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I. INTRODUCTION

The lack of adequate transportation in many developing countries

(1, 2, 3) as one of the major factors

has been cited in the literature
slowing down the rate of industrialization and general economic devel-
opment in thesc zountries. One reason for the inadequacy of trans-

portation f.cilities is the high cost of their construction. If these
facilities could be constructed at lower costs per kilometer, through
staged construction, then a greater contribution could be made tc the

economic development of these countries.,

The staged construction of a low volume road is the process
whereby a road is initially built to a level sufficient to meet the
immediate requirements of traffic and at a later date is reconstructed
to a higher staadard in order to decrease the costs borne by the

increased traffic.

The goal of staged construction is to increase the effectiveness
of road investments by the closest possible matching of the properties
of the road and the needs of the traffic at each point in the analysis

horizon.

Some reasons why staged construction can be used advantageously

in highway planning are:

1. It permits a lower initial investment in terms of capital,
equipment, and manpower in a road, thus permitting those
freed (unused) resources to be utilized in other produc-
tive endeavors, either within the transport sector or in

other sectors of tlu:e economy.

2. In cases where expected traffic increases do not occur,
an initial low standard road would entail a lower
opportunity loss than would a high standard road. Con-
versely, if traffic should increase more rapidly than
anticipated, upgrading would only require moving up the

original construction schedule.
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3. Finally, stuged construction contributes to improved
pavement performance, because irregularities that
develop -~ for example, consolidation of the subgrade

-- can be corrected in the next upgrading.
The disadvantages of staged construction include:

1. There may be higher road maintenance and operating costs
in the years immediately following construction of the
first-stage earth or gravel road than would be experienced
if a surface treated or asphalt surface had been built.
Because of the high discount rates (10 - 15% per annum)
often used in evaluating low volume road projects, these
increased costs can have a disproportionately greater

effect on the net present worth of the road.

2. The total undiscounted construction costs of roads which
are initially constructed to the higher standard will
usually be less than the costs of constructing the road

in stages because of lecst economies of scale.

3. The optimal staging strategy for the road when it is
considered by itself will often be quite different from
the optimal strategy for the road when it is viewed
as one part of a whole network of inter-connected trans-
port systems. Failure to take this into account may
cause the improvements to one road to lead to a rerouting
of traffic in such a way as to cause either the under or

over-use of other parts of the transportation system (4)

Optimal Staging Strategy

Construction staging may be described as a three part problem:
selecting a timing strategy, selecting a design, and deciding which
projects should be selected for construction in a given time period
(5, 6, 7)

. In choosing certain proiects from a large set one can

assume that such projects are either mutually independent for ease
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in computation , or account for their interdependency in the analyses

of staging (8)

Several authors have considered the timing issue with regard to

(7

independent projects. Marglin in discussing the timing problems,
identifies as the major issue the extent to which costs and benefits
vary with the date of construction, and gives a decision algorithm for
selecting projects for construction if the time flows of cost and

benefits are known. Mori (5) and Gulbrandsen 9 have developed
dynamic programming computer programs for finding optimal construc-

tion schedules for sets of independent projects.

The approaches of Marglin, Mori, and Gulbrandsen are quite
effective with regard to computational efficiency and project mixes.
However, they assume that each project is the optimal feasible
alternative on any given link, and that the time stream of costs and
benefits is known with certainty. The assumption is also made that
the preferred alternative on any link remains optimal regardless of
the status of the rest of the network. This assumption would imply,
for instance, that an access road to a small village would be equally
effective whether or not a connecting link was built to the market
town. This is quite obviously not true, and signifies the shortcoming

of a pure timing approach.

(

To account for the network effect, Ochoa-Rosso 10) have formu-
lated a multi-period investment model as an integer programming prob-
lem. The model is concerned with the investment strategies for
networks and considers the relationship between links but does not

indicate how one can optimiée 4z single project.

The work by Lack et al. (1)

describes a computer program which
examines sixteen possible road designs. Models for estimating con-
struction, maintenance, and vehicle operating costs are developed and

a dynamic programming algorithm is used to find when and what designs
should be implemented. Limitations on expenditures have been incorpor-
ated through the use of Lagrangian multipliers. The relatively simple

cost estimating routines, however, weigh against its use in develeping
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pations, especially as the cost models are derived from Australian
data and are, in the case cof maintenance and user costs, in the form
of regression equations, which poses some difficulty ir transfer.ing
this model intact from area to area.

Pecknold (12)

considers both network and project design, and
discusses the quesiion of uncertainty. He develops the staging
problem as a set of sequential decision trees and then, using various
decision rules, prunes branches from the decision trees. The model
operates using Bayesian probability techniques tc update the tree under

uncertainty,

In summary the models for formulations of staged construction
which are currently available, are concerned primarily with trans-
portation networks rather than with the design of a single link and
the subsequent increase of capacity or cost of that link. The cost
components are rather aggregated and are mostly derived from re-
gression analysis rather than causal relationships. The primary
concern of this paper is therefore, the allocation of resources to
a single road project. It uses a Highway Cost Modcl which simulates
the behavior of low volume road investments over time. The model was
designed to be a tool with which planners in developing nations could
locate those road projects which would provide optimal return on scarce
and constrained resources. The HCM can consider uncertainty in traffic
projections, labor versus capital intensive maintenance, and changes in

factor prices over time.

II. FRAMEWORK OF THE HIGHWAY COST MODEL (HCM)

Road transportation can be viewed as a production procass 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. The problem which a highway designer must resolve, and which
the BECH was developed to help solve, consists in obtaining the combina-

tion of inputs which over time results in the most efficient production
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process. In terms of transportation for developing countries, this may
imply capital expansion over time, usually through some form of staging,
that 1s, the upgrading or rebuilding of roads as traffic volume of the
demand for raod use increases. Viewed in this context, roadway design can
be seen as a problem of selecting the amount, mix, and timing of capital

inputs to attain an optimal output of transportation services.

Model Overview

The Highway Cost Model consists of three individual submodels,
1
programmed within the overall model framework ( 3). Acting together, these
submodels predict the yearly construction, 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 project, 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 digital terrain information in the forn of stations and elevations

for a series of vertical points of intersection (VPI).

The model is designed to provide for a fairly straightforward iteractive

time siumulation of construction, maintenance and vehicle operating activities.

The flow chart shown in Figure 1 illustrates this aspact of the model.

Since, this iterative simulation approach is quite flexible in representing

physical and economic relations, the approach led to the development of a

highly modular model. An important aspect of the iterative approach 1s

the ability of one submodel to rely on information from other submodels in

the simulation of physical relationships between construction, maintenance,

and the operation of vehicles. In particular, by making estimates of

resource consumption, costs, deterioration, and a number of vehicles

year by year during the analysis period the submodels are able to base

their future predictions partly on information generated by the other

submodels.
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Using this method, some of the feedback characteristics of the
physical system can be simulated. As an example, the estimates of
maintenance cost of the deterioration of the road surface for each year
is influenced by the volume and type of traffic predicted for that year
by the user cost submodel, as well as by the initial description 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 physical description of the road. 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 is 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 predictions of the maintenance model.

In using this sequential simulation procedure, the overall model
framework can simulate the major interaction between construction,
maintenance and vehicle operation of the road. To do so otherwise,
would require independent estimates of the construction, maintenance,
and vehicle operation costs for the entire analysis period, which

would be highly duplicative.

The HCM is composed of twenty-one individual subroutines. These
subroutines, mostly written in FORTRAN, are used to simulate effec-
tively construction, maintenance, and vehicle operating cost for
a particular roadway. Each of the cost estimating submodels is com-
posed of two or more subroutines. For a more complete discussion,

refer to references (14’15).

Stage Construction

Stage construction of a low volume road is a procedure whereby
a road is initially built to a level sufficient to meet the immediate
requirements of traffic and at a later date is reconstructed or up-
graded to meet the increased derands of traffic. In order to accomo-

date the increased traffic, staging strategies may include improve-
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ments in surface type (for example a road is initially constructed with
an earth surface which later is upgraded to gravei and finally to

a paved surface), improvements in vertical and horizontal alignment,
changes in roadway template, or a combination of these strategies. To
make it possible to evaluate these staging strategles, a set of 'network
routines'" were incorporated into the HCM model. Specifically, these
routines permit the planner to investigate easily various stage con-
struction strategies by specifying the strategies in the form of de-
cision trees (networks). Also, with the network routines, only one

data set is needed to specify up to the 30 strategies possible (14).

Figure 2 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, going through various reconstructions. For
this example, only minor modifications in the basic data are needed.
The HCM will 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
(present worth of total cost), the network routines incorporated into
the HCM make it possible to evaluate an extremely large number of
strategies both quickly and cheaply, which using conventional tech-
niques would not have been possible because of the time and money con-
straints involved. Also, by evaluating such a large number of strate-
gies, the possibility that the optimum strategy will be among them is
greatly improved.

Function of the Network Routines

The main function of the network routines can be defined simply
as providing the capability of analyzing, in a quick and efficient
manner, many alternative staging strategies. In order to expand the
HCM to include this capability, five subprograms grouped under the
title of '"network routines" were addad te the model. Although a de-
tailed computerized discussion of these routines will not be included
here (see Reference (15)), it is worthwhile to discuss briefly their

logic.
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The five subprograms that compose the network routines are the
following: MAIN, STRAT, NETWRK, CONSTR, and SAVDAT. The first routine,
MAIN, performs only a few introductory functions: It determines what
level of construction, maintenance, and operating detail will be pre-
sented in the output from the model; this is determined from the infor-
mation supplied by the model user: It calls a number of other sub-
routines that perform tasks of reading in the problem description,
reading in and analyzing the alternative staging strategies, and step-

ping through the decision network.

As an example, the first network routine it calls is STRAT, which
performs tasks such as reading the number of staging strategies to be
examined during the current run. It also determines the number of road
designs that will be altered and the number of years in which construc-
tion costs and productivities are different from those initially speci-
fied. That is, to aid the planner in the very early steps of design,
typical templates and paQement cross sections are stored in the model,
however, through routine STRAT, the model user has the ability to alter
these design variables. The appropriate submodel determines which
variables are changed and temporarily stores them to be used later in

determining construction quantities and costs.

In addition to being able to alter the initial design variables,
the model user, through the network routines, has the ability to change
costs and product?.ities that are expected to be in force sometime
during the design orizon. Thus, any increased costs due to inflation
and any possibly increavcd preductivities due to experience or new
technology can be included in the analysis and in comparing alternative

investments.

Probably one of the most important functions of the network
routines is their capability of converting investment alternatives
supplied by the planner into a form which can be used to step through
the decision tree. Briefly, this task consists of the following steps:
1) recognizing nodes in the decision tree, 2) counting the branches

from each node, and 3) converting the branch data into symbols defining
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examined.

1f the end of the analysis period has been reached, summary costs
for the investment are output and the list of construction alterna-
tives is examined for the next strategy. Figure 4 is a macro flow
chart for the network routines showing the order in which the model

performs the steps mentioned above.

Finally, a function of the network routines that is of consider-
able importance to planners is their capability to consider explicitly
the consequences of uncertainty in traffic projections. The success
or failure of a road in a developing country will often depend on the
amount of traffic which will use it, and very often, the
amount of traffic 1s not known with certainty. Thus, when there are
two or more estimates or projected traffic, the costs accruing to each
estimate can be calculated. Then by weighing the estimate with the
probability of that estimate occuring, one finds the expected cost
of each of the various construction alternatives. It 1s felt that
this procedure predicts a value of total cost that is more likely to
represent the conditions that will occur than a process in which total

cost is based solely on one 'best estimate' of traffic.

Sumnary

A series of network routines are developed and incorporated into
the HCM to allow the model user to specify many alternative road
investment strategies in an easily understood format along the lines
of a decision tree. With only minor modifications to the staudard
input data needed for the construction of a roadway, the planner can
determine how total cost is affected by a variety of investment
strategies ranging from delaying construction to staging a road using
various surface types over a gradually improving alignment. The
resulting information then allows the planner an opportunity to compare
the consequences of numerous investment strategies that could other-

wise not have been possible.

The analyst can allow the model to specify 'typical" design

standards in the early stagées of planning; later wien more specific

[
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information on the roadway is gathered, the model user can change those
standards which he desires. Also because of the inclusion of the
network routines, the analyst can change costs and productivities that
he feels might be in force in future years. Finally, the network
routines allow planners an opportunity to investigate the consequences

due to uncertainty in traffic projectiomns.

I1I. STAGE CONSTRUCTION EXPERIMENT

The capabilities of the model which allow the user to investigate
the allocation of resources over time are presented and discussed in

this section.

Two basic ways in which highways may be upgraded are through
changes in the type of pavement and through improvement in the align-
ment - both vertical and horizontal. The analyses presented here deal

exclusively with pavement upgradings.

Examples of Analysis Under Certainty

The data from a road project in Argentina is used in a staging
analysis to find the optimum alterﬁative in terms of minimum total
discounted cost. In this analysis each of the twenty-five staging
strategies was limited to one pavement upgrading. In Figures 5 and 6
are given the nature of the twenty-five strategies considered and the
costs associated with each strategy. For example, strategy number 15
consists of constructing a gravel road and upgrading it to a paved
(asphalt) road in year 10; the discounted total cost associated with
this strategy is given on the last column of Figure 6. Four sets of
initial traffic conditions ﬁere used: 40, 200, 400, and 800 vehicles
per day, these should be representative of most roads in developing
nations. These runs were made using a discount rate of 7%. A «imilar
set of runs were made using a discount rate of 127 and the same

initial traffic conditions.

The total discounted costs of the various strategies are presen-
ted in Figures 7 and 8. Along the horizontal axis are the strategies

along the vertical axis is the total discounted cost. Several conslu-

lf
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sions can be drawn frem these figures the most pertinent being that
strategies nineteen and twenty are preferred for medium and high traffic
volumes while strategies eleven is preferred for low and very low

traffic.

As the figures show, the total discounted costs fall into three
groups for the medium and high traffic levels. These groupings are
related to the choice of design in year one. Thus strategies one thru
ten all start with an earth road in year onec which is upgraded at
various years to several distinct desings, i.e. gravel, surface treated,

and asphalt,

The cause of the clusterings is due to the fact that per kilome-
ter operating costs on eaxrth roads are significantly higher than on
gravel or paved roads. As the traffic demand curve is fairly inelastic
traffic levels do not vary significantly as a function of per kilometer
operating costs. The clustering is even more pronounced when a twelve
percent discount rate is used because the costs in the early years of

the road are weighted significantly more than the costs in the latter

years.

The clustering of costs is less pronounced for the low levels of
traffic. In these cases construction and maintenance costs are a larger
fraction of total costs (from fifty to eighty percent) than in the
case of higher levels of traffic. Thus as traffic volumes are fairly
similar on all four riding surfaces, differences in total discounted
costs at low traffic levels are less significant than those differences

that occur at higher traffic levels. (See Figure 7).

These results are conditional upon the growth rates of the varilous
vehicle classes, and upon the elasticities of demand, Simulations
with higher demand elasticities or grovth rates would be expected to

yield different results.

Example of Analysis Under Uncertainty

To illustrate how the HCM can be used to analyze staging alter-

natives when neither the initial traffic volume nor its rate of growth
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are known three initrial volumes of traffic and two rates of growth were
used in the simulation. These six sets of conditions are shown in
Table 1; a different value of elasticity of demand was used for each

of the two rates of growth.

The six sets of conditions were assigned equal probabilities,
and with each of these conditions was associated the same decision net-
work of strategies (see Figures 9 and 10j. The decision network of
strategies consists of a decision node at year zero with four possible
choice branches; at year fifteen, for two of the four branches there
are decision nodes with two branches bending from each. 0f course,
the model may be used to simulate situations with more elaborate
decision networks as well as with a greater variety of sets of condi-

tions.

In Tables 2 (a) and (b) are given the volumes in year twenty and,
at two different rates of discount, the costs associated with each
of the thirty six possible combinations of sets of conditions and
strategies. For each rate of discount used, the rankings of the six
alternatives for each of the sets of conditions used are shown; lowest
total (discounted) cost is the criterion used to rank the alternatives.
In Table 2 (b) are also given the average or expected costs for each

strategy and the rankings of strategies, for each rate of discount.

In Table 3 is shown the frequeacy with which each strategy is
ranked in each of the =ix orders of preference. For exar.le, at
interest rate 7%, strategy number 3 is ranked first twice, second and

third once each, and fourth twice.*

The expected Minimum Cost is

5 T {p(set 1) x [uin(c, )]}
1] H

* Adding the number of 1's in each column, one does not always get
six because there were several ties, and ctwo strategies in the same
set were sometimes ranxed the same.
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Vehicles Descriptions

Typical Vehicle
Light Vehicle - Pickup Truck

Heavy Vehicle - Medium Van -

Gross Weight Kg.

3,000
10,000

Table 1: Initial Traffic Conditions for Analysis of Stage Construction
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Conditions Year 20 Opera- upera-
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1 1 61 6l 103 16 240 357 100 12 184 296 3 2
2 64 67 129 1 210 355 117 12 166 296 2 2
3 73 83 152 20 144 216 148 15 109 272 1 1
4 83 . 92 247 29 96 372 240 21 72 330 4 4
5 84 93 260 19 94 372 249 14 71 334 4 5
6 83 92 270 25 96 393 263 19 72 354 6 6
2 1 121 122 29 478 610 22 369 492 6 6
2 128 133 30 420 580 23 333 474 5 5
3 146 167 37 288 477 28 219 395 3 1
4 166 185 32 192 471 23 145 408 2 3
5 167 185 20 187 467 15 142 407 1l 2
6 166 185 28 192 491 21 145 428 4 4
3 1l 242 245 - 56 957 1115 43 737 831 6 6
2 255 266 65 841 1035 48 666 832 5 5
3 334 334 89 575 816 66 437 651 4 1
4 332 369 33 384 664 24 289 554 2 2
5 334 371 23 375 658 17 284 550 1 1
6 332 370 31 385 686 22 290 575 0 ¢
Table 2(a): Costs of Strategies as a Function of Initial Conditions,

Discount Rates



Initial Vehicle/Day YA £osTS 10% COSTS R
Conditions Year 20 . Opera- Opera- M
Set # Strategy # Type Type] Const.]Maint.]tional |Total]Const.|Maint.{tional |Total 103
4 1 39 40 | 313 ' 266 2

2 40 41 | : ° 219 271 3

3 42 42 276 245 1

4 44 45 345 315 4

5 44 45 347 317 5

6 44 45 367 337 6

5 1 79 79 521 ' 429 6 6

2 Bo 81 507 422 5 5

3 84 88 397 340 1 1

4 88 91 417 371 2 3

5 88 91 417 370 2 2

6 88 91 438 392 4 4

6 1 158 158 . 936 756 6 6.

2 160 163 883 724 | 5 5

3 168 175 640 ) 530 4 4

4 175 182 560 482 2 2

5 176 182 557 481 1 1

6 175 182 581 503 3 3

AVERAGE OR EX*ECTED COSTS

1 103 30 503 636 100 24 392 515 6 6

2 128 33 447 607 116 25 356 498 5 5

3 150 40 291 482 146 31 224 401 3 1

4 244 30 192 257 238 22 147 406.1] 2 3

5 257 20 187 465 246 15 144 4056 1 2

6 268 28 191 488 260 20 147 427 4 4

Table 2(t)



RANK
7% . 10%
Prefer-
ence 1 > 3 4 5 6 1 2 3 4 5 0
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Table 3: Cumulative Rank of Strategies b& Total Discounted Costs
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At r = 7%, the expected minimum cost 1s 435.7, and at r = 10% the
expected minimum cost is 380.5.

The user can use the capabilities of the model to investigate possible
staging alternatives even in the face of uncertainty with respect to
traffic characteristics and other factors., If probabilities can be estimated,
principles of decision theory may be used in conjunction with the model to

analyze various staging alternatives.

IV. SUMMARY

The main purpose of this paper was to examine the performance of
the HCM model and to illustrate how the capabilities of the model can be

used to analyze staging alternmatives.

The model has been found to perform satisfactorily, and has shown
that it can be used to investigate the possibilities of upgrading the road
at intervals rather than to construct it initially to serve the projected

long range traffic demand.
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