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ABSTRACT

ANALYSTIS' OF INVESTMENT STRATEGIES IN
HIGHWAY CONSTRUCTION FOR LOW VOLUME ROADS

by
THOMAS EDWARD PARODY

Submitted to the Devartment of Civil Engineering on (May 12,
1972) in partial fulfillment of the requirements for the
degree of Master of Science in Civil Engineering.

The lack of adequate transvortation facilities is a
common factor associated with the rate of develoovment in
emerging countries. At the same time, investments in trans-
portation and communications make up a relatively learge per-
centage of a developing country's scarce allotment of vublic
expenditures. As a consequence, it is extremely important
that these countries make the most efficient use of these
limited funds. One way this can be done is by employing
quantitative comrarative evaluation technicues.

By using certain economic terms such as the notion of
the production function, this thesls established a framework
that can sssist the planner in determining the “ortimal"
combination of innutsi that is, the best road design and
malinrntenance policies for a given set of conditions. 1In
particular, the process used concentrates on finding the
best tradeoff among construction, maintenance and vehicle
operating costs.

Using a case study from Argentina, a framework and a
set of tradeoff rrocedures are outlimed. A computer simula-
tion model (the Highway Cost Model) used in conjunction with
the case study 1llustrates that decislons and policies can
successfully be determined based on this plan of successive
tradeoff analyses.

As developing countries tyvically have an abundance of
unskilled labor, this thesis also examines the tradeoffs
between labor and capital intensive techniques for roadway
maintenance. To illustrate how the results of this analysis



devend on local conditions, a second case study from Bolivia
was used. The analyses show that in both cases, cavital
intensive technigues are less costly than labhor intensive
technigques; althcurh the intensity of maintenance to be
performed differed.

Thesis Supervisor: Fred Moavenzadeh

Title: ' Professor of Civil Engineering
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CHAPTER 1
INTRODUCTION

1,1 Transportation and its Role in Development

The shortage of adequate transportation facilities is
& common factor associated with the lack of development of
emérging countries. Moreover, transportation is generally
thought to be one of the most important factors contributing
to the growth of developing nations. In most developing
nations, the proportion of total public expenditures devoted
to transportation and communications generally ranges between
20 and 40 percent (1, 2, 3). Similar expenditures in the
developed countries are around 10 to 15 percent of thelr
soclial investment.

The desire or need to provide transportation facilities
is commonly termed a ®"derived demand". That is, transpor-
vtat;on facilities provide a form of infrastructure, a means
to othér ends, rather than servings themselves as productive
resources. In other words, relatively few trips are taken
for their own sake, rather trips are“usually intermediate
goods which are jJointly demanded with other economic goods
(@). This is exceptionally true in developing countries
where adequate transportation facilitles provide other
needed or desired objectives such as the ability to: market

agricultural commodities, provide access to new land

-1 3-



development, assist in the development of industry, expand
trade, and increase health and educationai programs (5).
Consequently, tranéportation can be considered as the
foundation from which all other forms of development emanates.
In this aspect, the following statement typifies the belief 7
held by many: "The one sure generalization that can be

made about the underdeveloped countries is that investments

in transport and communications is a vital factor" influ-
 encing its subsequent development (6).

As transportation facilities require a relatively
large investment, they become very important absorbers of
a developing nation's scarce resources. Therefore, any
misdirected investments in this sector could have a serious
impact on a country's total economy. Furthermore, much of
the investment in transport is large, 1nd1visiblé, and long
lasting; hense, it can tile u§ vast amounts of resources for
' 1ong}periods of time(2). The importance, then, of accurate
and thorough economic analyses of future transportation
investments should be stressed and underscored.

Possibly a more convincing argument for concentrating
on traﬁsportatiqn is the frequent claim that, at least in
the early stages of development, transportation is the key
"take-of f* which will directly affect all other forms of

development (i.e. agriculture, industry, education, etc.).

llfm



At the least, it is felt that inadequate transportation can
surely serve to ligif or restrain growth (7). |

However, there is aléo a generally held belief that to
be completely successfui, transport development must be
part of a series of changes, both social and political in
nature (8, ‘9). This supposition is especlally true when
there exists considerable doubt as to the economic worth or
value of a new transport facility. In cases like these, 1t
is realized that non-economic concerns such as social and
political factors are Just as ilmportant to development as
economic considerations. Consequently if better economic
anal&ses can be performed by,employing some of the techni-
ques presented and 1llustrated in this thesis, 1t will allow
planners an opportunity to make improved, more responsive

decisions in terms of these social and political factors.

- 1,2 Scarcity of Resources

Most underdeveloped countries have factor endowments
that differ significantly from those of more highly devel=-
oped economies, notably with redpect~to the relative scar-
city of capital and skilled labor and the relative abuhdance
of unskilled labor.

As an example of the shortage of capital experienced
by underdeveloped countries, the poorest countries of the

world comprize roughly two-thirds of its population, but
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have to manage with one-sixth of its income, While on the
other hand, the weglﬁhiest countries have among themselves
one-sixth of the populatidn, but control approximately two-
thirds of the worlds' 1hcome (10). The former countries
have little surplus for investment, yet such investment is
essential to their economic and social development. More
specifically, the prime requirements for economic and soclial
development are an adequate and properly organized flow of

- foreign and international caplital. Therefore, due to the
scarcity of their own capital, developing countries place
heavy reliance on foreign loans or grants to help provide
the éapital investment necessary to achieve the desired rate
of growth.

Presently, therg is an increasing tendency among inter-
national lending agencies (eg. The International Bank for
Reconstruction and Development, Agency for International
Development, The Organization for Economic Co-Operation and
Development, Inter-American Development Bank, etc.) to
direct their assistance toward nations which are maklng a
maximum effort to help themselvés by pursuing carefully
researched development programs (11).

' Most of the assistance offered by these agencies, a
substanoial portion of which is allocated to highway pro-
grams, is in the form of loans which must be repaid. The

interest rate charged on these loans is usually related to

16~



the rate the banks have to raise from loans it itself
obtains.

Since developing countries have limited funds for devel-
opment, it is desireable, if not imperative to gather in-
formation concerning the performgnce of alternative invest-
ment strategies not only at the policy level but at the
project level as well. This information would thus aid
decision makers in their efforts to maximize the impact of
limited development funds (12). In addition, if 1t cen be
made easler, faster, and less costly to evaluate the costs
and service behavior of highway transportation projects, a
larger set of alternatives can be investigated. Thus, with
the advent of these techniques, it would be possible to
either: a) construct or improve a larger section of the
transportation network system with the same amount of
investment funds as before, or b) réturn the money saved to
the general fuhd which could then be re-allocated for
invéstments 1nvhospitals, schools, industry, etc. 1In both
cases & larger contribution can be made to the economic

development of a country. . -

1.3 Common Labors An Abundant Resource

In planning construction and future maintenance pro=-
jects, planners and engineers are faced with a cholce of

techniques involving different combinations of labor and
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capital inputs. Depgnding upon the exact techniques used,
there may be wide vafiations in the labor force employed.

The choice of labor or capital intensive techniques
may be affected by certain considerations of economic and
social policy. In many underdeveloped countries there
exists a chronic labor}surplus in the form of large groups
of unemployed or under-employed unskilled laborers while
at the same time there are scarcities of capital resources
due to the well-known structural 1mbalénce in factor endow=-
ment of most of these economies (13). For example, the
capital involved in the labor intensive methods 1s very
sligﬁt and the foreign exchange requlrements may be very
low. The bulldozer, on the other hand, represents a large
concentration of capital and almost certainly this capital
will be requifed in the form of hard foreign currency
which will certainly be in short supply and may not be
available at all (14).

One can argue that under the circumstances it is proper
for these countries to undertake large engineering projects
using labor-intensive techniques, which are not necessarily

based on considerations of comparative cost, provided of

course that they are consistent with technological require-
ments. This would release scarce foreign exchange to
import capital equipment for industries in which no such

possibilities of labor substitution exist.
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in terms of the relationship between technological
requiremehts and 1ab6r, specifically unskilled labor, one
recent study corcludes (15) that the employment potentilal
for unskilled labor in road construction is considerable
compared to that in other industries. In particular, based
on an examination of the list of baslic activities performed
for road designs of high quality, the study determined that
it is technically feasible to carry out 80 to 90 percent of
the basic construction activities strictly by the use of
labbr. In addition, if the standards are relaxed to an
intermediate quality, labor can be substituted for about
85 to 98 percent of total road construction cost.

The study further states that the vast majority of
common labor that could be employed to replace equipment-
would require little skill to master the use of hand tools
involved in basic construction activities. In other words,
'unskilled labor can be employed with little if any indoc-
triﬁation or "class room" training in highway projects and
that the training that 1is necessary can be completed very
quickly "on the job". - S

As a consequence of using labor intensive techniques,
the number of highly skilled workers normally needed to
operate caplital-equipment intensive techniques is reduced.
Therefore the problem of training sufficient mechanics to
service equipment will be eased by the change to labor

intensive methodse.



Since labor intensive technigues in roadway construction
and maintenance are feasible from a technical point of view,
they may bve Justified or designed as outright "make work"
measures for unemployment relief. Naturally, if there 1s
no such chronic labor surplus a sudden massive increase 1in
the demand for labor in large scale engineering projects of
a few years' duration would result in a major disturbance of
the labor market (13).

It is generally‘favored that when excess labor exists,
devéloping'countries should use labor intensive methods for
construction and maihtenance of transportation systems when-
ever possible. Under-employment or disguised unemployment
of labor in emerging countries is often held to be a ma jor
hindrance to advancement. With a transportation investment
program designed to maximize the use of labor intensive
methods, some of the surplus labor dould be diverted into
"Jocal road construction and maintenance projects. Labor
inténsive'techniques for maintaining roads have proven to
be effective over a long history and should not be dis-
missed as ineffective when compared to modern machine
methods (16).

In addition to providing jobs for great numbers of
férmally totally unproductive workers, there are other
benefits accruing from labor intensive methods. For

example, in an underdeveloped country, for a given volume



of employment, labor intensive techniques and combinatlons
of labor and capital intensive techniques will giﬁe a larger
volume of producers and consumers goods in comparison to
capltal'intensive techniques. Thus, through what is called
"income distribution™, this pool of rural labor can be

taken from a "barter® into a cash economy, thereby estab-
lishing a more suitable domestic market for the developing
industrial sector. The point to be made is that, in general
the larger the number of persons employed, the broader will
be the resulting distribution of income. Conversely, the
higher the degree of capital intensiveness of a production
procéss, the narrower will tend to be the distribution of
income, at least in a "capitalist economy” (17).

Another basis for using labor intensive techniques, is
that human capital can be developed and improved through
its employment, so that as the need for skilled labor
increases, gradual shifté to less labor intensive construc-
tion ahd maintenance of the rural road network could release
gkilled® or "experienced"™ workers for the urban industry.
This analogy is only partially true for machinery.

The objective therefore, of any unemployment rellef
séheme should be to try to create more jobs for unskilled
laborers without significantly increasing costs. Even 1if
extra overall costs are unavoidable, the reduction in the

foreign exchange component might justify some additional



expenditures on overall economic grounds (18).*

In either case, the process should be flexible so that
the overall pfograﬁ can be progressively converted in
stages to a more capital intensive process (assuming that it
15 in fact more desireable or cheaper). As development
proceeds and capital i1s accumulated it will be possible and
desireable to provide each worker with more capital equipment
thus raising his productivity and total output of the
developmental unit.

The research study mentioned above by Harrell (15),
suggests that the only way to obtain reliable information
sufficiently detailed to permit study of the substitution
problem (i.e. labor for equipment) is through direct field
observation of on-going construction and maintenance projects.
Therefore the only conclusion that can be ventured is that
specific physical, economic, and sociél environmental face
‘tors are so important that a case by case analysis is re-

quiréd'to determine the optimal mix.

1.4 Thesis Objectives

This thesis w;ll concentrate specifically on the

analysis, at the project level, of single highway links

*The labor-capital tradeoffs presented in Chapter 4 will
1llustrate how a planner can evaluate this exact 1issue.
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within the larger transportation network in developing
countries. It is thus assumed that the particular link
under study is a désireable part of the entire network.
Furthermore, it is assumed that the investment in the
transportation project is preferred to 1n§estments in
hospitals, schools, housing, or other similar areas.

Analysis at the project level is concerned with selec-
ting the particular physical design features, operating,
maintenance, and renewal policies for a road in response
to’the estimation of various factors such as climate,
terrain, demand, prices, productivities; and in general,
subjéct to the availability or constraints of resources.
The previous sections have established that emerging
countries are confronted with the following “constraints®:
1) scarce capital resources, 2) low foreign exchange re-
serves, and 3) an abundance of unskilled labor. Conse-
quently, any course of action which examines the problems
at ﬁhe project level should explicitly take these l1lssues
or constraints into consideration.

Oné way to do this, which ¥n resent years has gained
considerably in acceptance, is to develop detailed quan-
titative techniques for the economic evaluation of alter-
native investment strateglies. These techniqgues wili enable
roed engineers to prepare better, more economically efficient

programs for road construction and maintenance (19). The
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result of improved economic analyses are also necessary so
that better decisioné will evolve based on non-economic
factors.

Present manual methods of evaluating alternative
investment strategies (eg. the "technical feasibility
study") are time consuming, so that one cannot hope to
complete more than a handful of projects each year. There=-
fore, in the past is has not been feasible from a point of
view of both time and cost to undertake evaluation of
large numbers of projects. Thus, the chance that the "best"
projects are being considered are very much diminished.

‘Based on the issues discussed above, the objective of
the research reported in this thesis will be to establish
a framework which will:

1) Assist planners at the project level in the initial
design and decision phases.of transportation plan-
ning, especially in terms of future maintenance
policies,

2) Lower planning costs by evaluating both quickly
and cheaply tradeoffs between various policles and
costs, and

3) Asess the consequences in terms of costs both
local and foreign of using various labor or capital

intensive techniques for roadway maintenance.,



1.5 Method of Approach

The framework for evaluéting alternative policies will
be tested using‘a computer simulation model which estimates
construction, maintenance, and vehicle operating costs
based on various input information about the roadway.
Chapter 2 describes the essential aspects of the model (The
Highway Cost Model) which was developed to aid the highway
planner in the comﬁaritive evaluation of policies and
projects (20).

In the selection of alternative projects many eriteria
and measures of effectiveness are usually considered.
Typilcally, transport planners in different areas may have
different goals and different constraints. For example, if
the ecbnomy of an area is to be developed, planners might’
not hesitate to spend large quantities of money for con-
struction and maintenance to keep operating costs as low as
possible., If, on tﬁe other hand, road transport is to be
discouraged in a certain corridor, in the interest of a
balanced transportation system, planners might decide not
to spend the required sums of money for highway maintenance.
In addition, if fhe resources available for maintenance are
very limited, a maintenance organization might decide to
upkeep only the most important highways under its jurisdic-

tion and let the others wait until later years for mainte-
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nance or reconstruction. Basically, therefore, the analyst
decides whether total costs (the sum of construction, main-
tenancé, and vehicle operating cost) are to be minimized or
whether maintenance or user cost are to be kept below a
certain amount.

Although in certain instances it may be desireable to
minimize one component of total cost, the measure of effec=-
tiveness used in the following analyses will be to minimize
the total discounted sum of construction, maintehance, and
vehicle operating cost.

Bauman and Winch (21, 22) have shown® that the best
tradeoff between the choice of minimizing highway cost or
minimizing user costs is to minimize total transport costs.
Highway césts are the sum. of construction and future
maintenance cost. | .

This theory of "optimization" is depicted in Figure 1-1,
As the road is improved, the total ammual highway costs
increase while the total annual user costs decrease., The
total annual transport cost curve is obtained by adding the
annual ﬁser and highway cost curves. As Figure l-1 illus=-
trates, it 1is possible to select a certain road improvement

schedule which will minimize total annual transport cost (21).

'*The analysis assumes a single road with constant traffilc
volume and an absense of any single cost constraint.
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Although the curves shown are for a vefy generalized and
oversimplified situation, they do underline the basic
theory behind total cost as a measure of effectiveness.

In summary, the advantages of using total discounted
cost as the measuré of effectiveness is that it will result
in the optimal, long-run allocation of funding among cone-
'struction, maintenance, and vehicle operating cost. How=-
ever, othér measures of effectiveness may in fact be more
desireable than minimizing least total cost. For example,
as'mentioned above, it may be betyer tq spend more money
than is hormally necessary in construction and maintenance
s0 that vehlcle operating costs will be as low as possible.
Also, there may be constraints in the amount of funds
available for construction which would not allow a road to
be built to the initial quality necessary to keep operating
coste low. In general, 1if there are constraints on the
‘maximum amount of resources which can be expended on any
one>or'the individual cost components, it may not then be
possible to construct or maintain the road to the level
anticipated using total discounted cest as a criterion.

The point has been made above that since developing
countries have limited funds for development, decision
makers should exert a strong effort to maximize the impact
of these constrained funds. One way to accomplish this,

at the project level, 1s to test or simulate various design
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‘decisions end maintenance policies untll‘one'set which
appears optimal is found. Unless a framework of orderly
procedures 1is folléwed, this trial and error approach
would be quite time consuming and costly.

Chapter 3 therefore outlines and illustrates a proce-
dure whereby through the use of tradeoff analyses, various
policy and design decisions can be simulated in an attempt
to find that set of "optimal® or "desireable" policies.

It was further established that most developing
countries have an abundance of‘cheap and unemployed labor
but seriously lack foreign exchange reserves. It fo;lows
therefore that labor intensive techniques might be preferred
either economically or otherwise over the use of capital
intensive techniques. That is, one would surely use labor
intensive techniques 1r'they were cheaper and might be
willing to use them anyway if they were not overly expensive,
In either case, in examining the substitution problem, it
was previously determined that a case by case analysis
should be performed.

Chapter 4 1llustrates how the Highway Cost Model can
be used to examine the economic consequences (i.e. in terms
of both total cost and foreign exchange) of various labor

or capital intensive techniques for roadway maintenance, .
To insure a more realistic comparison of various road

investment strategies, a prototypical, but actual case study




was used in the analyses presented in Chapters 3 and 4,
An actusl case study has been chosen rather than a hypo=
thetical case in order to provide an opportunity to explicitly
compare actual costs to the costs predicted by the model.,

The two case studies used were from data gathered 1n'
Argentina and Bolivia. Both of these case studies are

discussed in more detail in Appendix A.




CHAPTER 2
THE HIGHWAY COST MODEL: AN OVERVIEW

2.1 Introduction

This chapter, which provides an overview of the High-
way Cost Model (HCM), i1s divided into three sections. The
first section discusses the general framework of the entire
cost model. Specifically, the logic of the model is dis-
cussed in terms of a production process which uses con-
struction, maintenance, and vehlicle operating activities
~as inputs. For a given set of inputs, the model determines
the outﬁut or the total cost of transportation services.

An overview of the total cost model is also presented
describing the iterative time simulation of construction,
maintenance, and vehlcle operating activities.

The next two sections of this chapter each deal with
a specifiq function of the entire HCM. In particular, the
second sectioh describes the three major cost estimating
submodels: The construction submodel, the maintenance
submodel, and the vehicle operating submodel. These esti-
mating submodels are concerned with the estimation of costs
and resource consumption.

Finally, the last section of this chapter briefly dis-
cusses the stage construction capabilities of the model.

For a complete and comprehensive discussion of all the
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detailed aspects of the model, the reader 1is referred to

references 20 and 23;

2.2 Framework of the Total Cost Model

2.2.1 Logic For Development

Road ﬁfansportation can be viewed as & production
process in which a time stream of inputs are transformed
into a time stream of outputs. The inputs are referred to
as construction, maintenance, and vehicle operating resources
while the outputs are mainly road transportation services,
As in most production processes, the inputs can be combined
in many ways to obtain a desired transportation goal. Thus,
the problem & highway designer must resolve and which the
HCM was developed to assist in, consists of obtaining thét
combination of inputs which over time results in the most
efficient production process. In terms of transportation tor
developing countries, this may 1mpiy capital expansion over
time, usually through some form of staging, that is, the up-
grading or rebuilding of roads as traffic volume or the de=-
mand for road use increéses. Vgéwednin this context, rational
transportation plénning can be seen as a problem of selecting
the optimum amount, mix, and timing of capital inputs to

attain an optimal output of transportation services (24).

The model described in this chapter addresses itself



to soiving the production process discussed above. More
formally, it is 1n§eﬁded that the model be used by the
highway planner who seeks to identify the optimal combination
of inputs for providing low volume rural roads in developing
countries throughout the world. Chepter 3 illustrates
through a case stﬁdy approach how the HCM can be used in

locating a "optimal® set of design and maintenance policies.
2.2.2 Model Overview

The Highway Cost Model consists of three individual
submodels, programmed within the overall model framework.
Actiﬁg together, these submodels predict the yearly con-
struction, maintenance, and road user costs, which cumulated
each year over the design horizon, make up the "total cost®
of a roadway. ‘

Since it was anticipated that the model would be used
at several stages during the preliminary analysis of a
project, the model was designed to be responsive to different
levels of information. For example, during the very initial
preliminary analysis of a road proje2t, the terrain can be
described by the rise and fall of the ground along the path
of the road. But, later when a specific alignment is chosen,
the model can accept more detailed digitial terrain infor-
mation in the form of stations and elevations for a seriles

of verticle points of intersection (VPI). In a similar
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mannéf, the model is capable of analyzing roadway construc-
tion costs for eithef "typical"™ roadway cross seétions
supplied by the model, or‘for specific cross sections and
templates supplied by the analyst,

The model is designed as a fairly straightforward
iterative time simulation of construction, meintenance, and
vehicle operating activities. The flow chart shown in
Figure 2-1 illustrates this aspect of the model. Since. this
iterative simulaﬁion approach is quite flexible in represent-
ing physical and economical relations (i.e. resources consum-
ed and their costs) it led to the development of a highly
moduiar model. As a consequence, the modularity of the
model makes it relatively simple to incorporate new informa-
tion as it becomes available.* Likewise, it allows for -
easily made changes in the model relationships for purposes
of sensitivity and tradeoff analyses.

One more important aspect of the iterative approach is
the ability of one submodel to rely on information from
other submodels in the simulation of physical relationships

between construction, maintenance, ald the number of vehicles.

*For example, as better information is develoved on the
relationship between roadway surface roughness and vehlcle
velocity, especially for unpaved sunrfaces, it can be in-
corporated into the model without altering any other part
of the model. This example is very typical of all the
relationships used in the model.
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In particular, by making predictions of resource consumption,
costs, deterioration, and number of vehicles year by year
during the analysis‘period the submodels are able to base
their future predictions pertly on information generated
by the other submodels.

Using this method, some of the feedback characteristics
of the physical system can be simulated. As an example,
the prediction of maintenance cost and the deterioration of
the road surface for each vear 1s influenced by the sub-
sequent volume and type of traffic predicted for that yéar
by the user cost submodel as well as by the initiai descrip=-
tion of the roadway from the construction submodel. The user
cost submodel in turn estimates individual vehicle costs
for each year as a function of the new deteriorated roadway
condition predicted by the maintenance model and the physibal
description of the road. This interaction between the
various submodels can best be illustrated by Flgure 2-2.

Being circular in nature, this interaction continues
one step further. That 1is, roadway condition, curvature,
and average grade of the roadway are the input variables
used by the user cost model to determine the perceived cost
of operating each vehicle type. This perceived cost of
operation 1s then used with the specified traffic demand
function to predict the traffic volume for the year. Thus,

both user costs and traffic volumes are influenced by the
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predictions of the maintenance model.

In using this sequential simulation procedure, the
overall model framéwork can simulate the major interaction
between construction, maintenance and use of the road. To
do so otherwise, would require independent estimates of the
construction, maintenance, and user costs for the entire
analysis period. This would be highly duplicative because
as was indicated above, the relationships between the

three costs are highly dependent on each other.
2.2.3 Model Input

Solving the production process for a given design or
in particular for the "optimal design", which usually
1nvolves the minimization of total roadway cost, recuires a
knowledge of what 1nputs are necessary. Generally, it ma&
be thought that any data which is needed to describe a road
can be classified into two main types: 1) that data infor-
mation which the designer has no control over and, 2) that
data whiéh is alterable or variable in some mannér so as to
make it possible to improve on a solution.

The inputs to the model which are generally considered
fixed are:

a. Unit prices of resources (labor, equipment, and

material cost)

b. The physical environment (terrain, climate, geology,



and available construction material)

c. The demand for transportafion by vehicle type
(initial vehicles per day, elasticity or market
cost)

d. The social opportunity cost of capital (discount
rate)

The inputs to the model which can be classified as variable
are |

a. Engineering decisions (alignment, profile, pavement
specifications, cross sections, templates, stéging
alternatives, analysis horizon)

b. Maintenance policy decisions (blading, patching,
sealing, resurfacing, regravelling, and the labor-
capital intensity)

Once given a compiete set of inputs, the model will

simulate construction, maintenance, and vehicle operation
. activities to determine total cost. The designer can
improve on this design by only changing those inputs which
are variable. It should be noted however, that the fixed
inputs can change from one location to another. Generally

they are only fixed over a given link in a network.
2.2.4 Model OQutput

Output from the HCM is available in several forms to

the user. The output can be quite detailed with costs and
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quantities for construction, maintenance, and vehicle
operation given. Coéts can be printed in discounted and
undiscounted formAfor each year in the analysis horizon.

It 1s also possible to examine a breakdown of the costs by
labor, material, transport, equipment, and the foreign
exchange requirements attributed to each. Finally, some
vefy detailed output on the physical quantities consumed is

avallable,

2,3 The Cost Estimatingz Submodels

The HCM includes three sets of submodels for estimating
costs and resource consumption., Specifically, the submodels
estimate construction, maintenance, and vehicle operating
cost and quantities for a given roadway over a specified
time horizon. Each submodel is comprized of two or more
subroutine=s. The design of these sﬁbroutines is such that
as new information becomes available that requires the
altération in one or more specific area of the model, it
can be rade without interference to any other part of the
model. This modularity  of design can pherefore provide for

easily made updates of the model.
2+3.1 Construction Submodel

The basic operation of the construction submodel is the

estimation and simulation of all the costs and physical
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quantities assocliated with normal roadway construction.* In
particular, the construction submodel can estimate and in
certain 1nstances.calculate the quantities of material,
equipment, labor and transport resources needed for each of
the primary construction operations. The operations are
taken as: site preparation, earthwork, pavement or surfacing,
drainage, overhead and supervision, and miscellaneous (for
example, bridges).

Once the model estimates the resources consumed for
each activit%lproductivity rates which are supplied té the
model by the analyst are used to determine the time required
for each operation or activity. Unit cost data is then used
to compute the cost of each operation which are then sumed

and~pr1nted;
2+3.2 Maintenance Submodel

The basic operation of the maintenance submodel is the
estimation of costs and quantitiés for road surface and
drainage.maintenanCe. In addition the malntenance submodel
predicts the condition of the roadway surface, usually
referred to as its serviceabllity by estimating how much

the road has deteriorated from the condition of the previous

*The'only immediate exception is the cost of major drainage
structures like bridges. However, this item can be sup-
plied by the analyst as a lump=-sum input to the model.
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year. Both of these tasks are performed each year of the
analysis horizon.

Maintenance cbsts are determined by first computing the
quantities of labor, equipment, and materials which are
expended for the various maintenance operations. The
operations can be divided into four activitiest: surface
maintenance, shoulder maintenance, drainage maintenance and
vegetation control.

Surface maintenance and shoulder maintenance includes
all activities associated with both paved and unpaved éur-
faces such as patching and sealing of paved surfaces,
blading unpaved surfaces, and regravelling of gravel roads.
Drainage activities include the clearing of side ditches
and the cleaning and repailr of culverts. Vegetation control
is the maintenance allocated for mowing (25). ’

For paved roads, the quantity of patching and sealing
required is estimated as a function of the Present Service-
ability Index (PSI)* of the road. The actual percentage of
this amouﬁt which will be patched and sealed is détermined
as an input by the model user. Productivity rates for this

operation, which unlike the construction rates are stored 1in

the model, are applied to determine the time and thus cost

*Present Serviceability Index as defined by AASHO (26) is a
measure of the roadways surface and riding condition.




reguired to perform the maintenance.

These productivity rates are based on whether labor or
capital intensive £echniques are to be employed as specified
by the model user. For each technique, three levels of
effort, corresponding to a low, medium, or high maintenance
policy can be specified (20). A low maintenance effort,
either labor or capital intensive, implies little yearly
maintenance which generally results in faster deterioration
of the roadway and consequently more frequent or sooner re-
constructions. Conversely, a high maintenance pollicy implies
a considerable amount of yearly maintenance accounting for a
slower deterioration of the roadway surface and less frequent
or possibly no reconstructions.

The model 1s currently programmed to simulate what are
thought to be typical maintenance operations being done b&
common crew-equipment mixes of reasonable efficlencles.
However, if the model user has information on the details of
locel practice, he may take full advantage of this informa-

tion by making changes to the DATA statements of the model.
2.3.3 Vehicle Ovperating Cost Submodel

The main function of the vehicle overating cost (VOC)
submodel is the estimation of resources consumed in the
operation of vehicle fleets from which overating costs can

be determined. In addition, this submodel estimates the
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number of new or generated vehicles which will use the road
over and above those élready anticipated.

The basic element in the VOC submodel which allows it
to estimate the resources consumed in operating a specific
vehicle fleet over a homogenous roadway 1is 1its production
routine. This routine is used iteratively as the main
element in the vehicle cost submodel to determine the
qﬁantity of resources consumed in operating different
vehicle types over different pavement surfaces and in
different seasons.

Like the previous submodels, the calculation of operating
costs and guantities by the model may be divided into various.
categories. They are: 1) the costs and quantities associ-
ated with the Jjourney which includes items such as driver
wages, and vehicle cost, 2) fuel and tire cost and quantities
and 3) cost and quantities of vehicle wear which includes
maintenance and depreclation.

| The roadway characteristics which influence these
vehicle operating costs are vertical profile, horizontal
alignment, and surface condition. Vertical profile and
horizoﬂtal alignment are determined from the construction
submodel while sﬁrface condition, as exﬁlained in the pre-
vious section, i1s determined from the maintenance submodel.
No effects of traffic on overating cost, that 1is, congestion

effects are considered because the model is assumed to be
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used for the evaluation of roadways with traffic volumes
low enough to preclude any significant aﬁount of vehicle
interaction.

The steps which are followed 1n'the basic production
routine are the estimation of the time required to traverse
the segment, the fuel requirement, tire. wear, vehicle main-
tenance, and vehicle depreciation. The key element needed
for evaluating these steps is the velocity of the various
vehicles,

Once the model determines the controlling velociﬁy for
each vehicle type, the quantity of resources consumed for
~ fuel, labor, tires, vehicle maintenance, and the time value
of capital invested in cargo is determined. From these
estimates and the unit prices supvplied by the analyst, a
total VOC can be calculated. This cost is then summed with
the construction and maintenénce cost to determine total
road cost.

At thls point in the operation of the HCM, foreign
exchange requlrements are calculated from the percentage of:
1) construction labor, 2) construction material, 3) con-
struction equipment, 4) maintenance equipment, 5) vehicle,
6) fuel, and 7) tire costs that must be purchased offshore
using foreign exchange. These seven percentages are used to

'estimate the total forelign exchange needed by use of the

equation:
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7
Foreign Exchange = % [}Uci x Cy X Pi) x exchange raté]

7 Categories of foreign exchange

i

Where: Subscript 1

uc

Unit Cost (eg. $/hour)

]

C = Consumption (eg. # of hoﬁrs)

P = Percent needed from offshore sources
The exchange rate 1is the current conversion rate. 1In
Argentina, for.example, the rate would be expressed as

0.003 Pesos/U.S. Dollar.

2.4 S8tage Construction

2.4.1 Model Capability

Stage construction of a low volume road is a procedure
whereby a road is initially built to a level sufficient to
neet the immediate requirements of traffic and at a later
date is reconstructed or upgraded to meet the increased
demands of traffic. In order to accomodate the increased
traffic, staging strategies may include improvements 1in
surface type (for example a road is initially constructed
with an earth surface but later is upgraded to gravel and
finally a paved. surface), improvements in vertical and hori-
zontal alignment, changes in roadway temﬁlate, or a combina-
‘tion-of these strategles.

Previoﬁsly, in the initial version of the HCM, it was

only possible to evaluate one construction strategy at a time,



that is, the input information needed by the model to
describe a road could not be changed duriﬁg the analysils
preriod. For exampie, it was only possible to evaluate the
cost of a gravel road for 15 or 20 yéars; the analysis
horizon being the only variable. Therefore, in order to
examine cne simple staging strategy, say a gravel road for
15 years after which time an asphalt surface is constructed,
a’series of simulations were needed slong with some hand
calculations. In addition, each time a new strategy was to
be evaluated over a given alignment, all the input daté
necessary for describing the roadway had to be reread into
the model.

To overcome some of the repetitiousness inherent in
this procedure, and more importantly to make it possible to
evaluate construction staging strategies, a set of "network
routines®" were incorporated into the model, Specifically,

' these routines permit the planner to easily investigate
various stage construction strategies by specifying the
strategies in the form of decision trees (networks). Also,
with the network routines, only one data set 1s needed to
specify.up to the 30 strategies possible (27).

Figure 2-3 is an example of a decision tree that
examines the cost due to constructing a road with different

surfaces initially and after a specified time goes through

various reconstructions. For this example, only minor
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modifications in the basic data deck are needed. The HCM
will then determine the total discounted cost of each of the
seven strategies over the 20 year service life of the road.
Since the main problem associated with stage construction
is finding that_strategy which will minimize the objective
function (i.e. total discounted.cost), the network routines
now make it possible to evaluate an extremely large number
of strategies both quickly and cheaply which using conven-
tional techniques would not have been possible because of the
time and cost constraints involved. Also, by evaluating
such a large number of strategies, the possibility that the

optimum strategy will be among them 1is greatly improved.
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CHAPTER 3
AN ITERATIVE APPROACH TO OPTIMALITY
THROUGH TRADEOFF ANALYSES

Chapter 2 introduced the notion of how the HCM can be
consideredva production process which simulates various
irputs about cénstructioh, maintenance, and vehicle operating
activities., If it is assumed that given certain constraints
about the roadways future conditions, for example by setting
a minimum 1imit on the present serviceability index of the
roadway, then it can be stated that the analysts' objective
is to minimize a production function (Z) which can be
represented by:

n m ‘
Z ==é£ ﬁE (Constructioni + Maintenance3 + Vehicle

=t =1
Operating Cost)
Where: 1 and j are various strategies, policies, and design
decisions. . .

And, Z = Total discounted cost of the resulting sum of
construction, maintenance, and vehicle operating
cost.

Then the HCM can be used as a tool by the planning agency to

‘evaluate the tradeoffs among the three sets of costs to

obtain the optimum point on the production function.
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3.1 Procedure for Selection

To demonstrate the effects various conditions of inputs
have on total cost, a serlgs of tradeoffs were undertaken
where one at a time, an input to the production functipn
was analyzed. Briefly, the process to be used might be
called an lterative approach to optimizétion through an
analysis of tradeoffs. The procedure is described as
follows. First, from the large set of inputs, select a
number of variables or parameters that are considered
important inputs to the production process, that 1s, inputs
which will result in suspected or known tradeoffs,

For example, the tradeoff or relationship between
construction and maintenance costs can be characterized by
an input variable such as pavement thickness. Thick pave-
ments yield a high construction cost but reduce subsequent
: maintenance costs,kwhile on the other hand, thinner pavements
have lower construction costs and conversely higher main-
tenance costs.

Once the input variable of interest is selected, it 1s
varied ‘so that a "production function" can be drawn and an
optimum strateg&-determined. Clearly the optimum is ®"sub
optimal® in terms of the whole transportation problem. But
all else held constant 1t does represent the optimum strategy

for that one variable. In the pavement thickness example,
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as will be shown later in this chapter, various thicknesses
are simulated until one that results in the least total dis-
counted cost is 1obated, and this is termed the "optimal“
strategy.

Second, from the “optimum" values obtained from the
tradeoff analysis on each input variable, select that one
which appears to be most dominating or controlling. Third,
kéeping the input variable selected in step two constant
at its determined optimal value, repeat the same process
followed in the first step; that 1s, examine the individual
tradeoffs by obtaining a production function and select the
‘optimal policy.

Finally, select again a dominant optimum as in step
three and repeat the process until all parameters are con-
sidered. As a check on the accuracy of the model, the final
output or results obtained ffom the model should approach
" a more "global optima"™ than each of the previous optima.

The process described can be represented by the flow dlagram
in Figure 3-1.

The tradeoffs presented in this chapter are meant to be
11lustrative of‘how the model can be used in the afformen-
tioned iterative‘process. Therefore,the'presentation con=-
centrates on the procedures and techniques for performing
tradeoffs and of analyzing the results and 1is not intended

to be establishing any particular "design policy". 1In
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addition, it should be realized that any conclusions drawn
are mainly 111ustrative of the procedures and of the partic-
ular analysis or cése study in question and will probably
not be applicable to a wide range of conditions. All the
tradeoffs were run with the Argentina Case Study which 1s

described in more detail in Appendix A.

3.2 Analysis of Input Variables Selected

The tradeoffs which were considered fall primarily
1nto two classes: 1) design (construction) variables énd,
2) maintenance policy variables. Design variables include
those variables associated with construction which when
altered not only affect construction cost but also mainte-
nance and possibly vehlcle operating cost. A few examples
aret pavement thickness, pavement type, roadway width,
reconstruction strategies and overlay thickness. Of course,
there exists all the possible combinations of two or more
design variables; for example, the implementation of varlous
reconstruction strategies and overlay thickness. Of the
possible design variables listed, pawvement thickness and
reconstruction strategles were selected for more detailed
study because of the importance assoclated with these vari-
aﬁles in design and because they are typlcal and thus illus-

trative of how tradeoffs with the other variables can be

examined.
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Similar to design variables, maintenance policy vari-~
ables include those variables associated with maintenance
which when changed not only affect maintenance cost but
reconstruction and vehicle operating cost as weil. Again
some examples include: yearly maintenance procedures which
can be separated into the fraction of cracking patched and
sealed plus the fraction of rutting filled, and finally
allowable mean rut depth. There is also the possibility of
combinations.

Other maintenance vpolicy variables such as the question
of labor vs. capital intensive techniques for maintenance,
which is of prime importance to developing nations,and 1its
relationship to foreign exchange will be considered 1n more
detail in Chapter 4. A 1list of the exact input tradeoff
variables which were selected for simulation are presented

in Table 3-1,

3.3 Results of Tradeoff Analyses

3.3.1 Pavement Thickness

.

The effect of varying pavement.ihickness can be viewed
as a tradeoff between construction and maintenance costs.
In short; for thicker, more expensively constructed pavements
the amount of subsequent maintenance, keeping the actual

"maintenance policy"* constant, will be less than for pave-
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TABLE 3-1

Tradeoff Analysis; Design and

Maintenance Policy Variables

I. Design Variables
A, Pavement Thickness
B. Upgrading of a Paved Road

1, Reconstruction when PSI = 1,0, 1.5, 2.0,
2.5, and 300

2. Reconstruction at all Possible 5 Year
Intervals

II. Maintenance Policy Variables
A. Combined Maintenance (yearly)
B. Disaggregated Maintenance (yvearly)
1. Patching of Cracks |
2. Sealing of Cracks
3. BRut Filling
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ments with a standard design thickness. Conversely, the
amount of annual maihtenance required, plus the costs
associated with reconstructions, will be more for thinner
or less expensive pavements,

The model normally considers reconstruction as a form
of construction staging and therefore includes 1its cost
as a construction expenditure. However, for pavement thick-
ness analyses only, a reconstruction cost of the roadway is
viewed as a resurfacing cost and thus it 1is included as a
maintenance expernditure, |

Figures 3=2 and 23=3 illustrate the typical standard
paveﬁent sections which were proposed for the Argentine
case study. Using the typical pavement thickness as the
"eontrol" or base, the HCM was used to evaluate the trade-
off between construction and maintenance cost for the
different thﬁckness strategies_listéd in Table 3=2. The
first six strateglies were chosen by varying the individual
1ayér thicknesses, one at a time, by a fixed percentage 1in
each direction. For example; for run number 1, the surface,
base and subbase thickness were*helds constant but the sub-
grade thickness was chanced by a factor of minus 100%.
Fpr run number 2, the subgrade layer was increased to twice

the original thickness (i.e. plus 100%). For run numbers

*¥Maintenance volicy is defined as the percent of cracks which
will be patched or sealed and the fraction of ruts which
will be filled.
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TYPICAL SECTIONS
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Figure 3-2: Typical Sections for Argentina Rte. 14



TYPICAL SECTION
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aA 7¢5 cm Asphalt
B 24,0 cm Sand-clay cement base
c 24,0 cm Sand-clay lime subbase
D 20.0 cm Lime stabilized subgrade
Figure 3~3: Pavement Typical Section for Argentina Rte. 14

Courtesy Louis Berger, Inc. (28)



NiZEer ) Surface zi:z;je Subgrade

Base 7.5 cm 48, cm 20. cm
1 75 - 48, 0.

2 7.5 L8, Lo,

3 ‘ 10,0 48, 20.

L 5.0 L8, 20,
A5 745 72 20,

6 745 2k, 20.

7 745 0. 20.

8 75 0. 0.

9 540 0. C.
10 2.5 0. 0.

Table 3-2t Pavement Thickness for Tradeoff
Strategies
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3 and 4 the surface layer (top layer) was increased and
decreased by one third (33%) respectivelj. Lastly, simula-~
tions 5 and 6 weré run by varying the middle layer (base and
subbase) by plus and minus. 50% the original, controlled
thickness.

Upon establishing the trend set by these first six
analyses, & straightforward iterative approach to choosing
the next strategies followed, until an optimum strategy was
located. In this particular case, the first six strategies
revealed that thinner pavements generally resulted in lower
total cost, thus the next strategies chosen used even thinner
thicknesses.

An analysis of the results (see Table 3-3 and Figure
3-4) indicates that there exists a construction strategy
assoclated with a set of pavement thicknesses, such that the
total cost of the roadway discounted over its- 20 year life
will be a minimum., That is, the results indicate a minimum
total cost point where spending an additional currency unit
(1.e. dollar, peso, etc.) on construction saves less than a
currency unit in maintenance. Conversely, it is noted that
saving'an addit;onal currency unit in construction amounts
to spending more than that currency unit in maintenance,

This optimum strategy occurs at a construction cost of
~about 11 million pesos per km ($33,000 per km). Also, quite

coincidently, it is at this strategy where the construction
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20 Year Discounted 