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Systematic, well-designed research' provides the most ef-
fective approach to the solution of many problems facing
highway administrators and engineers. Often, highway
problems are of local interest and can best be studied by
highway departments individually or in cooperation with
their state universities and others. However, the accelerat-
ing growth of highway transportation develops increasingly
complex problems of wide interest to highway authorities.
These problems are best studied through a coordinated
program of cooperative research. :

In recognition of these needs, the highway administrators
of the American Association of State Highway and Trans-
portation Officials initiated in 1962 an objective national
highway research program employing modern scientific
techniques. This program is supported on a continuing
basis by funds from participating member states of the
Association and it receives the full cooperation and sup-
port of the Federal Highway Administration, United States
Department of Transportation.

The Transportation Research Board of the National Re-
search Council was requested by the Association to admin-
ister the research program because of the Board’s recog-
nized objectivity and understanding of modern research
practices. The Board is uniquely suited for this purpose
as: it maintains an extensive committee structure from
which authorities on any highway transportation subject
may be drawn; it possesses avenues of communications and
cooperation with federal, state, and local governmental
agencies, universities, and industry; its relationship to its
parent organization, the National Academy of Sciences, a
private, nonprofit institution, is an insurance of objectivity;
it maintains a full-time research correlation staff of special-
ists in highway transportation matters to bring the findings
of research directly to those who are in a position to use
them.

The program is developed on the basis of research needs
identified by chief administrators of the highway and trans-
portation departments and by committees of AASHTO.
Each year, specific areas of research needs to be included
in the program are proposed to the Academy and the Board
by the American Association of State Highway and Trans-
portation Officials. Research projects to fulfill these needs
are defined by the Board, and qualified research agencies
are selected from those that have submitted proposals. Ad-
ministration and surveillance of research contracts are
responsibilities of the Academy and its Transportation
Research Board.

The needs for highway research are many, and the National
Cooperative Highway Research Program can make signifi-
cant contributions to the solution of highway transportation
problems of mutual concern to many responsible groups.
The program, however, is intended to complement rather
than to substitute for or duplicate other highway research
programs.
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PREFACE

FOREWORD
By Staff

Transportation
Research Board

There exists a vast storehouse of information relating to nearly every subject of
concern to highway administrators and engineers. Much of it resulted from research
and much from successful application of the engineering ideas of men faced with
problems in their day-to-day work. Because there has been a lack of systematic
means for bringing such useful information together and making it available to the
entire highway fraternity, the American Association of State Highway and Trans-
portation Officials has, through the mechanism of the National Cooperative Highway
Research Program, authorized the Transportation Research Board to undertake a
continuing project to search out and synthesize the useful knowledge from all pos-
sible sources and to prepare documented reports on current practices in the sub]ect
areas of concern.

This synthesis series attempts to report on the various practices without in fact
making specific recommendations as would be found in handbooks or design
manuals. Nonetheless, these documents can serve similar purposes, for each is a
compendium of the best knowledge available concerning those measures found to
be the most successful in resolving specific problems. The extent to which they are
utilized in this fashion will quite logically be tempered by the breadth of the user’s
knowledge in the particular problem area.

This synthesis will be of special interest and usefulness to state and local highway
officials, design and construction engineers, and others who may wish to consider
the portland cement concrete pavement alternative for rural highways and city
streets that are to serve low volumes of traffic. Detailed information is offered on
planning, designing, and constructing portland cement concrete pavements for light
traffic conditions, based on experience accumulated during the past 20 years by a
number of agencies that have used this type of pavement for low-volume facilities.

Administrators, engineers, and researchers are faced continually with many
highway problems on which much information already exists either in documented
form or in terms of undocumented experience and practice. Unfortunately, this
information often is fragmented, scattered, and unevaluated. As a consequence,
full information on what has been learned about a problem frequently is not as-



sembled in seeking a solution. Costly research findings may go unused, valuable
experience may be overlooked, and due consideration may not be given to recom-
mended practices for solving or alleviating the problem. In an effort to resolve this
situation, a continuing NCHRP project, carried out by the Transportation Research
Board as the research agency, has the objective of synthesizing and reporting on
common highway problems—a synthesis being identified as a composition or com-
bination of separate parts or elements so as to form a whole greater than the sum
of the separate parts. Reports from this endeavor constitute an NCHRP report
series that collects and assembles the various forms of information into single con-
cise documents pertaining to specific highway problems or sets of closely related
problems.

Portland cement concrete pavement has been looked upon historically as pre-
mium pavement for use principally where high volumes of traffic are to be expected.
Structural design criteria, construction equipment and processes, and material uses
that have been developed over the years for concrete paving have been oriented
toward this use. Low-volume roads and streets usually have been constructed of
less costly materials and by less expensive processes. Often, no higher standards are
justified; and, always, this will place a greater mileage-of pavement in service more
quickly. Sometimes, however, a consideration of future maintenance costs and
rehabilitation needs may suggest that a higher-quality pavement will be the more
economic alternative on an annual cost basis. Over the past several years, a grow-
ing number of agencies has seen a potential for portland cement concrete pavement
serving economically in selected low-volume situations. These agencies have de-
veloped ways of reducing original cost to where concrete seems to be an economi-
cally competitive material under some circumstances. Locations where traffic pat-
terns are not likely to change over many years, or where relatively thin overlays
cannot be expected to upgrade existing pavements to provide comparable service,
are seen to offer the best opportunities for economical use of concrete for low-
volume roads and streets.

This report of the Transportation Research Board describes and assesses the
merit of current practice in the use of portland cement concrete for low-volume
roads and streets. Information is presented on the factors to be considered in plan-
ning the low-volume pavement project, and on designing and constructing port-
land cement pavements for low-volume use. Research needs in the area are’
identified.

To develop this synthesis in a comprehensive manner and to ensure inclusion of
significant knowledge, the Board analyzed available information assembled from
many highway departments and agencies responsible for highway planning, design,
construction, operations, and maintenance. A topic advisory panel of experts in
the subject area was established to guide the researchers in organizing and evaluat-
ing the collected data, and to review the final synthesis report.

This synthesis records practices that were acceptable within the limitations of
‘the knowledge available at the time of its preparation. Meanwhile the search for
better methods is a continuing process that should go on undiminished.
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SUMMARY

PCC PAVEMENTS FOR
LOW-VOLUME ROADS AND CITY STREETS

A major concern of every highway administrator is the adequate funding of con-
struction and maintenance work needed on roads and streets under his jurisdiction.
The more heavily traveled routes usually generate sufficient funds from highway
user charges to cover the cost of their own improvements and upkeep. However,
the cost of low-volume traffic facilities is difficult to justify in relation to the bene-
fits or services they render.

Of the 3.2 million miles (5,150,000 km) of rural roads and 614, 000 miles
(990,000 km) of municipal streets in the U.S., approximately two-thirds carry less
than 400 vehicles per day. Because of the extensive mileage involved, a substantial
amount of funds is required to keep these facilities operating satisfactorily. It also
means that almost every state and local highway administrator in the country has to
make critical decisions regarding management of these roads and streets. The public
demand for a reasonably good level of service on low-volume facilities complicates
the problem.

The alternatives available to administrators of low-volume facilities are:
(1) to secure an increased allocation of funds for improvements and maintenance
under present methods; (2) to select the type of improvements that will best
balance construction costs and maintenance costs in order to ensure a lower, long-
range, average annual cost; or (3) to persuade the using public to accept a lower
lIevel of service. Although all three alternatives can be used to some degree,
alternatives (1) and (3) have their limitations.

Highway agencies in several states and cities have accumulated experience
in the past 20 years in the use of portland cement concrete (PCC) pavement

specifically designed and built for low-volume facilities. Aided by interested con-

tractors and equipment manufacturers, standards have been developed, equipment
produced, and construction techniques devised, all of which have helped lower
initial construction costs of these pavements. Experience to date indicates that
PCC pavement has a good probability of maintaining extremely low maintenance
costs and a satisfactory level of service over a long period. This synthesis is intended
to make this experience available to others who desire to explore the possibility
of using PCC pavements.

" The most promising routes for this type of improvement are those whose
traffic patterns are not likely to undergo major changes over a period of many
years. These are primarily low-volume facilities with little probability of develop-
ing into cutoff or bypass routes. Neither are they likely to experience major
changes in adjacent land use that would result in major increases in traffic, par-
ticularly trucks. The low-volume nature of such roads allows the use of pavements
having lower structural safety factors than usual, which helps reduce costs.

The .adoption of uniform standards for this type of construction stimulates
competition among contractors, encourages investment in the most productive
type of equipment, and results in the development of construction techniques that
keep costs down while producing a quality product.



The use of local aggregates and exploration for new sources should be encour-
aged. Low-cost advantages of using local aggregates include blending to produce
acceptable gradings and modifying specifications to use local materials without
any substantial sacrifice in the quality of the concrete.

Performance data and soil surveys are needed to plan for treatment of soft
spots and frost boils. Uniformity of the subgrade can be obtained by blending,
replacement, stabilization, incorporation of existing granular materials, scarifying,
and compaction of the subgrade. Pavements on a subgrade with uniform support
can be designed with a low margin of structural safety and still ensure satisfactory
performance for many years of low-volume traffic.

Experience with substantial mileage of low-volume roads and city streets has
demonstrated that a consistent quality concrete pavement can be produced and
placed at a practical cost, which when averaged with low annual maintenance costs
results in a low average annual cost.

The success of PCC pavements for low-volume roads and city streets depends
on good engineering judgment throughout the planning, design, construction, and
maintenance stages. Careful consideration must be given to reliable projections
of future traffic, analysis of soil conditions, corrective measures to ensure uniform
subgrade support, adequate pavement design for the anticipated traffic, good
quality control during all construction phases, and management procedures that
permit a high production rate. In-depth studies, good judgment, and timely man-
agement decisions are necessary steps in achieving the objective—a low-cost pave-

ment with a minimum of maintenance and a good level of service.

CHAPTER ONE

INTRODUCTION

GENERAL SITUATION

In the United States, approximately 80 percent of the total
vehicle-miles of travel occur over only 20 percent of the
total highway mileage (including both rural and urban
roads). Conversely, only about 20 percent of the vehicle-
miles of travel occur over the remaining 80 percent (Fig.
1). Of the 3.2 million miles (5,150,000 km) of rural roads
and 614,000 miles (990,000 km) of municipal streets in the
United States in 1972, a major portion consists of low-
volume traffic facilities carrying less than 1,000 vehicles
per day (average daily traffic—ADT) and nearly two-thirds
of the total mileage carries less than 400 ADT. Although
these low-volume roads and streets are important to their
users, they create a major financial problem for the high-
way agencies responsible for providing adequate service at
a cost that can be financed.

Roads and streets with high volumes of traffic can be
financed by the highway-user funds they generate, but low-
volume roads cannot. Moreover, low-volume routes can-

not be scaled down proportionately in terms of cost and
service offered in order to be self-supporting because users
expect a reasonably good level of service. It is generally
accepted that low-volume roads and streets must be sub-
sidized by highway-user funds produced by high-volume
facilities or by other funds, such as property taxes or spe-
cial assessments related to the value of good land access.
The cost of these many miles of low-volume roads and
streets has caused difficult economic and political problems
on all levels of government. For these reasons, particular
attention is being given to improving the technology relat-
ing to these low-volume facilities. The pavement represents
a substantial portion of the costs of highway construction
and maintenance. It also is the principal element of the
roadway that determines the level of service provided to the
highway user. The highway engineer is challenged to de-
velop a pavement that will give an acceptable level of ser-
vice for low-volume facilities at an annual cost that can be
justified.

There are two classifications of low-volume roads and



streets (Table 1) to be considered in the search for an
acceptable pavement type. Group 1 requires consideration
of how best to protect and use the existing investment when
making an improvement. Group 2 demands a careful study
in order to identify the type of improvement that can be
financially supported and still give an acceptable level of
service.

For some years, the desire for improving the technology
of low-volume pavements has directed attention to the use
of concrete as a paving material for these facilities in order
to satisfy both the long-range-cost and level-of-service
criteria.

Development of Concrete Pavements for
Low-Volume Roads and Streets

In the early part of this century, concrete was used in some
areas to pave lightly traveled roads and streets. At that
time, several counties in Illinois built considerable mileage
.of one-lane concrete pavements on their secondary road
system. Many of these pavements are still serving traffic
either as surface or as base. Other states followed a similar
pattern, and a number of cities used concrete to pave their
residential streets, which are still in service. Although some
agencies have continued to use concrete for local roads and
streets, concrete pavement standards and specifications were
developed primarily for the more heavily traveled routes for
several decades. Increases in the cost of labor and ma-
terials as well as the development of high-production-
capability construction equipment have limited the use of
concrete mostly to the primary routes. Meanwhile, the
agencies responsible for the large mileage of secondary and
local roads and streets were striving to achieve an all-
weather surface by using the most readily available local
materials. The use of gravel surfaces with local aggregate
was necessary in order to complete as many miles as possi-
ble with limited funds. But the motoring public gradually
began to expect surfaecs that were dustless and which would
accommodate higher speeds, even on low-volume roads.
Some of the surfaces provided to meet a desired level of
service were inadequately designed and poorly constructed,
which contributed to ever higher maintenance costs.

After World War 11, increased motor vehicle travel and
the growing desire of highway users for a better level of
service from all roads and streets stimulated interest in de-
veloping a pavement that could be built at a relatively low
initial cost, but which would have a long life and low
annual maintenance cost. The objective was a pavement
capable of providing a service level acceptable to users at
an annual cost that the highway agency could afford.

In its search for a solution to this problem, Greene
County, Iowa, in 1951 built two miles of portland cement
concrete (PCC) pavement with sections 4%2, 5, and 5% in.
(114, 127, and 140 mm) thick. The condition of this pave-
ment in 1970 is shown in Figure 2. .

A 1968 performance evaluation of this pavement, which
had been carrying over 400 vpd for 17 years, indicated that
it was in good condition because it rated a present service-
ability index (PSI) of 3.7 on a standard scale of 0 to 5.
There was little difference in the performance of the three
sections.

100

80

60

40

20

VEHICLE-MILES OF TRAVEL-CUM.%

1 1 1

20 40 60 80 100

HIGHWAY MILEAGE—CUM. %

Figure 1. Distribution of vehicle travel on highway mileage.

In 1954, Greene County built the first section (2 miles;
3.2 km) of slip-form paving in the country, and has since
paved over 150 miles (240 km) of its road system with
concrete using the slip-form method. Other Iowa counties
became interested, and, to date, 79 of the 99 counties have
used concrete pavement for new construction. More than
3,000 miles (4,800 km) of concrete pavement built over a
22-yr period are currently in service on the Iowa sEcondary
road system. Ninety percent of these plain concrete pave-
ments are 6 in. (150 mm) thick, 8.5 percent are 7 in.
(175 mm) thick, and 1.5 percent are 8 in. (300 mm) thick.
The average- daily traffic (ADT) on most of these pave-
ments is between 200 and 2,000.

In 1971, Nebraska had 130 miles (210 km) of 6- and
7-in. (150 and 175 mm) pavement on its secondary road
system and Minnesota had 35 miles (56 km) of 6- and
6%%-in. (150 and 160 mm) pavement on its county road
system. Illinois has recently revised its standards to permit
the use of 6- and 7-in. plain concrete with no base on low-
volume traffic facilities (Fig. 3). Other states have moved
in this direction.

TABLE 1

CHARACTERISTICS OF LOW-VOLUME
ROADS AND STREETS

GROUP 1 GROUP 2

Existing low-cost pavement Unpaved

High maintenance costs and Lowest traffic volumes

resultant financial drain

Inadequate level of service Inadequate level of service




Figure 2. PCC pavement after 19 years' service. Background
thickness (beyond intersection) is 5V5 in. (140 mm) nonrein-
forced; foreground thickness is 5 in. (127 mm) nonreinforced.

The development of the slip-form paver, central mixing
plant, and automated fine-grading equipment has made
concrete competitive with other materials for use on low-
volume rural roads. This equipment is not ideal for small
project contracts or for city streets having utilities in the
way as well as numerous cross streets. Nevertheless, there
has been a growing trend to develop ways of using con-
crete economically for low-volume streets in order to lower
long-term maintenance costs. As a result, a number of cities
are now paving low-volume streets with concrete (Fig. 4).

Figure 4. Example of low-volume residential street paved with
concrete having integral curb and gutter.

Figure 3. Example of an Illinois low-volume county road built
using 6- and 7-in, plain concrete with no base.

Factors Influencing a Decision to Use Concrete

The engineering challenge is to design and build for low-
volume facilities a concrete pavement that will meet the
requirements of low initial cost, good performance over a
long life span and low annual maintenance costs.

The initial cost is influenced by the design standards, the
specification requirements, and the construction techniques.
The standards, specifications, and techniques must be ad-
justed to the specific needs of low-volume facilities to elimi-
nate every nonessential cost item and, at the same time,
must ensure good performance during the design life. The
secret of success is to design and build each project accord-
ing to its specific conditions and individual requirements (1).

Good performance is measured by smooth riding quality,
high skid resistance, high degree of night visibility, 1ela-
tively few patches and holes, and a minimum of inter-
ference with traffic flow by maintenance work. Good per-
formance for many vears is dependent on proper design,
quality control in constiuction, aud adequate maintenance.

Low mainlenance cosls 1esult when a pavement is prop-
erly adapted to the conditions under which it is to serve.
Many design decisions directly affect the amount of main-
tenance that will later have to be performed. A pavement
that is underdesigned for its traffic and exposure conditions
will give poor performance and have high maintenance
cosls.

The proper balance of initial costs and maintenance costs
will give a low average annual cost over many years along
with an acceptable level of service.

PURPOSE AND SCOPE

During the past 20 years, a number of individuals and or-
ganizations, principally in Jowa and adjoining states, have
become interested in the use of concrete pavement for low-



volume roads and streets. Many miles of such pavement
have been built and much experience with these pavements
has been acquired by state, county, and city engineers; con-
sultants; contractors; equipment manufacturers; and ma-
terials organizations. The purpose of this synthesis is to
report the results of this experience $o that everyone inter-
ested in low-volume roads and city streets may use this
knowledge in decision-making.

The scope of this synthesis is limited to PCC pavements
for low-volume roads and city streets. It is not intended to
be a treatise on the broad subject of concrete pavements for
all uses, although many of the items covered may be related
to other uses. Furthermore, the synthesis does not include
detailed technical information and procedures that are ade-
quately described in the literature cited as references and
which are available to interested persons.

CHAPTER TWO

PLANNING THE PAVING PROJECT

In planning a paving project, the major decision is the type
of pavement to use. All of the factors discussed in this
chapter may have some bearing on the selection of the
pavement type and should be considered. Some of these
factors influence the decision much more than others. The
responsible engineer analyzes these factors and uses his
knowledge and experience to select a pavement that will
have a competitive initial cost, a long service life, and low
annual maintenance costs. Highway engineers and contrac-
tors must continue to work together, as they have in the
past, to achieve those objectives.

TRAFFIC

Because the total axle loads as well as the number of ve-
hicles that use a pavement have a major influence on the
performance of that pavement, the traffic to be expected
over the life of the pavement is a critical element in the
planning process. The emphasis in good planning must rest
on a reasonably reliable forecast of the traffic that will use
the pavement over its projected design life. The objective
is to look closely and specifically at each project. This
should not be a generalized approach, although general sta-
tistics from many sourecs may be helpful. Consideration
should be given to:

® Current traffic data.

® Location of the project in the existing road or street
system.

® Probability of rerouting traffic because of work on the
route under consideration or on nearby routes.

® Possibilities of commercial or industrial development
along an improved faciilty that might affect traffic
projections.

® Possible changes in business practices that might in-
crease maximum loads.

¢ Need for seasonal or other maximum weight re-
strictions.

Reliable predictions can be made for most projects. The
application of good judgment by an experienced highway
engineer to these considerations will determine whether
general projectionyactors should be used or whether they
should be modified to fit the project under consideration.
This critical review of the traffic projections for each proj-
ect, whether it be a rural road or a city street, is essential
for proper selection of pavement type and for other plan-
ning and design decisions.

The proper functional classification of any road or street
is essential in order to reliably predict its use and determine
its adequate and economical design. A great amount of
experience has been acquired in the functional classifica-
tion of road and street facilities into groupings (arterials,
collectors, and land access routes, each of which has vari-
ous subgroupings) according to the principal purpose they
are to serve. These facilities range from primaries having
high-speed, uninterrupted flow to secondary and rural roads
providing basically land access.

It is desirable to define numerically what is meant by
“low-volume” roads and streets. For many uses, low vol-
ume is only a relative term depending on the surrounding
conditions. One public works director in a large metro-
politan area suggests 10,000 ADT as the break point for
low-volume traffic on city streets. Another person in a simi-
lar position suggests 8,000 ADT. Still others consider low-
volume street traffic to be under 500 ADT. Similarly, the
suggested dividing line for rural roads varies from 2,500
ADT to 200 ADT. However, within the limits of these
extreme ranges, general agreement exists that, for the pur-
poses of this synthesis, low volume means under 1,000
ADT, with up to 30 percent commercial vehicles and up
to 15 percent heavy commercial (over four tires), and with
very few vehicles over- 18,000 Ib (8,000 kg) on a single axle
or 32,000 Ib (14,500 kg) on a tandem axle. No weight
restrictions, other than legal limits, are imposed on either
rural roads or city streets in the planning process. Rural -
roads in this category are farm-to-market and land access



roads with design speeds up to 55 mph (90 km/hr). City
streets in this category are collectors and residential streets
with design speeds of 25 to 40 mph (40 to 65 km/hr),

SUBGRADE CONDITIONS

Many miles of PCC pavement design for low-volume traffic
have been built on A-6 and A-7-6 soils with high index
numbers. Some agencies report that all of their subgrades
are in the A-7-6 classification. Several comment that, al-
though PCC pavement performs better on a stable sub-
grade, it has an advantage on soft subgrades because of its
bridging action. However, some would not use PCC pave-
ment with unstable and saturated subgrades. Pumping
usually is not a problem because of the smaller number of
heavy vehicles. A California bearing ratio (CBR) of 3.5
to 4 has been suggested as a desirable minimum, and com-
paction of the subgrade to achieve a uniform high density
is recommended. In-place granular materials should be in-
corporated in the top of the subgrade whenever practical.
Drainage improvements that would help the subgrade
should be included in the plan.

Frost boils have been treated by drainage and by remov-
ing and replacing the frost-susceptible materials. Although
excellent results are reported with the use of insulation on
the subgrade over the boil areas to prevent freezing, much
concern exists because the roadway surface over insulation
freezes sooner. Some blending of soils to improve uni-
formity and compaction on the wet side of optimum has
been tried in order to avoid differential movement, which
occurs with changes in moisture in soils subject to high-
volume changes.

EXPOSURE ELEMENTS AFFECTING PERFORMANCE

As a part of planning, attention must be given to the prin-
cipal exposure elements of precipitation and temperature
that affect pavement performance. Also included are the
number of cycles of freezing and thawing and the amount
of deicing chemicals and abrasives likely to be used on the
pavement. Special attention to the pavement may be war-
ranted at intersections and on curves and hills where larger
amounts of deicing materials might be used, thus traffic
abrasion will be greater. More careful attention to air
entrainment and proper curing will be needed where ex-
posure to deicing materials is high. It is good engineering
practice to plan the project for the actual exposure elements
to which a particular pavement is likely to be subjected. If
_this is not done, performance of the pavement may fall far
short of the engineer’s estimate.

MATERIALS AVAILABILITY

Planning includes an investigation of all possible sources of
materials, particularly aggregates, near to the project. This
is because transportation is a substantial part of materials
costs. Current cost data indicate a haul limit of 25 to 35
miles (40 to 56 km) for aggregates in order to keep the
pavement cost reasonable. Highway and other public agen-
cies and testing laboratories have accumulated much data
on the location and properties of paving aggregates. How-
ever, in many areas much more investigation and testing is
needed to find local materials. The possibilities of process-

ing local materials or blending them with other materials
to improve the quality to an acceptable standard should be
considered. Specification modifications may be justified to
permit satisfactory use of materials more economical for the
job. Both the concrete mixture proportions and the selec-
tion of slab thickness may be modified to allow the use of
more economical local materials.

The characteristics of the available local materials also
need to be evaluated to determine which pavement type can
use these materials to the best advantage. Some coarse lime-
stone aggregates have a tendency to cause “D” cracking in
concrete pavement. In some areas, local sand-gravel aggre-
gate can react with the alkalies in the portland cement and
cause map cracking. Where local materials are question-
able, it may be more economical to import higher-quality
aggregates that will give longer service. Adjustments to the
mixture proportions and the use of low-alkali cements can
also compensate somewhat for low-quality aggregates. This
is another situation where good engineering judgment and
experience are needed in the planning of each project to
find the optimum solution while considering cost and
performance.

UTILITIES IN THE PAVEMENT AREA

Rural roads usually have few utilities situated near the
pavement, whereas city streets often have a number of
utilities that affect project planning. It is common practice
to place utilities outside the pavement to facilitate their
continuing maintenance and potential additions thus avoid-
ing future pavement cuts and backfill settlement. Sanitary
sewer connections and water and gas line leads may cross
under the pavement. Manholes, valve vaults, and catch
basins may project to the top of the pavement where there
are connecting lines underneath. It is good practice to
coordinate with utility organizations early in the planning
phase for a paving project. This contact may enable the
utility agencies to improve their locations and to avoid
pavement cuts after the project has been completed.

Utilities, either existing or anticipated, can affect the
planning for the pavement in a number of ways. Utility
trenches will contribute to differential subgrade settlement
unless they are carefully backfilled and compacted. It is
good practice to have an inspector present when the back-
filling is done. Utilities should be designed and placed so
that they will not be damaged by backfilling or other con-
struction activity. If any portion of a utility projects above
the subgrade, it will interfere with subgrading operations
and, particularly, with the use of automated fine-grading
equipment. Care must be used in placing the paving ma-
terial around the utility. Compaction is difficult and special
hand work is required in finishing, which add to the pave-
ment cost (Figs. 5 and 6). Surface smoothness is sacrificed
because it is difficult to match the pavement surface to fixed
objects.

Any subsequent excavation under the pavement or cuts
through the pavement for the purpose of installing, main-
taining, or repairing utilities can affect the maintenance
costs of the pavement and its riding quality unless the work

is most carefully done. In cases where utility connections

need to pass under the pavement, the possibility of jacking



Figure 5. A city street being slip-form paved. Readily visible are the integral curb, block-outs for inlet and manhole, and curb

removal at the intersection.

the line under the pavement should be explored. If the
pavement must be broken, saw cuts should be used. Good
backfill material, properly compacted, is essential. When
these cuts are made at will by the utility companies, the
absence of inspectors often leads to a poor job. The finished
surface of the patch almost never matches the surrounding
pavement.

When the pavement needs resurfacing, utilities at the
surface require either that they be raised to the level of the
new pavement or that the new pavement be sloped around
them, which results in a bump in the pavement. The first
choice is costly; the second is highly undesirable because
of reduced riding quality. The available options emphasize
the desirability of running utilities elsewhere than under the
pavement whenever possible.

Except for the specific points made previously, there is
general agreement that the presence or absence of utilities
has little or no effect on the decision as to what type of
pavement to use for a low-volume road or street.

EQUIPMENT AND CONSTRUCTION EXPERTISE

Much of the credit for the increased use of PCC pavement
for low-volume rural roads during the past 20 years must
be given to those who developed the slip-form paver, the

central mix plant, and the automated subgrader (Figs. 7, 8,
and 9). Equally important is the effective use of this equip-
ment in order to achieve both a high rate of production and
good quality control. The 3,000 miles (4,800 km) of PCC
pavement built on the county secondary road system in
Towa during this period testify to these improvements.
Towa’s roughometer data show a marked improvement in
the riding quality of slip-form pavement over pavement built
with forms (2, 3).

One study shows that, between 1967 and 1971, the use
of such equipment doubled the number of square yards of
concrete laid per day and cut the labor cost per square yard
by 50 percent (4). An Idaho study indicated that the cost
of concrete pavement was reduced by nearly 50 percent
over a six-year period by the use of this equipment (5).
With proper planning of the low-volume project as to size
and construction methods, the equipment developed for use
on state projects often can be used either as is or with some
modifications.

Because the equipment is quite expensive and requires
time to train personnel in its efficient use, these improve-
ments are available only where an effort is made to en-
courage contractors to own such equipment and develop the
skill to use it. Motivation of this type requires the develop-



Figure 6. Slip-form paving a city street. Visible is the inlet 10 a catch basin, including the tie bars.

ment of specifications that standardize construction for a
number of neighboring agencies. Standardization, in turn,
encourages more contractors to bid on work, increases their
competition, and results in better prices. Reasonable uni-
formity in common specifications facilitates economical use
of the equipment and the development of the best opera-
tional and management techniques.

Larger-size projects also help lower unit cost. The high-
production equipment and methods used on rural road con-
crete paving projects are not generally applicable to low-
volume city street paving unless project sizes are specifically
planned for this type of construction. Low-volume street
projects are often short, involve utilities in the pavement,
and encounter intersections and driveways, all of which
limit the use of the costly high-production equipment.
However, city engineers and contractors have used in-
genuity in developing standards, specifications, and con-
struction techniques that make use of the best of smaller
modern equipment to build concrete pavements of good
quality at competitive prices,

PAVEMENT DESIGN LIFE

Because traffic analyses and cost considerations must be
correlated with the projected life of the pavement, some
definition of design life is required. A study of PCC pave-
ments of all classes in 19 states indicates an average service
life of 25 years (6). Design lives of 20 to 40 years for
concrete pavements are used by some agencies and are not
uncommon for roads and streets in the low-volume cate-
gory. Design life, as used herein, is defined as the length
of time from construction to the point where the pavement
reaches a terminal serviceability level. It is essential during
planning to consider carefully the reliability of estimates of
future traffic volumes and the possibility of heavier vehicle
loads. Facilities that have a low probability of any sig-
nificant variation from the traffic projections are much bet-
ter choices for cost-cutting designs than are others that may
have to be upgraded before the end of the anticipated de-
sign life. Good engineering judgment must be applied to
make this determination for each particular project.



Figure 7. Slip-form paving a city street with integral curb.

PAVEMENT COSTS

Economic studies indicate improvement costs for low-
volume roads and city streets must be kept at a reasonably
low level to be justified. However, a lack of specific data
as to costs and benefits limits the accuracy of studies in
this area. Because economic justification is often marginal,

Figure 8, Central mix plant.

great effort is necessary to minimize both construction and
maintenance costs for such projects. Requiring low-volume
roads or city streets to fit the needs usually associated with
major highways or streets results in overdesign and exces-
sive cost.

The prime objective is to obtain the lowest possible aver-
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Figure 9. “lowa special” with belt conveyor to carry concrete over

age annual cost over the pavement life commensurate with
an acceptable level of service. This requires a balancing of
the cost of:

® Tnitial construction.

® Maintenance.

® Accidents (pavement-related).

® Traffic interruptions (for maintenance, resurfacing, or
reconstruction operations).

e L oad restrictions.

These costs are distributed over the life of the pavement.
Low annual cost and good pavement performance are the
true measures of engineering effectiveness.

In the 1950s, a program was initiated in Towa emphasiz-
ing the construction of secondary roads to minimize main-
tenance costs. There was a concentrated search by highway
agencies for ways of reducing construction costs, upgrading
pavement quality, and reducing high annual maintenance
budgets. To improve their competitive position, highway
contractors were attempting to improve their operational
efficiency, to increase production capacities, to reduce capi-
tal equipment investments, and to reduce overhead ex-
penses. According to one county engineer, “they were
searching for a type of construction for low-traffic roads
that the counties could afford to own.”

The Iowa State Highway Commission has developed
standards for high-quality but simply built roads for low-
volume traffic. Most of these were built with automated
construction equipment on existing grades, using on-site
soil for subgrade. Up to 1970, the five Iowa counties with
the oldest PCC pavement were averaging maintenance costs
of $20 per mile ($12/km) per year (4). They have dem-
onstrated that, for low-volume traffic, relatively low-cost
6-in. (150 mm) plain concrete pavement with low main-
tenance cost and good performance can be built on poor-
quality subgrades with severe freeze-thaw conditions.

Information from some city engineers and public works
directors indicates similar results for construction and main-
tenance costs for low-volume streets, although automated

the fine-grader to the slip-form paver.

equipment was not generally used. Low maintenance cost
over a long life span has strong influence on the decision to
select PCC pavement.

PAVEMENT SERVICEABILITY AND PERFORMANCE

Since the AASHO Road Test, two terms are used to define
pavement condition: (1) “pavement serviceability,” mean-
ing the ability to serve traffic, and (2) *‘pavement perform-
ance,” meaning the level of serviceability over a designated
period of time. Pavement serviceability is expressed as the
present serviceability index (PSI) on a scale of 0 to 5, the
poorest to the best, respectively. Terminal serviceability, or
the level at which resurfacing or some other action must be
taken to upgrade the service level of the pavement, usually
occurs at about 2 or 2.5 for low-volume roads.

Good serviceability implies good skid resistance, smooth
riding surface, absence of loose materials, good visibility
under adverse conditions, acceptable effect on tire wear,
low noise level, suitable appearance, and minimized inter-
ference with traffic flow from maintenance, resurfacing, or
reconstruction operations for the design life.

A 1968-69 study of 95 percent, or 2,044 miles (3,300
km), of the concrete pavement constructed on Iowa sec-
ondary roads between 1955 and 1969 showed a range of
PSI from 3.26 to 4.15 with a weighted average of 3.91
(high in the good category) (7). In 1970, these pavements
were carrying mixed traffic varying in volume from 200 to
2,000 ADT. In Iowa, the riding quality of slip-form paving
improved from 98 in. of roughness per mile (1,550 mm/
km) average in 1955 to 73 in. per mile (1,150 mm/km)
in 1969. This was due to improvements in both equip-
ment and construction techniques. The study of pavement
performance in relation to the contractors’ operations gave
an indication that the contractors’ equipment, knowledge,
and proficiency might account for the upward slope of the
performance trend curve more than the effects of pave-
ment age and traffic (7). Measured data are scarce on per-
formance of concrete pavement on low-volume streets, but
there are numerous examples of old pavements that are still
giving excellent service with little maintenance.



Performance studies on the lighter-load traffic loop of the
AASHO Road Test indicated that relatively thin sections of
concrete pavement could give good performance with little
maintenance under traffic conditions similar to those on the
test loop.

Good performance is closely related to low maintenance
costs for most low-volume pavements and both are con-
sidered in the planning process.

PROJECT SIZE, COST, AND FUNDS AVAILABLE

As indicated earlier, an increase in the size of a project
usually decreases the unit construction costs. However, the
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funds available to a highway agency at any given time limit
the size of the projects that it may undertake. Careful plan-
ning may make it possible to undertake fewer but larger
projects in any given year in order to get more for the
money spent, rather than undertake numerous small proj-
ects. Jowa met this problem years ago by grouping all of
its secondary roads into single county unit systems, which
gives greater flexibility in financing, permitting larger proj-
ects and more detailed engineering studies. A deterrent to
planning the most economical size of improvements is the
political pressure to spread the money available over the
entire area of agency responsibility.

CHAPTER THREE

DESIGNING THE PAVEMENT

GENERAL BACKGROUND FOR DESIGN

General guidelines exist that are helpful to the pavement
designer. First, the physical characteristics required of any
pavement to provide acceptable performance for a reason-
able design life include:

¢ Suitable geometrics, such as satisfactory horizontal and
vertical alignments and roadway cross section.

e Adequate internal stability to keep distortion of the
surface within tolerable limits.

¢ Ability to distribute pressures to the subgrade that will
keep deformations under wheel loads within acceptable
limits.

® Resistance of the surface to the wear of traffic and the
deteriorating effects of weather and chemical action.

® Resistance to the effects of internal forces such as
expansion, contraction, and warping.

e Limits in load-carrying capacity induced by exposure
elements.

Specific attention should be given to such factors affecting
performance and service life of a PCC pavement as:

o Stability of underlying soils with regard to frost and

moisture volume change.

¢ Quality and uniformity of embankment and pavement
sublayers.

® Water saturation of area beneath pavement.

® Need for control of pumping action.

e Quality and thickness of concrete sufficient to control
stresses and deformation.

® Type and spacing of joints and load transfer to mini-
mize excessive stress levels.

® Weathering and exposure conditions.

¢ Unexpected severe overloadings.

Finally, the prime design considerations are:

® Anticipated traffic for desirable service life including
total number of vehicles and axle load distribution on the
heavier vehicles.

® Subgrade strength and uniformity.

® Concrete properties.

DATA DEVELOPMENT

Before decisions can be made concerning the specifics of
the pavement design, certain data must be developed..

Traffic Characteristics

Much emphasis is placed on the importance of reliable esti-
mates of traffic, including predictions on the distribution of
axle loads. The final data are expressed in terms of num-
ber of vehicles and the axle load distribution during the
selected design life of the pavement. Volume is usually
expressed as average daily traffic (ADT), and axle loads
can be expressed in numbers of 2,000-1b (900 kg) incre-
ments for both single and tandem axles—Portland Cement
Association (PCA) method—or as equivalent 18-kip (8,200
kg) single-axle loads—American Association of State High-
way and Transportation Officials (AASHTO) method. -

The prediction of traffic for design must rely on ac-
cumulated traffic data modified by growth factors or other
changes. Volume data can be obtained from staff field
counts; from state, county, or city traffic maps or traffic
survey reports; or from urban area transportation studies.
This is followed by the application of projections either
based on past statistics from tables for area and functional
classification projections or based on the knowledge and
experience of the agency engineering staff.
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Most states accumulate loadometer data in the format of
the Federal Highway Administartion W4 loadometer tables,
but many of these data are for primary routes. Therefore,
low-volume roads and streets, being more individual in
character, may have few data on which to base estimates.
Local agencies usually must prepare their own data. Some
probability constants of load distribution for various classes
of roads and streets, which were developed by Robbins and
Warnes (8), can be used in predicting axle-load distribu-
tions when more accurate data are not available.

Subgrade Soil Conditions :

The ultimate performance of the pavement depends on the
quality of information on subgrade soils and how it is
utilized in the design. Usually not enough engineering
effort is expended in gathering and evaluating soil data for
low-volume roads and streets. However, this effort is even
more important when low safety design factors are used in
order to cut costs. The soils information available for low-
volume facilities varies widely. Some agencies obtain com-
plete soil surveys and laboratory tests to classify soils in the
upper 3 ft (0.9 m) of an existing roadway. Others merely
assume some standard soil condition without benefit of soil
studies. It is usually desirable for each project to use field
exploration supplemented with laboratory testing or aerial
photographs to determine the range of soil types (usually
AASHTO classification) and their probable behavior. Some
states have agricultural or engineering soil maps or soil data
reports that are helpful in evaluating the soil characteristics.
Performance records on other pavements in the area are
also helpful in locating bad drainage situations, soft or re-
silient spots, frost boils, or soils subject to large volume
changes. It is assumed that bad spots and unsatisfactory
sections of roadway will be corrected.

The final step is to determine the supporting value (CBR
or k) to be used in design of the pavement thickness. This
may be done by testing the roadway soils, by using test data
from other soils in the area, or by using known values for
the particular soil classifications on the road.

Exposure Elements

The availability of data on temperature, number of freeze-
thaw cycles, frost depth, and precipitation varies from lo-

cality to locality. Some state highway agencies have de-

veloped quite complete information and others have little
other than what is available from area weather stations.
Some agencies have helpful data based solely on past
experience.

The traffic use and the anticipated weather conditions
can be evaluated to estimate how frequently deicing chemi-
cals and abrasives should be applied to the pavement. Ade-
quately air-entrained concrete has good resistance to de-
icing chemicals.

Some of the design considerations that are dependent
upon good exposure data are subgrade treatment, amount
of crown, the mixture and its thickness, and the need for
protective coatings.

Aggregates

The quality and location of aggregates suitable for the
project are identified during the planning stage. Require-
ments for grading and processing should be established for
the most likely sources. Test data usually are available
from state highway materials departments or engineering
testing laboratories. If not, sampling and testing is
necessary.

Equipment and Construction Experience

Because lower prices are likely to result when several con-
tractors are interested in a project, design of the pavement
should be considered in light of the construction equipment
and experience available in the area. If the pavement cost
is to be kept to a minimum, the designer must be aware of
the types of equipment used by area contractors and the
production capacity that can be expected. Equipment limi-
tations and operational procedures are also evaluated as
part of the design decision when specifying concrete pave-
ment for low-volume roads. Much of the information on
contractors’ equipment is known to county and city officials.
If not, the state highway agency, equipment manufacturers,
trade associations, or contractors’ groups can provide data.

GEOMETRIC DESIGN

Changes in the geometric section from project to project
and on individual projects increase construction costs and
should be avoided. Additional costs are particularly sig-
nificant for low-volume roads and streets. There is a rec-
ognized need for standardization of the pavement section in
order that available equipment and construction techniques
can be used on these projects (9).

Horizontal and Vertical Alignment

Requirements for paving mailbox turnouts, driveways, and
intersections with concrete on rural roads add much cost
and slow production. Most designers recognize this and
make other provisions for this work.

Expressed concern exists regarding some tendency to
overdesign horizontal and vertical alignment for concrete
paving on low-volume roads. The improvement shouid be
thought of more as a resurfacing procedure fitted into the
existing road. Changes in horizontal and vertical alignment
will usually increase a project’s cost significantly and are
not usually undertaken on low-volume facilities. However,
poor alignment may contribute to traffic hazards at the
higher speeds that are likely on improved surfaces; hence,
a balance must be met.

Most county roads that are to be paved with concrete
have base or surfacing material in place and the new grade
line usually is adjusted to make use of this material. One
Iowa county has a computer program for setting the new
grade line to make maximum use of the material. How-
ever, officials of other counties have attempted to use in-
place materials and have concluded that it was not worth
the effort. Other factors that also may affect the selection
of the grade line include local high water table, probable
snowdrifting, and excavation costs. It appears that when-
ever practicable, the grade line should be fitted to use
existing materials.



City streets have little flexibility in grade lines and
usually no attempt is made to adjust the grade to use exist-
ing materials, although it might be desirable to do so in
some situations.

Pavement and Shoulder Widths

Pavement and shoulder widths on rural roads are influenced
primarily by traffic volume and design speed. PCC pave-
ments built on low-volume roads during the past 20 years
have been from 20 to 24 ft (6.1 to 7.3 m) in width. Pave-
ments for roads carrying up to 750 ADT generally have
been 22 ft (6.7 m) wide. Over 750 ADT, they have been
24 ft. Shoulders vary from 2 to 9 ft (0.6 to 2.7 m), being
mostly 4 ft (1.2 m) wide for lower volumes and 6 ft
(1.8 m) wide for the upper range.

Widths of moving lanes and parking lanes on city streets
vary according to use classification, traffic volume, design
speed, and parking practices. Most moving lanes are 10 to
12 ft (3.0 to 3.7 m) wide; however, 9-ft (2.7 m) moving
lanes have been suggested for residential streets with speeds
under 25 mph (500 ADT with parking and 1,000 ADT
without parking). The Federal Housing Administration has
permitted 8-ft (2.4 m) moving lanes and 8-ft parking lanes
on one-way loop, residential streets. Parking lanes vary
from 6 to 10 ft (1.8 to 3.0 m), but most are 8 ft wide.
Low-volume streets in residential areas vary in width from
25 to 36 ft (7.6 to 11.0 m), measured from back to back
of curb.

CONTROL OF OTHER DESIGN FEATURES

The performance of the pavement is affected by a number
of factors that cannot be logically controlled in mixture or
thickness design. It is more economical to control these
factors in some way to minimize their harmful effects.

Drainage
Pavement Crown

Pavement crowns are provided to drain water from the
surface. Steep crowns drain the water but can also cause
driver control problems. When curved (circular or para-
bolic) crowns are used, flat spots often occur that do not
drain and, thus, hold salt solutions. Curved crowns are also
more difficult and costly to construct. The straight slope
or A-shape crown is much preferred for rural roads, al-
though a few agencies do use curved crowns. City streets
are more evenly divided between the two shapes.

Crown slopes mostly vary from 8 to % in. per foot
(10 to 20 mm/m) with a total crown of 2 in. (50 mm)
for a 24-ft (7.3 m) pavement being a most common value
for low-volume roads. The crown slope for a 36-ft (11 m)
city street ranges from 4 to 6 in. (100 to 150 mm).

In certain cases where deicing chemicals might penetrate
the concrete, pavement crown height may need to be in-
creased to attain good drainage, particularly if burlap drags
that produce longitudinal ridges are used to texture the
pavement. A broom or a groove roller having transverse
ridges and valleys provides good surface drainage.
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Shoulders

Low-volume rural roads, for the most part, have grass
shoulders; however, where vehicles make more use of
shoulders, some granular materials are used. Slopes of
Y% in. per foot (40 mm/m) are common within a %- to
1-in. per foot (20 to 80 mm/m) range. City streets with-
out curb and gutter use both sod and granular materials.
The use of a slope of % in. per foot (20 mm/m) is
common practice for bituminous-treated shoulders.

Ditch Depth and Grade

On low-volume rural roads, ditch depths vary according to
the water table and the soil type. Ditch depths below the
pavement edge range from 3 to S ft (0.9 to 1.5 m) with
4 ft (1.2 m) being common. The minimum ditch grade
varies from a flat grade to a 2-percent value with 0.5 per-
cent being common. City streets without gutter may have
ditches up to 18 in. (460 mm) deep with a minimum grade
of about 0.25 percent. Deeper ditches present a safety
hazard and a satisfactory compromise between good drain-
age and acceptable safety is required.

Curb and Gutter Sections

Low-volume city streets usually have fewer drainage prob-
lems and a neater and more attractive appearance when
curb and gutter are used with catch basins and storm sew-
ers, although this configuration raises the cost. The designs
vary from integral curb on top of the pavement edge to
separate curb and gutter sections from 12 to 30 in. (300 to
760 mm) wide with most being 24 in. (610 mm). In resi-
dential areas, 3- to 4-in. (75 to 100 mm) rolled curbs to
avoid driveway cuts are used, while 6- to 8-in. (150 mm to
200 mm) straight curbs are used for more heavily traveled
streets having higher speed limits. Integral curbs present no
problem with slip-forming equipment and they strengthen
the slab edges.

Subsurface Drainage

Underground drains (pipe with graded granular backfill)
are used to intercept springs, lower the water table, drain
wet spots where flow on top of impervious layers comes out
into the subgrade, or to prevent water from reaching frost
boil areas. Thin low-cost pavements do not have much
capability to bridge unstable areas. Even a few bad spots
in a long stretch of good pavement are not acceptable to the
users.

Subgrade Stability

The success or failure of PCC pavements for low-volume
facilities is extremely dependent on the stability of the
supporting subgrade. It is not practical to correct failures
once paving has been completed. Therefore, a dedicated
effort to locate potential problem areas is required of the
designer.
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Base

It is agreed that base is not required under concrete pave-
ment for low-volume roads and streets except where the
percentage of heavy vehicles is unusually high. Pumping
is not a problem unless there are large numbers of heavy
wheel loads and the pavement foundation is wet.

Frost Boils

Wherever frost penetrates a subgrade having frost-suscepti-
ble soils and a supply of water, pavements of any type can
be seriously damaged. Therefore, these conditions require
some treatment to prevent frost boils. Some Iowa counties
have been successful in placing a 1¥2-in. (38 mm) sheet
of polystyrene on the subgrade over potential or existing
boil areas as an insulation to prevent freezing. However,
this practice is not generally recommended because some
states have had serious problems. Because the pavement is
not heated by the soil below, unexpected icy spots develop
on the surface under certain weather conditions. It is com-
mon practice to remove the frost-susceptible soil to the
average depth of frost and replace it with better soil or
with granular materials. Some prefer to stabilize the prob-
lem soil with lime or cement to a depth sufficient to elimi-
nate the frost action. Selective grading can be used to
minimize the amount of frost-susceptible soil that is di-
rectly beneath the pavement. Frost action also can be pre-
vented by cutting off the water supply to an area by instal-
lation of underground drains.

Each existing or potential frost boil is somehow unique
and tests engineering knowledge and experience to find the
most economical and satisfactory solution. But the costs of

this effort are small when compared with that of repairing’

or replacing the pavement.
Additional information on pavement design in frost areas
can be found in Synthesis 26 (10).

Uniformity of Subgrade Support

Most pavements are designed for a one-subgrade support-
ing value. It is not always economical to design for the
lowest value that may be anticipated. Procedures to up-
grade problem areas and provide uniform support will
assure better pavement performance and permit more eco-
nomical pavement designs as the safety design factors can
be less. Soils often vary widely in their characteristics along
the grade, sometimes changing sharply in their supporting
value. There are also variations in the moisture content
along the grade that affect the supporting value. Today’s
earth-moving and soil-processing equipment can treat the
subgrades to provide uniformity and higher support values
at reasonable prices. Often it is practical to improve the
subgrade if savings can be realized in the design of pave-
ment with a strong likelihood of good performance.

The AASHTO Interim Guide (1) suggests that certain
steps that might be applicable to low-volume roads and
streets be considered during design:

¢ Include an appropriate density requirement for road-
bed soils.

® Provide special treatment for expansive or resilient
soils.

® Treat frost-susceptible soils in frost areas.

® Replace or cover highly organic soils.

® Blend or treat unusually variable soil types.

® Check both surface and subsurface drainage to elimi-
nate water problems.

® Blend or treat cohesionless soils and wet plastic clays
to provide a working roadbed for construction.

These steps are followed by several agencies that have
been building concrete pavements for low-volume roads and
streets. Examples of specific procedures in use are:

® Scarifying the top 6 in. (150 mm) (in some cases 12
to 15 in.—300 to 380 mm) of the subgrade for the full
road width, incorporating the granular materials on the road
and recompacting uniformly near optimum moisture con-
tent to 95 percent of standard density.

¢ Selective placement of soils in upper 3 ft (0.9 m) of
subgrade during grading operations.

¢ Blending, sometimes as much as 1 ft (0.3 m) deep, of
variable soils along the grade, particularly those with a high
plasticity index, to eliminate sudden changes in soil type and
thus improve uniformity of support. In some locations,
blending may involve removal and replacement of material
to greater depths.

® Use of existing granular materials or lime stabilization
to improve support in bad locations and to minimize the
effects of high-volume-change soils.

® When practical, roads are graded one or two years
prior to paving to obtain compaction by traffic and to cor-
rect any problem areas that become evident in the subgrade.

Joints for Stress and Crack Control

Longitudinal Joints

To reduce warping stresses and control longitudinal crack-
ing of concrete slabs, longitudinal joints are placed such
that they divide the slab into widths of usually 12 to 125 ft
(3.7 to 3.8 m) (some cities use 14 to 15 ft—4.3 to 4.6 mm).
Joints may be sawed (d/4 or 2 in.—50 mm—minimum) or
formed by inserting plastic or removable metal strips or
metal keyed joints ahead of the paver. To prevent the crack
over a joint from opening, deformed tie bars (No. 4 or
No. 5, 30 to 36 in.—760 to 910 mm—in length) are placed
across the joint, spaced at 18- to 48-in. (460 to 1,220 mm)
centers with 30 in. (760 mm) being the most common.
However, 48-in. spacing has been used on a large mileage
of low-volume pavements.

Expansion Joints

Many years of experience have shown that the omission of
expansion joints saves money and gives better performance
by reducing exposure to tensile stresses, which are far more
damaging to concrete than compressive stresses. It is gen-
erally agreed that expansion joints in plain concrete slabs
should not be used except in unsymmetrical intersections
and at fixed structures such as utilities, intersecting pave-
ments, bridges, and railroad tracks.

The joints used at these locations range from ¥ - to 1-in.



(25 to 50 mm) premolded bituminous fiber joints to 4-in.
(100 mm) joints using foam plastic or bituminous filler.
Some use dowels at 12- or 30-in. (300 or 760 mm) centers,
but many do not use dowel bars.

Contraction Joints

Joints to control the inevitable cracking of concrete when
it cools and contracts are almost always used for low-
volume roads and streets. Most are sawed (d/4 or 2 in.—
50 mm—minimum) at spacings of 12 or 40 ft (3.7 to
12 m) (mostly at 40 ft for rural roads and 20 ft—6 m—
for city streets). Sometimes fiber, plastic, or removable
metal strip inserts are used. Some agencies use random
spacing of the joints and skew them (4 ft—1.2 m—for a
24-ft—7.3 m—width is common) to improve the riding
quality.

Load transfer usually depends on aggregate interlock. In

practice, dowels generally are not used on low-volume
facilities unless subjected to heavy truck traffic.

Construction Joints

Requirements for construction joints vary widely. A few
place no restrictions on what the contractor may choose to
do. Others require keyed joints with dowel bars at 12-in.
(300 mm) centers or the thickening of the slab at the joint
by 2 in. (50 mm). Construction joints are not usually per-
mitted closer than 10 ft (3 m) to another joint. Because
there is no aggregate interlock across a construction joint,
some type of load transfer is needed. This requirement
should be kept simple and standard to minimize cost.

Joint and Crack Sealants
¥

Hot-poured rubber asphalt is the most frequently used
material. Other sealants are available and are discussed in
greater detail in Synthesis 19 (12).

Protective Surface Coating

Surface coatings have been developed to protect concrete
from the effects of deicing chemicals or extreme freeze-
thaw conditions on the surface of the slab. Although lin-
seed oil and a solvent (mineral spirits or kerosene) in equal
proportions are used, their efficacy is controversial. In some
cases long-range durability studies indicate that the protec-
tive coating may actually accelerate the rate of deteriora-
tion (13). If used, the coating should not influence the
curing method and should be placed only after the con-
crete is dry. Care must be taken in its application to avoid
the creation of dangerous slippery conditions. Such treat-
ments are not needed on properly air-entrained and prop-
erly cured concrete.

Most agencies do not use any protective surface coating
on low-volume road and street concrete pavements. Some
use it only on pavements poured late in the fall that do not
gain full strength before cold weather. Only a few use it
as a regular practice. Because low-volume facilities usually
have a minimum of deicing chemical applications, it is
questionable whether protective coatings are worth the cost.
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Reinforcing Steel

There is general agreement that reinforcing steel is not
needed in concrete pavements for low-volume roads and
streets. It would make the cost of such a pavement pro-
hibitive for its intended purpose. However, selective use of
wire fabric or reinforcing bars can be very effective when
used in bridge-approach slabs, in railroad approaches, over
sections of unsatisfactory subgrade, and in irregularly
shaped slabs having large cutouts. In general, the use of
a jointing pattern that reduces slab lengths to approximately
15 to 20 ft (4.5 to 6.1 m) makes the use of steel un-
necessary.

MIXTURE PROPORTIONS

Quality

The objective in selecting mixture proportions is to obtain
the desired quality by the most economical combination of
materials and the use of proper construction procedures.
This could require the use of a higher proportion of cement
to permit the use of low-quality local aggregates. On the
other hand, less cement and a low water-cement ratio may
be used even though the lower slump may increase the
handling costs. Although materials laboratories of state
highway departments, engineering testing laboratories, the
American Concrete Institute (I4), and the Portland Ce-
ment Association (15) can provide useful information re-
garding concrete mixtures, there is less information avail-
able concerning the quality of concrete that will give
satisfactory performance for low-volume roads and streets
where low cost is a major consideration. The engineer
should have some flexibility to proportion a mixture that
will produce concrete of the desired quality at the lowest
cost for each project. Local agencies have determined what
strength and durability values are necessary to give satis-
factory performance for their low-volume roads and streets.

Flexural Strength

Requirements for flexural strength vary from 450 psi (3,100
kPa) in 7 days to 750 psi (5,200 kPa) in 28 days. In mak-
ing comparisons it should be noted that methods of testing
affect the values. Concrete placed late in the fall may need
higher early strength to offset its slow gain in strength
during the winter months.

Durability

Direct durability tests are not usually performed on con-
crete produced for low-volume projects. In general, dura-
bility varies with compressive strength and the amount of
entrained air. Air-entrained concrete with a 28-day strength
of 3,500 to 4,000 psi (24 to 28 MPa) can be expected to
have satisfactory durability if deicing chemical use is rela-
tively low and if aggregates, cement, and water have the
characteristics to produce durable concrete. Good batch
plant and field control produce uniform quality concrete,
which, in turn, does much to ensure durability. Entrained
air from 4 to 7 percent in the concrete does much to en-
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hance durability while also increasing the yield, increasing
workability, and reducing the bleeding tendency of the
concrete.

Aggregates

Local aggregates available near the job can cut costs. There-
fore, all aggregates that can produce concrete of the desired
quality should be considered. Indications are that a single
coarse aggregate of 1 to 1%2 in. (25 to 38 mm) maximum
can cut production and handling costs and give more uni-
form concrete and better strength. A reduction in the maxi-
mum size also may improve resistance of the concrete to
frost action. With maximum size more than 1% in., special
equipment and care in handling are essential to permit the
use of a single coarse aggregate without segregation, thus
adding to costs.

A single coarse aggregate of 1Y% in. (38 mm) maximum
size is most commonly used. The potential of coarse ag-
gregates for D-cracking should be investigated, especially in
the Midwest.

Gradings of aggregates vary considerably, with the aggre-
gate passing the No. 4 sieve ranging from 30 to 60 percent,
but mostly from 35 to 50 percent.

Cement Type and Content

Type I cement, used with an air-entraining admixture, or
Type I A air-entraining cement are predominantly used for
low-volume roads and streets although other types are used.
Cement content varies widely depending on the desired
balance of strength and durability and the cost of the con-
crete. Severe freeze-thaw areas, locations where large
amounts of deicing chemicals are used, and routes having
high traffic volumes on poor subgrades will require higher
cement factors than areas having milder temperatures and
lower traffic volumes on good subgrades. Engineering
analysis is required to balance the necessary quality of
concrete against its cost because cement content is a major
item in both quality and cost. Cement contents of pave-
ments placed on low-volume roads and streets have varied
from 470 to 570 Ib per cubic yard (280 to 340 kg/m?3)
with a good portion of them between 490 and 515 Ib per
cubic yard (290 and 310 kg/m3). Kankakee County (Illi-
nois) built an experimental concrete project in 1971 using
470 1b of cement per cubic yard (280 kg/m3) with a very
low water-cement ratio. A modulus of rupture (3-point
loading) of 590 psi (4,100 kPa) was achieved in 7 days
and a compressive strength of over 4,600 psi (32 MPa) in
28 days. The quality of the concrete is influenced by the
properties and grading of the aggregate, water content, con-
struction procedures, as well as cement content. All these
factors must be considered together in proportioning a
mixture; cement content cannot be considered alone.

Water Content

Low water content improves both the strength and dura-
bility of the concrete. In addition, low water-cement ratios
are helpful in maintaining the skid resistance qualities of
pavement surfaces. Water-cement ratios on low-volume
road and street projects are reported to vary from 0.39

(4%2 gal per bag—0.4 1/kg of cement) to 0.60 (6% gal per

bag—0.6 1/kg), but most are in the range between 0.44
(5 gal per bag—0.44 1/kg) and 0.53 (6 gal per bag—
0.53 1/kg) . Slumps vary from 1 to 4 in. (25 to 100 mm),
but are mostly 3 in. (75 mm) or less. High-slump concrete
cannot be used with slip-form pavers because of the slough-
ing of the pavement edges. '

Admixtures

Water reducers, retarders, and accelerators have been used
in addition to air-entraining admixtures. However, the
economies of these admixtures should be investigated.

THICKNESS DESIGN

To build concrete pavements that perform well over their
design life with properly balanced construction and main-
tenance costs, it is essential to:

® Provide reasonably uniform support.

® Prevent pumping (if there are repeated heavy wheel
loads).

® Use a joint design that controls warping stresses.

® Design the thickness to keep load stresses within safe
limits.

Pavement Cross Section

Nearly unanimous agreement exists that uniform thickness
of pavement, and integral curbs, is the preferred form for
ease and economy of construction. Thickened edges on the
pavement bottom do not necessarily give better perform-
ance or lower maintenance requirements. Uniformly thick
pavements generally have been constructed for low-volume
roads and city streets in recent years.

Design Methods

Design procedures are based on four sources of informa-
tion: theoretical analysis, laboratory research, test roads,
and pavement serviceability. Other considerations are an-
ticipated traffic, subgrade strength, concrete properties, and
design life for the project. Because flexural stress is critical
in concrete pavements, it is used in thickness design. Con-
crete pavements will take an unlimited number of stress
repetitions without loss of load carrying capacity if the
flexural stress ratio (ratio of the actual flexural stress pro-
duced by a wheel load to the modulus of rupture of the
concrete) is below 0.55. At higher stress ratios the fatigue
principle applies, and only a limited number of the heavier
loads can be carried before the concrete fails. This is why
the reliability of the projections of axle loads is so impor-
tant. Any substantial increases in the actual number and
weights of heavy axle loads on the road over those predicted
and used in the thickness design will reduce serviceability,
increase maintenance costs, and shorten the life of the pave-
ment. As the number and weights of loads increase, the
thickness of the slab and strength of the concrete become
more critical in terms of pavement serviceability and life.
This emphasizes the importance of good control of slab
thickness during construction and uniformity of concrete
quality. It also explains why relatively thin concrete pave-
ments can give excellent service over a long life when they



are exposed to only small numbers of vehicles having heavy
axle loads. .

Reliable data on the number and weights of future traffic
loads, the subgrade strength, and properties of the concrete
must be assembled and a design life selected. The next step.
is to determine the pavement thickness after considering

fatigue life and the projected vehicle loads during the pave- -

ment design life. The PCA method (16, 17) arrives at a
trial pavement thickness by grouping the axle loads in
2,000-1b (900 kg) increments and summing the percentage
of fatigue life consumed by the numbers of vehicles in each
increment. The AASHTO method (1) converts all axle
loads to equivalent 18-kip (8,200-kg) single-axle loads and
then determines the thickness necessary to prevent the
serviceability index from dropping below a selected level
(see Appendix A for examples). States have modified these
design methods and developed other approaches to thick-
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ness design. The basic factors are the same, but the methods
of putting them together vary.

Although the design engineer has little influence on the
predicted traffic volume and weights, he may adjust the
other factors of design life (subgrade support, concrete
strength and pavement thickness) to find an optimum bal-
ance for cost versus service. Several trial combinations are
useful in making the best choices for each job.

Thickness in Use -

Experience accumulated to date indicates that excellent ser-
vice can be expected from properly designed and con-
structed low-volume rural roads having concrete pavements
ranging from 6 to 8 in. (150 to 200 mm) thick and low-
volume city streets having concrete pavements 5 to 7 in.
(125 to 175 mm) thick. At present, 6 in. is by far the most
common thickness for both.

CHAPTER FOUR N

CONSTRUCTING THE PAVEMENT

HANDLING LOCAL TRAFFIC DURING CONSTRUCTION

Careful planning of how best to handle local traffic during
construction should be done long before starting the proj-
ect in order to minimize traffic interference and maintain
good public relations with local residents. Newspaper pub-

licity and personal contacts with residents are desirable to

explain the benefits of the project and the plans for local
traffic movement. Residents can point out their traffic needs
during the construction period and may offer helpful sug-
gestions that can be incorporated in the plan.

Any special problems of getting products to market or of
receiving shipments of materials and supplies can be mini-
mized by working out time scheduling arrangements with
the parties concerned. A well-publicized plan for the use
of detour routes and the scheduling of open intersections
across the project can reduce traffic delays and complaints.
Provisions for temporary surfacing or detours should be
included in the plans. High-early-strength concrete can be
used at intersections to allow opening to traffic in 24 hours.

Again, low-volume roads and streets are primarily land

access facilities, and a well-developed and properly exe-

cuted plan of handling this traffic during construction is
imperative.,

»

' PREPARING THE SUBGRADE®

Although much attention is given to subérade stébility and
uniformity in planning and design, final decisions on the

construction effort and expense often must be made during
construction. '

Blending Varied Soils

Soils of different types can be mixed by scarifying and
blading with the motor grader (Figs. 10 and 11). If greater
depth or more longitudinal movement of the soils is de-
sired, scrapers can be used. If more ‘mixing is wanted,
tillers and pulverizers are used. Removal and replacement
is usually done with scrapers or loaders and trucks when
haul distances are long.

Incorporating Existing Road Materials

Granular materials on the road can be scarified, shaped to
grade, and recompacted in place or they can be bladed to
one side until all required subgrade treatment is completed
and then spread over the surface and compacted. One Iowa
county tries to retain the existing road materials for use in
the top 3 in. (75 mm) or more of the subgrade so that the
fine-grader makes.its cut in this material.

Compacting Subgrade

Although partial compaction is done during the grading
operations, more uniform subgrade support is obtained by
scarifying to a depth of 6 in. (150 mm) or more (even
12 to 15 in.—300 to 380 mm) for the full width of the
grade and recompacting to specified density before fine-
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Figure 10. Scarifying and blending varied subgrade soils.

grading. Sheepsfoot, vibratory, rubber-tired, and steel-wheel
rollers are used depending on the soil types and conditions
(Fig. 12).

Fine-Grading

Rough-grading to within 3 in. (75 mm) of final grade is
common, On rural roads, the electronically controlled fine-
grader gives excellent results. The subgrade should be com-
pacted to the required density before the final pass of the
fine-grader. With the use of a conveyor to take the con-
crete from the batch trucks and move it over the fine-
grader to placement, the fine-grader can be run immediately
in front of the slip-form paver giving a fresh, clean grade
that requires no wetting or paper (Fig. 13). On city streets
grading can be accomplished by motor graders, subgrade
planers, or by hand.

Figure 11. Subgrade shaping.

Moistening of Subgrade

When the fine-grading is not done immediately ahead of the
concrete placement, the grade can be sprinkled or be laid
over with waterproof paper or other type of vapor barrier
so that the concete is not placed on a dry grade that would
remove too much water from the concrete.

MATERIALS HANDLING
Aggregates

Careful handling of aggregates is specified to avoid their
segregation and prevent their mixing with dirt or other
foreign materials regardless of whether using trucks, con-
veyors, endloaders, or clamshells.




Cement

Bulk cement is hauled in tanker trucks and is transferred
to bins by means of air or by gravity flow. Adequate pro-
tection from moisture must be provided during hauling and
storage.

Batching and Mixing

Bin storage and automatic batching plants with large-
capacity central mix units are used for low-volume rural
road construction and large city street projects. Mixing
time can vary from 40 to 75 s, which is often based on
performance testing, with 55 to 60 s being common (18).
Many smaller city projects use automatic batching plants
and ready-mix trucks.

Hauling

End- or side-dump trucks (30-minute time limit) or agita-
tor trucks (90-minute time limit) haul mixed concrete from
the central mix plant. Ready-mix trucks also transport
concrete. At the job site, the trucks approach on either the
grade or the shoulders, the latter only if space is available
and soil conditions permit. The highway agency should
ensure that there are adequate side and overhead clearances
for dump trucks and paving equipment. Examples of possi-
ble obstructions are signs, signals, lights, wires, and trees.

PLACING, VIBRATING, AND FINISHING
Forms or Slip-Form Paver

The use of slip-form pavers is most common for low-volume
rural road projects, whereas forms are more commonly used
on city street projects (Figs. 14 and 15).

Placing, Spreading, Vibrating, and Strike-Off

The haul trucks can dump concrete directly on the grade or
into hoppers that convey it either from the side or over
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the fine-grader into place. The use of hoppers and con-
veyor belts to transport concrete over the automated fine-
grader to be deposited in front of the paver has proven to
be efficient and satisfactory.

The slip-form paver spreads, vibrates, and strikes off the
concrete. Power spreaders, vibratory or tamping-type fin-
ishing machines, or hand spreading and small vibratory
screeds are also used depending on the size of the job and
the equipment that is available. Adequate vibration is es-
sential to ensure uniform density of the concrete (Fig. 16).

Surface Finish

Concrete finishing for low-volume roads and streets gen-
erally follows standard practices (/9). There are different
views about the final surface texture. Some research stud-
ies have shown that transverse rather than longitudinal
texturing is more effective in maintaining an adequate level
of skid resistance over a range of speeds. Transverse tex-
turing also is recommended on the straightaway to remove
water and give better skid resistance. Longitudinal textur-
ing is recommended on superelevated curves for better
directional guidance.

The burlap or artificial turf drag has been used for longi-
tudinal texturing (Fig. 17), but some states are now requir-
ing transverse texturing either by brooming, grooving roll-
ers, or wire combs.

Texturing properly done at the right time to give distinct
ridges and valleys should provide good skid resistance on
low-volume roads and streets for many years.

Joint Installation and Sealing

Longitudinal and contraction joints are mostly sawed and
plastic, fiber, or removable metal strip inserts can be used
to fill the joints. The time of sawing of joints is critical.
Joints should be sawed before uncontrolled cracking oc-
curs, but not so early as to cause excessive spalling at their
edges. The proper time varies according to temperature,

Figure 13. Fine-grading immediately in front of slip-form paver with conveyor to move concrete over fine-grader.
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Figure 15. Slip-forming a 48-ft-wide pavement between previously slip-formed curb and gutter.



Figure 16. Vibrating hand screed used on a city street project.

wind, and humidity as they affect the rate of concrete set.
The sawing crews must be trained and scheduled to saw at
the appropriate time, which often means that sawing crews
must work after placing operations have shut down for the
day.

Most agencies seal the joints although some recent con-
tracts have not required joint sealants, and the performance
to date of the unsealed joints is not noticeably different from
that of the sealed ones. The sealant, usually hot-poured
rubber asphalt, is applied by pressure through a nozzle after
the joints are thoroughly cleaned and dried (Fig. 18). Seal
ing is done before any traffic is permitted on the pavement.
Fiber or plastic strip inserts are nol always sealed.

Surface Tolerances

Surface tolerances on low-volume streets and roads vary
from % in. in 10 ft (6 mm in 3 m) for low-speed city
streets to ¥ in. in 10 ft (3 mm in 3 m) for higher-speed
rural roads. Several agencies are using roughometer stan-
dards as they give a better indication of rideability. Desir-
able levels for construction are 50 to 60 in. of roughness
per mile (790 to 950 mm/km), although low-speed city
streets would not require this level of smoothness.

Curing

White-pigmented liquid membrane applied by machine
through pressure nozzles (two passes are required by some
agencies) is the most commonly used curing agent on low-
volume road and street projects (Figs. 19 and 20). How-
ever, burlap, straw, watertight paper, or plastic sheets such
as polyethylene are sometimes used.

Curing periods range from 3 to 14 days before projects
can be opened to traffic, 14 days being the most common.

o

v Ty
Figure 17. Detail of slip-form placed concrete edge and burlap
drag texture.

SN

Figure 18. Sealing joints with pressure applicator.

Flexural strengths of 550 psi (3,800 kPa) are specified,
although a few require 650 psi (4,500 kPa).

Quality Control

Performance studies show that the type and condition of
equipment and the construction techniques are both sig-
nificant in quality control to ensure good pavement per-
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Figure 19. Machine-placed white-pigmented curing compound.

formance. Each of two Iowa contractors who maintained
their organization personnel throughout the study period
produced pavements with consistently good performance.
Other contractors, whose organizations varied, produced
pavements that had a noticeable difference in rideability.
New York studies indicated that contractor supervision was
a major factor in quality control. Uniformity of geometric
design, pavement standards, and specifications improves
pavement quality, rideability and durability, and also may
lower cost. This uniformity enables contractor crews to
become more proficient in their work.

Continuous contractor supervision and agency inspection
are essential elements in quality control and need to be
stressed on construction of low-volume roads and streets.

Thickness of Slab

Electronically controlled fine-grading and concrete finishing
equipment, when properly used with frequent checking, will
produce a uniform slab thickness. Scratch templates and
other inspection techniques are needed on jobs without this
equipment.

Before and after cross sections, probes from the surface
to the subgrade (sometimes to preset plates) and coring are
used to check pavement thickness., Checks on yield give a
rough indication of the thickness being obtained. Deduc-
tions for thin sections encourage the contractor to provide
proper thickness.

Uniformity of Mixture

A uniform mixture is essential for consistent durability and
good riding qualities. Good control of materials at the
batch plant is necessary for uniform consistency of the
concrete. Today’s automated plant equipment, when prop-
erly checked, regularly inspected and adjusted, produces
uniform concrete. Visual inspection and slump tests at
frequent intervals are used to check uniformity. Radio
communication between batch plant and project site helps
control consistency.

Uniformity of Compaction

Concrete must be well compacted without excess voids and
honeycomb spots. Checks on the performance and use of
the vibrating equipment are necessary.

Riding Quality

Interruptions in the paving operation and lack of uniformity
in the mixture are the most common causes of pavement
roughness. Slip-form pavers require a steady supply of con-
crete to assure uniform forward motion, which is essential
to produce a smooth riding surface. The paving train speed
needs to be adjusted to plant capacity. Two-way radio
communication between the batch plant and the paver is
helpful to regulate delivery of concrete. When forms are



used, stop and start placing and finishing result in a rougher
pavement. Some contractors use computers to schedule
mixing, hauling, and finishing to minimize delays and to
make the most efficient use of the equipment and labor on
the job.

Small street projects are not always so efficiently planned.
But even here a contractor, to get the most out of his labor
and equipment, can do some planning and organizing to
minimize stop and start operations.

Grade checking and careful tamping of the foim line
improve riding quality. Properly used finishing equipment
will reduce the amount of hand finishing nccessary to get a
smooth riding surface. Construction joints are often rough
and special finishing care is needed here to avoid bumps.

Air-Entrainment

It is acceptled that there is a need for amr-entrainment in
concrete pavements. However, getting the correct amount
is crucial. Overmixing and overworking of the concrete
affect the air content. Uniformity in the construction pro-
cedures is necessary to maintain uniform air content. Fre-
quent testing with an air meter is the only way to determine
if the desired level is being maintained.

The air content range is from 4 to 7 percent, with 6 per-
cent being desired on most low-volume road and street
projects.

Curing

Proper curing of the concrete is essential for its strength
and durability. Curing protection must begin as soon as the
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Figure 20. Hand-sprayed white-pigmented curing compound on
city street.

free water has left the surface or the sheen disappears and
materials can be applied without marring the surface. The
temperature, wind, humidity and rate of concrete set affect
the timing. Checks by the inspector are needed to ensure
that curing materials are applied at the proper time.

CHAPTER FIVE

MAINTAINING THE PAVEMENT

Most of the concrete pavements built in the past 20 years
for low-volume roads and streets have required so little
maintenance to date that not much experience is available.

SURFACE MAINTENANCE
Protective Coatings

Protective coatings are not commonly used for low-volume
roads and streets during construction and even less as a
maintenance procedure. Some, such as linseed oil treat-
ments, have been carefully applied where more deicing
chemical use was necessary. Sanding may be required to
assure adequate skid resistance. Very little protective coat-
ing has been laid on city streets.

Joint and Crack Maintenance

Joints and cracks are generally sealed with hot rubber as-
phalt or similar filler in late fall or winter when the open-
ings are the widest. A few agencies have not done any
maintenance sealing to date. Some research is needed to
determine whether sealing is justified. Removal of debris
from the surface will help to reduce the amount of incom-
pressibles that could enter the joints and cause problems.

Surface Repairs

Few surface repairs have been made on the projects de-
signed and built as low-volume facilities. Shallow repairs
are made with hot or cold asphaltic mixes, Cement-sand
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grout is used by some agencies to bond high-early-strength
concrete patches. Others use epoxy resin with cement and
sand or commercial products. Deep repairs usually have
saw-cut edges and high-early-strength concrete patches. Re-
pairs are most effective when the pavement is warm and
dry.

Slippery Surfaces

Low-volume roads and streets normally do not have enough
wear to require corrective treatment of slippery conditions.
A few reports indicate that studded tires have caused
enough wear to pavements to warrant corrective action.
Surface treatments are not always satisfactory. Grooving
with a diamond saw has been used, but in some cases
studded tires wore down grooving effectiveness so quickly
that its cost could not be justified.

Deeper texturing of most low-volume facilities during

construction may generally reduce the need for subsequent

corrective treatment.

DEICING CHEMICALS

Deicing chemicals are used much less on low-volume roads
and streets than on primary routes and arterial streets. The
rate of use varies with local climatic conditions. Deicing
materials are mainly used on curves, hills, and bridge decks,
at stop signs, signals, and railroad crossings. Applications
are rarely continuous over long stretches of roadway.

Spreaders are usually calibrated to avoid excessive ap-
plication of materials. Salt, calcium chloride, sand, and
cinders may be used separately or jointly. The number of
seasonal applications depends on weather, location, and
agency policy (20). Normally, low-volume facility con-
crete, because of low-cost design factors, may not have
the durability to resist numerous applications of deicing
chemicals.

MAINTENANCE OF DRAINAGE

Water trapped along the edge of the pavement is often a
cause of pavement deterioration. Ruts are filled, shoulders
regraded (Y2 in. per foot—40 mm/m—or more), and
ditches cleaned to keep water away from the pavement.
Where rutting becomes too prevalent, aggregate shoulders
can be constructed to reduce maintenance. Gutter drainage
for city streets is maintained by frequent sweeping.

ENFORCEMENT OF LOAD LIMITS

To keep initial costs down, low-volume facilities are gen-
erally designed with a low margin of safety for structural
adequacy. Loads on such pavements should be restricted
to design limits, which are usually the legal limits for the .
area. Lower linmits are used in some areas during the spring
thaw (10). Regular publicity regarding the importance of
keeping loads within these limits and strict enforcement by
the police are essential.

CHAPTER SIX

CONCLUSIONS AND RECOMMENDATIONS

GENERAL CONCLUSIONS

Concrete pavements constructed during the past 20 years
specifically for low-volume rural roads and city streets give
ample evidence that such pavements can be designed and
built to provide many years of excellent service at low
average annual cost. Concrete pavements of this type re-
quire planning and design directed specifically to the desired
level of service in order to eliminate every avoidable cost
and combine the various elements involved to achieve a
high-quality pavement. :

Any agency responsible for the improvement of low-
volume roads or streets might wish to check the following
points to determine whether the use of concrete pavement
can offer the best long-range solution.

® What level of service does the existing road offer?

¢ What are the present annual maintenance costs?

® What are the traffic projections for the next 20, 30, or
so years?

® What are the soil conditions in the project area?

® What available local materials are suitable for concrete?

® Do local contractors have the necessary equipment and
expertise? If not, can they be motivated to acquire such
equipment and train personnel in the building of low-cost
concrete pavements?

® What are the probable costs of a concrete pavement?

® Are sufficient funds available for a project of reason-
able size that would encourage competition and, thus, low
prices?

¢ Considering the probable maintenance costs for such a
pavement, how do the average annual costs over its design
life compare with those for other pavement types?

® What are the relative levels of service for competitive
pavement types?

County highway agencies in Iowa have shown that, with
the proper organizational structure and a high level of pro-
fessional competence, an extensive and effective program of



low-volume road improvement using concrete pavements
can be conducted. Some cities have had comparable suc-
cess. Other highway agencies are investigating PCC pave-
ments for low-volume roads and many others may find it
advantageous to do so in the future.

SUGGESTIONS FOR REDUCING COSTS AND
UPGRADING QUALITY

The following suggestions to reduce costs and upgrade the
quality of pavements for low-volume roads and streets were
offered by questionnaire respondents and panel members:

® Do not overdesign. Fit the road to the traffic needs.

® Use uniform standards and specifications.

® Base design on performance.

e Award contracts of sufficient size to encourage con-
tractor competition.

® Require adequate field inspection and supervision.

® Plan jobs to use slip-form pavers and other high-pro-
duction equipment.

® Recognize the need for a workable mixture to keep
equipment moving to get a smooth surface.

® Minimize hand finishing requirements.

¢ Eliminate expansion joints.

® Do not use reinforcing except for tie bars at longi-
tudinal joints.

¢ Determine whether dowels are necessary on a project-
by-project basis.

¢ Give contractors the option of using locally available
materials, including pit run that passes grading and quality
requirements.

e Use a single size coarse aggregate.

® Permit contractors the option of using belt conveyors
or dumping on the grade, of using sawed or formed joints,
and any proven methods of curing.

® Be receptive to suggestions from contractors that could
offer additional savings.

® Treat frost boils and frost-susceptible soils prior to
paving. .

® Avoid geometric designs, such as cul-de-sacs, that re-
quire large amounts of -hand work.

® Use a standard mountable curb (PCA, 5-in.—125 mm
—suggested height) so that special treatment of driveways
can be omitted. _

® Whenever possible, locate utilities outside the pave-
ment area.

- ® Complete all utility adjustments before paving is begun.
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® Use uniform street and pavement widths and cross
section.

® Use integral curbs rather than detached curb and gutter
sections.

® Extrude integral curb with the slab.

® Plan intersection traffic so that the contractor can pave
continuously in one direction.

® Use high-early-strength concrete at key intersections
and crossings so that they soon can be reopened to traffic.

RECOMMENDATIONS

The review of current practice for low-volume PCC pave-
ments emphasizes the complexities of the operation, the
numerous factors that affect cost and performance, and the
necessity of applying engineering judgment and experience
in making decisions. Engineering is a small portion of the
cost of a paving project and it is recommended that suf-
ficient engineering effort be available to deal adequately
with all phases of the project. A project check list is
included as Appendix B.

Standardization of parts, equipment, and methods has
contributed to reasonable prices for many convenience
products. This is due to higher rates of production and
lower unit costs. Highway agencies and contractor orga-
nizations that are interested in low-volume roads and streets
should coordinate efforts to achieve common standards and
specifications for this type of construction that will provide
good performance at low cost.

RESEARCH NEEDS

® More specific information is needed on joint require-
ments (type, spacing, skewing, and load transfer) for low-
volume facilities. .

® Data concerning traffic patterns, particularly load dis-
tribution, on low-volume roads and streets and simple but
reliable methods of making traffic predictions for these
facilities are needed.

® More cost and benefit data are needed to conduct
economic studies of low-volume roads and streets.

® A thorough study should be made to determine
whether or not sealing of cracks and joints is effective and
whether the cost can be justified. ‘ '

® If local materials are to be used to best advantage,
information is needed on the range in gradation that is .
economical and satisfactory for use in concrete for low-
volume facilities.
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APPENDIX A

THICKNESS DESIGN OF CONCRETE PAVEMENTS FOR

LOW-VOLUME ROADS AND CITY STREETS

Empirical data from a number of organizations indicate
that properly constructed 5- to 8-in. concrete pavements
without reinforcement and without subbase will serve low
volumes of traffic adequately for many years with low
maintenance costs. The pavement thickness required for
any particular project varies with the number and magni-
tude of heavy wheel loads anticipated for the design life of
the pavement, the strength of the concrete, and the uni-
formity and supporting value of the subgrade.

There are two commonly used methods for thickness
design. The PCA method (I6) is based on theoretical

analyses, laboratory data, and field observations. The

"AASHTO method (11) is based primarily on the data from

the AASHO Road Test and modified by analytical studies
and field experience. Generally, the AASHTO method re-
quires less thickness for lighter weights and lower volumes
of traffic than the PCA method. However, the reverse is
true for heavier loads and larger volumes of traffic. In
Example 1, the PCA method results in a design thickness
of 6%2 in. Example 2, which uses the same set of condi-
tions within the AASHTO method, results in a design thick-
ness of 6 in. For lower-volume roads or streets with little



truck traffic, the AASHTO method results in thicknesses
decidedly below the minimum considered desirable for
durability as affected by weathering and traffic.

When loadometer data for a project are not available,
one can use the probable distribution of axle loads as given
in Table A-1 (21) and in Ref. (8), the latter being the
source of data used in Examples 3 and 4.

The examples of thickness design serve to illustrate com-
mon procedures used. The designer should use the best
information available and his best judgment in developing
the following design data for each project:
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® Design life.

® Projected volumes of traffic and the axle-load distri-
bution.

® Subgrade supporting values.

® Concrete strength.

® Load safety factor (usually 1.0 for low volumes of
truck traffic, PCA method).

® Terminal serviceability level (usually 2.0 for low-
volume roads and streets, AASHTO method).

Several trial designs are usually desirable in order to get
the best balance of construction cost and the desired level
of service with low maintenance costs.

CALCULATION OF CONCRETE PAVEMENT THICKNESS

Example 1
Project: .................... Example design procedure for low-volume road by
PCA method (16)
Type: ... ... ... ... ... County rural road with estimated average axle load
distribution (Table A-1)
Number of lanes:............ 2
Designlife: .............. ... 40 years
Current ADT: ... ........... 700
Projection factor: . ........... 1.5
ADTT: ........ ... ......... 12 percent of ADT
Design ADT: . .............. 700 X 1.5 = 1,050
Design ADTT: .. ......... ... 1,050 X 0.12 =126
Total truck traffic in each lane 126
for design life:. . ........... 2 X365 X 40 = 919,800
Subgrade k: ................ 100 (CBR: 3)
No subbase .
Modulus of rupture:.......... 650 psi
Load safety factor (LSF) ... ... 1.0
Trial depth: . ............ ... 6% in.
AXLE
LOAD FATIGUE
‘AXLE X1.0 ) REPETITIONS (NO.) RESISTANCE
LOAD LSF STRESS STRESS USED 2
(Kips)  (KIPS) (psI) RATIO ALLOWABLE EXPECTED  (PERCENT)
Single Axles
22 22 380 0.58 57,000 12,730 22 -
20 20 348 0.54 180,000 22,350 12
18 18 318 0.49 :
Tandem Axles
40 40 400 0.62 18,000 4,210 23
38 38 382 0.59 42,000 9,650 23
36 36 365 0.56 100,000 17,010 - 17
34 34 350 0.54 180,000 25,450 14
32 32 334 0.52 300,000 25,860 9
30 30 317 0.49
Total: 120

a Because total fangue resistance used should not exceed about 125 percent (for 28-day modulus of rupture),
a thickness of 6% in. is adequate for these conditions.
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Example 2

(Same basic data as Example 1)

Project: .. .................. Example design procedure for low-volume road by
AASHTO method (11)
Type: ... .. County rural road with estimated average axle load
distribution (Table A-1)
Number of lanes:............ 2
Designlife: ................. 40 years
Current ADT: ... ........... 700
Projection factor: . ........... 1.5
ADTT: .. ... ... .. ... . ... 12 percent of ADT
Design ADT: ............... 700 X 1.5 = 1,050
Design ADTT: .............. 1,505 X 0.12 =126
Total truclzk tr?ﬁic in each lane ﬁ X 365 X 40 = 919,800
for designlife: . ............ 2
Subgrade k: ................ 100 (CBR: 3) Terminal serviceability: .. ... .. 2.0
No subbase Traffic equivalence factors based on a trial thickness of 6.0 in.
Modulus of rupture:.......... 650 psi Working stress: ............. 75% of 650 psi = 490 psi
NO. OF
EQUIVALENT
AXLE EXPECTED TRAFFIC 18-xIp
LOAD REPETITION EQUIVALENCE. SINGLE-AXLE
(XIPS) (No.) FACTOR LOADS
Single Axles
TABLE A-1 22 12,730 2.32 29,530
AXLES PER 1000 TRUCKS (ADTT)* CALCULATED 20 22,350 1.55 34,640
FROM GENERALIZED PROBABILITY CONSTANTS . 18 51,740 1.00 51,740
(PC) 16 50,960 0.61 31,090 -
14 ) 60,080 0.35 21,030
:’(‘)ﬁg COUNTY RURAL 12 191,040 0.19 36,300
10 ‘ 200,530 0.09 18,050
(KIPS) MIN. AVG. MAX. ga 230,000 0.03 6.900
Tandem: 60 250,000 0.01 2,500
P o 40 265,200 0.002 530
46 0.44 20 13,000,000 0.0002 2,600
44 6.85
42 . ' 16.25 Tandem Axles
‘3‘2 lgig §;”,f; - 40 4,210 3.79 15,960
36 4.85. 18.49 34.85 38 9,650 3.04 - 29,340
g; N %’ﬁ —%ﬁ ;3%2 36 17,010 2.42 41,160
A I
28 2.22 23.73 22.30 , : s
26 222 28.74 22.30 30 25,180 1.13 28,450
24 3.34 21.89 © 2118 28 21,830 0.85 18,560
22 3.34 14.44 21.18 26 26,440 0.63 16,660
20 3.34 14.49 21.18 24 20,130 0.45 9,060
Single: ' 22 13,280 0.32 4,250
26 _1.56 20 13,330 0.22 2,930
24 16.71
22 13.84 33.15 Total: 488,160
20 4.85 24.30 40.44 i
}g ;ggg ;gig 2(7);; a Estimated from traffic data for 2-axle, 4-tire vehicles.
14 99.95 65.32 57.92
}(2) gggg %‘;g:g‘; %32:{3 From the AASHO design chart (11, p. 26), for 488,160

repetitions, working stress of 490 psi, and k= 100, the

a Average daily truck traffic (all 2-axle, 4-tire vehicles and larger). pavement thickness is 6 in.



Examples 3 and 4

Project: ........... e

Design ADT: ..........
Number of axles of truck traffic: .
Subgrade k: ...........

Examples of design procedure for low-volume city
street by PCA Method (16)

Residential/ residential collector with normal axle load
distribution and two moving lanes serving 100 lots
with single-family detached homes
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700 (12) No subbase
3 Modulus of rupture:. .. ... .. .. 650 psi
100 (CBR: 3) Load safety factor (LSF):. .. .. 1.0
Al
Example 3
Designlife: .............. .. 30 years Trial depth: ... ... ... .. .. .. 5% in.
AXLE
LOAD FATIGUE
AXLE X1.0 ' REPETITIONS (NO.) RESISTANCE
LOAD LSF STRESS STRESS USED ®
(Kips)  (KIPS) (psI1) RATIO ALLOWABLE EXPECTED (PERCENT)
Single Axles
20 20 438 0.67 4,500 820 18
18 18 400 0.62 . 18,000 1,330 7
16 16 369 0.57 75,000 40 0
14 14 335 0.52 300,000 4,500 2
12 12 300 0.46 :
Tandem Axles
36 36 455 0.70 2,000 1,500 75
32 32 417 0.64 11,000 2,470 22
Total: 124 °
a 5% in. is adequate depth for a 30-year life with regard to fatigue resistance.
Example 4 '
Design life: ................ 40 years Trial depth: . ............... 6 in.
AXLE
LOAD FATIGUE
AXLE X1.0 REPETITIONS (NO.) RESISTANCE
LOAD LSF STRESS STRESS USED ¢
(xips)  (KiIPS) (ps1) RATIO ALLOWABLE EXPECTED (PERCENT)
Single Axles
20 20 385 0.59 . 42,000 - 830 2
18 18 353 0.54 180,000 1,370 1
16 16 . 325 0.50
Tandem Axles
36 36 407 0.63 14,000 1,500 11
32 32 370 0.57 75,000 3,190 4
Total: F

a With only 18 percent of the fatigue resistance used, 6 in. is adequate for a 40-year life and probably for
a S50-year life. Since fatigue resistance used should not exceed about'}2$ percent (for 28-§Iay modulus of
rupture), it can be noted that 5% in. would not be adequate in fatigue resistance for a 40-year life (Example 3).

!
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APPENDIX B
CHECKLIST FOR CONCRETE PAVEMENT PROJECT ON LOW-VOLUME FACILITIES

A.

B.

Administrative evaluation and decisions

1. Economics and financial evaluation

a. Existing roadway
(1) Initial cost of surfacing
(2) Maintenance costs
(3) Level of service
(4) Estimated resurfacing or reconstruction in-
terval and costs
(5) Average annual cost over a 30- to 50-year
period (possible design life for concrete
pavement)
b. New concrete pavement
(1) Estimate of initial construction cost
(2) Estimated maintenance costs
(3) Comparative level of service—design life
(4) Average annual cost for the design life
c. Availability of funds and possible size of project
2. Utilities in the pavement area
a. Type and location of all utilities
b. Contacts with utility companies on utility plan
c. Changes and adjustments in utilities (location,
surface elevation)
d. Construction procedures required (trenching,
backfilling, compacting, surface finishing)
3. Construction planning
a. Availability of equipment types and construction
expertise necessary to achieve a high rate of
production and good quality ,
b. Coordination with other agencies on standardiza-
- tion in order to encourage contractors to acquire
appropriate equipment and to develop personnel
expertise in its use.
¢. Allowable modification of standards and speci-
fications needed to adapt them to low-volume
facilities
d. Handling of local traffic during construction
(1) Local contacts to determine needs along the
project perimeter
(2) Detours, temporary surfacing, open inter-
section schedule
(3) Advance publicity on traffic plan
4. Enforcement of load limits
a. Coordination and planning with policing agency
or agencies
b. Periodic publicity of enforcement plan
Traffic
1. Sources of data (state and urban area transportation
studies, traffic maps, field counts, land-use studies
and projections)
2. Projections of future traffic
a. Current traffic volumes

b. Possible diversion of traffic from other routes to
the improved route

c. Changes in land use (commercial or industrial
development which would increase traffic, par-
ticularly trucks)

d. Projection factors for growth in traffic

e. Design volume

f. Axle load distribution (field studies, probability
constants)

g. Design speed (conforming to probable operating
speed)

3. Functional classification

. Exposure elements in the project area

1. Precipitation amounts (rain, ice, snow)
2. Temperature ranges and rate of change
3. Freeze-thaw cycles ’

4. Need for deicing chemicals or abrasives

. Soils and subgrade
1. Collection of information (soil maps, aerial photo-

graphs, field borings and observations, performance
of existing road or roads in the area

2. Location of special problems (frost boils; highly
organic, expansive, or resilient soils; abrupt soil-type
changes, soft spots, drainage problems)

3. Treatment of bad spots (replacement, stabilization,
or drainage)
a. Frost boils or highly frost-susceptible soils
b. Highly organic soils )
c. Expansive or resilient soils or soft spots
d. Wet spots

4. Scarifying, blending, compacting for uniformity of
support

5. Incorporation of existing road materials

6. Method of final subgrade cut before placing con-
crete

7. Evaluation of design value of subgrade support

8. Most subgrade for concrete placement

. Drainage

1. Crown (amount and shape)

2. Ditches (side slopes, depth, minimum grade, safety)

3. Curb and gutter
a. Vertical or rolled-type curb
b. Integral curb or separate curb and gutter

4. Catch basins and storm sewer systems for curb
sections

5. Subsurface drainage (springs, frost boils, seepage.
spots)

6. Maintaining drainage away from pavement

. Pavement

1. Geometrics
a. Horizontal and vertical alignment (minimum of
change to reduce costs consistent with expected



b.

service level and use in-place road materials
Width (determined by traffic volume and speed)

. Aggregate sources (processing requirements, blend-
ing possibilities, specification modifications)

d.
e.
Concrete mixture

T pwme a0 o

. Joints
a.
b.
c.

Longitudinal joints (type, location, tie bars)
Expansion joints (type, location, load transfer)
Contraction joints (type, location, load transfer,
spacing, and skew)

Construction joints (location, load transfer)
Sealants (type and method of placement)

Strength and durability standards
Aggregate type, quality, and grading
Cement type and content

Water content

Air content

Admixtures (retarders, water reducers)
Batching and mixing (controls)
Hauling (equipment types, time limits)
Placing and compacting (uniformity)
Finishing (minimize hand finishing)
(1) Riding quality

k.

L
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(2) Surface texture (direction)
Curing (method and timing)
Joint sawing (timing)

Pavement thickness

a.

b.

Reliability of traffic prediction, uniformity of
subgrade support, range of exposure elements,
quality control in construction (margin of safety
in design)

Determination of thickness (PCA or AASHTO
method)

Quality control procedures (contractor and inspector
coordination)

a.

Thickness of slab (form setting, subgrade finish
cut, before and after cross sections, probes with
or without preset plates, cores, yield of concrete
placed)

Uniformity of mixture (grading and consistency)
Uniformity of compaction (uniform vibration
procedures)

Riding quality of pavement (uniformity and
continuity of operation) ’

Air content

Curing procedure
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Protective Coatings to Prevent Deterioration of Con-
crete by Deicing Chemicals (Proj. 6-3), 21 p,
$1.60

Development of Guidelines for Practical and Realis-
tic Construction Specifications (Proj. 10-1), 109 p.,
$6.00°

Community Consequences of Highway Improvement
(Proj. 2-2), 37 p., $2.80

Economical and Effective Deicing Agents for Use on
Highway Structures (Proj. 6-1), 19 p., $1.20

* Highway Research Board Special Report 80.

Rep.

No.
20

21
22
23

24

25
26

27
28
29
30
31
32
33
34

35

36
37
38
39
40
41

42

43
44

45

46

47

48

49

~71p,

Title
Economic Study of Roadway Lighting (Proj. 5-4),
77 p., $3.20

Detecting Variations in Load-Carrying Capacity of
Flexible Pavements (Proj. 1-5), 30 p., $1.40
Factors Influencing Flexible Pavement Performance
(Proj. 1-3(2)), 69 p., $2.60

Methods for Reducing Corrosion of Reinforcing
Steel (Proj. 6-4), 22 p., $1.40

Urban Travel Patterns for Airports, Shopping Cen-
ters, and Industrial Plants (Proj. 7-1), 116 p.,
$5.20

Potential Uses of Sonic and Ultrasonic Devices in
Highway Construction (Proj. 10-7), 48 p., $2.00
Development of Uniform Procedures for Establishing
Construction Equipment Rental Rates (Proj. 13-1),
33 p., $1.60

Physical Factors Influencing Resistance of Concrete
to Deicing Agents (Proj. 6-5), 41 p., $2.00
Surveillance Methods and Ways and Means of Com-
municating with Drivers (Proj. 3-2), 66 p., $2.60
Digital-Computer-Controlled Traffic Signal System
for a Small City (Proj. 3-2), 82 p, $4.00
Extension of AASHO Road Test Performance Con-
cepts (Proj. 1-4(2)), 33p., $1.60

A Review of Transportation Aspects of Land-Use
Control (Proj. 8-5), 41p., $2.00

Improved Criteria for Traffic Signals at Individual
Intersections (Proj. 3-5), 134 p., $5.00
Values of Time Savings of Commercial Vehicles
(Proj. 2-4), 74 p., $3.60

Evaluation of Construction Control Procedures—
Interim Report (Proj. 10-2), 117 p,, $5.00
Prediction of Flexible Pavement Deflections from
Laboratory Repeated-Load Tests (Proj. 1-3(3)),
117 p,, $5.00

Highway Guardrails—A Review of Current Practice
(Proj. 15-1), 33 p., $1.60

Tentative Skid-Resistance Requirements for Main
Rural Highways (Proj. 1-7), 80 p., $3.60
Evaluation of Pavement Joint and Crack Sealing Ma-
terials and Practices (Proj. 9-3), 40 p., $2.00
Factors Involved in the Design of Asphaltic Pave-
ment Surfaces (Proj. 1-8), 112 p., $5.00
Means of Locating Disabled or Stopped Vehicles
(Proj. 3-4(1)), 40 p., $2.00

Effect of Control Devices on Traffic Operations
(Proj. 3-6), 83 p., $3.60

Interstate Highway Maintenance Requirements and
Unit Maintenance Expenditure Index (Proj. 14-1),
144 p., $5.60

Density and Moisture Content Measurements by
Nuclear Methods (Proj. 10-5), 38 p., $2.00
Traffic Attraction of Rural Outdoor Recreational
Areas (Proj. 7-2), 28 p, $1.40
Development of Improved Pavement Marking Ma-
terials—Laboratory Phase (Proj. 5-5), . 24 p-
$1.40

Effects of Different Methods of Stockpiling and
Handling Aggregates (Proj. 10-3), 102 p.,
$4.60

Accident Rates as Related to Design Elements of
Rural Highways (Proj. 2-3), 173 p., $6.40
Factors and Trends in Trip Lengths (Proj. 7-4),
70 p., $3.20

National Survey of Transportation Attitudes and
Behavior—Phase I Summary Report (Proj. 20-4),
$3.20



Rep.

No.
50
51

52

53

54

55

56

57

58

59
60

61

62

63
64
65
66
67

68

69

70
71

72

73
74
74A

74B

75

Title

Factors Influencing Safety at Highway-Rail Grade
Crossings (Proj. 3-8), 113 p., $5.20

Sensing and Communication Between Vehicles (Proj.
3-3), 105 p., $5.00

Measurement of Pavement Thickness by Rapid and
Nondestructive Methods (Proj. 10-6), 82 p.,
$3.80

Multiple Use of Lands Within Highway Rights-of-
Way (Proj. 7-6), 68 p., $3.20

Location, Selection, and Maintenance of Highway
Guardrails and Median Barriers (Proj. 15-1(2)),
63 p., $2.60

Research Needs in Highway Transportation (Proj.
20-2), 66 p., $2.80

Scenic Easements—Legal, Administrative, and Valua-
tion Problems and Procedures (Proj. 11-3), 174 p.,
$6.40

Factors Influencing Modal Trip Assignment (Proj.
8-2), 78 p., $3.20

Comparative Analysis of Traffic Assignment Tech-
niques with Actual Highway Use (Proj. 7-5),
$3.60

Standard Measurements for Satellite Road Test Pro-
gram (Proj. 1-6), 78 p., $3.20

Effects of Illumination on Operating Characteristics
of Freeways (Proj. 5-2) 148 p., $6.00
Evaluation of Studded Tires—Performance Data and
Pavement Wear Measurement (Proj. 1-9), 66 p.,
$3.00

Urban Travel Patterns for Hospitals, Universities,
Office Buildings, and Capitols (Proj. 7-1), 144 p.,
$5.60

Economics of Design Standards for Low-Volume
Rural Roads (Proj. 2-6), 93 p., $4.00
Motorists’ Needs and Services on Interstate Highways
(Proj. 7-7), 88 p., $3.60

One-Cycle Slow-Freeze Test for Evaluating Aggre-
gate Performance in Frozen Concrete (Proj. 4-3(1)),
21p., $1.40

Identification of Frost-Susceptible Particles in Con-
crete Aggregates (Proj. 4-3(2)), 62 p., $2.80
Relation of Asphalt Rheological Properties to Pave-
ment Durability (Proj. 9-1), 45 p., $2.20
Application of Vehicle Operating Characteristics to
Geometric Design and Traffic Operations (Proj. 3-
10), 38 p., $2.00

Evaluation of Construction Control Procedures—
Aggregate Gradation Variations and Effects (Proj.
10-2A), 58 p., $2.80

Social and Economic Factors Affecting Intercity
Travel (Proj. 8-1), 68 p., $3.00

Analytical Study of Weighing Methods for Highway
Vehicles in Motion (Proj. 7-3), 63 p., $2.80
Theory and Practice in Inverse Condemnation for
Five Representative States (Proj. 11-2), 44 p.,
$2.20

Improved Criteria for Traffic Signal Systems on
Urban Arterials (Proj. 3-5/1), 55 p., $2.80
Protective Coatings for Highway Structural Steel
(Proj. 4-6), 64 p., $2.80

Protective Coatings for Highway Structural Steel—
Literature Survey (Proj. 4-6), 275 p., $8.00
Protective Coatings for Highway Structural Steel—
Current Highway Practices (Proj. 4-6), 102 p.,
$4.00

Effect of Highway Landscape Development on
Nearby Property (Proj. 2-9), 82 p., $3.60

85 p., -

Rep.
No.
76
77
78
79
80
81

82

83
84

85
86

87

88

89
90
91

.92

93

94

95
96

97

98
99

100

101
102
103

104

Title

Detecting Seasonal Changes in Load-Carrying Ca-
pabilities of Flexible Pavements (Proj. 1-5(2)),
37 p., $2.00

Development of Design Criteria for Safer Luminaire

Supports (Proj. 15-6), 82p., $3.80
Highway Noise—Measurement, Simulation, and
Mixed Reactions (Proj. 3-7), 78 p., $3.20

Development of Improved Methods for Reduction of
Traffic Accidents (Proj. 17-1), 163 p., $6.40
Oversize-Overweight Permit Operation on State High-
ways (Proj. 2-10), 120 p., $5.20

Moving Behavior and Residential Choice—A Na-
tional Survey (Proj. 8-6), 129 p., $5.60
National Survey of Transportation Attitudes and
Behavior—Phase II Analysis Report (Proj. 20-4),
89 p., $4.00

Distribution of Wheel Loads on Highway Bridges
(Proj. 12-2), 56 p., $2.80

Analysis and Projection of Research on Traffic
Surveillance, Communication, and Control (Proj.
3-9), 48 p., $2.40

Development of Formed-in-Place Wet Reflective
Markers (Proj. 5-5), 28 p., $1.80

Tentative Service Requirements for Bridge Rail Sys-
tems (Proj. 12-8), 62 p., $3.20

Rules of Discovery and Disclosure in Highway Con-
demnation Proceedings (Proj. 11-1(5)), 28 p.,
$2.00

Recognition of Benefits to Remainder Property in
Highway Valuation Cases (Proj. 11-1(2)), 24 p.,
$2.00

Factors, Trends, and Guidelines Related to Trip
Length (Proj. 7-4), 59 p., $3.20

Protection of Steel in Prestressed Concrete Bridges
(Proj. 12-5), 86 p., $4.00

Effects of Deicing Salts on Water Quality and Biota
—Literature Review and Recommended Research
(Proj. 16-1), 70 p., $3.20

Valuation and Condemnation of Special Purpose
Properties (Proj. 11-1(6)), 47 p., $2.60
Guidelines for Medial and Marginal Access Control
on Major Roadways (Proj. 3-13), 147 p.,
$6.20 ’

Valuation and Condemnation Problems Involving
Trade Fixtures (Proj. 11-1(9)), 22 p., $1.80
Highway Fog (Proj. 5-6), 48 p., $2.40
Strategies for the Evaluation of Alternative Trans-
portation Plans (Proj. 8-4), 111 p,, $5.40
Analysis of Structural Behavior of AASHO Road
Test Rigid Pavements (Proj. 1-4(1)A), 35 p.,
$2.60

Tests for Evaluating Degradation of Base Course
Aggregates (Proj. 4-2), 98 p. $5.00

Visual Requirements in Night Driving (Proj. 5-3),
38p., $2.60

Research Needs Relating to Performance of Aggre-
gates in Highway Construction (Proj. 4-8), 68 p.,
$3.40

Effect of Stress on Freeze-Thaw Durability of Con-
crete Bridge Decks (Proj. 6-9), 70 p., $3.60
Effect of Weldments on the Fatigue Strength of Steel
Beams (Proj. 12-7), 114 p., $5.40

Rapid Test Methods for Field Control of Highway
Construction (Proj. 10-4), 89 p., $5.00
Rules of Compensability and Valuation Evidence
for Highway Land Acquisition (Proj. 11-1),
77 p., $4.40



Rep.

No.
105

106
107
108
109
110

111

112

113
114
115
116

117
118
‘119
120
121

122

123

124

125

126
127

128

129

130
131

132

Title

Dynamic Pavement Loads of Heavy Highway Vehi-
cles (Proj. 15-5), 94 p., $5.00

Revibration of Retarded Concrete for Continuous
Bridge Decks (Proj. 18-1), 67 p., $3.40
New Approaches to Compensation for Residential
Takings (Proj. 11-1(10)), 27 p., $2.40
Tentative Design Procedure for Riprap-Lined Chan-
nels (Proj. 15-2), 75 p., $4.00
Elastomeric Bearing Research (Proj. 12-9),
$3.00

Optimizing Street Operations Through Traffic Regu-
lations and Control (Proj. 3-11), 100 p., $4.40
Running Costs of Motor Vehicles as Affected by
Road Design and Traffic (Proj. 2-5A and 2-7),
97 p., $5.20

Junkyard Valuation—Salvage Industry Appraisal
Principles Applicable to Highway Beautification
(Proj. 11-3(2)), 41 p,, $2.60

Optimizing Flow on Existing Street Networks (Proj.
3-14), 414 p., $15.60

Effects of Proposed Highway Improvements on Prop-
erty Values (Proj. 11-1(1)), 42 p., $2.60
Guardrail Performance and Design (Proj. 15-1(2)),
70 p., $3.60

Structural Analysis and Design of Pipe Culverts
(Proj. 15-3), 155 p., $6.40

Highway Noise—A Design Guide for Highway En-
gineers (Proj. 3-7), 79 p., $4.60

Location, Selection, and Maintenance of Highway
Traffic Barriers (Proj. 15-1(2)), 96 p., $5.20
Control of Highway Advertising Signs—Some Legal
Problems (Proj. 11-3(1)), 72 p., $3.60
Data Requirements for Metropolitan Transportation
Planning (Proj. 8-7), 90 p., $4.80
Protection of Highway Utility (Proj. 8-5),
$5.60

Summary and Evaluation of Economic Consequences
of Highway Improvements (Proj. 2-11), 324 p,,
$13.60 .

Development of Information Requirements and
Transmission Techniques for Highway Users (Proj.
3-12), 239p, $9.60

Improved Criteria for Traffic Signal Systems in
Urban Networks (Proj. 3-5), 86 p., $4.80
Optimization of Density and Moisture Content Mea-

53 p,

115 p.,

surements by Nuclear Methods (Proj. 10-5A),
86 p., $4.40

Divergencies in Right-of-Way Valuation (Proj. 11-
4), 57p., $3.00

Snow Removal and Ice Control Techniques at Inter-
changes (Proj. 6-10), 90 p., $5.20
Evaluation of AASHO Interim Guides for Design
of Pavement Structures (Proj. 1-11), 111 p,
$5.60

Guardrail Crash Test Evaluation—New Concepts

and End Designs (Proj. 15-1(2)), 89 p.,
$4.80
Roadway Delineation Systems (Proj. 5-7), 349 p., .

$14.00

Performance Budgeting System for Highway Main-
tenance Management (Proj. 19-2(4)), 213 p,
$8.40 : ’
Relationships Between Physiographic Units and
Highway Design Factors (Proj. 1-3(1)), 161 p.,
$7.20

Rep.

No.
133

134
135
136
137

138

139

140

141

142
143
144
145

146

147

148

149
150

151

152
153

154

155

Title N

Procedures for Estimating Highway User Costs, Air
Pollution, and Noise Effects (Proj. 7-8), 127 p.,
$5.60

Damages Due to Dramage Runoff, Blasting, and
Slides (Proj. 11-1(8)), 23 p., $2.80
Promising Replacements for Conventional Aggregates
for Highway Use (Proj. 4-10), 53 p., $3.60
Estimating Peak Runoff Rates from Ungaged Small
Rural Watersheds (Proj. 15-4), 85 p., $4.60
Roadside Development—Evaluation of Research
(Proj. 16-2), 78 p., $4.20

Instrumentation for Measurement of Moisture—
Literature Review and Recommended Research
(Proj. 21-1), 60 p., $4.00

Flexible Pavement Design and Management—Sys-
tems Formulation (Proj. 1-10), 64 p., $4.40
Flexible Pavement Design and Management—Ma-
terials Characterization (Proj. 1-10), 118 p,
$5.60

Changes in Legal Vehicle Weights and Dimensions—
Some Economic Effects on Highways (Proj. 19-3),
184p.,  $8.40

Valuation of Air Space (Proj. 11-5), 48 p.,
$4.00

Bus Use of Highways—State of the Art (Proj. 8-10),
406 p., $16.00

Highway Noise—A Field Evaluation of Traffic Noise
Reduction Measures (Proj. 3-7), 80 p., $4.40
Improving Traffic Operations and Safety at Exit Gore
Areas (Proj. 3-17) 120 p., $6.00

Alternative Multimodal Passenger Transportation
Systems—Comparative Economic Analys1s (Proj.
8-9), 68 p., $4.00

Fatigue Strength of Steel Beams w1th Welded Stiff-
eners and Attachments (Proj. 12-7), 85 p,
$4.80

Roadside.Safety Improvement Programs on Freeways
—A Cost-Effectiveness Prxorlty Approach (Proj. 20-
7, 64 p., $4.00

Bridge Rail Design—Factors, Trends, and Guidelines
(Proj. 12-8), 49 p., $4.00

Effect of Curb Geometry and Location on Vehicle
Behavior (Proj. 20-7), 88 p., $4.80
Locked-Wheel Pavement Skid Tester Correlation and

Calibration Techniques (Proj. 1-12(2)), 100 p.,
$6.00
Warrants for Highway Lighting (Proj. 5-8), 117

p., $6.40

Recommended Procedures for Vehicle Crash Testing
of Highway Appurtenances (Proj. 22-2), 19 p.,
$3.20

Determining Pavement Skid-Resistance Requirements
at Intersections and Braking Sites (Proj. 1-12), 64
P $4.40

Bus Use of Highways—Planning and Design Guide-
lines (Proj. 8-10), 161 p., $7.60



Synthesis of Highway Practice

No.
1

W

Q & wn B

10

11

12

13
14

15

16

17

18
19

20
21

22

23
24
25
26

27

Title

Traffic Control for Freeway Maintenance (Proj. 20-5,
Topic 1), 47 p., $2.20

Bridge Approach Design and Construction Practices
(Proj. 20-5, Topic 2), 30 p., $2.00
Traffic-Safe and Hydraulically Efficient Drainage
Practice - (Proj. 20-5, Topic 4), 38 p, $2.20
Concrete Bridge Deck Durability (Proj. 20-5, Topic
3), 28 p., $2.20

Scour at Bridge Waterways (Proj. 20-5, Topic 5),
37p., $2.40

Principles of Project Scheduling and Monitoring
(Proj. 20-5, Topic 6), 43 p., $2.40

Motorist Aid Systems (Proj. 20-5, Topic 3-01),

28 p., $2.40
Construction of Embankments (Proj. 20-5, Topic 9),
38 p., $2.40

Pavement Rehabilitation—Materials and Techniques
(Proj. 20-5, Topic 8), 41 p., $2.80
Recruiting, Training, and Retaining Maintenance and
Equipment Personnel (Proj. 20-5, Topic 10), 35 P
$2.80

Development of Management Capability (Proj. 20-5,
Topic 12), 50p., $3.20

Telecommunications Systems for Highway Admin-
istration and Operations (Proj. 20-5, Topic 3-03),
29 p., $2.80

Radio Spectrum Frequency Management (Proj. 20-5,
Topic 3-03), 32p, $2.80

Skid Resistance (Proj. 20-5, Topic 7), 66 p.,
$4.00

Statewide Transportation Planning—Needs and Re-

* quirements (Proj. 20-5, Topic 3-02), 41 p.,

$3.60

Continuously Reinforced Concrete Pavement (Proj.
20-5, Topic 3-08), 23 p., $2.80

Pavement Traffic Marking—Materials and Applica-
tion Affecting Serviceability (Pl’Oj 20-5, Topic 3-
05), 44 p., $3.60

Erosion Control on Highway Construction (Proj.
20-5, Topic 4-01), 52 p., $4.00

Design, Construction, . and Maintenance of PCC
Pavement Joints (Proj. 20-5, Topic 3-04), 40 p.,
$3.60 .

Rest Areas (Proj. 20-5, Topic 4-04), ~ 38 p,
$3.60 '
Highway Location Reference Methods (Proj. 20-5,
Topic 4-06), 30 p, $3.20 .

Maintenance Management of Traffic Slgnal Equip-
ment and Systems (Prol 20-5, Topic 4- 03) 41 p ,
$4.00

Getting Research Findings into Practice (Proj. 20-5,
Topic 11) 24 p, $3.20

Minimizing Deicing Chemical Use (Proj. 20-5,
Topic 4-02), 58 p., $4.00

Reconditioning High-Volume Freeways in Urban
Areas (Proj. 20-5, Topic 5-01), 56 p., $4.00
Roadway Design in Seasonal Frost Areas (Proj. 20-5,
Topic 3-07), 104 p., $6.00

PCC Pavements for Low-Volume Roads and City
Streets (Proj. 20-5, Topic 5-06), 31 p., $3.60



THE TRANSPORTATION RESEARCH BOARD is an agency of the National
Research Council, which serves the National Academy of Sciences and the National
Academy of Engineering. The Board’s purpose is to stimulate research concerning the
nature and performance of transportation systems, to disseminate information that the
research produces, and to encourage the application of appropriate research findings.
The Board’s program is carried out by more than 150 committees and task forces
composed of more than 1,800 administrators, engineers, social scientists, and educators
who serve without compensation. The program is supported by state transportation and
highway departments, the U.S. Department of Transportation, and other organizations
interested in the development of transportation.

The Transportation Research Board operates within the Commission on Sociotechnical
Systems of the National Research Council. The Council was organized in 1916 at the
request of President Woodrow Wilson as an agency of the National Academy of Sci-
ences to enable the broad community of scientists and engineers to associate their efforts
with those of the Academy membership. Members of the Council are appointed by the
president of the Academy and are drawn from academic, industrial, and governmental
organizations throughout the United States.

The National Academy of Sciences was established by a congressional act of incorpo-
ration signed by President Abraham Lincoln on March 3, 1863, to further science and
its use for the general welfare by bringing together the most qualified individuals to deal
with scientific and technological problems of broad significance. It is a private, honorary
organization of more than 1,000 scientists elected on the basis of outstanding contribu-
tions to knowledge and is supported by private and public funds. Under the terms of its
congressional charter, the Academy is called upon to act as an official—yet indepen-
dent—advisor to the federal government in any matter of science and technology,
although it is not a government agency and its activities are not limited to those on
behalf of the government,

To share in the tasks of furthering science and engineering and of advising the federal
government, the National Academy of Engineering was established on December 5,
1964, under the authority of the act of incorporation of the National Academy of
Sciences. Its advisory activities are closely coordinated with those of the National
Academy of Sciences, but it is independent and autonomous in its organization and
election of members.
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