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NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM

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 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 re-
ceives the full cooperation and support of the Federal
Highway Administration, United States Department of
Transportation.

The Highway Research Board of the National Academy
of Sciences-National Research Council was requested by
the Association to administer the research program because
of the Board’s recognized 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 transpor-
tation subject may be drawn; it possesses avenues of com-
munications and cooperation with federal, state, and local
governmental agencies, universities, and industry; its rela-
tionship 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 specialists 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 depart-
ments and by committees of AASHO. 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 Officials. Research projects
to fulfill these needs are defined by the Board, and qualified
research agencies are selected from those that have sub-
mitted proposals. Administration and surveillance of re-
search contracts are responsibilities of the Academy and
its Highway Research Board.

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

By Staff

Highway Research Board

This report reviews the current status of availability of acceptable aggregates for
highway construction, and notes areas where shortages now exist or can be
expected to occur in the forseeable future. Various possible ways for alleviating
shortages, including techniques for benefiting existing low-quality natural aggregates,
and processes for manufacturing synthetic aggregates from various source materials,
including waste materials, are suggested. The research effort was confined to a
workshop-conference and a supplemental literature study that provided a good
overview of the aggregate situation, both present and future. The technologies for
beneficiating existing aggregates and for manufacturing synthetic aggregates remain
to be developed by others. Fourteen principal areas for research were identified
in the study. The contents of this report will be of particular interest to highway
materials engineers and highway research and development engineers, aggregate
producers, and others who are interested in the development of natural resources
or who are involved in waste management and are seeking economical means for the
disposal of waste products.

Highway construction and maintenance in the United States is consuming
sand, gravel, and crushed-stone supplies at a steadily increasing rate that is nearing
and will soon surpass one billion tons annually. Although the nation’s over-all
supply of aggregate is sufficient to meet any forseeable demand, and plant capacity
is presently adequate, the unequal distribution of sources has created local and
regional shortages that are considered critical. As the use rates increase, and
supplies become depleted or unavailable because of zoning restrictions, appreciating
land values, and other similar reasons, the areas of shortage will broaden and the
shortages will become more intense. The work described in this report was under-
taken for the principal purpose of providing a systematic exploration of the
processes, primarily of a technological nature, that could now, or could through
future development, produce additional and perhaps improved aggregates where
conventional aggregate production is insufficient.

The workshop-conference, about which the project centered, was attended by
experts from a wide variety of disciplines, not all of which are usually considered
to interface with the highway field, but which in this instance clearly did so. As
would be expected in an amalgam of this sort, a great variety of ideas were ex-
pressed. Some obviously should be pursued with vigor; some need not be pur-
sued. A few may appear to the highway engineer to be too exotic for real con-
sideration. But occasionally one finds that what is exotic today becomes mundane
tomorrow.

The 14 research project statements that are presented deserve the attention
of all highway engineers faced with aggregate shortages and wishing to become
involved in research directed at improving the supply situation. Entrepreneurs
wishing to develop new enterprises in the highway aggregate supply field will find
more than one of the research project statements to be challenging, because de-
velopmental activities are suggested as well as pure research. The suggestions for
research that may lead to the incorporation of waste. materials as aggregates in
highway facilities are also attractive.
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SUMMARY

- PROMISING REPLACEMENTS FOR
CONVENTIONAL AGGREGATES FOR
HIGHWAY USE

In many areas of the United States the supply of conventional aggregates suitable
for highway construction is becoming, or has already become, depleted. This situa-
tion is compounded because many existing sources are now or will shortly become
unavailable because of economic reasons, through zoning restrictions, pollution con-
trol, and appreciating land values. In localized areas, supplemental aggregates,
either manufactured from specific raw materials or resulting from the beneficiation
or direct use of a waste product, may offer relief and possibly the solution to the
problem of a diminishing supply.
The purpose of this project was to explore the potential for:

1. Production of synthetic aggregates.

2. Beneficiation of unsuitable materials.

3. Use of manufactured and waste materials as supplements and replacements
for conventional aggregates in highway construction.

To establish this potential, a two-day seminar was conducted involving approxi-
mately 50 authorities in various disciplines, including engineering, chemistry,
ceramics, geology, and related sciences. The participants were selected by a five-
man Project Board of Consultants in cooperation with the project staff. The con-
sultant board members also participated in the seminar and in the review of the
project report. ’

Relevant ideas pertaining to supplemental aggregates were introduced at the
seminar and developed as much as possible. The information forthcoming in the
proceedings of the seminar, combined with information obtained from a limited
literature search and from the personal knowledge of the project staff, was the basis
for the project report. A

The findings and conclusions drawn from the research effort are numerous.
Briefly, it can be said:

1. The United States as a whole has an abundant supply of conventional
aggregates suitable for highway construction.

2. There are localized areas within the United States that are seriously deficient
in conventional aggregates.

3. Raw materials for use in the manufacture of synthetic aggregates are
abundant throughout the country.

4. Various beneficiation processes are available to upgrade unsuitable aggre-
gates and waste materials to usable quality.



5. The technical capability exists or can be developed to provide all of the
aggregates of suitable quality needed in the future.

An essential end product of the study was the formulation of detailed project
statements for research efforts that should provide information needed for rapid
relief of the problem of diminishing aggregate supplies in areas now afflicted. Four-
teen statements were prepared by consultants and the project staff. Three of these
are directed to general research needs, as follows:

1. Characterization of acceptable aggregates.

2. Application of plastics to improve aggregates.
3. Identification and cataloging of raw materials for use in the manufacture of

synthetic aggregates.

Before projects directly concerned with the development of promising replacements
can be pursued intelligently, these three projects should be initiated to provide
necessary background information.

The remaining 11 statements are concerned with specific research efforts on
promising replacements and beneficiation techniques. The suggested projects should
yield significant, definitive, practical results for the attainment of supplemental
aggregates for highway use.

CHAPTER ONE

INTRODUCTION AND RESEARCH APPROACH

In 1969, the total number of motor vehicles in the United
States was close to 100 million, and this no doubt will con-
tinue to rise. More than 79 percent of the families in the
United States own automobiles, traveling 960 billion
vehicle-miles per year. Furthermore, it has been forecast
that by 1985 there will be 144 million motor vehicles in
‘the United States and that travel will exceed 1.5 trillion
vehicle-miles per year (8).* Therefore, highway engineers
not only must continue with the design and construction of
-highway facilities, but also must do so at an accelerated
_pace.

Aggregates comprise much of the material required for
highway construction and maintenance. Base courses and
subbases contain 95 to 100 percent aggregate. Bituminous
base, binder, and surface courses may contain more than
90 percent aggregate. Portland cement concrete averages

" about 75 percent aggregate.

Rapid growth in both the highway construction and
structural building areas has increased the demand for high-
quality aggregate materials. Fondriest and Snyder reported
in 1964 (21) that the annual aggregate requirements for
new highway construction were about 580 million tons.
Maintenance of existing facilities requires an additional
170 million tons annually. This total consumption is ex-
pected to increase steadily at a rate of 4 to 7 percent per
year.

Crushed stone, gravel, slag, and sand are the conven-

* References are to entries in the “Selected Bibliography” (Appendix
H).

tional aggregates of highway construction. They have been
used as construction materials from earliest times because
of availability, a usually small effort required to obtain
them, and a generally good record of satisfactory_ per-
formance. This situation is now changing. Although the
United States as a whole possesses an abundant supply of
conventional aggregates suitable for highway construction,
areas exist in which conventional aggregates are not eco-
nomically available or are becoming depleted. The prob-
lem is being compounded because many sources are
becoming unavailable through zoning restrictions, appre-
ciating land values, and air, water, and noise pollution
control.

Highway materials engineers can approach the problem
of a diminishing aggregate supply in one or more ways,
including:

1. Construction of roads with materials other than con-
ventional aggregates, with concomitant alteration of exist-
ing construction practices as may be required.

2. Better utilization of existing and available conven-
tional aggregates through selective use or beneficiation.

3. Improved methods of handling and distributing avail-
able aggregates to reduce the cost of transporting them
from areas that have an abundance of such materials to
localized areas that have cxhausted the available supply.

4. Manufacture of synthetic aggregates as supplements
or replacements for conventional aggregates.



Each approach has merit and all are discussed in the
following. Some, however, are not within the scope of this
study.

Materials Requiring Alteration of Existing
Construction Practices

It is conceivable that at some time in the future the tech-

nology of highway construction in the United States will

advance to where highways will be built on an assembly

line using plastics and other synthetic materials. This type

of construction will require major changes in existing de-
sign and construction practices. Obviously, implementa-
tion will require considerable time, even after feasibility
and practicability have been established. Therefore, such
an approach to the problem of a diminishing aggregate
supply would not provide early relief for the localized areas
now experiencing a problem. Nevertheless, research in this
direction could be worthwhile.

Better Utilization of Existing Supply

Better utilization of existing aggregate supplies is a rea-
sonable and sound approach to the problem of diminishing
aggregate supplies and should be adopted whenever possi-
ble. This approach includes:

1. Adjustment of specifications to permit use of aggre-
gates not meeting current requirements in locations where
their performance would be adequate.

2. Use of additives and blending to improve the per-
formance of marginal aggregates.

3. Beneficiation of low-quality material by removal of
deleterious fractions by washing and heavy-media separa-
tion, or by impregnation, coating, etc.

Substantial quantities of natural aggregates distributed
throughout the country have been discarded or rejected for
the use in past construction activities. These must be re-
examined. Procedures can be taken to utilize many of
these existing natural aggregates. Research is presently
being conducted in this area and should be continued.

Improved Methods of Handling and Transporting

Better and more economical methods of aggregate pro-
duction, handling, and transportation offer definite poten-
tial for alleviating localized problems of shortages of con-
ventional aggregates, both now and in the future. Such
methods need to be explored.

Manufacture of Synthetic Aggregates

The manufacture of synthetic aggregates to supplement or
replace conventional aggregates has great potential. Pres-
ent technology has advanced to where a variety of syn-
thetic aggregates can be manufactured. Raw materials are
abundant in nature and as waste products from industry.
Economics can be expected to be sometimes a restricting
factor in the use of synthetic in place of conventional
aggregates.

OBJECTIVES

The general objective of this project was to study the utili-
zation of modern technology as it applies to production
and upgrading of materials for use as aggregates in port-
land cement concrete, bituminous mixtures, and base
courses. The specific tasks were to:

1. Plan and conduct a seminar including representa-
tives of a variety of disciplines, with emphasis on disci-

. plines outside of the highway area, with the objective of

exploring the possibilities that are available for the pro-
duction of new aggregate materials. This was intended to
include the upgrading of unsuitable aggregates and utiliza-
tion of waste products and other readily available materials,
using new production techniques.

2. Evaluate the ideas evolving from the seminar and
select the promising replacements for the conventional
aggregates for use in highway construction and main-
tenance.

3. Formulate an experimental program to investigate
the feasibility of production, to evaluate the performance,
and to determine the practicality of the selected replace-
ment materials.

SCOPE

The following guidelines were established to provide direc-
tion for the research effort:

1. The current economic feasibility of a new aggregate
material or a new or modified production process must not
influence the seminar discussions.

2. New aggregate materials should be manufactured in
a form that will permit handling, transporting, and using
in a manner similar to conventional aggregates.

3. The new aggregate materials need not necessarily
possess the properties of conventional aggregates.

" 4. The new aggregates need not meet existing specifica-
tions if the desired performance of the system in which
they are incorporated can be obtained.

Although the scope of ‘the project was thus defined, the
discussions nevertheless entered fringe areas at times and
the results are given in the appendices.

RESEARCH APPROACH

To meet the objectives of the project, a two-day seminar
was conducted according to the format of Appendix A to
obtain from experts in a variety of disciplines new ideas
concerning beneficiation of existing aggregates and pro-
duction of supplementary materials for use in lieu of
conventional aggregates, Participants, drawn from several
industries, trade organizations, government agencies, and
universities, represented the disciplines of engineering,
chemistry, ceramics, geology, and related sciences. A
list of the participants is given in Appendix A.

Relevant information from the proceedings of the semi-
nar is given in the prepared papers (Appendix B). Addi-
tional information from a limited search of related litera-



ture and from personal knowledge of the researchers is
presented in Appendices C, D, E, and F. This informa-
tion provides the major data input for the study.

Pertinent findings and conclusions from the research
effort are presented in Chapter Two. These resulted from
evaluation and interpretation of the input data by the
researchers.

Chapter Three describes recommended research efforts.
These essential end products of the study were developed
from a detailed evaluation of the seminar input data and
supplemental information. Implementation of the recom-
mendations should yield significant and practical progress
toward providing replacements for conventional aggregates
where needed.

CHAPTER TWO

FINDINGS AND CONCLUSIONS

The pertinent findings and conclusions of the investigation
have been divided into three categories. Category One
contains findings and conclusions of a general nature re-
garding the relationship between need and supply of aggre-
gates for highway construction now and in the future, and
with regard to means for alleviating a shortage. Category
Two contains findings and conclusions of a specific nature
with regard to possible corrective actions relating directly
to the materials, processes, and procedures of aggregate
production. This category contains ideas relating to the
manufacture of new supplemental aggregates and to the
beneficiation of existing poor-quality materials currently
rejected by specifications. Category Three contains findings
and conclusions of a specific nature pertaining to possible
corrective actions that mostly do not bear a primary re-
lationship to the materials, processes, and procedures of
aggregate production. They include ideas or suggestions
for pavement design changes, specification changes, and
economic changes relative to existing conventional aggre-
gate production practices or material deposits. Data to
support the findings are given in the appendices.

CATEGORY ONE—GENERAL FINDINGS AND
CONCLUSIONS

1. The continually increasing use of conventional aggre-
gates, especially following World War II, has seriously
depleted supplies in many sections of the United States.

2. In the United States as a whole, conventional aggre-
gate production capacity currently exceeds aggregate con-
sumption and there is a supply of conventional aggregate
adequate for all purposes (Appendix C).

3. Local areas exist within each American Association
of State Highway Officials (AASHO) Region where
shortages of conventional aggregate are being experienced
(Fig. C-6).

4. If the average annual increase in total aggregate pro-
duction remains the same as it has for the past decade, and
if the use of conventional aggregate for highway construc-
tion remains at 40 percent of the total production, at least

one of the four AASHO Regions of the United States will
have a critical shortage by the year 1975 (Table C-6).

5. There is a definite need for developing economical
methods of upgrading existing poor-quality conventional
aggregates or for producing new supplemental materials, or
both.

6. The technical capability exists or can be deveioped
for the manufacture of new supplemental aggregate ma-
terials and the upgrading of poor-quality aggregates.

7. Scientists outside of the highway area, with back-
grounds in ceramics, plastics, chemistry, metallurgy, and
mineralogy, can, and are willing to, assist highway engi-
neers in solving the problem of a diminishing aggregate
supply.

8. To meet the expected future aggregate demands for
highway uses, the following can be done to assure a
satisfactory supply:

(a) Increase conventional aggregate production in
areas where supplies are favorable.

(b) Import conventional aggregate into areas ex-
periencing shortages from areas of high aggre-
gate production capacity.

(c) Manufacture supplemental aggregates using local
raw materials or waste products.

(d) Beneficiate existing low-quality natural aggre-
gates.

9. Desired. aggregate properties need to be characterized
for specific uses to provide a basis for producing replace-
ment materials.’

10. Standard specifications for aggregate quality should
be reviewed and, when appropriate, modified to permit use
of conventional aggregates not now acceptable for specific
applications. Such aggregates may be used effectively in
specific locations. Selective use of existing high-quality
conventional aggregates is to be emphasized.

11. As the areas experiencing shortages of conventional
aggregate enlarge, the cost of importation will increase as
the haul distances increase.

12. Production of supplemental aggregates can be eco-



nomically feasible only with continuity of supply and
demand,

13. Quality levels that supplemental aggregates must
possess will vary locally.

14. Any substantial change in the market price for con-
ventional aggregates may be expected to lead to the open-
ing of new sources heretofore considered to be un-
economical.

15. Currently undeterminable future developments in
vehicular and pavement design could reduce the demand
for aggregates.

16. Solutions to solid waste disposal problems could
result in economical supplemental aggregate production.
One possibility would involve the application of heat from
the incineration process to supplemental aggregate kilns or
sintering grates where combustible waste residue could be
used as one component of the supplemental aggregate.

17. No single universal solution to the problem can be
expected; different solutions will be utilized in different
areas.

18. The United States is not alone in facing the problem
of a diminishing aggregate supply. Other countries, includ-
ing Great Britain, are experiencing a similar problem.

19. The general decrease in the required levels of aggre-
gate quality with increased depth below the wearing surface
needs to be recognized in aggregate use.

20. In the past, the cost factor has been the principal
motive for using nonconventional aggregates.

21. Present synthetic aggregate production totals ap-
proximately 12 million cubic yards annually in the United
States, but makes up only a very small part (1.2 percent)
of the total aggregate market. Almost all of the synthetic
material produced is lightweight aggregate. The market
for synthetic aggregate now exceeds the supply, and the
shortage can be expected to become much more critical in
the future.

CATEGORY TWO—SPECIFIC FINDINGS DIRECTLY
RESPONSIVE TO THE PROBLEM

1. Raw materials for producing supplemental aggregate
include clays, shales, marls, industrial wastes, and mine
tailings. One or more of these raw materials is available
in regions that are experiencing a shortage of conventional
aggregates.

2. Supplemental aggregates can be produced for a given
purpose that are better than any available natural aggre-
gate. Pore structure, chemical composition, particle shape,
as well as other properties of aggregate appear to be sub-
ject to production control.

3. Speciality aggregates offering specific qualities such
as high skid resistance and high wear resistance are
currently being produced.

4. Means for providing supplemental aggregates include:

(a) Heat treatment of raw minerals.

(b) Chemical or thermochemical processing of raw
minerals or solid wastes from conventional ag-
gregate production.

(c) Pelletizing of fine minerals and beneficiation to
suitable quality.

(d) Utilization of solid wastes.

(e) Beneficiation of low-quality aggregate.
(f) Utilization of marine deposits. .

5. From an economic and continuous-supply basis, low-
cost natural materials that can be combined in a precision-
formulated raw mix and processed to an aggregate by heat
treatment appear to be the most promising raw materials
for supplemental aggregate. In some cases, in situ earth
materials can be transformed into suitable aggregate by
heat generated by underground nuclear blasts.

6. It is feasible to produce aggregates from available
fine materials by agglomeration followed by one or more
supplementary processes of beneficiation such as:

(a) Coating.

(b) Impregnation with plastics or other materials.
(c) Blending. )

(d) Mechanical processing.

7. Chopped rubber tires, crushed battery cases, struc-
tural building rubble, mine tailings, ceramic waste,
scrap plastic, and other materials of a similar nature have
potential for use in local areas as supplemental aggregates
for highway construction. Many of these materials have
the chemical and physical characteristics required of con-
ventional aggregates and need only to be recovered, sepa-
rated from deleterious substances, and crushed and sized.

8. The conversion of waste materials into aggregate for
highway construction is a problem that involves technology,
economics, and social concern (84). Increasing social con-
cern regarding the environment will ultimately make the
utilization of some waste materials of economic importance.

9. Steel cans and scrap automobiles can be compressed
and shredded for use in portland cement concrete. Such
materials might reduce the required amount of conven-
tional aggregate and strengthen the concrete, but might also
lead to durability problems.

10. Certain organic materials, although capable of pro-
viding some of the desirable qualities of supplemental ag-
gregates for pavement construction, may be seriously de-
ficient in others. Some undoubtedly would degrade by
bacterial action, develop a bad odor, and produce pressure
build-up that would result in poor performance.

11. Lightweight supplemental aggregates can be trans-
ported at less cost.

12. A supplemental aggregate for use in portland cement
concrete should have an appropriate modulus of elasticity,
acceptable thermal expansion characteristics, and a low
drying shrinkage potential.

13. Supplemental aggregates should have adequate me-
chanical and chemical bonding with the matrix and should
have no deleterious chemical reaction with the matrix.

14. Supplemental aggregates, especially when intended
for use in the surface layer of pavements, should have a
high abrasion resistance. An aggregate that would wear
differentially within itself or between itself and the matrix
might provide this property.

15. The development of a supplemental aggregate that

- has a phase change or some great energy release when

covered with ice or snow would be desirable. Such an
aggregate would reduce winter maintenance efforts on
pavements in severe climates.

16. An aggregate with built-in skid resistance might be



produced by processing materials that have an affinity for
other materials possessing different fusion points. For
example, a clay could be heated in a kiln and then mixed
with a material having a higher melting point and possibly
greater hardness. Small quantities of the hard material
might form a skin on the fused clay mass and result in a
coated aggregate of high skid resistance.

17. The surface characteristics of an aggregate could be
altered by pretreatment to promote binder adhesion and
possibly a rehealing capability in flexible pavement systems
to produce the most desirable properties.

18. An aggregate possessing a reheal capability can be
produced wherein the capability is stored in the aggregate
and released over a period of time, while permitting the
aggregate to retain its outward surface characteristics.

19. Cement clinker can be used to produce an artificial
aggregate. The aggregate will react with portland cement
paste to produce an excellent aggregate-matrix bond. A
“gradual interface” bond will be produced, alleviating stress
concentration problems that otherwise might exist.

20. Flax fiber and asbestos fiber have application in
bituminous pavements as partial replacements for conven-
tional aggregates and as reinforcing materials.

21. A low-modulus supplemental aggregate could be
produced by the use of plastics in combination with finely
divided minerals. Such an aggregate should not be used in
long-term exposures to light and heat because of potential
degradation under this condition.

22. Some of the silicones and other materials, including
linseed oil, may offer potential for aggregate coatings.

23. “Instant aggregate” that pops up to size in the pres-
ence of moisture might be produced. Some type of “foam-
ing” concept might be feasible.

24, Coatings can be produced on low-quality aggregates
by physical, thermal, chemical, or combined processes.
Such coatings have the potential of preventing intrusions
of harmful substances, and of increasing strength, wear
resistance, skid resistance, durability, and bond between
the aggregate and the matrix.

25. Porous aggregates of low quality may be benefici-
ated by impregnation with plastics and then polymerization
through catalytic or thermal action.

CATEGORY THREE—SPECIFIC FINDINGS INDIRECTLY
RESPONSIVE TO THE PROBLEM

1. Changes in the transportation cost structure to make
longer hauls of conventional aggregates from existing
sources more economical offers one means of overcoming
shortages in certain critical areas.

2. Changes in design practice could sometimes bring
about a better utilization of the properties of existing
materials. New concepts regarding cross section, construc-
tion methods, and other pertinent features might be
involved.

3. Consideration should be given to developing methods
of testing for those properties that relate directly to per-
formance. Current practices are based on such empirical
test methods as the Los Angeles abrasion (ASTM C-535)
and the sodium sulfate soundness (ASTM C-88), which
almost certainly are not applicable to many materials. The
probable rejection of some usable materials on the basis
of these tests, and the acceptance of others that should not
have been used, must be recognized.

4. Deep mines or quarries for conventional aggregates
under or adjacent to metropolitan areas might be consid-
ered to extend the existing supply. A changing economic
picture might make this approach more attractive.

5. Desirable properties of supplementary aggregates for
bituminous mixtures, for portland cement concrete, and for
base or subbase courses are not all the same. This should
be considered carefully in developing an artificial aggre-
gate or in selecting a replacement for a mineral aggregate.

6. The use of special binder additives in the pavement
wearing course to improve the adhesion between tires and
pavement or other properties may be a feasible method for
obtaining acceptable skid resistance, while permitting the
use of aggregates not meeting present requirements.

7. Steps can be taken to better utilize existing natural
aggregates and to reduce substantially the quantities of
natural aggregate waste material being produced.

8. Increased use of performance-type specifications
might do more to extend the supply of conventional
aggregates than any other single item.

CHAPTER THREE

SUGGESTED RESEARCH

Many research projects for extending and increasing the
supply of aggregate for highway use are suggested through-
out this report. Only those that appear to the researchers
to have the greatest potential for yielding significant re-
sults of practical value are described and outlined in some

detail in this chapter. The suggested programs are designed
to serve three purposes: to characterize acceptable aggre-
gates, to evaluate materials related to the development or
improvement of aggregates, and to develop replacement
aggregates. The researchers found the selection of projects



for inclusion in this chapter to be extremely difficult, and
are aware that universal agreement on the selections can
never be achieved.

GENERAL RESEARCH NEEDED

Before projects concerned directly with the development of
acceptable aggregate replacements can be undertaken with
an optimum expectation of success, certain background in-
formation must be developed. The single most important

task is the definition of the minimum aggregate qualities

related to specific uses, and to the climatic environments
under which they will be used. Minimum standards are
necessary guidelines for those who would manufacture new
aggregates.

Plastics might be used in many ways to increase the
aggregate supply. However, because so many are available,
plastics themselves must be evaluated before projects re-
lated to their use with aggregates are undertaken.

Currently no inventory of the possible raw materials
from which to make synthetic aggregates exists. This
inventory is a necessity for intelligent consideration of the
utilization of these materials for new aggregates.

1. Characterization of Acceptable Aggregates

Estimated Time: 5 years
Estimated Cost: $500,000

Problem

Information on the correlation between aggregate prop-
erties and the performance of aggregates in highways, and
on appropriate test methods predictive of performance,
need to be developed. The lack of this information pre-
sents a major obstacle to better utilization of currently
available aggregates and to the development of new sup-
plies of aggregates for highway construction.

Objectives

1. Determine the correlation between quantitatively dif-
ferent levels in aggregate properties and aggregate per-
formance in highway construction.

2. Develop suitable test methods for predicting field
performance through review and evaluation of existing
tests, where appropriate, and develop new test procedures
where existing methods are inadequate or nonexistent.

3. Develop aggregate specifications based on fundamen-
tal properties. These specifications would include relation
to performance criteria in order that aggregate selection
can be suited to the requirements of a particular job and
location.

Program

1. Review of existing test methods of a steering commit-
tee composed of (a) engineers knowledgeable in highway
construction, performance, and testing; (b) scientists knowl-
edgeable in characterization of raw materials and products;
and (c) geologists and plastics experts. This committee
first should determine the aggregate properties and the
existing test methods that correlate with performance, then

recommend the aggregate properties that require further
investigation and the test procedures that should be de-
veloped. The committee should meet bi-monthly, after
formulation of the initial plan, to review the project per-
formance and to determine the direction of the research.

2. Investigate in the laboratory the characterization of
aggregates in accordance with the plan previously devel-
oped. It is anticipated that the characterization would
evaluate the variety of aggregates that have known differ-
ences in field performance. The properties evaluated may
include: Strength, pore quantity, toughness, particle size
distribution, pore size distribution, particle shape, abrasion
resistance and hardness, wettability by different classes of
cementitious agents, adhesion strength to different types of
cementitious agents, drainage characteristics and water re-
tentivity, thermal expansion, moisture expansion, surface
characteristics, soundness of a composite under repeated
temperature and moisture cycling (weatherability), com-
position, soluble salts.

3. Prepare proposed specifications for aggregate proper-
ties based on the knowledge gained from the research out-
lined previously. The specifications should recognize dif-
ferent levels of performance to assist in the characterization
of aggregates for particular job localities and requirements.

Note: This project is relevant to the other projects sug-
gested in this section. Because of its size and urgency, it
might be divided into several projects to be undertaken
by more than one research organization. One of the main
functions of the steering committee would be to maintain
coordination and continuity.

2. Application of Plastics to Improve Aggregates

Estimated Time: 4 years
Estimated Cost: $300,000

The word “plastics” encompasses a great many chemical
types, including those referred to as resins and polymers.
Two broad classes exist: thermoset plastics and thermo-
plastic plastics. Thermoset plastics become permanently
set or rigid when subjected to heat treatment or curing;
thermoplastic plastics do not.

Thermoset Plastics.—The following are all members of
the thermoset plastic family: Phenol-formaldehyde, urea-
formaldehyde, melamine-formaldehyde, polyesters, epoxys,
styrene-polyesters, allyl. Thermoset plastics, when chemi-
cally reacted with the addition of heat and pressure, be-
come materials that are practically infusable and insoluble
to most organic solvents. Prior to heat and pressure treat-
ment, they are soluble in a variety of solvents. Aggregates
could be impregnated or coated with these plastics and heat
treated to bring the plastics to their insoluble state.

Thermoset materials have their greatest potential for use
with porous aggregate. They also could be used with finely
divided minerals to heat-form a shaped aggregate that later
would be heat treated. Thermoset plastic scrap from mold-
ing plants could be used as filler material. Cost is likely
to be a major deterrent in the use of these materials.

Thermoplastic Plastics.—The following are thermoplas-
tic plastics: Styrene, cellulosics, polyolefins, polyvinyl
chloride, polycarbonates, acetal, polyamides, methacrylate,



styrene-butadiene, styrene-acrylonitrile, acrylonitrile-buta-
diene-styrene. Thermoplastic plastics are manufactured
commercially in large quantities and are readily available.
They can be processed and reprocessed by the addition of
heat and pressure, and dissolved in a variety of organic
solvents for use as coatings. Liquid monomers of some of
the listed plastics are available.

The use of thermoplastics has considerably greater po-
tential than the use of thermoset materials because the
availability of such materials has continuously increased
the demand for their commercial applications. Large quan-
tities of scrap plastics are available at costs considerably
below those of the virgin materials. Scrap thermoplastics
may be used as filler materials, either cold- or heat-
processed, and as solvent solutions for coating aggregates.

Scrap thermoplastics may be obtained from plastic
processing plants from sprue and runner systems, and from
molding in compression, transfer, and injection machines.
The scrap is normally either sold for reprocessing, or
incinerated. Large volumes are available, especially on the
East Coast and in the Midwest.

The use of virgin thermoplastics may be justified where
high-grade synthetic aggregates are needed. However,
scrap plastics could be used economically to produce syn-
thetic aggregates with physical, mechanical, and chemical
properties not much different from those obtained with
virgin plastics. The strength properties of both virgin and
scrap plastics of both the thermoset and thermoplastic
types could be improved with fiber glass reinforcement.

The Portland Cement Association is now investigating
the use of ground polyolefin scrap in place of sand in con-
crete. Improvements in the mechanical properties of the
concrete are anticipated.

Objectives

1. Search the plastics literature and industry for plastics
that are economically suitable and might be applicable
for use in synthetic aggregates. Determine the quantities
needed and available of acceptable virgin and scrap
materials.

2. Investigate and evaluate test procedures that can be
used to evaluate adequately synthetic aggregates containing
plastics.

3. Evaluate the applicability of plastics for use in the
beneficiation of or in the production of an aggregate.

Program

1. Review and evaluate literature pertaining to research
previously performed and programs currently in progress
or proposed.

2. Determine the compatibility of inorganic aggregates
and organic plastic compounds as affected by heat aging in
the presence of water and light.

3. Determine if volume changes in the plastics due to
temperature and moisture changes are compatible - with
changes in binders for the intended uses of the aggregates.

4. Determine the desirable amount of plastic material to
be used in synthetic aggregates.

5. Investigate the compression and flexural strengths of

synthetic aggregates containing plastics when subjected to
thermal cycling in the presence of water.

6. Develop test procedures for laboratory and field stud-
ies for the determination of requirements for specifications.

7. Determine the correlation of test data obtained with
and without synthetic aggregates containing plastics and
perform data analyses.

8. Field test those materials which the previous analyses
have determined to be most promising for highway use.

Reference (92).

3. Identification and Cataloging of Raw Materials for
Potential Use in the Manufacture of Synthetic Aggregates

Estimated Time: 2 years
Estimated Cost: $400,000

Problem

Declining resources of natural aggregates suitable for
highway construction, from the viewpoint of quality and lo-
cation, prompt immediate exploration of raw materials po-
tentially convertible to suitable aggregates by presently
known processes. Many potential raw materials are avail-
able throughout the United States. These include, but are
not limited to, the following:

1. Waste materials:

(a) Accumulated wastes (ponded slurries, tailings,
slag dumps, etc.)

(b) Currently produced wastes (fly ash, boiler slag,
slag from processing of iron and steel, copper,
nickel and phosphate, chrysotile tailings, phos-
phogypsum, waste lime, alumina red and brown
muds, incinerator residue, lignite ash, collected
mineral dusts, etc.)

2. Naturally occurring shales, clays, and slates:

(a) Materials suitable for production of synthetic
aggregates.

(b) Materials suitable for production of brick, but
not for synthetic aggregates.

(c) Materials unsuitable for brick or aggregate pro-
duction, but suitable for upgrading by use of
additives.

Objectives

1. Determine inorganic materials suitable for production
of synthetic aggregates.

2. Determine the potential of such materials for use in
the manufacture of synthetic aggregates.

Program

1. Catalog naturally occurring and waste materials hav-
ing potential use for the production of aggregates by
thermal, hydrothermal, or air-hardening processes.

2. Compile the following information on potentially use-
ful materials:

(a) Location-distance from likely points of use,

(b) Quantity (accumulated and annual production).

(c) Chemical and mineralogical composition (aver-
age and range).



(d) Physical state (particle size, ponded or dry,
uniformity).

(e) Beneficiation feasibility and requirements to pro-
duce a uniform and continuous supply.

(f) Estimated processing requirements—thermal, hy-
drothermal, air-hardening (rotary kiln, sintering
strand, autoclave)—and the economics involved.

3. Make a preliminary judgment of the potential of the
materials that have been cataloged for use in the manu-
facture of aggregates. For promising materials, indicate
the information needed to convert each material to an
aggregate.

References (1, 2, 3, 19, 65, 81, 84, 101, 102, 103).

RESEARCH NEEDED ON PROMISING REPLACEMENTS
OR BENEFICIATION TECHNIQUES

Conventional aggregates can be supplemented by upgrading
low-quality aggregates or by creating aggregates from new
sources. The following projects are those believed most
likely to yield significant definitive practical resutls. In
some cases, feasibility studies are needed before the projects
can be initiated.

4. Use of Calcareous and Argillaceous Materials to
Manufacture Synthetic Aggregates by High-Temperature
Transformation

Estimated Time: 5 years
Estimated Cost: $500,000

Problem

Calcareous and argillaceous materials occur in large
quantities in virtually all geographical regions of the United
States. These materials may be transformed into high-
quality aggregates by processing at temperatures in excess

of 1,900 F in rotary kilns, sintering strands, shaft kilns, or .

Lepol kilns. Although the technology exists to make such
aggregates, no significant production of aggregates from
these materials utilizing the high-temperature process has
occurred.

Objectives

1. Determine existing and potential procedures for man-
ufacturing acceptable synthetic aggregates from abundantly
occurring calcareous and argillaceous materials using high-
temperature transformation techniques.

Program

1. Explore existing and potential procedures for making
aggregates from calcareous and argillaceous materials by
high-temperature conversion.

2. Select and refine the most promising procedures for
synthetic aggregate production by high-temperature con-
version. '

5. Use of Abundant Earth Materials and Moderate Heats
for Production of Synthetic Aggregates

Estimated Time: 4 years
Estimated Cost: $250,000

Problem

Clays, shales, and similar materials exist in nearly all
areas of the United States, including those areas having
conventional aggregate shortages. These materials are not
suitable for use as aggregates in their natural forms, but
may be transformed into suitable aggregates by proper
processing. The potential exists of processing these ma-
terials into suitable aggregates at temperatures of 1,200 F
or less, rather than the high temperatures of 2,100 F
required for the manufacture of lightweight aggregates.

Objectives

1. Develop new manufacturing methods or modifications
of existing methods for the production of aggregates from
argillaceous materials without requiring excessive tempera-
tures for transformation.

Program

1. Investigate thermal processing methods of agglomerat-
ing argillaceous materials. These methods would be dis-
tinct from the existing process of manufacturing lightweight
aggregate from clay, in that lower temperatures would be
employed. There would be no attempt to vesiculate the
clay or shale. The temperatures to be employed would be
just sufficient to produce an agglomerate that would have
resistance to attack by water and have the required
strength. It is anticipated that a temperature elevation to
1,200 F would be employed, as distinct from the tempera-
ture of approximately 2,100 F presently used in lightweight
aggregate manufacture. Use of the lower temperature
would result in lower fuel consumption, greater produc-
tion through a given size furnace or kiln, and equipment
that is simpler to operate. However, a lower-quality
aggregate would be produced.

2. Design equipment for accomplishing the thermal
processing developed. Consideration should be given to
equipment that would be portable and accomplish the raw
material pick-up, thermal processing, and positioning of
the aggregate on the highway right-of-way in one pass.
Such equipment might also provide for the addition and
mixing of a cementitious substance in paving applications.

6. Protective Ceramic Coatings for Aggregates

Estimated Time: 5 years
Estimated Cost: $400,000

Problem

Some unsatisfactory natural or synthetic aggregates may
be upgraded by a ceramic coating that would reduce or
prevent penetration of the aggregates by undesirable ele-
ments, reduce or prevent undesirable reactions with the
matrix, and possibly increase the bond between the aggre-
gates and the matrix. The degree and type of beneficiation
needed will depend on the aggregate and its intended use.
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Objectives

1. Develop ceramic coatings, and means of application,
that would improve unsatisfactory aggregates so that they
may be used for various purposes in highway construction.

Program

1. Review the various means and types of ceramic coat-
ings that can be produced. Vapor deposition, ion exchange,
flame spraying, as well as the more conventional ceramic
techniques, should be considered.

2. Investigate the most promising coatings and determine
whether or not they would be both economical and practi-
cal for production.

3. Evaluate promising feasible coatings and demon-
strate their benefits by laboratory tests and field use.

7. Protective Plastic Coatings for Aggregates

Estimated Time: 4 years
Estimated Cost: $300,000

Problem

Some unsatisfactory natural and synthetic aggregates may
be upgraded by plastic coatings. Such coatings may pre-

vent attack of the aggregate by corrosive elements, prevent,

undesirable reactions with the matrix, and, possibly, en-
hance bond with the matrix. The amount of beneticiation
and the quality or type of coating must be determined for
the particuiar aggregate as influenced by its intended use.

Objectives

1. Develop plastic coatings that will beneficiate unsatis-
factory aggregates for various uses in highway construc-
tion.

Program

1. Review various types of plastics and means of coating
aggregates. Among other materials, latex water emulsions
should be considered. They have been shown to improve
tensile bond strength between mortars and brick and it is
anticipated that they would result in improved adhesion
between aggregate and portland cement paste.

2. Evaluate those plastics showing the most promise for
their practical value and cost of production.

3. Demonstrate the benefit of the coatings by laboratory
tests and field use.

8. Impregnation of.Aggregates with Plastics

Estimated Time: 4 years
Estimated Cost: $200,000

Problem

Some low-quality, porous, natural or synthetic aggregates
may be upgraded by impregnation in much the same man-
ner as concrete has been impregnated with plastics. Im-
pregnation of the aggregate may increase its strength, pre-
vent attack by corrosive elements, prevent undesirable

reactions with the matrix and, possibly, enhance bond to
the matrix. The type of plastic and the amount of im-
pregnation required will depend on the particular aggre-
gate and its intended use.

Objectives

1. Improve low-quality natural or synthetic aggregates by
impregnation with plastics so that they can be used for
base courses or in bituminous and portland cement
concretes.

Program

1. Review the various types of plastics, means of impreg-
nation, and polymerization that could be used.

2. Determine the practicality of the most suitable plas-
tics and techniques.

3. Demonstrate the benefit of the method(s) by labora-
tory tests and field use.

9. Impregnation of Aggregates with Cements

Estimated Time: 4 years
Estimated Cost: $200,000

Problem

Some low-quality porous natural or synthetic aggregates
may be upgraded by impregnation with bituminous or pori-
land cements or similar materials. Impregnation of these
aggregates may increase their strength, prevent attack by
corrosive elements, prevent undesirable reactions with the
matrix, and, perhaps, enhance bond to the matrix.

Objectives

1. Improve low-quality naturally existing or manufac-
tured aggregates by impregnation with cements so that they
may be used for base courses or in bituminous and port-
land cement concretes.

Program

1. Evaluate the improvement that can be made in aggre-
gates by impregnation with bituminous cement, portland
cements, and, perhaps, inorganic precipitation cements.

2. Demonstrate the improvements achieved by labora-
tory and field use.

10. Agglomeration of Particulate Solids in the Manufacture
of Synthetic Aggregates from Inorganic Wastes and
Naturally Occurring Materials

Estimated Time: 3 years
Estimated Cost: $400,000

Problem

Most of the solid natural and waste materials that have
potential use in synthetic aggregate production are com-
posed of particles too fine to be considered for direct use
as aggregate. Such finely divided materials as screenings,
fly ash, granulated slag, phosphate slime, or taconite tail-



ing slurries must be agglomerated or agglutinated in the
form of balls or pellets of aggregate size prior to use in
highway construction.

Objectives

1. Determine the best means for agglomeration of fine
particulate solids, obtained from inorganic wastes or from
the production of conventional aggregates, to yield an
abundant supply of synthetic aggregate for highway use.

Program.

1. Conduct a literature study of agglomeration methods
to determine the types of equipment best suited to particu-
lar varieties of solid fines.

2. Evaluate, in the laboratory, pan, drum, and cone
pelletizers, rolls, extruders, and presses in terms of water
requirements, green strength, and density of the agglome-
rates. Evaluate the qualities of fired or cured pellets in
laboratory furnaces, pot grates, and autoclaves. Compari-
sons of properties should be made between experimental
pellets and commercial aggregates of established high
performance.

3. Determine the density, strength, hardness, porosity,
saturation coefficient, free lime content, glass content, and
mineralogical and chemical composition of the agglome-
rates.

4. Prepare small batches of concrete with the experi-
mental aggregates and evaluate the strength, frost dilation,
drying shrinkage, and other properties.

5. Evaluate the various agglomeration procedures and
establish those most suitable for use in producing synthetic
aggregates.

References (1, 2, 3, 19, 65, 81, 84, 101, 102, 103).

11. Hydrothermal Hardening of Pelletized Calcium
Silicate-Bound Synthetic Aggregates for Highway Use

Estimated Time: 3 years
Estimated Cost: $450,000

Problem

Many finely divided natural and waste materials have
pozzolanic properties; these and certain noncementitious,
nonpozzolanic materials become cementitious or pozzo-
lanic when mixed with lime, portland cement, or other lime-
bearing fines and subjected to curing in steam at high
temperatures. Silica flour, pumicite, calcined clays and
shales, volcanic ash, fly ash, granulated slag, and other
materials containing appreciable percentages. of silica, or
silica and alumina, form stable calcium silicates at tem-
peratures of 300 F or higher when a source of lime is also
present. Many of these materials are highly reactive at
temperatures of 150 to 200 F, but calcium silicate forma-
tion is greatly accelerated under autoclave curing condi-
tions. Even relatively inert materials such as air-cooled
crystalline slag may become suitably reactive at tempera-
tures near 400 F. Many mixtures may be hardened in a
matter of 30 min or less at 400 to 425 F, to form strong,
highly stable calcium silicates.

11

Hydrothermally synthesized aggregates may be economi-
cally viable if mixtures containing as little as 5 percent of
portland cement or lime are formed into highly compacted
water-bound pellets. Heat-up and blow-down may be more
rapid than in commercial autoclave curing of calcium sili-
cate products because of the small size of the pellets. A
single large commercial-size autoclave (11 by 150 ft) may
process, in six cycles, up to 1,500 cu yd of pellets per day.

Leanness of the pellet mixture and autoclave curing
should provide low drying shrinkage. Strength and hard-
ness of hydrothermally cured aggregate should be a func-
tion of density rather than of duration of cure, within wide
limits.

Objectives

1. Summarize the literature on hydrothermal synthesis
of calcium silicates based on mixtures of lime, portland
cement, or other lime-bearing materials and various finely
divided, nonmetallics of natural and waste origins.

2. Investigate the calcium silicate-forming potential of
mixtures of materials formed into small specimens under
high compactive forces.

3. Determine the suitability of selected mixtures of ma-
terials for hydrothermally hardened aggregates for further
study on a pilot-scale basis.

Program

1. Study the literature related to hydrothermal synthesis
of calcium silicates.

2. Develop laboratory techniques for investigating the
calcium silicate-forming potential of various mixtures.

3. Investigate and evaluate selected materials for use as
aggregates.

4. Develop recommendations for further study, includ-
ing decisions on scaling up to pilot-plant study.

References (64, 65, 77, 78, 79, 80, 103).

12. Use of Salvaged Structural Rubble for Aggregates

Estimated Time: 4 years
Estimated Cost: $300,000

Problem

In many instances, rubble from demolition of structures
and pavements could be converted to supplemental aggre-
gates at the site, if suitable equipment and processes were
available. Characteristics of suitable equipment need to
be determined. Currently available equipment needs to be
evaluated to determine its adequacy. Techniques for eval-
uating, handling, and using the rubble should be developed.
The entire system of using rubble for aggregates needs to
be studied and recommendations need to be made for its
economical use.

Objectives

1. Develop and demonstrate practical methods of con-
verting rubble obtained from demolition of structures and
pavements to useful aggregates.
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"Program

1. Review what has been accomplished in the reuse of
rubble for various .aggregate uses.

2. Develop or modify methods of converting rubble to
aggregate for various uses.

3. Evaluate those procedures and equipment best suited
for recycling rubble.

13. Development of Aggregates with Special Properties

Estimated Time: 3 years
Estimated Cost: $200,000

Problem

The manufacture of aggregates from clays, shales, or
waste mineral products offers the possibility of better con-
trol over relevant characteristics than can be exercised in
conventional aggregate production. For example, it may be
possible to produce. a wide range of pore structures in a
synthetic material, whereas conventional aggregates are
limited to-the pore structure available in the natural rock.
Similarly, one can provide a variety of controlled particle
shapes or a variety of colors in the synethetic aggregate.
This flexibility suggests the possibility of producing aggre-
gates with better skid resistance, toughness, visibility of
highway pavements, and other improvements.

Objectives

1. Develop paving aggregates that possess special proper-
ties to provide characteristics in a pavement system at a
level as good as or better than that which can be achieved
by use of current conventional aggregates.

Program

1. Formulate an aggregate mixture composed of par-
ticles of different wearing rates to provide a surface that
will not polish during its life. Such a mixture would con-
tinue to supply irregularities. to maintain a high surface
coefficient of friction.

2. Determine the influence of controlled-size pores on
skid resistance of aggregates having different wearing
characteristics.

3. Produce synthetic aggregates with a variety of shapes
and evaluate the use of special shaped particles to increase
strength toughness and dimensional stability in paving
compositions.

4. Manufacture aggregates of different colors and reflec-
tivities and with a variety of optical properties. Evaluate
the visibility of paving produced from these aggregates for
both wet and dry conditions under daylight and headlight
illumination, and with and without fog.

14. Synthesis of Dense, Crystalline, Rocklike Materials
Through Fusion of Selected Compositions and Subsequent
Treatment to Control Crystallinity and Microstructures

Estfmated Time: 4 years
Estimated Cost: $400,000

Problem

Many of the aggregates presently in use originate from
rocks of varying compositions formed by nature. Although
these materials usually have been adequate, they do not
possess the optimum properties for aggregates. They are
subject to a variety of flaws and inconsistencies attendant
with formations arising from natural occurrences. Further,
as the supply of natural-occurring rocks suitable for ag-
gregates dwindles, the use of synthetic aggregates will be
necessary. In developing synthetic aggregates, every effort
should be made to obtain optimum properties consistent
with economic production.

Assuming that the optimum properties for aggregates
can be known, the problem remains of establishing those
compositions from which these properties can be devel-
oped. Another problem arises in determining the process-
ing methods to be used in making the aggregates from
selected compositions.

The source materials for synthesizing aggregates may be
metallurgical slags, shales, wastes, fly ash, clays, or other
inorganic substances that are present in abundance. How-
ever, only those with sufficient uniformity to yield specific
compositions can be used. The proper compositions and
the treatment processes for producing good aggregates must
be determined. Fusing the constituents and then crystalliz-
ing them into a dense product with desired qualities offers
a promising approach. The development of applicable
processes will require a systematic research effort that
draws heavily on existing knowledge of related techniques.

Objectives

1. Determine from the literature the state of the art for
synthesizing dense, crystalline, rocklike materials.

2. Determine those compositions which, when properly
fused and crystallized, will yield an aggregate with speci-
fied optimum properties. The compositions will contain
compounds such- as silicates, oxides, and/or nucleating
agents combined in specific proportions to produce the
desired end products.

3. Determine those source materials, such as slags, natu-
ral deposits, or possibly waste, which will yield the specific
compositions referred to above.

4. Develop processes whereby selected compositions can
be fused and, through controlled crystallization, made into
an aggregate with specified properties.

5. From experimental observations, determine the be-
havior of the synthesized materials as aggregates in the
highway construction field.

6. Gain information on which to base recommendations
for a pilot-plant investigation.

Program

1. Thoroughly investigate European developments in
rock synthesis. Determine compositions that have been
used, the process technology, and the extent to which re-
sulting materials have found application.

2. Make an extensive review of the literature on crystal-
lization processes such as those used in making glass-
ceramics.



3. Establish, insofar as possible, the desired aggregate
properties for specific uses.

4. Make laboratory formulations to yield specific com-
positions and controlled mineralogical phases.

5. Fuse laboratory formulations and crystallize them
under controlled conditions so as to develop structures that
possess properties as close as possible to the desired prop-
erties for aggregates for specific uses.

6. Determine what the size, shape, texture, and other
factors should be to favor making the material into a good
aggregate.

7. Investigate making aggregates of different colors.

8. Evaluate the aggregate by using it in combination
with various binders and making appropriate tests on the
combinations.

9. From the laboratory experience, make preliminary
plans and suggest designs that will lead to the development
of a pilot-plant operation for aggregate synthesis.

Supplemental Research Project Statements

Attention is directed to NCHRP Report 100 (104) titled
“Research Needs Relating to Performance of Aggregates in
Highway Construction.” This report contains several re-
search project statements related to synthetic aggregates or
beneficiation of unsatisfactory aggregates. These statements
were developed in a study of the total research needs re-
lated to aggregates and their use in the highway construc-
tion field. Specific statements directly applicable to the
current project include:

Problem No. IV-5B, “Investigation of Waste Products as
Potential Sources of Aggregates.”

Problem No. IV-6B, “Study and Evaluation of Synthetic
Aggregate Use, Specifications, and Tests.”

Problem No. IV-7B, “Review of Aggregate Beneficiation
Processes.”

RESEARCH NEEDED ON OTHER MEANS OF
ALLEVIATING THE AGGREGATE SHORTAGE

Aggregate shortages may be relieved by means other than
beneficiation of low-quality aggregates or the manufacture
of supplementary aggregates. Some research related to
selective use of aggregates may yield beneficial results for
many portions of the country.
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Many specifications for aggregates are written to be
applied nationwide and under a wide range of conditions,
and are not always ideally suited for a particular area or
a particular use. Unfortunately, specifications prepared by
local agencies are often virtual copies of national specifica-
tions and do not properly reflect local conditions, even
when the use of readily available and less costly local
aggregates not meeting generalized specifications would
be satisfactory.

An in-depth review is needed of aggregate specifications
and experience in several widely different sections of the
country to determine what steps might be taken to develop
less restrictive, but satisfactory, local specifications.

SUMMARY

Only a few research projects have been suggested, but
these few should yield practical solutions to the shortage
of conventional aggregates. The projects concerned with
coating and impregnating low-quality conventional aggre-
gates and the use of calcareous and argillaceous materials
to manufacture supplementary aggregates should be pur-
sued vigorously. In pursuing the research suggested, some
of the projects may be divided or portions of some may be
combined. The project suggestions contained in this report
may serve only as general guides.

A comprehensive program for developing supplemental
aggregates can be effective only if the available raw ma-
terials are well known and understood and the needed
properties of aggregates for various uses in different en-
vironments are known. Consequently, three projects have
been suggested to develop this information.

The total research program suggested herein is broad,
complex, and expensive, but with potential for yielding a
high rate of payoff. If it is undertaken in its entirety, or
only in part, its breadth and complexity are of such mag-
nitudes that, in the interest of conserving resources, funds,
time, materials, and services, a commission is suggested to
guide the undertaking. The commission should consist of
recognized experts in aggregate production, highway pave-
ment design, aggregate use, maintenance of highways and
structures, geology, ceramics, plastics, chemistry, and eco-
nomics, and be responsible for selection and monitoring of
the research to be done, allocation of the available funds,
and dissemination of the resulits.
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APPENDIX A
SEMINAR PROGRAM AND PARTICIPANTS

ORGANIZATION OF THE SEMINAR

The seminar concerned with “Promising Replacements for
Conventional Aggregates for Highway Use” was held
April 27-29, 1970, at the Allerton Park Conference Center
of the University of Illinois. The seminar program and
the participants and their affiliations are given later in this
appendix.

Four prepared papers (Appendix B) were presented in
the first two sessions. These covered the scope of the con-
ference and provided stimulus for the creative workshops
and discussions to follow. They provided a common base
from which to work.

Dean Fred Benson, the keynote speaker, outlined the
existing aggregate situation. His talk indicated the geo-
graphical locations that now have or that expect conven-
tional aggregate shortages and the problems that arise from
such shortages. Cedric Willson discussed present and fu-
ture capabilities for the production of aggregates that would
replace existing conventional aggregates or beneficiate
existing substandard aggregates. Truman R. Jonmes, Jr.,
spoke on “Benefaction * of Existing Aggregates,” and
Howard H. Newlon, Jr., discussed “Replacements to Con-
ventional Aggregates.”

During Sessions IIT and IV the participants worked in
small groups, concentrating on a limited portion of the
total problem. The information generated by the discipline-
oriented groups in Session III was used as background for
Session 1V, in which each group concentrated on a major
use of aggregates.

Session V of the seminar was a summarization of the
ideas advanced at earlier sessions and an in-depth discus-
sion of the promising suggestions.

SEMINAR PROGRAM

Monday, April 27, 1970—7:30 pM
SESSION 1 INTRODUCTION
C. R. Marek, Chairman

(a) Purpose, Scope and Organization of Conference
Harry A. Smith and Charles R. Marek
(b) “Technical Background for the Existing Aggre-
gate Situation”
Fred Benson
(c) “Technical Capabilities—Current and Future”
Cedric Willson

* Now referred to as “beneficiation.”

Tuesday, April 28, 1970—8:30 AM

SESSION 11 BENEFICIATION AND REPLACE-
MENT

Clyde E. Kesler, Chairman

(a). “Benefaction * of Existing Aggregates”
Truman R. Jones, Jr.

(b) “Replacements to Conventional Aggregates”
Howard H. Newlon, Jr.

2:00 pM

SESSION 11 POSSIBILITIES WITHIN

SCIENTIFIC DISCIPLINES

(a) Chemistry _
Group Leader, Marshall R. Thompson
(b) Ceramics
Group Leader, Charles R. Marek
(c) Geology
Group Leader, Ernest J. Barenberg

7:30 pMm

SESSION IV APPLICATIONS, NEEDS, AND

RESEARCH

Group 1-—Portland Cement Concrete
Leader—George Verbeck

Group 2—Bituminous Construction
Leader—Bob Gallaway

Group 3—Base and Subbase
Leader—Truman R. Jones, Jr.

Wednesday, April 29, 1970—8:30 aM

SESSION V EVALUATION AND SUMMARY
Bryant Mather, Chairman

(a) Reports from Group Leaders
(b) Evaluation
(c) Research Needs

Roster of Participants

ARroNI, S., Professor of Building Technology, UCLA

BARENBERG, E. J., Associate Professor of Civil Engineering,
University of Illinois

BarToN, W., Supervisory Physical Scientist, U.S. Bureau of
Mines '

Benson, F., Dean of Engineering, Texas A & M University

Best, C. H., Associate Dean of Engineering, Kansas State
University



BoLLEN, R. E., Engineer of Materials and Construction,
Highway Research Board

BraDBURY, W. C., Research and Development, Vulcan
Materials Co., Wichita, Kans.

BrowN, K., PCA Research and Development Laboratories,
Skokie, Ill.

CockrELL, C. F., Assistant Professor, Supervising Research
Chemist, School of Mines, West Virginia Univer-
sity, Morgantown

CoRNEL1US, D., Structural Properties Section, British Road
Research Laboratory, England

DEeMPSEY, B. J., Assistant Professor of Civil Engineering
University of Illinois

EiteL, W., University of Toledo, Ohio

ErskINE, F. G., Expanded Shale, Clay, and Slate Institute,
Washington, D.C.

FABER, J., National Ash Association, Washington, D.C.

FRIEDBERG, A. L., Head, Department of Ceramic Engineer-
ing, University of Illinois

GALLAWAY, B. M., Professor of Civil Engineering, Texas
A & M University

Gast, L., Chemist, Northern Regional Laboratory, U.S.
Department of Agriculture, Peoria, Ill.

HaALsTEAD, W. J., Chief, Materials Division, Federal High-
way Administration

HarTrONFT, B. C., Research and Development Engineer,
Oklahoma Department of Highways

Harvey, R., Associate Geologist, Illinois State Geological
Survey :

HEerrIN, M., Professor of Civil Engineering, University of
Illinois

HiLsporr, H. K., Professor of Civil Engineering, Univer-
sity of Illinois

HoLE, W. E., President, American Aggregate Corp.; Vice-
President, National Sand and Gravel Association

Jonges, T. R., Jr,, Technical Director, Construction Ma-
terials, Vulcan Materials Co., Birmingham, Ala.

KEsLER, C. E., Professor of Civil Engineering, University
of Illinois

KLIEGER, P., PCA Research and Development Laborato-
ries, Skokie, Iil.

KORNHAUSER, B. A., Staff Metallurgist, Materials Advisory
Board, National Academy of Sciences

LANKARD, D. R., Research Ceramist, Battelle Memorial In-
stitute, Ohio

LarsoN, T. D., Professor of Civil Engineering, Penn State
University

LEDBETTER, W. B., Associate Processor of Civil Engineer-
ing, Texas A & M University
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LEecs, F. E., Associate Professor, University of Michigan

Lewis, D. W., Chief Engineer, National Slag Association,
Alexandria, Va.

Lorz, E. A., Chief, Materials Laboratory, 11.S. Army Con-
struction Engineering Research Laboratories, Cham-
paign, I11.

MaLiscH, W., Assistant Professor of Civil Engineering,
University of Missouri at Rolla

Marek, C. R., Assistant Professor of Civil Engineering,
University of Illinois

MATHER, B., Corps of Engineers, Waterways Experiment
Station, Vicksburg, Miss.

MavEs, P., Engineer, Concrete Materials, Martin-Marietta
Corp., Indianapolis, Ind.

MELVILLE, P. L., Engineering Division, U.S. Army, Mili-
tary Construction, Washington, D.C.

MieLENZ, R. C., Petrographer, Master Builders, Cleveland,
Ohio

MILLER, J. (Lt.), Ceramic Engineer, U.S. Army Construc-
tion Engineering Research Laboratories, Cham-
paign, Il

Morris, C. E., National Flaxseed Processors Association,
Chicago

NewLoN, H. H., Jr., Highway Research Engineer, Virginia
Department of Highways

NicHors, F. P., Jr., Engineering Director, National
Crushed Stone Association, Washington, D.C.

OUTWATER, J. O., Professor of Mechanical Engineering,
University of Vermont

RoBiNsoN, G. C., Professor of Ceramic Engineering, Clem-
son University

SMmrtH, H. A., Project Engineer, National Cooperative
Highway Research Program, Washington, D.C.

SuppATH, L., Soil Engineer, U.S. Army Construction En-
gineering Research Laboratories, Champaign, Ili.

THOMPSON, M. R., Professor of Civil Engineering, Uni-
versity of Illinois

VALORE, R., Jr., Valore Associates, Ridgewood, N.J.

VERBECK, G. J., Director of Materials Research, PCA Re-
search and Development Laboratories, Skokie, Ill.

WiLLiams, G. H., Jr., Plastics Consultant and Member of
the Technical Staff, Bell Telephone Laboratories,
Murray Hill, N.J.

WiLLsoN, C., Vice-President, R & D, Texas Industries,
Arlington, Tex.

WiLsoN, J. R., Director, Technical Services,
Marietta Corp., Baltimore, Md.

Martin-
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APPENDIX B
PREPARED PAPERS

During each of the first two sessions, two speakers gave
previously prepared talks. These papers set the theme for
the discussions and workshops that followed. They pro-
vided important background for those whose major inter-
ests were outside the highway field.

Technical Background for the Existing Aggregate Situation

Fred J. Benson, Dean of Engineering,
Texas A & M University

Mr. Willson and I have been given the assignment of
presenting the technical background for the existing ag-
gregate situation. Earlier discussion of our joint presenta-
tion resulted in agreement that he would stress the technical
aspects and that I would confine myself to the background
and, hopefully, the foreground. This works out to your
advantage, because I cannot claim technical competence
in the area of aggregate benefaction * and manufactured
aggregates,

Aggregate benefaction is defined as the “improvement of
otherwise unsatisfactory naturally occurring aggregates by
either mechanical or chemical means.”

Manufactured aggregates, which are now being termed
“synthetic aggregates” by several agencies, are defined as
“those produced by processing nonaggregate materials.”
The raw material may be naturally occurring, man-made,
or waste materials.

Prior to World War 11, little attention was directed to the
matter of aggregate supply except in a few isolated areas.
The existing supplies of naturally occurring materials were
considered adequate for the foreseeable future. There was
some interest in manufactured aggregates with important
specific properties, particularly aggregates with light weight
for use in portland cement concrete to reduce the dead
weight of structures.

The extensive use of aggregates during and immediately
following World War II seriously depleted this natural
resource in some sections of the United States and thus
changed people’s ideas with regard to the available aggre-
gate supply. A substantial interest developed in manu-
factured aggregates at this time and at the same time
considerable attention was directed to the use of natural
aggregates not previously considered to be satisfactory.
Over the intervening years the shortages have become even
more serious. There are geographical areas today in which
the natural aggregate shortage is approaching a critical
stage; for these areas the manufactured aggregates offer a
solution.

What is the aggregate situation in the United States
today? This topic is discussed from three points of view—

* Now referred to as “beneficiation.”

the situation with respect to naturally occurring aggregates,
the situation with regard to materials for the production of
manufactured aggregates, and the major deficiencies in
aggregates in use today. Aggregate production in the
United States can be conveniently separated as follows:

YEARLY
AGGREGATE PRODUCTION INCREASE
TYPE (MIL TON/YR) (%)
Sand and gravel 1,000 3.7
Crushed stone 855 34
Manufactured 23 5.0

Thus, it is seen that manufactured aggregates fill only a
very small part of the total aggregate market today. The
market for manufactured aggregates exceeds the supply
and this shortage will become much more critical in the
years ahead. The impact of the shortage is becoming
increasingly apparent with the introduction ot lightweight
aggregate into highway construction.

The greatest shortages of naturally occurring aggregates
exist in the Mid-Continent region and the Southeastern
coastal sections of the United States. The severest short-
ages are found in the areas along the Gulf Coast. The
25-year period since World War II has been one of con-
tinually increasing use of aggregates for all types of con-
struction activities. Aggregate supplies in critical areas
have shown no improvement and the future appears even
darker. Areas with modestly good natural aggregate sup-
plies 10 to 15 years ago are now beginning to experience
shortages. To some extent the shortages have been offset
by better exploration methods and greater emphasis on
surveys for new natural aggregate sources. It is my pre-
diction that the demand for aggregates will increase in all
areas of the United States during the next two decades.
Under this stress, more and more geographic areas of the
nation will fall into the category of natural-aggregate-
deficient areas.

The money spent for aggregates represents a large pro-
portion of the expenditures for construction, whether for
buildings, pavements, dams, structures, or public works.
Aggregate costs represent 20 to 30 percent of total costs
for these types of construction (45).

Many available natural aggregate sources contain ag-
gregates with serious deficiencies for some types of use.
For example, many limestone aggregates used in asphaltic
concrete or portland cement concrete paving mixtures are
found to polish rapidly in service, resulting in slick sur-
faces. Other aggregates contain constituents that react ad-
versely with the binder, particularly portland cement.
Alkali-silica reactions and alkali-carbonate reactions in



portland cement concrete have been identified and studied
(37). Poor gradation is a common problem of natural
aggregates. It is in the area of alleviating or eliminating
these deficiencies that benefaction can be helpful.

Manufactured aggregates depend on an adequate and
satisfactory source of raw materials for use in the produc-
tion process. The U.S. Bureau of Mines recognizes the
scarcity of aggregates as a resource problem and has be-
gun a series of regional studies on the availability of source
materials for manufactured aggregates (41). However, no
really extensive study seems to have been made on a
national scale of the availability of source materials for
manufactured aggregates. There is little reason to believe,
however, that such materials cannot be found in virtually
all areas of the country. With the current interest in manu-
factured aggregates, as evidenced by this seminar and the
recent symposium on synthetic aggregates held at the 49th
Annual Meeting of the Highway Research Board (Janu-
ary 12-16, 1970), there is good reason to believe that new
processes using materials not now under consideration will
be developed in the next ten years.

Benefaction methods can be classified generally as me-
chanical and/or chemical. Mechanical methods have been
in use for many years. Included are such time-honored
operations as crushing, gradation control by screening,
washing to remove deleterious fines, and blending. As
natural aggregate supplies and quality have decreased in
recent years, the aggregate suppliers have begun to con-
sider more sophisticated methods of handling granular
materials. Methods commonly used in the ore processing
industry are finding their way into natural aggregate
production.

Chemical processes for benefaction of aggregates have
not been widely used. Probably the oldest chemical treat-
ment is the use of small quantities of lime to improve the
adhesion characteristics of aggregates for bituminous mix-
tures; i.e., to improve their affinity for asphaltic materials.
Much research has been devoted to studies of chemicals
for use in soil stabilization. Some of the results of these
studies may be applicable to processes for benefaction of
natural aggregates. Probably, more attention should be
devoted to the potential of chemical treatments for im-
proving the characteristics of natural aggregates. The
greatest promise probably lies in the use of surface-active
agents. Those interested in this subject should carefully
review the work of Winterkorn (108), carried on in the
1930’s and 1940’s. Extensive research in the field of
.agronomy and agricultural soil science has proved conclu-
sively that surfactants offer effective means of altering the
surface properties of soil-aggregate systems. Used in trace
amounts, such chemicals cause drastic changes in the physi-
cal properties of selected soils.

Manufactured aggregates are relative newcomers. At
Purdue University, in 1936-37, I had an opportunity to
observe some of the research conducted on the burned
shale aggregate (Haydite) originally developed during
‘World War 1. This lightweight aggregate was developed
to reduce the dead weight of structural concrete and pro-
duced a reduction of about 50 pcf in comparison with
concrete made from natural aggregates. Haydite concrete
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strengths were quite high. The Haydite patents have ex-
pired since that time, but the process continues in use and
will be discussed by Mr. Willson.

Recent developments other than the burned clay and
shale aggregates include a wide range of products. Sinopal
is a white synthetic aggregate developed in Denmark and
produced by melting sand and lime fluxes in a Kiln, then
reheating to cause crystallization. The resulting material
is a form of devitrified glass, and has high strength and
a snow-white color. It has been successfully used in
Europe for nearly ten years and is reputed to give a road-
way surface improved skid resistance and high night visi-
bility. Sinopal’s hardness makes it resistant to polishing
and its low affinity for oil minimizes discoloration of the
roadway surface. It produces a good quality asphaltic
concrete. The British Road Research Laboratory (46) has
experimented with calcined bauxite as a roadway surface
aggregate using epoxy resin as a binder, The calcined
bauxite was found to have very high resistance to polishing
under traffic and in the road trials showed better skid
resistance characteristics than the best natural aggregates.

Currently, the electric power industry, in burning coal
and lignite, is annually producing 22 million tons of fly ash
and an added 11 million tons of bottom ash and boiler slag.
This is expected to increase to 29 million tons of fly ash and
13.5 million tons of other ash by 1975. Less than 15 per-
cent ol this material is utilized at the present time. One
potential use of this material is in the production of light-
weight aggregates by a sintering process. Research con-
ducted in Yugoslavia (Z3) on lignite fly ash has demon-
strated the feasibility of commercial production of sintered
fly-ash aggregates with unit weights in the range of 23 to
48 pcf. Three commercial plants now operate in the
United States and others are in the planning stage. Pellets
are formed from stiff mixtures of ash and water by extru-
sion or on pelleting discs. The green pellets are burned on
a sintering grate. Portland cement concrete of good quality
is being produced from these aggregates with compressive
strengths at 28 days of 2,000 to 5,000 psi and unit weights
of 70 to 100 pcf.

Undoubtedly there are other waste materials that can be
used in the production of manufactured aggregates. The
tremendous quality of solid waste generated in our econ-
omy today contains many potential raw materials. Blast
furnace slag is an old and very reliable aggregate that has
been used successfully for many years (69). Slag from
other metal extraction processes may be useful. Waste
glass and plastic represent other potential sources.

Probably the most exciting development in the aggregate
field is the possibility of producing manufactured aggre-
gates with specific characteristics for particular uses. The
original manufactured aggregates were developed almost
entirely for lightness in weight. It now is evident that
many desirable characteristics can be designed into these
aggregates.

. Surface characteristics are an important characteristic of
aggregates to be used in pavement surfaces for both rigid
and flexible pavements. Gallaway and Epps (23) cover
several possibilities for the production of aggregates that
will provide long-term skid-resistance characteristics in
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pavement surfaces. Much work remains to be done, but
the potential for designing aggregates with the desired
surface characteristics has been established.

A second promising prospect in the paving field is the
possibility of developing a manufactured aggregate to yield
a high-strength portland cement concrete with substantially
reduced stiffness. Concrete pavements as built today are
not compatible in stiffness with most of the subgrades over
which they are placed. As a consequence, pavement de-
flections that substantially mobilize subgrade support ex-
ceed the deflection capabilities of the concrete. A low-
modulus concrete would permit larger pavement deflections
and more effectively mobilize subgrade support at lower
concrete stresses.

A third area of great potential is that of developing
aggregates and aggregate-binder systems having very low
volume changes. Many of the difficulties that occur in
structures and pavements are primarily due to volume
changes or are associated with volume changes. There is
a need to develop aggregate-binder combinations that will
have little or no initial shrinkage and minimum change in
volume with changes in moisture content and temperature.
This matter has not been given much serious study. Much
information is available concerning the magnitude of vol-
ume changes that occur in normal pavements and structures
but the real issue is whether or not these changes can be
eliminated or substantially minimized.

There are other areas of high potential for the produc-
tion of aggregates with specific capabilities; some of you
will probably think of others not mentioned here. Color
is an item of importance for many uses; thus, the design
of aggregates having permanent color is of interest. For
some uses, such as nuclear shielding, heavy aggregates
producing concrete of high unit weight are needed.

Today’s aggregate shortages, which will become more
severe in the years ahead, call for a new attack on the
aggregate problem. Scattered over the country are sub-
stantial quantities of materials that were discarded for use
in prior construction activities. Steps can be taken to better
utilize the existing natural aggregates, thus reducing this
waste material. Furthermore, these waste stockpiles are
a potential source of material for future construction
aggregates.

As the profession searches for new methods for solving
the aggregate shortage problems, particular attention should

" be devoted to assessing the possibilities of utilizing the tech-

nical capabilities of other industries. The mining industry,
the metal processing industry, the ceramics industry, the
chemical industry, and the coal-using industries all have
technologies to offer that relate to aggregate production.
Benefaction and manufactured aggregate production can
probably be enhanced by utilizing mechanical, chemical,
and heat processes from these industries. A large per-
centage of aggregate is used with binders of various types,
with portland cement and bituminous materials being most
widely used. There is also a need to develop aggregate
binders that will permit the use of aggregates not now con-
sidered suitable. Certainly the binder portion of the mix-
ture, particularly as it is related to the aggregate, should be
continually assessed for improvement.

In summary, the points emphasized here are the
following:

1. Aggregate shortages are becoming increasingly more
significant in the United States, particularly in the Mid-
Continent region and in some of the Southeastern states.
The shortage is most serious along the Gulf Coast.

2. Better utilization of existing natural aggregates, bene-
faction of lower-grade materials, and manufactured aggre-
gates offer solutions to the aggregate shortage problem.

3. The modern technology of the mining, metal produc-
ing, chemical, and coal-using industries can probably be
adapted to the processes of aggregate production with
beneficial results.

4. A particularly important aspect of the development
of manufactured aggregates is the possibility of designing
aggregates to produce specific properties in resultant
aggregate-binder mixtures.

References (13, 23, 37, 41, 45, 46, 68, 108).

Technical Capabilities—Current and Future

Cedric Willson, Vice-President, Research and
Development, Texas Industries, Arlington, Tex.

The sponsors of this seminar have asked me to follow
Dean Benson’s talk with a short discussion on the technical
capabilities, now and in the future, for the production of
aggregates that would replace existing conventional aggre-
gates or for the benefaction of existing substandard ag-
gregates. This obviously requires a theoretical approach,
whereas my 40-year background in the cement and con-
crete business has been essentially practical. So my re-
marks on the subject must of necessity be practical theoriz-
ing, aided by a most helpful discussion earlier with Dean
Benson.

This discussion of aggregates includes the broad field of
concretes that may be useful in highway construction; i.e.,
binders of portland cement paste, bituminous materials,
possibly organic resins, and, perhaps, some presently un-
known binder. The engineering properties of each type of
concrete produced by these binders are, or will be, quite
different, but each must have a useful place in highway
construction. Regardless of the binder used, all practical
concretes have one common characteristic; namely, a
strong, inert, and reasonably uniform mineral aggregate is
required to enable the binder to glue this coalition of
particles together into a solid mass. This mass not only
must have the desired engineering properties, but also will
maintain them permanently. Also, for certain types of
concrete, it is desirable for the aggregates to have special
properties to develop the required performance.

Aggregates for highway construction may be classified as
natural and processed. Other broad classifications are
normal weight and lightweight. ASTM Method C33 covers
natural normal-weight aggregates that generally are in the
range of 95 to 115 pcf dry and rodded. The exception is
air-cooled blast furnace slag, a processed aggregate re-
quired by C33 to have a minimum weight of 70 pcf. Avail-
able lightweight aggregates that have the properties re-
quired for highway construction range in weight from



about 40 to S5 pcf for the coarse and up to 70 pcf for the
fine. They may be natural, such as volcanic scoria or
pumice, although probably 95 percent or more are in the
processed category. In fact, all processed aggregates now
available, with the exception of air-cooled slag, are lighter
in weight than the so-called normal-weight materials, How-
ever, in this discussion, consideration of processed aggre-
gates is not confined to those that are lighter in weight. For
highway construction, aggregate properties, performance,
and economics are more important considerations. In any
type of concrete made with binders, whether known or
presently unknown, the binder and aggregates work to-
gether, so it is difficult to discuss one without some mention
of the other. Therefore, binders are necessarily brought
into the discussion to some degree.

The possible benefaction of available normal-weight ag-
gregates is discussed later by Truman Jones. However,
brief attention is called to the possible production of high-
quality, normal-weight aggregates that are now thought of
as being unavailable. T know several populated areas where
there are known deposits of high-grade aggregate rock
400 or 500 ft or more below the surface, and I am sure
there are many more. As the supply of high-grade natural
aggregates comes closer to depletion in these regions, con-
sideration might be given to the mining of deep deposits
of aggregate rock to provide underground storage for
additional water supply reserves. I believe all would agree
that not nearly enough water is being stored for do-
mestic and industrial use in many metropolitan centers.
With modern, highly efficient mechanical methods, it might
be possible to obtain this aggregate and create an under-
ground reservoir for storage of a substantial amount of
water now lost by runoff. With the present economic situa-
tion, this may not be practical; but, in the years ahead,
additional requirements for both aggregate and water
storage could make this a feasible source of aggregate
supply.

Except for air-cooled slag, present production of proc-
essed aggregate is virtually 100 percent lightweight and
totals approximately 12 million cubic yards annually in the
United States. This includes expanded clays, shales, and
slates, with a lesser amount of expanded slag and sintered
fly ash. The dominant and oldest aggregates in this group
are clays, shales, and slates expanded by the rotary kiln
process developed and patented by Hayde and first used
commercially in 1918. The material was named Haydite,
and was developed primarily for producing lightweight con-
crete block in competition with coal-cinder aggregate. Dur-
ing the late 1920’s, several high-rise buildings were con-
structed with Haydite concrete frames, but its structural
use was limited. Hayde’s patents expired early in 1946 and
the small production of 500,000 or 600,000 cu yd annually
multiplied rapidly. There are now about 50 plants in the
United States that produced approximately 8 million cubic
yards in 1969, of which close to 3 million cubic yards were
used for structural concrete. This type of aggregate has
been used for bridge decks on several hundred jobs, both
large and small, throughout the United States, dating back
to the early 1930’s. These decks, with a few exceptions,
have an excellent performance record, and, in many cases,
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substantially reduced costs. There is a new and rapidly
increasing use for this type of aggregate in bituminous
flexible pavements.

There are now twelve plants producing a similar aggre-
gate by sintering clays and shales that may or may not have
a natural bloat. Approximately 10 percent by weight of a
pulverized solid fuel, such as coke, is added to the raw
material. This process had its beginning about 1950. Sev-
eral plants are now producing lightweight aggregate of
structural grade by sintering fly ash. A large plant is about
ready to start production near Toronto, Canada. Develop-
ment of this type of aggregate is in its infancy and much
more work will be done during the next few years. Ex-
panded slag has been used primarily for concrete masonry
production, but has been used only to a limited degree for
structural concrete. The production of this group totaled
about 5 million tons in 1969.

There is a large and wide-open field for research and
development in the area of processed aggregates, both
lightweight and normal weight. The occurrence of clays,
shales, and slates is widespread and there is virtually no
geographical region in the United States where one or
more of these raw materials does not occur in an almost
inexhaustible volume. Many such materials do not ex-
pand, but the sintering process does not require a natural-
bloating raw material, the combustion gases from the solid
fuel being sufficient to bloat it. Bunker C crude oil, and
possibly other low-cost chemicals, added to the clays and
shales may improve and/or control bloating. These types
of processed aggregates have now proven their ability to
produce satisfactory portland cement or bituminous con-
crete for virtually every type of highway construction. The
abundant supply and low cost of raw material could relieve
the shortage of aggregate in practically every part of the
nation. However, further research and development work
is necessary to overcome certain problems related to their
use. Some of the most important problems are:

1. Lack of uniform aggregate properties from one raw
material deposit to another.

2. Better control of unit weight.

3. Control of absorption to a lower and narrower band.

4. Greater uniformity in compressive and flexural
strengths, resistance to shear, and elastic modulus.

Research in rotary kiln and/or sintering machine tech-
niques can and must bring these properties within bands
of property variations that are no greater and possibly less
than natural high-quality normal-weight aggregates. At the
same time, such a program can result in a reduction of
production costs. If the successful result of this work
should increase the weight of these processed aggregates
above that of the present lightweight category, it will not be
a serious disadvantage for most highway construction. If
the light weight can be retained, so much the better,
because highway construction costs will be reduced.
Contrary to what some may believe, the production of
fly ash from coal-fired power plants is increasing rapidly.
In 1967, the estimated fly ash production in the United
States was about 28 million tons. The National Ash As-
sociation now predicts that in the six years from 1968
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through 1973, production wiil increase approximately
40 percent to a total of 41 million tons. Except for the
relatively small use as a pozzolana for replacing cement
in portland cement concrete, this is waste material and
disposing of it is becoming increasingly difficult and costly.
In past years, much research has been done on producing
a high-quality aggregate from this material and progress
has been made. However, much more work is needed to
convert this increasing supply of low-cost material to a
high-quality aggregate suitable for highway construction.

The current production of slag from iron and steel
operations is approximately 34 million cubic yards an-
nually. As previously mentioned, a relatively small amount
is further processed to expanded-slag lightweight aggre-

gate. A large percentage, probably 95 percent or more,

is available for normal-weight structural aggregate and is
being used for both portland cement and asphaltic pave-
ments, as well as base courses for both types of pavement.
As the economy requires, more iron and steel and addi-
tional supply of air-cooled slag will become available.

A possible source of high-quality aggregate would be a
combination of calcareous and argillaceous materials proc-
essed in rotary Kkilns, following the pattern of portland
cement clinker production. There are many deposits of
limestone and other calcareous materials that are not suit-
able for aggregates. They could be combined with clay or
shale and processed to high-quality aggregates. They might
have a somewhat higher unit weight than natural aggre-
gates, but the difference would not be great enough to be
a serious disadvantage for highway construction. Present

portland cement kiln burning techniques would have to be’

modified in order to develop satisfactory particle shape
and surface, but there is no question that this could be
accomplished by a well-conceived research and develop-
ment program.

Much research has been done or is now in progress to
develop glass fibers that are suitable for reinforcing port-
land cement concrete. The principal problems in the use of
glass for this purpose are the susceptibility to breakage of
the fibers and chemical attack on the glass by the alkalies
found in hydrated portland cement. Both problems are
being investigated and some progress has been made in the
production of glass that is alkali resistant. Although this
does not involve aggregates directly, success in this field
could provide a use for the millions of tons of throw-away
glass containers that have become such a serious problem
in refuse disposal. Work is already under way to convert
these disposable glass containers to an aggregate suitable
for bituminous concrete, because this binder is inert to glass
with respect to chemical attack. The progress of this work
will be followed with interest and a more comprehensive
study should be initiated if warranted by the preliminary
results.

Attention also is called to the millions of tons of organic
waste that are creating a disposal problem that almost
defies solution, Sludge from sewage treatment plants con-
tains enough fuel value to dry itself, with some to spare.
This material could possibly provide the fuel for all types
of sintered aggregates. A large percentage of garbage is
paper. This source of fuel is now wasted. Research may

be able to find a way to convert waste paper into a usable
fuel for one or morc types of clay, shale, slate, or fly ash
aggregate processing. Food garbage, which is almost
100 percent organic, could also possibly be converted into
a form of fuel for certain aggregate processing operations.
Another development related to binders, and possibly
aggregates as well, is the current research on impregnating
hardened concrete with liquid resin monomers, which are
then polymerized and hardened by radiation. A paper on

. this subject was presented at the 1969 ACI Annual Meet-

ing in Chicago. Briefly, after the concrete was cured and
dried, it was placed under vacuum to remove air from the
pores and, while under vacuum, was saturated with the
liquid resin. Radiation was then applied to cure the resin
in the pore structure of the concrete. The compressive,
tensile, and flexural strengths were increased by as much
as from 200 to 400 percent when compared to non-
impregnated concrete. The absorption was reduced by an
even greater percentage. The work was the result of a
joint research by the U.S. Bureau of Reclamation Labora-
tory in Denver and the Brookhaven National Laboratory
in Long Island. It may be that further research will show
that the resin monomer becomes the continuous phase, in
which the portland cement concrete is merely a compara-
tively low-strength filler. If this should prove to be true,
it may be that natural aggregates now considered sub-
standard in quality would be satisfactory for producing
this type of concrete. It also muy be possible to modify
this process by penetrating hardened concrete made with
substandard aggregates to Y2 in. or so with one of the
low-cost monomers and improve the properties of such
concretes to bring them up to a high performance level
at a nominal cost. These preliminary developments should
be followed with more comprehensive research and I feel
sure that they will be.

Summary

1. Waste organic materials may be a possible source of
fuel for future production of processed aggregates, but the
outlook is not promising. The task of converting organic
material to inorganic aggregates need not be undertaken in
the foreseeable future.

2. In considering inorganic waste, metal offers little or
no promise. It may be possible to convert disposable glass
and plastic containers to useful bituminous concrete aggre-
gates. This is now being studied and, if the preliminary
work shows promise, additional research and development
should be encouraged.

3. Under future economic conditions, mining of deep
rock deposits for aggregate may provide a future source
in certain areas where surface deposits are near or at total
depletion.

4. Resin impregnation of the pore structure of hardened
portland cement concretes, followed by curing, may im-
prove the properties of substandard aggregate concrete so
that it will be acceptable for highway construction. This
process applied to high-quality concrete may conserve
existing aggregate supplies by reducing the size of structural
concrete members. The economic situation will control the



use of this process and further intensive work is certainly
warranted.

5. The best possibility for creating new supplies seems to
be extensive research to develop improved processing tech-
niques for converting low-cost abundant shalcs, clays,
slates, slates, and fly ash to high-quality aggregates. There
is a substantial 50-year-old commercial industry already
in this field. A large reservoir of knowledge and experience
from these people is available and should be used to avoid
duplication and conserve time and money. Aggregates of
this general type have been successfully used for more than
40 years in highway construction and they have a proven
acceptable performance. With this head start, this research
and development program should be aimed toward refine-
ment—the bringing of aggregate properties into greater
uniformity and a reduction in production costs.

6. An increase in the production of iron and steel may
provide an additional supply of air-cooled slag for highway
construction aggregate.

7. When and if economic conditions justify, a more com-
plex and sophisticated processed aggregate may be feasible.
A combination of calcareous material unsuitable for aggre-
gate could be combined with low-cost clays or shales and
processed in rotary kilns to a hard clinker following the
basic pattern of portland cement production. An extensive
research and development program would be required to
develop a satisfactory particle shape and surface.

8. In areas where supplies of low-cost flexible pavement
base material are being depleted, consideration should be
given to processing clays and shales in rotary kilns. Ex-
pansion or bloating is not necessary to produce an excel-
lent flexible pavement base material. Cost of production is
low, because the kiln will handle a greater load with a
substantial reduction in fuel requirements per cubic yard.

References (66, 72).

Benefaction * of Existing Aggregates

Truman R. Jones, Jr., Technical Director,
Vulcan Materials Co., Birmingham, Ala.

The purpose of this paper is to stimulate thinking,
broaden viewpoints, and, perhaps, define what the particular
problem of replacements for conventional aggregates for
highway use really is. Even though the general title for this
project limits the subject matter to replacements for con-
ventional aggregates, the objectives in the project statement
specifically include the upgrading of unsuitable aggregates,
the utilization of waste prodilcts, and the use of new pro-
duction techniques. Reference is made to known methods
that could be used for benefaction of existing conventional
aggregates, including coatings, stabilization, polymerization,
and others.

To better understand the terminology used, the follow-
ing are selected terms with definitions from the dic-
tionary:

* Now referred to as ‘“beneficiation.”
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1. Benefaction,* the act of benefiting; a benefit con-
ferred; a charitable donation.

2. Benefit (v.t. form), to be beneficial to; to do good to;
to advance; improve; to profit; . . . .

3. Aggregate, (a) a mass o1 body of units or parts some-
what loosely associated with one another, (b) an aggregate
rock. Any of several hard, inert materials used for mixing
with a cementing material to form concrete, mortar, or
plaster. A clustered mass of individual soil particles, varied
in shape, ranging in size from a microscopic granule to a
small crumb and considered the basic structural unit of
soil.

In discussions among materials engineers, and research-
ers, when the point is made that poor performance has
been encountered in the use of a particular aggregate, each
generally visualizes a problem of a specific nature in ac-
cordance with his own experiences. This problem may
be a symptom of the real cause and effect, and years may
be spent treating this symptom without ever beginning to
approach the treatment of the real “disease.” To keep the
viewpoint broad, the lines of products that might fall
under the general category of aggregates for highway use
must not be the only consideration.

Products

In 1969, the technical committee of the National Crushed
Stone Association, while endeavoring to define a program
of research and development for the Association to under-
take, made a survey of all the producers to determine which
products were being manufactured and which products
constituted a major source of income. The following list
includes more products than would be used simply for
highway construction, but it is only a partial list of all
products being manufactured by current producers:

1. Concrete coarse aggregate, in some 215 dissimilar
gradations, in the United States as a whole.

2. Manufactured fine aggregate (stone sand).
. Macadam aggregates.
. Plant-mix asphaltic aggregates.
Surface treatment aggregate.
. Dense-graded stone base.
. Crushed-stone subbase.
. Riprap.

9. Railroad and other ballast,

10. Filter media for stone filters.

11. Filter media for sewage treatment plants.

12. Terrazzo aggregate.

13. Mineral fillers for asphalt.

14. Mineral fillers for an infinite number of other prod-
ucts, such as paint.

15. Mine dust.

16. Agricultural limestone.

17. Architectural aggregate.

18. Roofing granules.

19. Base material for athletic fields, such as the under-
lying material for synthetic football turf.

20. Wall stone or building stone, such as rubble masonry.
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21. Concrete manufactured products, such as block, pre-
cast stone.

22. Flux stone.

23. Chemical stone.

Problems

Examination of this list should help to identify a number
of problems, specific in nature, for which solutions can
readily be determined; but there are also a number of prob-
lems, general in nature, that have existed for long periods
of time and are more difficult to solve.

Many of the problems in practice are imaginary in nature
and are simply imposed by specifications. In many in-
stances the specification is in use simply because it has
resulted in good performance. But, because specifications
generally are empirical in nature, they frequently are mis-
applied and result in problems. Some of the imaginary

problems are simply imposed by common practice. It

should be obvious that certain practices adopted in the
1920’ and 1930’s are not adequate for this day and age.
In this problem, as well as the specification problem, the
advantage of a new product might be that users will get
good results simply because they follow the newly recom-
mended practice. Some imaginary problems are simply
imposed by ignorance. These problems continue to gen-
erate because many authorities know no other way, al-
though any method to alleviate the problem should be
welcomed. Any problem that results in poor performance
is, of course, a real problem regardless of why it occurred.
To mention a few of the problems that are encountered in
present day practice, the following have been selectively
picked from the foregoing list of products.

Concrete Aggregates—In cold climates, pop-outs are
frequently experienced due to a porous type of chert or
other porous types of aggregate. This usually can be cor-
rected by heavy media separation to remove the deleterious
particles. Equipment is now available for performing this
task. In plants having a high demand for aggregate of this
type, the cost might run from $0.25 to $0.50 per ton. This
practice is not followed in the Chicago area, for example,
even though there is a great amount of conversation con-
cerning poor aggregates; it seems to be simply a matter of
the user not wanting a good aggregate enough to pay the
difference in cost. :

Concrete aggregates also perform poorly due to chemi-
cal reactions, such as silica-alkali and carbonate-alkali re-
actions. This has been successfully controlled in a number
of cases by the proper use of additives in the concrete mix
or by using a low-alkali cement. Poor performance has
been experienced in a number of cases, because the prob-
lems were not identified before the structures were built.

Poor performance due to volume instability may result
from the presence of clay in the aggregate or from a poor
mix design. The solution to this problem frequently in-
volves cleaning up the aggregate with pure, clean water, or
improving the mix design.

Durability problems, such as D-cracking, have been ex-
perienced in concrete pavements in the Midwest. A con-
siderable amount of research is under way to find a solu-
tion to this problem. One of the solutions might simply be

to change the geometric design of the base and surfacing
materials so that water is drained out from under the pave-
ment. It has been found in some areas that full-width
construction, carrying a base material under the shoulders
so that the cross section will drain, reduced the long-time
maintenance costs, improved the life of the road, and
actually made a safer highway to drive on.

Asphaltic Concrete—Stripping of asphaltic mixes is a
problem frequently blamed on the aggregate. Aggregates
are generally hydrophilic or hydrophobic in nature, with
the former, having a greater affinity for water than for
asphalt, frequently performing poorly in asphaltic mixes.
Water intrudes at the interface of the asphalt and aggre-
gate, causing raveling, after the materials have been placed
in service. This problem can generally be corrected by
using additives in the asphalt or by treating the aggregate
with some material, such as a limewash, to change the ion
exchange potential.

Base Materials.—Poor performance has been observed
from base materials in-a number of cases. In some of these
cases, the poor performance could have been corrected by
using good practices that are now known.

The AASHO Road Test resulted in very poor perform-
ance by the dense-graded base. Examination of the ma-
terials showed that they were constructed with a frost-
susceptible gradation and. that they were poorly compacted,
in the light of present practices. In this particular installa-
tion, after being cxposcd to sufficient traffic to further com-
pact the base many of these sections were resurfaced and
performed satisfactorily for the rest of the test. It is shock-
ing to engineers and scientists not engaged in the design of
highways to be informed that in most states compaction
practices are the same as they were in 1933: compare the
current truck sizes, traffic volumes, etc., with those we had
in 1933. '

Filter Media for Sewage Treatment Plants—The grada-
tion specification for filter media is very tight. Generally,
relatively large pieces are specified, with the idea that this
filter should drain readily and should provide adequate
surface area for the growth of algae. The small pieces that
occur have a tendency to clog the drains and this, of course,
is bad for the filter, One substitute might be a manufac-
tured product of a ceramic nature that could be made from
any number of clays. Another correction for this problem
might simply be to develop a better underlying medium so
that the smaller pieces would have less tendency to clog the
drains.

Testing

Test methods are intended to ensure good performance,
but they also tend to continue the present problems. In gen-
eral, the test methods applied to all the products listed pre-
viously do not, in truth, relate to the performance of the
material in service. Very little work is now being done in
the general area of test methods that would attempt to
relate some fundamental property of the various materials
to the performance of the material in the finished product.



Examination of two or three of the test methods now
being used on concrete aggregates shows the seriousness of
this problem. The sulfate soundness test is applied to all
aggregates, regardless of their mineralogical character, and
specification limits are the same for most of the aggregates;
but the method of test is such that the coefficient of varia-
tion may be as high as 200 percent. The Los Angeles abra-
sion test is applied to most aggregates for concrete, and the
allowable abrasion loss might be on the order of 40 percent
in a particular state. This would be the same regardless of
the aggregate being used. Some granites with an L.A. loss
of 50 to S5 percent make very good concrete for many
uses, but limestones with a loss this high would be unlikely
to perform well.

Solving the Problem

The end use must be considered in everv case and a de-
termination of the required properties for an aggregate to
do the job must be made before the problem of benefaction,
or substitution, for conventional aggregates can be solved.
The product for which a replacement is being sought must
be defined.

The general area of benefaction, or learning how to use
natural aggregates to their best advantage, offers a fertile
field for the exercise of ingenious minds.

Areas of Needed Research

The areas of needed research demonstrated previously
are as follows:

1. Research on the fundamental properties—.of aggre-

gates:

(a) Determine the effect or function of physical,
mechanical, and chemical properties upon per-
formance:

(1) Properties controlled by nature.
(2) Properties controlled by processing, han-
dling, and installation.

(b) Determine the factors affecting these properties
and evaluate the effect of the factors on per-
formance.

2.. Operations, processing, and handling (impossible to
stockpile without segregation, degrading, etc.)

3. Construction methods (obtaining density with base on
soft subgrades, placing concrete, etc.)

4. Methods of test to determine suitability of a material
for performing a particular function (L.A. abrasion, soft
particles, sulfate soundness, do not relate to performance).

5. Recommended practices for structural design, geo-
metric design, quality control, etc.

Conclusion

The challenge is to try to recognize what the real prob-
lems are in relation to aggregates and then to apply present
technology and future research to possible solutions of
these problems. Modern technology certainly should be
able to make some improvement on present practices in
all of these areas.
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Replacement of Alternate Materials for Existing Aggregates

Howard H. Newlon, Jr.,
Assistant State Highway Research Engineer, Virginia

The existing and potential shortages of quality aggre-
gates, particularly in urban areas, have been the subject of
considerable discussion in both technical and popular pub-
lications. The purpose of this outline is to serve as a starting
point from which it is hoped that a more detailed con-
sideration of specific possibilities for replacement materials
and/or methods when and where such replacement be-
comes necessary will develop out of the expertise of the
conferrees. Perhaps a more suitable term would be “sup-
plementary” rather than “replacement,” because it is ob-
vious that conventional aggregates will be used in large
quantities for many years. This is true not only because
of their utility, but also because of economic factors.

For the purpose of this discussion, a “conventional ag-
gregate” is defined as sand, gravel, or crushed stone used
from commercial sources or produced on-site. This nor-
mally means that the only processing involved is that
necessary to the sizing and cleaning of the naturally occur-
ring material.

There appear to be at least three different motives for
considering supplements for conventional aggregates. These
are: -

1. To obtain an improved property of the pavement or
structural element. Such improvement would normally be
bought at an increased cost. Examples are lightweight ag-
gregate to reduce the dead load of concrete and various
materials to increase the skid resistance of wearing surfaces.

2. To utilize a locally abundant material that will pro-
vide an acceptable alternative although the required level
of some properties might be less than required from com-
mercially produced aggregates. Such replacements are
usually obtained at reduced cost. Examples are reef shells
available in the southeastern United States and waste out-
put from specific localized industries or natural deposits.

3. To create an output for an otherwise unusable waste
that might, in fact, be a pollutant or create a disposal prob-
lem. Properties mighl or might not be equal to those of
commercially available materials and processing costs
would be expected to be significant, because new or im-
proved technology would be required. An established ex-
ample would be fly ash. A speculative example would be
the processing of various solid wastes (bottles, rubber, old
car bodies, garbage, etc.) into usable aggregates.

Exercise of the various options usually is dictated by
economic considerations. Conventional aggregates sell for
$1.00 to $2.00 per ton (in Virginia, at least), but trans-
portation costs are approaching $0.05 per ton-mile. The
second and third motives thus take on increased importance
when commercial sources are preempted by zoning, pollu-
tion, etc., necessitating long-distance transportation.

Because of the varied backgrounds brought to this dis-
cussion by the participants, definitions of highway ter-
minology and conditions may be of some value as a basis
for the expected discussion of specific solutions. Concern
with brevity breeds oversimplification, but for the purpose
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of this outline the end product is considered to be either
- a structure or a pavement.

The pavement can be divided into three components—
wearing surface, base, and in-place soil. This discussion
considers only the wearing surface, which would normally
be of asphaltic or portland cement concrete, and that por-
tion of the base that would conventionally be built with
transported rather than on-site materials.

In structures, a similar classification can be made, phi-
losophically at least, in that there exists a foundation, a
substructure support, a slab, a wearing surface, etc. In
structures, the primary construction material involving
aggregates would be concrete.

In general, the required quality of the material (i.e., the
restrictions placed on various characteristics) decreases as
the depth below the wearing surface increases. Although
the lower portions of structures or pavements are more
massive, no parity exists between volume and cost. In
general, the more expensive materials are placed near the
top in heavy-duty roads, but these are not necessarily the
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Figure B-1. Typical Virginia Interstate section, asphaltic con-
crete.
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Figure B-2. Typical Virginia Interstate section, portland cement
concrete.

RO NRRRRR AR OOOR O

CTS
Cost, % Volume, 7%
AC 23 8
SB 50 42
CTS 27 50

Figure B-3. Typical Virginia secondary or farm-to-market sec-
tion.

materials used in greatest volumes. Greater volumes are
required for the lower layers, but the portion of the ex-
penditure required in the base layers is fairly small. Short-
ages of aggregates would, however, be felt most greatly in
locations requiring such high volumes of material.

Two typical designs for an Interstate project in Virginia
are shown in Figures B-1 and B-2. Both start from a
stabilized in-place soil and, based on Virginia experience,
are initially comparable. It will be seen that the distribu-
tion of volumes among the various levels is of the same
order, but the major cost in both types is in the surfacing
materials. This is primarily related to the need for higher
quality near the surface, which in turn affects materials
and processing costs. The significant point is that increas-
ing the unit cost of the large-volume, lower-quality ma-
terial significantly affects the economics of pavement de-
sign, particularly if the reduced quality requires larger
volumes.

The cost distribution is quite different for low-traffic
(farm-to-market) roads, as shown in Figure B-3. For this
type of roadway, the base layers represent both a signifi-
cant volume and a substantial fraction of the total pavement
cost. .

In addition to economic considerations relating to con-
struction, the highway engineer is particularly sensitive to
performance with minimal maintenance expenditure. The
reasons for this are quite obvious when one considers typi-
cal highway budgets. For example, expenditures in Vir-
ginia for the last year of record are given in Table B-1.

In addition to the limited funds available for mainte-
nance, maintenance activities in urban areas, where re-
placement aggregates would find greatest use, create many
other problems at daily volumes of 50,000 or more vehicles
per day.. This situation emphasizes the need to ensure long-
time stability (durability), as well as more immediately
evident characteristics such as strength and placeability.
The adage, “Out of sight, out of mind,” does not apply to
highway materials.

The development of supplementary aggregate materials
must also recognize the need for a continuity of supply.
The highway industry has, in the past, experienced many
instances of projected economies by utilization of a waste
product, which after the development stage either became
depleted or was patented at a premium cost. The con-
tinuity of supply is particularly important for the develop-
ment of long-term performance criteria and user confidence.

The most comprehensive summary of potential replace-
ment or supplementary aggregate materials is that by
Fondriest and Snyder (27). Table B-2 is a summary listing
from that publication.

Obviously, some of the materials listed in Table B-2
have proven performance over a wide area and some are
restricted geographically, whereas at this point others are
speculative. Rather than reiterating here the backgrounds
leading to the possibilities listed in Table B-2, several
limited examples illustrative of the three motives listed
earlier are described. These examples are taken primarily
from experiences in Virginia, with the expectation that
many others will be presented by other participants.



Motive 1—Improved Characteristics

It does not seem appropriate to consider lightweight
aggregates in the same vein as other supplementary sources,
in view of the fact that most of the major lightweight aggre-
gates have a proven service history.

Lightweight aggregate characteristics have been widely
studied in relation to their building applications (57/). The
widest geographical application in highways seems to have
been in bridge decks (20). Particular emphasis has been
placed on wider applications for flexible pavements in
Texas, where the motive appears to be reduction of
shipping costs to aggregate-poor areas (22, 49).

Another example of improved characteristics would be
importation of polish-resistant aggregates to improve the
skid resistance of surfaces where the local materials are
susceptible to polishing (38).

Motive 2—Ultilization of Local Materials

In the past, use of local materials in the interest of econ-
omy has been perhaps the most common motive for utiliza-
tion of materials to supplement conventional aggregates in
the highway industry. Although not applicable to this dis-
cussion, in base construction extensive use often is made of

TABLE B-2
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TABLE B-1
VIRGINIA CONSTRUCTION ECONOMICS

cosT ($1,000/MILE)

PRIMARY

ITEM INTERSTATE SECONDARY
Construction 1100 531 200
Maintenance 7

25 <1

pit-run sands and gravels requiring minimal processing in
lieu of higher-quality materials requiring transportation.

Numerous examples of specialized situations could be
cited, but because these are greatly dependent on local
circumstances, several experiences from Virginia are used
as typical examples.

1. Oyster Shells.—Considerable emphasis has been
placed on the use of dead reef oyster shells in areas of
the Southeast where they are locally abundant. Much of
this work has been coordinated through the Shell Aggre-
gate Research Committee (88). In Virginia, these ma-
terials have been used with soil in base construction (6)
(Fig. B-4), as well as in bituminous concrete base and

POSSIBLE USES OF SYNTHETIC AGGREGATES IN HIGHWAY CONSTRUCTION *

PAVEMENT REIN-
—_____ FORCED PRE-
SUB- FLEX-  CON- STRESSED

ITEM BASE BASE RIGID IBLE CRETE  CONCRETE
Heat-treated materials:

Clay X X X X X X

Shale X X X X X X

Slate X X X X X X

Phosphate slimes X X X X

Coal mine tailings X X X X

Fly ash X X X X

Electric steel furnace dust X X X X

Smoke abatement dust X X X X

Sand X X X

Soils X X

Clay-coated particles X X X X X
Processed waste materials:

Glass X X X

Waste ceramic ware X X X

Cast-iron enameling X X X

Brick X X X X X X

Clay pipe and tile X X X X X X

Ash clinker X X X

Garbage clinker X X X

Open hearth slag X X X

Demolition materials X X X X X

Abandoned road materials X X X X X X

Scrap iron or steel X X X X X X
Manufactured aggregates:

Sand-lime compositions: X X X

Fly ash-lime compositions X X X

* From NCHRP Report 8 (21).
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Figure B-4. Dead reef oyster shells in a base.

surfacing (Fig. B-5). Unfortunately, when specifications
for their use were developed, the dredging of these shells
was prohibited by the State Oyster Commissions of Mary-
land and Virginia.

In the areas of Virginia where aggregates are scarce,
sand-shell mixtures, preferably pugmilled or mixed-in-
place, can be used at substantial savings (about $1 per ton)
when compared with conventional base construction. Vir-
ginia's experience with sand-shell was very favorable; sand-
shell mixtures were successfully used to replace Grad-
ing I subbase material, inch for inch.

Shell-sand mixtures were treated as a material different
from aggregate; therefore, the two were not compared as
if shell was an aggregate.

Some requirements when using shells are:

(a) Crushable old shell.

v "ﬁﬂfsf.‘}gﬁh Lo _'_"5 M

A

Figure B-5. Design features of roadway using oyster shells in
a base.

(b) Sufficient crushing so that the shell doesn’t break up
later under traffic, leaving voids.

(c¢) Uniformity of mixture,

(d) Clean shell.

Another advantage in Virginia is that the use of shells
permits utilization of otherwise unsatisfactory local sandy
soils in the mixture (70 percent shell, 30 percent soil).
Virginia experience confirms the results of 30 years of
experience along the Gulf Coast in states such as Alabama,
Mississippi, Florida, and Louisiana, where shells are still
available.

Dead reef oyster shells were also investigated as a possi-
ble source of coarse aggregate for black base (Fig. B-6)
due to the unavailability of coarse aggregate for this mix
on the eastern shore of Virginia. The shells were available
at the time and would have possibly lowered the cost of
black base because coarse aggregate is presently shipped as
far as 75 to 100 miles.

One test section of black base (approximately 60 per-
cent shell, 40 percent sand) with a 1-in. maximum size
aggregate was placed in 1966 and appears to be performing
satisfactorily. Also, other states, such as Louisiana and
Alabama, have used shells similarly with success.

One test section was also placed as a surface mix, but
developed a low skid coefficient. The use of shells in a
surface mix appears to be questionable with regard to
maintaining a safe skid-resistant surface.

2. Slate Wastes.—In one area of Virginia a large slate
quarry produces dimension stone for roofing and various
architectural purposes. Production of this material also
provides a considerable quantity of crushed tailings (Fig.
B-7), which have been wasted.

Although this material has very poor particle shape, and
its use would be discouraged in the presence of better ag-
gregates, the nearest commercial rock quarry is about



25 miles away. Therefore, transportation costs would al-
most double the cost of stone if the slate tailings were not
utilized.

The amount of construction in the area, and the geology,
apparently did not justify production of conventional
crushed stone. Research (60) showed that the important
properties (resistance to freezing and thawing, strength,
chemical stability, etc.) were entirely satisfactory and that
acceptable concrete could be made economically with suit-
able attention to the mixture proportioning and controls,

The material is now used for roadcover stone and is sold
commercially in the area of the quarry. Although the pri-
mary concern was with the particle shape, which was ap-
proximately that of various-sized coins, the particle shape
of the aggregates from the nearest commercial rock quarry
wasn't too good either.

The foregoing examples are typical of many others that
could be developed from other areas. The experience with
shells in Virginia does, however, illustrate the frustration
caused by lack of continuity of supply.

Motive 3—Use of Wastes

Experience in the use of wastes as aggregate is limited,
but this area is receiving considerable attention in the popu-
lar press. A recent issue of Business Week Magazine (71)
cartied an adver lisemenl aunouncing a 1oadbed (o be con
structed with residue from high-temperature incineration of
waste. Inquiries concerning the advertisement indicate that
this construction has not yet been accomplished. Use of
crushed glass in subbase, and rubber and plastic waste in
asphaltic mixtures, was described in a recent issue of
Engineering News-Record (105).

Such utilization of by-products is not new, as witnessed
by the extensive use of fly ash, particularly in concrete,
which is being summarized by Highway Research Board
Committee MC-BS (39).

A session of the 1970 Annual Meeting of the Highway
Research Board focused attention on fired-clay aggre-
gates for use in flexible bases (67), lightweight concrete
aggregate from sintered fly ash (63), domestic waste glass
in bituminous mixtures (36), cinders for road surfacing
aggregates (36), and slag as aggregate (25).

Recent research on concrete reinforced with chopped
fibers of various materials suggests the use of metal from
shredded automobile bodies, but no examples of this use
are known.

Summary

In summary, there appears to be a variety of materials
that could be used, if necessary, to supplement conven-
tional aggregates, and undoubtedly technology exists or
can be developed for the production of others.

The summarizing paragraphs of NCHRP Report 8, “Syn-
thetic Aggregates for Highway Construction” (21), still
seem appropriate:

Synthetic aggregates represent an alternative to im-
porting natural aggregates from other localities. The

primary determinant of the utility of synthetic aggregates
is an economic one: the relative cost of importing suit-
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Figure B-6. Dead reef oyster shells in bituminous concrete.

Figure B-7. Slate aggregate.

able natural aggregates versus the cost of producing a
synthetic aggregate locally. As nearby natural aggregates
are depleted, the cost picture becomes more favorable
where there are local sources of suitable by-product or
waste materials that require only mechanical processing
or where there is a local source of suitable raw materials
and energy for the manufacture of a low-cost synthetic
aggregate,

When the aggregate shortage becomes more wide-
spread and with importing natural aggregates, an ex-
tremely costly solution in most localities, the manufac-
ture of synthetic aggregates will become more feasible.
In the long run, the most useful development is likely
to be either utilization of job-site materials for making
synthetic aggregates in versatile and portable processing
equipment or the establishment of a widespread syn-
thetic aggregate industry that processes available mate-
rials such as clays and shales.

The entire cost of using domestic waste materials to solve
pollution problems could not be borne by the highway
budget. Therefore, the disposing agencies involved would
necessarily have to bear some share of that cost.

If it is assumed that economics allow or demand the use
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of supplemental aggregate sources for any of the three
motives listed, the following would have considerable bear-
ing on acceptance throughout the highway industry:

1. Long-range stability to minimize maintenance.
2. Continuity of supply.

Undoubtedly, changing economic patterns may make

mining of conventional aggregates a more attractive al-
ternative in urban areas. Obviously, the search should
continue for design sections that require smaller volumes
of the more critical materials.

References (6, 20, 21, 22, 25, 36, 38, 39, 49, 51, 56, 60,
63,67,71,88, 105).

APPENDIX C

CAPABILITIES TO MEET FUTURE AGGREGATE REQUIREMENTS

The need for suppfemt;ntary aggregates varies in the regions
of the United States from almost none to almost total
reliance on manufactured aggregates. Before exploring the
country’s capability to meet this need, the current aggre-
gate situation is reviewed.

NATURAL AGGREGATE PRODUCTION AND SOURCES

The total conventional sand and gravel production data by
state for the years 1964-67 are given in Table C-1 (99).
Similar data for stone production are given in Table C-2.
A ranking has been included in these tables to indicate
relative production by state.

These data show that sand and gravel production by
state varies from 2 million tons to 115 million tons per
year and that stone production varies from ¥4 million tons
to 50 million tons per year. Totals of about 900 million
tons of sand and gravel aggregates and about 800 million
tons of crushed stone aggregates are produced in the United
States each year.

Differences in production quantities by state are due to:

1. Supply equaling demand, and thus no need to increase
production.
2. A shortage of conventional aggregate deposits.

In areas where supply equals demand, the problem is to
interest aggregate producers in the mineral resource in the
future. In areas where a lack of material exists, users must
resort to the transport of aggregate from some distant
- source, beneficiation of local material, or manufacture of
‘supplemental aggregates utilizing local material or waste
materials.

Aggregate production data for each American Associa-
tion of State Highway Officials (AASHO) Region (Fig.
C-1) are given in Table C-3.

Witczak (110) has prepared several maps (Figs. C-2 to
C-5) showing the location of potential conventional ag-
gregate sources in the United States. Figure C-2 shows
the distribution of potential crushed carbonate stone areas;
Figure C-3, the potential crushed granitic/metamorphic

complex stone areas; Figure D-4, the potential crushed
igneous stone areas; and Figure C-5, the potential sand and
gravel areas. Witczak also prepared a map (Fig. C-6)
depicting areas in the United States that are lacking in
“quality” aggregates.

PROJECTED AGGREGATE REQUIREMENTS

A previous study (5) provides information to estimate the
yearly tonnage of aggregates needed in each of the AASHO
Regions through 1985. Table C-4 (5) gives past and pre-
dicted total production, as well as the portion needed for
construction and maintenance of highways. Table C-5
gives the estimated needs for each AASHO Region for
1975 and 1985. A doubling of the aggregate requirements
for 1985 over the amount used now is predicted.

PROJECTED AGGREGATE SUPPLY

The regional aggregate production data given in Table
C-3 for 1966 were projected to 1975 and 1985 by assuming
a constant annual aggregate production increase of 5 per-
cent, which is slightly in excess of the average annual in-
crease of 4.3 percent that occurred during the decade from
1956 to 1966 (5). The projected total aggregate produc-
tion data were reduced to projected aggregate supply for
highway consumption (Table C-6) by using a factor of
39.4 percent from Table C-4. The average percentage of
total aggregate production used for highway consumption
has been suggested as being between 30 and 50 percent (5).
Some states, however, may use 75 percent or more of a
specific conventional aggregate for highway consumption,
whereas other states use as little as 10 percent (99).

AGGREGATE REQUIREMENTS VERSUS SUPPLY

Table C-6 gives the difference between the estimated ag-
gregate supply and estimated needs for 1975 and 1985.

The aggregate demands for highways in Region 1 will
not be met in the future unless:



TABLE C-1

TOTAL CONVENTIONAL SAND AND GRAVEL
PRODUCTION, BY STATE *
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TABLE C-2

TOTAL CONVENTIONAL STONE AGGREGATE
PRODUCTION, BY STATE #

PRODUCTION (MIL. TONS)

PRODUCTION ( MIL. TONS)

STATEC 1964 1965 1966 1967 RANK STATE 1964 1965 1966 1967 RANK
Alabama 5.84 6.42 7.08 7.23 40 Alabama 1585 17.99 20.74 18.37 17
Arizona 18.12 1492 18.73 1658 18 Arizona 3.76 2.47 2.27 1.91 37
Arkansas 11,79 1281 16.06 1424 20 Arkansas 2024 2124 19.11 17.45 18
California 11299 11831 120.69 116.12 1 California 45.81 4257 43.05 37.19 5
Colorado 2074 2081 2224 2181 11 Colorado 3.22 479 = 7.03 2.99 34
Connecticut 10.09 9.94 9.56 8.32 36 Connecticut 5.86 5.87 5.62 5.10 30
Delaware 1.28 1.54 1.61 1.97 48 Delaware 18 .18 221 21 48
Florida 7.42 7.30 7.40 6.91 41 Florida . 33.16 3573 35.02 3397 8
Georgia 3.59 3.67 3.91 3.79 45 Georgia 22.82 2342 2469 2342 16
Idaho 9.58 12.15 7.54 11.25 28 Idaho 1.14 1.83 2.69 1.99 36
Illinois 3488 36.23 38.24 38.80 7 Illinois 4299 47.07 26.16 48.46 3
Indiana 2442 2487 2499 2626 10 Indiana 2232 2457 2432 2698 12
Iowa 13.89 1820 19.64 17.73 16 Towa 2394 2589 2773 26.13 13
Kansas 1296 1254 11.63 12,07 25 Kansas 14.14 1527 14,03 13.55 23
Kentucky 6.56 6.74 8.06 7.98 38 Kentucky * 21.87 26.03 22.67 24.81 14
Louisiana 13.59 1430 1822 2031 12 Louisiana 5.46 7.45 8.09 7.60 28
Maine 13.55 1729 1536 11.63 27 Maine 1.41 1.10 1.09 1.16 44
Maryland 15.04 1620 15.11 12.87 23 Maryland 1335 1455 1387 1448 21
Massachusetts 21.34 2214 1732 17.88 15 Massachusetts 6.52 6.17 6.52 6.20 29
Michigan 5192 5317 55.12 5231 2 Michigan 3465 3471 37.86 36.43 7
Minnesota 35.82 37.55 3933 4121 6 Minnesota 3.59 4,37 4.90 4.16 33
Mississippi 7.83 845 12,67 14.04 21 Mississippi 1.55 2.36 1.53 1.88 38
Missouri 1148 12,07 10.70 9.72 32 Missouri 3149 3625 3524 36.58 6
Montana 16.02 12,05 13.82 1234 24 Montana 7.34 5.51 4.15 4.85 31
Nebraska 1464 1199 1354 11.74 26 Nebraska 3,78 4.20 5.05 4.85 32
Nevada 14.14 9.45 9.09 10.17 29 Nevada 79 1.25 2.00 1.37 42
New Hampshire 877 1058 7.63 8.45 35 New Hampshire .20 15 21 47 47
New Jersey 17.66 1739 17.78 18.63 14 New Jersey 1233 1223 1245 1261 25
New Mexico 8.78 11.76  15.50 14.67 19 New Mexico 2.76 191 2.65 1.39 41
New York 39.28 2922 4190 43.50 3 New York 29.14 30.80 34.13 33.39 9
North Carolina 11.15 1050 11.60 10.01 30 North Carolina 17.94 18.83 2238 2451 15
North Dakota 10.52 7.57 10.14 8.82 34  North Dakota .03 .36 17 .60 45
Ohio 3777 40.85 4385 43.19 4 Ohio 3771 4226 4500 4546 4
Oklahoma 6.68 522 6.04 4.54 44 Oklahoma 13.99 1642 1533 16.36 20
Oregon 1825 2180 3533 19.63 13 Oregon 16.12 2121 3329 1320 24
Pennsylvania 1620 1850 17.57 1748 17 Pennsylvania 58.83 56.81 59.09 60.16 1
Rhode Island 1.65 1.68 2.28 2.33 47 Rhode Island 45 .44 .54 48 46
South Carolina 4.62 5.25 6.02 5.25 43 South Carolina 6.11 5.95 8.13 8.13 27
South Dakota 13.77 1400 13.63 13.46 22 South Dakota 2.12 1.55 219  1.87 39
Tennessee 7.97 8.19 - 8.63 7.97 39 Tennessee 26.50 28.89 31.26 31.46 10
Texas 29.16 32,65 2622 31.40 8 Texas 4024 39.52 4358 4942 2
Utah 1022 10.03 12.37 941 33 Utah 3.10 2.33 225 1.83 40
Vermont 1.76 2.08 2.32 3.72 46 Vermont 2.07 2.59 2.65 2.76 35
Virginia 10.59 1532 17.19 9.86 31 Virginia 3041 3635 34.15 3132 11
Washington 3192 3130 29.00 28.16 9 Washington 10.50 1246 1325 1445 22
West Virginia 5.47 5.25 5.45 5.83 42 West Virginia 7.48 8.48 9.74 9.44 26
Wisconsin 3435 38.75 41.52 42.54 5 Wisconsin 13.90 1534 16.15 17.12 19
Wyoming 5.63 8.00 7.19 8.18 37 Wyoming 2.15 1.59 1.39 1.25 43
All 840.69 877.00 916.81 872.31 All 72131 769.31 805.52 779.88

* Data from Minerals Yearbook 1967 (99).

1. Aggregate production increases in excess of 5 percent
per year are encountered.

2. The percentage of aggregate for highway consumption
to total aggregate production for the region is greatly
increased over 40 percent.

3. Conventional aggregate is transported into the region
from one of the other three regions.

* Data from Minerals Yearbook 1967 (99).

4. Supplemental aggregates are manufactured and used
for highway construction.
5. Low-quality aggregates are beneficiated and used.

Figure C-6 shows that all of these possibilities exist for
the region. That is, because the area does not lack quality
materials, they could be produced given the demand. To
meet the demand, however, the average annual yearly con-
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AASHO Region | — Maine, Maryland, New York, Delaware,
New Hampshire, Rhode Istand, Vermont, Pennsylvania,
Massachusetts, District of Columbia, Puerto Rico,

New Jersey, Connecticut.

AASHO Region 2 — Mississippi, Tennessee, North Carolina,
Florida, Georgia, Alabama, South Carolina, West Virginia,
Louisiana, Virginia, Arkansas, Kentucky.

AASHO Region 3— Minnesota, Nebraska, lowa, Ohio, illinois,
South Dokota, Michigan, Wisconsin, Kansas, Oklahoma,
Indiana, North Dakota, Missouri

AASHO Region 4- Alaska, Hawgii, Texas, Colorado, Utah,
Idaho, Washington, Montana, Arizono, Wyoming,
California, Nevado, New Mexico, Oregon.

Figure C-1. American Association of State Highway Officials
(AASHO) Regions. (After ARBA, Ref. 5.)

ventional aggregate production rate increase would need to
exceed 12 percent to met the 1975 requirement and 7 per-
cent to meet the 1985 requirement.

The situation in Region 2 is more critical than that in
Region 1. Table C-6 indicates that the supply will exceed
the demand, assuming the total conventional aggregate
production rate increases at 5 percent yearly. Yearly pro-
duction increases of this magnitude may not be possible,
because some areas of the region are already lacking
quality aggregate (Fig. C-6). Thus, to meet the projected
demand many areas of the region will have to:

1. Increase the proportion of aggregates for highway
consumption to total aggregate production.

2. Transport quality aggregates into the aggregate-
deficient areas of the region.

TABLE C-3

3. Manufacture and use supplemental aggregates.
4. Beneficiate and use low-quality materials.

The situation for Regions 3 and 4 is similar to that for
Region 2. That is, over-all the regions are capable of
meeting future demands for aggregates for highway con-
sumption provided the yearly production rate increase of
approximately 5 percent and the percentage of aggregate
for highway consumption to total aggregate production of
approximately 40 percent or more can be met. However,
Figure C-6 shows that some local areas of each region will
have difficulty meeting the aggregate production quantities
because of an existing quality aggregate deficiency. To
meet the projécted demand, such areas will have to select
one of the alternatives as stated for Region 2.

Because it will not be possible for all areas of the United
States to increase production of conventional aggregates at
an annual rate of S5 percent, increased use of beneficiated
low-quality materials and manufactured aggregates will be
necessary.

TECHNICAL CAPABILITIES TO MEET DEMAND

The technical capability currently exists or can be devel-
oped to provide all the aggregates needed in the future.
Furthermore, aggregates can be manufactured with special
properties desired for certain uses, such as skid resistance
and night visibility. Additional high-quality aggregates can
still be obtained, poor-quality aggregates can be upgraded
or used for selected purposes, and aggregates of various
qualities can be manufactured from earth materials and
waste products.

Additional Aggregate Sources

In some portions of the country, where the current sources
of aggregates are being depleted, additional high-quality
aggregates may be obtained by mining. The depth to which
mining is feasible is determined by economic considera-
tions. No new technology needs to be developed.

Excellent aggregates are being dredged from rivers and
lakes, but sea-dredged aggregate production can be ex-
panded. Again, no new technology is needed to obtain the
aggregates. However, because such aggregates contain salt
and shells, some research is needed to determine suitable
limits for these potentially deleterious materials.

TOTAL CONVENTIONAL AGGREGATE PRODUCTION (SUPPLY), BY

AASHO REGION

SAND AND GRAVEL (MIL. TONS)

STONE (MIL. TONS)

AASHO

REGION 1964 1965 1966 1967 1964 1965 1966 1967

1 146.62 156.56 148.44 146.78 12034  120.89 136.28  127.02
2 96.42 10420 12229 11342 209.39 23272 237.51 23254
3 302.10 313.01 328.37 31239 24465 268.26 274.13 27855
4 295.55 303.23 217.71  299.72 13693 13744 157.60 131.77
All 840.69 877.00 916.81 87231 72131 76931 805.52 779.88
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Figure C-2. Distribution of generalized potential crushed carbonate stone areas. (After Witczak, Ref. 110.)

Figure C-3. Distribution of generalized potential crushed granitic/metamorphic complex stone areas.

Witczak, Ref. 110.)
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Figure C-4. Distribution of generalized potential crushed igneous (exclusive of granite) stone areas. (After
Witczak, Ref. 110.)
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States Not Replying To Availability

Question of Questionnaire

Note: Data Based on NCHRP Materials Questionnaire Distributed as Part

of NCHRP |-3

Figure C-6. Areas lacking quality aggregates. (After Witczak, Ref.110.)

Beneficiation

Low-quality aggregate can be upgraded by mechanical or
chemical beneficiation methods, or may be used for se-
lected purposes or in special designs. Current methods of
mechanical beneficiation are sufficient to upgrade many
poor aggregates to the required "quality; but where natu-

TABLE C4

ral aggregates have continued to decrease in quality in
recent years more sophisticated beneficiation methods,
often borrowed from the ore-processing industry, are being
introduced.

Chemical processes for beneficiation have not been
widely used and additional technology needs to be de-

HIGHWAY AND TOTAL AGGREGATE CONSUMPTION *

TOTAL PRODUCTION ® (MIL. TONS)

HIGHWAY CONSUMPTION ¢

IRON PERCENT
SAND AND OF TOTAL
AND CRUSHED STEEL MILLION PRODUC-
YEAR GRAVEL STONE SLAG © TOTAL TONS TION
1956 625 504 32 1161 443« 38
1961 752 613 27 1392 555 40
1966 934 811 29 1774 660 37
1975 1330 1260 33¢ 2623 1199 46
1985 1970 2060 37¢ 4067 1447 36
Avg. 39.4

» After ARBA (5).

b Data through 1966 were obtained from Minerals Yearbook, Bur. of Mines, U. S. Dept. of the Interior; pro-
jections for 1975 and 1985 are based on a continued growth rate equal to the average for 1956-61 and 1961-66

periods, except as noted.

¢ Excludes expanded slag lightweight aggregate used almost exclusively in building construction.

@ Consumption in highway construction and maintenance through 1966 is based on AASHO surveys and is
projected for 1975 and 1985 on the basis of highway needs as reported to Congress by AASHO.

¢ Assumes maintenance added 10 percent to construction use of 403 million tons.

! Estimates projected on basis of moderate increase in iron and steel production.
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TABLE C-5

PROJECTED AGGREGATE DEMAND FOR HIGHWAY
CONSUMPTION, BY AASHO REGION

MILLION TONS

AASHO DEMAND *

REGION (%) 1975 1985
1 31 371.7 448.6
2 17 203.8 246.0
3 28 335.7 405.2
4 24 287.8 3472
All 100 1199 1447

a After ARBA (5).

veloped. Surface-active agents and other chemicals, even
in trace amounts, may yield significant improvement to
poor aggregates and should be investigated. For example,
small quantities of lime may be used to improve the ad-
hesion characteristics of some aggregates to asphaltic
materials.

Poor-quality natural aggregates may be upgraded by
coating or impregnation with either organic or inorganic
materials. Further research is required before any aspect
of this approach can be considered practical.

New binders can be developed that permit the use of
aggregates not now suitable. Also, some aggregates may
be used in the usual manner and the finished product
impregnated, coated, or otherwise sealed to prevent the
ingress of elements that cause deterioration.

Supplementary Aggregates

Aggregates suitable for all uses are being obtained from
natural deposits or processed from naturally occurring
materials. The processed aggregates are usually lighter in
weight, except for air-cooled slag, than the natural-
occurring aggregates. The industry has the capacity, or

TABLE C-6

can obtain it, to maintain the supply needed as long as the
natural resources last,

Clays, shales, and slates can be used to manufacture
aggregates; there is virtually no geographical region in the
United States where one or more of these raw materials
does not occur in an almost inexhaustible supply. These
materials need not be naturally floating, as fluxing and/or
gas-forming agents can be added to produce a material
with adequate bloating qualities.

Aggregates with desirable properties can be made from
combinations of calcareous and argillaceous materials in
rotating kilns in the same manner as cement clinker is
produced. Shale, clay, or fly ash may be added to produce
quality aggregates. Such aggregates may not be lightweight,
but particle shape and the nature of the particle surface can
be controlled. Much development work needs to be done
in this area.

Aggregates made from sintered fly ash are being used in
limited quantities. Large quantities of fly ash exist and its
transformation to an aggregate may contribute significantly
to the reduction of an aggregate shortage in some areas,
particularly near large cities.

There are many processes by which the ceramics indus-
try can manufacture suitable aggregates from materials
that exist in large quantities. These aggregates can be of
various shapes, hardnesses, textures, compositions, and
colors, each designed to serve a specific purpose.

In many instances, the rubble from an existing pavement
might be used, and it has been in some cases, for aggregate
in a new pavement. Further development of equipment is
needed to make this a more practical approach.

There are many waste materials, such as tires, sewage,
bottles, and cans, that can be used as aggregates. Use of
some of these materials for aggregates requires new tech-
niques not widely available today, such as encapsulating in
plastic or asphaltic material. Such materials need not be
processed to permit use as aggregates for all purposes.
Even though universal aggregates are convenient, they are
not necessary. Selective use of aggregates is one effective
means of extending the aggregate supply.

PROJECTED SUPPLY AVAILABLE VS ANTICIPATED DEMAND FOR

HIGHWAY CONSUMPTION, BY AASHO

1975 1985
AASHO suppLY® DEMAND ? DIFF. SUPPLY * DEMAND DIFF,
REGION (MIL. TONS) (MIL.TONS) (%) (MIL. TONS) (MIL.TONS) (%)
1 174.0 371.7 —53.2 283.5 448.6 —36.8
2 219.8 203.8 +7.8 358.2 246.0 +45.6
3 368.1 335.7 +9.6 599.2 405.2 +1-48.0
4 290.1 287.8 +0.9 4732 347.2 +36.3
All 1052 1199 —123 1714 1447 4184

2 Data in Table C-3 for 1966 were projected assuming a constant average annual increase in total aggregate
production of 5 percent; the average percentage of total aggregate production (39.4) was then applied to the

total production value to obtain the highway consumption value.
b Projected demand was obtained from Table C-5.



Summary

The technical capabilities of the plastic, ceramics, chemi-
cal, mining, and metal processing industries have never
been fully applied to solving the problem of an aggregate
shortage. In short, much of the technology needed to
provide the United States with a virtually unlimited aggre-
gate supply is already available or can be developed in the
foreseeable future. The rapidity with which new tech-
niques are brought into aggregate production for highway
use will be determined by economical considerations.

QUALITY NEEDED

Aggregates of a given quality that can be used for all
purposes, including bases, asphaltic concrete, and portland
cement concrete, are convenient, but not necessary. In
some areas, the effective aggregate supply can be increased
by appropriate selection of aggregates for the various uses
or by design changes to reduce required aggregate quanti-
ties or to permit the use of otherwise substandard aggre-
gates without beneficiation.

Selective Use

A pavement can be divided into three components—wear-
ing surface, base, and in-place soil. In structures, a similar
classification can be made, philosophically at least, in that
there exists a foundation, a substructure support, a slab,
a wearing surface, etc.

In general, the quality of the aggregate required (i.e., the
restriction placed on various characteristics) decreases as
the depth below the wearing surface increases. Although
the lower portions of a structure or pavement are more
“massive,” there is a parity between volume and required
quality. In general, the best materials are placed near the
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top in heavy-duty roads. Fortunately, these are not neces-
sarily the materials used in greatest volumes. Large vol-
umes are required for the lower layers, but the quality of
alerial required in these “base” layers can be lower than
that of the upper layers. Thus, selective use of existing
quality aggregates should be practiced.

SPECIFICATIONS AND DESIGNS

Many specifications for aggregates are written to be ap-
plied nationwide, and as such may not be ideally suited
for a particular region or a particular use.” Such specifica-
tions are by their very nature usually more restrictive than
necessary for many uses and require the use of high-quality
materials in places where lesser-quality aggregates would

perform adequately. '

Caution must be used in preparing specifications for any
supplementary aggregates that are developed so as not to
restrict their use. It cannot automatically be assumed that
specifications for currently used aggregates can be applied
to newly developed aggregates.

Some aggregates contribute to D-cracking in portland
cement concrete pavements and, hence, are avoided. How-
ever, the same aggregates might possibly be used in pave-
ments that would not exhibit the D-cracking phenomenon
if the geometric designs of the base and surface are changed
to provide more complete drainage.

Mixture designs and proportions might also be altered
to allow the use of lesser-quality aggregates.

* This has sometimes been appreciated by those who wrote the specifi-
cations, as is indicated, for example, by Note 1 to the scope of ASTM
Method C-33, “Standard Specification for Concrete Aggregates,” which
reads: “These specifications are regarded as adequate to ensure satis-
factory materials for most concrete. It is recognized that, for certain
work or in certain regions, they may be either more or less restrictive than
needed.”

APPENDIX D

BENEFICIATION OF EXISTING AGGREGATES

One method of extending the existing aggregate supply is
through beneficiation of aggregates too low in quality to
be otherwise used. Such aggregates can be improved for
specific or general use by:

. Coatings.
Impregnation.
Blending.

Mechanical processes.

bl el e

The choice of the method of improvement will depend on
the particular aggregate and its deficiency and intended use.
The capabilities of the ceramic, plastic, mining, and other

related industries have not been fully exploited to resolve
this problem.

In the following discussion, it should be kept in mind
that aggregates produced by the processes discussed in
Appendix E can also be upgraded by the processes men-
tioned here. For example, it is logical to assume that a
number of processes can be used to produce aggregates
that will not meet the standards necessary for highway
construction. This might include pelietizing clayey soils
and reclamation of rubble from old construction, as ex-
amples. It is entirely logical to assume that these aggre-
gates can be upgraded by one or several of the processes
given here.
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COATINGS

Aggregates can be coated by physical, chemical, thermal, or
combined processes. The coatings may prevent intrusion
of harmful materials, increase the general strength charac-
teristics, increase resistance to wear, increase skid re-
sistance, increase resistance to weathering, and promote
bond between the aggregates and the matrix.

Ceramic surfaces can be developed on some aggregates
simply by heating the aggregate to moderate temperatures
(850 to 1,450 F) in rotary kilns. For this treatment to be
effective, the mineralogical composition of the aggregate
must be such that the aggregate surface can be sintered
or fused. Many aggregates are not susceptible to this type
of treatment, in which case fluxing agents can be used to
provide the ceramic surface when heated.

A number of fluxing agents have been developed that,
when applied to the aggregate particles and heated to tem-
peratures of from 850 to 2,000 F, will produce waterproof,
insoluble, weather-resistant surface coatings for the aggre-
gate particles. Jewett (28, 91, 17) has patents on proc-
esses and formulas for coating aggregate particles. The
type of surface obtained by such processing depends on
the flux used and the temperature to which the aggregate
is heated. The amount of fluxing agent required varies with
the type of flux and the aggregate gradation, but generally
varies between 80 and 200 Ib of flux per ton of aggregate.

An additional advantage of the ceramic coating process
is that the aggregates can be color coded for surface
applications. Also, the adhesion characteristics between
the aggregate particles and a binding matrix can be greatly
improved by the proper choice of flux.

Aggregates can also be coated with thin plastic films of
thermosetting and thermoplastics materials. Coating of
aggregates with the thin plastic films protects them from
the elements, thereby increasing the soundness, and may
increase their abrasion resistance. These coatings are not
likely, however, to significantly improve the compressive
strength of the aggregate particles.

Organic compounds, and specifically linseed oil, have
been used to improve the durability of concrete, apparently
by reducing the absorption of salts into the concrete pores
(83). This same technique might also significantly im-
prove the resistance of aggregates to breakdown due to
environmental conditions. Care must be taken, however,
to ensure that if these aggregates are to be used with a
binder, such as in concrete or with bituminous materials,
the linseed oil or other organic compounds do not reduce
the adhesion, thus promoting stripping of the binder. At-
tempts have been made to make a surface-active agent from
linseed oil by converting it into monoglyceride (83) or by
emulsifying it with resinous materials. Data are not avail-
able to evaluate the effectiveness of these materials.

Use of surface-active agents is another method of im-
proving the performance of aggregates. Such agents are
useful in promoting adhesion between the aggregate parti-
cles and the binder, especially bituminous binders. Many
commercial products might be used for this purpose, such
as:

1. Silicones.

2. Long- and medium-chain amincs.

3. Cationic and anionic salts, depending on the residual
charge on the aggregates.

4. Linseed oil products.

Other adhesion promoters, such as chlorophenylalkyl-
substituted carboxylic acids, which have been used to pro-
mote adhesion in paints, may also be effective in promoting
bond between the aggregates and the matrix.

Ceramic coatings that wear unevenly, or alternate layers
of coatings with varying hardnesses, may be used to
improve skid resistance in aggregates.

IMPREGNATION

Impregnation of aggregate particles can greatly reduce their
absorption capacity and thus would probably increase their
soundness. If porous aggregates are impregnated with
gaseous or liquid-phase monomeric plastics, and poly-
merized by radiation or by chemical treatment, significant
increases in the strength, impact resistance, and resistance
to freeze-thaw of the aggregate may result (57).

Experience with impregnation of portland cement con-
crete may be applicable to porous aggregates. Methyl
methacrylate, styrene, and to some extent acrylonitrile,
have been effective in increasing the strength and resistance
of concrete to frost action (57). Polyesters and epoxies
can also be used for this purpose, but are much more
expensive than the other resins mentioned. Other mono-
meric plastics will also likely serve the same purpose, but
data are not available in the literature to evaluate their
effectiveness.

BLENDING

For some uses aggregates may be upgraded to the necessary
standards by blending in other aggregates or materials with
specific characteristics. Silica sand and particles of cast
iron are examples of materials that can be used to increase
polishing resistance and improve the skid-resistance charac-
teristics of pavement surfaces.

Substantial quantities of cast-iron particles may be ob-
tained by melting low-quality scrap steel, such as old auto-
mobiles, and cooling the molten mass by an appropriate
quenching process that will produce metal particles in
acceptable sizes for inclusion in the pavement surface layer.

MECHANICAL

Several methods of mechanically beneficiating aggregates
are in general use. These include crushing, washing, heavy-
media separation, sieving, and blending. Other mechanical
methods can also be applied, such as selective crushing, in
which only the soft, deleterious materials are crushed and
can be removed by washing or heavy-media separation. If
rubble is considered as a suitable replacement for aggre-
gates, it can probably be upgraded significantly by selec-
tive separation and removal of certain portions such as
plaster, wood, and the softer portions that are not suitable
for highway construction.
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SUPPLEMENTARY MATERIALS TO EXISTING AGGREGATES

For many decades the use of synthetic or manufactured
aggregates for construction purposes has been suggested.
Efforts were being made to incorporate such materials into
highway and building construction at a time when the
apparent shortage of aggregate was not critical. As a
result, such efforts were not well received.

The accelerated pace of highway and building construc-
tion today has rapidly diminished the high-quality, natural
aggregate resources of the United States. In some areas,
the shortage of conventional aggregates is acute and is
causing engineers to take another look at “manufactured”
supplemental aggregates.

Raw materials for producing aggregate replacements
include clays, shales, marls, and industrial wastes such as
fly ash and mine tailings. One or more of these materials
is available in regions that do not have supplies of con-
ventional aggregates. The problem with these materials
often is that they are too small in particle size for conven-
tional aggregate replacements and may be subject to de-
terioration in strength upon exposure to water. However,
there are several possible methods of overcoming these
difficulties.

Of some importance to be considered in the manufacture
of synthetic aggregates is the possibility of making them
better for a given purpose than any available natural ag-
gregate. For example, it appears possible to produce aggre-
gate with a controlled pore structure, controlled chemical
composition, and controlled particle shape, as well as
other properties. The manufacture and use of such ma-
terials could result in improved highway performance.

Development of supplementary aggregate materials must
also recognize the need for continuity of supply. The high-
way industry has in the past developed means of using a
waste product, which, after the development stage, either
became depleted or was patented and available only at a
premium cost. Continuity of supply is particularly impor-
tant in the development of long-term performance criteria
and user competence.

EXISTING SYNTHETIC AGGREGATE SOURCES

A comprehensive review of the existing synthetic aggregate
situation through 1964 was presented in NCHRP Report 8
(21). Although six years have elapsed since preparation
of that report, few significant changes or additions have
been forthcoming; however, the current aggregate situa-
tion indicates that supplementary aggregates will increase
both in kind and in amount used.

The following methods, both existing and potential, for
production of manufactured aggregates are not presented
according to any order of preference:

. Heat treatment of suitable clays and shales.
. Pelletizing and sintering of raw materials.
. Pelletizing of raw materials and coating.
. Mechanical processing of certain wastes:
(a) Building and highway rubble.
(b) Ceramic waste:
(1) Devitrified waste.
(2) Glass cullet.
(3) Waste ceramic ware.
(c) Waste from cast-iron enameling.
(d) Wastes from structural clay products:
(1) Broken bricks.
(2) Broken pipe.
(3) Broken tile.
(e) Metallurgical slags.
(f) Ash clinker:
(1) Incineration of sewage sludge.
(2) Incineration of garbage.
(g) Scrap iron and steel.

5. Heat treatment of nonbloating materials, including
sand, soil, and loess.

6. Manufacture by nuclear methods.

7. Heat treatment of waste materials:

(a) Coal mine tailings.
(b) Fly ash.
(¢) Collected mineral dusts.

8. Chemical and thermochemical processing of raw
materials or solid wastes from conventional aggregate
production:

(a) Mixing with agent, pelletizing, and curing:
(1) Lime.
(2) Lime-fly ash.
(3) Cements (phosphate, silicate, portland, etc.)
(4) Plastics.

(b) Mixing with agent, casting brick, curing, and
crushing to size.

9. Mechanical processing of marine deposits:

(a) Reef shell.
(b) Beach sand.

10. Beneficiation of a low-quality aggregate.

11. Combinations of two or more of the previously listed
sources.
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These methods can be reduced to the following broad
categories:

1. Heat treatment of raw minerals.

2. Chemical and thermochemical processing of raw
minerals or solid wastes from conventional aggregate
production.
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3. Pelletizing of raw minerals and beneficiation to suit-
able quality.

4. Utilization of solid wastes.

5. Beneficiation of low-quality aggregate.

6. Utilization of marine deposits.

Several methods within each of these broad categories
have been used to yield manufactured aggregates in the
past. Additional methods that utilize the same basic prin-
ciples of manufacture have been conceived and are poten-
tial sources of manufactured aggregate. No method using
a basic principle other than those listed previously appears
to be forthcoming in the near future.

HEAT TREATMENT

For many years supplementary aggregates have been made
in rotary kilns or on sintering grates. These aggregates are
usually lightweight and are made from self-bloating clays,
shales, or slates.

Nonbloating raw materials can be used for the manufac-
ture of normal-weight aggregates or can be made to bloat
by the fuels used.

Combinations of calcareous and argillaceous materials
can be used to manufacture aggregates in much the same
manner as cement clinker is made. These aggregates have
certain desirable properties, such as increased bond with
the paste.

In-situ earth materials can be transformed into suitable
aggregate material by heat generated from an underground
nuclear blast. This approach does not require any pre-
heat treatment of the raw materials; however, it does
require greater post-heat treatment than other processes.

CHEMICAL AND THERMOCHEMICAL PROCESSING OF
RAW MINERALS

The principle of chemical and thermochemical processing
of raw minerals to form a larger agglomerate of minerals
that possesses desired properties has been used for some
time in the construction industry. A notable example is
the sand-lime brick industry, which produces a high-
strength brick by autoclaving a mixture of sand and lime.
In this process, a chemical combination of calcium with
silica occurs to form a calcium silicate that cements the
mixture together. This principle can be extended to the
production of supplemental aggregates.

Suitable aggregates might be made by mixing a chemi-
cally active ingredient such as lime, phosphate, silicate, or
cement with a base raw mineral. The base mineral could
be any of a number of earthen materials, including sands,
clays, soil, loess, or combinations of these, or a waste ma-
terial such as fly ash. The mixture could then be compacted
into aggregate-size agglomerates by pelletizing techniques
and stockpiled for curing. The method of curing would
be dictated by the reactivity of the base minerals and the
type of chemically active ingredient used, and might vary
from several days to several weeks. Some combinations
(cement, water, and base) would react under atmospheric
conditions, whereas other combinations (lime and sand)
might require autoclaving.

If pelletizing to the desired aggregate size is not con-
venient, large bricks could be made and then crushed and
screened to the desired sizes.

The aggregate industry produces, along with its various
products of crushed stone and gravel, appreciable quanti-
ties of solid wastes (84). Stringent specifications for
higher-quality products are increasing the production of
this solid waste material, which represents from 2 to
20 percent of total conventional aggregate production (84).
Disposal of this waste is a problem, particularly in metro-
politan areas. As a result, effective uses are being sought.
It may be possible and desirable to use the solid wastes
from conventional aggregate production as the raw ma-
terial for the production of a manufactured aggregate by
chemical or thermochemical processing.

PELLETIZING RAW MINERALS AND BENEFICIATION TO
SUITABLE QUALITY

One source of a high-quality aggregate that does not
utilize excessive temperature would be production of a
low-quality aggregate and then beneficiation to the desired
quality. The low-quality aggregate could be produced by:

1. Pelletizing suitable raw materials, including soils and
clays, by extrusion or balling techniques.
2. Chemical processing of soils.

After formation of the low-quality aggtegate, one of the
several beneficiation techniques presented in Appendix D
could be used to upgrade the agglomerate to the desired
quality.

There is a need to make the agglomerate particles re-
sistant to disintegration by exposure to highway environ-
ments. Clays and many shales disintegrate or slake upon
exposure to water. This process causes a complete loss
of strength of clay agglomerates. Smaller losses in strength
occur through pick-up of moisture from a humid environ-
ment by dry clay lumps. Dry clay alone may have good
strength, with values above 4,000-psi crushing strength and
1,000-psi modulus of rupture. The strength will in large
part be determined by the clay mineral composition. Ex-
posure to water drastically reduces the strength of the dry
clay particle; therefore, primary concern in making aggre-
gate from clay should be directed toward stabilizing the
clay lumps against water attack.

The relative ease of producing a low-quality material
from the abundant supply of raw material makes this
approach quite attractive.

WASTE UTILIZATION

As the nation’s solid wastes grow at an accelerated rate,
a major threat is posed to the environment. One way of
handling a part of the problem of solid waste is to collect
it, burn it, and dispose of the resulting ash. It has been
estimated that the ash residue is 10 percent of the
incinerated solid waste (29).

Sources of ash include domestic power plants and mu-
nicipal incinerators. Production of such ash wastes ex-
ceeds 20 million tons per year. Currently, only 4 percent
of this material is being used (29). Thus, there is a large



potential raw material source for aggregate production
near developed areas that may have high demands for
construction materials but that have a low production of
conventional aggregates because of exhausted supplics or
restrictive zoning.

The ash residue from solid wastes and other collected
mineral dusts could be transformed into supplemental
aggregate by either a heat treatment or a thermochemical
process. It may even be possible to use a solid waste
incineration process as a heat source to improve the eco-
nomics of production.

A number of solid wastes can not be disposed of by
incineration. Included in this category are rubble from
buildings and replaced highways, battery cases, rubber tires,
scrap iron and steel, ceramic wastes (such as broken tile
and glass), metallurgic slags, and clinkers. Some of these
wastes have been used for construction purposes on a
limited basis.

Some waste residues may be incorporated in impervious
media such as asphalts or plastics. Wastes so incorporated
should have very low leach rates in water, emit little or no
odors, and should not settle or shrink. These products may
be used directly or combined with other insoluble aggre-
gates, such as limestone and sand, for road surfacing or
the manufacture of building blocks.

At Oak Ridge National Laboratories, the possibility of
using discarded tires as a constituent and commercially
acceptable building material was investigated. In small-
scale tests, used tires were shredded, diced, ground, and
mixed with asphalt to produce materials that could be
useful in the paving and.construction industries or in other
areas where asphaltic mixtures are used.

Unfortunately, with regard to aggregate production, the
supply of some waste materials is small and, except in
unusual circumstances, cannot justify the facilities needed
to convert them to suitable aggregates. Other wastes occur
in such quantities and in sufficiently continuous supply that
they warrant the research effort and facilities needed to
transform them into suitable aggregates.

Reclaimed rubble from highways has been successfully
used for pavement construction in Texas. However, much
development is needed to increase the efficiency of the
equipment for processing the rubble.

The cement content of some rubble may be detrimental
for use in portland cement concrete; therefore, stabiliza-
tion techniques to reduce shrinkage may have to be investi-
gated. Although it may be possible in processing to sepa-
rate the cement from the aggregates in the rubble, some
of the rubble might be more satisfactory as subbase and
base materials than in concrete products and, thus, be less
costly to recycle.
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BENEFICIATION OF LOW-QUALITY AGGREGATE

Many available natural aggregates have serious deficiencies,
such as poor abrasion resistance or reactive constituents.
Furthermore, some aggregates of low quality may be
manufactured inexpensively.

It may be possible and practical to utilize all of these
low-quality aggregates in highway construction if they are
beneficiated as suggested in Appendix D.

MARINE DEPOSITS

In several states, especially those bordering the Gulf of
Mexico, large quantities of reef shell and beach sand occur
in areas where there is a scarcity of conventional aggre-
gates. Results of research indicate that these materials
do not meet existing quality specifications, but nonetheless
produce concrete of suitable strength for certain purposes.
Such aggregates do not meet usual grading, particle shape,
and abrasion loss requirements.

Use of reef shell and beach sand has been recommended
in those constructions where strength greater than 2,500 psi
in compression and 550 psi in flexure, and high abrasion
resistance, are not required (76). These materials have
been used for base construction, as well as in portland
cement concrete and bituminous concrete surfacing. Their
use sometimes permits the utilization of otherwise un-
satisfactory fine-grained materials. Although some diffi-
culties might be encountered in their use, modification of
conventional practice and careful selection of mixture
compositions can result in a system that has satisfactory
performance characteristics.

The results of research efforts on marine deposits il-
lustrate the need for modification of some existing specifi-
cations to permit use of supplemental aggregates that have
been shown to result in suitable end-product performance.

TECHNICAL FEASIBILITY OF A SUPPLEMENTAL
AGGREGATE SOURCE

The feasibility of using any supplemental aggregate in high-
way construction is determined by its cost and field per-
formance. Thus, each aggregate should be evaluated for
the area in which its use is considered. A given material
may not be suitable for all areas or for all construction
purposes in a given area. It is impossible, therefore, to
generalize the potential utility of various types of manu-
factured materials without detailed information concerning
their potential uses.
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APPENDIX F
DESIRABLE PROPERTIES OF AGGREGATES

Manufacturers of supplemental aggregates for highway use
must give careful attention to the control of the quality of
the aggregate they produce. The supplemental aggregates
must possess the necessary properties that (1) will permit
a pavement to function as the support subsystem for the
motor vehicle by providing the support and surface con-
ditions necessary for the safe, economical, and comfortable
operation of vehicles on the pavement; and (2) will allow
the aggregate to be satisfactorily manipulated and handled
during construction of the pavement.

The specific properties that a supplemental aggregate
must have to fulfill these functions are discussed in this
appendix. The information is provided as a guide to the
producers of supplemental aggregates who are unfamiliar
with conventional aggregates, but who need to know the
specific properties that are required of the supplemental
aggregate they are contemplating producing. This is not
a comprehensive treatise of aggregates written for the high-
way engineer; other publications and research have dealt
with this topic. Included herein, however, are explana-
tions and definitions of the needed aggregate properties so
that persons may obtain an initial overview of what is
required in a highway aggregate. If additional detailed
data are desired, they must be obtained elsewhere.

The aggregate is not the only physical element of the
pavement system that influences the ability of the system
to fulfill its intended functions. The binder (portland
cement, asphalt cement, etc.) and the interaction between
the binder and the aggregate have a significant influence
on the performance of the pavement system. Although
important, the influence of such factors is not considered
herein. Only those properties of the aggregate that in-
fluence the behavior of pavements are discussed.

Although many of the needed properties of the aggre-
gate, such as strength, are required at some level regard-
less of how the aggregate is used, the actual levels of all
the needed properties are influenced by how the aggregate
is used in the pavement system. Aggregates used in port-
land cement concrete must have levels of some properties
that are different than those of aggregates used in produc-
ing asphaltic concrete and in some cases different proper-
ties are involved; e.g., reactive aggregate may be a serious
problem in portland cement concrete, but is not a problem
in asphaltic concrete. When possible, then, the importance
of different aggregate properties to a specific type of
construction is noted.

Just to identify the properties that a good aggregate must
possess is not enough; it is also necessary to be able to
quantify each property. This means that standard tests
must be used or new tests must be developed that can be
used either to measure the properties or to obtain an

indication of the quality of the aggregate with respect to
a certain property.

The ideal aggregate is seldom available. Thus, after tests
that measure aggregate properties are developed, for each
such test criteria must be established that will be able to
differentiate between satisfactory and unsatisfactory aggre-
gates. Such criteria are difficult to establish, as they are
related to the performance of the pavement and the quality
of aggregates available in the area. The problem is to
describe the level of performance that is required for a
given situation and area, and to determine the degree to
which it is economically available. It is then necessary to
appraise the available aggregates and either use what is
available or manufacture new aggregates that possess the
desired performance level. '

In this appendix the various functions of a pavement are
discussed. Subsequently, the properties that an aggregate
must possess in order that the pavement system may ful-
fill its various functions are determined. Finally, each
property is defined and discussed in detail. Tests that are
used to measure the properties are not discussed; nor are
acceptability criteria for use with the various tests given.
Appropriate tests and criteria are dependent on the level
of performance desired and on economic considerations,
and therefore may vary from place to place and from time
to time.

FUNCTIONS OF THE PAVEMENT SYSTEM

To the driver of or a passenger in a motor vehicle, the
primary function of a pavement system is to provide the
support and surface conditions necessary for the safe, eco-
nomical, and comfortable operation of the vehicle, with due
consideration to the operational characteristics of the ve-
hicle. The highway engineer is interested in pavement sys-
tems that have the properties to provide these functions
economically. He is also interested in the durability prop-
erty of the pavement system and of the pavement materials
in the system because of the influence they have on
economic considerations.

The characteristics of a pavement system required to
provide acceptable performance (economics) of its func-
tions for a reasonable period of time (durability) are as
follows. A discussion of these characteristics as related to
the properties needed in an aggregate is given in a later
section. :

1. Adequate internal strength and stability to distribute
surface pressures to the subgrade and to prevent extensive
surface deflection.

2. Resistance to deteriorating effects of weather and
chemical actions.



3. Resistance to deteriorating effects produced by traffic.

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

5. Limitations to temporary or reversible internal
changes in load-carrying capabilities introduced by en-
vironmental elements.

6. Aggregate and binder compatibility.

7. Retention of a pavement surface that will assume
acceptable standards of performance. For the surface to
have this characteristic, consideration must be given to the
following surface properties:

(a) Skid resistance.

(b) Surface roughness.

(c¢) Glare and light reflection.
(d) Loose material.

(e) Tire wear.

(f) Rolling resistance.

(g) Noise level.

(h) Electrostatic properties.
(i) Appearance.

CONSTRUCTION REQUIREMENTS

Even though aggregates may have the desirable properties
that allow the pavement system to perform satisfactorily,
they also must possess certain characteristics that are dic-
tated by construction procedures. For example, the in-
tegrity of aggregates used in the construction of hot-mixed
asphaltic concrete must be retained at high temperatures
(300 F), because the temperature of the aggregate is in-
creased during drying operations. Once the mixture is
compacted and “cooled” in the pavement system, the
probability of the aggregate being heated to these tempera-
tures again is almost negligible. The aggregate must pos-
sess those properties that will allow the aggregates to be
satisfactorily manipulated and handled during shipment
and storage of the aggregate, mixing of the aggregate with
binder or other types of aggregates, placement of the mix-
ture in the pavement, and compaction and/or curing of the
pavement mixtures.

AGGREGATE PROPERTIES FOR SPECIFIC HIGHWAY
USES TO MEET FUNCTIONS OF SYSTEM

Table F-1 summarizes the various properties of an aggre-
gate that influence a specific function of the pavement or
that are needed to satisfy construction requirements. The
relative importance of a specific aggregate property, by
various types of pavement materials, is also given. Numeri-
cal ranges of the properties are not given, as the range will
depend on the test used to measure the specific property
and the desired level of performance as influenced by
economics.

DEFINITION AND DISCUSSION OF NEEDED
AGGREGATE PROPERTIES

A quality that is indicative of a specific characteristic of a
material is a property. There are a number of properties
of a material that identify its behavior under different con-
ditions. For instance, there are elastic properties, magnetic
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properties, chemical properties, physical properties, me-
chanical properties, etc. A property may or may not be
identified by a numerical quantity, but preferably it should
be.

Various aggregate properties, identified in Table F-1, are
defined and discussed in this section. For the discussion,
the properties have been grouped in the following
categories:

. Physical.

. Mechanical.
. Chemical.

. Thermal.

. Electrical.

. Optical.

. Aesthetic.

NN R W -

Supplemental aggregates need not possess all of the listed
properties, nor do they necessarily have to be of the high-
est quality in each of the properties. The important prop-
erties and the quality needed in supplemental aggregates
depend on the uses of the aggregate in the pavement, the
type of binder used, the performance desired, and eco-
nomics. These requirements should be established by the
contracting agency for each particular construction
application.

Two general properties of the aggregate must always he
considered. They rarely cause a problem, however, and
many times they are forgotten. These two properties relate
to:

1. Freedom from contamination with deleterious sub-
stances (deleterious substances that contaminate the ag-
gregate, such as sticks, dissimilar metal pieces, paper, clay
lumps, coal, should be minimized).

2. Aggregate uniformity (aggregate particles should be
uniform within a given batch and from batch to batch).

Physical Properties

The physical properties of a material identify or describe
the material in terms of the fundamental dimensions of
length, mass, and time. As examples, some physical prop-
erties of a material are size, shape, specific gravity, and
pore structure. Physical properties identified as being im-
portant for aggregate for use in highway construction are
discussed in the following.

Particle Grading

Particle grading is the distribution of different particles of
aggregates among various sizes; e.g., the relative amounts
of 3-in. to ¥-in. size, V4-in. to 3%-in. size, etc.

The grading of the aggregate influences both the mass
stability of the pavement and the roughness of its surface.
Regardless of the type of paving material, the better the
grading, the greater will be the strength of the mixture.
The optimum grading is usually the particle size distribu-
tion that allows the maximum amount of aggregate to be
included in a unit volume of pavement. One exception is
the macadam base, which is composed of large, essentially
one-size aggregate (1 in. to 2 in.). When the surface of
the pavement is composed of large, protruding aggregates,
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TABLE F-1

AGGREGATE PROPERTIES FOR SPECIFIC HIGHWAY USES TO MEET
FUNCTIONS OF SYSTEM

RELATIVE IMPORTANCE OF
PROPERTY " IN SPECIFIC
MATERIAL

AGGREGATE
FUNCTION PROPERTY PCC BIT. CONC.  BASE
1. Adequate internal strength 1. Mass stability NA 1 I
and stability to distribute 2. Particle strength I I I
surface pressures to the 3. Particle stiffness I I I
subgrade and to prevent 4. Particle surface texture I I 1
extensive surface 5. Particle shape I I I
deflections 6. Grading 1 1 1
7. Maximum particle size I I I
2. Resistance to deteriorating 1. Resistance to attack by
effects of weather and chemicals, such as salts 1 U NA
chemical actions 2. Solubility I U I
3. Slaking 1 I I
4. Resistance to wetting-
drying I U I
5.. Resistance to freezing-
thawing I U I
6. Pore structure 1 1 1
3. Resistance to deteriorating 1. Resistance to degradation I I I
effects produced by
traffic
4. Resistance to effects of 1. Volume change, thermal I N N
internal forces, such as 2. Volume change, wetting
expansion, contraction, and drying 1 N N
warping 3. Pore structure I N N
4, Thermal conductivity 1 N U
5. Limitations to temporary Resistance to temporary
or reversible internal strength change 1 I I
changes in load-carrying
capabilities introduced
by environmental
elements
6. Aggregate and binder 1. Chemical compounds
compatibility reactivity 1 1 N
2. Organic material
reactivity 1 N N
3. Coatings I I N
4, Volume stability, thermal I N N
5. Base exchange 1 I I
6. Surface charges N 1 N
7. Pore structure U N N
7. Retention of a pavement
surface that will assure
acceptable standards of
performance. To have
this characteristic, con-
sideration must be given
to the following surface
properties:
(a) Skid resistance 1. Particle shape I I NA
2. Particle surface texture I I NA
3. Maximum particle size N I NA
4. Particle strength 1 1 NA
5. Wear resistance I I NA
6. Particle shape of abraded
fragments 1 I NA
7. Pore structure I I NA
(b) Surface roughness 1. Maximum particle size 1 I NA
2. Grading 1 I NA
(c) Glare and light 1. Reflection 1 L NA
reflection 2. Glare 1 1 NA
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(d) Loose material

(e) Tire wear

(f) Rolling resistance

(g) Noise level

(h) Electrostatic
properties

(i) Appearance

8. Retention of properties
during the construction
process that support all
other functions of the
system

1. Resistance to degradation I I NA
2. Specific gravity N N NA
1. Particle shape I 1 NA
2. Particle surface texture I 1 NA
3. Maximum particle size I I NA
1. Maximum particle size U I NA
2. Particle shape I I NA
1. Maximum particle size U 1 NA
1. Electrical conductivity U I NA
. Particle color N N NA

2. Ocxidation and hydration

reactivity (stains and

popouts) 1 N NA
1. Maximum particle size I 1 I
2. Resistance to degradation I I I
3. Integrity during heating N I N

2 T = Important; N = Not important; U = Importance unknown; NA — Not applicable.

the rough surface can be improved by filling the voids be-
tween the large aggregate with finer aggregate. The grada-
tion also influences the workability of binder-aggregate
mixtures; mixtures with well-graded aggregates can be
handled easily and the surface can be smoothly finished.

Particle Shape

Angular particles are generally preferred. In bituminous
mixes and unbound base materials, angular, cubical parti-
cles are desired to permit development of aggregate inter-
lock and thus increase the shear strength of the mixtures.
However, aggregate of any shape can be used in portland
cement concrete to obtain high strength, provided the
water/cement ratio is adjusted. Angular aggregates are
also desirable at the surface of the pavement to promote
high skid resistance. But these same angular particles can
be detrimental in that they may increase tire wear and the
rolling resistance of the pavement surface.

Maximum Particle Size

Maximum particle size is the size of the screen opening of
the sieve on which not more than a stated maximum
amount of the aggregate may be retained; or, if the aggre-
gate size range is stated in terms of two sieves (as %2 in. to
% 1in.), the larger of the two stated sizes of sieves.
Although most paving mixtures (except macadams) can
be satisfactorily constructed with a wide range of maximum
aggregate sizes, some desirable characteristics of the pave-
ment are improved by using large-size aggregates. For
instance, the strength of the mixture generally is increased
and skid resistance of the pavement at high speeds is greater
when large-size aggregates (> in.) are present. How-
ever, large-size aggregates at the surface of the pavement
increase the noise generated, the amount of tire wear, and
the rolling resistance. During mix production large-size
aggregate usually accelerates the wear and breakage of

" economic reasons, etc.

parts in the mixer and the dryer; during laydown they may
cause segregation to take place; and during finishing they
can produce a harsh mixture that is difficult to handle and
to finish smoothly.

The maximum size of the aggregate may be a very im-
portant consideration in the production of supplemental
aggregates. In many geographical areas there is a dearth
of large-size aggregates, but an abundance of small-size
conventional aggregates (e.g., sand with a top size of ap-
proximately 0.08 in. or No. 10 sieve). Larger-size aggre-
gates are needed for combination with these fine materials
so that the strength of the mixture may be increased, for
Thus, production of large-size
supplemental aggregate is almost a must. Fine-size aggre-
gates are usually not a problem if large-size aggregates can
be produced, because the large-size aggregates can probably
be economically reduced to smaller size.

Particle Surface Texture

Particle surface texture is the degree of roughness or
irregularity of the external surfaces of an aggregate
particle. '

Normally, rough-surfaced aggregates are preferred, al-
though smooth-surfaced aggregates can be used satis-
factorily in some paving materials. The strengths of
bituminous mixtures and unbound aggregate bases are
increased when rough aggregates are used. Also, rough
aggregates are needed in surface mixtures to help provide
high skid resistance. When rough surface texture is re-
moved through wear, the skid resistance is decreased.
Aggregates with any texture can be used in portland ce-
ment concrete provided the mixture is properly propor-
tioned. A paradox exists, however, in the type of surface
texture needed to prevent stripping of bituminous materials
from aggregates. During mixing, a smooth aggregate can
be well-coated with the bitumen; but the bitumen can be
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stripped easily from smooth aggregates. It is.generally
thought that a rough surface texture contributes more to
the prevention of stripping than does a well-coated smooth
aggregate. Thus, rough-surfaced aggregates generally are
preferred.

Pore Structure

The pore structure is the structure (size, volume, and
shape) of the void spaces within the aggregate. Pores can
be impermeable (i.e., an enclosed cavity) or permeable
(extend to an opening on the surface of the aggregate).
Pores can also be continuous, so that large volumes of
permeable voids are formed, or they may be dispersed,
small-volume voids.

Large volumes of permeable pores are normally not
desired in conventional aggregate. When an aggregate is
subjected to repeated cycles of freezing-thawing and/or
wetting-drying, a deteriorating effect may be produced. If
the aggregate, when subjected to these conditions, can
absorb large volumes of salt solutions and water into the
pores, the deterioration can be greatly accelerated. Large-
volume permeable pores also can absorb binder material
and this extra binder increases the cost of the paving mix-
ture. It is desirable, then, that the pores be not only of
low volume but also well dispersed and not continuous.

In conventional aggregate, there are several advantages
in having pores in the surface of the aggregate. Normally,
surface pores contribute to the sharpness of the surface
texture, resulting in greater skid resistance of the pave-
ment surface. Also, the water that is absorbed by aggre-
gates used in portland cement concrete is available for
release at a later time, with a concomitant improvement
in the curing conditions. Although it is recognized that
these advantages exist, supplemental aggregates do not
have to contain permeable pores, provided rough surface
texture can be obtained.

Specific Gravity

The specific gravity of an aggregate is the ratio of the
weight of a given volume of the aggregate to the weight
of an equal volume of water.

In an aggregate, specific gravity (G) is not, in itself, an
important property; an aggregate with G = 2.70 is not
necessarily better than an aggregate with G = 2.55. How-
ever, deleterious particles present in an aggregate may be
lighter than the good aggregates and separation can be
based on the difference in specific gravity.
~ Lightweight synthetic aggregates (G < 1.6) have one
advantage over heavier aggregates. Considerably less dam-
age is produced by loose lightweight aggregates than by
heavier aggregeates if they are flung into the air. Thus, if

lightweight aggregates can be produced with all other de-

sirable properties, they would be preferable for use in pave-
ment surfaces.

Mechanical Properties

The mechanical properties of a material identify the be-
havioral characteristics of the material when subjected to
applied forces. There are a number of mechanical proper-

ties, but some of the more common ones are strength, stiff-
ness, ductility, and hardness. Those mechanical properties
desirable in an aggregate are discussed in the following.

Mass Stability

Mass stability is that property which permits an aggregate
mass to remain stable and to retain its load-carrying
capabilities under various types of loading.

Mass stability is a desired over-all property of the pave-
ment that is influenced by a number of properties related
to the aggregate and the binder, such as particle gradation,
shape, and surface texture. Loss of mass stability leads to
surface rutting and/or cracking of the upper layers of the
pavement system.

It may be that in the development of supplemental ag-
gregates mass stability can be obtained without the aggre-
gates themselves having all of the properties usually desired
in the individual particles. If this can be done, the indi-
vidual particles need not have all of the desirable properties
of an aggregate.

Particle Strength

Particle strength is the magnitude of the tensile and/or
compressive stress that can be supported before failure
occurs.

In general, aggregate particles should have high strength.
A good-quality portland cement concrete can be made,
however, with “soft” aggregate particles, inasmuch as a
major portion of the strength of concrete is contributed by
the cement matrix. This may not be true when other
binders are used.

It is currently difficult to determine aggregate strength.
Because aggregates are individual pieces, it is difficult to
measure the strength of the particles because of varying
shape and size. Also, there is some question as to whether
the strength of individual particles or the strength of the
compacted aggregate mass should be evaluated. Current
practice usually uses the Los Angeles abrasion test to indi-
cate the strength of the aggregate particles, as well as their
resistance to abrasion.

Most aggregates are brittle; therefore, it has been sug-
gested that perhaps a surface energy concept could be
applied to establish the “strength” of the aggregate parti-
cles. However, this concept may not be universally ap-
plicable, as nonbrittle particles may be more desirable for
portland cement concrete aggregates than brittle particles.

Particle Stiffness

Particle stiffness is the resistance of an aggregate to de-
formation, as usually indicated by the modulus of elasticity
of the material (the ratio of the applied compressive or
tensile stress to corresponding strain).

Many of the comments pertaining to the strength prop-
erty are applicable to the stiffness property. Although
particle stiffness is desirable, it has rarely been measured
and is seldom used in design because of the problem of
handling particles of varying size and shape.

Engineers usually like to have an aggregate with high



stiffness for most pavement materials. However, some
engineers believe that an aggregate with low stiffness would
be desirable in portland cement concrete. If an aggregate
is very stiff, microcracking of the cement paste surrounding
the particle can occur during curing and during the plastic
shrinkage stage of the hydration process. These micro-
cracks may lead to poor performance when the concrete is
subjected to repeated loadings.

Wear Resistance

Wear resistance is the ability of the surface of the aggregate
to resist being worn away by rubbing and friction produced
by externally applied forces which result in the polishing,
wearing, and rounding of the aggregate.

Aggregates used in pavement surface layers should have
resistance to polishing and wear by the motor vehicle tires
and should wear nonuniformly to promote the skid resist-
ance of the pavement surface. Because the rate of polish-
ing is related primarily to the types of minerals in the
aggregate, a high percentage of hard, well-bonded mineral
grains in a softer matrix should be present in the aggregate
if the aggregate is to resist the abrasive smoothing actions
of the tires.

Resistance to Degradation

Resistance to degradation is the ability of the aggregate to
resist breakdown into smaller pieces when subjected to
applied forces such as those produced by heavy wheel loads,
mixer blades, etc.

Degradation is different from wear. When wearing oc-
curs, the small pieces that abrade off the aggregate are
brushed aside by moving tires and no longer influence the
behavior of the pavement system. However, when degra-
dation takes place, the broken pieces of aggregate (usually
larger than those abraded off during wearing) remain and
contribute to the behavior of the pavement surface. Deg-
radation as defined in this section does not include break-
down due to chemical processes.

As the pavement deflects and rebounds under moving
loads, aggregate within the pavement system also moves.
When such movement is large, aggregate edges can be
worn off, fracturing of the aggregate .an take place, and
a general degradation of the aggregate can occur. If degra-
dation occurs, consolidation of the pavement system may
result, with associated cracking and breakup of the upper
layers of the system. The property is especially important
in poorly compacted unbound bases and subbase materials.

The degradation property is also important in aggregates
at the surface of the pavement. If surface aggregates
degrade, loose particles may be thrown into the air by the
vehicle tires, with resulting hazards to the vehicle or its
occupants, or to other vehicles or persons. Degradation
that takes place while the aggregate-binder mixture is be-
ing mixed, or while being compacted during the construc-
tion process, can detrimentally change the original grada-
tion of the aggregate.
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Particle Shape of Abraded Fragments

Particle shape of abraded fragments is the spatial shape of
the small fragments that are broken and worn away from
the aggregate during abrasion.

Abrasion of the aggregate may not be detrimental per se;
whether or not it is depends on the characteristics of the
particle abraded from the surface of the aggregate. If the
particle is rounded in shape and very small in size, polish-
ing of the aggregate may result, with a reduction in the
skid resistance of the pavement surface. However, if
rough aggregates are worn so that “slivers” are broken
loose, new sharp fractures may be developed that allow the
aggregates to retain their surface roughness and their high
skid resistance.

Chemical Properties

The chemical properties of a material identify it chemically
and/or indicate the transformation the material can un-
dergo due to a chemical process. Acidity, corrosion re-
sistance, and solubility are examples of chemical properties.

Whenever an aggregate undergoes a change due to a
chemical action, the forces providing the change are usually
from sources external to the pavement system. In some
instances, however, serious deterioration can be produced
by chemical action initiated by compounds that are com-
ponents of the binder. Thus, the aggregate should be
chemically compatible with the binder.

" Solubility

Solubility is the tendency of an aggregate to be dissolved
by a liquid. .

Water is always present around a pavement, so the
aggregate should not be soluble in water. In some locali-
ties, water with unusual chemical contents (e.g., runoff
from coal mine slag heaps) may be present and the aggre-
gate also should not be soluble in these solutions.

Slaking

Slaking is the crumbling of the aggregate into visible pieces
(particles) when water or other liquids destroy the bond
between the particles.

A condition similar to the dissolving of the aggregate is
the slaking off of large pieces of the soaking aggregate
(e.g., hard clay lumps are not used as aggregates because
they slake when immersed in water for a period of time).
Aggregates should not slake in water or other liquids that
may be present in the pavement.

Base Exchange

Base exchange is the replacement of one type of cation
adsorbed on the aggregate surface by another type of
cation.

Certain cations can be added to the surface of aggregates
by adsorption. These cations aid in the release of alkalies
from zeolites and adsorbed clay in the aggregate. Conse-
quently, the alkalies can react with portland cement con-
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crete in the same manner as the action described under
“Chemical Compound Reactivity.” Aggregates should have
surface properties that prevent detrimental base exchanges.

Surface Charge

The adhesion of bituminous binders to the aggregate is
influenced to a considerable extent by the polarity of the
charge on the surface of the aggregate. Water can be
strongly attracted to a highly polarized aggregate. This
attraction could be so strong that the asphalt may not be
able to displace the water and coat the aggregate, or water
may strip off the bituminous binder already coating the
aggregate. Thus, proper surface electrical charges that will
produce good adhesion are needed on the surface of the
aggregate.

Coatings

A coating is a deposit of mineral and/or chemical sub-
stances on the surface of the aggregate.

Instances have occurred in which natural aggregates have
been coated with precipitated salts. Aggregates also may
be coated with materials such as dust and clay. If coatings
are firmly bound to the aggregate and are nonreactive with
either the aggregate or the binder, the coatings may be
quite acceptable. However, coatings should not be per-
mitted if they prevent good adhesion between the aggre-
gate and the binder or if they react with the aggregate or
- the binder.

Volume Change—Wetting and Drying

Some conventional aggregates shrink or swell with changes
in the moisture content of the aggregate. It is desirable
that aggregates have little or no volume change with varia-
tions in moisture content, because such volume change
(swelling or shrinkage) may produce disruptive forces that
may fracture the pavement mixtures. The magnitude of
volume change due to wetting and drying is generally
related to the volume of permeable pores in the aggregate.

Resistance to Attack by Chemicals

Resistance to attack by chemicals refers to the ability of
the aggregate to resist deteriorating attacks from chemicals,
such as salts, that may be carried into the pavement system
in a solution.

Many aggregates react with salts, such as calcium or
sodium chloride, that are placed on the pavement surface
for winter maintenance. This reaction can be accelerated
by cyclic freezing and thawing. The resulting disruptive
stresses can produce pavement deterioration. Aggregates
should be resistive to deterioration produced by highly
soluble chemicals if their presence is anticipated.

Resistance to Freezing-Thawing

Aggregates can deteriorate (a general flaking process takes
place) when the aggregate is subjected to repeated cycles
of freezing and thawing. This process occurs because the
water present in the pores of the aggregate produces dis-

ruptively high internal hydrostatic pressures. The resistance
of the aggregate to freeze-thaw action is influenced by the
volume and size of accessible pores in the aggregate. Ag-
gregates, when used in areas where there is a large fluctua-
tion of temperature around the freezing point of water,
should be resistant to these types of destructive forces.

Resistance to Wetting-Drying

The swelling and shrinking that may accompany increases
and decreases in the moisture content of an aggregate may
produce large internal tensile stresses, which may cause
cracking and flaking of the aggregate. This phenomenon
should not be permitted in those pavements and materials
where water can gain access to the aggregate, such as
unbound macadams and nonstabilized bases and subbases.
However, when the aggregate is used with an impervious
binder (such as bituminous materials), this property is not
as important and less-resistant aggregates can be used.

Resistance to Temporary Strength Changes

Aggregates should retain their strength properties on a
“permanent” basis. Some pavement materials lose a por-
tion of their load-carrying capability by variation in such
external factors as some climatic conditions. As an ex-
ample, clay subgrade, when it becomes saturated with
water, will lose considerable strength, When the clay is
dried out, i1s load-carrying capabilities are increased. Simi-
larly, bituminous mixtures have lower resistance to shear
strength at high temperatures than at low temperatures. A
temporary loss in the strength of the pavement system,
initiated by some external influencing condition, should not
be a result of the aggregate used.

Temporary strength changes do not take place in the
conventional aggregates now used. Therefore, material
engineers have not been concerned with this property.
However, it is conceivable that supplemental aggregates
may be developed, from certain types of materials such
as plastics, that may lose strength when the temperature is
increased and regain it when the aggregate is cooled. The
acceptability of such aggregates depends on the magnitude
of the temporary strength loss and the relative influence
that the loss would have on the entire pavement structure.

Chemical Compound Reactivity

Chemical compound reactivity refers to the change in the
structure of an aggregate produced by chemical reactions
with the binder.

Chemical compounds (such as sulfates) in the aggregate
may react with certain binders in paving mixtures. Com-
pounds (such as alkalies) in the binder also may react
with the aggregate. These chemicals can be quite detri-
mental to the integrity of the mixture. Regardless of the
location of the detrimental compounds, aggregate and
binder should be chemically compatible.

Oxidation and Hydration Reactivity

Certain minerals may exist in an aggregate that are affected
chemically by oxidation and hydration from atmospheric



elements. The chemical process can produce such com-
pounds as iron oxide, which discolors the surface of the
pavement. Other reactions can produce particle expansions
that result in “popouts” of the surface.

Reactions such as these do not ordinarily have a serious
effect on the strength or durability properties of the pave-
ment system. They do, however, influence the aesthetics of
the pavement surface. Thus, aggregates used in the surface
layer of a pavement should not contain minerals that will
produce surface stains and disfigurations.

Organic Material Reactivity

Organic materials may exist in aggregates. For example,
crushed limestone aggregates may be naturally impregnated
with bituminous material. An organic material may react
with ingredients of portland cement concrete and similar
mixtures to produce a decrease in strength and/or rapid
deterioration. Certain organic materials should not be
present in aggregates used in these mixtures.

If supplemental aggregates are produced from organic
materials for use in portland cement concrete, deleteriously
reactive organic compounds should be rendered nonreactive
during the manufacturing process. Aggregates produced
from organic material for use in bituminous mixtures, how-
ever, may be acceptable without modification.

Thermal Properties

Thermal properties identify the behavior of a material
when subjected to changes in temperature. The behavior
response is a result of thermal excitation of the molecules
of the material. Examples of thermal properties are co-
efficient of thermal expansion, specific heat, and thermal
conductivity. The most important thermal properties that
must be considered in the selection of aggregates are ther-
mal volume change, thermal conductivity, and integrity of
the aggregate during heating.

Volume Change—Thermal

Aggregates with large coefficients of thermal expansion
(>7 X 10¢ per °F) may produce cracking in a rigid
pavement. When a pavement is prevented from expand-
ing or contracting due to temperature changes, high stresses
can develop that may lead to fracture of the pavement slab.
Thus, it is desirable that aggregates have a coefficient of
thermal expansion that is compatible with the coefficient
of expansion of the binder. The coefficient of thermal
expansion of aggregates should also be approximately the
same in all directions and at all exposure temperatures.
Further, all minerals present in the aggregates should have
the same coefficient of thermal expansion.

The aggregate must also be compatible with the binder
used in the paving mixture. If a rigid binder has a co-
efficient of thermal expansion that is considerably different
from that of the aggregate, differential expansion may take
place and large tensile stresses can develop. Thus, the
" coefficient of thermal expansion of the aggregate should be
approximately equal to that of the binder. If there is a
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significant difference in the two coefficients of thermal
expansion, a viscoelastic binder or aggregate might be used
satisfactorily.

Thermal Conductivity

Aggregates with low thermal conductivity are desired to
decrease the depth of frost penetration through a pavement
system. Conversely, aggregates that transmit heat rapidly
may help to prevent the development of large differential
temperatures between the top and the bottom of a rigid
pavement slab. The resulting uniformity of temperature
within the slab can decrease the magnitude of the warping
stresses and reduce pavement cracking.

Integrity During Heating

Integrity during heating is the ability of an aggregate to
retain its desirable properties when heated to high tem-
peratures (300 F).

In the production of hot-mix bituminous concrete, the
aggregate is dried by heating to temperatures of approxi-
mately 300 F. Aggregates used in such mixtures should
not be affected by high temperatures so that the aggregates
break apart, become weak, or have other characteristics
modified by heat.

Electrical Properties

Electrical properties of a material identify its behavioral
characteristics that are affected by an application of an
electrical charge to the material. Magnetic, electrical con-
ductivity, and dielectric strength are electrical properties.
Only one electrical property—conductivity—appears to
have any influence on the behavior of aggregates in the
pavement system.

Conductivity

Aggregates should be able to conduct electricity. This
property is needed for two reasons. First, a motor vehicle
generates static electricity during its movement. The charge
should not be allowed to build up and thus needs to be
discharged through the pavement to the ground. Second,
the aggregate should not contribute to the development of
static electricity when a motor vehicle’s rubber tires rub on
the pavement surface. It is possible that this latter condi-
tion might develop if supplemental aggregates are produced
from certain plastics. If the aggregate conducts electricity,
the build-up in static electricity can be minimized.

Optical Properties

Optical properties of a material identify the effects that the
material has on the genesis and propagation of light.
Polarization and refraction are examples of optical proper-
ties. Two optical properties—reflection and glare—should
be considered in selection of aggregates.

Reflection

Reflection is the returning of light waves by the surface of
an aggregate.
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Even though most conventional aggregates have little
reflectivity, reHective aggregates are desirable to contrast
the road surface and its surroundings. They can increase
the delineation of the road surface when it is illuminated
by the vehicle’s lights. Also, reflective aggregates can
reduce the amount of power needed in overhead lights used
to illuminate city streets and intersections at night.

Glare

Glare is the shining of a strong, steady, and dazzling light
from the aggregate.

Lights from oncoming cars and from overhead lights
may create a glare on some pavement surfaces, depending
on constituent material characteristics. Bright, intense
light can decrease the night vision of the driver of the
vehicle and create a hazardous condition. If possible,
aggregate particles on the surface of a pavement should
not create a glare condition.

Aesthetic Properties

Aesthetic properties of a material identify those characteris-
tics that make the material pleasing to the eye; i.e., beauty.
Some aesthetic properties are color, intensity, harmony,
and texture. Of these, color may be the most important
for aggregates.

Color

Color is the property of reflecting light waves of a particu-
lar length from the aggregate particles.

Aggregates for highway construction should have a
pleasing color. Vivid, intense colors are distracting to the
driver and should be used only when a delineated surface
is desired. Although aggregates of various colors can be
used, the aggregate particles used in a particular paving
mixture should be of uniform color.

APPENDIX G
DISCUSSION BY A PROJECT CONSULTANT

Inorganic wastes and naturally occurring materials not
presently used as aggregates for concrete may be con-
verted to such use by heat or steam treatment or, in some
cases, simply by crushing and screening. Portions of
taconite and chrysotile tailings, phosphate slag, crystalline
metallurgical slags, calcined clays and shales (waste brick
and tile), and certain mining wastes might provide suitable
aggregates without heat treatment.

In the more common cases, materials of potential value
will require conversion by pyroprocessing at temperatures
of 2,000 F or higher or by hydrothermal treatment at tem-
peratures to 400 F or higher. In either case, silica, alumina,
and iron are essential constituents of the raw material; for
hydrothermal treatment, lime is also required.

Materials with high glass content (such as fly ash) or
high glass-forming potential (such as clays and shales) are
suitable for thermal treatment. At the point of fusion,
glass provides the medium for chemical reaction and be-
comes the binder and hardener of the finished aggregate.
Thus, the production of portland cement clinker and pyro-
processed aggregates involve a common ceramic technology.

All of the heating devices used in the production of port-
land cement can be used to produce ceramic aggregates:
rotary kilns, sintering strands, shaft kilns, and Lepol kilns
(sintering grate plus rotary kiln). Fluidized beds, vibrating
hearths, and tunnel kilns have been proposed for the burn-
ing of clinker and aggregates. Naturally occurring shales,
clays, and slates, fly ash, colliery shale, taconite tailings, and

nonmetallic refuse incinerator residue may be processed in
these devices.

Hydrothermal synthesis may be used to harden pelletized
mixtures of cementitious and pozzolanic materials. Pres-

“ence of a glassy phase is not essential in raw materials

hardened under autoclave treatment; lime and silica mix-
tures are readily hardened in the autoclave. Presence of
a glassy phase in granulated slags, fly ash, calcined shales
and clays, and pumice appears to enhance markedly the
reactivity of these materials with portland cement or lime
under both atmospheric pressure steam and autoclave
treatments. Hydrothermally processed aggregates are es-
sentially calcium silicate-bound, but aluminum and iron
compounds appear to contribute importantly to the forma-
tion of structure. Satisfactory pelletized aggregates have
been made on a pilot scale using a 1 to 19 blend of port-
land cement and fly ash that has hardened at room tem-
perature. Autoclaved pellets of waste lime, fly ash, and
granulated slag have also been made. Many combinations
can be used as long as the blended ingredients contain lime,
silica, and alumina in forms that react to provide calcium
silicate hydrates to harden the pellets. Finely divided
crystalline slags (including phosphate slag, alumina “brown
mud,” calcined chrysotile, taconite tailings, pumice and
pumicite, ground brick and tile, glass polishing waste,
ground glass, incinerator ash and slag) and other materials
can react with portland cement or lime at sufficiently high
temperatures of autoclave curing. Waste carbide lime, |



phosphogypsum, limestone flour, and volcanic ash are
other potentially suitable ingredients.

Preparation of raw materials for thermal or hydro-
thermal processing frequently entails beneficiation mea-
sures, the function of which is to provide optimum chemi-
cal or mineralogical composition and uniformity of
composition and particle size of feed material for the
hardening process. Examples of beneficiation of fly ash for
sintered aggregate production are the magnetic separation
of excess iron, the screening out of excess carbon particles,
and size separation to provide fractions of uniform fineness.
Beneficiation is the key to utilization of heterogeneous ma-
terials and makes it possible to use apparently useless raw
materials by separating them into useful fractions. Bene-
ficiation of low-grade materials becomes profitable when
material rejected for one purpose becomes a marketable
commodity for other uses. Again using the example of
beneficiation of fly ash for aggregate production, separa-
tion provides an iron concentrate, a pozzolanic fraction,
and a fraction rich in activated carbon, each of which can
be marketed at higher prices than that of the principal
product—sintered aggregate.

Similar examples can be cited in relation to municipal
refuse incinerator residue, more than one-half of which
consists of glass, slag, and ash. Potential utilization of
nonmetallic incinerator residue, possibly in aggregate pro-
duction, may depend on successful separation of the more
valuable individual metallic components.

In the case of shales and clays, many deposits unsuitable
for production of lightweight aggregates are suitable for
firing to produce heavier products such as brick or tile.
Shales and clays unsuited to the production of fired ma-
terials can be upgraded by the addition of small amounts
of additives to lower fusion temperatures and to promote
glass formation and bloating during the heat hardening
treatment.

It has been stated that the most desirable synthetic aggre-
gate may not be lightweight aggregates, but might be simi-
lar in density to naturally occurring aggregates. Neverthe-
less, the force of economics leans heavily toward the
development of lightweight aggregates from abundant
natural and waste materials. Higher volumetric yields of
finished products are translated into lower processing and
fuel costs and lighter weight means lower transportation
costs. Furthermore, the agglomeration of particulate ma-
terials such as fly ash results in porous materials. Fluxes
used to lower fusion temperatures for shales and clays pro-
duce some bloating. Aggregates having specific gravities of
1.5 to 2.0 in the dry condition might provide the best
compromise of economic and technologic factors and still
would be capable of providing concrete of high strength,
durability, and abrasion resistance.

Apart from the use of such raw materials as crystalline
slag or taconite tailings, which may be processed simply by
crushing and screening, preparation of finely divided ma-
terials for thermal or hydrothermal treatment requires ball-
ing or pelletizing. Experience from the iron and steel in-
dustries in the pelletizing of ores has been carried over
successfully to the pelletizing of portland cement raw mix,
fly ash, clays, and shales. In many cases the binder used
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for agglomeration of fine particles is water, but in some
cases additives are required.

Equipment used for pelletizing consists of inclined pan
pelletizers (Loesche, McDowell-Wellman, Eirich), drum
and drum cone pelletizers, extruders, plain or grooved rolls,
and presses. All of these devices are potentially suitable for
pyroprocessed aggregates, but hydrothermally treated ma-
terials may require presses or other equipment capable of
providing higher compactive forces. The pelletizing opera-
tion is as much art as science, depending greatly on the
skill of operators to produce pellets of controlled uniform
size and compaction in order to assure uniformity of heat
treatment.

For thermally hardened aggregates, pelletizer feed may
contain particles as large as the No. 8 sieve opening
(3/32 in.) if sufficient amounts of minus No. 200 sieve
material are also present, or the material may consist
entirely of subsieve sizes. If pellets in which water is the
sole binder do not have sufficient green strength to survive
the heat hardening process, certain additives may be em-
ployed that may also enhance the burning characteristics.
Waste sulfite liquor, sewage sludge, treated solid human
waste, sodium silicate, bentonite, or other clays may be
used in small amounts. Some of these materials and ferric
oxide, sodium hydroxide, carbon, fuel oil, and calcium
carbonate may be used to reduce fusion temperature and
enhance bloating. Additions of silica flour or fine sand can
be used to suppress bloating and increase the density of
some fired products.

For production of hydrothermally hardened aggregates,
the raw materials must be in finely divided form and mixed
intimately with the cementitious or lime-bearing binder to
facilitate pelletizing and assure rapid calcium silicate for-
mation. Wet or dry mixing or pugmilling and the pelletiz-
ing process provide satisfactory mixing. Fly ash is already
in finely divided form, but granulated slags and calcined
clays and shales must be ground; incinerator residue must
be finely ground for extraction of metallics.

Final hardening of synthetic aggregates depends on
adaptation of curing or firing temperatures and duration
to specific materials and mixtures being processed.
Thermal treatment requires critical balances of firing range
and temperature, carbon, iron, and glass-forming constitu-
ents to avoid difficulties in processing. Hydrothermally
processed materials must be finely divided, intimately
mixed, and compacted to densities sufficient to provide
high strength. Hardening must occur rapidly at tempera-
tures up to 450 F in short curing cycles with rapid heating
and cooling.

Air curing and natural or artificial carbonation may be

~ used to harden agglomerates bound with portland cement.

Plastic-bound sand is presently formed into artificial
“stone” panels in a German process in which the materials
cost is about $18 per solid cubic yard. As prices of or-
ganic plastics decrease and prices of other materials in-
crease, the time is approaching when aggregates, as well
as concretes, may be competitively manufactured with
plastic binders. Such binders may be hardened at elevated
or ambient temperatures or, potentially, by nuclear
radiation.
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$3.20

Comparison of Different Methods of Measuring
Pavement Condition—Interim Report (Proj. 1-2),
29 p., $1.80

Synthetic Aggregates for Highway Construction
(Proj. 4-4), 13 p., $1.00

Traffic Surveillance and Means of Communicating
with Drivers—Interim Report (Proj. 3-2), 28 p.,
$1.60

" Theoretical Analysis of Structural Behavior of Road

Test Flexible Pavements (Proj. 1-4), 31 p., $2.80
Effect of Control Devices on Traffic Operations—
Interim Report (Proj. 3-6), 107 p., $5.80
Identification of Aggregates Causing Poor Concrete
Performance When Frozen—Interim Report (Proj.
4-3(1)), 47 p., $3.00

Running Cost of Motor Vehicles as Affected by High-
way Design—Interim Report (Proj. 2-5), 43 p.,
$2.80

Density and Moisture Content Measurements by
Nuclear Methods—Interim Report (Proj. 10-5),
32p., $3.00

Identification of Concrete Aggregates Exhibiting
Frost Susceptibility—Interim Report (Proj. 4-3(2)),
66 p., $4.00

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.
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Rep.
No.

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

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)), 33 p, $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), 33p, $1.60

Tentative Skid-Resistance Requirements for Main
Rural Highways (Proj. 1-7), 80p., $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),
71 p., $3.20
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No.
50
51

52

53

54

5§
56

57

58

59
60

61

62

63
64

65

66
67
68

69

70
n

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), 85 p.,
$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)),
21 p., $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), 58p., $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

Rep.
No.
76
77
78
79
80
81
82

83
84

85
86

87

88

89
90
91

92

93

924

95
96

97

98
929

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), 82 p., $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),
38 p., $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
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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), 100p., $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),  414p.,  $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)),
70p.,  $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 Ultility (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) 239 p,, $9.60

Improved Criteria for Traffic Signal Systems in Ur-
ban 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

Title

Procedures for Estimating Highway User Costs, Air
Pollution, and Noise Effects (Proj. 7-8), 127 p.,
$5.60 4
Damages Due to Drainage, Runoff, Blasting, an
Slides (Proj. 11-1(8)), 24 p., $2.80
Promising Replacements for Conventional Aggregates
for Highway Use (Proj. 4-10), 53 p, $3.60

Synthesis of Highway Practice

No.
1

2

10

11

12

13

14

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-S, Topic 5),
37 p., $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), 50 p., $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), 32 p., $2.80

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

66 p.,



THE NATIONAL ACADEMY OF SCIENCES is a private, honorary organiza-
tion of more than 700 scientists and engineers elected on the basis of outstanding
contributions to knowledge. Established by a Congressional Act of Incorporation
signed by President Abraham Lincoln on March 3, 1863, and supported by private
and public funds, the Academy works 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.

Under the terms of its Congressional charter, the Academy is also called upon

to act as an official—yet independent-—adviser to the Federal Government in any
matter of science and technology. This provision accounts for the close ties that
have always existed between the Academy and the Government, although the Academy
is not a governmental agency and its activities are not limited to those on behalf of
the Government.

THE NATIONAL ACADEMY OF ENGINEERING was established on December
5, 1964. On that date the Council of the National Academy of Sciences, under the
authority of its Act of Incorporation, adopted Articles of Organization bringing
the National Academy of Engineering into being, independent and autonomous
in its organization and the election of its members, and closely coordinated with
the National Academy of Sciences in its advisory activities. The two Academies
join in the furtherance of science and engineering and share the responsibility of
advising the Federal Government, upon request, on any subject of science or
technology.

THE NATIONAL RESEARCH COUNCIL was organized as an agency of the
National Academy of Sciences in 1916, at the request of President Wilson, to
enable the broad community of U. S. scientists and engineers to associate their
efforts with the limited membership of the Academy in service to science and the
nation. Its members, who receive their appointments from the President of the
National Academy of Sciences, are drawn from academic, industrial and government
organizations throughout the country. The National Research Council serves both
Academies in the discharge of their responsibilities.

Supported by private and public contributions, grants, and contracts, and volun-
tary contributions of time and effort by several thousand of the nation’s leading
scientists and engineers, the Academies and their Research Council thus work to
serve the national interest, to foster the sound development of science and engineering,
and to promote their effective application for the benefit of society.

THE DIVISION OF ENGINEERING is one of the eight major Divisions into
which the National Research Council is organized for the conduct of its work.
Its membership includes representatives of the nation’s leading technical societies as
well as a number of members-at-large. Its Chairman is appointed by the Council
of the Academy of Sciences upon nomination by the Council of the Academy of
Engineering.

THE HIGHWAY RESEARCH BOARD, organized November 11, 1920, as an
agency of the Division of Engineering, is a cooperative organization of the high-
way technologists of America operating under the auspices of the National Research
Council and with the support of the several highway departments, the Federal Highway
Administration, and many other organizations interested in the development of trans-
portation. The purpose of the Board is to advance knowledge concerning the nature
and performance of transportation systems, through the stimulation of research and
dissemination of information derived therefrom.
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