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Evaluation of Existing Aggregate Roads to
Determine Suitability for Resurfacing

ELDON J. YODER, D.G. SHURIG, AND BENJAMIN COLUCCI-RIOS

A major problem of counties in the United States is maintenance costs for
focal roads in an energy shrinking environment and under constraints that
result from reduced revenues for maintenance. Many local roads have been
built in the United States over the past century. In some cases these are
largely nonsurfaced aggregate roads. On the county and state level, major
construction of local roads is largely complete in the United States, but in-
creased traffic has resulted in a need to upgrade many of these roads, par-
ticularly those near metropolitan areas. Increased truck traffic on many

of these roads has caused considerable distress with resulting rising mainte-
nance costs. There is a need to evaluate these roads to determine whether
they are suitable for upgrading. Often a gravel surface that is satisfactory
without a biti -wearing course b water logged and unsuitable
after paving. This paper discusses concepts for evaluating existing nonsur-
faced roads with the end point of determining suitability for placing a sur-
face. Emphasis is placed on field tests that can be made to evaluate the

in situ strengths of existing roads. Rapid tests that might be used for evalua-
tion are discussed. These tests include the use of penetrometers and impact
tests. Use of deflection measurements in evaluating nonsurfaced roads is
presented. The advantages of performing a large number of tests by using
quick and simplified methods are discussed. Location and types of tests that
should be made are discussed. Methods for analyzing these data, including
quantity and quality requirements, and recommendations that might be
made for upgrading the surface are also presented.

A major problem of counties in the United States is
maintenance costs for 1local roads in an energy
shrinking environment and under constraints that re-
sult from reduced revenues for maintenance. Fifty to
sixty years ago a concentrated effort was made by
county, state, and federal governments to provide at
least an aggregate wearing course for local low-vol-
ume roads. Gravel from local deposits and crushed
stone from local quarries were hauled and spread on
the road to provide a base course and support light
traffic.

Major construction of local roads on the county
and state level is largely complete in the Upited
States, but increased traffic has resulted in a need
to update many of these roads, particularly those
near metropolitan areas. As traffic loads and vol-
ume increased, so also has the need to perform sur-
face maintenance on these unpaved roads. In gen-
eral, maintenance consisted of the periodic adding
of additional gravel or crushed stones to locally
failed areas. After the aggregate was spread, this
was usually followed by drag maintenance to smooth
the surface.

As a result, many of the existing gravel roads in
the United States were not designed as such_but came
about through the evolution of road constriiction and
road maintenance.

Maintenance needs for unpaved roads are still
determined largely by visual inspection of what is
needed to accommodate local traffic. In many cases,
however, increased truck traffic on many of these
roads has caused considerable distress with result-
ing rising maintenance costs.

As the need to upgrade county roads mounts and
revenues decline, there is a need to make the most
efficient use of available funds. Unfortunately,
instances arise where placement of a wearing surface
on an existing road can in fact cause detrimental
effects. The base may become softened due to water
accumulations since the road can no longer breathe
due to the impervious surface. There is an obvious
need to determine the quality of the existing base
material before proceeding with application of a
surface.

In a different context, in developing areas,
roads are often planned for stage construction. In
these cases the road may be placed under fairly
close materials and design specifications and a
planned resurface placed sometime during the life of
the pavement. 1In this case also, there is a need to
evaluate the existing road to determine what needs
to be done to bring the base up to design standards
before proceeding with the next stage of construc-
tion.

This paper focuses on quick field tests that can
be used to evaluate existing aggregate roads. These
methods measure equivalent California bearing ratio
(CBR) values by using rapid field tests.

REASONS FOR EVALUATION

The type of evaluation process to use and the sub-
sequent alternatives that might be considered depend
on the needs for making the evaluation, as illus-
trated in Table 1. Data in this table present only
a few of the items; it is difficult at best to gen-
eralize problems of this type but it is essential
that the scope of the problem be kept in perspective.

Development of an Area

In the development of new areas, the justification
may be both sociological and economical. This re-
quires that a network analysis be made to determine
potential growth of the area to determine the eco-
nomic gain derived from the planning process. Al-
ternatives for solution are listed in the last col-
umn of Table 1.

Environmental Factors

Dusting can be a problem not in terms of safety but
also from environment of the surrounding terrain.
Here again safety considerations, public opinion,
and policy may dictate that something be done but
this would not require a complete evaluation since
application of a dust palliative may be all that is
required.

Safety

Particularly at the county road 1level, increased
traffic near metropolitan areas can cause safety
problems from dusting, skidding, and other problems
associated with nonsurfaced roads. Here public
opinion and public policy coupled with safety as-
pects require that something be done to improve the
surface. Along with this, increased truck traffic
may cause an increase in maintenance costs. Before
proceeding, the engineer would need to check the
grade and alignment and all other physical aspects
of the road and then make a general evaluation.

Planned Staging Other Than for Developing Areas

In many cases it can be shown that the most eco-
nomical approach to pavement design is that of stag-
ing the construction of a pavement. Justification
for improving the pavement can simply be the staging
process itself although it should be based on socio-
logical and economic factors.



Table 1. Reasons and alternatives for evaluation of existing aggregate roads.

Reason for Evaluation Type of Evaluation Alternative

Development of an Network analysis

area—sociological and

economical

Environmental factors—  Evaluate road materials  Stabilize base, apply sur-
public opinion, public face
policy

Safety—increased traf- Check grade, align- Widen, reconstruct
fic, dangerous inter- ment, and other
sections, narrow geometric factors
bridges
Planned staging other Economic analysis at Continue to maintain, im-
than for a new area the project level, prove base, apply surface
evaluate structurally,
evaluate materials

Increased costs—main- Evaluate structurally, Continue to maintain, ap-
tenance, road user evaluate materials ply surface
Figure 1. Evaluation factors to be considered. CBR
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Increased Maintenance and Road User Costs

As traffic increases on a road, costs of maintaining
the gravel surface also increase appreciably. When-
ever these maintenance costs begin to tax the budget
of the governmental agency, it becomes necessary to
make an evaluation before proceeding with surfacing
of the road. The alternative strategies might in-
clude continued maintenance or application of a sur-
face.

Road user costs might have the same effect on the
decisionmaking process as maintenance costs. How-
ever, often there is a tendency at the county level,
at least, to neglect the costs to the road user in
the decisionmaking process.

FIELD INFORMATION REQUIRED

In the interest of economy, the reconstruction of a
county road to a higher-type surface should,
wherever practical, use the existing in-place mate-
rials. The in-place materials, however, are gen-
erally subject to wide variations in both quantity
and quality. Therefore, to make the most-effective
use of the existing materials, both of these proper-
ties need to be evaluated.

A list of items to consider in the evaluation is
given below:

1. Geometrics--Relocate curves and raise grade;

2. Slopes~-Correct landslides, clean benches,
and correct £ill movement;

3. Drainage~-Clean ditches, improve cross fall,
improve shoulders and reduce build up, and correct
flooding conditions with culverts;

4. Pavement geometrics--Thickness of all compo-
nents, uniformity of thickness, width, uniformity of
width, and shoulder widths; and

5. Pavement properties—-—Quality of existing sur-
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face (grain size and plasticity), in situ strength
of all components (field tests, laboratory tests,
and density tests).

If the geometrics of the existing road require up-
grading, this will have its effect on the decisions
that will be made relative to the pavement itself.
All existing deficiencies of the road should be cor-
rected wherever possible within the economic con-
straints of the area. It may be necessary to relo-
cate curves and correct grade deficiencies.

Corrective measures should be made regarding
drainage of the road. This would include cleaning
of the ditches, improving cross fall, and correcting
flooding situations. To ensure reasonable pavement
life and return on the investment of upgrading the
road, all surface deficiencies that might affect the
performance of the pavement should be corrected be-
fore proceeding.

Need for bridge replacement, improvement of cul-
vert slopes, increasing drainage openings, cleaning
drain pipes, and other factors many times present
the major problem that confronts the policymaker in
allocating funds for road improvement. In developing
areas, correction of landslides, stability of fills
and foundations, and other factors related to the
roadway itself may be the governing consideration.

Insofar as the pavement structure itself is con-
cerned, factors that should be evaluated include
thickness and uniformity of thickness, width and
uniformity of width, and shoulder width and condi-
tion. The evaluation process must consider the qual-
ity of the existing surface and in situ strength of
all components along with an estimate of in-place
strength values at the critical time of the year.

SCOPE OF THIS PAPER

This paper focuses on the field and laboratory eval-
uation of an existing gravel road that is scheduled
for surfacing. We assume that the decision has been
made to consider applying a surface, whether for one
or for all the reasons listed in Table 1. The ulti-
mate end point of the evaluation process is to
determine whether the existing road is satisfactory
for surfacing as it exists or whether some sort of
improvement should be applied first. Many times the
road may need to be reconstructed. The decision to
surface a road is dependent on many factors, as
listed in Table 1.

FIELD INVESTIGATION OF AGGREGATE SURFACES

Whenever an existing aggregate road 1is under con-
sideration for surfacing, it is in the interest of
economy to use the existing base to its fullest ex-
tent. Many times, the existing material can be used
with a minimum amount of work. In other cases, how-
ever, stabilization or complete reconstruction may
be required.

Field investigation and in-place testing of
existing base materials and subgrades should be a
standard procedure. To gamble against the unknown
is a risky operation.

Factors of quantity and quality of the wearing
surface and subgrade that should be determined are
shown in Figure 1. For complete evaluation, a large
number of tests need to be run; however, tests are
expensive.

In field testing two different philosophies can
be used. The first requires that tests be run with
great accuracy so that exact values can be deter-
mined at one or two select locations. As suggested
in Figure 1 and for the complete evaluation, field
CBR tests should be made on both the surface and
subgrade and then laboratory tests should be made on
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each of the materials for classification, grain size
distribution, and many other properties. This ap-
proach is costly and requires a great amount of
time. Often the size of the job and the required
number of tests is overwhelming and the engineer in
charge of the work will not make the required tests
because he or she has more than enough to do to keep
up with the routine duties of his or her office.

The second philosophy is based on a larger number
of tests, by using quick portable devices. Research
into quality control and use of statistics and de-
sign have indicated that the latter approach is the
most feasible one for most situations. Admittedly
some degree of accuracy at a specific location may
be sacrificed over the detailed testing procedure,
but the fact that a large number of tests can be
made more than offsets the shortcomings of the de-
tailed procedures.

IN-PLACE CBR TESTS

Based on the premise that quick, simplified tests
are best for the evaluation of gravel roads, the
Highway Extension and Research Project for Indiana
Counties (HERPIC) at Purdue University has presented
a series of manuals that outline technigues that can
be used. In the first of these Shurig and Hittle
(1) outlined simplified tests that can be used for
field identification of soils and aggregates. These
tests are based on standard American Society for
Testing and Materials (ASTM) techniques and reliance
is placed on the Unified Classification System and
correlations of properties with this system.

In a second publication Shurig and others (2)
outlined techniques for field investigation of
county road bases and subgrades. In this latter re-
port the tests presented in the identification man-
ual are supplemented with field tests for determin-
ing in situ properties of aggregates and subgrades.

CBR Determinations

Three methods of rapid determination of field CBR
have been evaluated at Purdue University for the
counties. These include a high-load penetrometer
developed by the Boeing Corporation for the evalua-
tion of granular bases of airport pavements (3), the
impact cone first developed in Australia and further
evaluated in South Africa (4), and the Clegg impact
device developed at the University of Western Aus-
tralia (5). The Boeing cone requires a truck or
other heavy equipment as a reaction; the instruments
developed in Australia and South Africa are portable
and can be carried by a single person. The impact
cone is suitable for evaluating fine-grained mate-
rials. The Clegg meter is suitable for evaluating
all materials and is particularly adaptable to eval-
uation of aggregate surfaces.

Dynamic Cone Penetrometer

Figure 2 shows the low-load penetrometer. It is a
light portable tool used for the rapid determination
of the equivalent CBR of in-place fine-grained sub-
grades. When the cone is driven into the soil by
the drop hammer, an equivalent CBR of all soil
layers may be determined. For sands the cone point
is removed and a slightly rounded tip is attached.
This penetrometer can measure equivalent CBR values
up to 50 percent. A modification of this instrument
is used for measuring bearing capacity of sands in
Western Australia.

For evalution of subgrades, a hole is dug through
the gravel surface. 1In general, two people operate
the instrument, the first drops the hammer and the
second reads the penetration of the cone. The pene-

tration measured in units or millimeters per blow
yields the equivalent CBR by using the calibration
given in Table 2.

Normally, because one test can be run in about 4
or 5 min, a minimum of three tests are performed per
hole. The rod permits determining in-place CBRs
continuously from the top of the subgrade to a depth
of about 4 ft below the top of subgrade. Figure 3
illustrates a typical test made at a location. Note
that various layers can be detected by the slope of
the depth versus CBR curve. For the example in
Figure 3, a relatively hard layer 1s found several
inches below the top of the subgrade.

Clegg Impact Device

Clegg at the University of Western BAustralia (5)
developed a simple hand-operated device for measur-
ing in situ CBRs of granular materials. Figure 4
shows this instrument in use. It consists of an ac-
celerometer mounted in the head of a modified Proc-
tor compaction hammer (10-1lb weight) that is dropped
from the standard 18-in height. The deceleration of

Figure 2. Diagram of dynamic cone penetrometer,
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Table 2. Penetration versus equivalent CBR by using the dynamic cone
penetrometer.

Cone Cone
Penetration Penetration
(mm/blow) CBR (%) (mm/blow) CBR (%)
4 50+ 16 13
5 50 18 12
6 40 19 11
7 33 20 10
8 29 23 9
9 25 25 8
10 22 28 7
11 20 33 6
12 19 38 5
13 17 45 4
14 16 60-70 3
15 14 80-90 2
100 1




Figure 3. CBR versus depth for a given location.
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Figure 4. Clegg impact device.

the hammer on hitting the surface is detected by the
electronic instrument held in the operator's hand.
The hammer is first dropped three times on the sur-
face to ensure a firm seating before a reading is
taken.

The Clegg Impact Value (CIV) can be determined in
about 2 min, which permits obtaining CIV profiles at
close intervals. The relation of CBR and impact
values is CBR = 0.07(CIV)2,

EXAMPLE USE OF DEVICES

As a part of the research conducted for the counties
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Figure 5. CBR across the transverse section of a gravel surface.
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in Indiana, extensive laboratory calibrations of the
instruments mentioned in previous sections were
carried out. In addition, criteria for use of the
instruments in the field were developed after
selected pavements were tested.

To demonstrate the use of the dynamic cone pen-
etrometer and the Clegg impact meter, data for a
typical road are presented in subsequent para-
graphs. The road under consideration is a gravel
surface that has a nominal thickness of 6 in. The
subgrade is a silty clay.

The impact value of the existing gravel surface
was obtained by using the Clegg impact device at 50-
ft intervals. On the transverse, readings were
taken at 2.5-ft intervals, although this was varied
depending on the circumstance. Thickness measure-
ments and subgrade CBRs were made at 500-ft inter-
vals.

A principal advantage of using a light, portable,
and quick device for evaluating gravel surfaces is
illustrated in Fiqure 5, which shows the variation
of CBR with lateral position. For this graph, the
longitudinal values were averaged over a uniform
section.

Data in Figure 5 are typical of those obtained on
most gravel roads in that the wheel tracks (2.5 ft
right and left of center line) have higher values
than the center and the CBR decreases rapidly toward
the edge of the roadway surface. The road in Figure
5 has a usable roadway surface of about 15 ft and
the drop-off of values at the edge of the pavement
illustrates markedly why so many of the fallures
during spring break-up take place at the pavement
edge.

Thickness of this particular gravel surface was
about 6 in at the center line and decreased to about
2 in at the pavement edge. The gravel at the pave-
ment edge is contaminated with subgrade material
and, as is noted by the CBR values, the gravel is
inadequate for a road of this type.

As a first comment, particular attention would
need to be paid to the pavement edges of this sur-
face if an asphalt surface is to be placed or even
if additional gravel is to be placed on the road.
The hand-carried impact device can detect this sit-
vation and can alert the engineer to the need for
special attention at these locations during mainte-
nance or rehabilitation.

Further, if this road is to be surfaced with
asphalt, a minimum CBR of 80 percent or greater is
required and the data show a need to recompact and
reshape the road to bring it up to uniform standards.

Recommendations for this road would include
cleaning the ditches, dressing up the shoulders, and
applying additional material at the edges. It would
probably also be necessary to add gravel to increase
thickness, depending on the subgrade CBR values.
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Figure 6. Longitudinal variation of CIV for a gravel road.
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Longitudinal CIV Profiles

Another use to which the impact device can be put is
to detect changes in material along the roadway.
Values along the road can be determined by a team of
two walking the center line; one operates the device
and the other records data.

Figure 6 shows the longitudinal variation of im-
pact values of the gravel surface that was depicted
in Figure 5. The following features of the roadway
are pertinent. From station 0+00 to station 4+00
there 1is a distinct downward trend in the CIV
values. This drop represents CBR values from
greater than 100 percent to less than 40 percent at
station 4+00. At station 4+00 the values again in-
crease to the road intersection noted at station
12+00.

Special attention needs to be placed on the sec-
tion of road up to station 12+00 due to the low and
erratic CBR values, Recall that the values shown
are wheel track values and thus represent the
critical condition. Reasons for the inadequacies
need to be determined. Solutions for the problem
include stabilization of this short section of road
with cement or some other admixture, recompaction,
or other alternatives that the engineer might con-
sider.

Note that the detailed evaluation shown in Fig-
ures 6 and 7 would not have been possible if conven-
tional techniques had been used.

Testing Frequency

Figure 7 shows the error of measurement of surface
CIV as a function of the number of tests per mile.
For 90 percent confidence and an assumed limit of
accuracy of +10 CIV, 10 tests/mile are required.

At first glance this might seem 1like an unusually
large number of tests, but recall that this is a
hand-operated instrument that can be used readily.
The actual time required to perform the surface
tests, assuming that a complete transverse section
of values is required, would be about 15 min at a
site and, hence, the actual time required would be
this value per site plus the time required for walk-
ing the 500 ft between test sites.

Prediction of Spring Values from Fall Values

Ideally, evaluations of this type should be done in
the springtime but, due to the short time that the
base is in the weakened condition, this often is not
possible. Further, during the spring months highway
forces are busy maintaining the roads to keep them
passable and time for evaluation is rarely available.

The time situation can be circumvented by per-
forming the tests in the summer and fall if the re-
lation between the spring and fall readings is known
with some certainty. Figure B8 shows the relation
developed for the glacial gravels of central
Indiana. On the basis of the reduction values shown
in the figure, the spring values can be inferred
through the correlations.

Effect of Base Depth and Subgrade CBR on Base CIV

Tests performed by Clegg (5) suggest that depth of
base has some effect on the impact values. Like-
wise, the stiffness of the underlying subgrade also
has an effect. Measured surface CIV of the base,
depth of base, and CBR of the subgrade are inter-
related when considering classification of the base
under action of traffic. Soft subgrades yield under
load with resultant lower densities of the base than
those over stiff subgrades. Likewise, lower in situ
CIVs exist at the pavement edge than under the wheel
tracks. Results of this study have suggested that
depth of surface has a minor effect on the test
values. The analysis has indicated that the sub-
grade has a greater effect on the base CIV than
thickness, but recall that the two are interactive
and depend on lateral position.

USE OF DEFLECTION MEASUREMENTS FOR EVALUATION

Deflection measuring devices such as the Benkelman
beam, Dynaflect, and the road rater can be used for
evaluating gravel surfaces. The primary limitation
that might exist is cost of equipment and, in cer-
tain cases, time involved in making the measure-~
ments. Figure 9 shows the results of deflection
measurements made on a gravel surface for the pur-
pose of determining corrective measures prior to
placing an asphalt surface.

The Benkleman beam can be used with success if
done with care. The probe must be placed firmly on
the gravel surface, making certain that there are no
loose pebbles in the vicinity of the probe. The
data are analyzed in the conventional manner and
depth of surface is determined by using techniques
documented in the literature.

QUALITY CONSIDERATIONS

When evaluating any pavement for rehabilitation, it
is necessary to account for the quality of the base
and subbase materials, particularly from the stand-
point of grain size distribution and plasticity. A
danger exists that little or no consideration might
be given to the quality of the existing gravel. If
low values are found in the field, is the existence
of a low CIV on the gravel due to high plasticity,
low thickness, or some other factor? In the final
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analysis, samples must be taken to the laboratory
and tested, unless information is available relative
to the material itself.

LOCATION AND SPACING OF TESTS ALONG ROADWAYS

The wearing surface and subgrade materials in un-
paved county roads are subject to variations in
depth and quality of base and variations in the
nature of the native subgrade soils. Therefore, a
sufficient number of field samples and tests must be
made to develop a picture of the range of variations
that exist in a given section or roadway.

The complete CIV-transverse section of the road-
way should be evaluated at periodic intervals along
the length of the road project. The number of tests
required is about 10/mile, which sets the frequency
of testing at about every 500 ft. One depth mea-
surement and one subgrade CBR value should be taken
at various points on each transverse section.
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APPLICATION OF FIELD TEST RESULTS

The ultimate use of the field test is to design a
road improvement. To accomplish this, it becomes
necessary to fall back on standard methods of design
of pavements by using documented methods commonly in
use. The subgrade CBR will give a check on the re-
quired thickness of the finished pavement. The CIV
of the wearing course will suggest the quality of
the material and whether it should be upgraded by
stabilization or whether it is satisfactory as it
exists at the present time. For the project illus-
trated in Figures 5 and 6 the base material has a
potential design CBR of >100 percent and it is
considered satisfactory for this class of road. If
very heavy traffic would be expected, this material
should be stabilized or otherwise improved to a
minimum CBR of 100 percent for the entire cross sec-
tion.

Wearing surface materials that have a reasonably
uniform in-place CBR value and a reasonably uniform
width and depth can usually be incorporated directly
into the new pavement design. However, for the il-
lustrated case, additional depth and width of base
material are necessary to upgrade the base to meet
the pavement design.

For purposes of evaluation, the values in the
wheel tracks should be used for redesign and de-
termination of gquality and those at the pavement
edge should be used as indicators of added needed
work that might be carried out at the pavement edge.

SUMMARY

One of the problems that faces the county highway
systems in the United States is the time required to
make a true evaluation of the road before decisions
are made relative to surfacing. This paper presents
conceptually the philosophy that, rather than spend
a great deal of time on expensive tests at just
several locations, it would be better to use simpli-
fied test procedures wherein a large amount of data
can be obtained in a relatively short period of
time. Techniques currently available, which are
based on sound engineering principles, can be
adopted for this purpose.

This paper has presented concepts for |using
simple instruments for evaluating gravel surfaces,
The utility of these devices lies in their portabil-
ity and the ability of the investigator to make a
large number of tests on which to base conclusions.
A word of caution, however, is presented in that a
sufficient number of quality tests must be made
relative to grain size distribution and plasticity
of the base before a solution is arrived at.

The need for providing for adequate drainage and
other environmental factors cannot be overstated and
it is axiomatic that these be included in the eval-
uvation. It is believed that the use of rapid test-
ing techniques in the field offers the opportunity
for the engineer to arrive at an economic redesign
of existing gravel surfaces. Testing of the type
outlined will suggest alternatives such as applica-
tion of an asphalt surface, stabilization of the
existing base, recompaction and reshaping, or other
alternatives that are at the engineer's disposal.
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Surfacings for Low-Volume Roads in the Third World

RAY S. MILLARD

This paper is a review of planning criteria for use in deciding when to provide
low-volume roads with permanent surfacings and appropriate techniques for
asphalt surfacings on such roads in the third world. Planning criteria involve
benefit/cost studies, changes in road user costs {mainly in vehicle operating
costs) balanced with the costs of the road improvement, and subsequent
changes in road maintenance costs. Pavement deterioration under traffic is
influenced considerably by climate, by the road-making materials and methods
employed, and by the care taken in pavement maintenance. The choice of
bituminous surfacing technique has a considerable influence and the thesis de-
veloped is that the pursuit of high stability and good load distribution proper-
ties, both desirable in bituminous mixtures on heavily trafficked roads and air-
fields, has militated against the flexibility that is a prime requirement for
asphalt surfacings on low-volume roads. Types of surfacing with this property
of flexibility are reviewed.

As the building of main road networks of Third World
countries is moving toward completion, emphasis in
their road-building programs is changing toward the
construction, improvement, and maintenance of sec-
ondary and feeder roads that are being built as an
essential component of agricultural development
schemes., Most of these feeder roads carry very
light traffic and are built of earth and gravel.
The secondary roads often make up more than half of
the total network and generally carry traffic within
the range 30-500 vehicles/day. Most of these sec-
ondary roads also have surfacings of earth or gravel
and there are great pressures to provide them with
permanent bituminous surfacings. These pressures
are generated by the desire to maintain a free and
unencumbered passage for vehicles in wet weather and
to remove the nuisances of dust and corrugated bumpy
surfacings in dry weather. They are often excer-
bated by the incapacity of local road maintenance
organizations to provide even minimum routine main-
tenance on the earth and gravel roads. This paper
has two objectives; one is to review criteria for
deciding when it is desirable to provide such roads
with permanent surfacings of asphalt or concrete and
the other is to consider appropriate techniques for
bituminous surfacings on such roads.

CRITERIA FOR PROVIDING ROADS WITH PERMANENT
SURFACINGS

To the transport economist the criterion for provid-
ing roads with permanent surfacings is that of
minimizing total transportation costs. Vehicle
operating costs are normally reduced substantially
following the provision of a permanent surface and
the calculation is usually undertaken as a benefit/

cost study, with the benefits expressed as a rate of
return on the investment necessary to upgrade the
road. To the politician the criterion may 1lie at
least partly in the perceived gratitude of constit-
uents. Between them there is the uneasy seat of
those charged with allotting scarce capital re-
sources among all the different heads of government
expenditure. Our stand must be with the transport
economist, and in taking this stand we are not
functioning as lobbyists--we are seeking to provide
a factual basis for making wise decisions on what
resources should be devoted to road works and how
these resources should be most effectively used.

The basis for benefit/cost calculations concern—
ing the upgrading of roads from earth or gravel to
bituminous-surfaced is well established. The basic
information required for such calculations consists
of data on traffic flow and predictions of 1likely
future growth on costs of the various procedures of
road construction and maintenance, on pavement
deterioration under the combined effects of traffic
and weather, and on the influence of road condi-
tions, particularly of pavement roughness on vehicle
operating costs. Typically, in open African savan-
nah such calculations will indicate that rates of
return exceed the opportunity costs of capital with
present traffic flow between 150 and 400 vehicles/
day. Somewhat lower traffic thresholds are to be
expected in hilly country and in wet climates. It
is always desirable to make sure that local circum-
stances have been fully considered in assembling the
data and in the assumptions that have to be made.
Some of the pitfalls are indicated briefly below.

The data on traffic flow must include a realistic
estimate of the spectra of vehicle and axle loading.
Enforcement of vehicle-loading regulations is gen-
erally weak in Third World countries. Overloading
beyond the rated capacity of trucks is commonplace
and the axle loading spectra are frequently heavier
than on main roads in industrialized countries
(Figure 1). There is evidence that the fourth power
law derived from the American Association of State
Highway Officials (AASHO) Road Test--that damage to
a pavement is proportional to the fourth power of
the wheel load--applies at least approximately on
lightly constructed bituminous pavements. Designs
on the assumption that legal loading limits are not
exceeded can lead to pavement deterioration 10 times
more rapid than was intended.

Construction costs will vary from one locality to
another. At one locality they will be affected
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considerably by the geometric standards selected for
the paved roads and by the extent of road widening
and relocation deemed to be necessary. Computer
programs are available for the rapid comparison of
the rate of return as it is affected by changes in
standards of geometric design. The British road
transport investment model (RYIIM), based on experi-
ence in East Africa (1), can be used to compare
designs with different specified standards. The
World Bank's highway design and maintenance model
(HDM) (2) has the potential to make optimum use of
specific design components.

Whether such studies are undertaken manually or
with the assistance of computer models, it is essen-
tial that the relations employed be validated by
local experience. This applies with the relation
used between vehicle operating costs and road condi-
tions and even more so with the assumptions made on
pavement deterioration.

Information on the effects of road conditions on
vehicle operating costs is sparse, particularly on
the most relevant aspect for this type of study--the
effects of road roughness on vehicle operating
costs. In effect, at this time only three sources
are used: the classic study by Moyer and Winfrey,
completed in the 1930s; a synthesis of data and
judgment by de Weille published by the World Bank in
1966 (3); and a study undertaken by the British
Transport and Road Research Laboratory (TRRL) in
cooperation with the Kenya Ministry of Works and the
World Bank in the early 1960s (4). Further studies,
with World Bank and United Nations Development
Program (UNDP) assistance, are in progress in Brazil
and India, and these should soon yield useful data.
Even on roads that carry no more than 100 vehicles/
day, the investment in providing and operating the
vehicles considerably exceeds the investment in
construction and maintenance of the road. It is odd
to find so little research undertaken on the effects
of road conditions on vehicle operating costs,
particularly in view of the huge and continuing
investment in research on pavement design.

Pavement deterioration is affected by many
things. Traffic loading is of course always an
important factor. On earth and gravel roads the
nature of the road material, the climate, and the
frequency and nature of maintenance are important
influences. These are often known as matters of
local experience; but they need to be made numerate
in order both to plan the maintenance of such roads
in the most effective way and to produce credible
cost/benefit studies to establish when the provision
of a permanent surface is warranted.

The system can be beaten in various ways, some
more laudable than others. For instance, a district
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engineer who 1s both competent and cunning will
concentrate efforts on improving the drainage and
layout of a road and perhaps neglect the maintenance
of the gravel running surface. He or she thus
generates pressures for the upgrading of the pave-
ment (by both popular clamour and inflated vehicle
operating costs) and at the same time completes work
that will reduce the capital cost of the upgrading.
In the Third World such cunning is as yet rare. It
is more common to find highway departments struggl-
ing, often with indifferent success, to build up
effective road maintenance organizations.

Bituminous pavements are normally designed with
the intention that the next major capital investment
in strengthening, and possibly widening, will not be
required for some 10-20 years. Normal routine
maintenance is presumed, and on more 1lightly traf-
ficked roads that have lightly constructed pavements
this maintenance inevitably involves the correction
of some faults and omissions in construction; for
instance, to correct weaknesses in drainage that
become apparent and to repair potholes where con-
struction faults occur. Figure 2 shows the effects
of different maintenance policies on pavement dete-
rioration.

The efforts made by both governments and aid
donors to build up effective road maintenance orga-
nizations have not as yet been markedly successful
and it is evident that the neglect of maintenance is
leading to considerable waste of resources in both
inflated vehicle operating costs and increased
expenditure on the roads. This poses a dilemma that
is becoming more serious as the focus of effort
moves from main roads to secondary roads. We cannot
expect the relatively high technologies of detailed
soil and hydrological surveys of risk analysis 1n
design and careful control during construction to be
commonly available in improving and maintaining
secondary roads. With lower levels of technology
used in construction, it will be increasingly diffi-
cult to keep such roads in serviceable condition.
The answer that is sought must be simple and more
robust.

BITUMINOUS SURFACINGS

The evolution of bituminous surfacings has taken
different paths in different parts of the world. For
instance, the paramount bituminous premixes in the
United States (asphaltic concrete), Great Britain
(rolled asphalt), and the Federal Republic of Ger-
many (Gussasfalt) are different materials in both
composition and performance. The easy explanation
that they were evolved to meet different needs
conceals a fascinating story that is too long to
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Figure 2. Effects of maintenance
on light bituminous pavement in
wet or monsoon climate.
8,000}— 2
NO MAINTENANCE
POOR MAINTENANCE
6.,000}—
E
=
E
- €
a 4 000} 4™~Pramix Overlay
2
I
o
ps]
Q
<
Patching
2,000} “
=7 "hﬂi‘
o . Surface dressing
Patcning . Parching AREGTINeE
and drainage improvement
drainaga
improved l l I '
0 E 10 15 20
YEARS

Pavemnent Cendition

A. Cracks and potho!as appear

8. Cracks and pothales spreading

C.)Severely pothoted. HAS Td BE

Q} SUBSTANTIALLY REEUILT

E. Some cracks and putholes, -Approaching
uniform strength throuanout, CVERLAY

STRENGTHENS AND REDUCES RQUGHMESS.

recount here. The relevant point is that the Third
World has not had the time or the necessary pres-
sures for bituminous surfacings to be evolved that
are manifestly adapted to their needs. They have
had to use imported technologiles, sometimes in-
herited from a colonial power, more often nowadays
imported by foreign consultants who use experience
from their home countries.

This can produce some odd anomalies. For in-
stance, in Egypt bituminous roads are surfaced with
asphaltic concrete and the same material is used for
pavement maintenance. Surface dressing (chip and
seal) is practically unknown. Twenty degrees of
latitude to the west, in Tunisia, almost all the
bituminous roads are surfaced with single- or
double-surface dressings and the pavements are
maintained by further surface seals by using bitumen
emulsions. Both countries are evolving bituminous
surfacing techniques to suit their needs, but in
neither country have local skills evolved to the
level that they are able to take full advantage of
the variety of bituminous road surfacings. So there
are two problems, one to decide which forms of
bituminous surfacing are inherently suitable for use
on roads in a particular country and the other to
establish in the country a corps of people who have
the necessary skills in the appropriate road-sur-
facing processes.

Physical environment has a considerable effect on
this choice and the two predominant influences are
those of climate and availability of road-making
materials. In a dry climate pavements will tend to
get stronger under the compacting action of traffic.
In a wet climate they may get weaker (Figure 3). An
equable climate (i.e., with only very small diurnal
and seasonal temperature changes) favors the use of

concrete pavements. A climate with large tempera-
ture changes is inimical to concrete because an
important factor in the deterioration of concrete
pavements is thermal expansion and contraction of
the concrete in association with traffic loading.

Some countries must adapt their road-making
methods to a limited choice of materials. At the
extreme are places such as Malta, Bermuda, and some
Caribbean islands where the only available material
is the soft limestone from which the islands are
made. The Deccan area of India is a vast plain of
expansive clay without resources of rock for road-
making. Similarly, coastal areas of Bangladesh are
some 200 miles from the nearest supplies of rock for
crushing and in both these areas bricks are used
extensively in road-making. In Africa the quality
of the indigenous lateritic and other road-making
gravels varies considerably between different areas
as does the access to rock suitable to be crushed
for road works. All these factors have an influence
on the choice of techniques for using bituminous
materials in road-making, so much so that there are
grave risks in attempting to generalize.

Some generalization will be useful, and the first
generalization to make concerns the function of a
bituminous surfacing on a low-volume road. The
intrinsic strength and load-spreading properties
required on lightly trafficked roads will normally
be provided in the road base and subbase. The
functions of the bituminous surfacing are to resist
the abrasive action of traffic and to prevent rain
from entering the road structure. The primary
properties required are stickiness so that it ad-
heres well to road-making aggregates and extensi-
bility so that it can accommodate strains without
rupturing as the pavement moves under traffic loads.
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illustrated by typical sandy clay; plastic limit is 18 per-
cent, liquid limit is 35 percent.
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Stickiness can be taken for granted for the time
being as one of the recognized attributes of bitumi-
nous materials; extensibility needs some further
explanation.

The term flexible pavement has long been synony-
mous with bituminous materials and the word flexible
implies extensibility. But, in the search for
stronger pavements to accommodate heavier and
heavier traffic on roads and airfields, development
has moved in another direction and emphasizes stiff-
ness, rigidity, and load-spreading properties as
desirable attributes rather than flexibility. 1In
the structural methods of pavement design that are
pursued so assiduously high stiffness is sought,
with the limiting criteria being defined in terms of
critical stress. In the United States the generic
name for dense premixed bituminous materials, as-
phaltic concrete, implies the move from flexibility
toward rigidity as a desirable attribute. There is
no doubt that this is the right direction in the
evolution of heavy duty pavements. But, is it right
for the lightly constructed pavements that we have
to use? I think not.

In lightly constructed pavements strains develop
in the surface layer for many reasons--elastic
deformation of the road pavement under traffic
loads, permanent deformation because of the compact-
ing action of traffic and, often, more deep-seated
movements associated with changes in the moisture
regime under roads. Assiduous control of compaction
during construction can go some way to reduce these

strains but will not eliminate them. In any case,
such assiduous control is not 1likely to be the
normal rule in improving secondary roads in the
Third World. In providing the initial bituminous
surfacing and in subsequent strengthening and sur-
face maintenance, a primary requirement is that the
surfacing should be able to accommodate strain
without cracking or raveling. Where does this take
us in selecting appropriate forms of bituminous
surfacing for such roads?

We can get little guidance from the fund of
knowledge now available on pavement design. Indeed,
concentrating as it has on producing strong pave-
ments for heavily trafficked roads, it may be mis-
leading or inadequate. The aim for high stabilities
has produced a trend toward bituminous mixtures in
which the bitumen is present in the form of very
thin films between tightly packed crushed stone,
thus high stability is obtained at the expense of an
ability to accommodate strain. The literature is
growing on the behavior of dense asphaltic concretes
under fatigue loading; it provides some guidance on
how to design these mixtures to accommodate tran-
sient strains. But, these studies have not included
asphaltic surfacings in which the bitumen is present
in fairly thick films as these are regarded cor-
rectly as intrinsically unsuitable for use on
heavily trafficked roads and airfields. And it is
these surfacings in which the bitumen is present in
fairly thick films that retain the flexibility
necessary for use on low-volume lightly constructed
roads.
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What types of asphaltic surfacing are these?
There are broadly two types of surfacing in which
relatively thick films of bituminous binder are used:

1. Surface treatments, in which a film of asphalt
is applied to the road surface followed by an appli-
cation of chippings and

2. Mixtures of asphalt and coarsely graded aggre-
gate.

The mixtures can take many forms, from grouting
through mix-in-place, to premixes of the open-
textured macadam type or denser gap-graded mixtures.
All have the attribute that they are able to accept
high transient and permanent deformations without
cracking or disintegrating.

The two forms of treatment are complementary
rather than alternatives. The normal segquence will
be to use surface dressing as the first bituminous
surfacing on a newly constructed bituminized low-
volume road and then, when the road comes to be
strengthened or the riding quality improved, to
employ a bituminous mixture, either grouting or a
premix.

Surface Dressing

Essentially, surface dressing involves application
of a uniform film of asphalt to the prepared road
base followed by a layer of single-sized stone. The
asphalt seals and binds the road surface and the
stone provides the running surface. Little quanti-
tative evidence has been gathered on the rate of
pavement deterioration of surface-dressed low-volume
roads in comparison with such roads surfaced with
other bituminous materials. Road Note 31 (5) tenta-
tively suggests that a surface-dressed road will
tolerate three times the transient deflection under
load and still give the same design life as a simi-
lar pavement surfaced with 2 in of asphaltic con-
crete and there are many examples in practice of
roads that consist of surface-dressed granular bases
that give good service for many years, with traffic
up to and sometimes in excess of 1000 vehicles/day.

A large body of literature gives practical recom-
mendations on how to make good bituminous surface
dressings and this paper will not replicate these or
even attempt to review them.

Considerable skill is needed 1in choosing the
appropriate specification for given circumstances.
The stone chippings should be single-sized and the
appropriate size must be chosen in relation to the
type of road surface being treated and the traf-
fic--large chippings for soft surfaces and heavy
traffic, smaller chippings for harder surfaces and
lighter traffic. In double-surface treatments it is
appropriate to use two different sizes of chipping
for the two treatments so that one can be bedded
firmly in the interstices of the other. Opinions
vary as to order in which the chippings are to be
applied, and this is a point of some subtlety. If
for instance the two treatments are to be applied
one shortly after the other, it may be best to use
the larger chipping (say 3/4-in nominal size) first
followed by a further seal and application of a
smaller chipping (say 3/8-in nominal size). But, if
for any reason the second treatment is to be de-
layed, a chipping of medium nominal size (say 1/2
in) would probably be best for the first dressing.

Penetration-grade asphalts are frequently used
for surface dressing in hot countries. In many such
countries road temperatures can be quite low, espe-
cially in the early morning, and in these circum-
stances it is increasingly common practice to make
the asphalt more fluid by incorporating small pro-
portions of an o0il of medium volatility such as
kerosene. If this is done, it is vital that in-
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structions be simple and effective to avoid the risk
of fire.

Probably the most important factor in influencing
the performance of surface dressings is that the
rate of spread of asphalt be even and appropriate
for the circumstances. Again, this is a point of
some subtlety; the rate of spread of asphalt must be
chosen in relation to the absorptive characteristics
of the surface being treated, the size of the chip-
pings, and the expected traffic intensity. One of
the earliest attempts to rationalize this choice was
in Hansen's concept of the average least dimension
of the chippings to indicate the thickness of as-
phalt £ilm that is appropriate for the size and
shape of the chippings (6). Most current specifica-
tions embody this principle (7-10).

Even so, knowledge on how to specify and lay
surface dressings has been derived entirely from
carefully observed practical experience. It is none
the worse for that. But one result is that it
attracts little academic attention either in teach-
ing or research, and many highway engineers never
have the opportunity to learn the intricacies in-
volved in securing good surface dressing.

The manufacturing process for surface dressing is
undertaken on the road. This militates against the
careful control that is necessary to produce a good
product, in contrast with premixed bituminous mate-
rials in which a large part of the manufacturing
process is carried out in a stationary plant on
which control of the process is somewhat easier.
This is not a disabling disadvantage; witness the
consistently high quality of surface dressing done
in Australia and New Zealand and the good service
from them obtained as a result., But, it 1s the
reason why surface dressing falls into disrepute in
some countries where site control has been indiffer-
ent. One reason for using double surface dressings
in new construction is that the second dressing
corrects imperfections that arise from indifferent
workmanship in the first. And variants exist that
have the same objective, such as the Cape Seal used
extensively in southern Africa. In this process the
surface voids in the finished surface dressing are
filled with an application of coated grit. Special
machinery and skilled staff are needed. In indus-
trialized countries these are often provided by
specialist firms, a trend that should perhaps be
encouraged in Third World countries.

Grouting

Grouting was one of the earliest forms of bituminous
surfacing to appear. In it the upper layers of a
crushed stone base are grouted with applications of
liquid asphalt and the surface voids are then filled
with fine aggregate. This process was done by hand,
aided by simple machinery often little more than a
roller and a simple hand sprayer. Though it did
produce a robust surfacing capable of accommodating
quite a large strain, construction was tedious and
it used a lot of asphalt. In its semi-grout form,
in which the aim is for the asphalt to penetrate no
more than 2 in, it remains a possible surfacing in
areas where skilled hand labor is readily available.
It is still in regular use for instance in India,
Bangladesh, and Indonesia. But it is subject to
vagaries in skill of the workers. Both the spread-
ing of the stone and the application of the bitumen
can be mechanized and thus improve output and uni-
formity. The surface normally has it be sealed with
a surface dressing to render it waterproof.

Mix-in-Place

Many thousands of miles of rural road in North
America were first surfaced with mix-in-place bitu-
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Table 1. Typical bitumen macadams,
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Open-Textured Wearing Course,
Crushed Rock®

Single Course®

Open-Graded Base Course,
Crushed or Natural

Sieve Size Crushed Rock Sieve Size
Item (mm) Percent Passing Percent Passing Gravel (mm) Percent Passing
Aggregate 50 100 100
375 90-100 95-100
28 55-90 60-80 25 100
20 100 19 90-100
14 90-100 35-55 40-60
10 55-75 9.5 20-55
6.3 2545 20-30 3045
4.75 0-10
3.35 15-25 10-20 20-35
2.36 0-5
300 2-10 2-10 5-15
75 2-6 26 75 0-2
Bitumen content (% total 48£05,46for 3.9%06,3.6for 50£06 Determined from trial mixes
mix by weight) limestone limestone

Note: Binder for the open-textured wearing course and the single course was medium curing cutbacks and 300 penetration for hand laying; medium curing
cutbacks and 300 and 200 penetration for machine laying. Binder for open-graded base course was medium setting, high float medium setting, and

cationic medium setting.

3 From British Standard 4987, coated macadam for roads and other paved areas.
From the Asphait Institute (7).

minous surfacings, and it is surprising that the
process has found little use in the Third World.
Perhaps one reason is that roads in developing
countries have usually been designed as major new
investments rather than being built by stage con-
struction methods. (How would a mix-in-place surfac-
ing be treated in a pavement design analysis?) The
process employs natural gravels or sandy soils and
cut~back asphalts or slow-breaking emulsions, the
materials being mixed in place either with blade
graders or with traveling mixers. When slow curing
cutbacks are used, the mixed materials remain work-
able for a considerable time and a bumpy damaged
surface can be restored by scarifying and remixing.
Such was done, for instance, in Scandinavia in the
1950s by using heavy road oils and glacial gravels
to provide thin ‘pavements that could be restored
after winter frost heave. It seems likely that this
process has application on more 1lightly trafficked
roads in regions of the developing world where there
are readily available sources of sandy and gravelly
soils of low plasticity.

Bitumen Macadams

Bitumen macadams materials evolved from grouted
macadam following the realization that it is more
convenient to coat the stone in a mixer than on the
road. For some years such mixtures were marketed
under proprietary names, but as experience became
codified standard specifications were evolved for a
wide variety of mixtures that go under this generic
name. Essentially they are mixtures of coarse ag-
gregate, fine aggregate, filler (mineral dust), and
bitumen. The fine aggregate is not present in suf-
ficient quantity to fill the voids in the coarse
aggregate. As an approximate rule, mixtures that
contain less than 15 percent passing a No. 8 Ameri-
can Society for Testing of Materials (ASTM) sieve
are designated as open-textured bitumen macadams and
those with 15-30 percent passing a No. 8 ASTM sieve
are designated as a medium-textured.

The original concept of these materials has been
modified by the introduction of dense bitumen maca-
dams that have continuous gradings and are nearly
but not quite asphaltic concrete. Here we are con-
cerned with the open- and medium-textured macadams.
The surface area of aggregate per unit volume is low
in comparison with a dense mixture. Hence, with ap-
proximately the same amount of bitumen per unit

volume the film of bitumen over the aggregate is
considerably thicker. The filler has a special
function: intimately mixed with the bitumen it pro-
duces a binding matrix that is more viscous and
greater in volume than the bitumen itself. These
mixtures are normally made with cut-back bitumen or
with relatively soft penetration-grade bitumen. They
can be made with unheated aggregate by using bitumen
emulsions, They have two attributes that make them
attractive for use in strengthening or correcting
the profile of bituminous-surfaced low-volume
roads: They are capable of accommodating large
strains without fracture and, at least on lightly
trafficked roads, they are more tolerant of devia-
tions from specification in grading of aggregate and
bitumen content than are dense mixtures. They are
also cheaper.

As with surface dressing, specifications have
been derived from closely observed field experience
and there is no numerate method based on physical
tests for designing them. Specifications are based
on the grading of the aggregate and the viscosity
and proportion of bitumen. Typical illustrative
specifications are given in Table 1.

Again, these mixtures have attracted 1little
academic attention in either teaching or research.
The absence of a regime of physical tests to design
and evaluate them has given such mixtures a psycho-
logical disadvantage. A generation of road engi-
neers had been trained on the physical testing
regime associated with asphaltic concrete. When
confronted with these macadams, the first question
they ask concerns the Marshall stability and flow
values and the voids contents of such mixtures. When
told that they cannot be evaluated in this way, the
frequent reaction is to dismiss such mixtures as
outlandish and absurd.

Bitumen macadams have a disadvantage in that they
are not impervious. This can, under certain circum-
stances, be turned to advantage as in the use of
open-textured macadam as an antisplash, antiskid
surfacing. With the American aptitude for turning a
happy phrase, these are known as popcorn surfaces.
This permeability is not a serious disadvantage when
they are used to cover an intact and well-sealed
surface. If there is danger that water will pene-
trate through them to damage the old pavement below,
they should be sealed soon after laying with a
surface dressing. Indeed, the single-course bitumen
macadam (Table 1) is a mixture specifically intended
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for use on low-volume roads and normally intended to
be surface-dressed within a year of laying. Initi-
ates will recognize from the designated composition
that this material is cheap and relatively easy to
mix and lay.

GAP-GRADED DENSE MIXTURES

Early asphaltic surfacings were frequently made with
natural sand. These sand asphalts proved to be
extremely durable. They were the basis for the
cookery book recipes for premixed surfacings pro-
duced by Richardson in the early years of this
century (11) and some can still be seen on city
streets in the United States and still give good
service. But sand asphalts passed out of general
use for two reasons: one was the very practical
reason that premix producers wanted to use the fines
produced in their stone crushing plants and the
other was that the use of crushed rock fines proved
an advantage in gaining the high stabilities sought
in the Marshall testing regime.

In Great Britain another evolutionary line was
followed. With sand readily available in most parts
of the country, producers continued to use sand
asphalts but modified them by incorporating coarse
aggregate like plums in a pudding. The resultant
mixtures, known generically as rolled asphalt, were
dense and impervious--an essential virtue in a wet
climate. The coarse aggregate enhanced their resis-
tance to deformation under traffic, though typical
mixtures do not have the stability associated with
asphaltic concrete. And the sand-asphalt matrix
conferred flexibility on the mixture so that it
would accommodate strains in pavement structure
without cracking.

The next advance with this type of dense asphalt
occurred in South Africa in the early 1960s with the
development of mechanical testing regimes for their
design (12). Stimulus to this development came from
the opportunity it gave to employ the slurries from
the gold mines, finely ground quartzitic rock, in
the manufacture of this dense asphalt. At the same
time, the move began in Great Britain to explore the
use of mechanical tests for designing these mixtures
and the Marshall testing regime is now tentatively
in use alongside the proved recipe specifications
(13).

These mixtures are mentioned for two reasons. One
is the practical one that in many parts of the Third
World there are available deposits of natural sand
that can be used to make dense and potentially very
durable premixed asphalt surfacings. Alluvial and
aeolian quartzitic sands, coral sands, and fine
volcanic scoria are examples. Where coarse aggre-
gate is available this can be incorporated both to
enhance stability and to reduce cost.

The second reason is technical, that where high
stability is not a prime requirement such gap-graded
mixtures may have advantages in being easier to mix
and lay and in producing durable dense asphalts that
are not prone to crack so readily when subject to
strains as does continuously graded asphaltic con-
crete. It would have been good to be able to pre-
sent this thesis fully supported by quantified data;
unfortunately, I cannot do so. When I discuss this
thesis with asphalt technologists it finds general
acceptance. But they have been so busy solving the
design problems of heavily trafficked roads and
airfields that they have not had time to devote to
the development of dense premixes for low-volume
roads. I conclude this section by expressing the
hope that this paper will prompt more attention to
the development of robust and cheap dense asphalts
for surfacing low- and medium-volume roads.
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CONCRETE ROADS IN THIRD WORLD

In most developing countries the building construc-
tion industry absorbs nearly all available supplies
of portland cement concrete. Small quantities are
used for making soil-cement road bases and bridges
but concrete roads as such are as yet little used.
In some countries supplies of cement are increasing
and price trends are moving in favor of concrete
roads. This trend is accentuated if 1life-cycle
costing methods are used because the maintenance
needed on a well-made concrete road is normally less
than on a bituminous road. This factor is of par-
ticular significance in those developing countries
that are finding difficulties in building effective
road maintenance organizations.

Another potential advantage for roads il the
secondary network is that concrete roads are well
adapted for construction by skilled and semi-skilled
labor and a minimum of machinery. In fact, many
examples exist in Europe and America of secondary
roads and estate roads built of concrete by hand
methods in the 1930s that are still giving excellent
service. The advent of large and complex machinery
has produced enormous increases in speed of con-
struction and output per person, But, there has
been 1little comparable increase in quality. The
problems of joint construction in concrete laid by
machine have not been solved satisfactorily. In
concrete construction by hand, joint installation is
a simple component well within the capacity of the
carpenter or other worker who lays the formwork.

A further influence 1lies in climate. In some
regions of the Third World diurnal and seasonal
temperature changes are small, for example coastal
areas in East and West Africa and the deltaic areas
of many large rivers elsewhere, and large peninsulas
or islands such as Malaysia, Indonesia, and the
Philippines 1influenced by oceanic climates. In
these regions concrete has a technical advantage
because the deterioration of concrete pavements is
very much influenced by thermal expansion and con-
traction, manifested by cracking and trouble at the
joints. Concrete roads also have an advantage in
construction over poorly consolidated soils in that
the loads of pavement traffic are equitably distrib-
uted over the soils. An example that demonstrates
both of these advantages 1lie in the heavily traf-
ficked road that connects Bangkok with the interna-
tional airport at Don Muang and the north of Thai-
land. Here a 20-cm reinforced concrete slab sup-
ported by a stabilized subbase lies on some 15 m of
unconsolidated silty clay. Some settlement has
occurred but the settlement has been even, and apart
from work to correct the profile approaches to piled
bridges and culverts, the pavement has needed prac-
tically no maintenance since it was constructed in
the early 1960s.

CONCLUS ION

I did not intend to produce a panegyric for concrete
roads; the intention was more to illustrate the
general thesis of this paper, which by now should be
evident. This can be expressed in three proposi-
tions.

1. The trend in every country is to evolve toward
road-building methods that are optimum for the local
environment. These methods vary considerably to
reflect both the nature of the available road-making
materials and the climate. They may change to
reflect changes in the economic and social life of
the country.

2. Although countries of the Third World have
benefited greatly from the importation of road-
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making technologies from industrialized countries,
this has sometimes distorted the evolution toward
road-building methods that are appropriate to the
local environment.

3. The effects of climate and of the nature of
available road-making materials on road-building
methods are now generally understood; however, this
knowledge still needs to be refined and there is the
opportunity for countries of the Third World to
define the way in which their road-building technol-
ogies should be evolving and to make a conscious
effort to promote this evolution.
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Improved Pavement Management System for

Low-Volume Roads

B. FRANK McCULLOUGH, DAVID R. LUHR, AND ADRIAN PELZNER

The ic consequences of p design and maintenance for low-
volume roads need to be evaluated. Because many low-volume road networks
have large mileages compared with high-volume road networks, the capital in-
vestment in a low-volume network can be high. Low-volume roads are more

economically sensitive, on a per ge basis, to pa t design changes;
therefore, the use of a pavement g ystem in the planning, design,
construction, mai 1ce, and t of low-volume road pavement

structures is important. An improved version of the computer program, Pave-
ment Design and Management System (PDMS}, was developed that greatly
increases the capabilities of the system and also improves the rational basis for
predicting pavement performance. A structural analysis of American Associa-
tion of State Highway Officials road test pavement sections was conducted by
using a nonlinear elastic layer procedure to characterize the pavement materi-
als for four seasonal periods. A regression analysis was performed to develop
a performance-prediction equation. The dependent variable used was the
change in present serviceability index (PSI) divided by the change in vehicle
applications for each seasonal period. The performance variable is used to
predict the PSl-traffic curve for the pavement structure, thereby allowing the
evaluation of the performance area under this curve. Because each vehicle
type is considered separately, there is no need to consider axle equivalency
factors. This is an important advantage b American A iation of State
Highway and Transportation Officials equivalency factors are found to have
serious limitations.

The term pavement management system was first used
in the late 1960s and early 1970s to describe a sys-
tems engineering approach to the problem of econom-
ical design, construction, and maintenance of

roads. Since that time many developments have been
made in the area of pavement management systems for
both rigid and flexible pavements (1).

Interest in pavement management has increased
substantially in recent years as transportation
agencies look for new methods and tools to use in
the efficient management of transportation net-
works. Pavement management can be a tremendous
asset to the engineer faced with budget restric-
tions, material shortages, and important energy con-
siderations, and at the same time it can meet in-
creasing demands from heavier axle loads and traffic
volumes.

NEED FOR LOW-VOLUME-ROAD PAVEMENT MANAGEMENT

The implementation of pavement management is associ-
ated with high-cost, high-volume roadways. The use
of a pavement management system for low-cost, low-
volume roads may have the appearance of applying too
much sophistication to a low-cost situation. How-
ever, the term low cost may sometimes be a misnomer
when applied to low-volume roads. This is because,
in many transportation networks, low-volume roads
constitute the majority of the network mileage.

In Texas, the Interstate highway system is com-
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posed of approximately 4800 km (3000 miles) of road-
way. In comparison, the low-volume farm-to-market
system contains approximately 66 000 km (41 000
miles) of roadway. Even though the cost per mile of
constructing an Interstate highway is 10 times the
cost per mile for farm-to-market construction, the
difference in mileage results in the Interstate sys-
tem having only 75 percent of the capital investment
of the farm-to-market system.

The roadway system of the U.S. Forest Service has
very small traffic volumes and much lower construc-—
tion costs per mile than the Texas farm-to-market
system. However, the size of this system [420 000
km (260 000 miles)] makes the total capital invest-
ment very large. Even though 95 percent of these
road miles have no bituminous surfacing, approxi-
mately $475 million will be spent in 1982 on mainte-
nance, rehabilitation, and new construction for this
system.

Also note that small differences in pavement
structure design will have a larger effect on the
economics of low-volume than high-volume roads. For
example, an increase in the surfacing thickness of 1
in for a low-volume road may result in a 30 percent
increase in the construction cost per mile. How-
ever, the same increase in the surfacing thickness
of an Interstate highway may increase the construc-
tion cost by only 5 percent because the cost per
mile for the Interstate is much higher. When the
increased cost per mile for the low-volume road is
multiplied by the large mileage in a low-volume net-
work, the increased cost of the small difference in
pavement structure is very large.

It is, therefore, obvious that decisions made
regarding pavement design and maintenance for low-
volume roads are economically very important. Con-
sidering the high cost involved with the number of
miles in a typical low-volume road network, the use
of a pavement management system as a tool in the
planning, design, construction, maintenance, and
management of the roadway structure should not be
overlooked.

Previous Development

The road system of the U.S. Forest Service is made
up entirely of low-volume roads that are often in
very rugged terrain, are subjected to severe envi-
ronmental conditions, and vary regionally from the
low swamplands of Florida to the mountains of
Alaska. Because of the complexities involved in the
efficient design, maintenance, and management of
pavement structures in such an extensive roadway
system, the U.S. Forest Service initiated, with the
University of Texas, a cooperative study in 1972 to
develop a pavement management system that would be
applicable to Forest Service roads. The result of
this cooperative effort was the computer program
Pavement Design and Management System (PDMS), which
was implemented on a trial basis in the Forest Ser-
vice in 1977 and on a permanent basis in 1979 (2-4).

This pavement management system calculates and
optimizes pavement design and rehabilitation strat-
egies on a project level after being given informa-
tion about available construction materials, mate-
rial characteristics, expected traffic volumes and
loads, various costs, and required pavement perfor-
mance. Pavement management is accomplished by ef-
fectively considering all costs associated with the
pavement structure over the entire length of the
analysis period. This includes initial construction
and subsequent costs related to road maintenance,
rehabilitation, and vehicle operation. In this way,
the designer is able to make the most efficient use
of available resources, in addition to having a tool
for future planning purposes.

LS

As a result of the implementation of this pave-
ment management system, it was determined that the
system could be revised and improved significantly
through a new research and development effort. An
initial investigation found that a mechanistic ap-
proach to pavement design and prediction of pavement
performance would be the best way to revise the sys-
tem (5). As a result of this initial investigation,
plans and objectives were developed that would re-
sult in a new and improved version of PDMS,

Summary of Objectives

The objective of the research and development effort
to improve PDMS was to enhance the capabilities of
the pavement management system and also to improve
the fundamental approach of certain performance
models within the system. Specifically, the primary
objectives were the following:

1. Develop a design algorithm based on a ra-
tional characterization of the pavement structure
and pavement response,

2, Develop the capability to consider the sea-
sonal characteristics of pavement materials as well
as seasonal changes in traffic volume,

3. Develop the capability to consider the
stress-sensitive characteristics of unbound materi-
als in the pavement structure,

4, Develop the capability to rationally evaluate
the effects of heavy loads or new axle configura-
tions, and

5. Improve the capability to consider the effect
of pavement performance on vehicle operating and
user costs.

STRUCTURAL ANALYSIS

In designing a pavement structure for a low-volume
road, remember that its structural behavior is no
different from that of a pavement structure for a
high-volume road. That is, the laws of physics that
govern the structural characteristics of pavement
materials do not change. Subtle differences may
exist, but within the realm of a pavement management
system all flexible pavements can be structurally
analyzed in the same way. For this reason it was
decided to structurally analyze the pavement sec-—
tions at the American Association of State Highway
Officials (AASHO) road test, even though the level
of traffic at the road test was very high (6).

An earlier analysis of AASHO road test pavement
sections indicated that a simple linear-elastic
evaluation of the pavement sections by using layer
theory worked fairly well in correlating pavement
performance with compressive subgrade strain (5).
Considering this, and also that the AASHO road test
data provide some of the best information available
on pavement performance, it was decided to conduct a
more detailed structural analysis of the AASHO road
test sections by using a non-linear-elastic method-
ology.

In the non-linear-elastic analysis of the pave-
ment structures, the stress-sensitive nature of the
resilient moduli for the unbound pavement materials
(granular base and subbase, fine-grained subgrade)
were characterized. This stress—sensitive charac-
terization, as well as modulus values for the as-
phalt layer, was developed by Finn and others (7)
for four different seasonal conditions at the AASHO
road test. In this way, it was possible to study
the seasonal differences in pavement behavior. The
structural analysis of the pavement sections was
carried out by using a modified version of the
elastic-layer program bitumen structures analysis in
roads (BISAR); the original BISAR program was de-
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veloped by Shell Research (8). The development of
the modified BISAR program, as well as the details
of the structural analysis methodology, is discussed
elsewhere (9).

PERFORMANCE MODEL DEVELOPMENT

The structural analysis of AASHO road test pavement
sections was completed by analyzing all the combina-
tions of pavement structures and axle loads that
exist at the road test by using the modified BISAR
program. Several stress-strain parameters were
calculated for each pavement section and are dis-
cussed in the following sections on performance
variable, independent wvariables, and regression
analysis.

Performance Variable

Once the pavement behavior of the AASHO road test
sections had been mechanistically characterized by
the structural analysis, the development of a
performance model required the correlation of the
mechanistic pavement parameters with a measure of
pavement performance. In selecting the pavement
performance parameter to be used, it was decided
that the use of a macroperformance variable, such as
present serviceability index (PSI), would be better
than the use of microperformance variables (e.g.,
rut depth, cracking, and raveling). There were two
major reasons for this decision: (a) the microper-
formance variables are not mutually exclusive but
are highly interrelated and difficult to predict and
(b) the PSI, which is primarily a roughness index,
represents the performance parameter that most af-
fects the road user.

In order to achieve the objectives mentioned at
the beginning of the paper, a performance variable
needed to be selected that would change with sea-
sonal conditions. The performance variable selected
was, therefore, the rate of PSI deterioration with
traffic, or

Performance variable = APSI/ATRAFFIC )

where APSI is the change in PSI during a given
season and ATRAFFIC is the change in vehicle ap-
plications during the same season, Note that, in
this analysis, no seasonal weighting function was
used to transform the traffic data. However, sea-
sonal weighting of traffic data was used in the
development of the American Association of State
Highway and Transportation Officials (AASHTO) per-
formance equation (§6).

This performance variable concept is illustrated
in Figure 1, which shows the PSI versus traffic
curve divided into straight-line segments for each
season. The performance variable is predicted for
each season, thereby proceeding along the perfor-
mance curve in a step-by-step manner until the PSI
reaches some terminal, or failure, level. This type
of performance prediction variable has important
advantages:

1. Pavement performance is predicted for d4if-
ferent seasons, which allows the consideration of
seasonal pavement behavior or seasonal traffic con-
ditions;

2, The performance variable is affected by the
pavement performance history; for example, in Figure
1 the PSI at the end of season 2 (PSI;) and the
cumulative traffic at the end of season 2 (T,) are
used as independent variables to predict the perfor-
mance variable for season 3; and

3. This procedure predicts the PSI-traffic per-
formance curve, and the area under this curve can be
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Figure 1. lllustration of performance variable.
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used as an indicator of pavement performance that
can be compared with performance areas of other
pavement structures or used in analyzing other im-
portant pavement factors, such as vehicle user costs.

Independent Variables

The independent variables used in the performance
prediction model fall into three categories: vehi-
cle type, pavement history, and pavement mechanics.

Vehicle Types

Vehicle type variables describe the vehicle being
considered and include number of tires on the 1load
axle, tire pressure, load per tire (steering and
load axles), and number of load axles per vehicle.
In this way, the entire vehicle is considered as one
unit instead of being divided into axle applications.

Pavement History

As mentioned during the discussion of Figure 1, the
values of PSI and cumulative traffic at any given
time are used in the model to predict the perfor-
mance variable for the next seasonal period. This
causes a different rate of deterioration for a new
pavement than for a pavement that has been in ser-
vice for a period of time.

Pavement Mechanics

Pavement mechanics variables reflect the change in
pavement performance due to seasonal conditions,
pavement structures, and axle loads. The variables
include tensile strain at the bottom of the asphalt
layer, subgrade compressive strain, subgrade shear
strain, and subgrade strain energy. Pavement de-
flection was specifically not included because of
difficulties in predicting pavement deflection when
the depth to rigid foundation (depth of roadbed) is
not known (10).

Regression Analysis

During the regression analysis it was found that the
best prediction equation occurred when the dependent
variable was transformed by using a square-root
function. A statistical summary of the prediction
equations developed is given in Table 1. Several
equations were developed that can be used separately
for different pavement conditions and axle types.
The general equations given below can be used in all
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Table 1. Statistical summary of performance equations.

No. of
Standard Coefficient of  Termsin No. of Data
Equation R? Error Variation Equation Observations
Full-depth asphalt® 0.931 0.0028 0.30 6 33
All other asphalt pave- 0.565 0.0031 0.69 10 1469
ments®

Two and three layer

Single axle, single tire 0.712 0.0017 0.78 4 165

Single axle, dual tire 0.510 0.0033 0.73 6 677

Tandem axle, dual 0.637 0.0029 0.58 10 627

tire

a .
General equation.

cases and are primarily for considering conditions
excluded in the other equations (i.e., different
axle configurations).

For full-depth asphalt,

APSI/ATRAFFIC = 1.751(C) +5.772 x 107* (1) + 1 .264 x 10" (D - G)
-8.946 x 10" (J - H)? +1.715 x 10*(H)?
+1.677 x 1073 {1og, o[(5.0 - Ly/M + 1)]}
+8.449 x 1073 )

For all other asphalt pavements,

APSI/ATRAFFIC =1.054 x 10™* + 0.9763 { -4.168 x 1074(K) - 9.951(B)
+2.941 x107' (A~ C)-6.919 x 107" (D - E)
+2.922(J -F) - 3.630 x 10-6 (M)
-1.985 x 10! (7 - H)? +6.037 x 1073 [(5.0
- L)/(M+1)] +3.785 x 104(J)? +9.849
x 101 (I - G)? +4.050 x 10-3} (3)

where

steering axle load per tire (kips);

steering axle asphalt strain;

steering axle subgrade strain energy;

load axle load per tire (kips):

= load axle asphalt strain;

load axle subgrade strain;

= load axle subgrade shear strain;

load axle subgrade strain energy:

1 for single axle, single tire, 2 for single
axle, dual tires, and 4 for tandem axle, dual
tires;

number of load axles per vehicle;

= asphalt layer thickness;

= existing PSI; and

= existing cumulative traffic.

HTOmMEOOW >
||

2HRG

A separate general equation was developed that
does not contain any asphalt strain terms. This
general equation is used to predict the performance
variable for aggregate-surfaced roads and will be
calibrated or replaced in the future when adequate
performance data are obtained for aggregate-surfaced
roads.

In the meantime, two other performance models are
used when designing aggregate-surfaced roads. One
model involves the accumulation of rutting caused by
cumulative traffic and was developed by the Water-
ways Experiment Station (1l). The second model con-
cerns the reduction of the pavement structure
through surface aggregate loss. This term is either
input directly by the user as a function of traffic
or is calculated by a regression equation (4). The
PDMS program considers the aggregate-surfaced road
to have failed when any of these three models fails.

In almost all equations for bituminous pavements,
the subgrade stress~strain variables contributed
more to the accuracy of the equation than did the
asphalt tensile strain. This trend was also found
in the preliminary performance equation developed

during this project (5). The reason for this trend
is that the subgrade parameters give a better indi-
cation of the response of the entire pavement struc-
ture, whereas the asphalt parameter tends to be
dominated by conditions in the asphalt layer. 1In a
small analysis of simple correlation coefficients,
it was even found that subgrade parameters corre-
lated better with the percentage of cracking in the
asphalt than did asphalt tensile strain (12).

Perhaps the best way to examine the accuracy of
the prediction equations is to compute the perfor-
mance area under the predicted PSI-traffic curves
and compare it with the performance area under the
actual PSI-traffic curves from AASHO road test
data. This was done for those sections that reached
a PSI of 3.0 or below and the results are plotted in

Figure 2. The coefficient of determination (R2)
for this set of 274 observations was 0.65, with a
root-mean-square error of 0.43 (100""3 = 2.69).

An important statistic to compare with the root-
mean-square error of the predicted area under the
performance curve is the root-mean-square error for
the replicate data sections. These replicate data
give an indication of the repeatability of the mea-
surements made at the road test. 1In the case of the
areas under the performance curves, 24 replicate
sections had a root-mean-square error of 0.22
(100'22 = 1.66). The root-mean-square error of
0.43 for the predicted areas appears very reasonable
when compared with the replicate value.

PAVEMENT MANAGEMENT SYSTEM FRAMEWORK

The PDMS program evaluates and optimizes pavement
structure design and rehabilitation strategies on
the basis of total overall cost for the life of the
desired analysis period. This total overall cost
includes the initial construction cost, cost of
routine maintenance, rehabilitation costs, user ve-
hicle and delay costs, and salvage value, all con-
sidered on a net-present-value basis.

The program inputs indicate what pavement mate-
rials are available and at what cost, the traffic
loads that the pavement structure will be required
to carry, constraints with respect to pavement
thickness and initial construction funds, perfor-
mance requirements, and user costs. PDMS evaluates
candidate pavement structures to determine if they
satisfy the designer's constraints. The candidate
structures are first analyzed structurally to cal-
culate the stress-strain parameters used in the pre-
diction equations, This 1is accomplished by using
regression equations that model the modified BISAR
program, rather than the entire modified BISAR pro-
gram, so that computation time is not excessive.
The performance prediction equations are then used
to predict the change in PSI due to each vehicle
type for each season. Since each vehicle type is
considered separately, there is no need to use axle
equivalency factors. The total change in PSI due to
all vehicle types in the traffic stream is accumu-
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lated for each year, proceeding until the terminal,
or failure, level of PSI is reached. This process
of repeatedly adding the change in PSI caused by
each vehicle type eliminates the need to use Miner's
rule in determining the cumulative pavement damage.

When the terminal serviceability level is reached
the program will consider a range of overlay thick-
nesses, by using the procedure above, until the
pavement again deteriorates to the terminal PSI
level or the end of the analysis period is reached
(Figure 3). The program, therefore, has the capa-
bility of considering hundreds of different pavement
design and rehabilitation strategies, including the
use of different pavement materials and variations
in the layer thicknesses and number of layers in the
structure. This procedure allows the comparison of
a thick (and expensive) initial construction that
requires little maintenance with a thin initial con-
struction that requires frequent rehabilitation
(stage construction).

All pavement designs and rehabilitation strate-
gies that satisfy the designer's constraints are
sorted according to total overall cost, and the 40
designs that have the lowest cost are printed. 1In
addition, the cost/area ratio (calculated by divid-
ing total cost by the performance area under the
PSI-traffic curve) is calculated for each design.
This parameter assists the designer in evaluating
the 40 lowest-cost designs, because the expenditure
of an additional amount of money may decrease the
cost/area ratio significantly. The designer may
then decide that the optimum pavement design and
rehabilitation strategy is not the one that has the
absolute minimum cost but rather the one that has
the minimum cost/area ratio.

S IGNIFICANCE OF PDMS IMPROVEMENTS

Stress Sensitivity

One reason that PDMS considers the stress sensitiv-
ity of unbound pavement materials is for the ra-
tional economic comparison of materials. The condi-
tion may occur where two materials, for example an
expensive high-quality granular material (with high
stiffness) and an inexpensive low-quality granular
material (with low stiffness), would be compared as
possible construction materials for a pavement
structure. By assuming constant stiffness of the
materials, the expensive material would always pro-
vide a stronger pavement structure, assuming that
each material is of equal thickness. However, con-
sidering the situation of a very weak subgrade and
heavy wheel loads, the high tensile strains in the

3.25 4. 00 4.75 5.50 6.25 7.00
LOG PREDICTED RARER

Figure 3. Simplified flowchart of PDMS.

Find all initial construction designs which have
a life greater than the minimum time to the first
rehabilitation having . laver(s), eliminating
those which are too expensive or use more material

l than allowed.
. l

Examine rehabilitation schedules for

all initial designs having J layer(s)
[J +J+1 and a life less than the length of
—vem the analysis period.

&

Find the most economical design
strategy (initial design + rehabilita-
tion schedule) with J layer(s) and
print that design.

e Is J equal to the maximum
number of lavers allowed

Find the 40 most economical design
strategies disregarding the number of
layers, arrange them in ascending order
by total cost and print them in a
summary table.

Stop

granular layer would have the effect of reducing the
stiffness of the granular layer. This could reduce
the effectiveness of the expensive material until it
was only slightly stiffer than the inexpensive ma-
terial. Therefore, for economic comparisons, it is
important that PDMS characterize the stress-sensi-
tive nature of pavement materials. This is espe-
cially true when the use of a subbase material to
build-up the structure from a weak subgrade 1s being
evaluated. This fact, along with the relatively
good correlation obtained between predicted and mea-
sured performance areas under the PSI-traffic curve



Transportation Research Record 875

Figure 4. Measured and Single Axle Load, kips
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(Figure 2), helps to show the benefit of character-
izing the stress-sensitive nature of unbound pave-
ment materials.

Axle Equivalence Factors

An earlier development of an AASHO road test algo-
rithm indicated that axle equivalence factors may
also be affected by stress sensitivity in the pave-
ment structure, because different egquivalence fac-
tors were computed for different pavement structures
(5). Axle equivalence factors developed by the
AASHTO performance equation and tabulated in the
AASHTO Interim Guide indicate that equivalence fac-
tor values seldom change by more than 10 percent
from a thin pavement structure to a thick struc-
ture. Stated more simply, the AASHTO equivalence
factor values are nearly constant for a given axle
load (13).

The accuracy of axle equivalence factors may be
evaluated by analyzing the identical pavement struc-
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tures that carried different loads at the AASHO road
test. For example, eight different test sections
were built with identical 7.5-cm (3-in) asphalt,
7.5-cm base, and 10-cm (4-in) subbase pavement
structures. Each of these test sections carried one
type of axle 1load; they included 1loads of 9-kN
(2-kips), 53-kN (l2-kips), 80-kN (18-kips), 100-kN
(22.4-kips) single axle and 27-kN (6-kips), 107-kN
(24-kips), 142-kN (32-kips), 178-kN (40-kips) tandem
axle.

Since an B80-kN (18-kip) equivalence factor is

computed by
ex =Wigo/Wix @
where

ey = 80-kN equivalence factor for axle load x,
Wego = applications of 80 kN necessary to reach a
given PSI level, and
applications of axle 1load x necessary to
reach a given PSI level,

Wex

actual equivalence factors from the AASHO road test
data can be computed for those identical pavement
sections with different axle loads. To examine spe-
cifically the 80-kN equivalence factor, those iden-
tical sections'at the road test that had 80-kN loads
in addition to at least one other load were found.
With these data, it was possible to calculate 80-kN
equivalence factors for 28 single-axle cases and 49
tandem-axle cases. The results are shown for single
axles in Figure 4 and for tandem axles in Figure 5.
On both figures, because a logarithmic scale is
used, a single solid line represents the AASHTO
equivalence factors. From these figures it can be
seen that the equivalence factors from the AASHTO
performance equation do not satisfactorily explain
the variation in equivalence factors from the road
test data, especially when it is considered that the
equivalence factors are plotted on a logarithmic
scale. Because of the error involved in using
equivalence factors, that PDMS considers vehicle
types separately and does not use equivalence fac-
tors is important.

Seasonal Variation

Pavement performance 1s affected by seasonal changes
that occur in the pavement structure. Seasonal con-
ditions change from one region to another, there-
fore, it is necessary to characterize the seasonal
influence on performance. PDMS does not consider
non-load-associated environmental distress (i.e.,
temperature cracking) in a direct manner; however,
the environmental effects on load-associated dis-
tress are considered in the way pavement performance
is modeled separately for each season.

The U.S. Forest Service and some other transpor-
tation agencies in northern climates that manage
low-volume roads have the authority to impose road-
way axle load limits during certain times of the
year when the pavement structure is in a very weak
condition. This situation usually occurs in the
springtime, when melting in the upper layers of the
pavement structure causes water to accumulate above
the still frozen lower layers. The PDMS program has
the capability to evaluate the economic trade-off of
increasing road restrictions or paying higher pave-
ment costs.

User Cost

The improved prediction of the PSI-traffic curve
enables PDMS to increase considerably the analysis
of vehicle user cost. Little is known about the



20

relation between user cost and pavement perfor-
mance. However, substantial research and develop-
ment work is currently being done in this area
(14,15). The improved framework of PDMS allows the
designer to define user cost as a function of PSI
for each vehicle. 8Since the PSI level is predicted
for every season, the user cost can be computed and
included in the total overall cost. This procedure
is an optional feature of PDMS because the designer
may not have accurate user data or simply may not
wish to consider user cost. If user cost data are
not available and the designer would still like an
indication of the level of pavement performance, the
performance area under the PSI-traffic curve can be
used as an indicator of which pavement design and
rehabilitation strategy provides the highest 1level
of service (and, therefore, the lowest overall user
costs).

Extrapolation of Performance Models

Because of constantly changing conditions, pavement
materials, axle loads, and axle configurations, any
model of pavement performance developed will almost
certainly be subject to use outside the data range
from which it was developed. In addition, moving
the performance model from one region or country for
use in a different environment will result in the
same type of extrapolation. This is a serious prob-
lem for strictly empirical performance models such
as the AASHTO performance equation, which relies on
subjective parameters such as the material strength
coefficient, soil support value, and regional factor
to extrapolate beyond the data at the AASHO road
test. However important these parameters are when
used in the AASHTO equation, no quantitative methods
are available to determine their values.

Perhaps the most-important improvement of PDMS
comes from the mechanistic basis of the new perfor-
mance model. Parameters similar to the material
strength coefficient or soil-support value are not
necessary because the pavement and roadbed materials
are characterized by using the resilient modulus.
No regional factor terms are necessary beécause the
pavement performance is directly a function of the
seasonal characteristics of the material, This
greatly improves the ability to use this pavement
management system in a wide range of circumstances,
including aggregate-surfaced roads. However, a com-
prehensive data base of pavement performance infor-
mation is necessary to calibrate or revise the per-
formance models in PDMS, particularly for the
aggregate-surfaced roads. The U.S. Forest Service
appreciates this and, in the near future, plans to
develop a data base system for its road network (16).

CONCLUS IONS

This paper presents the results of a research and
development effort to improve PDMS. Based on the
information presented, the following conclusions are
made:

1. A pavement management system is an important
tool in evaluation of the significant economic ef-
fects of low-volume road design;

2. The mechanistic approach used in developing
the performance model provides a good foundation for
the inevitable extrapolation outside the range of
original data; however, it is no substitute for a
comprehensive data base;

3. The performance variable is used to predict
the PSI-traffic curve, thereby allowing the evalu-
ation of the performance area under this curve;

4, Pavement deterioration is calculated by
adding the change in PSI due to each vehicle type
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instead of using Miner's rule to estimate cumulative
damage;

5. The consideration of the stress sensitivity
of unbound pavement materials is important in a
pavement-management system;

6. The ARSHTO equation equivalence factors have
definite 1limitations, and that equivalence factors
are not used is an advantage of PDMS;

7. Seasonal variation of pavement and traffic
conditions is important and is characterized in
PDMS; and

8. PDMS has the capability to consider user
cost, which will be important in the future when
more data are available, and is capable of consider-
ing user preferences through the cost/area ratio.
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Performance of Various Thicknesses of PCC Pavement

JOHN I. HELMERS AND VERNON J. MARKS

If adequately designed and high-quality material and good construction prac-
tices are used, portland cement concrete is very durable. This is demonstrated
by the oldest p t in lowa ( d oldest in the United States), which
was paved in 1904. It performed well for 70 years without resurfacing. The
design thickness is an important factor in both the performance and cost of
pavement. The objective of this paper is to provide a 30-year performance
evaluation of a pavement constructed to determine the required design thick-
ness for low-volume secondary roadways. In 1951 Greene County and the
lowa Highway Research Board of the lowa Department of Transportation
initiated a 4-mile (6.4-km) demonstration project to evaluate thicknesses that
ranged from 4.5 to 6 in (11.4-15.2 cm). The project, which consisted of 10
research sections, was formed pavement placed on a gravel roadbed with very
little preparation except for redistribution of the loose aggregate. Eight sec-
tions were nonreinforced except for centerline tie bars, and no contraction
joints were used. Mesh reinforcing and contraction joints spaced at 29 ft 7 in
(9.02 m) intervals were used in two 4.5-in (11.4-cm) thick sections. The only
air-entrained section was nonreinforced. The pavement performed well over
its 30-year life of carrying a light volume of traffic and did not require major
maintenance. Cracking was substantial; average slab length varied directly with
thickness. The 4.5-in-thick nonair entrained, mesh-reinforced pavement with
contraction joints has performed the best.

Iowa's portland cement concrete (pcc) paving began
in 1904 with one-half block in the town of LeMars
(second oldest pavement in the United States). This
two-1lift pavement was 6.5 in (16.5 cm) thick, and
the top 1.5 in (3.8 cm) had a greater cement factor
than the bottom 5 in (12.7 cm). The joints were
formed at 6-ft (1.83-m) intervals skewed 45° from
each side, which created a diamond pattern. The
texture was obtained by scoring the surface in 4-in
(10.2-cm) squares. This pavement performed well for
70 years without resurfacing and demonstrates the
potential of pcc pavement., Many miles of pcc pave-
ment were constructed in the late 1920s and early
1930s during a campaign to get Iowa out of the mud.

Iowa is a state of 56 290 miles? (145 791
km2), and only eight urban areas have a population
greater than 50 000, It has 112 257 miles of road-
way (180 660 km), the surface types of which are
given in Table 1. In 1951, excluding municipal
roads, there were 8248 miles (13 274 km) of hard
surfacing, 58 598 miles (94 304 km) of gravel, and
35 523 miles (57 169 km) that had no surfacing. The
94 121 miles (151 473 km) of roadway without hard
surface and the belief that adequate design, high-
quality material, and good construction are essen-
tial for durable concrete were the impetus for Iowa
Highway research project HR-9.

Substantial research has been conducted into
structural requirements, Studies of flexural fa-

Table 1. Miles of lowa highway by surface type, 1981.

Iowa Highway by Surface Type (miles)

Surface Type Primary Secondary Municipal Total

Portland cement paved 4557 4536 3305 12 463
Asphalt concrete paved 5465 8 936 5879 20379
Bituminous treated 88 1514 1058 2694
Gravel 15 68 942 1701 70 767
Not surfaced, dirt 0 5825 127 5954

tigue as a function of design thickness were com-
pleted in the 1920s. This research was used in the
development of the 1933 Portland Cement Association
(PCA) design curve for pavement. The ITowa Depart-
ment of Transportation is currently using the 1966
PCA design procedure. )

The objective of the research project was to
determine to what thickness pec pavement could be
reduced, with corresponding cost reduction, and
still provide a high-quality surface of long 1life
for low-volume secondary roadways. The objective of
this report 1is to provide a 30-year performance
evaluation of the experimental pcc roadway.

PROJECT IDENTIFICATION

Greene County is located in central Iowa approxi-
mately 50 miles northwest of Des Moines. The proj-
ect is 4 miles (6.4 km) long on County Road E-33
from 1A-4 to Farlin.

Signs that show the thickness and reinforcing of
the pavement were installed along the north right-
of-way line of the project. They were placed at the
ends of the sections, and arrows on the signs
pointed to the section to which the information
applied. These signs are still present on the
project as an aid to observers in locating the
various sections and evaluating the present condi-
tion.

A nonconformity of the signs' text and the terms
used in this report is that the nonreinforced sec-
tions are 1listed as dowel reinforced. The dowel
term noted on the signs refers to the centerline tie
bars.

Preconstruction Testing

In the spring of 1951 soil borings were taken and
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load-bearing tests were performed by the plate-bear-
ing method to determine the suitability of the
existing roadbed as a base for the pavement. Bear-
ing values under a 12-in diameter plate at vyield
point ranged ¢from 58.5 to 9 1lbef/in? (403-62
kPa) ; 30 lbef/in? (207  kPa) is considered
adequate. Based on this criteria, 1load-bearing
tests showed 4100 ft (1250 m) of unstable base, and
the soil borings indicated some areas in which there
was a high water table and a subgrade that consisted
mainly of clay loam (U.S. Bureau of Public Roads
subgrade group A-6).

Base Drainage

In the areas identified as being unstable, vertical
sand drains were constructed to provide for moisture
movement. These drains were 6 ft (1.8 m) deep, 7-in
(17.8-cm) diameter holes filled with clean sand and
a solutlon of calcium chloride and water compacted
with a mechanical vibrator. They were located on
5-ft (l.5-m) centers in five parallel lines in a
checkerboard pattern. There were 4064 drains con-
structed in the following locations (note that the
project is stationed east to west):

From station 3+50 to 11+25,
From station 26+00 to 31+00,
From station 47+00 to 53+00,
From station 62+00 to 65+50,
From station 87+00 to 99+50, and
From station 99+50 to 105+60.

Soon after the project was paved, the county
engineer questioned the effectiveness of these
drains because no horizontal interconnecting blanket
or outlets through the earth shoulders were pro-
vided. The first winter after construction produced
severe frost action and resulted in minor heaving of

Table 2. Design and construction summary.

Location?
- Thick- Contraction
Section From To ness Reinforce- Joint Spacing
No, Station Station (in) ment (ft)
1 0+10 18400 5 None €
2 18400 27400 4.5 Mesh 29.58
3 27400 35400 4.5 None £
4 35400 53+00 5.5 None <
5 53+00 71400 5 None £
6 71400 80400 4.5 Mesh 29.58
7 80+00 89+00 4.5 None <
8 89+00 106+00 5.5 None <
9 106+00 159+00 6 None "o
10 159400  211+15  6° None =
8project is stationed east to west. bAir entrained. ®No contraction joints.

Figure 1. Cross section of pavement.
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two areas where there had been vertical sand drain
treatment.

Grade Preparation

The original intent was to use the existing gravel-
surfaced roadway with very little preparation except
for uniform distribution of the loose aggregate on
the surface. A profile grade tolerance of 0.15 ft
(4.6 cm) was established (the allowable variation
between the finish grade and the existing grade).
This tolerance presented a challenge to the contrac-
tor because the roadbed had been constructed 12
years earlier.

DESIGN AND CONSTRUCTION

The 4-mile (6.4~km) project was divided into 10
sections of various lengths, given in Table 2. The
pavement thicknesses were arbitrarily selected to
range from 4.5 to 6 in (11.4-15.2 cm) and were not
based on the plate-bearing results or the PCA design
formula., Substantial engineering 3judgment is used
with the modulus of subgrade reaction for Iowa
pavement thickness design yet today. The concrete
proportions were specified as Iowa State Highway
Commission Mix 4A. (Note: Aggregate absolute vol-
umes and batch quantities were adjusted for the
alr-entrained concrete.)

Batch
Absolute Quantities
Item Volume (1b)

0.096 419 510
0.161 201 272

Cement, min
Water, approx.

Aggregates
Fine, approx. (Sp.Gr. = 0.371 190 1664
2.66)
Coarse approx. (Sp.Gr. = 0.371 190 1682
2.69)

The cement was type 1 from Penn Dixie in Des
Moines, Iowa, and the sand and gravel aggregates
were produced by Ferguson Diehl Company of Jeffer-
son, Iowa. The air-entraining agent used in section
10 was a commercially available 1liquid product
(Darex) added at the mixer. Air entrainment was not
a common practice in 1951.

Paving operations began in September 1951. The
20-ft (6.1-m) wide pavement was built by using the
conventional equipment of that time. The concrete
was dry-batched at a plant located in Farlin. The
dry-batched concrete was mixed on site and deposited
on subgrade paper between the fixed forms. These
forms were 8 in (20.3 cm) high, and since the pave-
ment thicknesses specified were less than 8 in, the
outer 6 in (15.2 cm) of the base on each side was
sloped to the bottom of the form to yield a thick-
ened edge of slab. Figure 1 shows a typical cross
section of the pavement.

kx Center Parting Strip - 1/16" x 2"

1
1 (M 172" x 4' Bars at 4’ Cenlers
Var. — at Center of Slab

2" Crown

O - -
8 Normal
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All of the nonreinforced pavement designs have
4-ft (1.2-m) long no. 4 (l.27-cm diameter) deformed
steel rebars placed on 4-ft centers across the
centerline as tie bars. Two of the four 4.5-in
(11.4-cm) thick sectlons were also reinforced with
welded wire mesh. The layouts for the nonreinforced
and reinforced pavements are given in Figures 2 and
3, respectively.

The joints in the slab were formed by placing
premolded bituminous parting strips in the fresh
concrete. A longitudinal joint was formed along the
center of the slab. Other joints included days-work
joints and contraction joints at the ends of the
mats of reinforcement [29-ft 7-in (9.02-m) spacing]
in the 4.5-in mesh-reinforced sections.

TESTING AND EVALUATION

Both beam [6x6x33 in (15.2x15.2x83,8 cm)] and cylin-
der [6x12 in (15.2x30.5 cm)) test specimens were
made to test concrete strength during construction.
Cores were drilled at 260 days and 28 years. A
summary of concrete strengths is given in Table 3.
Crack surveys have been conducted 14 times since
construction, more frequently in the first two
years. The last three were 6, 14, and 28 years
after construction. The length of individual sec-
tions is divided by the total transverse cracks plus
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transverse joints to yield an average slab length.
A summary is given in Table 4. At one month, the
average slab length of pavement without contraction

joints ranged from 81 to 192 ft (24.7-58.5 m). The
5-year range is from 17 to 33 ft (5.2-10.1 m) and
the 28-year range is from 13 to 22 ft (4.0-6.7 m)

(on the jointed slab).

A summary of the longitudinal cracking is given

in Table 5. Very 1little 1longitudinal cracking
occurred during the first year but it increased
steadily thereafter. Some variations are somewhat
different than expected, both between repeated

sections and averages of sections that have differ-
ent thicknesses. These differences may be due to
the variations in stability of the grade.

A test of the longitudinal profile was not made
until 1955, when the sections were tested with a
Bureau of Public Roads (BPR) roughometer. Testing
with the BPR roughometer was conducted in 1955,
1979, and 1981. The results are summarized in Table
6.

Maintenance

Maintenance of this pavement has been minimal;
little more than crack sealing has been done for
most of its life. A crack-sealing effort in 1980
deposited enough sealant material on the surface to

Figure 2. Layout for nonreinforced pavement. CROWN IN 20°-2"-0.167' Var.
N
2
»
o
£
T o 1/16" x 2" Mastic
£w £
- M
Q- | b 4 X b3 X X
5e | | | i ] i
o- \’ Iy o I | | | 1
—i S 2 T, NSRS b et
| N ] [} I
o I |
| « | 1 [ . |
| \ P X X X
;‘3 (112“ % 4' Bars al 4’ Centers - Each
To Be Supported With 2 Permanent
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Alter Concrete Paving Has Been
Struck OIt.
18 A
Figure 3. Layout for 4.5-in mesh-reinforced pavement.
1/16” x 2" Contraction
Joint — 29'-7"
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Table 3. Concrete strengths.

Air Content Compressive Compressive Compressive
by Modulus of Cylinders, Cores, Cores,

Section Thickness High-Pressure Rupture, 28-Day 28 Days 260 Days 28 Years
No. (in) Test (%) Beams (Ib-ffin?)  (b-f/in?) (Ib-f/in2) (Ib-f/in?)
I, 5 5 3.5 800 5370 6060 8090
2,6 4.5 2.6 780 5520 6210 8070
3,1 4.5 3.2 790 5850 6220 8100
4,8 5.5 34 800 5490 6240 7500
9 6 3.5 810 5870 6580 7820
Avg 3.2 800 5620 6260 7920
10 6% 6.6 770 5290 6080 7540
A Air entrained,

Table 4. Transverse crack

siiminiai ol Average Slab Length (ft)

L Section  Thickness

No. (in) 1 Month 1 Year 2 Years 5 Years 14 Years 28 Years
1,5 5 02 26 19 17 1is 15
2,6 4.5 30 29 28 26 22 22
3,7 4.5 81 29 21 18 15 13
4,8 5.5 192 33 25 22 19 17
9 6 123 56 39 33 26 18
10 6° 177 59 36 27 21 18
Note: Slab length = length of section/(no. of transverse cracks + no. of joints).
B Air entralned.

Table 5. Longitudinal crack

summary. 8 inal crac Avg Longitudinal Cracking (ft/station)
Section Thickness
No (in) 1 Month 1 Year 2 Years 5 Years 14 Years 28 Years
1,5 5 0 2 11 14 47 67
2,6 4.5 0 0 11 12 46 81
37 4.5 0 2 7 12 36 80
4,8 5.5 0 5 6 8 13 25
9 6 0 3 7 8 20 NA
10 6" 0 2 5 11 42 NA

B Air entrained.

Table 6. Profile variation, BPR-type roughometer.

Longitudinal Profile
Profile Variation (in/mile) Value
Section Thickness

No. (in) 1958 1979 1981 1955 1979 1981
1,5 5 1i2 129 158 3.5 3.3 3.0
2,6 4.5 mesh 107 110 129 3.6 3.5 3.3
3,7 4.5 107 132 156 3.6 3.2 3.0
4,8 5.5 109 123 143 3.5 3.3 31
9 6 110 127 144 3.5 33 3:1
10 6* 105 121 131 3.6 3.4 3.2

3 Ajr entrained.
Longitudinal profile value is obtained by correlation with the CHLOE profilometer and
use of AASHO road test present serviceability index (PSI) formula. It is the PSI with-
out deduction for cracking and patching.

result in a significant decrease in riding quality.
In recent years, full-depth patches have been placed
to restore some small broken and distorted areas.

A Greene County cost-accounting program provides
information to obtain the cost per mile for both pcc
pavement and gravel-surfaced roadways. The mainte-
nance costs per mile for paved and gravel-surface
roadways are $1034 and $1365, respectively. A
higher level of service (signing, mowing, and winter
maintenance) is provided on paved roads than for
gravel roads. If signing, mowing, and winter main-
tenance are not included, the basic maintenance
costs for paved and gravel roadways are $483 and
$1108, respectively.

Aggregate Demand

Calculation shows that it will take many years for a
paved road to result in a reduction of aggregate
use. The construction of this roadway required 2450
tons/mile (1 381 061 kg/m) for 4.5-in (ll.4-cm)
thick and 3270 tons/mile (1 843 294 kg/m) for 6-in
(15.2=-cm) thick pavement.

Typical Greene County gravel road construction
uses 700 tons/mile (394 589 kg/m) the first year,
600 tons/mile (338 219 kg/m) the second year, and 45
tons/mile (25 366 kg/m) each year thereafter. With
these figures, it would take 27.6 years for a gravel
roadway to use 2450 tons/mile (1 381 061 kg/m) and
45.8 years to use 3270 tons/mile (1 843 294 kg/m).

A paved road must yield a greater than normal
life to result in a true reduction of aggregate
demand. The paving aggregate, however, is not lost
and provides an excellent base for future overlays.

PERFORMANCE

The volume of traffic over this project has been
fairly constant over the years. The average daily
traffic from 1957 to 1981 was about 260 vehicles/
day. Traffic volumes for the 24-year period are
given in Table 7. A grain elevator in Farlin in-
creased the amount of truck traffic during harvest
season during its operation from 1951 through 1976.
A gravel pit operation 0.5 mile (0.8 km) east of
Farlin also produced heavier loads on the road
(1951-1977) .

m
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Table 7. Average traffic.

Avg Traffic by Mile Number (vehicles/day)

East West
Year 1 2 3 4 Avg
1957 250 241 241 265 249
1962 299 294 249 262 276
1967 353 329 271 295 312
1972 236 286 218 188 232
1976 315 272 238 258 271
1981 292 248 195 167 226
Avg 291 278 235 239 261

The 6-in (15.2-cm) diameter cylinders of non-
air-entrained concrete averaged more than 5600
1bef/in? (38.61 WMPa) when tested at the age of
28 days. The 28-day modulus of rupture of the beams
was 800 1lb*f/in? (5.52 ™MPa). The concrete is of
excellent quality 28 vyears after construction;
compressive strength averages 7920 1bef/in?
(54.61 MPa).

The high-pressure air content was determined on
28-year-old cores, The non-air-entrained concrete
averaged 3.2 percent and the air-entrained section
averaged 6.6 percent.

Typical surface appearance of the pavement is
shown in Figure 4 ([4.5-in (1l.4-cm) nonreinforced]
and Figure 5 [6-in (15.2-cm) nonreinforced]. Even
though transverse joints were not sawed, the random
cracking in the 6-in pavement produced a relatively
uniform spacing and an orientation nearly perpendic-
ular to the centerline. Most of the transverse
cracking occurred early in the life of the pave-
ment. In the thinner sections, 1little additional
cracking developed after the first two vyears,
Transverse cracks continued to develop in the 6-in
pavement through 28 years but at a declining rate.

The 4.5~in (ll.4-cm) mesh-reinforced sections
with contraction joints exhibit the longest average
slab length {22 ft (6.7 m)] after 28 vyears. The
nonreinforced pavements have slab lengths that range
from 13 to 18 ft (4.0-5.5 m). The average slab
length for the nonreinforced pavement varies di-
rectly with the thickness. The 4.5-in pavement has
the shortest slab length [13 ft (4.0 m)]: the 6-in
pavement has slab lengths of 18 ft. These lengths
are just less than the current Iowa Department of
Transportation design of 20 ft. Unfortunately,
jointed nonreinforced pavement was not included for
comparison.

The 1longitudinal cracking generally varies in-
versely with thickness, but there are irrequlari-
ties. These 1irregqularities may be attributed to
variations in the grade from inadequate support or
grade settlement., The 4.5-in thick pavement, both
reinforced and nonreinforced, developed the most
longitudinal cracking, but the 8l ft/station average
for the mesh-reinforced design results from widely
differing data from the two sections of 19 ft/sta-
tion and 144 ft/station. This, and that the 5 ft
0.5 in (14.0 cm) section exhibits the least longitu-
dinal cracking, would indicate that the longitudinal
cracking was dependent on the base., No correlation
was obvious between sand-drain locations and sub-
grade with longitudinal cracking. The cracking at
0.25 point has not contributed to any substantial
degree in a loss of service, though it may result in
increased maintenance.

The profile variation at 30 years of age ranged
from 129 in/mile (204 cm/km) to 158 in/mile (249
cm/km) . This is rough for a primary or Interstate
route, but is quite adequate for a secondary route,
The data exhibit a substantial increase in roughness
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Figure 4. Typical pavement condition of 4.5-in nonreinforced slab in sec-
tion 3.

Figure 5. Typical pavement condition of 6-in nonreinforced slab in sec-
tion 9.

Table 8. Pavement costs in 1955 bid prices.

Cost per Yard?

Section No. Thickness (in) ($)

1,5 5 3.15
2,:6 4.5 mesh 3.42
3,7 4.5 3.04
4,8 5.5 3.26
9 6 3.38
10 6% 3.38

2 Air entrained.

from 1979 to 1981. Visual observations indicate an
extensive sealing effort during this period (1980)
that deposited enough material on the surface to
adversely affect the riding quality. The material
on the surface can be expected to be worn and bladed
(winter maintenance) away and a longitudinal profile
comparable to 1979 will result. The 4.5-in mesh-re-
inforced section exhibits the smoothest profile. No
joint heaving or slab warping is apparent.

COSTS

The cost of each section is listed in Table 8. These
prices were greater than normal costs of pavement at
the time of construction because of the extra work
involved due to the research and short sections.
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CONCLUSIONS

The conclusions drawn from this research are as
follows:

1. All design thickness, from 4.5 to 6 in (1l.4-
15.2 cm), provided quite adequate service for a
low-volume secondary roadway with minimal mainte-
nance for 30 years.

2. The 4.5-in (1ll.4-cm) thick pavement has re-
sulted in a slight reduction of aggregate use when
compared with requirements for an unpaved gravel
roadway, but the 6-in (15.2-cm) pavement results in
a substantial increase in aggregate use.

3. The 4.5-in thick mesh-reinforced section has
provided the best overall performance.

4, Slab lengths of the nonreinforced sections
without contraction joints vary directly with thick-
ness and are all just less than the current design
length of 20 ft (6.1 m).

5. The amount of longitudinal cracking varies
inversely with the thickness of pavement.

Transportation Research Record 875

6. The cost of maintaining a paved road is less
than that for a gravel roadway. If only basic
maintenance is provided, the cost for a paved road
may be 1less than half that for a gravel-surfaced
roadway.
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Pavement Evaluation and Upgrading of Low-Cost Roads

JACOB GREENSTEIN

Design, construction, and performance experience on nonsurfaced gravel low-
cost roads show that, even when proper design and construction procedures
are followed, unexpectad early failure often occurs. These modes of failure
generally occur after the wet season and are normally attributed to the de-
velopment of pected, very high e content in the subgrade. This
moisture buildup in localized subgrade areas cannot be predicted and is fre-
quently attributed to changes in topography, drainage, and environmental
factors that take place during and after construction. This paper presents a
new methodology to minimize unexpected pavement failure and to upgrade
the underdesigned road sections. The methodology is based on the subgrade
strain criterion. The strain ch eristics developed on top of the subgrade
are calculated for a given dynamic loading and therefore permit the deter-
mination of the location of these high-moisture and low-strength sections of
the pavement. The proposed methodology also permits the calculation of
the amount of roadway reinforcement required to achieve uniform roadway
strain characteristics. The uniform strain should obviously result in a uni-
form life expectancy of the r y. The automated instrumentation for
making this strain inventory is now being used in Thailand, several countries
in Latin America, and elsewhere. It has proven to be simple, economical,
and practical.

Many unsurfaced roads constructed in accordance with
the best design technology have failed well before
their predicted life expectancy. Such an unexpected
failure is shown in Figure 1. Normally, these fail~
ures are attributed to the development of very high
moisture content in the subgrade, moisture substan-
tially greater than the in situ moisture content
found in the natural subgrade prior to construc-
tion. This moisture buildup in localized subgrade
areas cannot be predicted; it is frequently attrib-
uted to changes in topography, drainage, and envi-
ronmental factors that develop during and after
construction. It is rarely assumed that all of the
natural subgrade would become saturated because this
would lead to conservative, low-strength values for
the natural subgrade that would generate thick and
costly pavement.

In conventional design methods for unsurfaced
roads, the stability of the pavement is ensured

Figure 1. Failure of unsurfaced road.

&

v ol

through material quality requirements for the sub-
base or the base materials. By contrast, only the
subgrade strain criterion is represented qualita-
tively in the determination of pavement thickness.
In other words, under given traffic and environ-
mental loadings, the subgrade strain developed at
the top of the subgrade must be identical along the
road. The magnitude of the subgrade strain is af-
fected strongly by environmental factors, which cor-
responds to the conclusions of numerous field stud-
ies: The principal failure cause, particularly in
areas of high rainfall, is due to underground
springs that pump moisture from a high-water table,
which causes saturation of the subgrade due to
flooding of side ditches during the rainy season.

The equipment and methodology have now become
available for determining the strain characteris-
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tics. High-moisture, high-deflection, or high-
strain areas can be located and the roadway rein-
forcement required to achieve uniform roadway strain
characteristics can be determined.

DESIGN CONSIDERATIONS

The basic objective of the design procedure is to
provide a structure made of local materials that
will be suitable to carry the anticipated traffic
loadings under a given environmental condition. To
achieve this goal, the following five phases must be
completed.

1. Design criteria--limited strain, limited
stress, and smooth ride;

2, Data collection--traffic and environmental
loadings and subgrade and material properties;

3. Calculation and evaluation of the pavement
system--subgrade and material properties, thickness,
and stresses and strains;

4. Design conclusion--structural section, life-
time, and material specifications; and

5. Early performance study-—immediately after
the construction stage (generally 0.5-2 years after
completion of construction).

Most design methods of low-volume roads (1-6)
include only the first four phases; that is, the
structural section and lifetime performance curves
are analyzed before the construction stage. Thus,
unexpected environmental conditions and material
performance after the completion of the project may
cause early and unexpected failure of the pavement
(see Figure 1).

DESIGN CRITERIA

Use of Subgrade Strain Criteria in Conjunction
with California Bearing Ratio Methodology

Most design methods are variations of the California
bearing ratio (CBR) method. The basic concept is an
empirical application of the Boussinesq theory of
homogeneous media to prevent shear failure in the
subgrade (7-10). CBR methodology is widely used,
and its values are simple to measure in the field or
laboratory. Subgrade strain is difficult to measure.

Since subgrade strain is used in this paper as
the principal criterion of design, the ratio between
CBR and vertical strain must be shown to be constant
for any material (e.g., for a given modulus E). The
fundamental CBR formula stipulates that the ratio
between the allowed maximum shear stress (tpax)
in the subgrade and its CBR should be constant:

Tmax/CBR =D 1)

Results of studies that use this methodology indi-
cate that the relation between flexible pavement
thickness (H) to wheel 1load (P) and the contact
pressure (p) is as indicated in Equation 2 (10).

H={P((0.75/7D) - (1/CBR) - (1/pm)]}°-S &

The factor 0.75/rD is determined empirically as
1/8.1 for most materials that have a CBR less than
124 Therefore, the constant D in Equation 1 is
equal to 1.93.

In an elastic linear material that has Poisson's
ratio of 0.5 and for a state of axisymmetric loading
there exists a simple relation between the vertical
strain (e,) and the maximum shear stress (tpax) (10):

Tmax/€2 = E[2 (3)

where E denotes the modulus of elasticity.
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Substitution of Equation 3 into Equation 1 dives:
CBR/e, = E/2D ()]

Equation 4 indicates that for a given media (e.g.,
E = constant) the ratio between the CBR and the ver-
tical strain is constant.

Subgrade Strain Criterion

Most design methods that incorporate the results
from the American Association of State Highway Offi-
cials (AASHO) road test of 1962 (1l) use rutting as
a failure criterion of flexible pavement. Rutting
is considered to occur only on the subgrade and is
controlled by limiting the value of the vertical
compressive strain of the top subgrade. This im-
plies that the pavement layers above the subgrade
will be structurally adequate so that only negligi-
ble plastic deformation will occur with each layer.
The Shell method (12) is associated with ultimate
rut depths on the order of 0.75 in (19 mm).

The subgrade strain criterion was verified by the
Waterway Experiment Station (WES) after analysis of
pavement performance of test sections (13,14), and
the range of the WES criterion is given in Figure 2,
which presents a comparison of other strain criteria
(12,15-18). Figure 2 shows that the Shell strain
criterion (12) is in the range of the WES crite-
rion. On the other hand, the criterion developed by
Brabston and others (15) shows lower strain values
for the same number of repetitions than recommended
by the WES. The differences in the recommended cri-
teria are mainly due to the following reasons.

1. The dynamic modulus of the subgrade and the
granular materials is determined by different ap-
proaches, as shown in Figure 3, which presents the
relation between the dynamic modulus and the sub-
grade CBR according to WES (19), Shell (20), and
Wiseman and others (21). For example, a subgrade
CBR of 5 percent, the dynamic modulus (x103
lb*£/in?) is 17.0 (19), 7.8 (20), and 7.0-10.0 (21).

2. Local environmental conditions affect the
design parameters differently.

METHODOLOGY OF PAVEMENT EVALUATION

To a certain extent, the structural evaluation of a
pavement system is an inverted design process. If
the pavement cross section and properties of the
paving materials and subgrade soil are known, it is
possible to compute pavement responses (stresses,
strains, and deflections) under a given load at any
point within the structure. In the evaluation pro-
cess, the response of the pavement is observed and
material properties are back-calculated. Of the
different responses of the pavement to load, the
only practical measurements are deflections. For
structural evaluation the real pavement-subgrade
system is replaced by a mathematical model, and the
measured surface deflections are used as input to
back-calculate the model's parameters. Two mathe-
matical models are used in order to evaluate the
elastic modulus of the subgrade and the pavement.

First Mathematical Model

The first mathematical model is a thin plate (to
represent the pavement) supported on an elastic
foundation (the subgrade). By wusing this theory
(21,22), the pavement and its supports are expressed
in terms of the following basic pavement parameters.

Flexibility

The pavement flexibility (F) is the center deflec-
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tion per unit force and is reported in micrometers
per kiloNewton (uym/kN).

F=A,/P (5)

where Ag 1is the center deflection (uym) and P
is the total load (kN), which equals peak to peak
force when a dynamic device is used.

Characteristic Length

This characteristic length (%) presents the shape
of the deflection basin and is determined according
to Figure 4, which shows the relation between ¢,
the offset distance r, and the deflection ratio
(Ar/Ao).

Subgrade Modulus

The subgrade modulus (Eg) can be computed by using

1000 10,000 100,000 1,000,000

10,000000
REPETITIONS OF STRAIN

the measured pavement flexibility (F) and the char-
acteristic 1length (&) by the following equation
(in megaNewtons per square meter):

E, = 10%/4.14 FY(S/Sp) (6)

where

F = measured flexibility (um/kN),
£ = characteristic length (mm), and
(8/Sg) = ratio of the measured pavement stiffness

(S) to the theoretical point load stiff-
ness (Sg), which is a function of
and geometry of load application, stiff-
ness being defined as the required load
to cause unit deflection.

For the 18-in (46-cm) diameter plate used in this
study, S/Sg is determined by the following equa-
tion (22):

S/Sg = 68 (0.12+ 5)%-06 /g2 (7)

Substitution of Equation 7 and the results of Figure
4 for r = 50 cm in Equation 6 results in the rela-
tion among Eg/p, F, and 450/Ag (p denotes the con-
tact pressure). This relation is presented in Fig-
ure 5a. According to this model, the relation
between the characteristic 1length per pavement
thickness (8/H) and /Eg is determined by the
following equation (21,22)

2H=[E, 1.5/Eg 12 (1 -u®)]' 3 &

Equation 8 and Figure 4 are applied in this study to
determine the relation among the deflection ratio
(A5q/80) » EP/ES, and H/a. This relation
is presented in Figure 6a. and Eg denote the
elastic modulus of the pavement and subgrade, re-
spectively. H is the pavement thickness, and a is
the radius of the circular area.

Second Mathematical Model

The second mathematical model used in this study is
based on a two-layer linear elastic model by Bur-
mister (23). This model is used to determine the
vertical strain (e;) on top of the subgrade.
The results are presented in Figure 6b in the form
of a nondimensional relation between the subgrade
strain  factor (e 4E</P) ¢ the modulus  ratio
(Fg/Es), and H/a. Thus, by combining Figures 6a
and b, it is possible to determine the relation
among As59/Ag, H/a, and ezEg/p- In a similar way, the
combining of Figures 5a and b enables the determina-
tion of the relation among the deflection ratio
Asg/bg, the flexibility (F), and the vertical strain
on top of the subgrade (e,).

The following example is presented to demonstrate
how to determine the subgrade strain by means of
Figures 5 and 6:
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F = 12 ym/kN and Asgg/8g = 0.41 were determined
under an 18-in (46-cm) plate loaded with a dynamic
contact pressure of p = 67.77 KkN/m2. The total
thickness of the pavement is 32 cm. By using Figure
6 (see example 1) for As5g/Ag = 0.41 and H = 32, the
following two nondimensional parameters can be de-
termined: Ep/ES = 2.15 and ezEg/p = 0.29. The sec-
ond step is to determine the subgrade modulus and
the vertical strain on the top of the subgrade by
means of Figure 5. In example 1, the result is

Eg/p = 1.07 x 10° (or Eg = 1.07 x 10° x 67.7
= 72.5 10% kN/m?) and €g = 2.7 10°%,

Figure 4, Deflection bowl, Hogg model—18-in diameter plate.
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Note that the principles of the methodology pre-
sented in this section might be applied to different
nondestructive equipment, such as the road rater,
Benkelman beam, Dynaflect, and falling weight de-
flectometer. Nevertheless, in this paper, only the
application of the road rater is presented (see
Figure 7).

EVALUATION AND UPGRADING OF UNSURFACED ROADS

The design lifetime of unsurfaced pavements in de-
veloping countries such as Ecuador, Bolivia, and
Thailand varies between 5 and 8 years. The lower
limit is used for laterite roads and the upper limit
for granular-based roads. In order to eliminate
unexpected early failure performance, analysis is
conducted in these countries during the early ser-
vice period to locate the underdesigned road sec-
tions.

Performance Analysis and Upgrading of Laterite Roads

In this case, 18 cm of laterite were designated (2)
to carry 25 000 standard axles/lane over a silty
subgrade that has a design CBR of 6.5 percent in
Thailand. About 8 months after the completion of
the project and after the major rainy season, a dy-
namic deflection, which used a pavement profiler
with 46-cm diameter plate, was conducted along this
unsurfaced road. The following representative de-
flection parameters were determined for two sections
of the road:

1. Section A (about 75 percent of the length of
the road)--Representative value of flexibility
(F) = 13.2 uym/kN; deflection ratio (Agg/Ag) = 0.185;
and pavement thickness (H) = 18 cm.

2, Section B (about 25 percent of the length of
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the road)--Representative value -of flexibility
(F) = 21.2 ym/kN; deflection ratio (Agg/Ag) = 0.197;
and pavement thickness (H) = 18 cm.

By using the charts in Figures 5 and 6, the design
parameters shown in Table 1 were determined.

These results emphasize that the subgrade modulus
in Section B is lower than that in Section A.
Therefore, the subgrade strain is significantly
higher (e, = 5.9 x 10~* > 3.8 x 10-*). In order to
avoid an earlier unexpected failure of Section B,
the subgrade strain determined by the pavement pro-
filer must be reduced from 5.9 x 10°* to 3.8 x 10-*,
This reduction can be achieved by increasing the
pavement thickness according to Figures 5 and 6 in
the following way:

1. Use Figure 5 to determine the subgrade strain
factor (e,Eg/P). When Eg/p = 0.8l and ¢, is reduced
from 5.9 x 10-* to 3.8 x 10-%, the subgrade strain
factor varies from 0.48 to 0.31.

2. Use Figure 6 to determine the required pave-

ment thickness (H). When /BEg = 2.75, and the
strain factor varies from 0.48 to 0.31, H varies
from 18 to 29 cm. Therefore, the additional thick-
ness is 29 cm - 18 cm = 11 cm.

Performance Analysis and Upgrading of Granular
Base Roads

A 32-cm section of granular base that has CBR > 80
percent was designated to carry 100 000 standard
axles/lane over silty clay subgrade (3). During the
first rainy season, a short section (about 500 m in
length) started to fail; consequently, a dynamic
deflection survey was conducted on the failed and
unfailed sections of the road. The following repre-
sentative deflection parameters were described:

1. Failed section (about 5 percent of the
road)--Flexibility (F) =12.0 um/kN;  deflection
ratio (Asg/Ag) = 0.41; and pavement thickness (H) =
32 cm. From Figures 5 and 6, €, = 2.7 x 10-%, Es/p =
1.07 x 103, and EP/Es = 2.15.



Transportation Research Record 875

Figure 7. Pavement evaluation of unsurfaced roads.

Table 1. Analysis of deflection survey of laterite road.

Design Parameter

Road Section After Figure 6 After Figure 5
A €,Es/p=0.5 €, = 0.000 38
Ey/Es=2.70 Es/p=1320
E, = 89 500 kN/m?
B €,Es/p=0.48 €, =0.000 59
Ep/E; = 2.75 E¢/p =810

E = 54 900 kN/m?

Notes: E, = vertical strain, Eg = elastic modulus of Lhe subgrade,
p = contact pressure, and Ey = elaslic modulus of the pave-
ment.

2. Unfailed section--Flexibility (F) = 8.5
um/kN; deflection ratio (Agg/Ag) = 0.52; and pavement
thickness (H) = 32 cm. From Figures 5 and 6, A
1.7 x 1074, Ep/Eg = 4.9.

In order to upgrade the failed section, additional
pavement thickness is required to reduce the sub-
grade strain from 2.7 x 10-* to 1.7 x 10-*. This can
be achieved in the following way:

1. Use Figure 5 to determine the subgrade strain
factor ezEg/pP. When Eg/p = 1.07 x 10°% and
ez 1is reduced from 2.7 x 10°* to 1.7 x 10-%,
ezEs/p varies from 0.29 to 0.20.

2., Use Figure 6 to determine the required pave-
ment thickness (H).  When /BEg = 2.15 and the
subgrade strain factor varies from 0.29 to 0.20, H
varies from 32 to 46 cm. Therefore, the additional
required thickness is 14 cm of granular-base course.

CONCLUS IONS

Early performance study of low-cost roads has proved
to be an economical and practical means to avoid
unexpected early failure. A pavement evaluation
process is used to determine the response of the
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pavement and subgrade system to dynamic loading.

The two-layered pavement-subgrade system is re-
placed by a simple mathematical model. The deflec-
tion basin is determined by nondestructive means and
the results are used as input to back-calculate the
model's pavement.

The equipment and methodology have now become
available for determining the strain characteris-
tics. This methodology permits a precise determina-
tion of where the high-moisture, high-deflection, or
high-strain areas are located.

The subgrade strain criterion is used to deter-
mine the minimum overlay thickness required to
achieve uniform roadway strain characteristics.
This technique is being applied in Thailand, Nepal,
and Latin America to laterite and gravel roads that
have a pavement design CBR of 30 to 80 percent.
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Pavement Design for a 3.5-Million-Pound Vehicle

WILBUR CHARLES GREER, JR.

The investigative and analysis procedures used to evaluate roadways for the

of two lear reactor Is from Knoxville, Tennessee, to the
Tennessee Valley Authority’s {TVA) Phipps Bend power generation plant are
presented. The route included 74 km (46 miles) of state, county, and private
roadways, both paved and unpaved. The total weight of each reactor pressure
vessel and its transport trailers was approximately 13 345 kN (3 million 1b).
The five prime movers brought the total weight for each move to approximately
15 569 kN (3.5 million Ib). The transport trailer was supported on 24 axle
lines with 16 wheels/axle line. The methods of compiling existing construction
data, field testing, and analysis procedures are di d. The application of
proofrolling to verify the results of the analyses is also presented. Deflection
and density testing, both before and after the moves, were performed by the
Tennessee Department of Transportation. An analysis of these data indicates
no serious effects due to the two moves that occurred in 1980 and 1981. A
comparison between the results of the U.S. Army Corps of Engineers procedures
ariginally used to evaluate p t thicl requir and the results of
layered elasti puter progi analyses after the second move is presented.
The results of the two methods compare favorably.

The construction of large industrial manufacturing
plants and power-generation facilities may require
that very heavy mechanical items be brought to the
site in one piece. Items such as generators and
nuclear reactor pressure vessels may weigh a few
thousand kilonewtons (several hundred thousand
pounds) to in excess of 9000 kN (2 millions 1bs),.
Most projects may have only one or two such pieces
of equipment to move. Where possible, these items
can be brought to the site by water or rail trans-
portation; however, the equipment has to be trans-
ported across paved roads to many sites. The vehi-
cles used to move the equipment often have many
axles and numerous tires per axle in order to spread
the load and reduce individual tire loads to accept-
able levels. The high axle loads, numerous tires,
and very low number of applications complicate the

analysis of the pavement structures.

The Tennessee Valley Authority's (TVA) Phipps
Bend nuclear power generation plant is located in
northeast Tennessee. The plant, currently under
construction, will have two nuclear units when com-
pleted. The steel reactor pressure vessel (RVP) for
each unit was fabricated in Memphis nearly 692 km
(430 miles) away. Each RPV weighs 9190 kN (1033
tons) and thus just cannot be loaded on a normal
truck and hauled to the plant site. Plans for the
transport of the RPVs to the plant site called for
each RPV to be barged to Knoxville and then hauled
over 74 km (46 miles) of state, county, and private
roadways to the plant site. These are believed to
be some of the heaviest, if not the heaviest, loads
ever moved over U.S. roads,

The VSL Corporation, the transport contractor,
authorized an investigation and evaluation of the 74
km (46 miles) of roadways to be traversed relative
to each pavement's ability to withstand the 1loads
imposed through the transport trailers. The objec-
tives of the investigation were to investigate and
develop recommendations with regard to pavements and
to the geotechnical aspects of the travel route, of
planned detours, and of planned road widenings. The
basic criteria for a successful move were defined as
the following:

1. Prevent, as economically as possible, the
transport trailers from becoming stuck: stoppage
could result in enormous delay costs; and

2. Minimize visible and measurable damage to the
roadways that could result in significant damage
charges against the contractor.
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The investigation concentrated on identifying and drilling 49 soil test borings along the proposed

evaluating potential critical pavement sections
along the route that might impede the transport of
the RPVs or that might experience intolerable damage
due to the transportation effort. The first RPV was
moved successfully in July 1980, and the second RPV
was moved successfully in July 1981.

TRANSPORT ASSEMBLY

The transport assembly for each RPV was comprised of
two main trailer sections. Each main trailer sec-
tion was approximately 19.5-21.3 m (64-70 ft) 1long
and 7.6 m (25 ft) wide. When assembled, the trans-
port assembly was 47 m (154 ft) long with 24 axle
lines and 16 tires/axle line (384 tires in total).
The transport trailers and RPV together weighed
13 247 kN (1489 tons). This load was transferred to

the pavement surface through the 384 tires. The in-
flation pressure of each tire was 855 kPa (124
lbe£/in?), The load on each tire on the front

trailer was approximately 34 kN (7590 1be*f) and
the load on each tire on the rear traller was ap-
proximately 35 kN (7890 1lbef). Details of the
transport assembly and tire spacings are shown in
Figure 1.

The transport trailers were pulled by three trac-
tors and pushed by two more tractors, The typical
tractor type (Michigan) had four wheels and weighed
436 kN (49 tons). The tires had an inflation pres-
sure of 234 kPa (34 1lbef/in?), The axle config-
uration was single axle-single wheel. The wheel
spacing was 274 cm (9 ft) and the axle spacing was
330 cm (10 ft 10 in). The speed of the transport
assembly was a maximum of 4.8 km/h (3 mph).

INVESTIGATIVE PROCEDURES

In order to evaluate the existing pavements, it was
necessary to determine the existing thickness of
each pavement and the subgrade support conditions.
Because of the relatively long total length of road-
ways to be investigated, typical pavement thickness
profile data for both the traveled way and shoulders
were compiled €or each roadway by reviewing the
available construction plan drawings from the files
of the agencies responsible for each roadway.

The thickness profiles were supplemented by

route to verify that the in-place thicknesses for
each pavement section generally corresponded to the
construction plan drawings. The borings generally
were extended to a depth of 3 m (10 ft) below the
ground surface. The borings also were used to de-
velop pavement thickness profiles where little or no
information from construction plan drawings was
available.

A total of 26 different pavement sections were
identified along the proposed route. The pavement
thickness profiles ranged from as little as 2.5 cm
(1-in) of bituminous concrete over 10 cm (4 in) of
crushed stone on county roads to as much as 38 cm
(15 in) of bituminous concrete over 30 cm (12 in) of
crushed stone on the state routes, The state routes

had been overlaid numerous times in the past.
Field California bearing ratio (CBR) tests were

performed near the top of the subgrade in 42 of the
borings to determine the in-place CBR values.

THICKNESS ANALYSIS PROCEDURES

The pavement thickness design procedures considered
in the premove analysis are discussed elsewhere
(1-6). The procedures for flexible pavements based
on the U.S. Army Corps of Engineers design equation
(1, Equation 1) were chosen as the basis for the
analysis and evaluation:

t=[(0.23 log C) + 0.15]} \/P{ [1/8.1(CBR)] - (1/pm)} (€3]
where

t = thickness of total pavement structure (in),

C = a measure of traffic called coverages,

P = equivalent single wheel load (1lb),

CBR = a measure of soil strength or support capa-
bility, and
p = tire contact pressure (lbe¢f/in?).

The equation shown is not the latest one available
but, as will be discussed later, it provided accept-
able and more economical pavement sections than did
the latest equation.

Subgrade Strength (CBR)

As would be expected along a number of different
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Figure 2, Frequency histogram of in-place CBR values.
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roadway pavement sections, particularly for the
length in this project, a wide range of in-place CBR
values were obtained. Fiqure 2 shows the €requency
and range of CBR values.

Because of the wide range in the CBR values and
that only one or two CBR values qenerally were
available for each of the 26 sections of roadway, a
desiqn CBR value based on the data for the complete
length of roadway was chosen for evaluation rather
than trying to develop a design CBR value for each
section. It was thought that the variation in CBR
values for the whole route would be indicative of
the variation in CBR values within any of the 26
sections of roadway. A CBR value for which 75 per-
cent of the test values was equal to or greater than
that value was chosen as the design value. The 75
percent figure is less conservative than the 85-90
percent figure normally used by most designers (§6).
However, I felt justified in using the less conser-
vative CBR value because the entire route was to be
proofrolled with one simulated axle line in order to
detect exceptionally soft areas. Based on these
criteria, a design CBR value of 5 was selected.

Equivalent Single Wheel Load

Equivalent single wheel loads (ESWLs) were calcu-
lated for the push-pull vehicles and the interior
and edge wheels of the main trailers based on the
tire loads, spacings, and pressures previously dis-
cussed and the influence chart in Figure 3 (l). The
edge wheels of the main trailer were evaluated to
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Figure 4. Coverages of transport train versus total pavement thickness.
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determine shoulder requirements should the vehicle
inadvertently be steered onto the shoulder. The
calculated ESWLs are given in the table below

(note: 1 lbef = 4448 kN b | lbef/in? = 2143
kPa) .

Actual

Tire Tire

Load Pressure ESWL
Vehicle Wheel {1lbef) (1bef/in2) (lbef)
Michigan N3 24 000 34 25 325

push-pull

Main trailer Interior 7 890 124 19 930
Main trailer Edge 7 890 124 18 720

The ESWL varies with depth and thickness profile of
the pavement as well as with the criteria (equal
surface deflections, strains, stresses or volumes of
deflection basin) for the ESWL determination. How-~
ever, because of the large number of qgreatly dif-
ferent pavement sections, the simplified procedures
based on Fiqure 3 for determining an ESWL were con-
sidered reasonable, particularly when one considers
that a doubling or tripling of the pavement thick-
ness may only change the ESWL by 20-25 percent.
This 20~25 percent change in ESWL will only change
the thickness requirement for the pavement by ap-
proximately 10 percent.

Thickness Requirements Versus Coverages

Graphs of thickness versus allowable coverages of
each type of ESWL were developed for the design CBR
value of 5. Trial and error procedures then were
used to determine the thicknesses necessary to allow
various coverages of the transport assembly and
ptime movers. One pass of the transport assembly
and prime movers included 24 coverages of the main
trailer ESWL and 10 coverages (5 vehicles, 2 axles)
of the Michigan ESWL, Figure 4 presents the re-
quired total pavement thickness versus coveraqes of
the transport train for various CBR values.

REQUIRED PAVEMENT THICKNESS AND COMPOSITION

For new pavement construction (detours and widen-
ings), county and private roads, and shoulders, the
required pavement thickness was determined based on
three passes (factor of safety = 1.5 for the two
actual passes) of the transport trailer and prime
movers. For state routes, 1t was assumed that pave-
ment thicknesses capable of carrying many passes (10
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or more, factor of safety = 5 for the two actual
passes) of the transport trailers and prime moves
were necessary because of the large volume of traf-
fic they would have to carry once the moves of the
RPVs were completed. The reguired total thicknesses
determined for a CBR value of 5 are presented in the
table below (note: 1 in = 2.54 cm).

Required Total Pavement
Thickness (in)

Roadway Type Traveled Way Shoulder

County, private, 14 14
detours, and widenings

State 16 14

The U.S, Army Corps of Engineers has updated
Equation 1; however, an analysis of the project with
this updated procedure resulted in pavement thick-
nesses 5-8 om (2-3 in) greater than those for the
older procedure when the number of passes of the
combined transport train was less than 100, When
the number of passes exceeded 100, the pavement
thicknesses with updated procedure were less than
those for the older procedure, T1f the updated pro-
cedure had been used the contractor would have had
to expend money to build pavements thicker than nec-
essary.

The U.8. Army Corps of Engineers procedure also
yields the total thickness of the cover reguired
over the subgrade regardless of the type of materi-
als used as cover. Based on my practical experi-
ence, it was concluded that the cover could consist
of well-compacted, well-graded crushed stone, pro-
vided the crushed stone was overlain by a minimum of
10 cm (4 in) of well-compacted bituminous concrete.
This results in basic pavement thickness profiles of
10 cm of bituminous concrete over 25 cm (10 in) of
crushed stone and 10 cm of bituminous concrete over
30 cm (12 in) of crushed stone for the two types of
roadways. The relatively small difference in thick-
ness is due to the fact that the required thickness
is a function of the log of the traffic. The bitu-
minous concrete was recommended in order to minimize
slippage when the tractor wheels started from a dead
stop. However, several temporary detour areas were
crossed by the transport train, where the pavement
consisted of only crushed stone and no problems were
encountered.

For those pavements evaluated that had more than
the minimum of 10 cm (4 in) of bituminous concrete,
it was judged that the total thickness reguirement
(i.e., crushed stone thickness) could be reduced.
Based on my practical experience, it was decided to
count 2.5 em (1 in) of bituminous concrete as 5 cm
(2 in) of crushed stone when calculating equivalent
pavement thickness. The required equivalent pave-
ment thicknesses are presented in Table 1. The bi-
tuminous concrete to crushed stone conversion was
not considered valid when the thickness of crushed
stone was less than 15 cm (6 in).

It was recommended that all roads that had actual
thicknesses or equivalent thicknesses 1less than
those indicated in Table 1 be overlaid to bring them
up to the necessary thickness requirements. This
involved only the county and private roadways. The
state routes generally had thicknesses far in excess
of those deemed necessary. Shoulder thicknesses
were less than reguired, and the contractor was cau-
tioned not to steer the vehicle onto shoulders,

PROOFROLLING

In order to evaluate the analyses and recommenda-
tions from a practical standpoint and to identify
potential localized problem areas, it was recom-
mended to the contractor that the entire length of

35

Table 1. Equivalent pavement thickness requirements when bituminous con-
crete thickness exceeds 4 in.

Required Equivalent Pavement

Thickness (in)
Bituminous
Required Total Pavement Thickness Concrete Crushed Stone
16 in—state roadways 4 12
5 10
6 8
7 6
14 in—county, private, detours, and widen- 4 10
ings and shoulders 5 8
6 6

Note: 1in=2.54 cm.

roadway be proofrolled with a simulation of at least
one axle line. This was considered to be mandatory
because of the uncertainties involved with the de-
sign analyses and the limited amount of data for the
roadways involved. The entire route was proofrolled
with a simulated axle line prior to any upgrading of
roads. The visible deflection response of the pave-
ments was visually observed and documented. The use
of a single axle was justified because the analysis
procedure indicated no significant interaction be-
tween the axles.

The deflections of the surface of the state
routes generally were not observable with the un-
aided eye. The county roads consisted of only 2.5
cm (1 in) of asphalt and 7.5-10 cm (3-4 in) of
crushed stone and often pumped and began to break up
under just one pass of the one simulated axle.
These observations were used to develop the final
recommendations for the project.

FINAL THICKNESS RECOMMENDATIONS

The county roads were to be upgraded to 7.5 om (3
in) of bituminous concrete and 25 cm (10 in) of
stone. The reduction to 33 cm (13 in) of total
pavement thickness reduced the theoretical number of
passes of the transport assembly to approximately
two., After the second move, 2.5 c¢m (1 in) of bitu-
minous concrete were to be placed to smooth out any
areas of county roads that might be slightly damaged
by the two moves. The recommended thickness re-
quirements for the state routes were left unchanged.

THICKNESS BY TENNESSEE DEPARTMENT OF TRANSPORTATION

As part of the permitting process, the Tennessee De-
partment of Transportation (TDOT) performed its own
testing at 15 locations., This testing consisted of
the following:

1. Transverse elevation cross sections,

2. Benkelman beam deflections,

3. Determination of the in-place density of the
asphalt pavement, and

4., Determination of the thicknesses of the as-
phalt and base course.

This testing was done prior to each move and items
1, 2, and 3 were repeated shortly after each trans-
port move. TDOT also measured pavement surface tem-
peratures during the move at several locations.

Benkelman Beam Deflections

An analysis of the TDOT reported data was performed
to evaluate the effects of the move of the RPV., Of
the 15 test locations selected by TDOT, all were
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Figure 5. After-move Benkelman beam deflection versus before-move Benkel-
man beam deflections, second move.
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traversed by the transport assembly except location
12, This location was used as a control section
when it was learned that it would not be traversed.
The surface deflection of a pavement is accepted as
an indicator of the pavement's strength and integ-
rity. Therefore, it was thought that if the trans-
port move did any significant damage, then the ef-
fect would be to weaken the pavements, which would
result in higher Benkelmen beam deflections.

A plot of the average after-2nd-move (A2M) Ben-
kelman beam deflections versus the before-2nd-move
(B2M) deflections at each of the 13 test locations
for which temperature-corrected deflection data are
available is shown in Figure 5. This plot shows
that 11 of the 13 average A2M deflection readings
were greater than the average B2M deflection read-
ings. The average A2M deflection readings increased
from only slightly to 0.18 mm (0.007 in) over the
average B2M deflection readings. All but one of the
locations exhibited increases in Benkelman beam de-
flections of less than 0.08 mm (0.003 in) and two
locations ac¢tually exhibited a decrease in deflec-
tion. The average A2M deflection readings at loca-
tion 12 (which was not traversed) increased by 0.05
mm (0.002 in) over the B2M deflection readings., The
overall average increase was 0,03 mm (0.001 in) for
all 13 locations.

In order to evaluate the B2M and A2M deflection
readings, statistical procedures concerning hypothe-
ses of equal means by using paired observations were
used to analyze the data (7). The t-statistics for
paired observations {individual ®2M deflection
paired with individual A2M deflection at each mea-
surement location) were calculated for the 13 test
sections. Of the 13 test locations analyzed, only 3
were found to have A2M average deflections that were
statistically different from the B2M average deflec-
tions at a 99 percent confidence level, One of
these 3 locations included the control section that
was not traversed by the transport vehicle.

An analysis of the paired average B2M and average
A2M deflections for all 13 test locations indicated
that the hypothesis that the average A2M deflections
were equal to the B2M deflections would not be re-
jected at a 99 percent level of significance. Thus,
the second move did not appear to weaken the pave-
ments at the test locations to the point where sig-
nificantly greater deflections would be observed
under the standard load.
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Table 2. Input parameters for ELSYMS analysis.

Case

Parameter 1 2 3

Layer thickness (in)

Bituminous concrete 4 4 3

Crushed stone 10 12 10

Subgrade Infinite Infinite Infinite
Main trailer wheel loads

Wheel Joad (1b-f) 7890 7 890 7 890

Tire contact pressure (lb-f/in2) 124 124 124

Tire contact radius (in) 4.50 4.50 4.50
Michigan tractor wheel loads

Wheel load (1b-f) 24 500 24 500 24 500

Tire contact pressure (Ib-f/in?) 34 34 34

Tire contact radius (in) 15.14 15.14 15.14
Elastic modulus (Ib-f/in?)

Bituminous concrete 100 000 100 000 100 000

Crushed stone 15 000 15 000 15 000

Subgrade 7 500 7 500 7 500
Poisson’s ratio

Bituminous concrete 0.35 0.35 0.35

Crushed stone 0.35 0.35 0.35

Subgrade 0.40 0.40 0.40

Note: 1in =2.54 cm; 1 1b.f = 4448 kN; 1 II)-I'/in2 =2143 kPA.

Asphalt Density

With the exception of two locations, the average
asphalt density generally increased from 16 to 32
kg/m®* (1-2 1b/Et?). The average B2M and A2M
asphalt density data were analyzed on a paired basis
similar to that for the deflection readings. The
hypothesis of egual asphalt densities before and
after the second move was rejected at a confidence
level of 99 percent.

Transverse Cross Sections

The cross section data [surveyed to 3 mm (0.01 ft)]
generally indicated changes in cross section eleva-
tion ranging up to 12 mm (0.04 ft). The changes in
cross section readings indicated a general settle-
ment rather than shear failure with resultant
heave. The changes in cross section elevations are
probably a result of consolidation in both the sub-
grade and the asphalt layers. Sufficient informa-
tion is not available to allow an allocation of the
settlement between consolidation of the asphalt and
consolidation of the subgrade.

POST-MOVE ANALYSIS WITH LAYERED ELASTIC THEORY

As a follow-up evaluation after the completion of
the second move, analyses were made of the recom-
mended pavement thickness sections by using a lay-
ered elastic computer program. The program used was
ELSYM5, and it was run by ARE, Inc. (8).

Selection of Input Parameters

An elastic modulus of 52 MPa (7500 1b+€f/in?) was
chosen for the subgrade based on the widely accepted
relation of subgrade modulus (lb+*f/in?) = 1500 x CBR
and a design CBR of 5. For the crushed stone base
course, an elastic modulus of 103 MPa (15 000
lb*£/in?) was chosen. This value is slightly
less than the 138-172 MPa (20 000-25 000 1lb+*£/in?)
that is recommended in some published correlations;
however, it is considered reasonable (9,10). An
elastic modulus of 690 MPa (100 000 1b+f/in?)
was used for the bituminous concrete. This value is
based on a relation by Barker and others (9) and a
pavement surface temperature in the range of 38°-
49°C (100°-120°F). Similar values are reported by
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Shook and Kallas (11). The TDOT reported that tem-
perature of the pavement surface at selected loca-
tions during the moves ranged from 27° to 66°C (80°
to 150°F); most of the values were in the 35°-49°C
(95°-120°F) range. Due to the wide range in pave-
ment sections and temperature conditions, the as-
sumed elastic moduli are considered representative
of an average condition during the moves.

Table 2 presents the three thickness cases ana-
lyzed and the input parameters for the main trailer
calculations and the Michigan tractor calculations.
Cases 1 and 2 represent the original thickness
recommendations and case 3 represents the slightly
reduced final thickness recommended for the upgrad-
ing of county roads.

Results of ELSYM5 Analysis

Figure 6 presents the typical results of computer
program analysis in graphical form for a single-
wheel load on the main trailer for case 1. The de-
flection of the pavement surface, the tensile strain
at the bottom of the bituminous concrete (e¢),
and the vertical compressive strain on the top of
the subgrade (eg) are presented. These two
strains are generally recognized as the controlling
strains in the thickness design of flexible pave-
ments. To determine the maximum deflections and
strains, the principle of superposition was used.
The maximums for the main trailer were found to

Figure 6. ELSYMS strains and deflections, main trailer, case 1: H1=4 in and
H2=10in.
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Table 3. Maximum strains and deflections for main trailer and Michigan tractor.

Case
Condition | 2 3
Main trailer
Maximum surface deflection (in) 0.170 0.169 0.178
Maximum tensile strain at bottom of 1400 1380 1560
bituminous concrete, microstrain
Maximum vertical compressive strain on 2280 2000 2880
top of subgrade, microstrain
Michigan tractor
Maximum surface deflection (in) 0.112 0.110 0.117
Maximum tensile strain at bottom of 260 250 280
bituminous concrete, microstrain
Maximum vertical compressive strain on 2150 1930 2340

top of subgrade, microstrain

Note: | in=2.54 cm,
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occur beneath the center point between either set of
the center sets of dual wheels. The strains beneath
one wheel of the Michigan tractor were basically
unatffected by the other wheels on the tractor.
Table 3 presents the maximum strains and deflections
calculated for the combined wheel 1loads for the
three cases analyzed.

As can be seen from Figure 6, the tensile strain
at the bottom of the bituminous concrete (e¢)
and the vertical compressive strain on top of the
subgrade (¢.) dissipates to virtually nothing at
a distance of 50~75 cm (20-30 in: 4.4 to 6.7 radil)
from the center of the loaded areas for the trans-
port trailer wheels. However, the deflection of the
pavement surface is affected to a distance in excess
of 254 eom (100 in: 22.2 radii) from the center of
the loaded area. This indicates that the extent of
effect of one wheel on the strains in the pavement
is similar to that in Fiqure 3.

The maximum strains calculated and presented in
Table 3 were compared with published correlations

for strain and repetitions to failure. Fiqure 7
presents typical curves for ey versus number of
strain applications to failure (12,13). Fiqure 8
presents typical curves for e, versus number of
strain applications to failure (9,14). The theo-
retical number of repetitions for the combined

transport train are presented in the table below for
both the elastic analysis and the U.S. Army Corps of
Engineers procedures.

Case
Combined Transport Train 1 2 3
No. of theoretical repetitions 7-15 10-28 3-5
of transport train to failure
based on e, (critical
criteria)
No. of theoretical repetitions 3 10 2

of transport train to failure
based on Corps of Engineers'
procedure

Figure 7. Strain repetitions to failure versus tensile strain at bottom of bitu-
minous concrete,
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Figure 8. Strain repetitions to failure versus vertical compressive strain on top
of subgrade.
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There was also a reasonably good agreement be-
tween the CBR equation procedure and the strain pro-
cedure based on the elastic analysis, partlcularly
when one considers that a slight error in the strain
curves (log-log plot) can greatly affect the number
of allowable strain repetitions,

SUMMARY

The movement of the RPVs can be considered a success
in terms of the basic criteria established at the
start of the project. The transport trailer did not
become stuck nor did it experience any delays due to
inadequate pavement sections on roadways I evaluated.

As for visible or measurable damage, the move of
the RPVs did not appear to affect the roads signifi-
cantly where TDOT performed tests. The increase in
asphalt density could be construed to mean that the
move actually improved the pavement structure since
higher densities normally mean higher strength and
stability for a given mix. The only detrimental
effect of this increase in density would be if the
density increased to the point where the surface was
bleeding asphalt and reducing skid resistance. How-
ever, this bleeding has not been evident. The major
visible damage done by the move occurred by inad-
vertent travel onto inadequate shoulder sections.
Localized scarring of the pavement surface occurred
due to slippage of the tires on the prime movers
when they started from a dead stop.

An overlay patch on a road in an industrial park
was peeled up during the first day of the €irst
move. The area affected was approximately 46 m (150
ft) long. The overlay was only 2.5 cm (1 in) thick
and the bond between the overlay and underlying
layer was observed to be very poor due to water and
dirt at the interface. There was no failure in the
underlying asphalt lavers. A patch of asphalt of
apparently similar age several hundred meters down
the road appeared to he unaffected by the move.

There was reasonably good aqreement between the
thickness requirements for the U.S. Army Corps of
Engineers procedure (relatively simplistic) and the
layered elastic theory (relatively sophisticated).
However, the close aqreement achieved in the subject
case may have been fortuitous and may not occur in
other cases. Also note that the CBR procedure and
strain procedure were developed 1in different man-
ners. It would appear that practicing engineers who
do not have access to sophisticated computer pro-
grams can use the U.S. Army Corps of Engineers pro-
cedures (1) to evaluate heavy vehicle moves and the
results can be expected to be reasonable.

This project also indicates that if the vehicle
for heavy transports is properly designed in terms
of numbers of wheels and axles then €lexible pave-
ments of moderate thickness can be used. Most high-
traffic state and Interstate routes (flexible pave-
ments) can probably handle a few repetitions of a
properly designed transport vehicle without suffer-—
ing significant damage.
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Discussion of Aggregate Properties for Untreated

Road Surfaces

MARTIN C. EVERITT

Historically, engineers have assumed that an untreated aggregate road surface
behaves in substantially the same way as a bituminous paving mixture. Test
criteria and construction specifications have been derived by loosening normal
bituminous pavement criteria. The paper argues that, although most or all of
the properties of aggregate that are important for bituminous applications are
also important in untreated surfaces, the relative degrees of importance are
probably different. Some additional properties, such as natural cementation
used in the design of early macadam p , should be d and studied.
A comprohensive review of aggregate properties has never been made to deter-
mine whether assumptions basad on flexible pavement practices are valid for
untreated aggregate surfaces. Some agencies and individuals have made piece-
meal investigations. Practical experience suggests that, for most low-volume
roads, present practices are only marginally adequate. Present specifications
and test criteria are reviewed and commonly specified values are compared with
axperience, primarily in the Rocky Mountain Region of the U.S. Department
of Agriculture Forest Service. Suggestions for revised criteria are offered.
The utility of some of the present tests or criteria, as applied to untreated ag-
gregate surfaces, is questioned. Attention is called to the sometimes com-
plex interrelations among several properties.

Most of the road mileage in the world is surfaced
with either native soil, naturally occurring sand
and gravel, or crushed aggregate. Even in the
United States, a major fraction of the road mileage
is not hard surfaced. Yet there is almost no tech-
nology for the design of untreated aggregate (or
gravel) surfaces. Before World War II, aggregate
surfaces were often maintained into existence. A
minimum thickness of aggregate was placed. When
traffic produced mudholes or ruts, these were im—
proved with additional aggregate until the problem
was cured. Design was primarily derived from ex-
perience and judgment.

More recently, the need for some sort of design
approach was recognized. Engineers seem to have bhe-
gun with the assumption that an aggregate surface is
essentially the same as a bituminous concrete sur-
face, except for the color. Flexible pavement de-
sign techniques have been applied. Construction
specifications are derived from flexible pavement
base or surface course specifications, usually by
loosening the guality requirements. All of the
properties considered important for bituminous mix-
tures, such as abrasion and gradation, are assumed
to be equally important for untreated aggregate sur-
faces. R systematic effort to determine whether
this is actually true has never been made.

On the basis of long experience with the low-vol-
ume road system of the Rocky Mountain Region of the
U.S. Forest Service, I have concluded that these as-
sumptions are not completely valid. All of the
properties usually considered are important; how-
ever, their relative degrees of importance are evi-
dently different from those in bituminous surfaces.
There is a property, herein called natural cementa-
tion, of which little is known at present, that ap-
pears to be very significant in the performance of
untreated aggregate surfaces. Other important prop-
erties or characteristics may currently be little
known or as yet undiscovered. In addition, many of
the limit values frequently specified are too con-
servative; others may not be sufficiently restric-
tive.

This paper breaks no new ground. It is offered
to stimulate discussion and, possibly, some new re-
search.

FUNCTIONS OF ROAD SURFACE

A road surface, of any type, must perform several
functions. Some of these are as follows:

1. Load distribution and load transfer to the
lower layers and the roadbed; surface layer must be
strong enough to prevent overstressing of the lower
layers;

2, Stability under the three-dimensional loads
applied; surface must resist raveling, shoving,
rutting, and consolidation caused by vertical, lon-
gitudinal, and lateral forces applied by tires;

3. Reasonable smoothness without excessive main-
tenance;

4. Skid resistance; in aggregate surfaces, this
requires both friction between the tires and the
surface and the absence of loose gravel that might
roll under the wheels;

5. Reasonable control of dust;

6. Maintainability by using normal technique; and

7. Surface drainage to sides or ditches.

A properly designed aggregate surface can fulfill
all of these functions economically. Of course,
different kinds or volumes of traffic require dif-
ferent designs or points of emphasis. Where high-
quality aggregates are in 1limited supply, they
should be reserved for the most heavily used roads
and lower-quality material used for the lower-class
roads.

PROPERTIES OF AGGREGATES

Standard specifications for aggregates are used by
many agencies for some or all of the following rea-
sons:

1. Material that conforms to the specification
will usually perform satisfactorily in normal use
situations, provided the proper specification is
chosen for the project;

2, Sophisticated design or gquality assurance
testing is not usually feasible for various reasons;

3. Specifications are balanced between ease of
production and the ideal; tolerances are broad
enough to cover normal production wvariability and
testing accuracy;

4, Items or tests specified are simple enough
for easy control in the field; and

5. Materials must not be unusually difficult to
handle, place, and compact by using normal construc-
tion practices.

Adherence to standard specifications is logical so
long as high-quality materials are plentiful in the
work area. However, many materials that would per-
form satisfactorily in service will be rejected or
overlooked because they do not completely fit the
standard specifications. Some roads will be se-
verely overbuilt with respect to the real need.

Grading

Gradation is perhaps the most important single prop-
erty of an aggregate because it directly or in-
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directly affects several other properties and be-
haviors. Many textbooks present the advantages and
disadvantages of the open-graded, dense-graded, gap-
graded, and over-sanded (excessive fines) cases (1).

Most modern specifications establish target
values for each sieve size and allow a tolerance on
each side of the target value. The target values
must be selected in relation to the function of the
aggregate and the material available in the proposed
source. These relations are often overlooked when
standard specifications are used arbitrarily. The
tolerance should consider the degree of control that
can be reasonably expected from a normally well-run
production operation and on the skill and intensity
of the quality assurance effort. However, the
tolerance must also preserve the intent of the de-
signer. For example, the U.S. Forest Service stan-
dard specifications (2), which are typical, allow
tolerances of 4-15 percentage points on either side
of the target value for surfacing aggregates. Many
engineers consider a tolerance of 15 percentage
points to be excessive.

Of course, individual producers vary in effi-
ciency and one might suspect that those usually as-
sociated with low-volume road projects are less ef-
ficient than larger operators, on the average. Lf
one tightens the tolerance, he or she should expect
to pay for it, because all but the most efficient
producers will need to change their operations to
conform to the tighter limits. An accurate estimate
of the cost per ton of aggregate for each percentage
point by which the tolerances are tightened beyond
the generally used criteria is difficult, especially
when dealing with portable operations and on-site
pits. Many engineers think that the improvement in
performance derived from aggregates that are very
close to the theoretically perfect gradation is
worth a significant price increase. Reliable data
on production costs relative to specification toler-
ances for field operations would be valuable.

Likewise, few or no reliable data exist that re-
late performance and maintenance costs to relatively
more or less restrictive construction specifica-
tions. The 1logical assumption is that lower con-
struction quality leads to higher maintenance costs
and vice versa. Reasonably accurate data would be
valuable. :

Cementation

Some aggregates possess a property herein called
natural cementation. Cementation was recognized be-
fore 1912 (3, pp. 1-3) when a test called the Page
Cementing Value was employed in the design of mac-
adam pavements. In a 1916 paper, Lord (3, pp. 1-3)
stated that, "The cementing value of road materials
is conditioned chiefly by the colloidal products of
rock decay and increases in a general way propor-
tionately with these products, reaching a maximum in
rocks free of quartz."”

After World War I, rubber tires and motorcars
rapidly replaced steel tires and wagons, and
engineers shifted their attention to the new bitumi-
nous and concrete pavements. Cementation apparently
disappeared from the literature. Because of a con-
tinued lack of attention, the property is not now
well understood. The extensive literature on aggre-
gate degradation suggests that the entire subject is
extremely complex.

Two cementation test procedures are currently
available. Both are inexpensive and simple to per-
form. Neither 1is completely satisfactory. Aggre-
gates sent to the Federal Highway Administration
(FHWA) laboratory in Denver are tested by using a
procedure that is loosely derived from AASHTO T106
(4). A representative portion of the sample passing
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the number 10 sieve is compacted in three 2-in cube
molds at optimum moisture and AASHTO T99 maximum
density. After drying to constant weight at 230°F,
the three cubes are broken in a compression machine
and the average of the strengths is taken as the
cementation value, expressed in pounds per square
inch.

This test is simple and uses a small sample. How-
ever, it tests only the material that passes the
number 10 sieve, not the total aggregate. Thus, one
must extrapolate from the cementation value to the
behavior of the total aggregate. A cementation
value of 200 1lbe*f/in? has been found to be gen-
erally satisfactory, but lower values may prove to
be acceptable, especially when the total aggregate
is very well graded.

The Willamette National Forest uses a procedure
based on AASHTO T99, D (5). Fresh portions of the
total aggregate are compacted in three T99 cylinders
at optimum moisture. After drying to constant
weight, they are broken in a compression machine and
the average strength taken as the cementation
value. A strength of 75 1be*f/in? is considered
satisfactory. This test requires more material than
the cube test but uses the total aggregate and so
should be more representative. However, the FHWA
laboratory in Denver has observed severe problems
with sample segregation and very wide scattering of
data in a trial use of the procedure in a production
laboratory. Testing problems could indicate that
the gradations used are faulty; however, the proce-
dure should be more fully tested.

Limited attempts have been made to correlate the
cementation value with other properties, including
the Atterberg limits, sand equivalent, percentage
passing the number 40 and 200 sieves, and the dust
ratio. No strong correlation was found except that,
in about 100 samples, all high cementation values
occurred with sand equivalents less than 45. The
presence of high cementation values in a number of
aggregates that have 1low or unmeasurable 1liguid
limit and plasticity index (PI) wvalues 1is con-
spicuous. The reverse has also bheen occasionally
noted. There may be a weak correlation with the
dust ratio. The performance of the aggregate on the
road has often been more accurately predicted by the
cementation value than by PT.

The evidence and experience strongly suggest that
natural cementation is an independent property that
could be useful in the design of untreated aggregate
sur faces. Research is needed to confirm this,
determine the mechanism involved, develop a simple
and more reliable test procedure, and establish de-
sirable values based on the performance of road sur-
faces.

Binder

The term binder has different meanings in different
localities. Generally, it can be defined as one or
more properties, usually found in soil and aggregate
particles finer than the number 200 sieve, that tend
to hold the coarser particles in place. Natural
cementation just described is probably only one of
several such properties.

The need for a binder in surfacing aggregates has
been recognized and many specifications define it in
terms of a range of desired PI values. PI require-
ments of 2-4 on the low end of the scale or 9-10 on
the upper end are common in the United States,
though in other nations much higher upper limits are
used. For example, British engineers working for
the United Nations Educational, Scientific, and Cul-
tural Organization (UNESCO) in Africa (6) recommend
the following PIs for surfacing aggregates:
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Climate PI

Moist temperate and 4~-9
wet tropical

Seasonal wet and 6-15
tropical

Arid 15-30

I think that PIs less than 6 are not significant and
values as high as 12-15 are not harmful in most
cases. The binding power defined by PI seems to be
different from natural cementation, since no corre-
lation between the two has been found.

Abrasion

In the early bituminous pavements, it was thought
that abrasion was not important, but research in the
last 20 years has shown that all aggregates degrade
and the mechanism and products are extremely vari-
able and complicated (3). The Los Angeles abrasion
test, AASHTO T96, has evolved and is accepted as a
reliable indicator of aggregate response to abrasion
and impact, especially under construction handling,
placement, and compaction equipment. It does not
adequately predict the later chemical degradation
and production of plastic fines that occur in some
aggregates in the presence of water. Many agencies
require a Los Angeles abrasion loss of 40 percent or
less for surfacing aggregate. In many areas, this
quality is not hard to achieve.

Four major faults with aggregates that have
higher abrasion losses are as follows:

1. Shorter service life due to physical degrada-
tion; this can be compensated by greater thicknesses
or more frequent replacement;

2. Excessively smooth surfaces, sometimes lead-
ing to slippery conditions in wet weather; this is
also noticed in high PI aggregates; it does not seem
serious so long as vehicle tires have a fairly good
tread;

3. Excessive dust, which can be controlled with
various palliatives; and

4, Surface erosion during rains, which results
from the disappearance of coarse aggregate; this can
be a local maintenance problem.

In general, the 40 percent maximum for Los
Angeles abrasion loss seems valid for arterials and
heavily used collector roads. For local roads and
collector roads that have small traffic volumes, an
acceptable loss of 50 percent is more reasonable.
Aggregates that have losses in excess of 50 percent
have performed satisfactorily in some cases. When
use of such agaregates is planned, the gradation
should be made coarser than usual to compensate for
degradation of the coarse fragments. Crushing on
the road by grid roller is economical and frequently
adequate.

In the early years of road building, when dry
macadam pavements were common, a certain amount of
aggregate abrasion was considered essential to the
per formance of the pavement. Continued production
of fines replaced those lost to dust and rainwash
and so maintained the desired dense gradation at the
surface. This reasoning, and the frequently ob-
served poor performance of very hard aggregates,
suggest that minimum, as well as maximum, Los
Angeles abrasion losses should be specified for un-
treated aggregate surface materials.

Abrasion is influenced by the grading and binding
capability of the aggregate. Both open-graded and
over-sanded aggregates will experience greater abra-
sion losses than will the same aggregate in the
dense-graded case because the particles in a dense
gradation are more tightly bound than those in
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either of the other cases, and so are less subject
to wear.

Durability

Early in the Interstate program, engineers became
aware that many pavements were failing long before
their anticipated life span, even though they had
been well designed and built by using aggregates
that met all of the guality standards then in use.
An enormous amount of research has shown that all
aggregates degrade differently, and some may produce
different residues or a greater volume of residue in
the presence of water than they do in the dry state.
Rocks that produce small amounts of nonplastic fines
in the Los Angeles abrasion test may produce a
higher volume or highly plastic fines if water is
present. These fines are a major cause of bitumi-
nous pavement failures, but these same fines usually
will improve the performance of an untreated aggre-
gate surface. Wet abrasion tests are still under-
going development, but AASHTO T210 seems to be gain-
ing general acceptance. More work is necessary to
establish limit values for acceptable performance,
but it seems likely that a maximum durability index,
together with a range of abrasion losses, should be
specified for untreated surfaces. The limit values
remain to be determined.

Dust Ratio

The dust ratio is defined as the ratio of the per-
centage passing the number 200 sieve to the percent-
age passing the number 30 sieve. It is a means of
controlling the shape of the grading curve in the
fine end, since there are often no sieves specified
between the number 30 and the number 200. It is
possible for an aggregate to be comparatively high
in material passing the number 30 and low in the
percentage passing the number 200; in other words,
gap graded in the area where good grading is impor-
tant to stability. The usually specified dust ratio
of two-thirds helps ensure that the fine fraction of
the aggregate is well graded. However, it is often
considered to be an unimportant specification and is
very frequently ignored in quality assurance test-
ing. The dust ratio should be given more attention.

Sand Equivalent

The sand equivalent (SE) test, AASHTO T176, began as
an attempt to develop a shortcut for the Atterberg
limit tests in aggregate. It is quick, easy, and
reasonably accurate. Though not an exact substitute
for the Atterberg limits, an SE value greater than
35 usually correlates with a PI of less than 6. When
this is the only item of concern, as in an aggregate
for bituminous paving mixture, it is a satisfactory
substitution.

However, it is not possible to develop a broad
correlation between definite values of PI and SE,.
Thus, when a minimum PI is specified, a sand equiva-
lent cannot be substituted. The test is not of much
use at this time in specifying aggregates for un-
treated surfaces except that the technique is a part
of AASHTO T210. Some evidence exists, though not
conclusive as yet, that good values of natural ce-
mentation, based on the FHWA test, occur with sand
equivalents less than 45 (4).

The sand equivalent also correlates with the per-
centage passing the number 200 sieve.

Compaction

Engineers working under nonengineering managers are
often asked to defend the practice of thorough com-
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paction of untreated aggregate surfaces during con-
struction. We confidently reply that it is well
worth the cost because compaction preserves the dis-
tribution of fines, prevents segregation, and im-
proves the structural support of the layer--all
arguments firmly based on bituminous pavement ex-
periences.

Yet, most aggregate surfaces will fluff or loosen
with frost cycles or wet seasons, then settle down
again under traffic; this behavior continues
throughout the life of the surface. I believe that
compaction is beneficial but find it hard to con-
vince skeptics in the absence of positive data. In-
deed, many low-volume logging roads are built with
only traffic compaction of the surfacing aggregate
and seem to perform as well as others built with
controlled compaction. If the performance of un-
treated aggregate surfaces built with and without
controlled compaction could be compared with type
and volume of traffic, the resulting data would be
very useful to engineers and managers.

CONCLUS ION

The foregoing shows that the properties of aggre-~
gates for untreated road surfaces are complex.
Specifications must be influenced net only by the
characteristics of the rock but also by the climate,
the purpose of the road, and nature and volume of
traffic. Many complex interactions occur that are
not predictable on the basis of laboratory test pro-
cedures. Even the characteristics defined by tests
are not independent of each other. Yet, there is a
strong tendency for engineers who are not well
trained in materials to look at each property in a
list of specifications as an abstract value and dis-
card or modify those that do not seem satisfactory
without consideration of the effects of that proper-
ty on the overall behavior of the aggregate. This
discussion presents no firm recommendations for nu-~
meric values because I do not have access to re-
search facilities and personnel. The values cited
are based on observation and experience in a par-
ticular environment. The objective of this discus-
sion has been to call attention to some of the
considerations involved and to stimulate some sys-
tematic investigations directed specifically at un-
treated aggregate road surfaces.
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Safety, maintenance cost, user cost, economy, and
riding quality all are affected by the aggregate
used. Current research, particularly the huge
Brazil project (7, pp. 304-340), is showing that
fuel consumption and user costs in general are more
strongly related to road surface conditions, es-
pecially smoothness, than has been recognized up to
this time even with untreated surfaces. ILong ex-
perience has proven that small investments in in-
vestigation, design, and quality assurance pay big
dividends. However, many road-building agencies are
caught in a personnel and budget squeeze that makes
such work difficult or impossible. With renewed
interest in low-volume roads, rapidly inflating
costs, decreasing availability of quality aggre-
gates, and tight environmental controls, it is no
longer reasonable to ignore the design factors in-
volved in untreated aggregate surfaces. We must
understand the properties of aggregates and derive
highly efficient specifications for even very low
standard roads.
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Fabric-Reinforced Aggregate Roads—Overview

QUENTIN L. ROBNETT AND JAMES S. LAl

The purpose of this paper is to present an overview of the use of fabrics in
aggregate-surfaced roads. Specific areas addressed in the paper are (a) general
performance characteristics of aggregate-fabric-soil (AFS) systems, (b) mech-
apisms that contribute to the fabric-related benefits, (c) various factors that
exert a major influence on the parformance of AFS systems, and (d) methods
of analyzing and designing AFS systems. Data and information sources used
in the discussion include pertinent literature and results from a study being

d d in the School of Civil Engineering at the Georgia Institute of
Technology. Based on the discussion presented in this paper, use of an in-
mlayer of fabric in an aggregate-surfawd road can lead to either better per-
for or to sul i ducti in aggregate layer thickness, It is also
shown that the behavior of AFS is complex and difficult to analyze with
theoretical models.  Although design methods are avail-
able, most are for specific commercial fabrics and are empirical in nature.
No general design procedure is available that can sccommodate a varioty of
fabrics of widely differing properties and, thus, it is difficult for potential

fabric users to make economic decisions in selecting fabrics and design thick-
nesses for various job requirements.

Synthetic engineering fabrics or geotextiles have
become increasingly important in civil engineering
applications in recent years. The main applications
include drainage, erosion control, separation, and
reinforcement., Fabrics that perform these functions
are termed geotextiles and are defined by the Ameri-
can Society for Testing and Materials (ASTM) as any
permeable textile used with geotechnical materials
as an integral part of a man-made project, struc-
ture, or system.

In railroad and highway support systems, fabrics
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are used to provide separation between subgrade soil
and ballast, subballast, base, or subbase layers and
to provide tensile reinforcement to the system. The
pumping action of traffic loading combined with high
levels of saturation would allow an intermixing of
these dissimilar materials were it not for the
interlayer or fabric. The fabric provides a rein-
forcement to the support system by giving tensile
resistance and confinement to granular materials., In
addition, when 1large deformations occur, a mem=~
brane effect will provide improved 1load support
capabilities,

Fabrics are also being used as an interlayer
between cracked, deteriorated pavement surfaces and
new asphaltic concrete overlays in order to reduce
the rate of reflective crack occurrence.

One of the most common uses of qeotextiles is in
road construction and area stabilization, where
soft, low-strength soil conditions prevail. 1In this
application the geotextile 1is generally used in
conjunction with a locally available aggregate such
as crushed stone, shotrock, gravel, or sea shells to
develop a structural support layer. For example,
roads surfaced only with aggregate are continually
being built to provide access to and around con-
struction sites, 1logging operations, mining and
quarrying operations, and as planned stage construc-~
tion for higher-type roads. Experience with these
types of support systems has shown that geotextiles
can be cost effective and may allow substantial
reductions in the quantity and possibly even the
quality of aggregate used.

The purpose of this paper is to provide an over-
view of the use of fabrics in aggregate-surfaced
roads. Specific areas to be addressed are (a)
general performance characteristics of aggregate-
fabric-soil (AFS) systems, (b) general mechanisms
that contribute to the fabric-related benefits, (c)
various factors that exert a major influence on the
performance of AFS systems, and (d) methods of
analyzing and designing AFS systems.

GEOTEXTILES

A large selection of fabric products is available
commercially. These synthetic fabrics are commonly
categorized based on construction and fiber compo-
sition. Basically, the two categories of construc-
tion are woven and nonwoven: however, the fiber
composition may be polypropylene, polyester, nylon,
or polyethylene. Polypropylene and polyester are
the most common.

Cricital and optimum properties and characteris-
tics of fabric for use in roadways have not been
firmly established. ®Bell and others (1) suggest
that tensile strength, modulus, friction-adhesion,
creep, bond strength, fatique, failure elongation,
and burst strength are important mechanical prop-
erties. Lavin and others (2), Robnett and others
(3), and Lai and Robnett (4) have shown the impor-
tance of fabric modulus on the performance of AFS
systems. Giroud and WNoiray (5) 1in their design
method show an effect of both modulus and percentage
elongation at failure; Bell and others (1) also
suggest that chemical stability, durability, hydrau-
lic conductivity, and constructability considera-
tions are important. Space limitations do not allow
extensive discussion of fabrics but Bell and others,
Koernes and Welsh, and Rankilor (1,6,7) are excel-
lent sources of information relative to fabric
composition and manufacturing processes, fabric
properties, test methods, and end-use requirements.

BENEFIT MECHANISMS

Fabrics are used in road construction with a locally
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Figure 1. Schematic of aggregate-fabric-soil subgrade system.
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available aggregate such as crushed stone, gquarry or
shotrock, sand, gravel, or sea shells to develop a
structural layer. Figure la depicts the general
geometry of such a system. 1In this application, the
fabric vprovides reinforcement and separation bene-
fits to the system (1,5,8).

Reinforcement Function

In the reinforcement function, it is postulated that
the fabric serves to improve the performance (often
measured by resistance to permanent deformation or
rutting) of the AFS system under repetitive vehicu-
lar loading due to a number of mechanisms including
(a) restraint effect of the fabric on the aggregate
and subgrade layer, (b) membrane effect, (c) fric-
tion developed at the fabric interfaces that creates
a boundary layer effect, and (d) local reinforcement
effect.

Restraint Effect

Two types of restraint effects should occur in the
AFS systems, The first is related to the reverse
curvature of the fabric outside the wheel path and
the resultant downward pressure or apparent sur-
charge applied to the soil (Figure 1b). Such an
effect increases the bearing capacity or resistance
to shear flow of the soil from the wheel path, A
second type of restraint effect occurs when the
aggregate particles at the soil-aggregate interface
tend to move from under the loaded area but are
restrained or given a tensile reinforcement due to
the presence of the fabric (9). The strength and
modulus of aggregate material are beneficially
affected by this increased confinement. The in=-
creased aggregate modulus decreases the compressive
stress on the soil under the wheel load.

Membrane Effect

As the roadway undergoes large deformation (Figure
1b), the fabric is stretched and develops in-plane
tensile stress, the magnitude of which depends on
fabric strain and fabric modulus. A stress perpen-
dicular to the plane of the fabric will be induced,
the magnitude of which at any point eguals the
in-plane stress divided by the radius of curvature
of the fabric at that point. The net effect is a
change in the magnitude of stress imposed on the
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Figure 2. Schematic diagram of 8-ft pit test apparatus.
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Table 1. Stresses measured by pressure cells in 8-ft pit tests.

Stress Normal to Pressure

Cell (psi)
Depth from Offset from

Pressure Surface G of Load With Typar Without
Cell No. (in) (in) 3401 Fabric
9 16 0 12.0 15.5

3 20 0 11.0 15.5

4 30 0 - -

7 42 0 55 6.5

8 20 6 8.2 13.0

6 20 12 7.0 T8

5 20 18 1.6 0.8
2 16 18 3.4 5.0
12 32 30 34 3.4

“Radial stress; all other stresses are vertical.

subgrade (a reduction under the wheel load and an
increase outside of the wheel path). Kinney (9)
calculated a reduction of 18 and 37 percent for the
effective load transmitted to the subgrade for two
fabrics tested.

Lai and Robnett (4) report a change in measured
compressive stresses (measured with special pressure
cells by using diaphram wire resistance strain gage)
under simulated repetitive wheel loading when fabric
is included in the aggregate-soil system. Figure 2
shows the test equipment; the cell positions and
outputs of the sensitive pressure cells are summa-
rized in Table 1. Pressure cell readings were
obtained for surface rutting of about 3-4 in under
repetitive loading. Results from pressure cells 9,
3, 7, and 8 show a reduction in the vertical com-
pressive stress directly under the loaded area for
the system that contains a fabric compared with an
aggregate-soil (AS) system without a fabric. An
increased stress was measured for cell 5 for the
system with €abric. This cell was located at an
offset position approximately where maximum subgrade
heave occurred. The membrane curvature at this
location would be expected to increase the subgrade
stress.

The reduction of the subgrade stress for the
system that contains a fabric appears to be due to
the membrane effect, although it could also be
partly due to an increased load-spreading capability
of the confined aggregate. As a result of the
reduced subgrade stress, a reduction in the rate of
rut formation in the subqrade for a given vehicular
loading condition should be expected.
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In order to develop fabric-induced stress, sub-
stantial vertical deformations, proper geometry, and
fabric anchorage are generally required. Barvashov
(10) and Raad (ll) have suggested prestressing the
fabric in order to reduce the system deformation
required to get the fabric in substantial tension.

Friction and Boundary Layer Effect

Friction developed along the interface between
aggregate-fabric and friction-adhesion of the €ab-
ric-soil interface create a boundary-layer or compo-
site material of aggregate and soil immediately
adjacent to the fabric. The composite material
created due to the presence of the fabric should
possess more favorable properties of ductility and
tensile strength, The effectiveness of this phe-
nomenon is closely related to the magnitude of
friction-adhesion developed at the interfaces.
Fabrics capable of developing high friction-adhesion
appear to be desirable.

Local Reinforcement

Concentrated stresses due to imposed vehicular
loading can cause a punching or local bearing capa-
city failure at the points of contact between the
aggregate and subgrade. Use of fabric between the
aggregate and soft soil will serve to distribute the
load, reduce localized stresses, and, in general,
provide increased resistance to vertical displace-
ment. Bell and others (12) suggested this as a
possible mechanism in the stabilization of a road
constructed over muskeg.

Separation Function

In the separation function, the fabric serves to
prevent the fine-grained subgrade soil from inter-
mixing with the coarse-grained agqregate material
and reducing its shear strength and stability.
Depending on agqregate gradation, 10-20 percent
additional plastic fines can cause a substantial
reduction in shear resistance (13,14). From the
design standpoint, the aggregate within the inter-
mixed layer is ineffective.

These various mechanisms explain, at least in a
gualitative sense, the improved performance or
rutting resistance of aqgregate layers reinforced
with fabric. The contribution of each of the afore-
mentioned mechanisms is difficult to gquantify be-
cause of the extreme complexity of the AFS system.
Kinney ({(9) has shown through his scale-model studies
the confining effect of fabric, and Lai and Robnett
(4) have reported on the change in stress state at
the subgrade that appears to be due primarily to the
membrane effect, Thompson (15), with theoretical
studies, has shown the effect of confinement on the
moduli of the aggregate and the resultant structural
behavior of the AFS system.

The degree of benefit offered to the AFS system
for its service life by a fabric depends to a large
extent on the mechanical and durability (chemical
stability) properties of the particular fabric
used. Other factors such as subgrade strength,
loading environment, and aggregate properties also
have an important influence on the behavior and
performance (rutting resistance) of the AFS system.

It should also be acknowledged that the relative
contribution of the various mechanisms most likely
will be different for railroad ballast-subballast
systems or permanent, surfaced highway pavement
structures than for the high deformation access or
haul road type application.
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AFS SYSTEM PERFORMANCE
General

Numerous laboratory and field studies are reported
in the literature (2,3,8-10,12,16-24) that serve to
illustrate the general behavior of fabric-reinforced
aggregate layers over soft subgrade soil subjected
to repeated surface loading. At the recent Interna-
tional Conference on Geotechnics (25), at least five
papers were presented that showed positive struc-
tural benefits from the use of fabrics in conjunc-
tion with aggregate support layers over soft soil.
Normally, the performance of these AS and AFS sys-
tems is measured in terms of surface rutting or rut
depth. For specific job applications, the tolerable
rut depth must be established., For highway vehi-
cles, rut depths as great as 6-8 in might be toler-
able, but for off-highway vehicles, even more rut
depth might be acceptable., Obviously, if the vehi-
cle becomes immobilized because of contact of the
undercarriage with the rutted pavement surface, this
is undesirable. Similarly, the deformation that
occurs under each wheel 1load will influence the
power required to move the vehicle forward. Hammitt
(26) has suggested that an elastic deformation of
1.5 in or less is acceptable in terms of the trac-
tive resistance and commensurate power requirements
of the vehicle. Hammitt (26) and others (5,8) also
suggest that a 3-in rut depth be used as a design
criteria for these unsurfaced roads. Obviously, for
higher-type pavements that have asphaltic concrete
surfaces, deformations of these magnitudes could not
be tolerated.

Figure 3 (24) illustrates the performance of a
full-scale road that contains test sections of
aggregate (control) and fabric-reinforced aggregate
over a soft subgrade [California bearing ratio (CBR)
= 1}. Kinney and Barenberg (19) have reported the
results of a laboratory repetitive loading study
that used small-scale two-dimensional testing appa-
ratus wherein a low modulus and a high modulus
fabric were used in conjunction with crushed stone
over a soft soil layer. Results of a large-scale
pit test wherein AS and AFS (nonwoven fabric) were
tested under repetitive loading (Fiqure 2) have been
presented by Lai and Robnett (4). Typical results
are shown in Figure 4 (4).

Thus, it is obvious that fabric~reinforced aggre-
gate layers can provide superior performance com-
pared with a similar system that does not contain
fabric. The performance of such systems is, how-
ever, influenced by a number of €actors.

Factors of Influence

The following factors seem to have major influence
on the performance of AFS and AS systems.

So0il Properties

Fabric is most often used in conjunction with agqre-
gate roads where soil conditions are poor. AFS
systems have been built on soil conditions where the
CBR is as low as 0.5 or less, Obviously, for these
very low strength conditions, repeated vehicular
loadings cannot be placed on the soil without exces-
sive rut development and vehicle mobility problems:
rather, a pavement structure of some sort such as
aggregate or aggregate-fabric must be placed between
the soft soil and the applied wheel loads.

The typical approach used by many (5,8,14) to
establish the tolerable level of imposed subgrade
stress has as a basis the theory of plasticity and
classical work done by Rodin (27) and Whitman and
Hoeg (28). Basically, this approach stipulates that
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Figure 3. Rut depth as a function of vehicle passes.
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the onset of plastic deformation occurs in friction-
less soils (¢ = 0) under loading when

Ge = mC M

where ge 1s the elastic bearing capacity of soil
and ¢ is the undrained shear strength of the fric-
tionless soil.

Complete bearing failure occurs when

Que =(m+2)c O]

where d;1¢ is the ultimate or general bearing
capacity of the soil.

Skempton (29) modified this equation to take into
account geometric loading and depth influence fac-
tors and found for a square footing,

au1e = (6.17)c.

Rodin (27), in his paper dealing with clay fills,
states that the ultimate bearing capacity for a
static circular or square footing resting on the
surface of the clay is

duite = (6210

Thus, to develop rutting in the subgrade, the stress
under repeated loading should fall somewhere in the
range of 7c to 6.2c. For a given amount of rut-
ting, it is reasonable to assume that, as the number
of applied loads increases, the imposed subgrade
stress must decrease in this range and tend toward
the rmc value.

A major assumption associated with the foregoing
discussion is that a unique and constant relation
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exists between shear strength and the rutting or
permanent deformation a soll undergoes during repet-
itive application of stress. The rut development in
the subgrade soll is influenced not only by the
inherent nature of the soill but also by the duration
or rate of loading. The soil can be considered as a
viscoelastic material, which means that its perma-
nent deformation is not only controlled by the
magnitude of applied stress but also by the duration
of stress application. As the duration increases,
the amount of permanent deformation per load or rut
rate should be expected to increase.

Figure 5. Effect of fabric modulus on initial rate of rut formation of AFS
systems: 3-ft pit results.
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Fabric Properties

Critical and optimum properties and characteristics
of fabric for use in roadways have not been €firmly
established. Bell and others (1) suggest that
tensile strength, modulus, friction-adhesion, creep,
bond strength, fatique, failure elongation, and
burst strength are important mechanical properties.
Lavin and others (2), Robnett and others (3), and
Lai and Robnett (4) have shown the importance of
fabric modulus on the performance (rutting for a
given number of 1loads and rutting rate) of AFS
systems. Typical results from Lai and Robnett (4)
are shown in Figures 5 (4) and 6 (4). Giroud and
Noiray (5) recognize the significance of fabric
modulus and €failure elongation in development of
their thickness design approach. 1In their approach,
for a given geometry, the effect due to membrane
support directly relates to the fabric stress and
hence the fabric modulus. Barenberqg (30) shows the
reduction in design thicknesses of aggregate layer
for AFS systems that contain a high modulus woven
fabric compared with the systems that contain a
lower modulus nonwoven fabric.

We are not aware of any data published wherein
other fabric properties are related to potential
performance.

Aggregate

A fairly good understanding currently exists as to
the factors that influence the repeated load be-
havior of various aggregates in typical flexible
pavement applications. Extensive research has been
conducted in the areas of elastic or resilient
behavior, the permanent deformation characteristics,
and shear strength of varilous aggregates (15,31-37).
However, none of these various studies has specifi-
cally addressed the behavior of various types of
aggregate in the system wherein fabric is used as a
reinforcement.

In a study being conducted in the School of Civil
Engineering at the Georgia Institute of Technology.,
the effect of various types of aggregate on the
performance of AFS systems has been studied. The
details of one of the testing methods being used
have been reported elsewhere (38). The following is
a brief summary of the test program:

1. A 3-ft diameter test pit (similar to Figqure 2,
except smaller) with 15-in thick, soft subgrade, and
aggregate layer thicknesses that range from 5 to 13
in:

2. Subgrade soil prepared to vane shear =~ 4 psi
and CBR = 0.9;

3. Fabric placed between soll and aggregate:

4. Repeated 1loading applied on 6-in diameter
plate, plate contact pressure = 70 psi, repetition
rate = 20/min, and pulse duration = 0.2 s; and

5. During loading, vertical movement of loading
plate is monitored.

Five different types of aggregate (sand, rounded
gravel, and uniform and dense-graded crushed gran-
ite) were tested. Figure 7 depicts typical perfor-
mance of the various AFS systems. Note from these
data that a substantially different response of AFS
systems might be expected with different agqregates.
Differences in response can also occur as a result
of gradation and density changes.

Loading Conditions
The loading conditions that can affect the perfor-

mance of AFS systems include magnitude of 1loading,
contact pressure, wheel configuration, duration or

'R |
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rate of loading, number of coverages, and degree of
channelization of wheel loadings. The effects of
duration of loading on the performance of AFS sys—
tems have been discussed previously.

The magnitude of the vertical pressure exerted on
top of the subgrade depends on the magnitude of
sur face loading, tire pressure and contact area, and
the thickness and load-spreading ability of the
aggregate. Because the crushed stone has virtually
no tensile strength, load spreading is controlled
primarily by shear resistance and the ¢ of the
aggregate (39), which in turn can be beneficially
influenced by the reinforcement or confinement
provided by a fabric.

ANALYSIS TECHNIQUES FOR AFS SYSTEMS

The capability for analysis of stresses, strains,
and deflections in typlcal AFS systems is needed if
a more rational approach to the understanding of the
response characteristics and factors of influence
for AFS systems is made. For many years, structural
analysis of flexible pavements was accomplished by
use of the Boussinesq and Burmister elastic theo-
ries. These approaches have definite shortcomings
due to the inability to represent material response
properly. In recent years consliderable effort has
been expended in developing refined theoretical
models for flexible pavement analysis [e.g., visco~
elastic methods (VESYS), a shear layer method that
allows the aggregate to resist shear but not flexu-
ral stresses (39)] and various finite element tech-
niques that can accommodate the typical nonlinear
stress-strain response of subgrade soil, aggregate,
and crushed stone. Extrapolation of even these
refined techniques to analysis of AFS systems pro-
vides crude approximations, at best.

The AFS system has interesting and complex fea-
tures such as the following:

1. Normally undergoes large plastic deformations,

2, Has a thin fabric component with high tensile
modulus but very low flexural modulus,

3. Can exhibit slip at the aqggregate-fabric or
the fabric-soll interface,

4. Can exhibit membrane action, and

5. Can, because of the fabric, have an abnormal
confining pressure on the aggregate as deformation
progresses and causes the aggregate to become stif-
fer.

features, most conventional
finite-element techniques, although capable of
incorporating nonlinear stress-strain response,
cannot accurately model the true AFS system. Raad
(11) , for example, has attempted to model the AFS
system by prestressing a row of elements to enhance
the membrane effect and assigning a Mohr-Coulomb
approximation for the slippage characteristics of
the fabric-soil and fabric-aggregate interfaces.
Raad and Figueroa (40) have reported on a comprehen-
sive analysis method for AS systems without fabric.
With these approaches the resilient response and the
stress and strain state within a low deformation AFS
or AS system can be calculated.

Giroud and Noiray (5), Barenberg (30), and Bender
and Barenberg (8) use the concept of the Boussinesq
theory to estimate the initial state of stresses in
an AFS system; they then correct (reduce) the verti-
cal subgrade stress for the fabric-induced stress as
rutting occurs. Kinney's fabric tension model (9)
is an approach developed to calculate the magnitude
of contribution of the fabric tension to the wheel-
load-induced stresses in the subqrade of the AFS
system.

None of these techniques allows for explicit

Because of these
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calculation of the permanent deformation that de-
velops wunder repetitive traffic 1loading; rather,
typically an algorithm or model such as the one
developed by Duncan and Chang (41) and later modi-
fied by Barksdale (42) could be used to calculate
plastic strains in the system. Giroud and Woiray
(5) took data developed by Webster and Watkins (23)
and Webster and Alford (24) and empirically derived
an expression that relates aggqregate thickness,
number of loads, load magnitude, soil strength, and
rutting for an AS system that contains no fabric.

Thus, based on current literature, no theoretical
technique appears to be available for precise analy-
sis of the response of an AFS system subjected to
repetitive loading.

It would be desirable for an analytical technique
to be developed for the AFS system that would

1. Handle large displacements,

2, Handle cyclic or repetitive loading,

3., Incorporate nonlinear material behavior in-
cluding failure,

4. Incorporate a flexible fabric membrane that
has tensile modulus but no bending resistance,

5. Allow for slippage on both interfaces of the
fabric, and

6. Determine accumulated permanent deformation.

DESIGN OF AFS SYSTEMS

Methods for calculating with a reasonable degree of
confidence the agaregate thickness requirements for
AFS systems are needed in order to efficiently and
economically use fabrics. Such desiqgn methods can
have two distinctly different approaches. One basic
approach might be called a theoretical-mechanistic
approach and the other would be empirical in nature.
The theoretical-mechanistic approach is one wherein
theories for calculating the state—-of-stress imposed
on the system are coupled with the mechanistic
response of the system components. In this ap-
proach, it is essential that the theory used be
capable of accommodating a complete definition of
the mechanistic response of the AFS system to im-
posed loading for the large deformations involved.
The complexity of the AFS system, as suggested by
previous discussion, makes it difficult to model the
system perfectly and thus calculate the load-defor-
mation response of the system.

Even though a theoretical-mechanistic approach
has the distinct advantage of being capable of
considering a broad range in component material
properties (especially fabric properties), such an
approach does not appear to be at a state where it
can be incorporated in a thickness-design method.
Such an approach, which incorporates certain simpli-
fying assumptions, could be used, however, for
parameter studies and sensitivity analyses of the
AFS system.

Based on the
available theory,

foreqoing, some combination of

fundamental behavior of soil,
aggregate, and fabric, experimental and observa-
tional data, field experience, and engineering
judgment probably offers the most reasonable basis
for a thickness-design method. In fact, a combina-
tion of these forms the basis for most current
design methods.

We are aware of five design methods (43-47) for
specific commercial fabric product 1lines and two
more general design procedures, one by the U.S.
Forest Service (14), which has had some limited
field verification, and one by Giroud and Noiray
(5), which is based on simplified theory and limited
experimental results published by others. 1In con-
cept, the procedure by Giroud and Noiray (5) can
potentially be used for a broad range of fabrics in
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that the procedure does require design input con-
cerning fabric modulus and percentage failure elon-
gation: however, at the time it was presented the
procedure did not mention any field validation.

The U.S. Forest Service method (14), although
implying broad applicability, probably is limited to
use with certain nonwoven fabrics because it 1is
based on work by Bender and Barenberg (8).

The DuPont method (43) is based on thickness
design concepts developed by the U.S. Army Corps of
Engineers (48) and actual full-scale field tests and
other performance observations. The Celanese meth-
ods (44,45) are based on small-scale laboratory
testing (8,9) fundamental  material behavior
(Rodin's work) (27), Boussinesqg theory of stress
distribution, and Kinney's fabric tension model (9)
for the procedure described elsewhere (45). The
Bidim method (46} has as its basis large-scale
experiments that use a constructed bentonite sub-
grade and actual full-scale traffic loadings. The
bagsis of the 1Imperial Chemical 1Industries (ICI)
method (47) is unknown to us.

Note that most of these methods do not allow for
variations in performance or rut depth. The failure
criteria assumed are often unclear. Also, only the
DuPont, ICI, Giroud and Noiray, and, to a limited
extent, U.S. Forest Service methods allow for traf-
fic density as a design input.

Space limitations do not allow for additional
critique and discussion of these design procedures.
None are ideal since none appear to explicitly
consider all important design inputs. Figure 8
(5,43-46) summarizes the general range in thickness
requirements for aggregate-surfaced roads with and
without the inclusion of fabric found from these
design methods [except the method of ICI (47)] for
the design conditions shown.

SUMMARY AND CONCLUSIONS

This paper has briefly reviewed the general perfor-
mance characteristics of AFS systems, the mechanisms
that contribute to the improved performance due to
fabric, various factors that affect the performance
of AFS systems, and methods of analyzing and design-
ing AFS systems.

Figure 8. Typical aggregate thickness requirements for haul roads with and
without fabric.
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Based on the discussions presented, the following
conclusions appear warranted.

1. Based on available information, the use of an
interlayer of fabric in an aggregate-surfaced road
can lead to better performance or, alternately, the
fabric will allow reductions (25-40 percent) in
aggregate layer thickness (compared with the AS
system that contains no fabric) €for the same 1level
of performance.

2. Higher modulus fabrics appear to be of greater
benefit to performance than lower modulus fabrics.
Fabrics can provide reinforcement to the AFS system
even before substantial rutting has occurred.

3. Numerous mechanisms responsible for the bene-
fits have been postulated; however, the exact con-
tribution of all these mechanisms has not been
quantified.

4, Numerous factors, including component material
(soil, fabric, and agqregate) and loading condi-
tions, have major influence over the response of AFS
systems. Recognition of these factors and integra-
tion of them into design and decisionmaking pro-
cesses will lead to more predictable performance of
the AFS system.

5. The behavior of the AFS gystem under repeti-
tive loading is complex. Currently, no analytical
models are available that correctly model this
complex structure. Consequently, calculated struc-
tural response (stresses, strains, deflections) are
often at best only estimates. Substantial work is
yet to be accomplished in terms of analytical model
development for the AFS system.

6. At least seven design procedures are avallable
for determining the thickness requirements of AFS
systems. Five of these are for specific commercial
fabrics, however. These methods are primarily
empirical in nature and in general do not consider
all important design parameters. There is no gen-
eral design procedure available that can accommodate
a variety of fabrics with widely differing inherent
properties and a variety of other design input
values. There 1is need to develop a general, funda-
mentally sound, design method that can allow the
potential fabric users to make valid economic deci-
sions in selecting fabrics and design thicknesses
for various job requirements.
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Case for Removing Bridge or Culvert Rails on

Low-Volume Rural Roads

Concrete or masonry bridge rails, parapets, or hubguards {if more than 4 in
higher than the roadway surface) on narrow bridges and culverts on low-volume
{ADT < 400) rural {LVR) roads are dangerous roadside obstacles. Based on the
current state of knowledge it is suggested that, in many instances, striking the
end of a rigid bridge-culvert rail is more hazardous to the motorist than travers-
ing the adjacent stream bed or drainage area when rails have been removed. The
case for rail removal is supported by the effective widening of the roadway due
to rail removal, convenience to farmers in moving wide, low farm equipment,
and benefit/cost ratios. The benefits are estimated reductions in annual acci-
dent costs and were calculated by using current published data on estimated
collision frequencies, accident severity indices, and accident costs. The costs
are the estimated costs of rail removal. There is a need for roadside hazard re-
search aimed specifically at the problem of quantifying the hazard of vehicles
that strike bridge-culvert rails versus the hazard of vehicles running off the road
after rail removal.

The concrete or masonry bridge rails, parapets, or
hubguards (if more than 4 in higher than the roadway
surface) on narrow bridges and culverts are danger-
ous roadside obstacles or hazards.

A bridge rail is a 1longitudinal barrier whose
primary function is to prevent an errant vehicle
from going over the side of the bridge structure
(). It is apparent, in driving on low-volume
(ADT < 400) rural (LVR) roads, that in many in-
stances it would be far better for the vehicle to go
over the side of the structure than to strike the
bridge rail, especially the end of the rail.

Informal discussions with roadside hazard re-
search englneers at Texas Transportation Institute
and Southwest Research Institute of "When is it bet-
ter, on LVR roads, to strike the rail rather than
traverse the ditch next to the culvert or bridge?"
resulted in the following consensus: It is almost
always better to take to the ditch than hit the
bridge rail--unless the ditch is very deep, steep,
or the culvert or bridge has a large drop off to its
bottom. In other words, the best safety strategy is
to remove the bridge rails on narrow LVR structures.

The wvalidity of this consensus is supported by
the widely accepted priority of actions or strate-
gies wilth regard to existing roadside obstacles
(hazards) (2: 3, p. 340: 4):

1. Remove the obstacle,

2. Relocate the obstacle to a point where it is
less likely to be struck,

3. Use breakaway devices to reduce the severity,

4. Use impact attenuation devices to reduce se-
verity, or

5. Protect the driver through redirection of the
errant vehicle (use of guardrails or roadside bar-
riers).

A roadside barrier is a longitudinal barrier used
to shield hazards located within an established
minimum width clear zone (1).

Strateqy 1, removal of bridge rails, is supported
by the American Association of State Highway and
Transportation Officials (AASHTO) (1, pp. 1ll1, 3, 5,
15} .

...Current criteria suggest that bridge rails
should be installed on all bridge structures;
however, the view is now held by some highway
engineers that these criteria are too restrictive
and in some cases have resulted in the unneces-
sary use of bridge rails. A possible example of
this would be their use on a short structure that
spans a shallow stream or drainage area on a low-
volume rural roadway. Many such structures do
not have an approach roadside barrier to shield
the bridge rail end. 1t is likely that the ex-
posed end of the rigid bridge rail is more haz-
ardous to the motorist than would be the stream
or drainage area. Judgment must therefore be
used to determine if the overall hazard of the
bridge rail and the approach roadside barrier
necessary to shield the bridge rail end is less
hazardous than the roadside condition being
shielded. Warrants €or barriers to shield cul-
verts can be established from the criteria in
Section III-A,...

...It has been said that a traffic barrier is
like life insurance--it is good to have as 1long
as it is not needed. Although this is an over-
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statement, it cannot be overemphasized that a
traffic barrier is itself a hazard. Every effort
should be made in the design stage to eliminate
the need for traffic barriers. Existing highways
should be upgraded when feasible to eliminate
hazardous conditions that require barrier protec-
tion. A traffic barrier should be installed dis-
criminately and only when it is unfeasible to re-
move the hazardous condition...

...Typically the cost-effective procedure can be
used to evaluate three options: (l) remove or re-
duce the hazard so that it no longer needs to be
shielded, (2) install a barrier, or (3) leave the
hazard unshielded. The third option would nor-
mally be cost-effective only on low volume and/or
low speed facilities, when the probability of ac-
cidents is low.

«..A clear, unobstructed flat roadside is highly
desirable. When these conditions cannot be met,
criteria to establish barrier need for shielding
roadside objects are necessary. Roadside ob-
stacles are classified as nontraversible hazards
and fixed objects. These highway hazards account
for over 30 percent of all highway €£atalities
each year and their removal should be the first
alternative considered. If it is not feasible to
remove or relocate a hazard, then a barrier may
be necessary. However, a barrier should be in-
stalled only if it is clear that the barrier of-
fers the least hazard potential....

In the AASHTO report (1) there are also several
footnotes, tables, and special comments in recom-
mended procedures that indicate that the fixed ob-
ject should be removed or relocated, if practical,
so that a barrier is unnecessary.

Strateqy 2, relocate the obstacle, is usually not
cost effective bhecause of 1limited right-of-way,
relatively high costs, and limited effectiveness on
LVR roads (4). Strategies 3 and 4 are not appli-
cable. Strategy 5, installation of quardrails, is
not generally cost effective for any ranges of LVR
volumes (4).

Thus, it appears there are two reasonable strate-
gies to use on existing rails on narrow bridges or
culverts on LVR roads:

1. Remove them.
2, Leave them as they now exist.

It would, of course, be very helpful if warrants
were available for bridge rail removal. In the ab-
sence of such warrants the following is offered as
guidelines for considering removal of rails.

GUIDELINES FOR REMOVAL OF BRIDGE RAILS

One of the primary practical reasons for removing
the rails is for convenience to farmers in moving
wide farm equipment (combines and discs, 1in partic-
ular) from one location to another. Most combines
can be readily raised vertically 24 in above the
roadway. Equipment, more than 24 ft wide, should be
expected to be transported on trucks whose widths
will generally be considerably 1less than 24 f¢t;
thus, the clearance heights will be no problem. It
follows, then, that bridges narrower than 24 ft that
have rails over 24 in high on roads used €for move-
ment of wide farm equipment are 1likely candidates
for rail removal. For safety, if the rails are re-
moved they should be removed, preferably, to the
height of the roadway surface or should extend no
higher than 4 in above the surface.

Roadside Safety Considerations

Bridge and culvert rails are dangerous roadside ob-
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stacles (hazards). Where feasible, such roadside
hazards should be removed since it is likely that
the end of the rigid bridge rail is more hazardous
to the motorist than the stream bed or drainage
area. Judgment must be used in determining if the
hazard of the bridge rail end is less than the haz-
ard of the stream bed or drainage area. It appears
likely that, for bridges or culverts 6 ft or less in
depth, (i.e., the height of roadway surface above
the stream bed), the bridge rail end is probably the
greater hazard, and for depths greater than 9 ft the
bridge rail end may be the lesser hazard.

For many narrow bridges and culverts it 1is ob-
vious that the ditch at the culvert or bridge is no
more hazardous than the mile after mile of un-
protected roadside ditch. In these cases, the best
strateqy, from a safety standpoint, is to remove the
bridge rail.

If the rail is removed, the roadway, in effect,
is widened at that location., Figure 1 shows a mini-
mum distance of about 0.5 ft from the centerline of
outside wheel to inside of the rail for the safe
traversing of a structure.

Figure 2 shows that, after rail removal, in an
emergency the centerline of outside wheel could
travel down the outside edge of the cut-off rail.

The effective widening, on one side of the road-
way, is approximately w+0.5, where w is the width of
rail in feet. For a 6-in rail width the widening of
the roadway is 1 ft and for a rail width of 12 in
the roadway widening is 1.5 ft. Where both rails
are removed, the total roadway will be widened 2-3
ft.

In the case of a l6-ft-wide bridge-culvert, this
provides an 18- to 19-ft clear roadway after rail
removal, an increase in roadway width of 13-19 per-
cent. This additional roadway width must certainly
contribute to increased safety at the bridge site.
A Minnesota study (6) reports on numerous studies
that have documented that lane widths of 11 or 12 ft
are significantly safer than 9- or 10-ft lanes. The
same study shows a decrease in the accident rate of
about 15 percent when pavement widths for rural
highways are increased from 18 to 20 ft., Surely,
then, there must be a significant increase in safety
at a site where narrow bridge widths, from 16 to 22
ft, are increased by 2 or 3 ft. This should be es-
pecially significant when the width of an existing
bridge is narrower than the approaching roadway.

Figures 3 and 4 show that the width in which a
vehicle can impact the end of the bridge rail is
about twice the width of the vehicle. The AASHTO
report (1) uses an effective width of the vehicle of
92 in to represent an automobile in a partial skid.
This shows that there is a 12-15 ft width in which a
vehicle can impact the end of the rail. Any impact
with the bridge rail end will probably result in a
severe accident with a high probability of a fatal-
ity or injury accident occurring (1l). The severity
index (2) is estimated at 9 and estimated cost per
accident is $160 000.

Assume now that the rail has been removed. If a
vehicle encroaches as shown in Fiqures 3 or 4, it
appears likely that:

1. The vehicle's outside wheel may stay on the
top of the cutoff rail (Figure 3}, in which case the
vehicle will incur little or no damage and the prob-
ability of an injury or fatality occurring is very
low.

2. The outside wheel may drop over the cutoff
edge, which will probably cause vehicle damage and
perhaps injuries to occupants. From a Texas Trans-
portation Institute (TTI) report (5, Pp. 25), this
might be compared with striking a culvert headwall
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Figure 1. Effective road-
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with a severity index of 7.9 with an estimated cost
per accident of $120 000.

3. The vehicle may vault over the edge and land
in the dralnage ditch. If the ditch is low and
relatively smooth, the severity index is estimated
to lie between 3 and 5 and costs per accident be-
tween $6000 and $17 000, respectively (5, p. 25).

By using material in the TTI report (5, p. 25),
the estimated annual accident costs for the above
examples are given in Table 1 for average daily
traffic (ADT) of 50, 100, and 200 vehicles.

For narrow bridges one would also expect some ad-
ditional accident costs based on the probability of
striking the bridge rail on the left. This addi-
tional cost is not included in Table 1. Note that
the annual accident costs in Table 1 are for one
side of a structure. The annual costs for rails on
both sides of the road would be expected to be about
twice the costs in Table 1.

The accident costs in Table 1 suggest that the
removal of a rail on one side of a bridge will re-
sult in the reductions in annual accident costs as
shown in the table below.

Accident Cost
Reduction ($/year)

ADT Range Average
50 0-88 44450
100 0-192 96~100
200 0-400 200200
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Table 1. Annual accident costs for various severity indexes and ADTs.

Annual Accident Costs® (3)

Cost per
Severity Accident ADT =50 ADT = 100 ADT = 200
Index %) cf® =0.00055 cf® =0.0012  cf® =0.0025
3 6000 3 7 15
5 17000 9 20 43
7.9 120000 66 144 300
9 160000 88 192 400

Notes: Assumption is that bridge rail is 10 ft long x 1 ft wide, located at roadway
edge.
cf = collision frequency (accidents per year).
3 Annual accident costs = cost per accident x cf (accidents/year).
From TT1 report (2, Figtre 5.1.17).

Table 2. Present worth of future accident cost reducti

Present Worth of Future Accident Cost
Reductions for n years ($)

Approximate Avg

Annual Cost n=1 n=2 n=S$ n=10
ADT  Reduction (3) Year Years Years Years
50 50 45 87 190 305
100 100 S0 174 380 610
200 200 180 348 760 1220

Note: Present worth = average annual accident cost reduction x :IPWF where PWF
= present worth factor at interest rate i and n = number of years' accident
reductions;i = 10 percent;n = L, 2, 5, 10 years; and I(I)PWF =0.9,

10 _ 0 _ io _
2PWF=1.74, " (PWF = 3.8, | [PWF = 6.1.
Table 3. Benefit/cost ratios.
B/C Ratios
Cost of | Rail n=1 n=2 n=35 n=10
ADT Removal (3) Year Years Years Years
50 50 0.90 1.74 3.80 6.10
100 0.45 0.87 1.90 3.05
500 0.09 0.17 0.38 0.61
100 50 1.80 3.48 7.6 122
100 0.90 1.74 3.8 6.1
500 0.18 0.35 0.76 1.22
200 50 3.60 6.96 15.20 24.40
100 1.80 3.48 7.60 12.20
500 0.36 0.70 1.52 2.44

Table 2 gives the present worth of various future
accident cost reductions for ADTs from 50, 100, and
200 vehicles.

The benefit/cost (B/C) ratios for various ADTs,
cost per rail removal, and number of vears of acci-
dent reductions are given in Table 3.

Benefits are assumed to be the present worth of
future accident cost reductions for a selected ADT
and number of years of accident reductions (n).

Costs are the' cost of removing one rail.

For example, the B/C ratio for ADT = 100, cost of
one rail removal = $50, and n = 2 years is

B/C = $174 (from Table 3)/$50 (cost to remove
one rail) = $3.48

B/C ratios greater than 1.0 show that the benefits
received are greater than the costs incurred.

It is apparent from Table 3 that significant eco-
nomic benefits are gained from rail removal, es-
pecially when the costs per rail removal are in the
$50-$100 range.
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The benefits may be even greater if the outside
rails are removed from the bridgqes or culverts on
horizontal curves. Glennon (4), the Minnesota study
(6), AASHTO (1), and TTI (5, p. 25) clearly show the
need for additional roadway widths on the outside of
horizontal curves.

One of the vexing problems with the removal of
rails from existing narrow bridges or culverts is
that of 1liability of the local government unit.
Since most of the structures in question were built
many years ago under then-prevailing width and road-
side barrier standards, it appears that leaving the
gstructures as they exist will not result in liabil-
ity for the governmental unit.

On the other hand, their removal may increase
safety. It seems likely that if rails are removed
and an accident occurs there may be some lawsuits in
which it is claimed that striking the old rail was
safer than the new design (i.e., rail removed).
Claims that the old rail was safer and proof of this
are probably more difficult to deal with than proof
that rail removal is safer.

RESEARCH NEEDED

There is a need for some roadside hazard research
aimed specifically at this problem. County or local
road engineers need warrants for bridge and culvert
rail removal or a set of gquidelines for gquantifying
the hazard of vehicles striking various bridge and
culvert rails versus the hazard of vehicles running
off the road into the adjacent ditch, stream bed, or
drainage area.

It would be most helpful if a set of, say, sever-~
ity indexes were developed for specific roadside
hazards on LVR roads considering typical speeds,
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roadway cross-sections, alignment, and roadside haz-
ards.
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Cost Responsibility for Low-Volume Roads in Virginia

GARY T. HENRY AND JOHN M. BENNETT

Cost responsibility is a research tool for determining the amount highway user
groups should contribute to the financing of highways. Several cost-responsi-
bility studies have been conducted at the national and state levels; however,
most have omitted from analysis the cost responsibility for low-volume roads.
This study presents the hod and calculations of cost responsibility for
Virginia’s 43 000 miles of low-volume roads. Costs were divided for allocation
purposes into three categories—occasioned, demand-driven, and common costs.
Costs in the categories are divided among four vehicle classes by various meth-
ods. Data and methods for three major cost areas are described in detail: site
preparation and geometry, pavement construction, and pavement repair and re-
surfacing. The results of the study show that 75 percent of the costs on low-
volume roads is the responsibility of cars and light trucks. The remaining 25
percent is the responsibility of heavy trucks. The study also shows that on
low-volume roads the per mile cost responsibility for each vehicle class is more
than twice that of high-volume roads.

Cost responsibility has emerged as a central issue
in nearly every recent discussion of highway financ-
ing. The term cost responsibility has come to mean
an analysis of the extent to which highway user
groups contribute an equitable share of the costs of
financing highways. At the federal 1level, Congress
mandated the completion of a four-year cost-respon-
sibility study by 1982; in the states, at least 20
cost-responsibility studies have been undertaken in
the past few years.

Interest in cost responsibility has been spurred
by the impact of several recent phenomena on the
highway financing system. Highways in the United
States are unique among publicly financed facilities
in that they have been financed largely by those who
use the roads. At the national level, about 70 per-
cent of highway funding has come from user payments
(1) The dedication or earmarking of user payments
for highway financing has been held to be a major
factor in the comparatively high level of develop-
ment of the highway system (2). In recent years,
however, funds from user payments have not met ex-
pectations for the continuing development of the
system. The Arab oil embargo, mandated increases in
fleet fuel efficiency, restrictions on the supply of
motor fuel, and general economic malaise have con-
tributed to the revenue shortfall.

The failure of established user tax sources to
produce the expected amount of revenues gives impe-
tus for a change in the level or structure of high-
way taxes. From a political perspective, it is
easier to pass tax increases if the burden is dis-
tributed fairly. 1In a social sense, the charges for
highway use can suboptimize the resource allocation
and consumption patterns for highways. This can be
accomplished by establishing an equitable and effi-
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cient taxing burden (1,3). An equity based cost-re-
sponsibility study may, therefore, provide the basis
for a politically feasible and socially rational
change in taxing.

Cost-responsibility studies under way at this
time have encountered numerous difficulties. The
conceptual sticking points of allocating costs of
joint-use facilities and long-run versus short-run
marginal cost pricing plague the studies. In addi-
tion, limited data on highway use and the costs that
use generates make the task difficult. Another
problem, the cost responsibility for low-volume
roads, is the focus of this paper.

LOW-VOLUME ROAD ENIGMA

Although cost-responsibility studies have been tout-
ed as important tools for highway financing, low-
volume roads have been neglected. In light of the
recent activity surrounding cost responsibility and
the magnitude of expenditures on low-volume roads,
the lack of research in the area is an enigma.
Several reasons for not applying cost responsibility
to low-volume roads can be identified.

First, cost-responsibility studies are usually
sponsored by the federal or a state government. Most
low-volume roads are not on the federal system and
only four states have direct responsibility for a
significant portion of their low-volume roads. Since
the study sponsors are most concerned with analyzing
the road systems they administer, low-volume roads
are not included in the analysis.

Second, states have generally preempted the levy
of user taxes by 1local government. Localities,
which typically control low-volume roadways, are
therefore unable to use a study to establish a sys-
tem of equitable user payments. Low-volume roads
are generally supported from general fund (nonuser)
sources.

Third, data on low-volume roads have not been
routinely collected in a manner consistent with the
data for higher-volume roads, Usage data and data
on the cost of maintenance activities are two ex-
amples of data that are necessary but may be lack-
ing. Furthermore, data that are available may be
collected differently in each administering juris-
diction. Because the data are expensive to obtain
and difficult to manipulate in the same way as data
on high-volume roads, the task of determining cost
responsibility for low-volume roads can be cumber-
some and difficult.

Low-volume roads have not, however, been excluded
entirely from cost-related analysis. Two methods of
analyzing low-volume road costs were used in the
1961 federal study--relative use and earnings cred-
it. These procedures were designed to split the
costs of low-volume roads into user and nonuser por-
tions. The rationale underlying these procedures
was that access benefits accrued to nonusers by the
provision of the roads. These benefits were, in
turn, used as justification for property tax (non-
user) support of low-volume roads.

Although the 1969 federal study clung to the
earnings-credit method, 1little theoretical support
exists for the peculiar treatment of access benefit
(3,4). Access benefit is accrued as a roadway is
used--the greater the use, the greater the benefit.
Of course, some types of use derive greater benefits
than others, and therein lies the general problem
with benefit analysis. The access benefit argument
must stand or fall with the decision on whether
cost-occasioned or benefit received is to be used as
a mechanism for setting the tax burden. If a cost-
occasioned approach is executed, no exception should
be made for low-volume roads.

Low-volume roads have a range of costs that are
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incurred to accommodate the use of the roads by ve-
hicles of wvarious types. The revenues produced
through the use of those vehicles are not sufficient
to recover the expenditures on the roadways. Thus,
the charges to recover the costs of low-volume roads
must be generated from nonuse or lump sum charges.
This does not mean that a nonuser or property tax
base 1is appropriate. Other tax sources, such as
registration fees, are available for low-volume road
support. The decision to allocate a portion of low-
volume road costs to nonusers on the basis of access
benefit is therefore arbitrary.

The traditional affiliation between low-volume-
road expenditures and nonuser tax support was never
established in Virginia. Since 1932, the relatively
low-volume secondary road system has existed within
the state highway system. Funding for the entire
system has been generated primarily through user
payments [e.q., motor fuel taxes (59 percent), reg-
istration fees (15 percent), and sales tax on motor
vehicles (15 percent)]. Thus, a cost-responsibility
study of Virginia's highways offered the opportunity
to include a cost-occasioned analysis of secondary
roads without violating the financing tradition es-
tablished in the state.

SETTING FOR THE STUDY

When the 1980 session of the Virginia General As-
sembly mandated a study of the fair apportionment
and allocation of highway expenditures among motor
vehicles of various sizes and weights, the condi-
tions were ripe for a study of cost responsibility
on low-volume roads. As mentioned, the tax base for
all highway systems was user-oriented and the state
administered the low-volume, secondary road system.
Moreover, the importance of the secondary system
relative to the other systems was impossible to
dismiss.

Secondary roads make up 43 000 miles of Vir-
ginia's 67 000-mile system. In addition, 67 percent
of the state's secondary roads are paved, in con-
trast to the national average of 32 percent for the
other 49 states. Secondary road expenditures are
also a major consideration: approximately 40 per-
cent of the state's maintenance funds and 16 percent
of the state's construction funds are expended on
secondary roads. These factors made the inclusion
of secondary roads a necessity in an analysis of all
highway expenditures.

As Table 1 indicates, traffic patterns differ
significantly between Virginia's low- and higher-
volume roads. As might be expected, traffic on sec-
ondary roads shows a higher concentration of passen-
ger cars and pickup trucks. In addition, truck
mileage on secondary roads is more skewed toward
single-unit trucks than combination vehicles. A dif-
ference in expenditure patterns and cost allocations
on the systems is expected from the difference in
the traffic streams. Therefore, a detailed analysis
of the expenditures on secondary roads was needed.

One caveat is necessary here--Virginia's sec-
ondary roads do not encompass all low-volume roads
in the Commonwealth, and all secondary roads are not
exclusively low volume. The state's urban system,
which contains at least 7046 miles of low-volume
roads, is not included in this presentation, al-
though the state-supported costs of this system were
included in the study mandated by the General As-
sembly (5,6). In addition, some secondary roads in
urbanized counties accommodate high-volume traffic.
For example, the two highest-volume secondary proj-
ects in the study's sample of construction projects
had a mean average daily traffic of more than 18 000
cars. Nonetheless, the vast majority of the second-
ary system is low volume in nature.
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Table 1. Travel by each vehicle class on primary and secondary roads.

Proportion of Travel (%)

Vehicle Primary Secondary
Class Description Roads Roads

1 Passenger cars and light trucks 90.4 93.2

2 Two-axle, six-tire trucks 39 4.6

3 Three-axle, single-unit trucks 1.4 15

4 Tractor-trailer combination trucks 4.3 0.7
FRAMEWORK FOR COST RESPONSIBILITY

An analysis of cost responsibility determines

whether users are contributing an equitable share of
the costs of operating the highway system. The
cost-occasioned approach defines the costs incurred
on behalf of a user to be the costs for which that
user is responsible. For example, ferries that
transport only automobiles should be supported by
the revenues generated by automobiles.

A central problem for cost responsibility arises
because the highway system is built to accommodate a
variety of vehicles. Different vehicles have a wide
range of requirements for pavement width and
strength and for the amount of roadway required. The
approach followed in this study was to divide high-
way costs into three categories:

1. Occasioned costs--Costs incurred as a result
of some characteristic of the vehicle stream (e.q.,
weight or size),

2. Demand-driven costs--Costs attributed on the
basis of the relative demand exercised by components
of the vehicle stream, and

3. Common costs~--Costs that are not causally
linked to vehicle characteristics or demand and are
attributed on the basis of overall highway system
use.

IMPLEMENTING THE STUDY

Several key decisions were guided by the mandate
provided by the General Assembly. Since the study
was to determine the equitable apportionment of user
tax burden for Virginia highway users, the state's
highway system, construction and maintenance prac-
tices, and vehicle use pattern formed the basis for
analysis. Therefore, an extensive effort was
mounted to develop attribution procedures consistent
with the design, construction, and maintenance prac-
tices of the Virginia Department of Highways and
Transportation (VDHT).

The mandate also provided gquidance for the defi-
nition of costs to be considered in the study. Cost
responsibility can be construed to include all costs
generated by the highway system--public, private,
and opportunity costs. However, the study mandate
asked for a cost-responsibility analysis as a high-
way financing tool. Hence, costs were defined as
the total expenditures on the Virginia highway sys-
tem.

In defining costs, care had to be exercised to
ensure that actual or proposed expenditures fully
captured the cost to the public of providing a high-
way system. If some expenditures, particularly for
maintenance, were being deferred, then present costs
would have been underestimated and passed to future
taxpayers.

Detailed analysis of the possibility of highway
deterioration indicated that highway disinvestment
was not occurring in significant amounts for the
purposes of the study. Relevant maintenance re-
placement expenditures per lane mile, adjusted for
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inflation, showed real growth over the past 10
years, Other data regarding the nature of highway

construction showed that much current construction
consists of major reconstruction, resurfacing, and
rehabilitation of existing highway facilities. More-
over, state maintenance engineers consistently
judged that no appreciable, premature, structural
deterioration was occurring on the state's high-
ways. For these reasons, expenditures were judged
to be the relevant measure of highway costs.

Finally, a decision on classifying vehicles had
to be made in order to implement the study. The
legislative mandate called for a study of cost ap-
portionment among vehicles of various sizes and
weights. In theory, a separate cost-responsibility
estimate could be calculated for each individual who
uses the highway system. Since calculation of mil-
lions of individual equations is not possible, cost-
responsibility analysis requires a method for clas-
sifying users in some meaningful fashion.

Classification was achieved by grouping vehicles
into a manageable number of categories based on the
following:

1. Characteristics directly associated with how
costs are occasioned,

2, The way in which vehicles are defined by law
and are taxed, and

3. The way in which traffic and registration
data are collected.

Based on these three criteria, four vehicle classes
were selected to provide a basis for subsequent
analysis.

Class 1--All passenger cars, pickup trucks, panel
trucks, and motorcycles;

Class 2--All two-axle, six-tire trucks;

Class 3--All three-axle, single-unit trucks; and

Class 4--Three-, four-, and five-axle tractor-
trailer combinations.

COST-ALLOCATION ANALYSIS

Low-volume roads are typically designed by using
different procedures than those applied to Inter-
state and primary highways. In addition, reliable
data on expenditures, structural conditions, travel
patterns, and vehicle weights may be difficult to
acquire. These and other problems generally require
that the cost allocation for low-volume roads be ad-

dressed separately during cost-responsibility
studies.
Site ©preparation, pavement construction, and

pavement maintenance are among the most frequently
discussed elements of cost allocation. They repre-
sent the highest expenditure elements of most high-
way systems and include the majority of costs oc-
casioned by particular vehicle characteristics. This
section discusses the procedures used to allocate
these costs for Virginia's secondary roads. The data
and findings apply only to the study's base period,
FY 1980.

Roadway Construction Data

Site preparation and pavement construction are the
principal costs involved in roadway construction.
They include the costs most likely to vary with the
size and weight characteristics of the traffic
stream. In order to allocate these costs equitably,
it was necessary to examine empirically the degree
to which vehicle characteristics govern the cost of
secondary road construction. A sample of 61 roadway
construction projects provided the means for this
examination.
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Project Sample

In order to ensure that the analysis would not be
unduly biased by any single construction project,
all projects completed during a fiscal year were
selected for the sample. The 61 projects selected
ensured that actual costs incurred and materials
used would condition the cost allocation.

All projects included in the sample were examined
to ensure that they were representative of Vir-
ginia's secondary road construction program. The
examination showed an appropriate geographical dis-
tribution and also showed diversity in project cost,
size, and in the nature of construction. As a final
check on the representativeness of the sample, the
state highway department's construction engineer, in
concert with construction division personnel, certi-
fied that the project sample represented a typical
year.

VDHT maintains an automated file on each con-
struction project that is presented for bid, is
under way, or has been completed. These files form
the basis of the department's system for estimating
project costs. Data kept on the 61 secondary proj-
ects included materials costs and quantities for all
items included on contract bids. The project files
provided the means for determining how pavement and
site preparation costs vary with varying traffic.

Because the 61 projects completed during FY 1980
had been initiated over several years, it was neces-
sary to standardize prices for like activities and
material quantities. Failure to standardize prices
would have caused projects initiated more recently,
which showed higher prices caused by inflation, to
weigh disproportionately in the overall sample.
Item prices were standardized to mid-FY 1980 levels.

State Force Construction

In Virginia, some secondary construction projects
are conducted entirely by state highway department
personnel. Such projects are statutorily limited to
9200 000 and typically involve adjustments to road-
way geometry, some resurfacing, or safety improve-
ments. Although these projects represent a small
portion of secondary construction, their costs had
to be accounted for. However, data on materials
quantities and prices are not maintained as accu-
rately as data on contracted projects. It was
therefore necessary to compensate for state force
construction by adjusting the project sample.

To handle this problem, the 61 secondary con~
struction projects were examined by the state's
engineer for secondary construction to see if any
projects were directly comparable to the types of
projects conducted by state forces. The cost of 12
secondary projects identified as comparable were
weighted to represent the cost of state force con-
struction.

Project Clustering

The projects in the sample were grouped to ensure
that projects that had similar characteristics would
be analyzed together. The grouping of projects also
allowed a reduction in the number of projects to be
analyzed.

Most cost-responsibility studies reviewed as part
of the study literature search simply group projects
by administrative or functional <classification.
However, these classifications often overlap in
significant design and traffic features that are
used as the basis of cost allocation. In Virginia
this is true even for the secondary road system. Al-
though most secondary roads are low volume, there is
considerable variation in this regard. Secondary
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Table 2. Clusters of secondary construction projects.

Subgroup Characteristics No. of Projects Mean Weighted ADT

2 lanes, less than 12 ft lanes 10 79.3
24 295.0

7 708.6

8 19825

2 lanes, 12 ft lanes 3 623.5
7 4263.0

4 lanes, 12 ft lanes 2 18 263.0

projects included in the sample ranged from the
typical two-lane, undivided roadway to a small num-
ber of four-lane, divided highways.

The roadway characteristics judged most relevant
for cost allocation were the number of lanes, lane
width, and traffic. Projects were therefore grouped
into clusters based on these characteristics. The
process of grouping projects into clusters consisted
of two steps.

In step 1 the number of lanes and lane width for
each project was used to divide the secondary proj-
ects into three subgroups. Projects were divided
into subgroups of: 2-lane, less than 1l2-ft lane
projects; 2-lane, 12-ft lane projects; and more than
2~lane, 12-ft lane projects.

In step 2, within each subgroup of projects,
clusters were formed by computing the mean and stan-
dard deviation of the weighted average daily traffic
total, which is used in designing secondary pavement
depth. Beginning at the mean, cluster boundaries
were formed by moving up (or down) one standard
deviation at a time. By this procedure, all second-
ary projects were enclosed in clusters equal to one
standard deviation in length.

Seven clusters of secondary construction projects
were identified by this process. Table 2 shows the
number of projects, the number of lanes and lane
width, and mean weighted average daily traffic (ADT)
for each cluster. The clustering procedure allowed
a reduction in workload and minimized the effect of
aggregation bias, which generally exists if projects
are not grouped homogeneously.

The project clusters were used in the allocation
of the costs of site preparation and pavement con-
struction.

Site Preparation and Roadway Geometry

Site preparation includes all activities directly
related to the construction of a road, except the
laying of pavements. In general, the activities are
mobilizing the construction crew and equipment,
clearing and grubbing, excavating, grading, install-
ing drainage facilities, and providing improvements
such as signs, signals, and vegetation. Together
these activities amounted to 53.9 percent of second-
ary construction expenditures in the study year.

Site preparation requirements and costs vary with
the size of vehicles that the roadway is designed to
carry. For example, wider vehicles require wider
lanes and shoulders. The costs of excavation,
drainage structures, and other materials are there-
fore increased. Heavier vehicles require thicker
pavements and generate higher excavation costs as-
sociated with preparing deeper trenches for pavement.

To determine the proportion of costs occasioned
by large, heavy vehicles, an incremental technique
was applied. Mixed~-traffic design standards cur-
rently used by VDHT were examined to identify which
aspects of roadway design could be reduced if the
roadway were used only by small, 1light vehicles
(class 1). With safety and speed considerations
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Figure 1. Example of gegometry reduction.
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Table 3. Sample cost reduction from project redesign.

Design Cost ($) Cost

—_— Difference
Site Preparation Standard Reduced (%)
Mobilization 351429 190 889 39 552
Excavation 2 043 665 1787778 255 887
Drainage 292222 288 706 3516
Traffic and roadside 785101 782 994 2107

improvements

Total 3351429 3050367 301 062

held inviolate, three size-related reductions were

possible for most clusters:

1. Lane width could be reduced by 1 ft, from 12
to 11 ft;

2, Cut shoulders could be reduced by 2 ft,
8 to 6 £t; and

3. Fill shoulders could also be reduced 2 ft,
from 10 to 8 ft.

from

As is discussed in the next section, when heavy
vehicles were removed from the traffic stream,
thinner pavements were also possible. Therefore,
the redesigning of site preparation requirements for
a thinner pavement allowed a reduction in trench
depth, Because the degree of trench depth reduction
depended on the depth of the original pavement, the
amount of reduction was computed for each cluster.
The roadway cross section shown in Figure 1 illus-
trates the reductions possible for a two-lane, un-
divided roadway.

Assumptions about cost reductions were tested em-
pirically. VDHT design engineers were asked to re-
design actual projects to determine the cost reduc-
tions associated with removing large, heavy vehicles
from the traffic stream. This procedure ensured
that cost reductions were based on actual design
practice rather than on theoretical estimates.

A project for each cluster was selected for re-
design in order that differences in geometric de-
signs (i.e., 1ll-ft lanes versus 12-ft lanes) would
be accounted for. Preference in selection from a
cluster was given to projects that included all ma-
jor cost elements of site preparation and roadway
construction and that helped produce an even geo-
graphic distribution of projects across the state.

The difference between the site preparation and
roadway geometry costs for the standard design and
the reduced design was then used as an estimate of
the truck-occasioned increment of site-preparation
costs. Table 3 illustrates the results of the re-
duction for one project, which shows a 9 percent re-
duction from standard to reduced design.

~—-

The degree of reduction possible for each cluster
was determined by applying the proportional reduc-
tion generated from the project redesign to the site
preparation and roadway geometry cost for the entire
cluster.

Costs associated with the truck-occasioned incre-
ment were assigned to a vehicle class on the basis
of their relative use of roadways in the cluster.
Costs associated with the reduced design were as-
sumed to be a function of the general demand for the
basic roadway facility. The cost of the reduced de-
sign was therefore categorized as a demand-driven
cost and charged to all vehicles on the basis of
relative use. Total cost responsibility for each
cluster was first summed and then weighted to equal
total FY 1980 expenditures for secondary site prepa-
ration and roadway geometry. The table below gives
the results of that allocation.

Secondary Road Site Preparation
and Roadway Geometry Allocation
Cost Responsibility

Vehicle Class ($) Percent
1 33 963 446 90.9

2 2 473 315 6.6

3 576 048 1.5

4 362 280 1.0
Total 37 375 089

Pavement Construction

Pavement construction expenditures accounted for
24.0 percent of roadway construction costs in the
study year. Pavement construction included pave-
ments that were laid in construction and reconstruc-
tion projects during FY 1980. Other pavement work,
such as rehabilitation and replacement, was included
in maintenance costs.

Some pavement costs are occasioned by vehicles
because they demand wider lanes and thicker pave-
ments. Based on the preceding analysis, it was evi-
dent that 1 ft of each 12 ft-lane is required solely
for 1large vehicles. Costs associated with this
width increment are truck occasioned.

Pavement depth for the entire lane width is oc-
casioned by factors related to axle weights and the
repetitions of axle weights. Pavement cost alloca-
tion must therefore be sensitive to both the axle
welghts and volume of traffic on the roadways.

Pavement Design

Pavement engineering design criteria were used to
determine the relation between axle weight and traf-
fic volume on the one hand and pavement depth on the
other. The design criteria were originally develop-
ed in the American Association of State Highway Of-
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ficials (AASHO) road tests conducted in Ottawa, Il-
linois, and were modified in Virginia to serve as
the basis for pavement design.

For most roads VDHT uses the 18 000-1b equivalent
single axle load (ESAL) measures developed in the
ARSHO tests to determine required pavement strength.
In practice, estimates of daily ESALs for the 10th
year (regarded by VDHT as the design year) are used
to compute an index of the necessary pavement thick-
ness [referred to as thickness units (T.I.)].

In secondary roads, the design process is some-
what different. Secondary roadway pavements are de-
signed from a nomograph that uses a weighted average
daily traffic total. Although ESALs are not direct-
ly used in the design, empirically derived assump-
tions about vehicle weights are included in the
nomograph calibration.

The basic objective of pavement cost allocation
is to separate a given thickness of pavement into
two components: (a) a component that is directly
related to the expected weights of vehicles that use
the road, and (b) a component that is principally
the result of the strength and bonding requirements
necessary to preserve the pavement through weather-
ing cycles. The first component is weight-related
and allocated to the vehicles that create demand for
the pavement because of their weight (Figure 2).
The second component is more appropriately con-
sidered a demand-driven common cost because it is
principally related to weathering (5,6).

Pavement Cost Allocation

The minimum pavement method was used as the primary
pavement allocation method for both high- and low-
volume roads. It is also being proposed for use in
the cost-allocation study being conducted by the
Federal Highway Administration and has been endorsed
in concept by the American Consulting Engineers
Council.

The minimum pavement method begins by determining
the amount of pavement to be laid if weight were so
low as to be an inconsequential factor in pavement
design. VDHT pavement engineers concluded that, in
Virginia, the minimum pavement equals 3.6 T.I., the
practical equivalent of 6 in of crushed stone base
covered by a sealant coat. Pavement thickness re-
quired above 3.6 T.I. must be concluded to be re-
lated to the axle weights of vehicles in the traffic
stream.

Existence of the minimum pavement is best con-
ceived as being related to the demand for the basic
roadway facility. Accordingly, costs associated
with the minimum pavement can be allocated by a mea-
sure of relative roadway use. In this study, the
cost of the minimum pavement for each cluster was
allocated by each vehicle class's proportion of ADT
for the cluster.

Because all pavement above the 3.6 level is
weight-related, pavement above the minimum was al-
located by the proportion of ESALs contributed by
each vehicle class., The handling of the weight-re-
lated portion of pavement in this manner distributes
equitably the inherent economy of scale in pavement
construction.

Application of the minimum pavement method to
secondary pavements is more complicated than appli-
cation of it to Interstate and primary highway pave-
ments. As previously indicated, a nomograph rather
than an ESAL-driven equation is used to determine
required pavement depth. To avoid a discrepancy be-
tween the amount of pavement determined by the ESAL-
driven and secondary road procedure, the nomograph
was used to compute T.I. ESALs equivalent to the
total weighted average traffic for each vehicle type
were then used to allocate the pavement. Table 4
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Figure 2. Pavement cost-allocation illustration.
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Table 4. Sample all ion of dary pavement construction costs.

Cost ($)

Weight-

Vehicle ADT  ESALs Minimum Related Total Class  Percentage
Class (%) (%) Pavement Pavement Attribution of Cost
1 919 13 512753 10 960 523 859 37.4
2 5:3 38.7 30 687 326 287 357972 25.6
3 1.2 20.7 6 695 174 526 179 757 12.8
4 1.4 393 7811 331 346 339478 24.2
Total 557 947 843 119 1401 066

shows a sample calculation that uses this procedure.

This procedure was used to allocate pavement con-
struction costs for the seven secondary clusters.
One cluster contained projects that have pavement
thickness indices below the 3.6 minimum. Pavement
costs for this cluster were allocated on a propor-
tional traffic basis. All other clusters' pavement
costs were allocated by the minimum pavement
method. The table below summarizes the results of
that allocation.

Secondary Road Pavement
Construction Allocation
Cost Responsibility

Vehicle Class ($) Percent
1 9 486 473 56.8

2 3 559 709 21.3

3 1 968 351 11.8

4 1l 659 588 10.1
Total 16 710 121

Pavement Repair and Replacement

Pavement maintenance refers to an assortment of
activities designed to inhibit or reverse the ef-
fects of pavement deterioration. The activities
range from seal coating, skin patching, and pothole
f£illing to resurfacing existing roadways. Pavement
maintenance had the single highest expenditure of
all secondary maintenance activities and accounted
for 44.4 percent of total maintenance costs in FY
1980.

A principal concern in allocating pavement main-
tenance costs is distinguishing the amount of pave-
ment deterioration caused by axle weights, which is
occasioned by vehicle classes, from the amount
caused by environmental factors, which is unrelated
to vehicle use. Although the AASHO road tests es-
tablish the direct relationship between the number
of ESALs and pavement deterioration, the results are
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Figure 3. Pavement maintenance-allocation illustration.
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not directly applicable to the problem of pavement
maintenance. The tests lasted only two years, an
insufficient period to simulate normal weathering
cycles. Moreover, because little routine maintenance
of the pavement surface was performed during the
tests, pavement deterioration was artificially ac-
celerated.

In recognition of the gaps in technical knowledge
regarding pavement damage over time, the Federal
Highway Administration has contracted with con-
sultants to produce estimates of the proportion of
pavement deterioration that results from weight and
the proportion that results from environmental con-
ditions. Even when the studies are completed, they
are likely to be subject to much additional review.
In lieu of empirically confirmed results, estimates
regarding weight and environmental deterioration
must be developed judgmentally.

This study used an alternative approach. For
this study, the problem was characterized as drawing
a line through a range of potentially reasonable es-
timates of weight-related versus environmentally re-
lated deterioration (Figure 3). The range of poten-
tial estimates is shown as the shaded area and can
be labeled the zone of uncertainty. As Figure 3 il-
lustrates, a decision was made to draw the line
through the zone of uncertainty on the same basis as
the division between weight-related and minimum
pavement components in the secondary pavement con-
struction allocation.

Beside providing results that were compatible
with those derived from estimates used in other
states, the use of an estimate related to construc-
tion allowed the study results to be sensitive to
highway system differences. For secondary roads,
the cluster-based pavement allocation showed that
the 3.6 T.I. minimum pavement represented 46.9 per-
cent of pavement costs; 54.1 percent of pavement
costs were weight-related. This same proportion was
used to split pavement maintenance costs. The en-
vironmentally related portion was allocated as a de-
mand-driven common cost, and the weight-related por-
tion was allocated by proportional ESALs on the
secondary system. The result of this procedure was
to allocate less secondary pavement maintenance ex-
penditures on the basis of weight than were allo-
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Table 6. Secondary road cost allocation.

Cost Allocation by Vehicle Class

(3000 000s)
Item 1 2 3 4
Construction
Pavement 9.5 3.6 2.0 1.7
Site preparation and geometry 24.8 1.8 0.4 0.3
Engineering and right-of-way 143 0.7 0.2 0.1
Bridges 5.4 1.1 0.6 0.4
Total 54.0 72 3. 2.5
Maintenance
Pavement 19.7 12.1 7.9 5.1
Other 52.3 2.6 0.9 0.4
Total 72.0 14.7 8.8 5.5
Total 126.0 12.0 8.0

STUDY RESULTS

Thus far, the presentation of results of the cost-
responsibility study has been limited to three ex-
penditure areas. Other areas, such as bridge con-
struction and rehabilitation, and other maintenance
activities were also considered in the study. A
summary of the allocation of all costs associated
with secondary roads 1s given in Table 6. The pro-
cedures for arriving at these allocations are dis-
cussed in detail elsewhere (5,6).

The data in Table 6 show that more than half of
the total cost responsibility of each truck class
comes from pavement maintenance. The size of that
expenditure item and its high proportion of occa-
sioned costs explains this. Interesting, too, is the
proportion of costs borne for bridges--nearly 30
percent of the bridge construction and rehabilita-
tion costs were allocated to trucks. The effect of
gross weight on bridge design is evident in this al-
location.

Compared with other cost-responsibility studies,
the proportion of costs attributed to the individual
truck classes seems incongruous. The proportions
are 13.0 percent, 7.2 percent, and 4.8 percent for
classes 2-4, respectively. This finding can be ex-
plained by the amount of use each of these classes
contributes on secondary roads (Table 1). Secondary
roads are frequently traveled by delivery trucks,
dump trucks, and buses, which are included in
classes 2 and 3. Class 4 vehicles travel the sec-
ondary roads much less frequently. Therefore, even
though the ESALs per pass is greater for class 4 ve-
hicles, the paucity of their presence on secondary
roads minimizes their overall cost responsibility.

One further illustration lends comparative per-
spective on the cost responsibility for low-volume
roads. The cost-per-mile responsibility for second-
ary roads can be compared with the cost-per-mile re-
sponsibility for Virginia's Interstate, primary, and
urban roads (Figure 4). Both of the responsibilities

cated on the Interstate and primary systems (Table were calculated following the methods outlined in
5). this paper.
Tal_)le - Secoll'ldary'road Bemmant Vehicle Miles Cost of Cost of Cost
maintenance allocation. Vehicle Traveled Environmental ESALs Weight-Related Responsibility Percentage
Class (%) Portion ($) (%) Portion ($) ($) of Cost
| 93.2 19 191 745 2.1 524572 19716 317 43.9
2 4.6 945 376 45.9 11142 296 12087 672 26.9
3 L3 313 066 31.4 7623 292 7 936 359 V11
4 0.7 _ 146 235 20.6 4995 576 5141811 11.5
Total 20 596 422 24 285 736 44 882 159
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Figure 4, Costs per mile traveled.

COSTS PER MILE
Secondary Roads

25.0 2.8
COSTS PER MILE
Interstate/Primary/Urban Highway 20.0
59 7.4 16.9
15.0
o 6.3 v
Z oo -
10.0
§ a5 § 10.0
g b0
s 8 5.0
TSN 287
2.0 1 D
1 nmoourw 1 oo W

The cost-per-mile responsibility is overwhelming-
ly greater for secondary roads. Even with a con-
sistent methodology, the responsibilities are at
least doubled for each class on the secondary
roads. Also, the cost-per-mile produces the ex-
pected relationship among the truck classes (i.e.,
combinations have greater responsibility than
single-unit trucks). This, of course, stems from
removing the impact of the miles traveled on second-
ary roads.

In sum, determination of the cost responsibility
for secondary roads was an important part of the
overall study of cost responsibility in Virginia.
The findings on secondary roads showed a different
distribution of cost responsibility than on the
other systems, as had been expected. The combina-
tion of secondary road allocations with the other
road system allocations led to the conclusion that
class 2 and 3 vehicles were underpaying. Inclusion
of secondary road expenditures in the state's cost-
responsibility analysis was therefore a key factor
in influencing study results.
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Effect of Unit-Train Grain Shipments on

Rural Nebraska Roads

DEAN LINSENMEYER

The unit-train concept has altered the rural pricing structure for grains and
consequently encouraged tonger-di truck t portation in larger-sized
lots by producers and rural elevators over the 1975-1980 period. Annual data
on grain producti k nption, and storage capacity were obtained
from Nebraska Agrlcultuul Statistics. Primary data on truck receipts were col-
lected by interview with the managers of 86 unit-train shippers across the

state. A computer model was developed to calculate the total ton miles of
producer transport of grains within the elevator’s trade area for each district as
well as ton miles of interel fer. Nebraska producers in 1980 trans-
ported 71 percent more ton miles delivering grain to commercial elevators than
in 1975. Combined with the growth in interelevator grain transfers by truck,
the annual ton miles of rural truck transport of grains in 1880 was nearly
double the 1975 level. The investment required to maintain and upgrade the
rural road sy is not independent of changes in other sectors of the total
U.S. transportation system. The increased use of unit-trains has precipitated an
increase in the ton miles of grain hauled over low-volume roads as well as an in-
crease in the weight per axle and a subsequent increase in stress on rural roads
and ridges.

From 1975 through 1980, Nebraska's annual production
of grains and oilseeds averaged more than 22 million
metric tons. More than 71 vercent of this, or ap-
proximately 16.5 million metric tons, moved over
rural roads annuvally via farm vehicles to commercial
elevators. The growth in total volume of rural
grain traffic in recent years has placed increased
demand on the rural road system. Nebraska grain
production increased by 7 percent annually between
1975 and 1980, more than twice the growth rate of
U.S. production. With no distinguishable trend in
Nebraska's feed requirements during the 1975-1980
period, increased production resulted in an average
annual increase of nearly 1.5 million metric tons of
grain to be marketed commercially.

Historically, bid prices to farmers have differed
only marginally between competitive elevators in a
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given area. Consequently, producers had little in-
centive to seek a market beyond their nearest ele-
vator. However, in 1975 the unit-train concept was
initiated in Nebraska and offered fares signifi-
cantly lower than previous single-car rates. For
most elevators, adjusting to the unit-train shipment
meant making a sizable investment in fixed facili-
ties sufficient to load the 25-, 50-, and 75-car
trains in 24 h.

Many shippers needed to expand their trade area
to assemble the bushel volume required to support a
unit-train shipping program. This was accomplished
by passing a portion of the rate advantage on to
producers as higher bid prices. With this incen-
tive, producers from outlying areas found it profit-
able to transport grain further to unit-train facil-
ities. Some elevators that chose not to become
unit-train shippers found their grain merchandizing
advantage eroded and, in turn, transferred grain by
truck to the unit shippers.

The result has been an increase in rural truck
transportation of grains into fewer elevators that
then ship directly to the export market and bypass
the traditional terminals. As producers moved grain
greater distances, it became profitable to increase
truck size. The net effect has been to increase the
ton miles hauled over low-volume roads as well as to
increase the weight per axle with a subsequent in-
crease in stress on rural roads and bridges.

OBJECTIVES

The purpose of this study was to estimate the magni-
tude of such changes for major grain-producing re-
gions of the state over the 1975-1980 period. Spe-
cific objectives were to (a) describe the changes
between 1975 and 1980 in varlables that influence
the rural transportation system such as the truck
transportation costs, the number of single-car and
unit-train elevators, and the annual volume of mar~
keted Nebraska grain; (b) compare the producer ton
miles of grain transportation by crop reporting dis-
trict for 1975 and 1980:; and (c) estimate the in-
crease In ton miles of interelevator grain transfer
by truck by crop reporting district from 1975 to
1980,

Methodology

The total ton miles of grain transportation required
to serve the originating elevator depends on several
variables. The quantity of nonfeed grain per square
mile and the number and size of elevators within the
crop reporting district are important considera-
tions. The amount and distance of interelevator
grain transfers by truck identify additional trans-
portation necessary to position the grain for ship-
ment out of the area. Secondary data were obtained
for grain production, livestock numbers, and feed
requirements as well as elevator size and numbers.
Primary data were collected on elevator bid prices,
interelevator grain transfers, and trucking costs.

A computer program was developed to calculate the
difference in ton miles of rural truck transporta-
tion between 1975 and 1980. Equation 1 is the
identity equation used to compare the two years of
transportation needs in district K.

AMg = Mgy, - Mk, (€]

where Mg is ton miles of rural truck transport in
district K.

Estimating Rural Truck Transport in 1975

The total ton miles of rural truck transport in 1975

61

(MK75, Equation 1) was attributed to producer trans-

port since grain transfers from country elevators to
terminals would probably not occur over rural roads
and the country-terminal traffic was not included in
either the 1975 or 1980 calculation, Equation 2
computes the ton miles of producer transport in 1975.

) R
Mk,s =2 Z, [(Ty,k,R - Ty,K,R-1) 1.207DxRu] @
where
J
Ty,k,R = (By,g/ & By, g) (Ag), the square mileage
J=1
trade area of elevator J in district K
with a radius of R in 1975;:
Rg = total square mileage area of district K;
By,K = licensed storage capacity of elevator J

in district K;

Dg = density (metric tons per square mile) of
marketed grain; and

Ry = /R? - R + 0.5, the radius to the midpoint
of the trade area delineated by R and
R -1,

According to By g, the total square mileage of
the crop-reporting ‘district was allocated among the
elevators in proportion to their 1licensed grain
storage capacity, thereby determining the trade
areas for individual elevators. It was assumed that
elevators that possess a large percentage of the
district's total licensed storage capacity served a
proportionately large trade area in 1975.

A circular configuration was imposed on each in-
dividual trade area even though it is recognized
that this implies an equal amount of overlapped and
nontraded area. Although other classical location
models have assumed hexagonal or other polygonal
patterns (1), the circular form allows trade areas
to be of unequal size, which was crucial to the
present study. Once an individual firm's trade area
was determined, the elevator was assumed to be lo-
cated at the central origin of a rectangular grid
road system that extends over the entire area. Be-
ginning with the outer rim portion of the trade area
(Ty,k,R = TJ,K,R-1) the ton miles generated from
eacﬁ i—mlle-wide concentric area were summed for all
radii R inwardly toward the epicenter. An average
correction factor of 1,207 was calculated by using
the Pythagorean theorem to convert direct radius
distances into road distances to account for mar-
keted grain originating off the main X or Y axis of
the grid network. Marketed grain is defined as the
annual production of all grains and oilseeds in a
given district minus the annual livestock feed re-
quirements in that district. The ton miles of
transport were then summed for all firms J in dis-
trict K.

Estimating Rural Truck Transport in 1980

By 1980, licensed storage capacity was not a rel-
evant criteria for estimating elevator trade areas
for the unit-train shippers. The volume of grain
handled by single-car shippers was calculated by
using estimated annual turnover rates on storage
capacity. Because local livestock feed requirements
were already deducted in determining marketable
grain, the turnover rates of single-car elevators
did not include the volume of grain handled by ele-
vators to satisfy local feeders., Based on discus-
sions with industry sources, the turnover rate of
1.0 times the total licensed storage capacity was
applied against grains marketed through the single-
car shipper into the interregional commerce.
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The annual volume of direct producer deliveries
of qrain to unit shippers in 1980 was estimated to
consist of the total marketed grain €or that dis-
trict minus the estimated grain receipts of single-
car shippers. This remaining grain was distributed
between the unit-train elevators in proportion to
their car-loading capacity.

Equation 3 estimates the total ton miles of rural
truck transport of grain in 1980, 1Its three major
components are estimates of producer transport to
single-car elevators, producer transport to unit-
train elevators, and interelevator truck transport.

N R
Mggo = Ngl RZ-:I [(Tn,x,& - TN,k,R-1) 1.207 DgRy]

(producer transport to single-car elevators)

U R
* & &2, [(Tux,r- Ty gr-1) 1.207 DRyl

(producer transport to unit-train elevators)
+1.9375 Ty x,r Dk 3)
(interelevator transfer)

where

TN,K,R = BI:I,K/DK' the square mileage trade area of
single-car elevator N in district XK with
radius R in 1980;
u N

TU,K,R = (LU,K/ z LU,K) (AK = & TN,K,R)' the
U=1 W=1

square mileage trade area of unit-train
elevator U in district K with radius R;
and

Ly,g = load-out capacity of unit-train elevator
U in district K, specified as the number
of hopper cars capable of being spotted
on the elevator 's siding.

Table 1. Changes in quantity of Nebraska’s marketed grain, 1975-1980.
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The total ton miles of producer transport in 1980
within a given elevator's trade area was calculated
in a similar manner as the 1975 computations. The
amount of interelevator transfer was estimated as a
percentage of total unit-elevator receipts, based on
primary data collected from the operators of all 66
unit-train elevators in 1980.

RESULTS

The total quantity of marketed grain in 1980 was
nearly 2.5 million metric tons or 19 percent larger
than in 1975 according to Table 1. This growth was
accomplished in spite of the fact ¢that 1livestock
feed requirements in 1980 were significantly above
the 1975-1980 trend and a widespread drought reduced
1980 production significantly below the trend. Dis-
tricts such as the Southeast and East experienced
growth 1in 1livestock feed requirements that nearly
offset increased grain production. Consequently,
thelr volume of 1980 marketed grain was only 6 and 8
percent, respectively, larger than in 1975. 1In con-
trast, grain marketed over rural roads in the Cen-
tral district increased by 25 percent, in the North-
east by 27 percent, in the Southeast by 31 percent,
and in the South by 44 percent over the same pe-
riod. Even if the average length of haul did not
change from 1975 to 1980, one could expect ton miles
of rural producer transport of Nebraska grains to
increase approximately 19 percent due only to the
greater volume of grain being marketed.

The total number of receiving elevators has re-
mained relatively constant with less than 1 percent
decline over the five vears. However, the real
change (as Figure 1 1illustrates) has been in the
upgrading of single-car elevators into unit~-train
facilities along with a small increase in newly con-
structed unit elevators. The number of single-car
elevators declined by nearly 11 percent due to up-

Grain Production Feed Requirements

Commodity Surplus

Crop Reporting Absolute Increase Increase Absolute Increase Increase Absolute Increase Increase
District (000s metric ton) (%) (000s metric ton) (%) (000s metric ton) (%)
Northeast 483 18 100 8 383 27
Central 333 15 -72 -12 405 25

East 547 11 231 24 316 8
Southwest 475 27 24 8 451 31
South 810 39 28 10 782 44
Southeast 307 10 166 27 141 6
State total® 2955 17 477 12 2478 19

3State total does not include Northwest and North districts.

Figure 1. Changes in Nebraska’s grain elevators: 1975-
1980.

Reference

o single-car elevator added
O single-car elevator deleted
O new unit-train elevator

added

NORTHWEST

O A

AD
NORTHEAST o
00 o

SOUTHWEST

A
]

A unit-train elevator upgraded
from singla-car elevator
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Table 2. Change in ton miles of rural Nebraska truck transportation of grains, 1975-1980.

Producer to Elevator

Increase

Nonunit Shipper Unit Shipper Ton Miles

Interelevator Total Increase
Nonunit to

Unit Transfer

Ton Miles

Region (000s ton mile) (000s ton mile) (000s) Percent (000s ton mile) (000s) Percent
Northeast =5121 +16 214 +11 092 97 +2 940 +14 033 123
Central -4 141 +12 882 +8471 83 +3 215 +11 957 113
East -10 244 +12 337 +2 093 9 +5 393 +7 486 32
Southwest +223 +20 280 +20 503 165 +2 727 +23 230 189
South ~6 538 +14 229 +7 691 61 +3 878 +11 569 93
Southeast -682 +8 797 +8 115 71 +2 424 +10 538 92
State total® -26 503 +84 738 +58 235 71 +20 576 +70 812 96

%State total does not include Northwest and North Regions; assumes 1.0 turnovers per year on licensed storage capacity for nonunit shippers not in-

cluding grain for local livestock feeding.

grading as well as closures. The number of rural
train-load shippers increased by 66, not including
the 19 terminal facilities.

The pricing structure has changed as well.
Weekly cash bid prices collected over the last two
years from six privately owned single-car and unit-
train shippers in central Nebraska were compared.
It was found that the prices offered to producers by
unit-train shippers were approximately 8 cents/
bushel higher than at nearby single-car elevators.
Given this differential bid price between elevators,
the extent to which the trade areas of unit-train
elevators would likely expand is determined by the
producer 's cost of rural transport. Payne, Baumel,
and Moser (2) calculated variable costs of trucking
by using a 16-ft, 325-bushel grain box at approxi-
mately 0.06 cents/bushel per mile (1975 dollars),
not including dead-haul labor costs. The pricing of
identical items (2) by using 1980 prices revealed a
variable cost per bushel per mile of about 0.16
cents for the 325-bushel load. This would indicate
that it could be economically rational for a pro-
ducer to Increase a haul by more than 6 miles for a
1 cent differential in bid price. In addition, more
producers are now using 18-ft, 425-bushel gqrain
boxes for which the variable costs are estimated to
be only 0.13 cents/bushel per mile.

Of additional importance is the seasonal differ-
ence in the demand for rural transport. Primary
research of producer marketing practices in Nebraska
in 1977 revealed that more than 72 percent of pro-
ducer dellveries of wheat to local elevators oc-
curred in June and July. Likewise, 50 percent of
the 1977 corn and 75 percent of the milo harvest was
delivered to commercial centers for sale or storage
during the October-November period (3). Not only
does the demand on the system appear extremely con-
centrated but maintenance of rural road conditions
during the wet snowy late fall conditions requires a
different investment than during the dry wheat har-
vest of early July. The high concentration of corn,
sorghum, and soybean production in the Central,
South, Southeast, and Northeast crop-reporting dis-
tricts indicates that nearly half of all rural grain
transport in those areas will occur in the late fall.

The combined impact of increases in marketed
grain and the greater differential in bid prices
relative to the costs of transport has meant more
bushels that travel €arther over rural roads. Ac-
cording to Table 2, the total ton miles transported
by producers for all major grain districts was 71
percent greater in 1980 than in 1975. However, the
Increase in demand on rural roads was by no means
consistent between districts. In the East, where
the marketed grain increased only marqinally in 1980
and a considerable number of single-car elevators
were upgraded to unit-train capacity, total ton

miles increased by 9 percent in five years. That
growth occurred as deliveries to unit-train facili-
ties more than offset an overall decrease in ton
mileage incurred for delivery to nonunit elevators.
On the high side, the Southwest district experienced
a 165 percent increase in producer ton miles, pri-
marily because of increases in marketed grain and a
modest growth in unit-train facilities.

In addition to increased producer transportation,
Table 2 indicates an increase in interelevator truck
transfer from single-car to nearby unit-train ele-
vators. Based on primary data collected from the 66
unit-train elevators in 1981, more than 6 percent of
their total volume was received by truck from
single-car shippers located an average of 31 miles
away. Consequently, Nebraska's road system sup-
ported nearly 17 million additional ton miles of
truck transportation due to interelevator transfers,
from single-car to unit-train facilities.

In summary, Table 2 indicates that total ton
miles of truck transport of grains over non-Inter-
state rural roads has nearly doubled over the 1975-
1980 period. Nearly three-quarters of this increase
has been due to changes in producer transportation
patterns.

SUMMARY AND CONCLUSION

The investment required to maintain and upgrade the
rural road system is not independent of change in
other sectors of the total U.S. transportation in-
dustry., The introduction of the unit-train concept
for on-rail transportation in the Great Plains has
altered the rural pricing structure for grains and
consequently encouraged longer distant truck trans-
port of grains by producers in major production re-
gions.

This study has indicated that the 19 percent
growth rate over 1975-1980 in Nebraska's marketed
grain has combined with longer distant hauls to in-
crease total ton miles of rural truck transport at a
rapid pace. It was found that, in 1980, Nebraska
producers transported 71 percent more ton miles in
delivering grain to commercial elevators than in
1975. Combined with the growth in interelevator
grain transfers by truck, the annual ton miles of
rural truck transport of grains in 1980 was nearly
double the 1975 level.

Recognition of the interdependencies between
transportation modes and the economies of unit-train
transport will assist in anticipation of the demands
placed on rural roads. A better understanding of
the amount and type of demands on the rural road
network will assist in making long-run public in-
vestments.,
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Development of a Computerized Technique to Identify
Effective Forest Roadway Networks

DAVID C. SHUNK AND ROBERT D. LAYTON

Forest transportation planning is a complex task that involves many decisions.
This paper presents an algorithm and computer program that will assist in ef-

fective transportation planning and d king in the national forests. This
identification of an efficient arterial, collector, and local roadway network is a
primary p in the transportation planning process. An earlier study by

Kehr and Layton identified the primary factors and important decision criteria
used to evaluate forest arterial and collector networks. This study employs these
decision criteria in the development of a computerized comprehensive analytical
framework, PLANET1 and PLANET2, to identify and evaluate forest arterial
and collector networks. Two main computerized network algorithms have been
used in transportation network evaluation: the shortest path algorithm and the
minimum spanning tree algorithm. The shortest path algorithm provides the
most direct route to each point, without direct consideration of construction
costs. The minimum spanning tree algorithm emphasizes the least-cost connec-
tive network and ignores the travel times and operating costs. The computerized
technique presented in this report combines the advantages of the shortest path
algorithm with those of the minimum spanning tree algorithm to determine a
more efficient roadway network than is provided by either approach used in-
dividually. Examples of the use of these new algorithms, PLANET1 and
PLANET?2, are presented and discussad.

As defined by the Forest Service Manual, the objec-
tive of transportation planning is (1) "to ensure
that plans for the development and operation of the
forest development transportation system are made,
and that they are consistent with land-use planning
policies and procedures, and will effectively
achleve resource management objectives”.

The identification of an efficient arterial, col-
lector, and local roadway network is a primary com-
ponent of the transportation planning process. A
previous study by Kehr and Layton (2) identified the
primary factors and important decision criteria used
to evaluate forest arterial and collector networks.
The study employs these decision criteria in the
developing of a comprehensive analytical €ramework
to identify and evaluate forest arterial and col-
lector networks. The method developed in the report
by Kehr and Layton, however, 1s a manual method that
takes a great deal of time to use.

Two computerized network algorithms used exten-
sively in forest transportation network analysis and
evaluation are the shortest path algorithm and the
minimum spanning tree algorithm. The shortest path
algorithm provides the most direct route to each
point, measured by time, distance, or cost, usually

operating cost. The minimum spanning tree algorithm
provides the least-cost connective network, which is
usually measured by the length of 1links or 1link
costs, typically construction and maintenance costs.

The method developed by Kehr and Layton (2) rec-
ommends the use of a method that employs both the
shortest path and the minimum spanning tree algo-
rithms. However, no computerized technique is pre-
sented in that study. A primary analysis technique
for national forest planning is the timber transport
model (TIMBRI), a computerized method to find the
least-cost timber haul routes (3). This technique
relies heavily on the shortest path algorithm to-
gether with a mixed integer linear programming rou-
tine. However, that technique focuses on identi-
fying the most efficlent network for timber haul
alone. The PLANET1 and PLANET2 algorithms combine
the advantages of a shortest path analysis, which
minimizes time or operating cost, and the minimum
spanning tree analysis, which minimizes construction
costs and, if desired, malntenance costs, to deter-
mine an efficient roadway network.

SCOPE

This paper presents a computerized method to iden-
tify effective forest roadway networks. The de-
clsion criteria used to evaluate forest road net-
works are divided into four major groups: physical,
analytical, quantitative, and qualitative. The im-
portant decision criteria in each group are given
below in rank order.

1. Physical criteria--connection to regional
mills and markets, connectivity with surrounding
road networks, types of vehicles and users present,
extent of access to forest area, interface conflicts
and delays, and access to adjacent lands;

2, Analytical criteria--total cost for timber
haul, timber traffic volume, recreational traffic
volume, least-cost connective network, construction
cost, operating cost, maintenance cost, safety cost,
level of service, and capacity:

3. OQuantitative criteria--size of area served,
speed of travel, and road design standards; and

4, OQualitative criteria~-~compatibility with en-
vironment, comfort and convenience, and safety.
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The computerized methods described in this report
incorporate some of the physical, analytical, and
guantitative decision criteria, but not the quali-
tative decision criteria. The specific criteria
taken into account, either directly or indirectly,
by these methods are as follows:

Speed of travel,

Least-cost connective network,
Operating cost,

Maintenance cost,

Construction cost,

Safety cost,

Timber traffic volume,
Recreational traffic volume, and
Road design standards.

W O -2 W
.

Forest transportation planning is a complex task
that involves many decisions. The PLANET1 and
PLANET2 programs assist the decisionmaker in making
effective transportation planning decisions. This
report presents PLANET1 algorithm and 1its develop-
ment and briefly addresses the capabilities of
PLANET?2,

MODEL DEVELOPMENT

The goal of PLANET1 is to provide a computerized
technique to find a roadway network that combines
the advantages of the shortest path tree (more
direct routes) and the minimum spanning tree (lower

construction costs).
The shortest path algorithm can be formulated as

a linear programming problem as follows:

Number of
centroids
Minimize Z’ = IZ‘,I

Centroid I travel time )

Such that,

Flow into each node = flow out of the node,

Flow at centroids = 1, and
Flow out at origin = - number of centroids.

where centroids are nodes that have some traffic-
generating activity present, referred to as activity
nodes in this paper.

This can be written for the network in Fiqure 1 as

Minimize 2' = 6¢1p + 4433 + 6421 + lég3 + Sdp4 +
4631 + 1932 + 7é34 * Sé42 + 7043

Such that,

+ 621 * 631 7 412 + 413

+ 012 t 632 * 642 = 621t 423 * d24
Y3 + 613 + 623

+

+ 643 = 631 * 032 + 634
Yg + 624 + 634 = 642 * 643
Yy = -3
Y3=l
Y4=l
where

all ¢ > 0,

bxy = flow from x to y, and

Yy = flow added at node x.

The minimum spanning tree algorithm can be for-
mulated as a zero-one mixed integer problem as
follows,

Numberol 7y =1iflink 7 [ Link I
Minimize 2”= X is used cost ¥

el Z; =0if not
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Figure 1. Example network.

Such that,
Flow into each node = flow out of the node,
Flow in at centroid = 1,
Flow out at origin = - number of centroids, and
Flow x+y + flow x+y < (a large number) 7y,

This can be written for the problem in Figure 1 as

Minimize 2" = 627 + 425 + 123 + 524 + 7%g

Such that,
Yy + 621 % 931 = 612 * 613
Yo + 612 + 632 * 942 = 021 * ¢23 t d24
Y3 + ¢33 + 023 * 643 = 631 * 432 * ¢34
Yq + 624 + 634 = d42 + 043
Yl‘-3
Yz’l
Y3=l
Y4=1

$12 * 921 S MZ)
613 + 931 < M2
623 * ¢32 < MIj
624 + 642 < MZy
$34 + ¢43 < MZg

IAiALIA

0,

0or1l,

bxy flow from x to y,

Y, flow added at node x, and
M = extremely large number.

All dxy
All zy

oV

The shortest path algorithm and the minimum span-
ning tree algorithm, as illustrated above, can be
combined by using a trade-off factor. In both cases
the mileage between the nodes is considered to be
proportional to the travel cost for the shortest
path algorithm and the construction cost for the
minimum spanning tree. Since the mileage is used to
represent both the travel and construction costs, it
is necessary to add a trade-off factor, which is a
ratio of the construction cost to the travel cost,
when comparing the two. The trade-off factor as-
sumes a uniform demand at each centroid and can be
written as

Trade-off factor = {Construction cost ($/mile)] /[Uniform demand
(vehicle) x travel cost ($/vehicle mile)] 3)

The ideal PLANET1 objective function can be formu-
lated as a zero-~one mixed-integer program as follows:

Minimize: Z"" = Z’+ trade-off factor (Z") (O]
Such that,

Flow into each node = flow out of the node,
Flow in at centroids = 1,
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Flow in at the origin = - number of centroids, and
Flow x+y + flow x+y < (a large number) 2.

This can be written for the network in Figure 1
as,

Minimize 2''' = (6912 + 4613 + 6621 + 1é23 + 5S¢4 +
4431 + 1632 + 7634 + 5042 + T643) + trade-off
factor (6Z9 + 427 + 123 + 524 + 7%5)

Such that,
Yy + 621 * 631 = 612 * 613
Yo + 612 + 632 + d42 = 621 + ¢23 * 24
Y3 + 613 + 023 * 043 = 631 * 432 * ¢34
Yg + 624 + 634 = ¢42 * 843
Yl = -3
Yz - 1
Y3 i) 1
Y4 - 1
$12 + 921 < M%)
¢13 + 631 < M%)
623 + 33 < M2,
624 + 942 < M2y
634 + 643 < Mg
where
ALL 4yy > O,

0or 1,

tlow from x to vy,

% flow added at node x, and
extremely large number.

w
[
=

I ()

-
uonoulv

=
"

This problem can be solved by using an integer pro-
gramming technique. However, for large networks
this would require excessive computational time to
reach the optimum solution. The PLANET1 assumptions
allow it to find a good solution, not necessarily
the optimum, in a very short time.

The PLANET1 algorithm starts with the shortest
path tree for the network. A tree, as used here, is
a connected graph that contains no loops. It ana-
lyzes every unused link to determine if it should be
added to the tree. This will be referred to as the
candidate link. If the candidate link 1is added, one
of the links already in the tree must be removed.
The two decision criteria used are the savings in
travel cost to the centroids (DTIME) created by
using the link to be added and the increase in con-
struction cost (DCOST) created by using the candi-
date link instead of another 1link. The unused link
is added to the tree 1if

DTIME > Trade-off factor x DCOST (5)

Otherwise, it is not added and the next unused link
is analyzed. As pairs of links are added and re-
moved, PLANET1 moves closer to the optimum solu-
tion. Through this process the PLANET1 algorithm
attempts to imitate the process that occurs in an
integer programming approach., The PLANET1 algorithm
does not gquarantee the optimum solution, but it
glves a good solution in a very short computation
time and comes much closer to the optimum network
than does the shortest path algorithm or the minimum
spanning tree algorithm,

PLANET1 Algorithm

An algorithm is defined as a systematic set of
mathematical steps for solving a problem. The
PLANET1 algorithm combines the advantages of the
shortest path tree and the minimum spanning tree in
determining the most efficient network possible.
The steps in the PLANET1 algorithm are as follows:
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Figure 2. Example network for PLANET1.

WW ----- Shortest Path Tree

Step 1. Find the shortest path tree from the
primary activity centers by using the shortest path
algorithm.

Step 2. Consider adding each 1link in the 1link
file, in turn., This link will be referred to as the
candidate link. Start with the first link.

Step 3. 1If the candidate link is already part of
the tree, go to step 10.

Step 4. Consider removing the next link down the
tree. Start with the predecessor link of the origin
node of the candidate link. For example, in Figure
2 if 1link 3-2 were the candidate 1link, 1link 3-5
would be considered for removal, then link 5-7, etc.

Step 5. If removing this link creates a discon-
nected graph, go to step 10. A disconnected graph,
as used here, is a network where all desired nodes
cannot be reached from the oriqin node.

Step 6. Calculate the increase in 1link cost
(DCOST) created by using the candidate link instead
of the link being removed.

Step 7. Calculate the savings in travel times
(DTIME) to the centroids created by using the candi-
date link instead of the link being removed.

Step 8. If Equation 5 is true, add the candidate
link to the tree, remove the 0ld link, and go back
to step 2. Otherwise go on to step 9.

Step 9. If the destination node of the link to
be removed is not the origin, go back to step 4. If
it is the origin, go on to step 10.

Step 10. TI€ the candidate link 1is not the last
link in the link file, go back to step 2. If it is
the last link, go on to step 11.

Step 1ll. If no changes have been made on this
pass through the 1link file, terminate the algo-
rithm. Otherwise, go back to step 2 and start
through the link file again.

Example Illustrating the PLANET1 Alqorithm

The following is an example that illustrates the use
of the PLANET1 algorithm. Table 1 gives the steps
involved in PLANET1 for the example network. Fiqure
3 shows the network and the shortest path tree, and
Table 2 gives the initial link file to be used in
this example. Figures 4 and 5 and Tables 3 and 4
show the steps in the algorithm in the first iter-
ation as links are added and deleted in the network.
The KOUNT array used in this example indicates if
a link is in the tree (KOUNT = 1) or not (ROUNT =
0). The column labeled TRADE? indicates whether the
candidate link is traded for the 1link being con-
sidered for removal (LINK OUT). Notice that the
trade-off factor is equal to 2.0. The number next
to the link arrows in Fiqures 3-8 indicates the num-
ber of the link in that direction. The two numbers
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Table 1. PLANET1 graphical example,

iterations 1 and 2. Candidate Link Link Out DTIME Factor DCOST Trade Remarks
Iteration 1

4 3 -5.0 2.0 -1.0 No Use Figure 3, Table 2
5 7 -1.0 2.0 0.0 No Use Figure 3, Table 2
5 14 -22.0 2.0 2.0 No Use Figure 3, Table 2
bl 19 -22.0 2.0 1.0 No Use Figure 3, Table 2
6 7 -4.0 2.0 1.0 No Use Figure 3, Table 2
8 7 ~-1.0 2.0 -1.0 Yes Use Figure 4, Table 3
9 11 -5.0 2.0 3.0 No Use Figure 4, Table 3

10 11 -6.0 2.0 4.0 No Use Figure 4, Table 3

10 23 -14.0 2.0 3.0 No Use Figure 4, Table 3

12 - No possible removals

16 17 -4.0 2.0 1.0 No Use Figure 4, Table 3

18 17 -1.0 2.0 -1.0 Yes Use Figure 5, Table 4

Iteration 2

4 3 -6.0 2.0 -1.0 No Use Figure 5, Table 4
5 8 0.0 2.0 1.0 No Use Figure 5, Table 4
5 23 -8.0 2.0 1.0 No Use Figure 5, Table 4
S 14 -16.0 2.0 2.0 No Use Figure 5, Table 4
S 19 -16.0 2.0 1.0 No Use Figure 5, Table 4
6 8 -3.0 2.0 2.0 No Use Figure 5, Table 4
7 8 1.0 2.0 1.0 No Use Figure 5, Table 4
7 23 -5.0 2.0 1.0 No Use Figure 5, Table 4
9 11 -5.0 2.0 3.0 No Use Figure 5, Table 4

10 11 -7.0 2.0 4.0 No Use Figure 5, Table 4

12 - No possible removals

13 - No possible removals

16 18 -3.0 2.0 2.0 No Use Figure 5, Table 4

17 18 1.0 2.0 1.0 No Use Figure 5, Table 4

17 23 -9.0 2.0 20 No Use Figure 5, Table 4

Note: Since no changes were made in iteration 2, the network in Figure 11 and Table 5 is the solution.

Figure 3. Initial network for PLANET1 graphical example.

0.4.0] [5,6.0] [402,6.0)
"5 3.0 7] " 4.0 13
g a4
E ” (] D

/1Y s W a1 1 b 1) 40 nE;
[1.,2.0] [401,3.0] [5,7.0]

TSUMM = 26.0 A = Origin node ({i.e. mi11)

TLINK = 17.0 [J = Activity node (i.e. timber sale)

O = Non-activity node (i.e. road junction)

in brackets next to each node are the predecessor
node number and the travel time from that node to
the origin, [predecessor node number, travel time].
Figures 5-8, then, show the results for this net-
work from PLANET1, BUILDER, MINTREE, and MINSPAN,
respectively. BUILDER builds shortest path trees:
MINTREE builds a network that contains the least-
cost connective network from the origin activity
node to all activity nodes: MINSPAN builds the
least-cost connective network from the origin ac-
tivity node to all nodes. The range for TSUMM, the
sum of the link criteria from the origin to each
activity node, 1s from 26.0 (BUILDER) to 34.0
(MTNSPAN} . Notice that TSUMM for PLANET1 (= 28.0)
is close to the minimum. The range for TLINK, the
total link criteria for the link in the tree, is
from 14.0 (MINSPAN) to 17.0 (BUILDER). Notice that
TLINK for PLANET1 (= 15.0) is close to the minimum.

Table 2. Initial link file for PLANET1 graphical example.

Link Destination
No. Origin Node Node Link Criteria KOUNT
X) [NODE(X,1)] [NODE(X,2)] [CRIT(X,1)] X)
1 1 2 4.0 1
2 1 401 2.0 1
3 2 1 4.0 1
4 2 3 3.0 0
S 3 2 3.0 0
6 3 4 4.0 0
7 3 5 3.0 1
8 3 402 2.0 0
9 4 3 4.0 0
10 4 6 5.0 0
11 4 402 1.0 1
12 5 3 3.0 1
13 5 6 4.0 1
14 5 401 1.0 1
15 5 402 2.0 1
16 6 4 5.0 0
17 6 5 4.0 1
18 6 402 3.0 0
19 401 1 2.0 1
20 401 5 1.0 1
21 402 3 2.0 0
22 402 4 1.0 1
23 402 5 2.0 1
24 402 6 3.0 0

MODEL APPLICATION

Figure 9 shows an example forest network. The lines
that connect the three node ones (i.e.: 1, 1', and
1") represent the main arterial roadway. PLANET1 is
used to find the best roadway network to connect the
forest activities with the main arterial. All nodes
on the arterial are indexed as node 1. Note that
the network is not drawn to scale.

Figures 10, 11, and 12 show the results obtained
from the shortest path tree algorithm (program
BUILDER), the minimum spanning tree algorithm (pro-
gram MINSPAN), and the minimum spanning tree algo-
rithm (proqram MINTREE), respectively. MINTREE
builds the minimum spanning tree from activity node
to activity node without concern for nodes that rep-
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Figure 4. PLANET1 graphical example: entering links 8 and 21.

[v,4.0] [402,7.0] [402,6.0]
5 . .
3 3.0 !ir?‘_l} 4.0 46

p 120
[1.2.0] [4m,3.0] [5.7.0]

TSUMM = 27.0 A= 0rigin node (i.e. mil1)
TLINK = 16.0

[J= Activity node (1.e. timber sale)
Q= Non-activity node (1.e. road junction)

Figure 5. PLANET1 graphical example: entering links 18 and 24.

[1,4.0] [a02,7.0]
5 4 1"

n 3.0 3 4.0

[402,6.0]
¥

"4y Lo
T 0 T"z'ﬁ‘ljil TH] 1.0 ny LE
[1.2.0) (401,3.0] [402,8.0]
TSUMM = 28.0 A= Origin node (i.e. mill)
TLINK = 15.0 O = Activity node (i.e. timber sale)

Q= Non-activity node (i.e. road junction)

Table 3. Link file for PLANET1 graphical example: entering links 8 and 21
(shown as Figure 4).

Link Destination
No. Origin Node Node Link Criteria KOUNT
X) [NODE(X,1)] [NODE(X,2)] [CRIT(X,1)] (X)
1 1 2 4.0 |
2 1 401 2.0 1
3 2 | 4.0 1
4 2 3 3.0 0
5 3 2 3.0 0
6 3 4 4.0 0
) 3 5 3.0 0
8 3 402 2.0 |
9 4 3 4.0 0
10 4 6 5.0 0
11 4 402 1.0 |
12 5 3 3.0 0
13 ] 6 4.0 |
14 5 401 1.0 1
15 5 402 2.0 1
16 6 4 5.0 0
17 6 5 4.0 1
18 6 402 3.0 0
19 401 1 2.0 1
20 401 5 1.0 1
21 402 3 2.0 |
22 402 4 1.0 |
23 402 5 2.0 |
24 402 6 3.0 0
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resent network intersections and nodes where road
class changes. Figure 13 shows the results ohtained
from PLANET1 with a trade-off factor of 5.0. The
TSUMM variable 1is accumulated travel time from the
origin to each of the activity nodes. This repre-
sents the total travel cost for the network. The
variable TLINK is the sum of the link measure used
in the network tree, this represents the total con-
struction cost required to provide this network.
Table 5 gives the results obtained from the €four
programs. The travel times to each activity node
from node 1 are listed for the four programs. Table
6 indicates how the accumulated times to activity
nodes (TSUMM) and accumulated link costs (TLINK)
vary., As the trade-off factor varies from 0 to 9999
for PLANET1, the tree identified changes in char-
acter., With a trade—-off factor of 0, the PLANET1l
network is the shortest path tree. With a high
trade~off factor, the PLANET1 network tends toward
the minimum spanning tree.

Table 4. Link file for PLANET1 graphical example: entering links 18 and 24
(shown as Figure 5).

Link Destination
No. Origin Node Node Link Criteria KOUNT
(X) [NODE(X,1)] [NODE(X, 2)] [CRIT(X,1)] (X)

1 1 2 4.0 1
2 i 401 2.0 1
3 2 1 4.0 1
4 2 3 3.0 0
5 3 2 3.0 0
6 3 4 4.0 0
7 3 5 3.0 0
8 3 402 2.0 1
9 4 3 4.0 0
10 4 6 5.0 0
11 4 402 1.0 1
12 5 3 3.0 0
13 5 6 4.0 0
14 5 401 1.0 1
15 5 402 2.0 1
16 6 4 5.0 0
17 6 5 4.0 0
18 6 402 3.0 1
19 401 1 2.0 1
20 401 5 1.0 1
21 402 3 2.0 1
22 402 4 1.0 1
23 402 5 2.0 1
24 402 6 3.0 1

Figure 6. Shortest path tree (BUILDER) for example network.

[3.10.0] [402,7.0] [402,6,0]
5 3.0 [ 4.0 ¥
[2— (3] 7]
1 nz g w2
"ne
4.0 5
3
+
13 ; 5.0
[-.0]
19
3
3
RT3 W0
E : 3
[1.2.0) [401,3.0] [402,8.0]
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PLANET1 can be used for roadway systems where
information on the construction, maintenance, and
operating costs 1is not available. Program PLANET2
is an extension of the concepts of PLANET1 and was
developed to analyze roadway systems where the cost
information is available. Some of the additional
features of PLANET2 are as follows:

1. The actual construction, maintenance, and
operating costs can be used.

2. Different road classes such as arterial, col-
lector, and local are allowed.

Figure 7. Minimum spanning tree (MINTREE) for example network.
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1
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A= Origin node (f.e. mi11)

O= Activity node (1.e. timber sale)

TSUMM = 32.0
TLINK = 15.0

O = Non-activity node (1.e. road jumction)

Figure 9. Network for sample forest,
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3. The actual demands for the individual activi-
ties can be used.

‘Figure 14 shows an example network obtained from

PLANET2, In Fiqure 8 circles are used to represent
activities. The area of the circle reflects the
relative magnitude of the activity level.

CONCLUSIONS

PLANET1 and PLANET2 systematically combine the ad-
vantages of the shortest path algorithm and the min-

Figure 8. Minimum spanning tree (MINSPAN) for example network.
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TLINK = 14.0 O= Activity node (1.e. timber sale)

QO = Non-activity node (1.e. road junction)

O = activity node

A = non-activity node
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Figure 10. BUILDER results for sample forest network.
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Figure 12, MINTREE results for sample forest network.
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Table 5. Comparison of travel times with each activity node from node 1, highway arterial.

Node MINSPAN MINTREE BUILDER PLANETI Node MINSPAN MINTREE  BUILDER PLANETI
1 0.0 0.0 0.0 0.0 32 35.9 28.8 19.5 19.6
2 4.0 4.0 4.0 4.0 33 29.5 27.4 24.1 24.6
3 9.4 10.5 9.4 9.4 34 30.6 28.5 24.5 25.1
4 9.4 10.5 9.4 9.4 35 25.7 25.7 25.7 25.7
5 9.9 9.9 9.9 9.9 36 27.1 27.1 27.1 27.1
6 33.6 33.6 11.0 11.0 37 30.6 325 28.2 30.6
7 33.6 33.6 11.0 11.0 38 28.5 42.3 26.1 26.1
8 30.1 30.1 10.9 10.9 39 36.5 42.2 28.9 31.2
9 16.1 16.1 16.1 16.1 40 28.1 45.4 25.1 23.9

10 15.1 15.1 15.1 15.1 41 36.0 41.7 294 30.7

11 31.0 14.8 14.8 14.8 42 355 41.2 299 30.2

12 17.6 17.6 17.3 17.6 43 33.5 39.2 29.2 29.2

13 41.2 32.5 15.9 15.9 44 30.8 36.5 30.8 30.8

14 41.2 32.5 15.9 15.9 45 29.5 35.2 29.5 29.5

15 43.5 34.8 13.6 13.6 46 34.0 39.7 32.8 340

16 46.4 37.9 10.5 10.5 47 324 38.1 324 324

17 17.9 17.9 179 17.9 438 31.8 375 30.9 31.8

18 19.2 19.2 19.2 19.2 49 36.5 42.2 312 31.2

19 18.8 18.8 18.8 18.8 50 45.4 42.5 325 33.0

20 38.7 30.0 16.7 18.0 51 337 394 33.7 33.7

21 25.6 25.6 154 15.4 52 34.7 40.7 347 34.7

22 21.1 211 211 21.1 53 36.9 42.6 36.6 36.9

23 21.1 21.1 19.9 19.9 54 386 44.3 34.9 35.0

24 219 219 19.1 19.1 55 40.7 46.4 32.8 329

25 41.7 41.2 13.8 13.8 56 1.9 89.2 65.7 65.8

26 27.8 24.3 21.0 21.5 57 38.8 44.5 349 35.0

27 23.2 23.2 20.8 20.8 58 44.9 50.6 44.9 44.9

28 30.3 46.9 279 229 59 72.0 177 72.0 72.0

29 30.4 46.8 25.4 28.0 TSUMM  1803.2 1929.6 1418.4 1439.6

30 29.7 29.7 24.6 293

31 234 234 23.4 234 TLINK 224.4 215.6 361.8 23175

Figure 14. PLANET2 results for sample forest network.
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Table 6. Total network time (TSUMM) and total network distance (TLINK)
versus trade-off factor,

Program Factor TSUMM TLINK
BUILDER 1418.4 261.8
PLANETI 0.0 1418.4 2595
PLANETI 0.2 1418.7 257.3
PLANETI 0.6 1421.0 249.5
PLANETI 1.0 14254 245.4
PLANETI 3.0 1432.1 241.7
PLANETI 5.0 1439.6 2315
PLANET! 10.0 1481.0 228.9
PLANETI1 15.0 1489.9 228.3
PLANETI 100.0 1558.2 226.0
PLANETI1 999.9 1803.2 224.4
MINSPAN 1803.2 224.4
MINTREE 1929.9 215.6

imum spanning tree algorithm to determine the best
network they can. PLANET1 and PLANET2 do this with
very reasonable computation times. The computa-
tional times on Oregon State University's CDC Cyber
73 computer, for the network in Figure 9 were ap-
proximately 2.4 s for PLANFl (PLANFl generates the
input file for PLANET1) and 1.4 s for PLANET1l., For
a similar network that has three links of different
classes between each pair of nodes, the computation
times for PLANET2 were approximately 10 s for PLANF2
{PLANF2 generates the input file for PLANET2) and
4 s for PLANET2. )

PLANET1 should be used when the information about
the network is limited. PLANET2 should be used if
(a) the actual construction, maintenance, and oper-
ating costs are avallable; (b) different roadway
classes are to be used; or (c) the demands for the
individual activities are used. Some additions to
PLANET1 and PLANET2 that may be possible are to

73

1. Divide the traffic into different vehicle
classes,

2. Determine which links should be closed and
which should be open at a lower class when they are
not in the tree, and

3. Take roadway capacities into consideration.

These are some of the additions that should be con-
sidered in the future development of PLANET1 and
PLANET?2.

These two programs make it possible for the
analyst or decisionmaker to analyze and evaluate the
trade-offs in construction and maintenance cost as
convenlence is increased, that is as travel time or
operating costs are reduced. Since many activities
with varying objectives must be served by a forest
road network, the transportation planning task is
complex. Computerized techniques that indicate the
trade-offs between networks identified according to
differing criteria assist the decisionmaker in iden-
tifying the appropriate roadway arterial, collector,
and local systems.
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Analyzing Transportation Networks for Rural Development

EDWARD C. SULLIVAN

This paper describes a new version of the Timber Transport Model, which is a
comprehensive route analysis and network optimization computer program de-
veloped to support land management planning in rural forest areas. The tech-
nique is generally applicable to transportation economic analysis in any rural
setting and involves the transportation of resources or agricultural commodities
in a many-to-few shipping pattern. The overall capabilities and problem size
limits of the program are described. Program features are illustrated through a
simple example. The technique is compared with the classical transshipment
problem, with which it has certain features in common. The mathematical
formulations used in the program are also presented.

This paper describes the Timber Transport Model, a
comprehensive network analysis computer program
created to support national forest transportation
and lane management planning. A previous version of
this program has existed for a number of years and
has been used in the selection of capital invest-
ments, maintenance levels, and, in some cases, net-
work rehabilitation priorities following slides,
floods, and other transportation emergencies (1,2).
The current version contains several operational
simplifications and enhancements, in many cases
suggested by users throughout the country.

This technique was developed under sponsorship of

the U.S. Forest Service, and consequently contains
features intended to facilitate analysis of timber
haul. However, 1t is suited to a wide range of
rural transport planning siltuations--in particular,
the analysis of penetration road networks in devel-
oping regions.

The problems to which the Timber Transport Model
is suited have the following characteristics:

1. Network investment and management decisions
are based primarily on service to resource-based
commerce, such as agriculture, mining, or (as in the
national forests) loqging;

2, Transport needs are predominantly many-to-few
in character, such as in farm-to-market or forest-
to-mill transport:

3. Commercial transport needs are multicommodity
in nature in that different market locations may
exist for different goods;

4. Transportation planning, although attempting
to serve numerous objectives and users, is dominated
by considerations of economic and financial feasi-
bility and market advantage: and

5. Engineering economic analysis considers the
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total benefits and costs associated with the trans-
portation system; that is, the analysis extends to
benefits and costs in construction, maintenance, and
user operations (user costs and benefits are usually
the largest components).

Classical network analysis involves the system-
atic exploration of alternative routes and tallying
their «costs, traffic, and other consequences.
Network analysis is used in planning through its
application to both 1land use and transportation
network alternatives. The Timber Transport Model
provides a convenient computerized way to perform
classical network analysis in €fairly large real-
world networks. 1In addition, it provides the option
of network optimization, based on either cost mini-
mization or present worth maximization. As desired,
network optimization can be performed for a static
situation or for multiple time periods with dis-
counting.

Like its predecessor, the new version of the
Timber Transport Model is specifically designed to
place the capabilities of computerized network
analysis, traffic estimation, and mathematical
programming into the hands of field personnel that
have relatively 1little specialized training in
planning methods, quantitative analysis, or eco-
nomics. Intended users are staff engineers and
planners at field offices located throughout the
country.

Our purpose here is twofold: to introduce the
capabilities of the Timber Transport Model, and to
show how transportation planning can be included in
rural development planning. This is accomplished in
two sections, the first of which describes the
program, and the second of which documents an ex-
ample application. The paper presents a brief
discussion of implementation and transferability
considerations and concludes with the mathematical
program formulations used in optimization.

PROGRAM DESCRIPTION

The Timber Transport Model contalns three principal
capablilities:

1. Route analysis for network alternatives, which
includes finding best and several next-best routes
in a network on the basis of minimum operating cost,
minimum travel time, or minimum travel distance:

2, Traffic assignment, which determines 1link
traffic volumes associated with any selected set of
travel routes; and

3. Network optimization, which determines the
most economic combination of routes and link changes
to achieve either minimum cost or maximum present
worth (revenues minus transport costs).

Table 1. Summary of model features.
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Table 1 contains a summary of the particular
features within each of the three principal model
capabilities. Size limitations of problems that can
be solved are listed in the table below.

Must

Not
Item Exceed
Links 1000
Nodes 1400
Origins 100
Destinations 15
Best and next-best routes generated per origin 10
Time periods for discounting 7
Capital investment projects, integer 0-1 99

variables

Link volume capacities 50

The Timber Transport Model incorporates routines
for data input and verification, network editing,
minimum path and next-best-path estimation, traffic
assignment, and mixed-integer mathematical vpro-
gramming.

EXAMPLE PROBLEMS

Three simple examples are used to illustrate several
features of the Timber Transport Model. The first
demonstrates the route-finding capability of the
program, which is a necessary first pass in order to
provide input to other steps. The second example
demonstrates a traffic assignment. The third shows
what 1s involved in finding the least-cost combina-
tion of capital investment alternatives for a rural
transportation hnetwork to be wused in a 20-year
program of logging. These examples are simplified
versions of the types of problems to which the model
is applied in national forests throughout the United
States. Although problems of this simplicity would
never be solved by computer, because manual solu-
tions are preferable for such simple problems, they
are used here because representative real-world
examples are too lengthy for useful illustration.
Figure 1 1llustrates the existing road network in
the hypothetical forest region that is the subject
of our example. Each road section is crudely de-
scribed in terms of its grade, gquality of alignment,
length, and surface type. This information is the
basis for a network representation of the system,
contained in Fiqure 2. Link geometry, condition,
and surface type are used to define a link class.
Unit costs ($/km) and average running speeds for
different vehicles and load conditions are then
associated with each class and provide a convenient
method to establish costs and travel times for all
network links without having to code this informa-
tion separately for each link. Since many different

Capability Feature Capability Feature
Route Finds shortest routes based on travel cost, distance, or Optimization Selects network investment projects from up to 99 alternatives that
analysis travel time span up to seven time periods

Finds shortest and up to nine next shortest routes

Permits selected commodities to be shipped to a specified
subset of destinations

Permits shortest routes to include intermediate stops for
repackaging or processing

Permits direct input of user-added routes

Assignment Accommodates both all-or-nothing and multipath traffic
assignment
Output includes traffic in vehicles and volumes of
commodities
Traffic output is separate for different time periods

Projects are selected either to minimize the sum of capital and
operating costs or to maximize product revenues minus capital
and operating costs

Model can select the optimal time periods in which to ship
commodities

Constraints may be imposed on shipment quantities, link traffic,
and total capital investment in any time period

Origin productivities may vary among time periods




Transportation Research Record 875

Figure 1. Example road system.
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direction of orrow

Figure 2, Example road system with node numbers and link travel classes
assigned.

Travel class in I\A
direction indicated

links commonly have similar physical characteris-
tics, and therefore fall into the same class, this
method reduces the labor involved in network coding
substantially.

Travel speeds and vehicle operating costs associ-
ated with the different link classes may be obtained
from a variety of published sources. Most current
users of the model use U.S. Forest Service-compilled
cost data for logging trucks (3). The agency peri-
odically publishes unit costs for 1logging trucks
that correspond to a system of 320 standard 1link
classes that are considered to be appropriate for
conditions typical of the U.S. national forests
(4). For developing countries and applications
other than logging, it would be appropriate to use
cost data from other sources, such as data gathered
by the British Road Research Laboratory in Renya and
more recently by the World Bank and the Brazilian
government in Brazil (5,6).

Route Analysis

In order to perform route analysis the origin nodes,
destination nodes, unit costs, travel times, esti-
mates of the gquantities to be shipped from each
origin node, and the average truckload must be
gpecified. One must also specify how routes are to
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be selected, for example, the three best routes
computed on the basis of minimum travel cost.

Figure 3 shows the model output in the case of
the example; where nodes 4, 5, and 6 are origin
nodes that ship, respectively, 6, 12, and 5 million
board ft annually. (The average load is 5000 board
ft/truck.) Node 1 is specified as the destination.
In this run, the model evaluates the three shortest
routes on the basis of cost, followed by the three
shortest routes on the basis of travel time. Al-
though these are identical in thils case, they are
not always so.

Traffic Assignment

Figure 4 shows the result of using the model to
perform an all-or-nothing traffic assignment by
using the least-cost routes determined previously.
To produce this result, it is necessary to specify,
for each origin, the proportion of its shipment that
uses each route. Through such specifications, a
tally of the traffic consequences of, for example,
routing half of a shipment one way, half another is
simple.

At this stage, it would be possible to introduce
any other routes for evaluation and use in traffic
assignment. This 1is accomplished by 1listing the
nodes through which a route reaches a destination
from its origin. This is not 1illustrated in the
example.,

Optimization

Fiqure 5 illustrates how the model is used to solve
network optimization problems, The first step
involves creation of a network that contains 1links
that are identified as investment projects: that is,
portions of the network that can be used for traffic
only if an associated capital cost 1is incurred.
Projects are specified by means of network updates.
The revised network, which contains projects, is
then subjected to route analysis by following the
method illustrated in Figure 3. The result is a
collection of alternative travel routes, some of
which use projects, others not. At this stage, it
is essential to confirm that the available routes
contain all significant combinationg of implementing
and not implementing the projects under considera-
tion.

Once route analysis is complete for the network
that contains the candidate investment projects,
economic optimization can begin, The result of
using the model to compute the overall least-cost
network and routing pattern for the specified quan-
tity of timber appears in Figure 5, In this example
the optimization problem 1s defined for three time
periods. For each period, maximum and minimum
limits are imposed on the total amount to be shipped.

To illustrate a form of sensitivity analysis,
Figqure 5 shows how the origqin volumes and capital
costs of projects can be changed at optimization
time. The model determines which combination of
projects, routes, and shipments from the various
origins produces the overall least-cost solution. In
this simple example, the result is intuitive-~to
defer the most-expensive shipments as long as possi-
ble, subject to satisfaction of the minimum con-
straints of shipping 3 million board ft in each of
the early time periods. The result is that invest-
ment project 1 is economically justified in that the
associated savings in user cost exceed the size of
the investment.

DISCUSSION OF RESULTS

This approach to network analysis 1s significantly
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Figure 3. Qutput for route-finding example.

PLEASE GIVE OUTPUT TO  ED SULLIVAN

088 QUTPUT FROM ASCII FORTRAN TIMBER MODEL ®®¢
YOUR INPUT CRITERIA FILE NAME IS

YOUR INPUT LINK FILE NAME IS

YOUR UPDATED LINK FILE NAME

YOUR OUTPUT TRAFFIC FILE NAME IS

YOUR MESSAGE FILE NAME IS

YOUR DOCUMENT FILE NAME IS
€XQT ITS®BBTIMBER.TIMBRIIX

TRANSPORTATION TIMBER MODEL

DATA RUN

NMIL = 1, NMKT = 1, NSAL
NPATHS = 2, TRUCK LOADING

MILLS-
MILL DESCRIPTION

MARKETS~

MARGINAL LOG HAUL COSTS -
FOR KTYP =

UP TO DISTANCE= 100.000-
..0328
FROM 100.000 TO 200,000~
v0e328
BEYOND DISTANCE= 200.000-
...328

MARGINAL LUMBER HAUL COSTS -
FOR KTYP =
UP TO DISTANCE= 100,000~
.00 328
FROM 100,000 TO 200.000-

.r 0328
BEYOND DISTANCE= 200.000-
es328

NODE MIN-VOL MAX=VOL
1 NONE UNLINITED

CRIT1.
LINKS.
Is
TRAF1,
MESS1.
boci,
PROGRAM
= 3
= 5.000
5001
S001 1
1 2
«139 Jh28
-139 428
-139 .u28
1 2
-139 .28
«139 428
«139 .428

NEW LINK CLASS SPEEDS UP TO CLASS

7

55.00 27.00 48.00 27.00 42.00 17.00 20.00

PATH CRITERIA - COST TIME

NO UPDATES

SALES-

SALE SALE DESCRIPTION ROAD MILE SALE

NODE POST CODE
6 T001
5 T002
4 T003

GENERATED ROUTE NO. 1

1ST SHORTEST PATH BASED ON COST

TIMBER SALE MILL APPRAISAL

NODE NODE  WODE
6 ' 1

PATH/ 6~ 4= 3-

SResRBOERRREY

GENERATED ROUTE NO. 2

MINIMUM
TOT COST

2-

3.495

1=~

2ND SHORTEST PATH BASED ON COST

TIMBER SALE HNILL APPRAISAL

NODE NODE NODE
6 1 1
PATH/ 6- 3- 2=
$$39339585383
Ty

GENERATED ROUTE NO.

MINIMUM
TOT COST

1=

4.099

1ST SHORTEST PATH BASED ON COST

TIMBER SALE MILL APPRAISAL MINIMUM
NODE NODE NODE TOT COST
5 1 1 3.397
PATH/ 5= u- 3- 2- s
SERRENANEREEN

GENERATED ROUTE NO. L]

2ND SHORTEST PATH BASED ON COST

TIMBER SALE MILL APPRAISAL
NODE NODE NODE
5 1 1
PATH/ 5- 4- 6-

MINIMUM
TOT COST

3-

2=

8.641
1-

3
.236
.236

236

3
.236
.236

.236

VoL~ TRUCK NO.OF B

UME LOAD TRUCKS

5000. S.
12000. 5.
6000. 5.

ASSOCIATED
DISTANCE
12.500

ASSOCIATED ASSOCIATED

DISTANCE
16.000

TIME

22.520

ASSOCIATED ASSOCIATED

DISTANCE
12,200

TIME

24,477

ASSOCIATED ASSOCIATED
TIME
54.267

DISTANCE
25.700

4 5 6
. 469 . 264 .600
.u69 . 264 .600
.69 .264 .600
4 5; 6
469 . 264 .600
469 .264 .600
469 . 264 .600
ALLOMED MILL
DESTINATIONS
1000 5001
2400 S0t
1200 $S001
ASSOCIATED
TIME
25.3717
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Figure 3. Continued.

GENERATED ROUTE NO. 5
13T SHORTEST PATH BASED ON COST

TIMBER SALE MILL APPRAISAL MINIMUM  ASSOCIATED ASSOCIATED
NODE NODE  NODE TOT COST DISTANCE TIME
y 1 1 1,855 7.500 10.377
PATH/ ' T W
ERRUERNNNARNES

GENERATED ROUTE NO. 6
2ND SHORTEST PATH BASED ON COST

TIMBER SALE MILL APPRAISAL MINIMUM  ASSOCIATED ASSOCIATED
NODE NODE NODE TOT COST DISTANCE TIME

4 1 1 7.099 21.000 40,167
PATH/ 4= 6= 3- 2- 1-
$3939398395383
LEAST COST PATH TOTAL UNDISCOUNTED COST FOR VOLUME

23000,00 FROM 3 SALE NODES = $ 00
AERRANRRANSNE

GENERATED ROUTE NO.
1ST SHORTEST PATH BASED ON TIME

TIMBER SALE MILL APPRAISAL MINIMUM  ASSOCIATED ASSOCIATED
NODE NODE NODE TIME DISTANCE COST
6 1 1 22,520 16,000 4.099
PATH/ 6- 3- 2- 1=

SEWARNING®® IDENTICAL TOTAL COST AND SALE ORIGIN AS PREVIOUSLY

GENERATED PATH. IT WAS NOT WRITTEN ONTO YOUR TRAFFIC FILE
sassReapanEeE

GENERATED ROUTE NO. 8
2ND SHORTEST PATH BASED ON TIME

TIMBER SALE MILL APPRAISAL MINIMUM  ASSOCIATED ASSOCIATED
NODE NODE NODE TIME DISTANCE cosT
6 1 1 25,317 12.500 3.495
PATH/ 6= Y- 3- 2- 1-

S8 WARNING®® IDENTICAL TOTAL COST AND SALE ORIGIN AS PREVIOUSLY
GENERATED PATH. IT WAS NOT WRITTEN ONTO YOUR TRAFFIC FILE
$900890890888

OGEEERATED ROPTE #0. 9
1ST SHORTEST PATH BASED ON TIME

TIMBER SALE MILL APPRAISAL MINIMUM  ASSOCIATED ASSOCIATED
NODE NODE NODE TIME DISTANCE cosT
5 1 1 24,477 12.200 3.397
PATH/ 5= 4 3- 2- 1-

SBYARNING®® IDENTICAL TOTAL COST AND SALE ORIGIN AS PREVIOUSLY
GENERATED PATH. IT WAS NOT WRITTEN ONTO YOUR TRAFFIC FILE
[T1] '

GENERATED ROUTE NO. 10
2ND SHORTEST PATH BASED ON TIME

TIMBER SALE MILL APPRAISAL MINIMUM  ASSOCIATED ASSOCIATED
NODE NODE NODE TIME DISTANCE COosT
5 1 1 54.267 25,700 8.641
PATH/ S~ 4- 6= 3- 2- 1=

#SHARNING®® IDENTICAL TOTAL COST AND SALE ORIGIN AS PREVIOUSLY
GENERATED PATH. IT WAS NOT WRITTEN ONTO YOUR TRAFFIC FILE

GENERATED ROUTE NO. "
1ST SHORTEST PATH BASED ON TIME

TIMBER SALE MILL APPRAISAL MINIMUM  ASSOCIATED ASSOCIATED
NODE NODE NODE TIME DISTANCE cosT
4 1 1 10,377 7.500 1.855
PATH/ 4 3- 2- 1=

SRWARNING®® IDENTICAL TOTAL COST AND SALE ORIGIN AS PREVIOUSLY

GENERATED PATH. IT WAS NOT WRITTEN ONTO YOUR TRAFFIC FILE
(LTETT YT T

GENERATED ROUTE NO. 12
2ND SHORTEST PATH BASED ON TIME

TIMBER SALE MILL APPRAISAL MINIMUM  ASSOCIATED ASSOCIATED
NODE NODE NODE TIME DISTANCE COST
4 1 1 40,167 21.000 7.099
PATH/ 4= 6- 3- 2- 1=

S#YARNING®® IDENTICAL TOTAL COST AND SALE ORIGIN AS PREVIOUSLY
GENERATED PATH. IT WAS NOT WRITTEN ONTO YOUR TRAFFIC FILE
3338383899999

LEAST TIME PATH TOTAL UNDISCOUNTED COST FOR VOLUME
23000.00 FROM 3 SALE NODES = § .00

THE FOLLOWING ROUTES (IDENTIFIED BY ROUTE NUMBER)
WERE NOT ADDED TO YOUR TRAFFIC FILE BECAUSE THEY MERE
EITHER DUPLICATE PATHS OR PATHS THAT USED PROJECT LINKS
WITHOUT COMMON TINE PRRIOD AVAILABILITY

7 8 9 10 11 112

875
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Figure 4. Output for traffic-assignment example.

PLEASE GIVE OUTPUT TO  ED SULLIVAN

9¢8 QUTPUT FROM ASCII FORTRAM TIMBER MODEL ®®®
YOUR INPUT CRITERIA FILE NAME IS  CRIT2,
YOUR INPUT LINK FILE NAME IS  LINKS.

YOUR INPUT TRAFFIC FILE NAME IS  TRAF1,

YOUR MESSAGE FILE NAME IS  MESS2,

YOUR DOCUMENT FILE NAME IS  DoOC2,

@XQT ITS®BBTIMBER. TIMBRIIX

TRANSPORTATION TIMBER MODEL PROGRAM

PICK RUN
SALES~
SALE SALE DESCRIPTION ROAD MILE SALE VOL- TRUCK NO.OF B ALLOWED MILL
NODE POST CODE  UME LOAD TRUCKS DESTINATIONS
6 T0O1 5000, 5. 1000 S001
S T002 12000. 5. 2400 S001
4 T003 6000. 5. 1200 5001
USER SELECTED PATHS
GENERATED SALE NEXT BEST MINIMUM PATH PERCENTAGE OF
ROUTE NUMBER NODE PATH NO. CRITERION VOLUME ALLOWED
OVER PATH
1 6 1 COST 100.00
3 5 1 CosT 100,00
6 4 2 COST 100,00

NO USER DEF INED PATHS INCLUDED

Figure 5. Output for least-cost network and routing pattern.

PLEASE GIVE OUTPUT TO ED SULLIVAK

888 OUTPUT FROM ASCII FORTRANM TIMBER MODEL %%
YOUR INPUT CRITERIA FILE NAME IS  CRITA,
YOUR INPUT LINK FILE NWAME IS  LINKS.

YOUR INPUT TRAFFIC FILE NAME IS  TRAF3,

YOUR WORKING MATRIX FILE NAME IS  MAT4.

YOUR MESSAGE FILE NAME IS  MESS4,

YOUR DOCUMENT FILE NAME IS  DOCH,

€XQT ITS®BBTIMBER.TIMBRIIX

TRANSPORTATION TIMBER MODEL PROGRAM

OPT3 RUN
SALES-
SALE SALE DESCRIPTION ROAD MILE SALE VOL- TRUCK NO.OF 8
NODE POST CODE  UME LOAD TRUCKS
6 TO0OY1 5000. S. 1000
5 T002 12009. 5. 2400
L} T003 6000. 5. 1200
3 PERIODS

INTEREST RATE = .03

PROJECT COSTS OCCUR

.10 THROUGH PERIOD

HAUL COSTS AND PROFITS OCCUR

.50 THROUGH PERIOD

NUMBER OF LINES OF TIME PERIOD SALE VOLUMES =

i)

PERIOD 1 BEGINS YEAR

0 ENDS YEAR 1

PROJECT YEAR SET TO O HAUL YEAR SET TO 1
PROJECT COST DISCOUNT FACTOR 1.0000 HAUL DISCOUNT FACTOR

PERIOD 2 BEGINS YEAR
PROJECT YEAR SET TO

1 ENDS YEAR 6
1 HAUL YEAR SET TO M

PROJECT COST DISCOUNT FACTOR

+9709 HAUL DISCOUNT FACTOR

PERIOD 3 BEGINS YEAR 6 ENDS YEAR 10
PROJECT YEAR SET TO & HAUL YEAR SET TO 8
PROJECT COST DISCOUNT FACTOK

CHANGES IN PROJECT DATA

PROJECT UNDISC. COST BEGINS ENDS
1 50000. 1 3
2 1300. 1 3

TOTAL FOREST HARVEST CONSTRAINTS
TIME MINIMUM MAXIMUM

PER. VOLUME VOLUME

* 1 3000,0 23000.0 VALUES ASSUMED®
® 2 3000.0 23000.0 VALUES ASSUMED®
® 3 3000.0 23000.0 VALUES ASSUMED®
KO USER ADDED PATHS GIVEM

S8 CHOSEN PATHS®®

GENERATED ROUTE NO. 2
PATH NODES 6- U~ 3- 2= 1=
TIME TRUCK- UNIT
PER. VOLUME LOADS  COST TOTAL COST
3 5000, 1000 3.50 17475,
¢ 2.76)C 13795.)
AlLL TIME PERIODS COMBINED:
5000, 1000 3.50 17475,

¢ 13795.)

ALLOWED MILL
DESTINATIONS
S001
S001
5001

.9709

. 8895

.8375 HAUL DISCOUNT FACTOR .7894

Figure 4. Continued.

TRAFFIC ASSIGNMENT FOR LOADED TRUCKS

FRON T0 TIMBER ASSOCIATED
NODE  NODE TRAFFIC VOLUME
2 1 4600 23000.0
3 2 4600 23000.0
g 3 3400 17000.0
4 6 1200 5000.0
5 ] 2400 12000, 0
6 3 1200 6000.0
6 4 1000 5000.0

TOTAL UNDISCOUNTED HAUL COST ON ASSIGNED PATHS = $

Figure 5. Continued

GENERATED ROUTE NO. 7

100830.50

PATH NODES 5= 4- 3- 2- 1-
TIME TRUCK- UNIT
PER. VOLUME LOADS COST TOTAL COST
3 12000, 2000  3.40 40760,
( "2.68)( 32177.)
ALL TIME PERIODS COMBINED:
12000, 2400 3.u0 40760,
« 321770
GENERATED ROUTE NO. 12
PATH NODES LTS 3- 2- 1-
TIME TRUCK- UNIT
PER. VOLUME LOADS COST TOTAL COST
1 3000. 600 1.86 5565.
{ 1.80)( 5403.)
2 3000. 600 1.86 5565.
¢ 1.65)(  ugus,)
ALL TIME PERIODS COMBINED:
6000. 1200 1.86 1M131,
¢ 10348.)

FOR VOLUME 23000.00 TOTAL COST = §

69366.50

DISCOUNTED = §

56319.86

SALE TIME PERIOD HARVEST VOLUMES IN OPTIMAL SOLUTION

SALE NODE TOTAL VOLUME FOR  VOLUMES HARVESTED DURING TIME PERIOD:
ALL TIME PERIODS 1 2 3
6 5000. 0. 0. 5000.
5 12000. 0. 0.12000.
L] 6000. 3000. 3000. 0.

PROJECTS IN OPTIMAL SOLUTION
PROJECT MUMBER COST

DISCOUNTED COST
FROM

T0
NODE NODE
1 $ 50000. $ 50000,
3 a
L] 3
TOTAL COST FOR 1 PROJECTS § 50000.
DISCOUNTED COST $ 50000,
SOLUTION PRESENT WORTH = $ -106320.

TRAFFIC ASSIGNMENT FOR LOADED TRUCK TRIPS

ALL TIME PERIODS

FROM TO TIMBER ASSOCIATED TIMBER VOLUME/(TRUCKS) DURING TIME PERIOD:

NODE NODE TRAFFIC  VOLUME 1 2 3
2 t 4600 23000. 3000 3000 17000

( 600) ( 600) ( 3400)
3 2 X600 23000. 3000 3000 17000

600) ( 600) ( 3400)
L] 3  a600 23000. 3000 3000 17000

( 600) ( 600) ( 3800)
5 4 2800 12000. 0 0 12000

( o) ( 0) ( 2%00)
6 4 1000 $000. 0 ] ‘5000

( 0) «( 0) ( 1000)
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different from other network optimization approaches
found in the literature. This approach has particu-
lar strengths and weaknesses compared with other
ways of addressing this type of problem, and these
warrant discussion.

Perhaps the closest relative to this approach is
the classical transshipment problem, discussed in
mathematical programming textbooks such as Dantzig
(9, chapter 16). The transshipment problem forms
the basis for the 1Integrated Resource Planning
Model, which also has been developed for use in U.S,
Forest Service land management planning (10). The
classical transshipment formulation can easily be
extended to a mixed-integer formulation in which
links of the network can be used only in conjunction
with a lump-sum capital investment, in the manner of
the Timber Transport Model. The transshipment
problem can also be embellished with multiple time
periods and various practical constraints such that
the problems that are addressed by the two methods
begin to look similar.

The essential difference between a mixed-integer
adaptation of the transshipment problem and the
Timber Transport Model lies in the explicit analysis
of routes, The transshipment problem does not deal
with routes explicitly: therefore, the traffic on
any link is not able to be traced to a particular
origin-destination source. Thus, particularly in
solutions that involve link capacity constraints, it
is not always clear how particular shipments should
be routed in order to achieve the optimal solution,
because determination of who 1s diverted from con-
gested links is, in large networks, somewhat diffi-
cult,

On the other hand, the explicit route analysis
incorporated in the Timber Transport Model places a
burden on the user to be sure that all significant
routing possibilities are considered, a burden not
encountered in the transshipment formulation.
Although this forces users to examine intermediate
output carefully and leads to a better intuitive
understanding of how the system is operating, there
is no question that a substantial level of effort is
involved in finding a solution to a large, practical
problem,

Another difference in using explicit routes in
the analysis is that it allows determination of
optima based on other-than-minimum paths. For
example, 1f the second least-cost route for an
origin is preferred because the least-cost route is
unacceptable due to vehicle size limitations or some
other reason, in the Timber Transport Model, the
ineligible route may be dropped prior to optimiza-
tion.

These simple examples are intended to give an
introduction to what the model can do, and, inten-
tionally, many features are excluded that are typi-
cally used in day to day transportation planning.
For example, instead of minimizing project plus user
costs, specification would have been possible for
market prices for delivered commodities for each
origin, and then the optimization could determine
whether shipments from all origins are, in fact,
economic, in the sense of contributing to the net
worth of the solution. BAlso, a variety of other
constraints are available, including budget con-
straints on expenditures for projects in different
time periods.

IMPLEMENTATION CONSIDERATIONS

The Timber Transport Model is programmed in FORTRAN
for the Department of Agriculture‘'s Univac 1100
series computer. In this form, the FORTRAN program
produces a matrix for the mixed-integer optimization
problem; it then solves the problem by using Sperry
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Univac's Functional Mathematical Programming System.
A second version, with smaller problem size capa-
bility, exists on the University of California‘'s CDC
6400 computer, for which the mixed integer optimiza-
tion problem is solved directly by using a FORTRAN
subroutine.

The mathematical program formulations used in the
optimization are described in the following section.
Additional information about the program is avail-
able (7). Copies may be obtained from the Systems
Unit of the 1Institute of Transportation Studies,
University of California, Berkeley.

OPTIMIZATION METHOD

Cost Minimization

The mixed-integer formulation for minimizing total
transportation cogst has the following form:

Minimizez=ij§t Cijkl 'Xijkt+§ D, -1, )
subject to the following constraints:

Each timber node must export a given timber
volume after all time periods,

ja o - Xy =T;  for all timber nodes (i) and periods (t) )

Each timber node may export up to a given timber
volume in each period,

J.fkmi Xijke < Tit ®

Resource use constraints are necessary for cost
minimization,

2 o Xijiy > V. foreach time period (t) 4
ij

Resource conservation constraints are optional to
cost minimization,

“}i o Xjjke < V¢ for some periods (t) (&)
.Zkloq Xijkt < K¢ for all mills (§) and periods (t) (6)
1

The traffic on certain links during certain time
periods is optionally limited,

ijzl:( [Py] Bit Xijxe < Fyy  for some links (1) and a time period (t) @D

The timber volume to each mill in each period has
an optional lower bound,

2o Xjjke > Kje  for all mills (j) and periods (t) ®)
ii

The traffic on certain links during any period is
optionally limited,

E [P,] BitXijce < Fy  for some links (1) and any time period ®)
ijke

Certain routes require certain projects to be
built,

)E [U;] Xijke - help <0 for all projects (r) (10)
ijke
where

Xijkt = number of truck trips in period t
on the kth route that connects timber
node i and mill node j: [An optional
formulation that includes the variable
Y;j4ikt to represent independently routed
regurn trips 1s not described. It follows
directly from partitioning {X;4k¢l
and {Cijkt} into two equivalen%
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subsets that apply, respectively, to the

loaded and unloaded travel direction,]
Cijkt = round trip cost per truck in period

t and route ijk:

I, = -1, if project r is built, 0 otherwise:

D, = investment cost associated with project
L;

Ty = timber volume (MBF) that must be ex-

ported from node i in all time periods:
Ti¢ = timber volume (MBF) exported from node
i in period t:

V¢ = upper limit on total timber harvested in
) period t;
Ve = lower limit on total timber harvested

in period t;

Kjt = maximum allowed volume for mill node j
in period t:

Kjp = smallest acceptable timber volume (MBF)
for mill j in perilod t:

F] = maximum permissible daily (or monthly,
etc.) traffic (trucks) on link 1 during
any time periods;

F1t = maximum permissible daily (or monthly,

etc.) traffic (trucks) on link 1 in time
period t:

aj] = average truck load (MBF) for timber
from node 1i:

Bit = proportion of timber from node i in
period t that is transported during the
link capacity period;

{P1} = set of routes (ijk) that use link
1 during any time period;

{P1¢} = set of routes (ijk) that use link
1 during any time period:;

{Ur} = set of routes (ijk) that require
project r to be built;

h, = arbitrary large constant greater than

the total number of trucks from all timber
nodes in all periods that use project r;

i = particular timber node:

j = particular lumber node:

k = sequence number of a particular route for
a given combination of i and j:

t = particular time period;

r = particular investment project: and

1 = particular link in the transportation

network.

In the €ormulation, the Xs and 1Is are unknowns
computed by the solution algorithm. all other
parameters are known, All costs are automatically
discounted prior to use. Project investment costs
are the sum of initial outlays plus a discounted
stream of maintenance costs incurred in subsequent
periods.

Present Worth Maximization

The option to maximize present worth is achieved by
modifying the previous mixed-integer program as
follows,

The objective function becomes

Maximize 2’ = 2 Wi ( E Xijkt) - ij% Ciike Xijkt = 2Dl (11
Constraint I becomes

Zl?< o; Xijke < T{ for all timber nodes, (i) and all periods (t) (12)

J

Resource conservation constraints are necessary
for present worth
I_ZIJ( o Xjjxt < V¢ for each period (t) (13)
i

Resource use constraints are optional for present
wor th

79

2 o Xt > V. for some periods (t) (14)
ij

The program optionally includes budget constraints

ZS I < B (152)
or

S > B (15b)
where

Wi, = present value of timber cut in period t at
node i,

Tj¢ = volume of timber available for harvest at
node i in all time periods,

V¢ = upper limit on total timber harvested in

period t,

lower limit on total timber harvested in

period t,

budget cost for project r,

upper limit on budget funds available, and

lower limit on budget funds.

<
r
wou |

All other parameters are as defined in the preceding
section.
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Optimization of Roadway Structural Design and
Maintenance Strategies with Special Reference

to Developing Countries

ALEX T. VISSER AND W.R. HUDSON

The decision to build a bitumi road i d of an unpaved road is often
based on preconceived bias, historic preferences, or incomplete analysis. An
analysis that uses systems methodology to minimize the total cost, which com-
prises road construction, maintenance, and user costs, is a just and scientific
basis for such decisions. The preferred decision rule is the first-year benefits
criterion; i.e., it is advisable to pave the road when the ratio of the net first-

year benefits of paving to the diff in construction cost between a paved
and unpaved road equals the opportunity cost of capital. For the cost figures
and policy constraints adopted, paving b an economic proposition at an
average daily traffic rate of 575. A red of the available main

funds to half the optimum has a limited impact on unpaved roads but could
have severe implications for paved roads. The major factor that affects warrants
for paving is the lower cost of the gravel for unpaved road-wearing courses rela-
tive to the cost of materials for paved roads. Dust, accidents, and the depletion
of natural resources are factors that t yet be included in an ecc ic eval-
uation, but they should be taken into account together with the results from
the economic analysis in a utility analysis.

One of the major problems for developing countries
is the development of an adequate road network under
conditions of limited available financing. Despite
this constraint, frequently the philosophy 1is to
construct paved or black-top roads because this is
considered a sign of development, Thus, gravel
roads are often not even considered as an alterna-
tive, although in many instances they provide the
most economical road network, as will be shown. In
addition to this problem associated with the devel-
opment of a road network, two further problems exist
in the rational determination of warrants for paving.

1. 1In certain cases a road authority may use an
averaqe daily traffic (ADT) level of 200-250 (such
as in South Africa) or even as low as 100 (in Texas)
as a fixed warrant for constructing a black-top
road. These traffic figures are usually of a his-
toric origin based on experience and availability of
funds, and no cognizance is taken of the benefits
and cost of paving. As funds become more scarce,
the traffic warrants for paving usually increase.

2, Because of limited funds for upgrading gravel
roads, some road authorities perform fairly crude
economic analyses. In New 2Zealand (1) the bene-
€it/cost ratio of upgrading, taken over the analysis
period, is used as a basis of evaluatlion. Vehicle
operating costs are based on Winfrey (2), and main-
tenance costs are computed as an annual average. In
Spain (3) the increased speed, and thus the greater
productivity of trucks, is used as a basis for eval-
uation.

The World Bank recognized these problems and applied
an economic analysis to requests for funds by using
the highway design and maintenance standards model
(HDM) (4). In HDM the road user cost predictions
are bhased on results obtained in the Kenya study

(5), and the paved and unpaved road deterioration
relations are based on the American Association of
State Highway Officials (AASHO) road test (6) and
Kenya results (7). The HDM is a highly sophisti-
cated program that requires a great deal of informa-
tion to run.

The aim of this paper 1s to investigate warrants
for placing a bituminous surfacing on gravel roads
by using a comprehensive economic analysis in a pro-
gram developed to evaluate the interaction of the
different cost components. Obviously, the warrants
are linked to the costs of constructing and main-
taining both road types and the road user costs as-
sociated with the road condition.

The analysis is based on the study executed in
Brazil, as a follow-up to the Kenya study, by the
Brazilian government and the United Nations Develop-
ment Program (8,9). This study was designed to ex-
tend the results of the Kenya study over a wider
range of factors. 1In the investigation of warrants
for paving an unpaved road, it is necessary to know
the interaction of pavement construction and main-
tenance and road user costs for both types of road.
A systems approach for the evaluation of unpaved
roads was developed by Visser (10) that also con-
tains details of specific computations and a com-
puter program, The results obtained (1l0) are used
as a basis for the arguments in this paper. The
paved road deterioration relations used are those
presented by Visser and others (1l1).

In this paper an exposition is given of the
method of analysis and factors that influence the
costs on unpaved roads so that the factors that have
the most influence on the final outcome can be
studied in greater detall for the development of
warrants, Different methods of conducting an eco-
nomic analysis are discussed, and warrants for pav-
ing are developed for each method. The lack of
maintenance funds 1n developing countries is a fac-
tor that needs to be taken into account, and the in-
fluence of this on the warrants is investigated.
Finally, aspects such as dust, accidents, and the
depletion of gravel resources are dealt with,

ANALYSIS OF COSTS ON UNPAVED ROADS

A systems approach was used to develop a methodology
(10), termed the maintenance and design system
(MDS), to evaluate the interaction of road mainte-
nance and the resultant road condition on road user
costs. Road user costs include maintenance, in-
terest, and depreciation, and tire, fuel, and oil
costs. The MDS also has the capability of making
optimum use of malntenance strategiles, in terms of
number of bladings per year, and regravelling fre-~
quency based on the minimization of the total cost

| '} BB
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of construction, maintenance, and road user costs
over the analysis period. The consequences of road
maintenance can thus be determined. All costs are
discounted by using a discount rate that is a shadow
rate of interest by which future monetary values are
expressed in current terms. At present a value of
10 percent is recommended for use in South Africa.

Visser showed that the main factors that affect
the regravelling strategy were traffic~related,
namely ADT and the traffic growth rate (10). In ad-
dition, the ¢total discounted regravelling cost 1is
affected by the unit cost of gravel, the analysis
period, the discount rate, and the salvage value of
gravel that remains at the end of the analysis
period. Factors such as road geometry and gravel
quality have a minor effect. Blading strategy was
found to be mainly dependent on ADT (blading fre-
quency was linked to traffic gqrowth) and qravel
quality. The total transport cost was consequently
found to be mainly influenced by traffic €factors,
road geometry, analysis period, and discount rate.
Gravel quality was important for roads that carry
more than 150 vehicles/day. Road geometry becomes
important because it has a major effect on vehicle
operating costs. The above-mentioned factors that
are sensitive to the outcome of the costs on unpaved
roads will be treated in greater detail 1in the
development of warrants for paving.

Methods of Economic Analysis

Two criteria that are customarily used in analyses
to evaluate the economic feasibility of improvements
(4) are the break-even traffic volume and the first-
year benefits criterion.

The break-even traffic volume is defined as the
base year ADT at which the net present value of pav-
ing just equals the costs of leaving the road in the
current gravel status. If the base year ADT exceeds
the break-even traffic volume, the relevant internal
rate of return will be greater than the discount
rate used in the net present value computation, and
paving is therefore economically ijustified. This
approach assumes that the result over the analysis
period is all that needs to be justified, and no
congideration is given to the subsidization of
losses or smaller benefits that may occur early in
the life of the project by profits or larger bene-
fits that may accrue in later years,

The preferred decision rule is the first-year
benefits criterion; i.e., the road should be paved
when the ratio of the net first-year benefits to the
construction cost equals the relevant interest rate
or opportunity cost of capital. In a situation
where the budget is strictly limited, the relevant
interest rate is in fact the return on the marginal
highway project that must be foregone. This may be
several times the market rate of interest. Road
paving projects ordinarily meet the conditions that
are needed to ensure that the first-year rule will
yield the correct solution.

Information Used in Analysis

The unit costs used in the analysis were those in
force 1n Texas in 1980, shown in Figure 1. Some of
the user cost relations (12,13) from the Brazil
study were adjusted for use in MDS to reflect ve-
hicle use rates and relative costs of the different
components, as suggested by the American Association
of State Highway and Transportation Officials
(AASHTC) Red Book on user benefit analysis (14).
Regravelling and paving unit costs were deduced from
contract rates received by the Texas Highway Depart-
ment in 1980,

The relative proportion of the four vehicle
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classes shown in Figure 1 was maintained for each of
the traffic levels. A good lateritic gravel, whose
properties are shown in Fiqure 1, was used as a
wearing course material for the evaluations.

Geometry along a rolling terrain, which is quan-
tified in Figure 1, was selected as a representative
geometry for low-volume roads in developing coun-
tries.

For the paved road analysis the traffic and road
geometry characteristics were maintained as for the
unpaved road. A standard pavement structure over
the 15 California bearing ratio (CBR) subgrade was
selected, which consisted of 150-mm gravel subbase,
150-mm graded crushed stone or gravel base, and a
single surface treatment surfacing. According to
the draft Technical Recommendations for Highways
(TRH) 4 (15), this structure can accommodate up to 3
million equivalent B80-kN axle loads, which is the
range normally found on lightly trafficked roads,
such as those under consideration.

The deterioration relations that were used in the
evaluation of the paved road performance were devel-
oped elsewhere (ll) and are shown in Figure 2. The
change in roughness is determined mainly by repairs
that are made to the road, such as the filling of
potholes or patching., For the purpose of the exer-
cise, the need for repairs was assumed. Resealing of
the road closes the cracks in the road surface and
thus retards further deterloration to wider cracks
and ultimately reduces or delays the need for re-
pairs, hence the plateau in the curve showing the
development of repairs. A reseal, furthermore, does
not have the capability of restoring the riding
quality, and thus the effect of repairs prior to the
reseal remains. The roughness profile is used to
compute road user costs on the paved road.

INVESTIGATION OF WARRANTS FOR PAVING

The ensuing discussion is based on the results ob-
tained with the unit costs shown in Figure 1. Dif-
ferent unit costs may lead to different results, al-
though the general conclusions will probably remain
similar. The analysis of the unpaved road was based
on the premise that the road remains trafficable at
all times. This therefore excluded earth roads,
which are adequate for traffic volumes only up to
about 40 vehicles/day and can be closed during
periods of heavy rainfall. Traffic volumes investi-
gated ranged from 50 to 500 vehicles/day.

Break-Even Traffic Volume

The total cost concept, which consists of the sum of
the costs of construction, maintenance, and those
incurred by the road user, is used. The break-even
traffic volume is the volume that prevails in the
first analysis year when the total cost on an un-
paved road equals the total cost on a paved road.
Paved road construction and maintenance costs can
vary widely from region to region, and these were
therefore kept as a dependent variable in the eval-
vation; this variable then equals the total dis-
counted cost on the unpaved road minus the dis-
counted user cost on the paved road. The discounted
paved road construction and maintenance costs as a
function of the ADT during the first analysis year
are shown in Figure 3 for different analysis periods.

The paved road construction costs only include
the pavement layers above subgrade to make the
analysis comparable to that for unpaved roads., A
reasonable discounted construction and maintenance
cost over 20 vyears for the selected paved road
structure is about $50 000/km based on 1980 contract
prices obtained from the Texas Highway Department
(10). In Figure 3 the break-even traffic volume is
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thus 400 vehicles/day for the unit costs employed.
The break-even traffic volume for alternative dis-
counted construction and maintenance costs can be
read from Figure 2,

Often the analysis period used for gravel roads
is less than the 20-year period applied to paved
roads because of the tremendous uncertainty about
traffic volumes on newly developed roads. Because
the design life of a paved road is usually about 20
years, the value of the pavement at the end of
shorter analysis periods needs to be considered. The
salvage value of a paved road 1s fairly difficult to
compute. Two approaches can be used (15}:

1. The residual structural salvage value is the
saving in cost of constructing a new pavement as op-

Figure 1. Information used in analysis. PASIC DESIGN INFORMATION
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posed to placing an overlay on the existing pavement
to bring it to the same condition as the new pave-
ment and to ensure that it can carry the same traf-
fic as the new pavement to the same terminal condi-
tion.

2, The salvage value of recycled layers is the
difference in cost between furnishing new materials
and the cost of taking up and recycling old ma-
terials,

Both these salvage value calculations are uncertain,
and therefore, for the purpose of the analysis, the
outcome will be generalized in terms of relative
costs. The salvage value for the gravel roads is
taken as the cost of placing the remaining wearing
course material. In Figure 3 it is obvious that the
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Figure 2. Deterioration relations on selected paved (oo} 20 g
road. RESEAL RESEAL <
3 o
€ w
N x
5 ;
5 gt
W
'!g o
R
&<
g
3
I
o 4 1 1 o
(o] 5 10 15 20
AGE OF ROAD (YEARS)
Figure 3. Discounted paved road construction and 3
maintenance cost for a total cost equal to that on 70
unpaved roads. g ANALYSIS
b4 PERIOD
E .l
-
E 501~
2T
g
E 30
2
Yoo
z
3
§ o L 1 1 1
(] 100 200 300 400 500

AVERAGE DAILY TRAFFIC DURING

same break-even traffic volume will be obtained for
a shorter analysis period provided that the dis-
counted road construction and maintenance cost minus
the discounted salvage value bears some relation to
this cost over a 20-year analysis period, shown in
Figure 4. The ratios for the 5- and l0-year analysis
periods are fairly constant and are approximately
2.0 and 1.25, respectively. Thus, if the computed
salvage value is such that the discounted construc-
tion and maintenance minus salvage cost over the 5-
year period is less than half that of the 20-year
period, then the break-even traffic volume will be
lower than that computed from the 20-year perind.
The converse is true if the ratio is greater than
half.

Before the decision to use a 20-year or shorter
analysis period can be made, the decisionmaker needs
to weigh the uncertainty in traffic over a 20-year
analysis period against the uncertainties in comput-
ing the salvage value at intermediate points in the
life of a pavement structure. The use of a 20-year
analysis period would be recommended for most cases.

First-Year Benefit Criterion

The road should be paved when the ratio of the net
first-year benefits (i.e., savings in road user

FIRST ANALYSIS YEAR

costs and road maintenance costs) to the additional
construction cost of a paved road over an unpaved
road equals the relevant interest rate. For the
analysis the unpaved road maintenance cost used was
that found to give the least total cost. Figure 5
shows the plot of the net first-year benefits as a
function of ADT. The ratio of the net first-year
benefits to the paved road construction cost of
$30 000 and $40 000/km, minus the unpaved road con-
struction cost of $12 000, is also shown., A con-
struction cost of about $40 000/km is approximately
equivalent to the discounted construction and main-
tenance cost of $50 000/km used in the break-even
traffic example. The ADT at which a paved road
should be constructed for a discount rate of 10 per-
cent is approximately 575 vehicles/day, which is al-
most 50 percent greater than the break-even traffic
volume. This result is similar to that reported by
Harral and others (4). It illustrates the extent to
which larger benefits later in the life of the pave-
ment subsidize earlier smaller benefits in the
break-even traffic volume calculations.

Although the first-year benefit criterion is the
preferred one, care should be taken in its applica-
tion. A cheap paved road structure may be designed
that may last a very short period and then require
extensive maintenance and even rehabilitation. Stage
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construction may be considered to fall into this
category. In such a case the discounted rehabilita-
tion cost or cost of excessive maintenance that oc-
curs after the first year should be added to the
construction cost to give a more realistic assess~
ment,

IMPACT OF REDUCED MAINTENANCE FUNDS
ON THE WARRANTS

One of the major concerns about the establishment of
a road infrastucture is the effect that a reduction
of the maintenance budget could have on the optimal-
ly selected pavement design. Frequently the con-
struction of roads in developing countries is fi-
nanced by international 1loans or grants; however,
maintenance is funded by the government €rom in-
ternal sources through the treasury department. A
reduction in funds available to the treasury fre-
guently results in a cut in the maintenance budget.

Figure 4. Ratio of discounted maintenance and
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The influence of such a cut on the warrants for pav-
ing thus needs to be investigated.

The unpaved road analysis was constrained to pro—
vide access throughout the year. A cut in the main-
tenance budget could therefore not affect the re-
gravelling strategy, and its result would only
influence routine blading. Within the policy con-
straints evaluated, a complete cut in the funds
available for maintenance is infeasible, because the
road would become impassible within one to two
years, depending on the traffic. The influence of
reducing by half the funds available for blading on
the discounted paved road costs 1is illustrated in
Figure 6. The break-even traffic approach is used
because road engineers are better able to relate to
costs than to benefits or discount rates. To con-
vert to the first-year benefit rule, the break-even
traffic volume should be increased by half; for ex-
ample, an ADT of 400 becomes 600 for the first-year
benefit rule, The reduction of available routine

construction cost of 20-year analysis period
relative to other analysis periods to give same
break-even traffic volume,
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maintenance funds by half has a minimal influence on
the warrants for paving., This is because the rou-
tine malntenance cost is a relatively small part of
the total cost, and the slope of the total cost
curve in the proximity of the least total cost blad-
ing frequency 1s flat. However, for one or two
bladings per year, the curve is very steep, as was
shown earlier (10).

The likelihood of a cut in the routine mainte-
nance budget wlll also affect the paved rtoad al-
ternative. The filling of potholes and repairs
usually have a high priority, and therefore, a cut
in the budget would probably result in the deferment
of a reseal. In Fiqure 2, if the reseal due after
eight vears is deferred and the need for repairs
continues at the same rate, then an expensive re-
habilitation or overlay may be necessary after about
12 years. A paved road may therefore be more sen-
sitive to reductions in the maintenance budget than
unpaved roads under the system of constraints
analyzed.

In cases of extensive cutbacks of the maintenance
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funds, the system of constraints under which the
road system is maintained may be altered. Passabil-
ity throughout the year may be eliminated, and this
would then have the effect of a reduced regravelling
expenditure, since the reversion of a gravel road to
an earth road would be feasible. Figure 7 {llus-
trates the relative cost components of the total
cost. In those cases in which the road is permitted
to revert to an earth road, a careful economic
analysis is necessary to evaluate the impacts of the
reduced regravelling expenditure on additional road
maintenance and delay costs. Such an approach would
probably not be economically feasible, and an
analysis could provide data to back up technical
arguments,

EFFECTS OF REGRAVELLING COSTS ON WARRANTS
FOR PAVING

At the optimal blading frequency the average road
roughness of an unpaved road is similar to the aver-
age roughness of a paved road during its service

3

Figure 6. Discounted paved road construction and
maintenance costs for different unpaved road
blading budgets.
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life based on observations in Brazil (e.g., average
roughness of optimal blading for 500 ADT is a QI of
47 for the good laterite gravel over a 20-year
analysis period) (10). Consequently, the discounted
road user costs during a 20~-year period are similar
for the two road types, unlike results reported by
Winfrey (2). However, over the short term the user
costs on a new paved road are lower than on an un-
paved road and follow the results presented by Win-
frey. Broadly speaking, the main determinant for
paving is therefore whether the discounted paved
road maintenance and construction cost is less than
the discounted regravelling and blading cost. In
Figure 7, the regravelling and blading costs are ap-
proximately equal to the paved road cost of $50 000/
km used previously in the ADT range of 400-500 ve-
hicles/day. The regravelling cost thus has an im-
portant impact on the warrants for paving.

The discounted paved road construction and main-
tenance costs for different unit costs of gravel are
shown in Fiqure 8. In the previous evaluations a
regravelling cost of $12/m? was used. At current
transportation costs, if the gravel had to be trans-
ported an additional 30 km, then the unit cost would
increase from $12 to $18/m’. If the paved road
construction cost remained at $50 000/km, then the
break-even traffic volume would reduce to about 200
vehicles/day, or about 300 vehicles/day according to
the first-year benefit rule. Conversely, if the
gravel wearing course material were abundantly
available alongside the road, as reflected by a cost
of $6/m*, then paving would not be economically
desirable until a traffic volume greater than about
600 or more vehicles/day is reached.

The cost of constructing a paved road is usually
related to the unit cost of gravel wearing course
material, thus a greater unit cost may not neces-
sarily lead to a reduction in the traffic volume for
paving because of increased paving costs. In some
cases this rule may not hold. 1In the Orange Free
State, in South Africa for example, a decomposed
dolerite is frequently used as a gravel wearing
course. Depending on the state of decomposition,
hard rocks of unweathered parent material about 100-
200 mm in diameter are found. The use of this ma-
terial as a gravel wearing course results in fre-
quent regravelling because the fine material on the
surface is abraded away between the rocks to leave a

very rough surface. Blading is then ineffective in
reducing the roughness. This type of material is
adequate for use in a paved road and is frequently
abundantly available. Better quality material is
often transported over 50 km or more; therefore, the
construction cost of a paved road is not linked to
the cost of the better qguality wearing course gravel
material. A similar situation exists in Brazil,
where the fine-grained coffee soils in the states of
Sao Paulo and Parana become impassible during the
rainy season. However, when this material 1s used
in a paved road structure and if they can be kept
dry, the road performs adequately.

These results show that it is not feasible to
generalize warrants for paving and that every case
should be evaluated individually. As a rough quide-
line, the traffic volume at which paving should oc-
cur igs about 50 percent higher than the traffic vol-
ume at which the paved road construction and
maintenance costs over a 20-year period equal the
discounted regravelling and blading costs.

DUST, ACCIDENTS, AND INTANGIBLE INFLUENCES

In the foregoing analysis, quantifiable aspects of
construction, maintenance, and user costs were in-
cluded. However, certain aspects, which may hold
important implications, have not been quantified.

Dust

Dust is often considered as a nuisance, but it is
difficult to express comfort in monetary terms, be-
cause road users are not willing to pay for this
sort of comfort., The effect of dust on crops and
livestock has been mentioned, but apparently little
has been quantified. For example, in cotton-growing
areas qravel roads are sometimes paved because the
dust affects the cleanliness of the cotton, which
may then render it unacceptable. The influence of
dust on crops and livestock is an aspect that re-
quires further attention; if the impact is signifi-
cant, it could greatly reduce the traffic volume at
which a road should be paved.

Accidents

Zaniewskl and others reached the conclusion that

i
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there is no reliable information for making distinc-
tions in accident rates among pavement types and
conditions (16). Other researchers (17,18) have
shown that accident costs on low-volume roads are an
inconsequential part of the total cost of road use.
A global estimate of accident rates on two-lane
paved and unpaved roads in South Africa showed that
the rate for unpaved roads is about 0.63/million ve-
hicle km, which is about four times lower than that
for paved roads. This is ascribed to greater con-
centration by the driver at traffic volumes where
traffic interference is minimal. It is thus pos-
sible that 1f a gravel road is paved at low traffic
volumes the accident rate would increase, thus re-
ducing the benefits of paving.

Exhaustion of Natural Resources

An aspect of gravel roads that is receiving increas-
ing attention is the depletion of gravel. Initially,
the best wearing course gravel is used, and as re-
gravelling becomes necessary, material needs to be
obtained from further afield. When the road re-
quires pavina, the gravel materials then have to be
transported over 1long distances. This situation
ties in with the findings of maintenance personnel,
who have shown that the heaviest traffic on gravel
roads has often been associated with those roads
that have the worst materials.

A utility analysis, which ranks different al-
ternatives in terms of subjectively assigned weights
for unguantifiable and quantifiable €factors, may be
a method in which the depletion of natural resources
can be considered. The effect of dust on comfort
could then be evaluated in the same manner.

CONCLUS IONS

In the evaluation of warrants the preferred method
of analysis, namely the first-year benefit rule,
gave traffic volumes for paving that were about 50
percent larger than the break~even traffic volume
that is frequently used. For the cost data obtained
in Texas, the traffic volume at which a gravel road
would be paved was about 575 vehicles/day. This
figure is considerably larger than the 100 and 250
vehicles/day figure that is often actually used in
different parts of the world. The difference in the
predicted volume compared with warrants actually
used may be attributable to a heavy weighting being
glven subconsciously to nonquantifiable aspects such
as dust, comfort, and depletion of natural re-
sources. Another factor may be the difficulty of
maintaining reqular bladings weekly or biweekly over
a long period of time.

Based on observations in Brazil, the average
roughness of a gravel road that is optimally main-
tained is similar to that of a paved road during its
life. Consequently, road user costs are similar on
paved and unpaved roads. The major implication for
paving is thus the difference in discounted paved
road construction and maintenance cost and the un-
paved road reqgravelling and blading cost. The lat-
ter costs are primarily a function of the unit cost
of gravel spread and compacted. It follows that
each road should be evaluated individually and that
generalizations may result in uneconomical practices
because of the peculiarities of gravel cost that are
usually unique for any particular road.

The impact of aspects such as dust, accidents,
and depletion of natural resources has not yet been
adequately quantified for inclusion in an economic
analysis. These aspects are best evaluated, to-
gether with the results from an economic analysis,
in a utility analysis.

Under the system of constraints in which the un-
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paved roads were analyzed, the reduction by half of
the funds available for blading, compared with the
optimal funding, had a minor effect on the warrant
for paving. A complete reduction, however, would
result in the road becoming impassable within 1-2
years. These results do not mean that blading funds
should be reduced because it is likely that many or-
ganizations operate at the reduced budget level. A
reduction in maintenance funds appears to have a
greater impact on paved roads than on unpaved roads
within the system of constraints used. Paving
therefore does not seem to be the recommended pro-
cedure under conditions of uncertainty with reqard
to the availability of funds for maintenance.

RECOMMENDAT IONS

The paper has illustrated the value of a detailled
analysis of both economic and unquantifiable fac-
tors. The philosophy and procedure should be ap-
plied when decisions have to be made regarding the
paving of unpaved roads and in the development of a
new infrastructure in regions that were previously
economically inactive.

The recommended procedure for determining the
traffic level at which an unpaved road should be
paved is use of the first-year benefits criterion. A
special computer program, MDS, was developed to
facilitate determination of the unpaved road design
and maintenance strategy with the lowest total
cost. The MDS program can be run on a desk-top com-
puter and is thus readily available to most prac-
titioners. An adapted version of this program was
used to compute the user costs on paved roads. To
run these programs, unit costs of materials and
their characteristics, and other costs specific to
the region are needed.

Care should be taken in applying the first-year
benefits rule to those paved road designs in which
the initial construction costs are deferred, such as
for stage construction, and it is recommended that
later costs of a special nature should be included
as discounted construction costs.
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