maintenance

Table 3. Annual equivalent maintenance costs at market and shadow prices for various
combinations of design and type of maintenance
(in US dollars)

Maintenance Design Nature of Costs
method prices
Labour Local Foreign Total
capital exchange
Ca‘pital-. Capital-' Market 686 611 229 1526
intensive intensive Shadow 343 671 275 1289
Capital-_ La.bour-. Market 915 814 305 2034
intensive intensive Shadow 457 895 366 1718
Labour- Capital- Market 1160 244 122 1526
intensive intensive Shadow 580 269 147 996
Labour- Labour- Market 1 546 326 164 2034
intensive intensive Shadow 773 358 195 1326

1 Readers not familiar with the concept of net present value should refer to Chapter 5.
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Table 4. Annual equivalent road users’ costs® at market and shadow prices for labour-
intensive and capital-intensive designs
(in US dollars)

Design Na}ure of Costs

prices

Labour Local Foreign Total
capital exchange

Labour-intensive Market 7423 4 455 2969 14 847

Shadow 3712 4900 3563 12175
Capital-intensive Market 5104 3062 2042 10208

Shadow 2 552 3369 2450 8371

! In this example the road users’ costs represent the vehicle operating cost component only, because it was not
possible to obtain realistic data for the other component.

costs can be obtained. For ease of comparison these are then converted into a
serics of annual equivalent costs over the life of the road, assumed in this case
to be ten years. This group of maintenance costs is shown in table 3. Table 4
gives annual equivalent road user’s costs.

To be able to assess the substitutability of construction costs on the one
hand and maintenance and road users’ costs on the other, the construction
costs are also converted to annual equivalent costs.! Figure 16 then shows
graphically the potential trade-off. For a capital-intensive maintenance pro-
gramme the basic costs to be compared are as shown in table 5.

In order to make the best use of the money available for the project, the
aim is to ascertain whether the reduction in initial costs is more than offset by
the increase in future costs.

Table 5. Annual equivalent initial and future costs at market and shadow prices for
labour-intensive and capital-intensive designs
(in US dollars)

Design and costing Initial ? Future?
Labour-intensive design at market prices 5240 16 881
Labour-intensive design at shadow prices 4 456 13803
Capital-intensive design at market prices 6217 11734
Capital-intensive design at shadow prices 6 876 9 660
! Construction costs, 2 Maintenance and road users’ costs.

1 These are the initial costs in table 5.
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Figure 16. Example of possi
and shadow price
(in thousands of dollars)
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A simple comparison of the angles of lines AB, AC and DE with those of the isocost lines
immediately reveals that in this case substitution of future costs for initial costs is never
advantageous.

Where IC, = initial cost of the equipment-intensive design,
IC, = initial cost of the labour-intensive design,
FC, = future cost of the equipment-intensive design, and
FC, = future cost of the labour-intensive design,

the reduction in construction costs is justified if

ICI_ICZ

FC,—FC, > |

In this particular example it is clear that neither at market nor at shadow
prices is such a trade-off advantageous. It will be noted, however, that the use
of shadow prices markedly affects the possibility of a trade-off: the labour-
intensive design is seen to be much more economic at shadow prices. It should
also be noted that being small in reiation to the total cost, the maintenance
costs have little influence on the trade-off relationship. In figure 16 line AC
represents the use of labour-intensive maintenance methods. Although it does
lower the cost curve for the labour-intensive design, the reduction in cost is
very limited and is unlikely to affect the total trade-off.
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PRODUCTIVITY

Until recently there has been little collection of data on labour-intensive
methods of production or construction, which are generally traditional and
have heen assumed to be highly inefficient by comparison with the correspond-
ing capital-intensive methods. Wherever labour-intensive methods are deemed
only to be a poor substitute for capital-intensive ones, there has hitherto
been no reason for a rigorous assessment of the advantages and drawbacks of
methods in those two respective groups. Recently, however, the increasing
demographic pressures in the developing world have forced engineers and
economists to attach more value to labour-intensive methods than they did in
the past. Unfortunately, the theoretical arguments in favour of these methods,
though very powerful, have generally been undermined by the fact that there is
little or no information available on their productivity (and hence their cost) in
practice, and the effectiveness of the theoretical arguments has accordingly
been somewhat reduced.

In 1963 the ILO undertook the first serious study of labour-intensive con-
struction activities. The results of this study, which are well documented 1,
showed that by careful innovation the productivity of labour-intensive methods
could be vastly improved. The study was perhaps ahead of its time, for no
simiiar studies were carried out until the end of the 1960s. Since then both the
ILO and the World Bank, among other institutions, have been carrying out
detailed studies of the viability of labour-intensive methods. However, while
useful in themselves, the studies that have been carried out have lacked unifor-
mity. For any useful comparisons to be made some sort of common framework
must be foilowed. This does not necessarily mean that the information itself
must be collected in a uniform way: each individual study is undertaken in

! JLO Management Development and Productivity Mission to India: Men who move
mountains, an account of a research project concerned with manual methods of earthmoving
(Bombay, R. Leslie Mitchell, 1963).
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different circumstances, and the most advantagecus way of obtaining the infor-
mation has to be found in each case. However, it does imply that the compari-
sons made are of like with like. It is not sufficient merely to present the over-all
productivity of a particular technique in a particular construction operation.
In a recent work ! the World Bank showed that for excavation alone the
reported productivity varied by as much as 1,300 per cent. The parameters that
affect construction operations have a very pronounced effect on the producti-
vity, and must be measured so that the output can be related to them.

Data on road construction operations, whether labour-intensive or equip-
ment-intensive, can be collected in a very detailed fashion. The productivity of
each different technique can be observed over a length of time, and from statis-
tics prepared on that basis the most likely productivity under particular con-
ditions can be established. By using a detailed rating system the effect of each
parameter on productivity can be estimated. If enough detailed data are col-
lected in this systematic, rigorous way it will be possible to give an accurate
assessment of the productivity of each operation under a given set of site para-
meters. Moreover, it will be possible to predict what the productivity of a
particular technique, observed in one region or country, will be under different
conditions in another region or country. For example the use of animal-drawn
scrapers was tested in the Philippines.2 One can say what the productivity of that
technique is, in the Philippines, under particular conditions (e.g. site supervision,
method of payment, soil type). If one wants to use that technique in Thailand,
for example, it should be possible to predict what its productivity will be under
the different environmental, physical and economic conditions obtaining in the
latter country. Nevertheless the amount of data required to be able to predict
productivities of particular techniques or to make a detailed inventory of tech-
niques is very large. A team of two or three trained people, working full time,
may be needed to produce the necessary information. The World Bank and the
1LO have produced a joint manual on data collection 3, which shows what is
involved. The recommendations in that manual represent an ideal. It is hoped
that it will be possible to collect data in this organised, systematic way; cer-

! International Bank for Reconstruction and Development: Study of the substitution
of labour and equipment in civil construction: Phase Il final report, January 1974, by C. G.
Harral, L. H. Miller, 1. K. Sud, R. A. Williams, A. A. Churchill, D. Jordan, A. Truneh
and C. Gochenour (IBRD), and K. C. W. James, J.J. Gandy and G. Little (Scott Wilson
Kirkpatrick and Partners), Staff Working Paper No. 266 (mimeographed).

2 See Chapter 4.

® International Bank for Reconstruction and Development (Transportation and Urban
Projects Department, Transport Research Division) and International Labour Office:
A field manval for the collection of productivity data from civil construction projects, World
Bank Study of the Substitution of Labcr and Equipment in Civil Construction and ILO
Technology and Employment Project Study on Labour-Intensive Road Construction,
Technical Memorandum No. 8 (1975, mimeographed).
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tainly future ILO and World Bank studies will incorporate data collected along
the lines recommended in that manual, and the information already obtained
is now being used to produce a detailed inventory of labour-intensive techniques
to enable the effect of particular parameters on productivity to be analysed in
detail.

It is unlikely that the developing countries themselves will be able to afford
to use the data collection techniques recommended in the joint manual in the
near future. However, it is possible to collect data in a simplified fashion. The
productivity figures that will emerge in such a case will not be as accurate as
those developed from the ideal method mentioned above, nor will they usually
be capable of being transferred to other regions or countries. However, they
will be suitable for national planning purposes, and the collection of the data
should be within the capability of the public works departments of developing
countries.

It should be recognised that detailed information on the productivity of
capital-intensive road construction technigues is not readily avaiiabie in spite
of their wide application, and that an extremely detailed and rigorous analysis
of the productivity of labour-intensive techniques is therefore not absolutely
essential as yet. In the circumstances the methods of calculation described in
this chapter are useful means of assessing the productivity of both kinds of

techniques with a reasonable degree of accuracy.

A SIMPLER EVALUATION METHODOLOGY

The simplicity of this alternative method lies in the fact that it relies on two
coefficients which can be used to assess the total time needed to complete a
particular operation by a given method. One of these coefficients tends to be
project-specific, the other is more related to the region. The basic concepts of
the methodology were evolved in a recent study * and have already been used
in an ILO project in Kenya.

Subdivision of the time spent on construction operations

In any particular area or region of a country one can make the assumption
that many of the general parameters are similar from one site to another. This
assumption facilitates evaluation of the productivity of a particular operation.

LJens Miiller: Choice of technology in underdeveloped countries, exemplified by road
construction in East Africa, report of a study of choice of technology in underdeveloped
countries undertaken at the Department of Construction Engineering and Management at
the Technical University of Denmark in collaboration with the Institute for Development
Research, Copenhagen (Technical University of Denmark, 1973).
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The productivity is evaluated by subdividing time spent on the operation, as
described below and illustrated in figure 17.

Figure 17. Subdivision of the time spent on a construction operation

Total time for the operation

Operational time

Method time Breakdown time
Site time
Purely productive Method time
time allowance

The total time spent on a construction operation is first divided into “opera-
tional time” and “breakdown time”.

As any experienced engineer knows, “normal’ conditions are the exceptian
rather than the rule. There is usually some “‘external” factor that prevents the
construction process from flowing smoothly: machines break down, torrential
rain washes away part of an embankment, a new culvert is suddenly required,
the local villagers discover that the road is going through a tribal graveyard
and stop the work. When such delays last longer than one working day, they
are regarded as falling within breakdown time.

Operational time is itself divided into “method time” and “‘site time”’, which
covers interruptions to the work cycle that can be directly attributed to the
conditions that are peculiar to a particular site. In practice it is difficult to
differentiate between delays caused by site conditions and those caused by
“axternal” factors such as a shortage of spare parts, and accordingly only
delays of less than a working day are attributed to site conditions. The site time
can be broadly regarded as allowing for —

(a) general management conditions (delays due to bad organisation or lack
of instructions);

(b) lack of personnel management (largely a matter of the quality of super-
vision, which is reflected in the motivation of the workforce); and

(¢) equipment servicing (this takes account of the degree of skill of the main-
tenance crew).

Site time is affected by changes in such other site-specific parameters as the
method of payment, physical condition and aptitude of the workers. On the
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other hand breakdown time tends to be influenced by a number of “general”
parameters applying to entire regions. As far as equipment is concerned’ they
include the availability of spare parts and the age of the equipment. Other
factors that would also have to be put under this heading include labour rela-
tions and social factors, and the quality of communications with the site in
terms of physical access and the telephone network.

“Method time” is defined as the irreducible time required to accomplish an
operation under the given general and site-specific parameters. This is not an
ideal method time; i.e. it is not the time the operation would take in perfect

conditions, since on the contrary the parameters in question correspond to
imperfect conditions.

Method time itself consists of two elements, viz. “purely productive time”
and time corresponding to the “ method time allowance™.

Purely productive time is the time actually spent in the production of a
physical quantity of output.

The mcthod time allowance takes account of the fact that in any activity
there are certain delays that are absolutely unavoidable in any conditions,
e.g.—

(a) some moving of equipment, materials or labour between working cycles;
(b) necessary waiting time (because of interaction of resource inputs);
(c¢) normal preventive maintenance; and

(d) reasonable rest intervals for workers for immediate recuperation after a
particularly heavy effort (but not meal or tea breaks that are excluded
from working hours).

The method coefficient

The foregoing subdivisions of the total time spent on a construction
operation provide a basis for the calculation of a “method coefficient”, g, which
will be generally applicable throughout a particular region. This method coef-
ficient is defined as the ratio of the total time (OVT) to the method time (MET).

ovT
Thus g = VET and g . MET = OVT. It should be clear that if it is possible

to establish MET by detailed observation and g is known, then the total time,
which is one of the important elements as far as work scheduling and cost
estimating are concerned, can be assessed immediately. It has already been
assumed that in absolute terms the method time wiil not change substantially
from one site to another in a given area. The method coefficient, ¢, however, is
less stable. The site conditions, affecting site time, as well as the more general
conditions affecting the breakdown time, are unlikely to be the same on different
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sites. It is useful, therefore, to bring into play the notion of operational time
(OPT), and to disaggregate the method coefficient into two further coefficients
—the site coefficient, s, and the breakdown coefficient, b. These are defined as
follows:

Site time OPT-MET

5= Operational time ~ T oPT
Breakdown time OVT-OPT

- Operational time T orT

If b and s are known it is a simple matter to calculate ¢ from the formula
1+ b

— S

for each site.

q:

Careful studies at various sites in the given region will be needed before b and s
can be established. Implicit in the evaluation of these two coefficients would be
an assessment of the general and site-specific parameters. Once this has been
done it will be possible to estimate the coefficients for a new site by an assess-
ment of the parameters that apply to it.

As already stated, the method time is unlikely to change substantially from
one site to another. For both capital-intensive and labour-intensive methods,
it should be the easiest element to assess. What is required is a work study
analysis 1 of the irreducible time required to carry out a given operation or
group of operations, due allowance being made for normal rest intervals, for
necessary waiting inherent in the interaction of the resources used and for
manoeuvring.

When comparing different projects or project versions, however, it is
necessary to ensure that the construction operation is similar, mainly in terms
of the type of equipment being used: thus whereas the method time in an
operation with bulldozers is likely to be of the same order as that for an opera-
tion with a traxcavator, it is likely to be substantially lower than for an opera-
tion carried out with ordinary shovels. If the operation is to excavate, load and
haul soil with wheelbarrows it would be important for the type of soil, haul
distance and condition of the haul road be similar; if they are not, some adjust-
ment will have to be made to the method time. Unless conditions are very
different, it is unlikely that the effect of the site-specific parameters will produce
any great over-all increase or reduction in the total time, OVT.

With rcgard to site iime and breakdown time aliowance it is useful to
differentiate between single operations and operations combining, for example,

1See Rowland Geary: Work study applied to buildings (London, The Builder Ltd.,
1962); R. M. Currie: Work study (London, Pitman, 2nd edn., 1963); and ILO: Introduction
to work study (Geneva, revised edn., 1969).
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Table 6. Method coefficients corresponding to different values of the site and breakdown
coefficients

Site Breakdown coefficient (&)
coefficient (s)

0.0 0.1 0.2 0.3 0.4 0.5
0.0 1.00 1.10 1.20 1.30 1.40 1.50
0.1 11 1.22 1.33 1.45 1.56 1.67
0.2 1.25 1.38 1.50 1.63 1.75 1.87
0.3 1.43 1.57 1.72 1.86 2.00 2.14
04 1.67 1.83 2.00 2.17 2.34 2.50
0.5 2.00 2.20 2.40 2.60 2.80 3.00

excavation, loading, hauling, unloading and spreading (abbreviated in the
following discussion as “ELHUS”). For a single operation the delays can be
directly observed and attributed. The b, s and consequently g coefficients can
then be caicuiated for a particular operation carried out by a particular method.
For more complex operations the analysis is more complex also. In the case of
the ELHUS operation, for example, the over-all delays may be due either to
long delays in one element of the operation, such as loading, or many short
delays in each element. In the latter case the governing element must be iden-
tified: for example it will be found that if the hauling is carried out by lorries
and one breaks down, or if the site management has mismatched the lorries and
the excavator, productivity will merely be reduced, but that if the excavator
breaks down the whole operation will come «» a standstill. The element that
governs the operation as a whole therefore has to be identified, and the g coef-
ficient must be equated to that element. Where there are two or more elements
that are totally limiting the highest g coefficiert should be evaluated. It is of
course possible merely to observe the whole operation, record the delays and
evaluate the g coefficient. However, this does not indicate the limiting task. It
may be that by using different equipment in one task, such as excavating, the
g coefficient could be greatly reduced.

The foregoing examples relate to equipment; the kind of analysis required
is the same for labour-intensive methods, but observation is mere involved
because it relates not to a small number of machines but to large groups of
workers. For labour-intensive methods health and nutrition, for example, may
retard the work but it appears likely that the site and breakdown time will
depend more on the type of operation than on the characteristics of the iabour
force: for instance, the recent ILO study in the Philippines shows that for all
earthmoving operations ¢ had a relatively constant value of 1.25 for the more
labour-intensive methods.

The way in which ¢ varies with b and s is shown in table 6.
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To assess g for each and every road construction operation would be a very
long process. It is not necessary, however, because in most projects about
10 per cent of the operations account for between 80 and 90 per cent of the total
amount of work. Thus it should be necessary to calculate the coefficients for
these major operations only. These are —

(a) site clearance, which may be light, medium or heavy;

(b) excavation in small quantities;

(¢) excavation in bulk;

(d) loading;

(e) hauling;

(f) unloading;

(g) spreading;

(h) compacting and finishing; and

(i) production of local materials.

Operations (c¢) to (g) inclusive are often regarded as constituting a single com-

plex operation connected with earthworks (i.e. the ELHUS operation already
referred to).

Capacity and productivity

It is possible to define productivity in terms of the method coefficient. Let
it be assumed that the quantity produced in a given method time, MET, is Q.

Then, method capacity (MEC) = _]\%" , and over-all capacity (OVC) = 591/7
EC ) . e e
Thus, OVC — ———. The value of ¢, of course, gives an indication of the

q
suitability of the particular method for the operation being considered: a high
value of g would indicate poor suitability and low value that the method is
particularly suitable.

The following is an example of the application of the concepts of method
capacity and over-all capacity to the use of equipment. In the case of equipment
a general idea of the ratio of method time to total time can be obtained from the
equipment utilisation rate. To say that a machine has a 70 per cent utilisation
rate ! implies that it is actually working for 70 per cent of the time, the remain-

1 The ‘“‘utilisation rate” referred to here is defined in terms of the over-all time and the
various kinds of non-productive time described in this chapter. To estimate equipment costs
(see Chapter 5), one must use the concept of a “yearly utilisation rate” which allows for
additional non-productive time.
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ing time being covered by the method time allowance, site time and breakdown
time. Over-all utilisation rates should be treated with reserve because they
generally tend to overestimate the utilisation of equipment, the method time
allowance, in particular, being left out of account. Thus, one may be consider-
ing the activity of excavating and loading into trucks using a power shovel. If
it is known, for example, that the utilisation rate of this type of equipment
under the prevailing parameters is 50 per cent and that the unhampered method
capacity is 100 cubic metres per hour, g is 2.0 and the over-all capacity is
50 cubic metres per hour. However, the method time cannot be assumed to be
constant as a matter of course. It is unlikely that a power shovel that is excavat-
ing and loading from a borrow pit into a fleet of lorries will have the same
method capacity as one that is excavating in a road cutting. Allowance would
have to be made, therefore, in the method time for type and quantity of work.
This can be done either by observation or from experience. For the methodo-
logy to be fully applicable, therefore, one needs to know not only the utilisation
rate of each type of equipment but the method capacity for the various types
of machine on each operation. This may seem difficult to achieve, but many of
these method capacities are already known and those that are not generally
relate to very minor operations that account for only a small proportion of the
total work. It is clear from the example above that when the method time is
calculated the parameters must be explicitly stated. If the observations were
made on an old piece of equipment with an inexperienced operator it would be
wrong to assume that the resulting method time would also be applicable to a
new machine with an experienced operator. Thus great care must be taken
when assessing the method time.

It is clear that this methodology provides a simple productivity evaluation
system. If one has a reasonable estimate of the method time for particular
techniques and therefore of the method capacity, and an evaluation of s and b
for the particular project site, the over-all capacity, OVC, can be simply
obtained by using the method coefficient, ¢, as shown in figure 18 overleaf.

Tentative standard rating of productivi, factors

Pending the accumulation of data on equipment and labour productivity
in the developing countries it would be useful to establish tentative and approx-
imate ratings of the productivity in relation to the main parameters.! In the
developed countries such ratings already exist for equipment, and are often
embodied in a matrix similar to those in tables 7 to 10. The figures in those

1 This refers to productive time only, and has no relation to the method time allowance.
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Figure 18. Evaluation of the productivity of an operation

A. Productive and unproductive hours

Quantity of output (e.g. in cubic metres)

)

Q

"~

74

productive hours

Funproductive hours

[ 7
@D
LA

P
Time in hours

B. Theoretical subdivision of total time

Quantity of output (e.g. in cubic metres)

A

Q

|
|
!
!
|
|
|

=
Time in hours

Method time

< | -
- - |t >

Site time

Operational time Breakdown time_ |

Total time

o
.

Key: MEC = method capacity;
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The staggered iine in diagram A indicates the various phases of the operation. A horizontal
line indicates delays due either to site conditions or to breakdown (i.e. external conditions).
A slope indicates method time.
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Table 7. Specification of condition cf machinery as determined by its age and the quality
of its maintenance

Age of machinery Quality of maintenance
(hours)
High Aver:.ge Low Negligible
0-2 000 Excellent Excellent Excellent Good
2 000-4 000 Excellent Excellent Good Fair
4 000-6 000 Excellent Goaod Fair Poor
6 000-8 000 Good Fair Poor Poor
8 000-10 000 Fair Pocr Poor Poor

'l
{

tables, however, reflect the fact that in the developing countries the over-all
productivity of machines is much lower owing to lack of maintenance and
skilled operators and general unfamiliarity with the machines. Trials on known
data with these ratings appear to suggest that they may have some value.
Further tests are being made with a view to arriving at closer approximations,
although in the final analysis there is no substitute for detailed studies of
operations carried out under controlled conditions.

The two main general parameters affecting equipment productivity could
be assumed to be the condition of the equipment and the operators’ skill. The
conditions of equipment could be specified as shown in table 7. It could be
assumed that whatever the circumstances the maximum productivity of a
machine is 83 per cent of the manufacturer’s maximum estimate (i.e. operaiing
for 50 minutes out of every hour of working time) and the minimum produc-
tivity is 15 per cent. The operators’ skill could then be related to the condition
of the equipment as shown in table 8. The following is an example of an assess-
ment along the lines just described. A specified type of scraper is to be used to

Table 8. Tentative scale of equipment productivity as determined by the condition of
the machinery and operators’ skill

(percentages)
Condition of machinery Operators’ skill
Outstanding Great Adequate Inadequate
Excellent 83 65 47 30
Good 68 53 39 25
Fair 54 42 31 20
Poor 40 31 23 15
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Table 9. Values tentatively attributed to physical condition, aptitude and climate in
calculating the probable productivity of iabour

Factor Excellent Good Fair Poor
Physical condition 1.0 0.80 0.60 0.4
Aptitude 1.0 0.76 G.53 0.3
Climate? 1.0 0.83 0.67 0.5

! The range from “excellent’’ to “poor’’ for climate corresponds to a corrected effective temperature ranging from
25° C or less to 33° C or more.

haul dry earth over an average distance of 750 metres on a road project in
Central Africa. The operators can be rated as highly skilled. However, the
machine has been in service for 5,000 hours and there is a shortage of spare parts
and skilled mechanics. What would be the expected output of this machine?
From a reading of the first table, the condition of the machinery would be
described as fair, and from the second table the productivity of the equipment
would then be assessed at 42 per cent of the manufacturer’s maximum estimate,
which is 472 cubic metres per hour. Thus the expected output is 200 cubic
metres per hour.

The assessment of labour productivity is more complex, mainly because
there is no upper limit. It is suggested that figures such as are given in this
section should be applied either to the maximum observed output in an opera-
tion or to the engineer’s estimate of what that maximum would be. To simplify
matters it could be assumed that apart from labour management, the three
general parameters that have the greatest influence on the productivity of
labour are the physical condition of the workers, their aptitude and the climate.
(The effect of the method of payment would have been allowed for in the
engineer’s assessment of the maximum possible productivity.) A {entative
range of values for the three parameters in question is given in table 9. Where
P is the physical condition of workers, 4 is their aptitude and C'is the climate,
the joint effect of three parameters, L, could be calculated according to the
following formula:

L; = 0.60P + 0.254 + C.15C.
The resulting values of L, could be classified as “excellent” (1.0-0.85), “good”
(0.84-0.70), ““fair”” (0.69-0.55) or “poor” (0.54-0.39). The effect of the quality

of labour management could then be amalgamated with the effect of the other
three parameters as shown in table 10.
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e 10. Tentative scale of labour productivity as determined by the quality of labour
management and other factors

Labour management Factors other than labour management, combined (Lf)

Excellent Good Fair Poor
Excelient 0.83 0.60 0.40 0.25
Good 0.68 0.49 0.32 0.20
Fair 0.54 0.38 0.25 0.i6
Poor 0.40 0.28 0.18 0.12

Examples of the use of the methodology

To exemplify the use of the methodology in the planning of projects three
brief examples will be given, relating respectively to site clearance by manual
methods, earthmoving by manual methods and earthmoving by equipment.

Example 1

The first example relates to site clearance by manual methods: the task is
to clear 20,000 square metres of vegetation of medium density using a gang of
48 unskilled workers with hand tools. The method productivity has been
observed to be 12 square metres per man-hour. The site coefficient, s, is 0.3; the
breakdown coefficient, b, is 0.1; the method coefficient, g, is therefore 1.57.

The hours of unskilled labour are calculated as follows:

Method capacity for 48 workers = 48 x 12 square metres per hour
= 576 square metres per hour

*. over-all capacity = 576 + 1.57 = 367 square metres per
hour
Over-all time for 1,000 square
metres = 1,000 = 367 = 2.73 hours
. time for total operation ! = 20 x 2.73 = 55 hours

The time required for the equipment used in the operation can also be cal-
culated in a similar way:
Equipment input for 20,000
square metres — OVT x number of machines or tools
= 55 x 48
= 2,640 hours.

1 The method coefficient ¢ is an over-all figure. If there is a degree of breakdown time
represented by b then it is possible to envisage that the workers would not be idle during this
time but could be moved on to other projects. Thus g could be reduced by a factor of say
10 per cent to account for this.
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Example 2

The second example relates to excavating, loading, hauling, unloading,
spreading and compacting of 900 cubic metres of soil by workers with hand
tools, wheelbarrows, a towing roller and a water bowser. The method capacity
for a gang of 200 labourers is 40 cubic metres per hour. The site coefficient, s,
is 0.4; the breakdown coefficient, b, is 0.1 ; the method coefficient, g, is therefore
1.83. The total time can then be calculated.

The hours of unskilled labour required are calculated as follows:

Method capacity for 200 workers = 200 X 0.2 cubic metres per hour
= 40 cubic metres per hour

Over-all capacity = 40 + 1.83 = 21.8 cubic metres per
hour
Over-all time for 1,000
cubic metres = 1,000 = 21.8 = 45.8 hours
. . 900
.. Time for total operation = 1000 X 45.8 = 41 hours.

The time required for the equipment used in the operation is as follows:

Equipment input for 900 cubic metres ( O¥'T x number of machines):

For agricultural tractors = 41 hours,

For attachments = 82 hours,

For tools = 8,200 hours.
Example 3

The third example relates to the same complex operations as example 2
but carried out by capital-intensive methods and involving a total of 1,500 cubic
metres of earth. The machines used are two motor scrapers, one grader, one
self-propelled roller and a water bowser. There are 24 unskilled workers
employed. The method productivity for the equipment is 120 cubic metres
per hour. The site coefficient is 0.5; the breakdown coefficient is 0.4; the
method coefficient is therefore 2.8. The over-all capacity of the machines is
2 x 120 + 2.8 = 86 cubic metres per hour.

The hours of unskilled labour required are calculated as before:

1,000

Over-all time for 1,000 cubic metres = TR = 11.6 hours.
) i 1,500
Time for total operation = 1000 x 11.6 = 17.4 hours.
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The time required for the equipment used in the operation and its skilled oper-
ators is as follows:

Equipment input for 1,500 cubic
metres (OVT X number of machines):

For scraper = 34.8 hours,
For the grader = 17.4 hours,
For roller and bowser = 34.8 hours.




There would be little point in showing the economic desirability of using
labour-intensive methods if they existed only in the minds of protagonists of
appropriate technology in developing countries. Moreover the traditional
labour-intensive methods are admittedly often inefficient. They are capable of
improvement, even to the stage of being competitive; the most promising future
may lie in the adoption of so-called “intermediate techniques” that are designed
to be labour-intensive but do incorporate some capital outlay on tools and light
equipment. Unfortunately, because of the radical switch that commonly occurs
from one extreme of the technological range to the other, these methods are
not readily identifiable, but by imaginative and creative thinking, engineers and
planners should be able to modify existing labour-intensive methods in ways
that increase productivity enormously while barely reducing the amount of
labour required. To quote solutions described later in this chapter, the use of
steel scrapers and bottom unloading carts are excellent examples of practical
modifications of existing methods, and the use of small trucks on rails in exca-
vation and hauling also shows how the provision of inexpensive machinery can
effectively increase the productivity of labour-intensive methods.

Various labour-intensive methods evolved in different parts of the world
will now be described in relation to different stages of road construction. They
are presented as a spur to the imagination, so as to show engineers and planners
that by small modifications and innovations, methods that were previously
inefficient can be made highly productive.

SITE CLEARANCE

The principal operation involved in site clearance is the clearing of vegetation
from the strip of land reserved for the roadway. This vegetation can range from
grass and scrub to dense forest, and the methods used will vary accordingly.
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The capital-intensive method is to use a bulldozer with a blade or various other
attachments, and in the case of heavy vegetation to use tree-cutting equipment
in addition to a crawler or wheeled dozer with a ripper attachment. The more
dense the vegetation the more difficult it is to rely on manual methods. For
dense vegetation the best intermediate technique relies on the use of small
power saws and other small mechanical tools; for light and medium vegetation,
on the other hand, agricultural implements such as long-bladed knives, hoes
and picks are suitable, and productivity depends mainly on the organisation of
labour. One effective way of increasing productivity is to organise a team of six
or seven workers to clear a particular area, which is staked out into units for
each man to clear. These units, constituting a target for each man, should be
carefully estimated; a unit should not be so large that the worker feels he will
not complete it within a reasonable time, nor should it be so small that the
workers get in each other’s way or find it easy to stop work and talk. A piece-
rate system could be based on a standard productivity per day and the number
of units the workers actually complete.

Once the vegetation is cleared the next step is to strip the overlying topsoil
or other unsuitable material. This operation can be regarded as falling under
the heading of earthworks, most of which are dealt with in the next section.
However, the preparatory operations of loosening and clearing the top layer of
material is often regarded as part of site clearance. The surface layer can be
effectively loosened by agricultural ploughs drawn by animals or by small
tractors. Although high productivity can be achieved with animal-drawn
ploughs, the use of draught animals is not universal, and in many parts of
Africa small tractors may have to be used instead.

EXCAVATING AND LOADING

Earthworks constitute the major part of road construction. The excavating
and loading of material constitutes a major part of the earthworks and therefore
has a limiting effect on the productivity of the construction as a whole. Exca-
vating and loading by manual methods are interlinked but separate operations:
it is perfectly feasible, and in many cases more productive, to have one group of
workers excavating and another group loading; naturally the productivity of
each group will be different and it is necessary to match their size accordingly.
On the other hand if mechanical equipment is used the two operations are not
normally separate: machines (front-end loaders, both crawler and wheeled
bulldozcrs with buckets, motor scrapers, bucket wheel excavators) are designed
to carry out the two operations as one, and it is usually inefficient to use them
to carry out the two operations separately.
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Figure 19. Use of head baskets to carry excavated material (India)
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Figure 20. Carrying excavated material on stretchers (Philippines)

The labour-intensive methods used for these two operations are generally
very traditional. No small manually operated machines appear to have been
developed for excavating and loading; the tools used are basic farm implements
such as picks, hoes, shovels and spades. Excavating and loading by traditional
methods are reasonably competitive as long as the loading height is quite small
(e.g. 1.5 metres). As already mentioned, the productivity of these operations
depends more on the organisation and matching of the two, and on the means of
hauling that are used. Thus high productivity can be achieved in the loading
operation with a loading height of virtually zero, when the material is loaded
into head baskets (figure 19) or stretchers (figure 20). However, this high
productivity in loading is usually offset by the fact that head baskets and
stretchers are an inefficient means of hauling because it is difficult for human
beings to travel quickly when carrying heavy weights. In the case of wheel-
barrows, trucks or carts, however, the greater possible length of haul usually
offsets any reduction in productivity caused by increased loading height.
The small trucks on rails mentioned in one ILO study ! were excellent hauling
vehicles; however, some of the efficiency is lost because the sides of tipping
trucks are about 1.5 metres off the ground and therefore difficult to load

1 Men who move mountains, op. cit., Ch. 7.

70




Range of labour-intensive techniques

Figure 21. Loading tipping trucks from head baskets (India)

(figure 21). Aloading height of 1.5 metres seems to be the limit for efficient load-
ing by hand, and care should therefore be taken to select equipment with a
loading height below that limit.

The development of the tools used in excavating and loading has received
little attention so far. In many parts of the world the principal tool used for
light excavation and loading into small containers is what is known as a mattock
in Europe and a mumty in India. It is wielded like a pick-axe and generally
the material is then pulled through the legs of the operator, who stands astride.
This tool comes in various shapes and sizes, often according to its agricultural
uses; it is usually not specifically designed for earthworks.

The use of spades and shovels is common in Europe and North America,
but they are not found throughout the developing world. Where they are not
indigenous it should be recognised that their use will require a certain amount
of lcarning. Morcover there is no point in issuing shovels or spades with sharp
top edges to workers who have no shoes, but some models (see figure 22) have
a footplate which is at right angles to the blade and on which a worker can push
with his foot. Even in areas where the spade is in common use care should be
taken to ensure that the model used is suited to the job to be done. The cutting
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Figure 22. Spade for barefoot workers

Fillet weld

- Gusset plates

end may be straight or pointed, the sides may be built up for lifting material,
and the size of the blade may be adjusted to the worker’s lifting capacity. The
planner of any labour-intensive scheme must bear in mind that the choice of
the right sort of tool is as important as the choice of the right type of machinery
on a capital-intensive project: given the right tools a worker’s productivity can
be .enormously increased. A small research unit to consider the appropriate
designs of small tools and equipment would be very useful.

HAULING AND UNLOADING

Traditional labcur-intensive methods are generally not competitive for the
hauling and unloading of material. Transport (as distinct from loading) by
shoulder yoke, head baskets or human chains is generally very inefficient, very
arduous and possible only for short hauls (20-25 metres in the case of head
baskets). Only intermediate techniques involving the use of small machines or
trucks or animal-drawn vehicles can compete with equipment-intensive methods
involving the use of scrapers or dozers and trucks. Draught animals can gener-
ally be used in one of two ways, viz. eithzr to transport material on their backs
as pack animals or to pull various kinds of transporting equipment. A factor
affecting the productivity of draught animals is the need for rest and watering:
in the Philippines the water buffa’oes, for example, ueed to be watered for
an hour a day.

Pack animals

Donkeys (figure 23) and camels are used as pack animals in various parts of
the world. Although both animals tend to be slow, they can be useful in moun-
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Figure 23. Donkeys carrying soil (Pakistan)

tainous areas where the passage of small wheeled vehicles is difficult. In the
World Bank study in India a typical work unit for embankment construction
using donkeys over a haul distance of between 75 and 200 metres consisted of
four or five labourers with ten or twelve donkeys they owned.

The donkeys carried woven rope panniers and were loaded with about
150 kg of soil. Their productivity, of some 1 or 2 cubic metres per man-hour,
was reasonable for this haul distarce.!

Animal-drawn carts

For haul distances up to 500 metres animal-drawn carts constitute an
efficient means of transport. The comments already made about loading height
are applicable in this case. Various ways of improving such carts were tried out
in the Philippines.2 The wooden wheels were exchanged where possible for
pneumatic tyres, and the sides were slightly built up to contain the material

1 International Bank for Reconstruction and Development, Transportation and Urban
Projects Departraent, Transport Research Division: Comparison of differeat modes of haulage
in earthworks, World Bank Study of the substitution of labor and equipment in civil construc-
tion, Technical Memorandum No. 3 (1975, mimeographed), pp. 4, 9.

® See Deepak Lal et al., Men or machines, op. cit., p. 31.
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Figure 24. Animal-drawn carts (Philippines): this one has rubber tyres but has to be
unloaded by hand

.....

(figure 24). The most important feature of these carts was that the bottom had
been modified to allow the material to be discharged through it. A bamboo mat
was placed over the modified bottom of the cart before soil was loaded into it,
and discharge was effected by pulling out the bamboo mat (figures 25 and 26).
A possible further modification of this system would be the provision of opening
hinged flaps underneath the cart so as to do away with the effort required to pull
out the bamboo mat. Pneumatic tyres not only reduce the tractive effort
required but also provide better compaction. The cost of the conversion of the

carts in the Philippines was about US $3. The pneumatic tyres cost a further
US §37.

Other animal-drawn equipment

For the transport of material that is loose or has already been loosened
scrapers can be used. They are limited to hauls over distances of less than
100 metres, but they have the advantage of being self-loading and self-unloading.
Such implements we. e used in the latter half of the nineteenth century in North
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Figures 25 and 26.

Animal-drawn carts (Philip-
pines): these do not have
rubber tyres, but their bot-
toms consist of bamboo
mats which are simply lifted
tq unload
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Figure 27. Steel scoop scraper used in North America in the nineteenth century

America (figures 27 and 28). The models illustrated are drag scrapers. There
were also wheel scrapers; in those models the scraper itself is mounted on
wheels and furnished with levers for raising, lowering and dumping.

These sophisticated models are mentioned to provide food for thought
rather than as models of equipment that should be directly copied. Engineers
would have to assess whether materials that are locally available could be
used to provide comparable pieces of equipment. Scrapers made out of bamboo
(figure 29) or oil drums cost virtually nothing, but of course are not as robust
as the steel ones (figure 30), which cost about US $100. However, large-scale
production would further reduce the cost of the steel models, and the provision
of replaceable runners and cutting edges would prolong their life.
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Figure 29. Bamboo scraper (Philippines)

Small trucks on rails

The use of small tipping trucks on rails has been reported on in two studies
relating to India. These trucks are of a standard type, shown in figure 31. The
loading height, 1.2 metres, is close to the upper limit for effective manual
loading. The capacity of these trucks is usually 0.76 cubic metre. Certainly
these trucks, which workers can easily push, are efficient hauling vehicles. An
ILO study team assessed the cost for a 100-metre lead as US $0.20 per cubic
metre !, while an IBRD team for the equivalent operation involving the
transport of boulders observed the cost as US $0.50 per cubic metre.? The main
disadvantage of these vehicles is that the track has to be laid, moved periodically
and finally taken up again. In the ILO study it was found that inexperienced
labour required 10 man-minutes to lay a metre length of track onto a pre-

L1LO: Men who move mountains, op. cit., p. 218.

2 International Bank for Reconstruction and Development, Transportation Department,
Transport Research Division: The use of rail systems in civil construction, World Bank study

of the substitution of labor and equipment in civil construction, Technical Memorandum
No. 23 (1976, mimeographed), p. 26.

77




Labour-intensive road construction

Figure 31. Tipping truck on
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viously prepared foundation. A further problem is that the trucks are too
heavy to be pushed up steep gradients. However, thic problem can be overcome
by the use of a winch. Various suggestions can be i:ade concerning the improve-
ment of the trucks, which were originally designed to be pulled by locomotives
and are unnecessarily robust for manual operations:

(a) the loading edge should be lowered;
(b) the included angle between the sides should be increased;
(c¢) some form of pushing bar should be provided to assist the workers; and

(d) a more effective tipping mechanism should be evolved to ensure stability and
to prevent the sides from becoming embedded in the discharged material.

Wheelbarrows

For hauls of less than 75 metres the wheelbarrow is another efficient means
of hauling. There appear to be as many types of wheelbarrow as there are
countries in the world: some have two wheels, some have one; some are light-
weight with pneumatic tyres, others are heavyweight with solid tyres; some have
wheels in front of the container and others underneath it. In identifying the
best design for wheelbarrows the following factors are critical:

(a) the distance between the handles;

(b) the relative position of the grips, the centre of gravity of the loaded barrow,
the axle, and the point of contact of the wheel on the ground; and

(c) the rolling resistance of the wheel.

The distance between the handles affects the ease with which the pusher can
correct any tendency to tip sideways and apply the maximum effort to pushing
the barrow.

The longitudinal position of the centre of gravity determines the proportion
of the total load that will be borne by the worker at the grips. The closer it is to
the handles the more load he carries. The heavier the load on the handles, the
easier it is to control the barrow, but also the more fatiguing is the operation;
conversely, the closer the centre of gravity to the wheel the lighter is the load on
the handles and the more difficult it is to control the barrow. Naturally, a
compromise has to be reached.

The vertical location of the centre of gravity is the main factor affecting
stability. If the barrow is to be stable the centre of gravity when the barrow is
being pushed should be on or below a line drawn between the level of the
handles and the point at which the wheel touches the ground.

The bigger the wheel the better for pushing the barrow. However, as the
wheel size increases the centre of gravity is pushed back and more weight rests
on the handles. Again a compromise has to be reached.
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Pneumatic tyres are clearly superior to solid tyres. On the other hand wheel-
barrows with two wheels are more difficult to push and not as manoeuvrable
and cannot be used on narrow tracks, in addition to which the extra wheel
doubles the chance of hitting an obstacle.

Trailers

For longer hauls (up to 2 km) farm tractors and trailers have been used.
The trailers are generally cheap, while the tractors are expensive. It therefore is
important to keep the tractors permanently working, by ensuring that there is
always a surplus of trailers either loaded or ready to be returned empty for a
tractor to tow.

A recent innovation observed in Southern Africa is shown in figure 32; it
is a complete unit of small tractor, towed chassis and hauling container. The
container (figure 33) can be hydraulically off-loaded at the excavation point, and
is then filled by hand as shown in figure 34. Again, it is advisable to have a
surplus of containers so that the standing time of the tractor is limited. To use
this piece of equipment is, of course, to adopt a more capital-intensive method.
However, the towed chassis and container could be of wood, thus reducing
capital costs. Some form of hydraulic or mechanical arrangement to off-load
the container could be attached to the wooden frame.

Figure 32. Small dump truck combination consisting of small tractor, towed chassis
and hauling container (Southern Africa)
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Figure 33. Hauling container on its towed chassis (see figure 32)

Figure 34. Hauling container being loaded by hand (see figures 32 and 33)
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Figure 36. Lever and transfer basket (China)

Quick-release, self-emptying basket

Notes: 1. Designed for two-man operation, lead approximately 10 metres. 2. Steei content approximately
2 kg for pulleys and hooks (see detail). 3. Other materials: bamboo, rope. 4. Operation: (ag) excavator
attaches full basket to pulley-rig; (b) spreader pulls boom down by means of suspended rope; (c) excavator
begins loading second basket; (d) spreader unloads first basket by releasing one hook; (e) spreader rehooks
empty basket and signals to excavator; (f) excavator pulls his rope and empty basket slides back to borrow-pit;
(g) excavator detaches empty basket and attaches full basket to pulley-rig; (h) operation is repeated. 5. Ex-
cavator and spreader exchange positions regularly.

Other hauling devices

The hauling devices dealt with in this section have not yet been used on a

large scale. However, they appear tv offer particular benefits and are therefore
worth investigating.

(1) Small cable ropeways to haul materials (figure 35) have been used in
Asia on a limited scale.! The ropeways were manually operated and the
material was carried in small bags. According to the circumstances, the hauling
mechanism could be manual, animal-powered, pedal-powered or mechanical.
Pedal power has the advantage that the driving unit can also be used as part

1 International Bank for Reconstruction and Development, Transportation and Urban
Projects Department, Transport Research Division: Haulage using aerial ropeways, World
Bank study of the substitution of labor and equipment in civil construction, Technical
Memorandum No, 22 (1976, mimeographed).
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of a bicycle, i.e. a means of transport to and from the worksite. The hauling
containers could be simple bags or large metal skips. Instead of a simple hoist
over short distances it would be possible to have @ system of ropeways carried
over long distances on pylons.

(2) The lever and transfer basket used in China is also a useful means of
transporting material vertically. Figure 36 shows a simple version, niore
sophisticated equipment with steel or aluminium parts could be considerzd.

(3) The use of conveyor belts in conjunction with labour-intensive methods
of excavation and loading is also worth investigating. Because of their conti-
nuous hauling there would be less of a problem of trying to match the output
of loading with that of the hauling equipment. The conveyor belts could be
driven by pedal power. Deployment of a group of interconnecting conveyor
belts driven by hand, pedal or machine certainly seems a feasible method of
effectively transporting material in large open areas.

SPREADING AND LAYING

The capital-intensive methods of spreading and laying material involve the
use of scrapers, graders or angledozers. The operation can also be carried out
entirely by hand, although this is not generally very productive and it is often
difficult to produce a reasonable finish. The animal-drawn scrapers described
in the previous section can also be used. Other methods, often used in mainte-
nance work, involve the towing of brooms and drags as shown in figures 37,
38 and 39. These can be pulled by tractors or lorries, or by draught animals
or labourers.

Another type of drag is shown in figure 40. This is common in India. It
consists of a timber log 20 to 25 cm in diameter and between 2 and 2.50 metres
long cut into two halves longitudinally. These split logs are then braced together
by I-metre-long cross-braces on top of which a platform of wooden planks is
constructed. An iron plate is fixed to the vertical face of one of the split logs in
such a way as to project about 15 mm below the split log. The drag is attached
to an animal by ropes or chains and the operator stands on the wooden plat-
form. The depth and shape of the cutting section of the drag can be regulated by
the operator’s moving backwards or forwards on the platform. The front log
with the iron plate attached makes an angle of 30° to 45° with the cross-section
of the road to facilitate the dispersal of the soil or gravel to the side.

Many of these innovations are potentially efficient, but in their existing
form they are often clumsy and over-elaborate: more work needs to be done
on the design of this type of equipment. The drag or scraper shown in figure 38
is basically an adaptation of an agricultural hoe using pieces of scrap metal.
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Figure 37. Broom used to finish a road surface (East Africa)

Figure 38. Drag used for shaping road surface {East Africa)
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Figure 39. Towing of brooms for spreading (East Africa)

In view of the limited tractive effort available it would be better if the drag had
a very light frame; hollow steel or aluminium tubing would be useful.

It is difficult to lay material by labour-intensive methods, particularly in
the case of bituminous or flexible pavement materials. Naturally, laying is no
problem in the case of hand pitching. The greatest problems emerge in connec-
tion with the laying of material that is homogeneous and requires a uniform
and standard pattern of laying and of surface finish. A large machine will lay
at a standard rate, whereas the 20 workers who could perform the same
operation by hand will all have slightly varying output rates and this will lead
to variations in the quality of the final product. It is therefore not yet possible
to recommend the use of labour-intensive laying methods on major highways,
which are generally the only roads that will have this form of construction.

COMPACTING

The effective compaction of soil has been one of the operations in which
it has been difficult to achieve the same standard by labour-intensive as by
equipment-intensive methods. The depth of effective compaction depends upon
the type of soil and the type of equipment being used: the machine is often very
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Figure 40. Split-log drag (India); the piatform is laid on top

Metal plate Split log

Direction
of haul

Cross bracing

large, and produces a high level of compaction to an appreciable depth. Prior
to the advent of large compacting equipment (smooth-wheeled, pneumatic-tyred
or sheeps-foot rollers, including vibration rollers), when the speed of construc-
tion was slower, the soil was often left to consolidate by itself or under the
weight of traffic. This, of course, may still be possible in the case of minor or
secondary roads. However, if a road must be completed in a short time some
form of positive compaction is required.

The main limitation of the use of manual methods for compaction is that
they cannot apply sufficient pressure because the loads that are requived are
too great ti; be hauled manually or by animals: if a simple concrete roller is
used it must have a diameter of 60 cm to obtain a reasonable pressure of the
order of 1 Newton per square millimetre on the soil to be compacted; however,
a roller 60 cm in diameter and 90 cm in length is difficult for animals to draw.
Rollers of a smaller diameter do not apply sufficient pressure, and shorter
rollers do not cover a wide enough area. Such simple rollers are therefore of
dubious value except on roads designed to carry only the lowest volume of
traffic. Small vibrating plate ccmpactors (figure 41) constitute an alternative.
Even the smallest of these are effective with materials that are uniformly
graded. Even though vibrating plate compactors are effective, it should be
recognised that they are mainly designed for small areas, and that if the area
to be compacted is large and several small compactors are used it is difficult to
achieve uniform compaction. Moreover their output is only about one-iwentieth
of that of the large vibrating rollers.
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Figure 41. Vibrating plate compactor

MIXING

Materials for mixing can be divided into those that can be mixed on the
roadway and those that have to be mixed before they are spread on the road.
The materials that can be mixed on the roadway are chiefly those used for soil
stabilisation, whether with bitumen, cement or lime. Either an agricultural
tractor or animal-drawn ploughs can be used to mix the lime with the soil. Con-
crete and bitumen macadam or asphalt have to be mixed before the are spread,
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and to produce the required quality mechanical mixers are needed. However, it
is not always necessary to have a central batching plant for concrete or paving
materials: small mixers spaced along the length of the works may be sufficient.
Of course such an arrangement increases the transport cost of the material,
but the increase may be offset by the reduction in capital cost required. Small
mixers can be, and have been, used for the mixing of bituminous materials.
They have to be heated to the required temperature, and quality control and
therefore supervision has to be very good. When consideration is given to
the use of labour-intensive methods for the production of pavements of high
quality for a high volume of traffic, the question is not merely one of substituting
small machines for large ones, or labour for equipment: the important point is
to define the product required and utilise the materials that are best suited
to labour or capital as the case may be. In North America work has been
carried out on the use of cold asphalt for high-quality roads. If labour-intensive
methods are to be used for the laying and spreading of bituminous materials,
it is important to bear in mind the rate of production in each of those two
operations: if the workers cannot keep up, there is little point in using an
asphalt plant with a high output rate which requires the asphalt to be rolled at
an equally high rate. This is one field in which much more research work needs

to be done on the type of materials to be used and the plant and equipment
to produce them.

ROCK EXCAVATION AND CRUSHING

Rock has to be excavated and crushed where it is encountered in excavation
and where aggregate is required for concrete, paving materials or as a construc-
tion material in the road base or in drain linings, for example. It is not always
necessary to use dynamite and large crushing machines. Big rock masses can
be split by burning a fire on them and then suddenly cooling them with water.
A jumping bar can be used to make a hole into which a plug and feather can be
placed; as these are forced deeper into the rock the wedge action splits the rock.
Hammers and chisels can be used to produce smaller aggregates. Sieves and
screens can be manufactured locally and can be used for separating aggregates
into various sizes.

In India the World Bank experimented with small crushers in local use. By
improving the work management at both the input and output stage it was
possible to increase the output by at least 10 per cent.!

! International Bank for Reconstruction and Development, Transportation Department,
Transport Research Division: Aggregate production, World Bank study of the substitution

of labor and equipment in civil construction, Technical Memorandum No. 25 (1976,
mimeographed), p. 13.
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- OTHER OPERATIONS

Intermediate techniques have also been suggested for various other opera-
tions.

The two-handled rake shown in figure 42 is used in India for the spreading
and laying of asphalt. The material is more easily spread when two labourers
can push and pull alternately.

The ripper shown in figure 43 could be constructed in wood or a lightweight
material and pulled by animals, although a small tractor would be preferable.
The one illustrated is rather cumbersome, and modifications could be made to
streamline the design and reduce the weight.

The water bowser shown in figure 44 is a simple, effective animal-drawn
means of distributing water. This model cost US $30 to produce, at 1972 prices,
in the Philippines. The rate of spread is 2 litres per square metre and the
productivity varies from 1,006 square metres per hour at a haul distance of
50 metres to 272 square metres per hour at a distance of 1,000 metres.

Figure 42. Two-handled rake (India)

Figure 43. Ripper
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Figure 44. Animal-drawn water bowser (Philippines)
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ROAD CONSTRUCTION COSTS =

J

Road costs and benefiis may be classified as direct or indirect. The purpose
of this chapter is to identify road construction costs and to show how they
could be estimated. Chapter 6 will serve the same purpose with regard to
maintenance costs as well as indirect project costs and benefits. Estimation
procedures will be described in some detail for each item. While these proce-
dures will probably be applicable to many project evaluation cases, there will
be other cases in which the evaluator will need to devise other, more appropriate
procedures in the light of the type and accuracy of the data available; in such
cases it is hoped that the procedures outlined in these chapters will serve as
useful examples of how costs and benefits may be estimated. An accurate
estimate of all such items is essential when different combinations of design and
technology are being compared for any particular project. The differences in
profitability between different versions of a single project are less marked than
the differences in profitability between different projects, and a higher level of
accuracy is therefore needed in the former case than in the latter.

Direct costs are the actual money outlays incurred by the authority in charge
of the road project. These direct costs include both road constructios. costs and
road maintenance costs over the life of the road. Direct benefits include actual
revenues obtained by the public works department (i.e. the authority in charge
of road projects) from the imposition of road users’ charges. In some cases
direct benefits may also include a saving on maintenance costs as a result of the
reduced use of existing roads as traffic is diverted to the new road. The above-
mentioned direct costs and benefits are in fact the only items included in the
financial analysis of road projects. When roads are built and operated entirely
by private concerns seeking to maximise profits, the evaluation of road projects
consists of a financial analysis. In developing countries, however, most roads
are built and operated by the government, which seeks to maximise social rather
than private profitability. The public works department must therefore take
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into consideration additional costs and benefits which do not involve money
transactions, but which are indirectly linked to the road project and which affect
society as a whole. In the present manual these factors will be termed indirect
costs and benefits. Their inclusion in project evaluation provides a better measure
of the social profitability of road projects than if only direct costs and benefits
were taken into consideration. Indirect costs may include road users’ costs, as
well as a number of negative externalities. The indirect benefits may include
a certain number of road users’ savings, as well as a number of positive
externalities.

It may be noted that while all proiect costs and benefits must be estimated
in order to calculate the social profitability of a road project, certain costs and
benefits (namely those common to all technologies under consideration) may
not need to be estimated if one’s purpose is merely to identify the most appro-
priate version of a given project. It is not possible, however, to specify in
advance which particular costs and benefits will be common to all technologies
under consideration for any and every type of road project. For this reason, this
manual wili show how to estimate all possible costs and benefits; it will then
be up to the project evaluator to decide which costs and benefits need to be
estimated, for a given road project, in order to identify the most appropriate
version of the project.

Construction costs in the narrow sense are those attached to carrying out the
various physical operations required for building a road with given specifi-
cations and design. These operations have already been described in Chapter 4
of this manual. To estimate such construction costs, project evaluators must be
in possession of input data generated by the engineering study. The input data
should consist of a detailed inventory of all inputs entering into the various
operations involved in the construction process. Strictly speaking, there is in
fact no such thing as a construction technology fcr an entire road project;
it will consist of a combination of the differing technologies used for the various
individual operations involved. There are cases in which different techniques
of widely differing labour and capital intensity could be combined for the
construction of a given road (e.g. labour-intensive methods for earthworks and
capital-intensive methods for paving). An input inventory should therefore be
obtained for each technology available for any major operation.

Example : Input inventory for earthworks using labour-intensive methods

Description of task : Excavation with picks, loading with shovel in wheel-
barrows, unloading.

Number of cubic metres of earth: E
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Number of man-days : (i) unskiiled labour: D, man-days
(ii) gang leaders: D, man-days
(iii) foreman: D; man-days

Tools : picks, shovels, wheelbarrows, in terms of the number of fully depreci-
ated tools, i.e. taking into account their working life.

Given unit prices of labour and equipment, construction costs may be estimated
from inventories of the type shown in the above example.

It is the prevailing practice for a road engineering study to yield a bill of
quantities rather than input inventories. Estimation of construction costs, by
a private contractor or the public works department, is then based on the bill
of quantities, on input productivity data attached to the construction technology
generally used, and on input prices. This estimation procedure is appropriate
only if there is only one construction technology in general use for each opera-
tion. In this case, past data may be used with some adjvustments for inflation
and for any special features of the road projects under zonsideration. However,
in cases in which there is more than one technology and the department
wishes to identify the most appropriate one it is essential that the proiect
evaluator should obtain an input inventory for each technically {easible design
and technology alternative: therefore in addition to designing roads and
providing bills of quantities, the design branch of the public works department
or the private engineering firm should translate bills of quantities into input
inventories for each design and technology alternative.

The estiniation of construction costs requires the estimation of the costs of
project design and appraisal, land acquisition, set-up and overheads, materials,
and labour, the rental rate of engine-powered equipment, and the cost of
animal-powered equipment and of tools.

PROJECT DESIGN AND APPRAISAL

Project design costs are those attached to the engineering analysis of road
projects. For given road specifications, such an analysis provides a number of
technically feasible road designs. It also yields, for each feasible design, possi-
bilities of using a number of construction technologies. Thus the engineering
analysis provides, for a given road, a number of different possible combinations
of individual designs and technologies.

Project appraisal costs are those attached to the economic evaluation of
the various design and technology alternatives generated by the engineering
analysis. The economic evaluation may be a straightforward financial analysis or
a more complex social cost-benefit analysis.
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Project design and appraisal costs may be estimated on the basis of the
budget allocated to the department in charge of road studies. If, for example,
the budget of this department is B, and if M, kilometres of roads are designed
and appraised each year, the design and appraisal costs of a road of M, km
is equal to

Bll
M "M,

Design and appraisal costs represent a small proportion (on the average
about 5 per cent) of total project costs. The average proportion may be slightly
exceeded if an attempt is made to analyse a larger number of design alternatives
than is typically done. The benefits derived from an analysis of additional
designs may, however, outweigh the increase in design costs since the additional
analysis may permit identification of more feasible and substantially less
costly design alternatives.

LAND ACQUISITION

Direct land acquisition costs are the actual money outlays incurred by the
public works department for the acquisition of the land over which the road
will run. It wil! be shown later that these direct costs may not reflect the true
social cost of land, and adjustments may therefore need to be made in order
to compensate for the difference between the social cost and the estimated direct
land cost.

Land may be state property, private property, or under joint state and
private ownership. Government fand is usually transferred without cost to the
public works department; rules governing the acquisition of private land differ
from country to country. No attempt will be made in this guide to show how
the cost of private land may be estimated since the estimation procedure is also
specific to each izdividual country.

SET-UP AND OVERHEAD COSTS

Set-up and overhead costs may cover one or more of the following cost
items:

(a) transport of equipment and tools to and from project sites;

(b) daily transport of workers to and from project sites;
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(c) the building an d dis temporary siructures for the storage of
r

materials, tools and equipment, and for equipment maintenance and repair;
and

[« R

ion and dismantling of workers’ camps, including

nd sanitary and health facilities.

The importance of set-up and overhead costs depends on the type of road
project. Cost items (a) and (¢) usually apply to all road projects. Cost items
(b) or (d) apply only when the project site is situated in an isolated region, far

from population centres.
Tt will now he chawn h
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Transport of equipment and tools

Once the location of project sites, and thus the transport distances, have been
determined, transport costs of equipmenct and tools may be estimated on the
basis of the total tonnage of equipment and tools to be transported, and on unit
vehicle transport costs. Project evaluators therefore need the following data:

(a) transport distances;

(b) type and number of vehicles needed for the transport of equipment and
tools;

(c) vehicle operation costs per unit of distance; and

(d) number of trips required by each type of vehicle.

Data on items (a), (b) and (d) are specific to each project, and should be
provided by the engineers in charge of the project. Item (¢) is of a more standard
nature: vehicle depreciation, operation and maintenance costs are country-
specific rather than project-specific. It will be shown later in this chapter how to
estimate those costs for various types of vehicles.

Daily labour transport

Given the locations of the project sites and of the various places where
workers are to meet in order to be transported to work, it is possible to estimate
an average ‘ravel distance between those places and the project sites. If the
total number of workers to be transported each day is N, and if each vehicle can
transport N, workers, the daily transport costs will be equal to

N

2—-.M.
N, Co
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where M = average one-way distance between the pick-up points and the
project sites, and

C, = vehicle depreciation, operation and maintenance costs per unit of
distance travelled.

Given an estimated D working days for the completion of the road project, the
total transport costs of workers will be equal to

N
2-—-+.M.C,.D.
N v

v

M is by far the most difficult item to estimate since it is extremely difficult to
know before starting the project where workers will be assembled. Labour
transport cost is, however, an important item when it comes to comparing
labour-intensive methods with capital-intensive ones, and it is therefore impor-
tant to estima e the value of M even if the estimated value is not highly reliable.
N, and C, are standard data, but N, and D are project-specific. The required
daily number of workers is a function of the required daily output (i.e. the
road construction schedule), and of labour productivity. Estimation of N,

therefore presupposes knowledge of labour productivity and of the construction
schedule.

Storage facilities and workers’ camps

The project evaluator must know the number of pieces of equipment and
the quantities of materials to be stored in order to determine the size of storage
facilities. Similarly, he must know the number of workers who will live on the
project sites in order to determine the size of workers’ camps. The proiect
evaluator should be able to obtain this type of informatica from the civil
engineers in charge of the project. Once the engineers have indicated, on the
basis of their past experience and their analysis of project needs, the number and
size of the facilities in question, the building and operation costs of such faci-
lities must be estimated.

With regard to building costs, facilities on project sites usually consist of
buildings made in sections, trailers, large canvas tents or shelters made of other
light materials. Building costs consist of the following items:

(a) depreciation costs of building sections, trailers, tents or other materials;

(b) transport costs of components and materials to and from the project sites;
and

(¢) erection and dismantling costs.
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In order to estimate depreciation costs the project evaluator must know the
price and the durability of the structures to be erected. Since the durabili’y of
the structures depends on the conditions under which they are used, ac.urate
data may not be available. The project evaluator may have to make a very rough
estimate of the depreciation rate of various structures in order to calculate
depreciation costs. Cost items (b) and ('c) are fairly straightforward, and should
be relatively easy to estimate.

The operating costs of workers’ camps include the cost of food, the upkeep
of the camp and the operation of heaith care facilivies. Those costs are also
fairly standard, and should be relatively easy to estimate.

MATERIALS

The cost of materials includes the purchase or production costs, as well
as the transport costs, of such items as gravel, asphalt, cement, lime, building
stone, pipes, metal or wooden construction beams and road signs. For many
of these the quality specifications vary according to the requirements of the
particular road. The engineering analysis provides, for a given road, estimates
of the quantities of the particular materials that are required. The next step is
to estimate the unit purchase or production cost of those materials, as well as
unit transport costs. Total materials costs can then be estimated on the basis of
the unit costs and the total quantities required.

The procedure to be used in the estimation of the unit price of materials
necessarily depends on their origin. Materials may be imported or be produced
locally either by private firms or by the public works department.

Imported materials may be brought in by private trading companies and
sold to the public works department, or may be imported by the department
itself. In the first case the department may obtain price quotations from the
trading company, while in the second case the prices may be estimated by
adding the c.i.f.1 price of materials to port handling charges and customs duties
if any.-The c.i.f. price may be obtained from the foreign exporter or manu-
facturer. Poit handling charges may be ascertained from officials in the harbour
administration, and customs duties from the customs office.

In the case of maierials produced locally by private firms, prices may be
obtained directly from the local manufacturers.

For materials produced by the public works department, prices are equal
to the department’s production costs. Such materials usually include gravel of

! C.i.f. here has its customary meaning of “cost, insurance, freight”, i.e. the purchase
price abroad, transport insurance costs and freight costs.




Labour-intensive road construction

various grades, building stones and road signs. Of course production costs
depend on the production technology used. It is worth mentioning at this point
that the department should evaluate the current production technology and
compare it to other possible production technologies in order to determine
whether the technology currently in use yields the lowest social production
costs. For gravel and building stones the production costs include quarrying
costs and the cost of processing the quarried materials. Quarrying and pro-
cessing costs may be readily available from the division of the department that
is in charge of the production of road materials. Where no such division exists,
however, or when materials production costs are not accounted for separately,
they must be estimated on the basis of input and output data. The estimation of
materials costs then involves the estimation of the following cost items:

(a) plant set-up cost;

(b) equipment depreciation and operation costs; equipment used may include
pneumatic hammers, loaders, rock-crushing plants, mechanical sieves, and
diesel power generators;

(c) hand tool depreciation costs; tools may include sledgehammers, picks,
shovels and wheelbarrows;

(d) cost of explosives;
(e) unskilled labour cosis; and
(f) skilled labour costs.

The cost of explosives may be obtained from the supplier or manufacturer.
The other costs must be estimated separately for each product (e.g. building
stone, gravel of various grades). However, this may not be possible if account-
ing procedures do not differentiate among products (i.e. if data are not avail-
able on the number of man-hours and equipment hours per unit of production
of individual quarry products). In this case, project evaluators may use the
average production costs per ton or cubic metre of product. The same unit
production cost will then apply to all quarry products. In many cases the average
unit production costs for different products will be very close to each other.

Materials may need to be transported either to a few specific locations on
the new road or to a large number of points along the road as part of an on-
going construction process. Transport costs of materials may be estimated in
the way described for the transport of workers. For a given project, the transport
cost of materials is a function of the total amount of materials which is required,
and of the distance between the quarry site and the various project sites where
materials are unloaded. The total amount of materials required may be estimated
from the bill of quantities.
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UNSKILLED LABCUR

Unskilled labour costs are estimated on the basis of the bill of quantities,
labour productivity data for various operations, and the unit cost of labour
(usually expressed as an hourly wage).

It may be recalled that labour productivity was defined in Chapter 3, on
the basis of the method coefficient, as the over-all capacity, OVC. That capacity
is defined as the productivity of a group of workers engaged in a particular road
construction operation. If the group consist of N workers, the average produc-

. . ovc
tivity per worker is equal to .

Thus, if the output of a particular task is E (in terms, for example, of cubic
metres of excavated rock), the total number of man-hours needed to complete
the task is equal to

y— E _

&)

is defined in terms of cubic metres per man-hour. Y, does not,

where

however, include a number of idle hours not taken into consideration when
estimating OV'C. Additional idle time may include, depending on the circum-
stances, some or all of the following remunerated idle times:

(a) travelling time to and from the worksite;

(b) sick leave;

(c) annual holidays with pay;

(d) public holidays;

(e) work stoppages due to bad weather; and

(f) officially agreed rest periods such as tea breaks, and breaks for meals.

The total number of remunerated man-hours required to obtain output E is
then equal to
Y. =Y, (1+%)

where x = idle time coefficient.
The Appendix shows how to estimate x. Given Y,, x and the hourly wage of
unskilled labour, w, the cost of unskilled labour, C, for the given task is

obtained from
E

OVC +x)w=Y.w
N

C=

1m0




Labour-intensive road construction

When estimating wages of unskilled labour the project evaluator must take
into consideration the following factors:
(a) how wages are determined;
(b) the origin of the labour force;
(c) the seasons of the year during which work is to take place;
(d) faxes;
(e) insurance costs or disability payments; and
(f) payments in kind.

Project evaluators must first determine whether wages are determined by
market forces, or are determined independently by unions or by the govern-
ment, or by the two together. In the latter cases, project evaluators need
simply to find out which public wage will apply to a given project. On the other
hand if wages are determined by market forces, project evaluators may need to
survey labour market conditions in the area crossed by the future road.

Having decided the wage to be paid, the project evaluator then carries out
further calculations on the basis of that figure to arrive at the additional
amounts required to cover whatever income taxcs, insurance costs and payments
in kind may have to be taken into account.

If t = the tax rate applying to unskilled labour income that is borne by the
contractor or the public works department,

I = average annual insurance costs, or average annual disability payments
for work accidents, and

F = daily payments in kind per worker,
then the hourly wage for unskilled labour will be equal to

I
w' (1 +t)+E+F
T

where w' = w,, in the public wage case and
wn in the market wage case, and

w=

T = number of working hours per day.

It will now be shown how w', ¢, I and F can be estimated.

Public wage

When the public works department is directly in charge of a road construc-
tion project, the public unskilled labour wage is the one to be used in project
evaluation.
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'

In general the public wage (w,) or unskilled labour wage paid by the
government is based largely on socio-economic conditions rather than actual
labour market conditions. It is also affected to some extent by the unskilled
labour wage paid in the capitalistic sector of manufacturing or services, which is
generally higher than that paid in the traditional agricultural sector. Thus, the
public wage is nearly always higher than the wages paid in the rural areas to
agricultural workers. The public wage is generally the same for all parts of the
country unless a regional wage is determined by regional authorities.

The daily take-home wage, w,, can usually be determined in a fairly straight-
forward manner by finding out from the government or the unions what is the
wage that applies in the region to be crossed by the road. The project evaluator
should take care, however, to ascertain whether the current wage will still
apply at the time when the road is to be built. If a wage increase is expected,
it should be added to the current wage. Moreover, ex:ept when the level of
unemployment in the area to be crossed by the road is very high and one can
be sure that it will rem:in so, the project evaluator should carry out a labour
market survey, as described below, in order to ascertain whether labour supply
will be sufficient to cover project needs.

Market wage

In cases in which construction work is given out on contract to private
construction firms, there is no reason to assume that the wage paid by the
firms in question will be equal to the public wage: the only cases in which that
will happen are those in which the firms are compelled by law to pay a minimum
wage equal to the public wage. If there is no such compulsion, the firms will
tend to pay the wage prevailing regionally or locally.

Since project evaluators must base cost estimates on wages actually paid,
it is necessary to estimate the market wage (w,,) that will prevail in the project
area. In other words, the wage must be determined for individual regions of
the country as well as for particular seasons of the year (e.g. the peak and the
slack agricultural seasons) since wages may vary from region to region and
from season to season. Thus a labour market survey in the project area may be
needed for either or both of two reasons: it may be necessary to assess the
availability of labour so as to determine whether there will be enough unskilled
labourers to cover the project’s needs; and it may be necessary to determine
the regional or local wage. An evaluation of labour supply and demand during
the construction period is needed in order to avoid bottlenecks and delays that
would increase construction costs. In other words, construction operations
should be synchronised with the availability of labour during the peak and
slack agricultural seasons. It should be noted that in some areas there may be
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no excess labour, and that the use of labour-intensive technologies m
quently be unwarranted. In some cases, therefore, it may be necessary to
carry out a labour market survey before adopting a particular construction
technology if there are good reasons to believe that unskilled workers may not
be available in sufficient numbers.

In most cases regional or locai unemployment statistics are not available
and it is not possible to obtain a direct estimate of excess labour supply in the
project area. Therefore one must first estimate the local or regional labour
supply and demand.

First the area from which labour is to be recruited must be determined. If
the workers are to be put up in camps, the recruitment area may be more
extensive than if the workers are to be transported daily to the worksite, in
which case the maximum radius of the recruitment area may not exceed a few
kilometres. Once the recruitment area has been determined it is possible to
estimate the local labour supply as being equal to a fraction of the population
in the area, provided that the composition of the local population corresponds
to the national or regional average in such respects as the proportion of active
male and female populations and the proportion of the population that consti-
tutes the unskilled labour force. Although estimates of local labour supply
obtained in this fashion are not highly reliable, they should be sufficiently
accurate for road planning purposes.

Next, labour demand must be estimated for each season of the year. If
labour is to be recruited from an agricultural region, one must be in possession
of statistics on land use in the region (i.e. of the total area under each type of
crop), as well as estimates of the number of man-days of unskilled labour per
unit of area and per type of crop. This kind of information is not usually
available, and may be difficult to obtain.

{f estimates of labour supply and labour demand cannot be obtained from
available statistics, a project evaluator must undertake two labour market
surveys in the project area, one in the peak agricultural season and one in the
slack. Such surveys cannot be avoided unless interviews with local authorities
indicate that there is a surplus of labour all the year round.

Once the excess labour supply has been estimated by whatever method, its
a:nount expressed in terms of man-days may then be compared to the number
of man-days of unskilled labour that are required for the project during each
of the seasons during which construction work is to take place. If the excess
labour available exceeds the project labour requirements throughout the year,
construction operations may be scheduled in such a way as to reduce the time
taken to a minimum; on the other hand if the excess labour supply falls below
the project labour requirements for all seasons of the year, it may not be possible
to use a labour-intensive technology unless it is possible to prolong the construc-

ay conse-
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tion period or to attract the workers needed from agriculture by paying more
then the agricultural wage. It should be noted, however, that it is very unlikely
that a labour-intensive technology will be economic if the implementation of
the road project gives rise to a labour shortage in the project area.

A third possibility is that excess labour supply may be lower than the
project iabour requirements during only some seasons of the year (e.g. the
agricultural peak seasons). In that case a labour-intensive technology may
become economic if the scheduling of road construction operations is adjusted
to the availability of labour in each season. For example, operations requiring
a large number of workers may be scheduled during the agricultural slack
seasons, and those in which fewer workers are needed may be scheduled
during the peak seasons. If such scheduling is not possible or if it entails a
prolongation of the construction period, the cost of such a prolongation, in
terms of induced benefits forgone, must be estimated and included in the
evaluation of the road project. (Induced benefits in this case are the economic
beneflits indirectly generated by the 1oad.)

The regional or local market wage (w,,) at various seasons of the year may
be estimated by a simple projection (rom existing data, or data from a labour
markei survey. A market wage cstimated in this manner may, however, be
lower than the one that will actually prevaii once the road project is under way,
if the project is large enough to s.abstantially alter labour demand in the proiect
area. When the excess labour supply 1s very large, the additional demand for
labour generated by a road project will not affect wages, but if the additional
demand creat‘es a situation of high eniployment in the project area, the market
wage will reach a peak which may he assumed to be equal to the wage paid
during the peak agricultural season fon the assumption that the additional
labour demand generated by th: projeci approacihies but does not exceed the
excess labour supply in each season of the y» . -

To conclude: if additional labour demana veiciizd by the project is well
below the excess labour supply in each season h¢ &« unal wage may be used
for project evaluation. If, on the other hand, the Ldditional labour demand
results in high employment during the wholr. constiuction period the peak
season wage should be used throughout.

In the first case (additional labour demand well below the excess labour
supply in each season), one should use a weighted average labour wage obtained
from the following relationship:

Wi = We. Xy + Wp. X,

where w,, = the average market wage,

w, = the market wage during the slack season,
w, = the market wage during the peak season,

I
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x, = the fraction of the total number of man-days required during the
slack season, and

x, = the fraction of the total number of man-days required during the
peak season.

It may be noted that if the local seasonal wage actually shows a significant
increase as a result of the implementation of the road project, workers from
outside the project area may be attracted by the high wage. Subsequently, an
increase in labour supply may take place which will dampen further rises in the
wage level, or actually make wages fall back to the level at which they would
have stood in the absence of the road project.

Allowance for income tax, workmen’s compensation
and part payment in kind

It should be pointed out that, depending on the laws, regulations and
practices that prevail in a given instance, there may be no need to make any
allowance for income tax, workmen’s compensation and payments in kind.

If income tax on wages is borne by the contractor or the public works
department, the project evaluator wiil need to find out the tax rate (¢) that is
applied.

If labourers are covered by an accident insurance scheme for which the
contributions are paid by the contractor or the public works department,
average annual insurance costs per worker (/) need to be estimated. In general,
however, road construction labourers are not formally insured against work
accidents, but receive disability payments paid by the employer. In such cases
it is necessary to estimate an average disability allowance per man-year, taking
into consideration the frequency of various types of accidents and the average
disability allowance: attached to each type of accident. If there are no national
statistics on work accidents in road construction, project evaluators may need
to estimate the frzquency of work accidents themselves. One way of obtaining
information for such estimates would be to interview contractors or field
engineers working for the public works department. The estimation of the
disability allowance attached to each type of accident should include both
hospitalisation costs and the value of payments made to the injured workers
while they are disabled from work.

Payments in kind (F) may include food and clothing. Their value needs
to be included in the wage only in the case where the government actually
purchases the items. Thus, food or clothing granted by an outside donor under
a technical co-operation project need not be considered in estimating the
unskilled labour wage, although these items will be taken into consideration
when carrying out the social cost-benefit analysis of the project. The cost of
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issues of food and clothing may be estimated on the basis of wholesale prices,
since those are the prices which the government would generally pay. The
value of the daily payment in kind may be defined as follows:

z C
F = Pl" i+ 'l
i=Zl f D

where f; = daily ration of food item of type i,

unit wholesale price of food item i,

number of food items,

C, = wholesale price of clothing items, and

D = duration of the construction period in days.

s
I

If the construction period is longer than one year and if clothing is provided
once a year, D is equal to 365.

PROFESSIONAL STAFF AND SKILLED LABOUR

The determination of the remuneration of professional and skilled labour
is a simple matter if the public works department is in charge of the construction
work : the department generally has specified standards for the salaries and
wages it pays to these categories of personnel. On the other hand if construction
work is given out on contract the remuneration due may not be known, since
contractors may pay different rates according to their geographical location,
their size and their policies. In such a case, project evaluators will need to
make a survey of the rates paid by various contractors in order to estimate
an average level of remuneration for each category of professional and skilled
labour.

The professional staff and skilled labour used in road construction may be
sub-divided into three distinct categories:

(a) supervisory and administrative staff, including executive. .ssisiami and
junior engineers, supervisors, overseers, surveyors, accou-fants and
clerical and medical personnel;

(b) foremen; and

(¢) equipment operators and truck drivers.!

11n the interests of brevity, this manual does not cover a fourth category of skilled
workers (consisting in particular of masons and carpenters for the building of bridges and
culverts) who are needed for road structures.
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Supervisory and administrative staff

The size and composition of the supervisory and administrative staff is a
function of the size of the project labour force, the location of the project and
the method of payment of the unskilled labour. Its size can be expected to be
large if, for a given project, one or more or the following conditions prevail:

(a) the road is to be built by labour-intensive techniques;

(b) the location of the road project is such that it requires the building and
operation of one or more workers’ camps; and

(c¢) unskilled workers are to receive both money payments and payments in
kind (e.g. food rations).

Project evaluators should therefore take the above factors into considera-
tion when estimating the number of supervisory and administrative personnel.

It may be assumed that N, the number of supervisory or administrative
personnel of category /, is constant over the entire construction period. There-
fore, for a given N; the number of man-days or man-months of supervisory or
administrative personnel of category i is equal to N,;. D for the whole project
where D = the length of the construction period in days or months. Therefore,

given D and individual values of N, total supervisory and administrative
costs are equal to

I
(SA.C)= = N,.D.w,

i=1

where w; = the gross daily or monthly salary of personnel in category i, and

! = the number of categories of supervisory and administrative per-
sonnel.

Foremen

Foremen costs should be estimated for each operation since the number of

foremen usually differs from one operation to another. For a given task j, the
number of foremen is equal to

where (Ny,); = the number of unskilled workers on task j, and

S; = the number of unskilled workers per foreman on task j.
Ny; may also be estimated on the basis of the total number of road sections,
and on the construction operations required for each section.
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In terms of man-days or man-months, the number of foremen is therefore
equal to Ng;. D; for task j

and to Y Ny;. D; for the whole road project
i=1 '

where D; = the length of the construction period for task j, in days or months,
and
m = the total number of tasks.

Foremen costs are therefore equal to
(FC); = Ng;. D;. wg for task j, and

(FC) =Y Ng;. D;. wg for the whole road project
j=1

ji=

where wp = the gross daily or monthly salary of the foremen in question.

Equipment operators and truck drivers

The total number of hours of work of equipment operators and truck dri-
vers may be estimated on the basis of the bill of quantities and the average
productivity of equipment and trucks. The estimation procedure is the same
as the one used to estimate unskilled labour costs. Given the over-all capacity,
OVC, of n similar pieces of equipment (in some cases, n may be equal to 1 if
OV C was estimated for one piece of equipment only), and the required output,
E;, for operation j (e.g. E; cubic metres to be excavated and spread out), the
total number of equipment operator hours for task j is equal to

E

Y= (ov’cj
nJjij

Yy, ; must then be adjusted in order to include all remunerated idle times such
as those listed in the case of unskilled labour. This adjustment gives
Yg j =Yg ; (1 + x)

where x =: idle time coefficient estimated as described in the Appendix.

Equipment operator costs, (EOC);, for a given road construction opera-
tion, j, are then equal to

E,; ,
OV}C) (1+x).w; =¥ ;.w;
n

where w; = gross hourly or daily wage of an equipment operator for opera-
tion j.
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The total equipment operator costs, EOC, are then equal to

= (EOC)
j=1

J

where m = total number of operations.

It should be noted that the idle time coefficient, x, does not include idle
time due to equipment breakdown, work stoppages in order to perform
periodic equipment maintenance, and work stoppages due to interference
from other operations (i.e. necessary waiting), since these latter idle times are
already included in the over-all time, OV T (see Chapter 3), and are therefore
taken into consideration in the estimation of OVC.

ENGINE-POWERED EQUIPMENT

For a given road construction operation j, the cost of engine-powered
equipment is equal to

(EC), =2 (g—) C, @
k

k=1

where E; = value of operation j from the bill of quantities (e.g. so many cubic
metres of excavated rock),

Z, = productivity of the piece of equipment k used in operation j while
actually in use (i.e. productivity of the piece of equipment
excluding idle time periods!), in cubic or square metres per
hour,

m

i

number of types of equipment used in a given operation j, and

C, = hourly cost or rental rate of the piece of equipment k, excluding
the cost of the operator.

The total cost of equipment is then equal to

(EC) = ¥, (EC),

ji=1

where m = total number of activities involved in a road construction project.

1 For example, during purely productive time, excluding the method time allowance
(Chapter 3).
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The hourly equipment cost, C;, for a piece of equipment k is equal to the
sum of hourly depreciation costs and hourly operating costs. That is,

T Cy=Dy + Cy

The procedure used in this manual for the estimation of the hourly equipment
cost may be unfamiliar to many project evaluators, and some may question
the usefulness of introducing a new estimation procedure. Some of them may
indeed be tempted to reject out of hand the procedure developed here, and to
use procedures that are more familiar to them instead. It should be pointed
out, however, that current estimation procedures generally tend to understate
the true cost of equipment; consequently they create a bias towards the use
of capital-intensive methods, and are inappropriate for the evaluation of
alternative technologies. In the light of this fact, project evaluators should
re-assess the estimation procedure they are currently using, and make any modi-

fications that may be required in order to ensure that equipment costs are not
significantly underestimated.

Hourly depreciation costs

Before the method of estimating the hourly depreciation costs, D,, is
described, the concept of present value must be defined and explained for the
benefit of readers who are not familiar with that concept. Let it be supposed
that one unit of money is invested or put in a bank savings account today. In
one year’s time, the invested unit of money will yield an interest . Therefore
one unit of money available today may be exchanged for (1 + r) units of
money in one year’s time. Similarly, one year later they will yield (1 +r). (1 +r)=
(I 4 r)? units of money. Therefore, one unit of money invested today will yield
(1 -+ )% units of money two years hence. In general, one unit of money invested
today may be exchanged for (1 -+ r)" units of money n years later, provided
that r remains constint over the whole period. Conversely, one unit of money

in one year’s time is equivalent to

is

T 3 units of money today. T
— ") r
known as the ‘““‘present value” of one unit of money accruing in one year’s

time. Let it now be supposed that a capital investment today will yield a flow

of net ecarnings (i.e. revenues minus yearly variable costs) for n consecutive
years as {ollows:

Ry, Ry, Ry, ... R,

The present value of the stream of net earnings is then equal to R, where
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_ R R, R R
Cltr (47?2 (1+1) T (L4

R
or R =z a +tr)' (3)

t=1

Let it also be supposed that the foregoing investment requires an initial
capital outlay K. If K, were put in a savings account instead of being invested,
it would have yielded revenues in the amount K, (14r)", n years hence. The
present value of K, (1 + r)" is equal to

Ko (1+r)y _
(L+ry — °

Therefore the investment will be worth undertaking only in a case in which R,
the present value of net earnings, exceeds or is at least equal to K. (In fact
the present value of net earnings will in general have to be larger than K,
since a certain degree of uncertainty makes one unit of future net earnings less
attractive to the private investor than one unit of capital at hand.)

The role of the concept of present value in the estimation of equipment
hourly depreciation costs, D, will now be explained. Let it be supposed that a
piece of equipment has a useful life of »n years. That life may be calculated
from the relationship

n=— 4)

where H, = total number of hours during which the equipment may be used
before it is scrapped, and

H, == equipment annual utilisation rate (e.g. 1,000 hours per year,
2,000 hours per year).

Let it be supposed that the purchase price of a piece of equipment k is K,
and that its salvage value at the end of its useful life (i.e. n years) is S,. The
owner of such a piece of equipment will be willing to rent it out as long as the
sum of the present value of the stream of yearly rental rates, 4,, and of the
salvage value, S,, is equal to K, i.e.

A A, A A, s, 5
R U T PRy L T Bt L T ru T B (
y s
or K — k e
° Z(l+r)’+(l+r)" ®)
=1

where r = market rate of interest.
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A, may also be defined as the yearly depreciation rate. In the foregoing for-
mulation A4, is assumed to be constant over the life of the piece of equipment.
It may be noted that such an assumption is not a realistic one since the yearly
rent should decrease as the piece of equipment gets older. However, such an
assumption is usually made since it would be extremely difficult to estimate
the true depreciation rate for each consecutive year.!

Now equation (6) may be rewritten as follows:

n

1 S,
Ko = 4, Z(l+r)‘ +(1+r)" )

t=1

1 (141
A+rf  r(+ry
=1

_ (1+r)'—1 S,
Ko =4, [ r(1+r)"]+(1+r)" ®

It can be shown 2 that

Therefore,

A, the equipment annual depreciation cost, is then

S,
B [Ko—(l+r)":|

S TR
r(l+ry
~ K, | TUE r
or =Ko [u+r)n_1] Se{ler—i ®)

! For a detailed discussion of equipment depreciation costs see McCleary er al.: Equip-
ment versus employment, op. cit., Appendix 2.

1 [ 1
SRR .l_ + e
L+r (1492 (1)

IfB=

and .M{g,..‘, = ,_,,,JAA,_‘,*_i._l.AA + e l 1 I,,
(L) (1402 (140 (L4 (L

! i | 1 1+ —1
then B [1—— =8| - = _ i _(L+n !
1+r l+l' |+l‘ (l+r)" ! (l+r)n 1

“ +'.)n—l

_‘n+lj| n__
and then B = [(l+r) =(l+r) l.
r r{l+r)"

(1+7r)
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To take a numerical example, suppose that K, = $20,000; r = 0.15; S, =
$2,000; and #n = 10 years; then

- 10
A, = 20,000 0.15 (1+0.15) ]_2’000 [( 0.15 ]

| (1+0.15)™—1 1+0.15)19—1
[0.15 (4.046) 0.15
0,000 ;(4.046)_1] 2,000 [4‘046_1] $3,387

It is important to recognise that serious errors would result if one were to divide
the portion of the price of the equipment which is depreciated ($18,000, i.e.
$20,000 — $2,000) by the life of the equipment, 10 years, in order to obtain the
annual depreciation costs. This procedure would provide depreciation costs
of $1,800 a year (i.e. $18,000+10), a substantial underestimate of the true
annual depreciation costs. The divergence between $3,887 and $1,800 is due to
the fact that the latter estimate is based on the assumption that the interest rate
is equal to zero, i.e.

_ A + Ay +___+_Ak + S,
T (140 (1+0)? (1+0)1° " (140)!°

K, 10(A,) +S,

Given that K; = $20,000 and S, = $2,000, we obtain

$20,000 = 10 (4,) + $2,000

_$20,000—$2,000

and A T

= $1,800.

Obviously, such an assumption is not tenable in any circumstarcces; therefore
the procedure must not be used when estimating annual equipment depre-
ciation costs.

Given the annual depreciation costs, A,, the hourly depreciation costs are

then
A, K r(1+r) S, r
D, ==—k=20 L e T
k H, He[(1+r)"—1] H, [(H—r)"—l] (19)

Ways of estimating the various items in equation (10) will now be described.
It was shown earlier that

where H, = the life of the piece of equipment; and

H, = the yearly utilisation rate.
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An estimate of H, may be obtained from the equipment manufacturer’s
catalogue, but such an estimate may be not very reliable: manufacturers tend to
overstate the useful life of a piece of equipment, and their estimates are generally
based on conditions (e.g. environmental conditions, equipment operators’
performance, availability of maintenance and repair facilities) that are charac-
teristic of the country where the piece of equipment is manufactured. It is
therefore recommended that H, should be estimated on the basis of an analysis
of the log books of pieces of equipment that have come to the end of their
useful life, spent entirely in the country where the road is to be built, or in a
similar country.

The average annual utilisation rate of equipment, H,, may also be estimated
on the basis of an analysis of individual equipment log books. Usually, equip-
ment log books record the number of hours during which a piece of equipment
has actually been in operation. This information may then be used in order
to estimate H, for each type of equipment k. (“Type of equipment” is defined
here as equipment capable of performing a very specific set of operations.
Pieces of equipment of various makes or models may constitute a single
equipment type.) The estimation of H, may be carried out in the following
steps. First, as many individual equipment log books as possible should be
obtained for each type of equipment. Log books of salvaged pieces of equipment
may be used along with log books of pieces of equipment still in use. The
number of years, n,, for which each piece of equipment, k, of a given type has
been in use since the equipment purchase date if the piece of equipment is still
in operation, or for which the piece of equipment has been in existence even if
it is no longer in use, should then be noted. Thirdly, for each piece of equipment
the number of hours, /,, during which the piece of equipment has actually been
used should also be noted.

The average annual utilisation rate of each type of equipment is then equal
to

==
=

Z K
H =k=l
¢ e

=5
>

where e = number of pieces of equipment of the same type included in the
analysis.

It should be noted that the procedure just described for estimating H, ensures
that all equipment idle time periods, whether the piecc of equipment is idle
while on a project or between two consecutive projects, are taken into consider-
ation in the formuiation of the hourly rental raie, C,. Given estimates of H,and
H,, one can then estimate ».
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The original price of the piece of equipment, K, should include the following
items:

(a) the sale price of locally produced equipment or the c.i.f. price of imported
equipment;

(b) customs duty, if any; and

(c¢) miscellaneous charges (handling charges, including inland transport of
equipment, and administrative charges, if any).

Estimates of these items may be obtained from local importers, foreign or local
manufacturers, and the port authority or other agencies of government.

The salvage value of the piece of equipment, S., is a function of demand
conditions. Scrapped pieces of equipment may be sold locally, or exported if
there are no local plants for the processing of such materials. Revenue from the
sale of a scrapped piece of equipment, k, is then equal to

Se= Qk'Pk

where P, = price of a ton of scrapped equipment, and

0O, = weight of the piece of equipment, in tons.

In some cases S, can also be estimated as a fraction of the capital cost of
equipment K. Such a fraction may vary between 0.05 and 0.15 depending on
the condition of the piece of equipment when it is sold.

Operating costs

Equipment operating costs, C,,, include the following cost items:
R,, the yearly maintenance and repair costs of the piece of equipment,
I, the yearly insurance costs,
T,, the cost of tyres or tracks changed during the equipment’s lifetime, and
F,, the hourly fuel and lubricant costs.
Given an equipment life of n years, and an equipment annual utilisation rate

of H,, the hourly equipment oper»*u 3 costs can be obtained from the following
relationship:

R, 1 T
L, =L e 7Y
ok H(,+He+n.H(,+F" (11)

It should be pointed out that C,, does not include operators’ costs, such costs
being estimated separately. The formulation of C, in equation (11) assumes

thai the annual cosis of all items are constant over the equipment life, but in
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reality the older the piece of equipment, the higher repair costs tend to be,
and tyres or tracks are not changed every year. Consequently, the hourly costs

R, T
of these items are not strictly equal to — + —>
H, 7 H,

cost items which takes into consideration their variability over time should not,
however, yield significantly different results. Furthermore, the data needed in
order to undertake such an estimation are usually either lacking or very
unreliable. In view of these facts it is recommended that C,, should nevertheless
be estimated on the basis of equation (11). The estimation of the individual
elements of operating costs is described below.

. An estimation of these

Maintenance and repair

Yearly maintenance and repair costs (R,) consist of four components:
labour cost, materials costs, cost of spare parts and overhead costs. Estimates
of these costs may be obtained from the following sources in ways that will be
described in the fellowing paragraphs:

(a) equipment maintenance and repair manuals;
(b) equipment maintenance and repair log books; and

(c) the expenditure of the equipment repair and maintenance workshops of the
public works department.

Equipment maintenance and repair manuals provide a description of the
maintenance and repair jobs that are required. In some cases, they also provide
yearly maintenance and repair costs as a percentage of the original equipment
price. Estimates based on data provided by manufacturers may not, however,
be accurate since they reflect conditions in industrialised countries. In particular,
wages of mechanics in developing countries may be lower than those in indus-
trialised countries, whereas the frequency of repair and maintenance may be
higher in the former countries than in the latter. Manufacturers’ data may need
to be adjusted in order to reflect conditions in the utiliser’s country.

An analysis of equipment maintenance and repair log books usually provides
a good estimate of repair and maintenance costs, provided that the data reported
in log books are fairly detailed. Whenever feasible, a number of log books
referring to the same type of equipment should be examined, so that the cost
estimates may represent average values based on a large number of observations.

Estimates of yearly repair and maintenance costs per ton of equipment can
be obtained by dividing yearly expenditures of the workshops of the public
works department by the total number of tons of equipment processed during
a one-year period. This procedure may be used only in cases where the depart-
ment’s workshops operate on a separate budget or under a separate accounting
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system. The adoption of this third estimation method requires, for a given one-
year period, the following information:

(a) number of pieces of equipment that underwent repair and maintenance,
as well as the weight of each such piece;

(b) total cost of spare parts actually used on repair jobs (a yearly inventory of
spare parts may be needed in order to obtain this type of information);

(c¢) total cost of materials used for repair and maintenance jobs;
(d) total amount of wages paid to the personnel of the workshop; and
(e) building and tools depreciation costs.

The yearly repair and maintenance costs per ton of equipment is then

R = SP+MA+DE+ WM

. : (12)
% O
k=1
where SP = cost of spare parts,
MA = cost of materials,
DE = building and tools depreciation costs,
WM == total amount of wages,
e = number of pieces of equipment processed over a one-year period,
and
Q. — weight of equipment, &, in tons.

The yearly maintenance and repair costs of a given piece of equipment & is
Rek —_— Rt" Qk

This third estimation method provides less accurate estimates of equipment
repair and maintenance costs than the second method since costs are not
strictly a function of equipment weight. It is therefore advisable to usec the
second method of evaluation whenever equipment log books are available. The
first or third methods should be regarded as stop-gap methods for use while
equipment log books are being developed.

Insurance

Yearly insurance costs (/,) vary with the type of construction equipment.
In general they are very low for pieces of equipment other than trucks and cars,
whereas insurance costs for the latter items may be high and should be taken
into consideration when estimating equipment rental rates. Insurance cost
estimates can be obtained without difficulty from insurance companies.

118



Construction costs

Tyres or tracks
Tyre or track costs over the equipment life time (7}) are as follows:
T, = S,. P,

where S, = number of sets of tyres or tracks that are needed over the lifetime of
the equipment, and

P, = price of a set of tyres or tracks.

The estimation of P, should cover the same items as are used in the estimation
of K. S, is a function of the life of tyres or tracks. Estimates for tyres or track
lives may be obtained from equipment log books o1 on the basis of interviews
with equipment operators.

Fuel and lubricants

A general formulation for fuel and lubricant costs is given by

4
Fu = 2:1 Pf.'-Qn

i
where Py, = unit price of fuel or lubricant of type i,

Q= quantity of fuel or lubricant of type i per hour, in litres or kilo-
grams per hour, and

i = type of fuel or lubricant (1 for diesel oil, 2 for petrol, 3 for
lubricating oil, 4 for grease).

Unit prices for each type of fuel or lubricant are usually readily available. These
prices should, however, be adjusted to take account of site conditions; in
particular, the unit cost of transport of these products to project sites should be
added to the unit price prevailing at the nearest public or government-operated
filling stations.

The average hourly fuel and lubricant consumption of individual pieces of
equipment is best estimated from data recorded over a long period of working
hours. If such records are not available, project evaluators may use data
provided by equipment manufacturers. Such data generally apply to new
pieces of equipment and average to favourable site conditions. Thus, data
obtained from manufacturers’ hardbooks may need to be adjusted in order to
reflect site conditions and an average equipment age.

19




Labour-intensive road construction

Hourly equipment costs

Given D; and C,, the hourly equipment costs, C,, may then be obtained
from the following relationship:

K, r(l+r)" I_ r R, I, T
H | Tr—1 l,,,+++y+F,,

l.‘e L.l’ H H
(13)

ry —ij “(L ry 11, 1, n.rxa,
This relationship could be adjusted in order to take into consideration
Varlatmnq in denrecmhnn costs. D). renair coste R tyre cocte T md fal

SERANAIY 22 WM PAERAGLIVAL V0T, ks AVpPGRl VUSWY, Iilgy LYIV VUSLY, .ly, auu 1uvl

costs, F,. It is doubtful, however, whether such adjustments will provide
estimates of Cy significantly different from those obtained from equation (13).
Furthermore, such adjustments will be warranted only if detailed and accurate
information on depreciation costs, repair costs, and tyres and fuel costs is
available. In general, such detailed information is very difficult to obtain, and
most public works departments may be forced to use the formulation of
C, provided in equation (13).

Ck = Dk+Cvk =

ANIMAL-POWERED EQUIPMENT

Animal-powered equipment includes various types of carts, ploughs, water
bowsers and scrapers that are drawn by animals. Such equipment may belong
to the public works department or may instead be rented from local farmers
who are employed on the project for wages on the understanding that they
bring thcir equipment with them. Procedures for the estimation of animal-
powered equipment should accordingly be worked out according to its owner-
ship, on the assumption that if equipment is owned by a farmer he will operate
it but that if it is owned by the public works department or a building contractor
it will be operated by unskilled labour hired on the project site.

It is unusual for the department itself to own animal-powered equipment.
However, if labour-intensive techniques are increasingly adopted, the depart-
ment tnay find it advantageous to acquire its own animal-powered equipment
for the following reasons:

(1) Animal-powered equipment owned by local farmers may not be available
during agricultural peak seasons, and this may lead to delays in construction.

(2) The department may need to design and produce special pieces of
animal-drawn equipment to be used in road construction. In that even’ it may
be advantageous in the interests of full utilisation of the equipment to have
always available, and hence own, the most appropriate type and breed of animal
as well, instead of using the beasts of the local farmers.
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(3) The number of pieces of animal-powered equipment owned by local
farmers may be lower than the number needed for road construction.

(4) The hourly cost of rented equipment may be higher than the hourly
cost of the same piece of equipment if it were produced by the department.

On the other hand, the owning of animal-powered equipment may be
disadvantageous for the puhlic works department or a contractor for the
following reasons:

(1) Since equipment drivers are often unskilled workers hired near the
project site, they may not be familiar with the driving of animal-powered

equipment, and may need to be trained. At first the productivity of these
workers may be low.

(2) The transport of animal-powered equipment from the regional depots
of the public works department to project sites may be costly and time-
consuming.

(3) Shelters for the animals must be built on the project sites. Such sheiters
would not be needed if the animals belonged to local farmers and were taken
back to their farms at the end of the day.

(4) Although the market price of animal-powered equipment rented from
farmers in return for part of their wages may be higher than that of equipment
owned and operated by the road-building agency (whether it be a public works
depariment or a contractor), the shadow price (i.e. true social price) of rented
equipment may be lower than that of equipment which the agency owns. This
will be so whenever animal-powered equipment owned by local farmers is
found to be lying idle during the agricultural slack seasons.

The project evaluator should compare the advantages and disadvantages of
ownership versus rental of animal-powered equipment in order to identify the
alternative that is socially more profitable.

Animal-powered equipment cocts may be estimated from the following

relationship:
A
(APEC); = Z f/_J P,
k
k=1

where (APEC); = costs of animal-powered equipment for operation j,

A; = number of units of output included in operation j (e.g. E
cubic metres of hauled earth),

a = number of types of animal-powered equipment that are used
in operation j (a is often equal to 1),
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Vi, = productivity in cubic or square metres per hour of animal-
powered equipment of type k used in operation j !, and

P, = hourly cost of animal-powered equipment of type k.

The estimation procedure for P, varies with the type of equipment owner-
ship. The remaining part of this section will show how to estimate P, when
animal-powered equipment is rented from local farmers and when it is owned
by the public works department.

Rented

If animal-powered equipment is rented from and operated by local farmers
employed on the project for wages, the rental cost for equipment may be
assumed to be equal to the difference between the farmer’s wage (which includes
the cost of renting the animal and the equipment) and the unskilled labour
wage. The hourly cost may therefore be estimated with the help of a survey of the
daily wages asked by the farmers. Such a survey should also provide information
with respect to the availability, types and number of items of animal-powered
equipment in various areas at various periods of the year. Such information
is vital in order to determine if such equipment is locally available in sufficient
quantities and in order to schedule the road construction properly.

Owned by the pubiic works department

The hourly cost of animal-powered equipment owned by the public works
department must cover the following cost items:

(a) capital expenditures on animal-powered equipment; and
(b) maintenance of animals and equipment.

The acquisition of animal-powered equipment (item (a)) should be regarded
as capital expenditure since the life of such equipment probably exceeds five
to six years. Cost item (a) should therefore be calculated accordingly. The
following definitions will be used in the ensuing analysis:

n = number of years of active life of a given farm animal used in road
construction,

P, = original purchase cost of the animal,

r = rate of interest,

S, = sale value of the animal when it csases to be productive (i.e. at the
end of #n years),

1 Vi is actually the method capaciiy (Chapter 3).
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H, = number of {:..urs a year during which the animal-powered equipment
is actually used on construction work,

P, = original cost of the equipment itself,

M, = annual maintenance and repair costs of the equipment, and

C; = daily feeding and maintenance costs per animal.

Transport costs of animal-powered equipment to the project site and the
cost of animal shelter construction have already been dealt with in the section
of this chapter relating to set-up and overhead costs. It is assumed that equip-
ment has a life of n years.?

The formulation of P, may be derived in the same way as the one used to
arrive at Cy, the hourly cost of engine-powered equipment. In other words, the
hourly cost of animal-powered equipment is equal to the hourly depreciation
costs of animal and equipment plus the hourly operating costs, or:

P, =D, + C.
The formulation of D, is basically the same as that of D,. If

Py =P, + P,

P, r(1+r) S r
th —-0o. 7 Y4, . 14
en a Ha (l+r)n_l Hu (l-’rr)"—l ( )
Similarly the formulation of C, is given by
M, C;.365
l. = e 1
C=H,TH, (15)
Then P, =D,+C,= Py r(i+r" S, r M, C,.365 (16)

H (+y—1 H, (I+ry=1 H,'

a

H

I order to calculate Py it is necessary to have estimates of M,, Cp, w, P,, P,,
S, H,and n.

Estimates of P, and S, should be fairly easy to obtain, P, from a survey of
market prices of farm animals and §, from local stockyards. C; includes the
cost of feed per animal and a fraction of the daily wages of the workers in
charge of the feeding and care of the animals. Therefore

a

W
C,=p,. e
r=p-Qs+ N

where p, = unit price of feed,
Q, = daily quantity of feed per animal, and

! This assumption is made in order te simplify the formulation of the hourly cost of ammal-
powered equipment, It may be dropped in case of need.
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N, = number of animals that are taken care of by a single worker
receiving a daily wage w.

P, is equal to the production costs of the piece of equipment if it is manufactured
by the public works department i.self, or its purchase price if it is produced by
local manufacturers. If information on the maintenance costs of equipment
is not available, M, may be assumed to be equal to some proportion of P,
(say 10 or 15 per cent). It is advisable, however, that such data be collected in
order to obtain reliable estimates of M, for future projects.

Interviews with local farmers can easily provide information on n, the
working life of the farm animal.

If a piece of animal-powered equipment is being fully used, H, is equal to
T(365—H,), where T is the number of working hours per day and H, the
number of non-working days per year (i.e. the weekly day of rest plus other
public holidays). The value of H, obtained from this relationship may, however,
be overestimated because animal-powered equipment may remain idle in case
of bad weather, while being transported to the project site, or when not in use
between two consecutive projects. These idle times should be estimated and
H, adjusted accordingly.

TOOLS

Whereas the cost of road construction tools such as picks, shovels and
wheelbarrows accounts for a negligible proportion of the total costs of capital-
intensive techniques, their proportion of the total costs of labour-intensive
techniques is considerable. A discrepancy between estimated tool costs and true
tool costs will therefore have a much greater effect on the total costs of labour-
intensive techniques than on those of capital-intensive ones. Overestimation
or underestimation of the cost of tools can introduce a serious bias against or
in favour of labour-intensive techniques. When comparing labour-intensive
techniques with capital-intensive ones it is therefore important to obtain a
reliable estimate of tool costs.

For a given activity j, tool costs may be obtained from the following
relationship:

t
(TO.C);= £ N,.P,
k=1

where ¢ = number of types of tools needed for operation j,

=z
|

= number of tools of type k used in operation j, and
P, = price of a tool of type k.

124




Construction costs

The total cost of tools for the road project may then be obtained by summing
up the tool costs for all operations.

N, may be estimated on the basis of the duration of operation j, and the
average life o a tool of type k, which may be obtained from field engineers.
The duration of activity j may be estimated on the basis of the bill of quantities
and the average productivity of unskilled labour.

If Z; == productivity of unskilled iabour in operation j using tools of type
k, in units of output per hour !,

A;, = output oi operation j with tools of type k (e.g. so many cubic
metres of earth excavated with picks),

L, = life of tools of type k, in working days, and
T = number of working hours per working day,
Ay
then Ny =5—"—
en “ T Zp L T

It may be noted that estimates of N, obtained from this relationship should be
adjusted upwards in order to allow for tool losses. The adjustment coefficient
may be determined on the basis of interviews with the personnel responsible for
distributing tools to the workers.

The price of tools (P,) may be obtained from local manufacturers, or from
tool-importing firms if tools are not produced locally. In the latter case, quoted
prices should include customs duties and all relevant fees. it should be noted
that tools are not regarded as fixed capital, and therefore the estimation of tool
costs does not take tool utilisation raics and interest rates into consideration.
The reason is that, in contrast to powered construction equipment, tocis have
relatively short lives which vary between five weeks and six months; they are
therefore regarded as construction materials and their cost estimated accord-
ingly. It may also be noted that tools may be repaired during their lifetime;
repair costs should therefore be estimated and added to the tool purchase costs.

1 Of purely productive time as defined in Chapter 3, i.e, excluding method time allowance.
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MAINTENANCE COSTS, USERS' COSTS
AND INDIRECT BENEFITS

A method of estimating the construction costs of a road project was
described in the previous chapter. The present chapter deals with maintenance
costs and indirect costs and benefits !, and explains in particular how some of
them can be estimated.

When a new road is built or an existing road improved, three different
effects mayv be expected:

(a) a redistribution of traffic flows between existing roads and the new road,
and the generation of new traffic flows;

(b) a transformation of the production structure of the area crossed by the
road; and

(c) social consequences linked to increased access to public facilities by the
people in the area crossed by the road.

The importance of these effects depends on the type of road project: in some
cases, they may have so little influence on the over-all profitability of the project
that they may be safely neglected in project evaluation. Each of these effects
may be translated into terms of indirect costs and benefits, as shown in table 11.

While the direct, initial road construction costs may be regarded as the
fixed capital costs of a road project, the future costs (i.e. the road users’ costs
and the road maintenance costs) may be regarded as variable costs, largely
because they are a function of the use that is made of the road (i.e. of the
composition and level of traffic flows). In this respect, therefore, investment in
a road may be assessed like an industrial investment involving both capital and
variable costs.

To take the three effects in turn, the redistribution and generation of traffic
flows resulting from the new road project leads to additional variable costs—

! Direct benefits (e.g. revenue from road tolls) will not be considered since they rarely
occur in developing countries,
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Table 11. Maintenance costs and indirect costs and benefits of road projects

Effect Maintenance costs and Maintenance costs forgone and
indirect costs indirect benefits

Redistribution and Maintenance .osts of new Lower maintenance costs of

generation of traffic flows road: (MC)y roads from which traffic is

diverted: (AMC)g
Road users’ costs of diverted
traffic using the new road Road users’ costs of diverted
(RUC)pN traffic before the new road
comes into use: (RUC)pE
Road users’ costs from newly
generated traffic (RUC)y

Transformation of the Present value of additional Present valur of the increase
production structure production costs: (DEV)c of regional output: (DEV)g
Social consequences ‘Present value of the increase Utility derived from the use of
of government expenditures nearby educational, recre-
on public facilities such as ational and health facilities:

schools, health centres, and (GE)p
vocational centres: (GE)c

(MC)y + (RUC)py 4 (RUC)y—but decreases past variable costs—(4AMC)g+
(RUC)pg. The latter, forgone costs may be regarded as benefits of the project.
Subsequent sections of this chapter will be devoted to explaining how to
estimate road users’ costs and maintenance costs in order to obtain estimates of
increases and decreases in variable costs. Secondly, some road projects may
result in a transformation of the production structure of the area crossed by
the road. This transformation may provide net indirect benefits in the amount
(DEV)g — (DEV),, that is the difference between the value of the increase in
output resulting from the road project and the production costs attached to the
same increase in output. It may not always be possible to isolate the effect
of a road project on output in the area since changes in output may be in part
the result of other concurrent investments. This problem will be dealt with
later in this chapter. Thirdly, a road project may have various social conse-
quences linked to increased access to public facilities by the people in the
area crossed by the road. In general, the associated indirect benefits are not
quantifiable: for example, no specific value can be assigned to the benefits
derived by people in the area from being able to use nearby educational, health
or recreational facilities. In other words, there is usually no market mechanism
that helps to quantify (GE)g. On the other hand (GE). usually is quantifiable,
since it is possible to estimate the additional costs attached to the increased
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use of public facilities or to the creation of new facilities as a result of the road
project.

The present chapter will focus on the first effect, and provide only a very
general methodological framework for the evaluation of developmental benefits
due to the second and third effects.! The reason for this focus is that in general,
when it comes to choosing among different possible construction technologies,
effects (b) and (c¢) may be safely neglected since their value is not usually a
function of the type of technology used (see Chapter 1).

As has also been indicated in Chapter 2 of this manual, labour-intensive
technologies are, given the present state of knowledge, recommended mainly for
low-standard roads such as those made of stabilised earth or gravel. At first
sight it might appear that the design of such roads is essentially predetermined.
In most cases the project evaluator would accordingly have to make a choice
not among a series of particular combinations of design and technology but
purely among a number of construction technologies. If only one design is
under consideration, road maintenance costs, road users’ costs and road-
induced benefits need not be taken into account for the choice of technology.?
There are, howcver, many cases in which even a low-standard road can be
built to a variety of possible designs. Since the design affects the range of
technologies that can be used, it is important in such cases to take into account

all the costs and benefits that may be affected by each design under considera-
ticn.

TRADE-OFF BETWEEN INITIAL AND FUTURE COSTS

It was shown in Chapter 1 that a project evaluator must identify the most
socially profitable design and technology version of each potential road project
since that is the version that needs to be ranked for project selection purposes.

Let it be assumed for the moment that the design and technology possibilities
for a given road project differ only with respect to construction costs and the
cc ts associated with the redistribution and generation of traffic flows (i.e.
effect (@) already referred to). In other words, the possibilities differ only with
respect to construction costs, maintenance costs and road users’ costs. In this

1 The reader may obtain additiona! information on the second and third effects from
Arnold C. Harberger: Project evaluation, Collected papers (Chicago, Markham Publishing
Co., n.d.), Ch. 6; Lionel Odier: Les intéréts économiques des travaux routiers (Paris, Editions
Eyrolles, 1963), Part II; and Herman S. van der Jak and Jan de Weille: Reappraisal of a road
project in Iran (Baltimore, Johns Hopkins Press, 1969), Ch. VIIL.

2 However, these additional costs and benefits should always be taken into consideration
when the over-all profitability of a road project is estimated.
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case the most profitable version of the project is the one that gives the lowest
total for the three costs referred to above.

As shown in Chapter 2, road construction costs are a function of road
design and road construction technology.

Road maintenance costs are partly a function of the following road design
variables:

(a) length and width;
(b) composition and thickness of the pavement; and
(c) strength of the subgrade.

Variable (@) determines the total area of road to be maintained. Variables (b)
and (c) affect the rate of road deterioration and thus partly determine the
frequency and extent of maintenance operations (i.e. the maintenance policy).
The rate of road deterioration is also affected by environmental conditions
(e.g. climate, vegetation, topography) and the volume and composition of
traffic flows.

Road users’ costs are partly a function of the following road design variables:
(a) length and width;
(b) vertical and horizontal alignment;

(c) road surface condition (e.g. roughness, rut depth, looseness of materials).

Road users’ costs are also a function of non-design variables (variables such
as actual vehicle speed—as distinct from the road design speed—vehicle type
and size, altitude and rainfall, traffic volume and composition, the driver’s
behaviour and road maintenance policy). Together these non-design variables
and the three design variables determine road users’ costs, which can be broken
down as consisting in vehicle operating costs and the value of the vehicle -
occupants’ time.

In short, road design affects road construction costs with respect to the
quantity and quality of output as well as with respect to the constraint it puts
on the range of construction technclogies that may be used: in general, as the
specified roau quaiiiy standard jmproves, the construction costs increase and
the range of technically feasible construction technologies narrows; it may not
be possible to use labour-intensive technologies for the construction of high-
standard roads. Road design also affects road maintenarce costs and road
users’ costs: in general, as the specified road quality standard improves,
maintenance costs and road users’ costs are lowered.

It may therefore be concluded that there is a trade-off between the initial,
road construction costs, on the one hand, and the sum of future costs—road
maintenance costs and road users’ costs—on the other. The task of the project
evaluator is to choose a road design that will reduce to a minimum the sum
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of initial and future costs. Since the choice of road design is as important as
the choice of construction technology, the project evaluator should investigate
vhe possibility of using different road designs.

A method of estimating road maintenance costs and road users’ costs for
the evaluation of different road designs wili now be described. Indications on
the way to estimate indirect road benefits wili also be given. Unlike indirect
costr, indirect benefits are rarely affected by road design.

MAINTENANCE COSTS

As indicated in the previous section, maintenance costs are a function of
the rate of road deterioration, the maintenance policy and the maintenance
technology. The relationship between maintenance costs and the above-
mentioned variables is analysed in greater detail in the present section.

Maintenance policy

There is to some extent a trade-off between maintenance costs and road
users’ costs: in general, the lower the maintenance costs the higher the road
users’ costs. Ideally, the maintenance policy adopted should be one that
reduces the sum of maintenance costs and road users’ costs, and therefore
social costs, to a minimum.

There are, however, two reasons for the fact that the maintenance policy
adopted is often not the optimal one. First, it is empirically difficult to determine
what the optimal maintenance policy is. Secondly, vehicle operating costs are
borne by road users, whereas the road maintenance costs are borne by the
public works department. The department’s decisions on road maintenance
are often based solely on road maintenance costs: road maintenance expenditure
is compared with investment needs for new road projects, without taking
account of road users’ costs. In such circumstances the frequency and extent of
road maintenance operations are often based on predetermined levels of road

“deterioration and on the importance of the rcad in terms of the type and
volume of traffic it carries.

The present value of costs over the life of the road is affected by the length
of the time intervals between consecutive maintenance operations, and the
cost of each successive maintenance operation, (MC);. The longer the time
intervals, the lower the total number of maintenance operations over the life
of the road, and the higher the cost of each consecutive maintenance operation.
The estimation of maintenance costs is carried out by summing consecutive
values of (MC), for a given maintenance strategy. If the goal of the public
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works department is to reduce social costs to a minimum it is necessary to
determine the optimal mainienance policy, which will reduce to a minimum the
sum of maintenance costs and road users’ costs.

Road deterioration rates

Road deterioration may take many forms, including an increase in surface
roughness, the formation of ruts and pot-holes, road cracking, and a loosening
or loss of surface material. Some aspects of road deterioration apply to all types
of roads, while others apply only to particular types: for example the loosening
and loss of surface material applies primarily to unpaved roads.

As already indicated, road deterioration is a function of environmental
conditions (notably climate, vegetation and topography), road design (including
road surface and subgrade), and the type and volume of traffic flows. For a
given set of environmental conditions and a given road design, it is necessary
to estimate levels of road deterioration and to translate these levels into main-
tenance costs.

The following is a general functional relationship which relates road de-
terioration to time and to cumulative traffic flows:

RD = f(T, CTF)

where RD = measure of road deterioration,
T = time, in months or years, and
CTF = cumulative traffic flow.

The time variable is included in the above relationship since roads deteriorate
even in the absence of traffic flows as a result of the blocking of drains and the
growth of vegetation, not to mention the possibility of severely adverse climatic
conditions, landslides or natural disasters.

Specific functional forms of the above relationship have been derived
mainly for pavements of a high standard in North America, Europe and
Australia. Some attempts have been made to derive specific functional forms
for roads of a lower standard in developing countries. Altogether, however,
little is known about the rates at which roads deteriorate, and the results of the
few existing studies ! cannot be applied to all countries and types of roads. In

1 Certain road deterioration relationships have been calculated for a number of roads
in Kenya. The study was conducted jointly by the World Bank and the Transport and Road
Research Laboratory of the United Kingdom, in co-operation with the Kenya Ministry of
Works. The study constitutes one of the very few attempts to estimate road deterioration
relationships in developing countries. See International Bank for Reconstruction and Devel-
opment, Transportation and Urban Projects Department, Transport Research Division:
Highway Design Standard Study Fhase II: Background, summary and evaluation of TRRL/
IBRD Kenya Study (mimeographed draft, 1975), subsequently cited as IBRD Highway
Design Standard Study.
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particular, there is very little information with respect to gravel and earth
roads. Generaily the public works department will have to undertake studies in
order to estimate road deterioration relationships for various environmental
conditions and road design characteristics.

Road deterioration relationships may be established on the basis of cross-
sectional analyses and experimenta! studies. Cross-sectional analyses may
provide reliable estimates of the rate of road deterioration as a function of
time and cumulative traffic flows, as well as of design and environmental
variables. The first step in such an analysis is to identify the range of environ-
mental conditions, road type and design characteristics to be investigated. The
next step is to select a sample of road sections that are representative of each
combination of environmental and design variables under study. For each
road section included in the sample, information must be obtained with respect
to—

(a) the time interval since the last maintenance operation;
(b) the cumulative traffic flows since the last maintenance operation; and
(c) the current level of deterioration of the road.

-

T e results of the cross-sectional analyses will indicate how the rate of road
deterioration varies as a function of time and cumulative traffic flows, for each
combination of environment and design that has been examined.

Road deterioration relationships may also be obtained from experimental
studies. In this case, specified flows of vehicles are driven over road sections that
are representative of the environmental conditions and design characteristics to
be investigated. At selected time intervals, measurements are made of the level
of deterioration of the road sections. In an experimental study the intervals of
observation and the traffic flows are under the control of the researcher, and
much more accurate estimates of deterioration rates can be obtained than in
cross-sectional analyses. For gravel and earth roads, results may be fairly
rapidly obtained from an experimental study. For paved roads, on the other
hand, deterioration occurs at such a slow rate that experimental studies may
not be a practical possibility.

Estimation of maintenance costs

A reliable way of estimating maintenance costs of a potential road project
would be to express road deterioration in terms of the specific maintenance
operations required to remedy it, and to cost such operations in the same way
as for road construction. For example, looseness of materials and gravel loss
could be expressed in terms of blading frequencies to be applied to gravel roads
of different designs with given traffic flows. Subsequently, each blading operation
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Table 12. Annual maintenance cost formulae in US dollars per kilometre

Type of road Formulae Continent or country
Earth 270 + (5.3 ADT) Congo 2
344 + (12 ADT) Venezuela 3
Cravel? 254 + (6.6 ADT) Africa ¢
87.5 + (3.5 ADT) Africa ¢
200 + (10 ADT) Chad *
89 + (3.5 ADT) Dahomey ¢
168 4 (24 ADT) Kenya ®
90 -+ (3.5 ADT) Nigeria ¢
300 4 (6.5 ADT) Nigeria *

262.5 + (1.75 ADT)
142 + (2.5 ADT)
372.5 + (5.2 ADT)
372.5 + (6.9 ADT)
159 + (4.3 ADT)
175 + (5.5 ADT)
1150 + (4.0 ADT)

Paved 520 + (0.48 ADT)
1219 + (0.37 ADT)

331 + (0.5 (ADT — 1,000))
2313 + (0.225 ADT)

Nigeria (North)
Swaziland *
Tanzania ¢
Tanzania 4
Togo ¢

Zambia ¢
Venezuela ?

El Salvador ?
Nicaragua ?
Niger *
Venezuela 2

1 Because it is often difficult to draw a distinct line between gravel and earth roads, some of these formulae may
apply to what are described in the present manual as earth roads. 1 Anthony Churchill, in collaboration
with Klaus Huber, Elke Meldau and Alan Walters: Road user charges in Central America, World Bank Staff
Occasional Papers No. 15 (International Bank for Reconstruction and Development, 1972), pp. 48, 52. 3 Sober-
man, op. cit., p. 56. ¢ F. Moavenzadeh: Investment strategies for developing areas: Analytic model for choice
of strategies in highway transportation (Cambridge (Massachusetts), Massachusetts Institute of Technology,
1972), pp. 79-80. & Churchill, op. cit., pp. 51-52, citing British Road Research Laboratory, East Africa Trans-
port Planning Research Unit: 4 study of road maintenance costs in Kenya (mimeographed, 1966).

ADT = Average daily traffic flow.

would be costed and the present value of maintenance coste over the life of
the road calculated. To estimate maintenance costs by this .. zithod, .oad deterio-
ration relationships must be available for each possible combination of design
and technology. In general, such relationships are not readily available, and a
number of years may be needed in order to ascertain them. In the meantime,
the project evaluator may need to obtain rough estimates of maintenance costs
from similar existing roads. Such an approach requires that main’enance
expenditure on these roads be known, as well as the dates on which it is incurred
and the average daily traffic flow. ’

It should be noted that maintenance costs are partly a function of the
maintenance technology used. There is a general tendency to use technologies
of the same type as those used in the original construction of the road. For
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example, a labour-intensive maintenance technology would generally be used
for roads built labour-intensively. This should not be the rule, however.
Maintenance differs from construction: in particular, excavation has little or
no place in maintenance; it may therefore be found profitable to use a labour-
intensive maintenance technology for a road built capital-intensively.

Some idea of the range of maintenance cost formulae arrived at in a number
of countries is given by table 12. As one would expect, maintenance costs that
are a function of average daily traffic flow tend to decrease as the construction
standard of the road improves. These maintenance formulae are purely illustra-
tive and should not be used in specific project evaluation since not only the
physical characteristics of roads but also relative input prices differ greatly
from country to country.

ROAD USERS’ COSTS

Road users’ costs include vehicle operating costs and the value of vehicle
occupants’ time. Each will be analysed in turn. It will then be shown how to
estimate total road users’ costs on the basis of the composition and volume of
traffic flows.

Vehicle operating costs

A numbers of studies ! of vehicle operating costs have been published. Most
of them are compilations of the results of separate primary research studies.
The World Bank has reviewed the existing literature on vehicle operating costs
and found them to be deficient in a number of ways. The Bank’s conclusions ?
are as follows:

Unfortunately, as fully recognised by most authorities, the existing information,
despite the vast amount of publications, is highly deficient both in terms of its com-
prehensiveness and the adequacy of the underlying data base and methodology.
This is particularly true for low-standard roads. While extensive information is
readily available on vehicle operating costs component by component, research has
generally been too limited to establish the relationship of these to road design geo-
metrics, surface design and maintenance standards.

In particular—

(i) fuel consumption and driver/passenger time savings are the only components
which have been researched in any detail; much less is known about the relationship

1 See for example de Weille, Quantification of road user savings, op. cit., and H. Hide,
S.W. Abaynayaka, 1. Sayer and R. J. Wyatt: The Kenya Road Transport Cost Study : Research

on vehicle operating costs, Transport and Road Research Laboratory Report 672 (Crowthorne,
Berkshire, 1975). .

2 IBRD Highway Design Standard Study, op. cit., p. 8.
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of other components (tyre wear, vehicle maintenance and depreciation) to decision
variables; to a great extent standard references are based on extrapolations from a
limited base using engineering judgement to infer more comprehensive results;

(ii) no research (previous to the Kenya study) has attempted to measure costs in
response to road maintenance standards and surface conditions;

(iii) the full range of vehicle types and sizes, particularly for the vehicles most common
in developing countries, have not been covered;

(iv) much of the research, particularly that for low-standard roads, was done largely
in the 1930s; changes in vehicles, tyres and fuels over the years may have altered
these relationships significantly;

(v) much of the most important primary research has relied on controlled experiments
with a very limited number of vehicles (and experimental conditions) wherein it is
difficult to simulate normal or typical driving conditions.

It seems, therefore, that most developing countries need to undertake studies
in order to determine road users’ costs relationships that apply to their partic-
ular conditions, especially in the case of low standard rural roads (gravel or
earth roads) for which very little data are available.

Vehicle operating costs comprise the following items:

a) fuel consumption costs;

(b) lubricating oil consumption costs;
(¢) vehicle maintenance costs;

(d) tyre consumption costs; and

(e) vehicle depreciation costs.

A number of relationships have been calculated which relate each of the
above cost items to various road characteristics. Of great interest is the World
Bank’s study in Kenya.! The study arrives at relationships between vehicle
speed and a number of design variables for various types of roads (e.g. paved
roads, gravel roads). Relationships between vehicle fuel consumption and
vehicle speed are also established for various types of vehicles. The study also
analyses vehicle maintenance costs, tyre consumption and vehicle depreciaticn.

Value of vehicle occupants’ time

The estimation of the value of vehicle occupant’s time is desirable but gen-
erally difficult from both the conceptual and the empirical point of view. Each
of the individual occupants may assign a different value to any given amount
of time spent travelling along a road. Such subjective evaluations would seem
to be at least as valid in principle as a uniform, professedly objective evaluation
by an economist whose values may differ quite markedly from those of most

YIBRD Highway Design Standard Study, op. cit., Annex 1.
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if not all of the occupants. This difficulty arises, for example, in relaiion to the
orinciple that a zero value should be attributed to time spent on a road outside
working hours, or by travellers who are unemployed.

Furthermore, even if it is assumed that a unit of a vehicle occupant’s time
spent travelling along a road is equal to the value of the occupant’s income
for that unit of time it remains empirically very difficult to estimate the value.
First, automatic traffic flow counters cannot be used for this purpose since it
is necessary to know the number of persons per vehicle, as well as their age
and sex, so as to determine whether they are likely to belong to the workforce,
and consequently to have incomes. Road interviewers are needed in order to
collect this type of information. Secondly, once information regarding the
number of the various categories of road users is obtained, it is necessary to
adopt values for those categories. Here again it is difficult to define a reliable
estimation method. Should one use the national average hourly wage? Should
different values of time be used for the occupants of different types of vehicles
(e.g. passenger cars, trucks, buses) ? Once again, interviews of vehicle occupants

may be needed in order to obtain a reliable estimate of the average value of
their time.!

Estimation of total road users’ costs

Once unit road users’ costs have been estimated, the present value of the
stream of road users’ costs over the life of the road may be calculated on the
basis of the composition and volume of present and future traffic flows.

Costs per unit of distance

As shown previously, the items making up the road users’ costs per unit
of distance are a function of a number of road design characteristics and en-
vironmental conditions. Road users’ costs accordingly differ from one road to
another; moreover, on any given road the variations in the vertical and hori-
zontal alignment have a substaniial effect on fuel consumption.

In order to estimate fuel consumption costs, a road should be divided into
homogeneus stretches along which fuel consumption will be constant. Vehicle
operating costs per unit of distance may then be estimated for individual
stretches and for various types of vehicle on the basis of formulations relating
fuel consumption to various aspects of road alignment.

1 No method for the valuation of vehicle occupants’ time is suggested in this manual, and

the reader is referred to de Weille, Quantification of road user savings, op. cit., and Harberger,
op. cit., Ch. 10.
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Traffic flows

Traffic flows are not identical throughout a road’s length: traffic may leave
or enter the road at different points. Traific counts should therefore be made for
the section of road between every two consecutive exit or entry points.!

There are five different types of traffic which should be taken into consid-
eration when estimating initial traffic flows (i.e. traffic flows that will occur
immediately after the completion of the road project) and future traffic flows.

Initial traffic can be regarded as consisting of two types of traffic—existing
traffic and attracted or diverted traffic. Existing traffic relates to road improve-
ment projects; since road users’ costs decrease as a result of road improvement,
traffic existing prior to road improvement can be expected to continue at the
same level once a road has been improved. Whenever it is more economical to
use the new or improved road rather than other existing facilities (e.g. other
roads, railway lines), there will be attracted or diverted traffic. The level of
diverted traffic depends partly on the geograpbical location of population and
production centres and on the extent and quality of the existing transport
network.

Future traffic comprises generated traffic, development traffic and traffic in-
creases resulting from normal traffic growth. Generated traffic is traffic that
would not have existed if a new road nad not been built or if an existing road
had not been improved. Most of the generated traffic develops v .thin the first
year or two after a new road is opened; it is associated with little or no modi-
fication of the existing production structure. Development traffic is due to
improvements in the economic situation in areas adjacent to the new road,
improvements which would not have taken place in the absence of the new
road. Unlike generated traffic, this component of future traffic continues to
develop for many years after a new road is built; it is the result of increased
land use, the development of new industries, and, in some cases, an increase
in the population of the area as a result of internal migration. Finally, normal
traffic growth is the increase in traffic volume due to a general increase in the
number and utilisation of motor vehicles. Normal traffic growth should, in
general, continue over the life of the road, levelling off once a saturation peint
is reached. At that point, the road should be widened or new roads should be
built if traffic is to be permitted to grow.

1 Although the types of traffic flows to be expected on a new or improved road will be
identified below, readers wishing to obtain information regarding the techniques for estimating
such traffic flows are advised to consult Jan G. Heggie: Transport engineering economics
(London, McGraw-Hill, 1972), Ch. 8.
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Present value

The following definitions will be used for the elements of the formulae for
estimating the present value of road users’ costs:

(FL); = fuel consumption costs per km for a vehicle of type j,
(LB); = lubricating oil consumption costs per km for a vehicle of type j,
(MC); = vehicle maintenance costs per km for a vehicle of type j,

T, = tyre consumption costs per km for a vehicle of type j,
D; = vehicle depreciation costs per km for a vehicle of type j,
5 = length, in km, of road section &,

ik = average speed of vehicle j on road section k, in km per hour,
(PT); = average hourly value of the time of occupant in a vehicle of type j,
N; = average number of occupants per vehicle of type j,

(TR); = annual two-way traffic, in number of standard vehicles, for a
venicle of type j on road section k, and
r = rate of interest.

An average vehicle operating cost per km, (VC), must first be estimated for
each of the road sections, k, characterised by a constant traffic flow (i.e. the
sections of the road between every two consecutive exit or entry points.) For
a given vehicle of type j, this gives a formula ~f the type
‘_l

k

L
+(FL), 7o - +(FL),,,j-%
'k k

where L, L,, . . . L, are stretches of road section k with constant vertical
and horizontal alignment characteristics ! such that

L1+L2...L"=Lk.

Then for a given year t and for a vehicle of type j, road users’ costs are equal to

. L
(RUC),; = 2 [(TR)jk.(VC)jk.Lk+(TR)J-,‘.—I%.NJ-.(PT)J:I
k=1 !
where s = number of road sections carrying a constant flow,k =1,2,3, . . . s.
Road users’ costs at year ¢ for all types of vehicles are then equal to
(RUC), = ) (RUC),

j=1

wheie v = number of iypes of vehicles.

11t is assumed that only fuel consumption varies from one stretch of road to another,
and that (LB);, (MC);, (Ty); and D; are therefore constant over the whole road.
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Road users’ costs vver the life of the road are therefore equal to
T

(RUC),
(1+ry

(RUC) =

t=1

where T = life of the road in years.

INDIRECT BENEFITS

In most of the developed countries indirect road benefits are related pri-
marily to the redistribution of traffic flows and only marginally to development
resulting from the transformation of the production structure of the area
crossed by the road. In other words, indirect road benefits may be regarded as
amounting to roads users’ savings and road maintenance savings. These two
types of savings constitute a large part of total road benefits, and in the evalu-
ation of a road project they may be safely assumed to account for their entirety.
This is particularly true of road improvement projects or road projects designed
to shorten the travelling distance between population centres. There are ex-
ceptions, of course, but the number of such exceptions is small in relation to
the total number of road projects implemented each year. In developing
couniries, on the other hand, a large part of the total benefits often consist of
developmental benefits; therefore in a large number of cases road users’
savings and road maintenance savings cannot be equated with total benefits
in those countries.

The significance of the developmental benefits of a road project depends on
the type of road project. It is useful in that connection to make use of the
following classification, already described in Chapter 1:

(a) road maintenance;
(b) road improvement;

(c) new roads that are primarily intended to shorten the distance, and therefore
the travelling time, between population centres;

(d) new roads that are part of wider sectoral investment projects; and

(e) “‘developmental roads”, i.e. new roads built under a gencral regional devel-
opment policy. -~

The benefits of projects of types (a) and (b) may be evaluated solely in
terms of road users’ savings and road maintenance savings.

New road projects in group (d) that are part of wider sectoral investment
projects (e.g. agricultural or mining projects) should be regarded as one of the
various investment cost, items (together with the cost of irrigation systems or

140




Maintenance and users’ costs and indirect benefits

of mining equipment in the two examples just mentioned). On such a view, it
is meaningless to assign benefits to the road projects themselves since no
benefits would accrue if the building of the roads constituted the only invest-
ment: it is therefore the over-all evaluation of the sectoral projects that should
determine whether the roads that are part of the projects will be constructed or
not. The project evaluator in the public works department is generally not
responsible for the evaluation of such projects; his involvement at the project
evaluation stage is usually limited to providing road construction cost data to
the ministry or other agency that is evaluating the sectoral project as a whole.

Road projects in group (¢) yield two types of benefits, namely road users’
savings and road maintenance savings on the one hand, and developmental
benefits on the other. In this case the developmental benefits are usually a by-
product of the road project, and of secondary importance. However, they should
be estimated since they may in some marginal cases be the decisive factor in
determining whether the project should be adopted or not.

Road projects in group (e) produce great developmental benefits, together
with road users’ savings and maintenance savings constituting a by-product of
secondary importance; such savings may be equal to zero in the case of pene-
tration roads or rural access roads. Developmental benefits are rather difficult
to estimate. The main difficulty liec in the fact that regional development is
usually the result of a number of investments in different fields, one of which is
the construction of new roads: it is difficult to isolate the effect of road projects
on regional development because in most cases such projects are implemented
concurrently with other development project relating, for example, to health
facilities, schools and irrigation. Yet, unlike new roads that are an integral
part of a sectoral investment project—case (d) above—roads built for the
purpose of regional development—case (¢)—may yield benefits without signi-
ficant additional investments. The new roads may, for example, encourage
farmers to switch from subsistence crops to cash crops, or to make greater use
of nearby health and educational facilities. These road projects should there-
fore be evaluated and ranked on their own merits, and not as part of a more
comprehensive regional investment project as suggested by some authors. If
governments are short of money, they may need to choose between a road
project and other regional development projects (relating, for example, to
schools or hospitals). It is therefore important to estimate the benefits that are
specific to road projects so that such projects may be ranked along with other
types of projects for comparison and selection purposes.

One way of estimating developmental benefits is to carry out a field study
based on a sample of production units or households, or of both. The purpose
of such a study is to determine the relationship between the distance of a sample
unit from the existing road network, market centres and public facilities on
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the one hand and such characteristics of the unit as income, proportion of land
area pianted with cash crops, proportion of land cultivated, amount of emi-
gration and frequency of members’ use of nearby public facilities on the other
hand. If meaningful results are to be obtained *, a study of this kind needs to be
based on a large sample of households or production units.

It should be pointed out that developmental benefits should be estimated net
of costs (i.e. investment costs, (DEV). + (GE), in addition to road capital
and variable costs); otherwise the profitability of the new road project will be
overstated.

EFFECT OF ROAD CONSTRUCTION TECHNOLCGY
ON FUTURE COSTS AND BENEFITS

In cases in which a road design is chosen and a choice is then made among
possible construction technologies, the effect of choice of technology on road
users’ costs, road maintenance costs and road benefits is extremely slight. In
fact the only possible effect of the construction technology is tnat relating to
the rate of road deterioration, and the extent of such an effect will, in general,
be marginal: for any given maintenance policy, the technology chosen will
entail maintenance costs that will differ only slightly from those attached to
other technologies. Since it would be extremely difficult to estimate, empirically,
the extent of any differences in maintenance costs resulting from differences in
construction technologies, it may be necessary to assume that road mainte-
nance costs are not affected by the choice of construction technology at all.

On the other hand, in cases in which a choice is made among possible
combinations of design and technology, road users’ costs and road mainte-
nance costs are affected in the ways described in this chapter. Road benefits
are not much affected by the choice of any particular combination of design
and technology unless variations in design significantly alter the routing of the
road, and consequently its area of influence. Such cases are infrequent.

1 Special statistical techniques may also have to be used if the effect of new roads on
regional development is to be isolated. Readers interested in the problem of estimating
developmental benefits of new roads may refer to Harberger, op. cit., Ch. 10; Odier: Les
intéréts économiques des travaux routiers, op. cit.; and A, R. Prest: Transport economics
in developing countries (London, Weidenfeld and Nicholson, 1969).
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EVALUATION OF ALTERNATIVE
TECHNOLOGIES AT MARKET PRICES

This chapter will show how to identify the most appropriate construction
technology for a given road by means of a cost-benefit analysis based on market
prices. It should be noted that market prices may not reflect the true social
value of project inputs and outputs, and may cnerefore need to be adjusted if
the true social profitability of a project is to be estimated. In other words,
project evaluation may need to be based on “shadow” or “accounting” prices
instead of market prices. The present chapter is an introduction to the procedure
of cost-benefit analysis, as carried out on the basis of market prices. The
estimation of accounting prices and their incorporation into the analysis will
be described in the next chapter.

There are a number of reasons for beginning with the use of market prices
in the evaluation of construction technologies. The most important is that in
some cases it is not necessary to use accounting prices even if market prices are
distorted. Such cases arise when it is found that the more labour-intensive of
two alternative technologies is also the one that is less costly at market prices.
In those circumstances the use of accounting prices would do no more than
underline the social profitability of the labour-intensive technology. The follow-
ing example will clarify this point. Let it be assumed that the differences
between two construction technologies are limited to the number of man-hours
and equipment hours needed to build a given road, the amount of materials
being the same for both technologies. If both technologies are technically
efficient 1, then

my; > m, and hy < h,

where m; = number of man-hours used in the labour-intensive technology,
m, = number of man-hours used in the capital-intensive technology,

1 A technology is technically efficient if it does not require more of both man-hours
and equipment-hours than any other existing technology.
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h, = number of equipment-hours used in the labour-intensive techno-
logy, and

#, = number of equipment-hours used in the capital-intensive techno-
logy.

Using the following definitions:

w, = hourly market wage rate,
w, = hourly shadow wage rate,
R,, = hourly market rental rate for equipment,
R, = hourly shadow rental rate for equipraent, and
M,,, M, = cost of materials at market prices and at shadow prices,

let it now be assumed that

m; .w,+h,.R,+ M, <my.w,+h,.R,,+M,
or my.w,+h;.R,<my.w,+h,.R, amn

or, to put it differently, that the labous-iatensive technology is less costly at
market prices. It will be shown in the next chapter that in most developing
countries the shadow wage rate is lower than the market wage rate (i.e. wy < wy,),
and that the shadow equipment rental rate is higher than the market equipment
reatal rate (i.e. R, > R,,). Relationship (17) therefore yields the following
relationship:

m,.w,+h, .Ry<my.w+h, R (18)

Thus, when it is known that w,, > w,and R, < R,, it is not necessary to evaluate
construction technologies at shadow prices if it is established that the more
labour-intensive technology is also the less costly one at market prices. It
should be pointed out, however, that the argument outlined above does not
always apply when a road project is financed through a foreign loan or grant.
That case will be discussed in the following chapter.

There are a number of other reasons for using market prices in project
evaluation. First, a government may prefer to use market prices if it is not
fully convinced of the appropriateness of using shadow prices. Secondly,
estimates for parameters needed to compute shadow prices may not always
be available at the time when projects are being evaluated, and projects may
then have to be evaluated at market prices while steps are taken to obtain
estimates of the parameters. It should be pointed out that a cost-benefit
analysis always takes into consideration indirect cost and benefit items (such
as road users’ costs and road benefits) that do not enter into a purely financial
analysis of projects. Thus even when market prices are used a cost-benefit
analysis yields a measure of the social profitability of projects, as distinct from
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their private profitability. The use of shadow prices merely permits a more
accurate estimate of the social profitability.

RECOMMENDED CRITERIA

Ranking of projects is not a simple matter: there are a number of different
criteria by which they may be ranked, and those criteria do not always yield
concurrent rankings; it is therefore important to adopt the criterion that will
provide the most valid ranking in a particular case. A number of ranking
criteria will now be described and their individual merits and drawbacks
discussed.

Net present value

Let it be supposed that the life of a project is n years, and that the project
yields a stream of yearly benefits

By, B, By ... B

as well as a stream of yearly costs
C,CyCy ... C,
The stream of yearly net benefits is therefore
(B; — C1), (B, — C3), (B; — C3) ... (B, — C).
The net present value (NPV) of the project is then

(B;—C;)  (B,—C;) (B3—Cy) +(Bn_cn)
(1+r)  (L+r))2  (A+r) 77 (A+r)

(19)

where r is the discount rate.

The value of r may fluctuate from year to year. If it does not, or if an average
value of r is used, equation (19) becomes

- (Bi_ Ci)

d+r)
i=1

(20)

Benefit-cost ratio

A second ranking criterion, the benefit-cost ratio or ratio of the present value
of the stream of project net benefits over the present value of the stream of
project costs, is obtained from the following relationship:
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- (B-C) | = (C)
(1+r)i / (1+r)i

i=1 i=1

(21)

The following example will show in what sort of cases the benefit-cost ratio
is a better criterion than net present value, or vice-versa. Let it be supposed that
a government department needs to rank projects A to G. Let it also be supposed
that the projects are ranked according to their respective net present values and
benefit-cost ratios, as shown in table 13.

It can be readily seen from the table that, with the exception of project C,
projects are ranked differently according to the ranking criterionn adopted.
The choices made will differ if there is a budgetary coustraint of, for example,
1,000 monetary units. According to ranking K;, the budget should be spent on
projects A and B, the sum of the corresponding net present values being equal
to 800 (500 + 300). On the other hand, according to ranking R,, the budget
should be spent on projects G, F, A, Cand D (100 4 100 4 500 +- 200 4 100 =
1,000), the sum of the corresponding net present values being equal to 1,045
(156 + 120 + 500 + 200 + 75). Therefore, the R, ranking is preferable since
for the same amount of money, projects adopted under R, provide a higher net
present value than projects adopted under R;.

Let it now be supposed that there is a budgetary constraint of 600 monetary
units and that it has been decided to spend the full amount. According to
ranking R,, the budget should be spent on projects A and G since other
combinations of projects are either less profitable or do not use up the full
budget. In this case the sum of the net present values is equal to 650. According
to ranking R,, the budget should be spent on projects G, F, C and E, with the
sum of the net present values being equal to 570. (Project A was skipped because
its cost, added to those of G and F, would have exceeded the budget constraint.)
In this case the R, ranking provides a better choice of projects than the R,
ranking. The general conclusion to be derived from this example is that the
benefit-cost ratio should be used whenever it is not necessary to skip projects
in order to match the budget amount to the sum of the costs of selected projects.
On the other hand, if skipping of projects is needed, it may be necessary to
rank projects according to each criterion and select the combination that yields
the highest total net present value under R; or R,.

There is one main drawback to the use of these two criteria. The value of
the discount rate r may not be accurate: as stated earlier, it may fluctuate from
year to year, and a forecast of such fluctuations may be impossible. Further-
more, it is usually difficult to specify accurately the discount rate to be used.
Should the government use a discount rate higher or lower than a specified
market rate? This is a very difficult question indeed, since market rates tend to
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Table 13. Ranking of a hypothetical set of projects by net present value and benefit-cost

ratio
. - C S B = (Bi—Cy) S (Bi~C) [« G
Project Ty Z(1+r)i T Ry L+ /Z(l +r) R
i=1 i=1 i=1 i=1 i=1
(1) 2) (&)} (C)] &) ©6) Q)
A 500 1000 500 1 1.00 3
B 500 800 300 2 0.60 6
C 200 400 200 3 1.00 3
D 100 175 75 7 0.75 5
E 200 300 100 6 0.50 7
F 100 220 120 5 1.20 2
G 100 250 150 4 1.50 1

Key: Column (2) gives the present value of the stream of costs for each project, and column (3) the present value
of the stream of benefits. Column (4) provides the net present value of each project, vielding the ranking R; in
column (5). Column (6) provides the benefit-cost ratio of each project, yielding the ranking Rz in column (7).

be distorted by imperfections of the capital market. If the wrong discount rate
is used in project evaluation, some of the projects that are selected may in
reality be less profitable than some projects that are rejected. In view of that
drawback, a number of economists have shown some preference for another

criterion, the internal rate of return, for the calculation of which no specific
discount rate needs to be used.

internal rate of return

To assess net present values and benefit-cost ratios, a discount rate must be
specified. However, the discount rate can also be regarded as an unknown. In
that case projects are ranked according to the value of the discount rate that
equates the present value of the stream of benefits to the present value of the
stream of costs, that is the discount rate that equates the net present value of
individual projects to zero: such a discount rate is called the internal rate of
return. For example, let it be supposed that the life of a given project is one
year, that total project costs (100) are incurred on the first day of the year,
and that total project benefits (120) are achieved on the last day of the year.
Since the costs are incurred on the first day of the year, the present value of

120
costs is equal to 100. The present value of benefits is equal to T2 where

1 This subject will be dealt with in more detail in the next chapter in connection with
the sccial discount rate.
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p = internal rate of return. The value of p that equates the present value of
project costs to the present value of project benefits is obtained by the solution
of the following equation:

120
100 = —.
I+p
From the above, we obtain p = 0.2, or 20 per cent. In this example the internal
rate of return of the project, p, is equal to 20 per cent.
Formally, the internal rate of return of a project, p, is obtained by the
solving of the following equation:

B‘-—Ci _
(L+p)

(22)
i=1
where B; and C; are respectively the benefits and costs at year i.

The solving of equation (22) is not easy when 7 is large (i.e. n > 4); when it
is, a good desk calculator may be needed. In general, however, the method used
to find p is one of trial and error.

The internal rate of return p should be regarded as the average discount rate
over the life of the project, as in the following example. Let it be supposed that
the life of a project is two years and that the net benefit stream is as follows:

—100 (first day, or year 0),
60 (end of year 1),
72 (end of year 2).

The internal rate of return p is obtained by solving the equation

60 72

The value of p is found to be 0.2, which yields the following equation:

60 72
— 100+1—2+W = 0.

However, the discount rate at year 1 may differ from the rate at year 2. For
example, the rate could be 50 per cent the first year and 9.545 per cent the second
year, yielding the following equation:
60 72
—100+—+—+——=5=0
151 109545y
In this example the 20 per cent internal rate of return is a weighted
average of the successive rates of 50 and 9.545 per cent; other combinations
of discount rates could be found that would also yield a weighted average
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of 20 per cent. In other words, the value of p should be regarded as a
weighted average of the (unknown) discount rates applying each year.

If a number of potential projects are under consideration, they may be
ranked according to their internal rate of return, and the higher-ranking ones
selected up to the point at which the budget is fully exhausted.

The main advantage of this criterion is that the internal rate of return can
be calculated on the basis of project data alone, there being no need to estimate
the opportunity cost of capital. Another advantage is that this criterion allows
the government to compare the profitability of public investment projects
with the profitability of projects in the private sector. It is conceivable that a
government would refrain from investing in some public projects with low
internal rates of return, even if such a course of action were to result in incom-
plete utilisation of the available funds.

As a criterion of choice, however, the internal rate of return has two main
defects. First, there are projects for which it is not possible to determine a
unique value for that rate, as may be seen from the following example. Let
it be supposed that a given project produces the following net benefit stream:

— 4,500 (year 0),
10,000 (end of year 1),
— 5,500 (end of year 2).

Then the following two equations may be established:

10,000 5,500
L4500+ 22
a0 (149
and 10,000 5,500
— 4,500+ —— ’

- = 0.
(1+0.2222) (1+0.2222)

There are thus two possible internal rates of return for the project, namely
zero and 22.22 per cent.

In general a project will have multiple internal rates of return if the sign of
the stream of net benefits changes more than once. Yearly net benefits may,
for example, exhibit the time profile depicted in figure 47. That profile could
apply to a road needing to be rehabilitated six years after being built, so that it
would yield negative net benefits during the first and seventh years. In such cases
it may not be possible to obtain a unique estimate of the internal rate of return.

Another defect of that criterion appears when it comes to evaluating a
variety of projects designed to meet the same requirements (e.g. when a road
may be built by any of several construction techniques). In that case the use
of the internal rate of return as a criterion of choice may not lead to the adop-
tion of the most profitable project, as may be seen from the following example.
Let it be supposed that a number of potential projects are ranked according to
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Figure 47. Example of time profile for yearly net benefits of a road-building project
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their internal rate of return and that the last project that can be included
within the budgetary limits has a raie of 10 per cent. That percentage repre-
sents the appropriate onrortunity cost of capital (i.e. the appropriate discount
rate). Hence the net present value of all projects should be recalculated on the
basis of that rate. Let it now be supposed that version A of a road project
with an internal rate of return of 20 per cent is adopted, while the alternative B,
with a rate of 15 per cent, is not.! If, however, A and B are re-evaluated at the
appropriate discount rate, 10 per cent, B may be found more profitable than
alternative A. Let it be supposed that A and B show the following net benefit

streams:
A B
(IRR = 20 per cent) (IRR = 15 per cent)
—2,000 —2,000
1,000 100
1,200 300
3393 2,564.7

It may be noted that the initial investment cost is the same for both A and B,
| namely 2,000 monetary units. Since the last adopted project has an internal
rate of return of 10 per cent, the adoption of A rather than B does not affect
the adoption of other projects with an internal rate of return higher than
10 per cent.

1 Since A and B are alternatives to each other, only one of them (A, which has a higher
internal rate of return than B) is included in the ranking. Thus, adoption of A implies rejection
of B,
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The net present value of A when discounted at 10 per cent is equal to

1,000 1,200 339.3

—200+ 3+ EnrtEay

= 155.7,

whereas the net present value of B when discounted at 10 per cent is equal to

100 300 2,564.7
—2,000 2021 _ 265.7.
W0+ +ayt - 207

Version B should therefore have been adopted instead of A. In this case the
criterion of the internal rate of return leads to the adoption of the less profitable
alternative.

It is therefore recommended that projects s