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

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

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

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

NCHRP Report 166

Project 4-10A FY '73
ISBN 0-309-02433-1
L. C. Catalog Card No. 76-15784

Price: $5.60

Notice

The project that is the subject of this report was a part of the
National Cooperative Highway Research Program conducted by the
Transportation Research Board with the approval of the Governing
Board of the National Research Council, acting in behalf of the
National Academy of Sciences. Such approval reflects the Governing
Board’s judgment that the program concerned is of national impor-
tance and appropriate with respect to both the purposes and re-
sources of the National Research Council.

The members of the advisory committee selected to monitor this
project and to review this report were chosen for recognized
scholarly competence and with due consideration for the balance
of disciplines appropriate to the project. The opinions and con-
clusions expressed or implied are those of the research agency that
performed the research, and, while they have been accepted as
appropriate by the advisory committee, they are not necessarily those
of the Transportation Research Board, the National Research Coun-
cil, the National Academy of Sciences, or the program sponsors.
Each report is reviewed and processed according to procedures
established and monitored by the Report Review Committee of the
National Academy of Sciences. Distribution of the report is ap-
proved by the President of the Academy upon satisfactory comple-
tion of the review process.

The National Research Council is the principal operating agency of
the National Academy of Sciences and the National Academy of
Engineering, serving government and other organizations. The
Transportation Research Board evolved from the 54-year-old High-
way Research Board. The TRB incorporates all former HRB
activities but also performs additional functions under a broader
scope involving all modes of transportation and the interactions of
transportation with society.

Published reports of the
NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM
are available from:

Transportation Research Board
National Academy of Sciences
2101 Constitution Avenue, N.W.
Washington, D.C. 20418

(See last pages for list of published titles and prices)

Printed in the United States of America.



FOREWORD
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This report presents the results of a comprehensive survey of the technical and
economic potential for making use of waste materials as alternative aggregates in
highway construction and maintenance. Its contents will be of special interest to
highway materials engineers and material producers searching for new sources of
aggregates, and to those involved in waste management who are seeking economical
means for the disposal of waste products. More than 300 relevant documents were
reviewed in a formal literature search. This review was supplemented by numerous
contacts with individuals and agencies representative of both potential users and
suppliers of waste materials. A system for assessing the use potential of all waste
materials available in sufficient quantity to receive consideration was devised and
applied.

Highway use accounts for a substantial portion of the nearly 2 billion tons of
construction aggregates produced in the United States annually. Although the
Nation’s over-all supply of material for conventional aggregates is sufficient for any
forseeable need, and production plant capacity is considered currently to be ade-
quate, unequal distribution has created local and regional shortages. The supply
problem is perhaps most critical in urban areas when demand is high and where
zoning and environmental regulations often inhibit full exploitation of available
conventional materials. Concurrently, the disposal of 3.5 billion tons of solid waste

- generated annually, much of which is also within or close to highly populated areas,

is an even greater problem. Utilization of the waste materials to assist in filling
aggregate requirements where supplies are short offers an attractive remedy to be
applied to both problems.

NCHRP Report 135, “Promising Replacements for Conventional Aggregates
for Highway Use,” published in 1972, presents an overview of the aggregate supply
situation and points out various possible ways in which the production of conven-
tional aggregates might be supplemented. The potential for converting waste
materials into aggregates was noted and further research in the area was recom-
mended. The present project, in assessing the potential of available waste materials
for conversion into highway aggregates, has isolated for more detailed examination
those waste materials that show the greatest promise. Information is presented on
locations, probable quantities, markets, processing requirements, and possible costs.
Current uses of waste materials, both as highway aggregates and in more general
nonaggregate applications, are reported. The potential for each material is placed
in good perspective. Anyone wanting to use, or to exploit the use of, waste mate-
rials in the highway aggregate field is given a good background for determining
whether further pursuit would be likely to yield favorable results.

Of an initial group of 34 waste materials that attracted the attention of the
Valley Forge Laboratories researchers, 31 were deemed to show technical promise.
One was later eliminated because of a possibly adverse environmental effect in use.
Technical, economic, and environmental evaluations over-all favored blast furnace
slag; fly ash, bottom ash, and boiler slag from electric power generating stations;
reclaimed paving material; and anthracite coal mine refuse for further development
as highway aggregates. Of these, blast furnace slag has already gained wide ac-
ceptance. ‘
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SUMMARY

WASTE MATERIALS AS
POTENTIAL REPLACEMENTS FOR
HIGHWAY AGGREGATES

Although production of aggregates in the United States totals nearly 2 billion tons
per year, many areas are experiencing shortages of conventional aggregates. New
material sources are needed to alleviate these shortages, which are most critical in
urban areas due to restrictive zoning and environmental regulations. At the same
time, 3.5 billion tons of solid waste are being generated annually. Disposal of these
solid wastes is also a major problem, especially in most metropolitan areas. Utiliza-
tion of waste materials as aggregates in highways would be a partial solution to both
problems.
This project’s two main objectives were 10:

1. Inventory types, sources, and quantities of solid wastes potentially suitable
for production of aggregates.

2. Assess prospects for the practical use of such aggregates in highways, par-
ticularly where conventional aggregate shortages exist.

In order to achieve these objectives:

1. A literature review was conducted to determine locations and quantities of
natural aggregates and the locations, quantities, properties, and uses of waste mate-
rials. From this review, conventional aggregate shortages were located, and waste
materials were listed and inventoried. Current uses were also determined, with
emphasis on highway use.

2. A system was established for evaluating the technical, economic, and envi-
ronmental feasibilities for use of each waste material in highway construction.

3. The potential of each waste material was evaluated in accordance with the

developed system.

In all, 31 waste materials were evaluated and classified as either industrial,
mineral, or domestic wastes. Huge quantities of these wastes are being generated
annually or have accumulated over many years. Many are located within or
adjacent to metropolitan areas. Some have been used in highways with varying
degrees of success.

Based on the results of the technical, economic, and environmental evaluations,
the waste materials most highly recommended for further developmental work as
aggregates in highway construction are blast furnace slag, fly ash, bottom ash, boiler
slag, reclaimed paving material, and anthracite coal refuse.* All of these materials
have been used previously in highway construction. In fact, blast furnace slag has
already gained wide acceptance as an aggregate and millions of tons are used
annually. ’

Other waste materials exhibiting some potential for highway aggregate use are
steel slag, bituminous coal refuse, phosphate slag, slate mining waste, foundry waste,
taconite tailings, incinerator residue, waste glass, zinc smelter waste, gold mining

* Higher levels of use should not be overlooked.



waste, and building rubble. Of these, steel slag, taconite tailings, and building rub-
ble have been found suitable as highway construction aggregates; others, such as
incinerator residue and waste glass, have been used as aggregate on an experimental
basis.

As a result of this research, a number of conclusions were drawn of which the
most significant are that:

1. The basic technology now exists for converting solid wastes into some form
of synthetic aggregates. ‘

2. Generally, the engineering properties of these synthetic aggregates are not as
good as those of natural aggregatés with some exceptions, such as blast furnace slag,
fly ash, and boiler slag.

3. Much research and field experimentation must be done to determine the
suitability of individual waste materials as highway aggregates. This developmental
process usually requires many years.

The following recommendations were considered to be warranted:

1. Waste materials having satisfactory perforiance records as highway aggre-
gates should be more fully utilized.

2. Future research and development efforts related to waste material use should
be coordinated under the jurisdiction of a strong central agency.

3. Existing specification requirements should be thoroughly reviewed for the
possibility of being made less restrictive, especially in states where aggregate shortage
is a problem. _ .

4. The adoption of performance specifications should be considered on a trial
basis to allow more latitude in selecting highway materials.

5. The use of lightweight aggregates in various types of highway applications
should be researched and developed.

6. Field experimentation should be conducted on all waste materials recom-
mended for further development which are not already being used in highways.

7. More detailed information is needed on precise locations and magnitude of
conventional aggregate shortages. A standard definition of an “aggregate shortage”
should be formulated and used throughout the United States.

8. Developmental work should be initiated for a portable processing system,
preferably barge mounted, which would be capable of processing such materials as
fly ash, foundry waste, coal refuse, and dredge spoil.

9. More research is necessary to determine the most suitable mineral wastes for -
development as aggregate materials. Cooperative efforts of the U.S. Bureau of
Mines and the Federal Highway Administration are suggested.

10. A thorough study is needed to determine transportation rates for the move-
ment of the most highly recommended waste materials from points of origin to
probable market areas.



CHAPTER ONE

INTRODUCTION AND RESEARCH APPROACH

PROBLEM AND OBJECTIVES

The demand for aggregate materials has outstripped their
availability in many parts of the United States. This ap-
plies especially in metropolitan areas where the adoption of
increasingly restrictive zoning laws and environmental regu-
lations have inhibited the extraction and processing of ag-
gregate within urban boundaries. :

Many areas have never possessed an abundance of high-
quality natural materials or are not located within reason-
able distances of an operating pit or quarry.

At the same time, it is now quite clear that one of the
major problems in the U.S. is the disposal of the alarming
volumes of solid waste being generated. Each year, as pro-
duction increases, the space available for economical dis-
posal decreases. As a consequence, the question has been
asked: “Can waste materials be used as aggregate in high-
ways?’ Doing so would be a partial solution to both the
aggregate shortage and the solid waste disposal problem.

Acceptance of the use of new materials, particularly those
of marginal quality, in the structural support system of a
highway occurs only after a long and tedious period of trial
and performance evaluation. This is understandable be-
cause of the lack of universally accepted rapid evaluative
techniques that will predict long-range performance of such
things as new base course materials. Also, the consequences
of premature failure of these materials are usually most
severe. '

If the use of synthetic aggregates produced from waste
materials affords a practical solution to the problem of
aggregate shortages, it is urgent that the developmental
work necessary to gain their acceptance be started very
soon. It is hoped that this study will provide direction for
programs to develop the use of waste resources in highway
construction.

The principal objectives of this project were to:

1. Inventory types, sources, and quantities of waste ma-
terials potentially suitable for the production of synthetic
aggregates or otherwise replacing the need for conventional
aggregates in highway construction.

2. Assess the prospects for practical use of specific waste
materials for the production of synthetic aggregates or
otherwise replacing the need for conventional aggregates in
highway construction, particularly where aggregate sup-
plies are scarce.

Inherent in these objectives are three practical considera-
tions:

1. Determine those areas in which predicted'shortages of

conventional aggregates are sufficiently severe to necessi-
tate the development of alternative material sources.such as
waste materials?

2. Determine whether solid wastes can be economically
processed so that synthetic aggregates of suitable quality
can be produced, or whether the highway industry will ad-
just to the use of substandard (in accordance with present
criteria) materials?

3. Determine whether the quantities of waste materials
that have potential use in highway construction will have
a significant impact on solving the problems currently
associated with the disposal of these wastes?

RESEARCH APPROACH

‘Tasks necessary to accomplish the objectives included (a)

a literature review, (b) a determination of the supply and
demand for natural aggregates, (c) an inventory of waste
resources, (d) a determination of current uses of waste
resources, and (e) an evaluation of the waste materials
studied.

At times, the research tasks were carried out concur-
rently, and frequently information gathered in one task
affected procedure in another. Periodic review by mem-
bers of a control board along with the guidance of a_team
of industrial consultants gave direction to the work. It was
their primary function to critically review' procedures and
progress according to two basic guidelines to ensure (1)
that all significant factors were being considered, and (2)
that the results of the study would provide a realistic
appraisal of the potential for waste material use.

Literature Search

Published data were the principal source of information. A
review of foreign and domestic literature was made. This
review focused on publications concerning:

1. Types, quantities, and locations of waste materials.

2. Use of waste materials in highway or building con-
struction.

3. Supplementary uses of waste materials,

4. Research and development related to the conversion
of waste materials into useful products.

5. Quantities and locations of natural aggregates.

The information sources that were searched included:

1. Information ‘retrieval services.
2. Technical society and industry periodicals.
3. Industry, government, and technical associations.



The formal literature search was further supported by a
solicitation of unpublished reports and commentaries that
came to the attention of the researchers.

More than 300 relevant documents were reviewed by the
research team. Approximately 270 were abstracted. A
bibliography (Appendix E) lists those publications that
contributed significant information toward accomplishment
of this investigation. References 6, 244, 245, 247, 248, and
267 were especially useful.*

Conventional Aggregate Supply and Demand

Published data were reinforced by information obtained
from materials engineers from each state on the location of
areas experiencing shortages, or future potential shortages,
of quality natural aggregates.

The research team used an additional guideline to estab-
lish potential natural aggregate shortage areas. More than
90 percent of all aggregates are presently transported by
truck. This suggested that construction sites beyond an
economical truck hauling distance from an existing natural
aggregate source could be considered as locations where
shortages could develop. Forty miles was selected as the
maximum economical truck hauling distance. A haul over
this distance would incur an average transportation cost of
$2.25 per ton.

Factors concerning the use of aggregates in highway
construction during the period 1969-71 and the 1972 Na-
tional Highway Needs Report, which identifies highway
needs and projects highway construction costs during the
period 1970-90, were used extensively to forecast and verify
future aggregate requirements.

The end result of this portion of the study was the assess-
ment of those locations in the continental U.S. that either
now or in the future will experience a shortage of quality
natural aggregates. The practical aspects of this assessment
were subjected to a critical appraisal by the research team.

Inventory of Waste Resources

Waste materials were classified as being in one of three
major categories—industrial, mineral, or domestic. The
classification is given in Appendix B. The data sources were
used to determine locations, quantities, chemical composi-
tions, and physical properties of all the waste materials
listed. The classification of wastes was particularly helpful
in making judgments concerning those wastes about which
existing information was sparse.

The basic procedure in this portion of the study involved
a compilation of the available published data, verification
and amplification of this information by industrial and gov-
ernmental representatives, and, finally, a resolution of the
data into usable form.

It must be mentioned here that, in some cases, detailed
information on certain waste materials did not exist. A
substantial effort involving a plant-by-plant, or stockpile-by-
stockpile, determination of quantities, composition, and the
like would be required to obtain complete data. For in-
stance, the team was unable to obtain detailed information

* These and any other numbered references are keyed to the ‘“Selected
Bibliography,” Appendix E.

on the locations and quantities of sulfate sludge. In these
instances the best judgments of informed observers were
used in supplying and reporting data.

Current Uses of Waste Materials

Emphasis was placed on assembling, evaluating, and re-
porting on published accounts of the use of waste materials
in highway construction and/or general building construc-
tion. Attention was given also to supplementary uses of
waste materials that would provide an insight into their
potential as raw materials for synthetic aggregates.

Equal importance was attached to (a) the determination
of the costs and techniques involved in the process of manu-
facturing useful products from waste materials and (b) the
procedures, time, and over-all ramifications of gaining ac-
ceptance of these products, particularly in the highway
industry.

The significance was determined of each instance of use
of a waste material in construction as well as its level of
use. Current use generally was found to have attained one
of three levels:

1. Laboratory research or pilot plant operation.

2. Experimental applications.

3. Routine acceptance in competition with other conven-
tional materials.

Evaluation System and Evaluation. of Waste Resources

The evaluation of the potential of waste materials was
divided into five phases:

1. Initial screening.

2. Evaluation of the physical and chemical properties of
the wastes (a) as they occur naturally or.in combination
with other materials, and (b) after processing for compari-
son with currently accepted standards for aggregate (called
the “technical evaluation™).

3. Evaluation of the locations, quantities, physical forms
in which the wastes occur (slurry, refuse pile, etc.), proc-
essing requirements, and adaptability to construction for
comparison with the cost and availability of natural aggre-
gates (called the “economic evaluation™).

4. Evaluation of the environmental consequences of the
use of waste materials (called the “environmental evalua-
tion™).

5. “Over-all evaluation” based on the combined results
of the technical, economic, and environmental evaluations.

Initial Screening

Eliminated from detailed consideration were those waste

materials that for obvious practical reasons offered little or

no potential for use as highway aggregate replacements.
Four minimum criteria were established:

1. The annual quantity of waste material available at any
one location must be at least 50,000 tons. If annual pro-
duction is less than 50,000 tons, a quantity of at least
500,000 tons must have accumulated.

2. The sources of waste materials must be located within
a reasonable distance of potential market areas. For truck



transport, 40 miles was selected as the maximum hauling
distance. The maximum hauling distance was considered to
be 100 miles for rail and 300 miles for barge.

3. The material must not be highly toxic, especially after
being completely processed.

4. The material must not be soluble in water.

Technical Evaluation

A weighted numerical rating system was devised to evaluate
the physical and chemical properties of each waste. An
explanation of the system is given in Appendix D. The
primary purpose of the rating system was to force the
research team to focus its attention on each significant
property of each waste material and to arrive at a value
judgment as to its suitability. Secondarily, the over-all nu-
merical rating of the waste material enabled a gross classi-
fication of its potential to be made.

The basic evaluation team consisted of three members—
a spccialist in portland cement and portland cement con-
crete, a specialist in asphalt and bituminous mixtures, and
a geologist. Each numerical rating of a property was es-
tablished jointly after an examination of the relevant data
and a joint discussion of the significance and dependability
of the data.

After a quantitative rating was given to each property
(hardness, soundness, particle size, etc.), the results were
compared with the known performance record of the few
waste materials that have been used as aggregates. This
served to either verify the rating or to lend credence to an
adjustment of the valuation.

The waste materials were then assigned to one of four
groups, Class I to Class IV. Class I materials had maxi-
mum potential. They either (a) possessed the best aggre-
gate properties in one or more of their forms (naturally
occurring, combined, or processed) or (b) had a record of
satisfactory performance in highway applications. Class II
contained those materials (a) which required more exten-
sive processing or (b) whose properties were not as ade-
quate as those materials in Class I. Class III included ma-
terials (a) which showed less promise than those of Classes
I or II and (b) which were recommended for use only in
isolated situations. Class IV materials showed little or no
promise for use as synthetic aggregates.

Each waste material was also evaluated and classified in
terms of its potential use in specific highway applications
such as stone base, bituminous mixture, or portland cement
concrete. The possibility of using each waste material as
an element of a stabilized base was also considered.

Economic Evaluation

Quantitative and qualitative methods were applied in assess-
ing the economic feasibility of converting waste materials
into synthetic aggregates.

Some typical costs were available in the literature; others
were developed by the research team. The types of costs
involved were disposal costs; manufacturing costs for pro-
ducing aggregate from waste materials (pulverizing, screen-
ing, pelletizing, and sintering) ; and transportation costs by
truck, rail, and barge. These figures were used to develop

quantitative measures of the ranges of cost involved in re-
claiming the waste materials, processing them for use, and
then using them in highway construction. It was realized
that this type of analysis would serve only to indicate eco-
nomic feasibility. Exact determinations of unit costs will
be obtainable only in a real-life competitive situation.

A semiqualitative approach was used to reinforce the
findings of the cost analysis. This approach involved an
examination of each waste material with respect to specific
economic factors chosen to reflect the economic potential
of a material for development as an aggregate. These fac-
tors fell into four broad categories:

1. Location and quantity of material.

2. Application potential of the material in highways.
3. Value of the material as a resource.

4. Ecological and social considerations.

A numerical rating system was devised, which was simi-
lar to that used in the technical evaluation in which eco-
nomic factors were weighted according to their relative
importance. The research team again was forced to focus
on the significance of each factor to each waste material
and to make a value judgment.

As a result of the combined evaluations (cost analysis
and economic factors), each waste material was categorized
according to one of four classes, Class I to Class I'V. Class 1
materials had the highest economic potential; Class IV
materials had the least.

A more detailed discussion of the economic evaluation,
including a listing of the factors, is given in Appendix D.

Environmental Evaluation

Evaluation of the potential environmental consequences of
using specific waste materials for highway purposes con-
sidered three environmental effects:

1. Those resuiting from the recycling of a specific waste,
such as the benefit obtained by removing anthracite coal
refuse piles from the landscape.

2. Those possibly developing as hazards, perhaps as a
result of the manufacturing operation of producing syn-
thetic aggregates from waste materials.

3. Those being generated by qualities inherently umque
to the waste materials, such as dusting and leaching.

Each waste material was examined in light of the envi-
ronmental factors and rated numerically. The waste ma-
terials were rated on the basis of the environmental benefit
derived from their use and assigned one of three classes,
either recommended, marginal, or not recommended.

A discusston of the environmental evaluation, including
a listing of the factors, is given in Appendix D.

Over-All Feasibility

The results of the technical, economic, and environmental
feasibility of waste materials were finally combined, and
a list of those materials having the best over-all feasibility
for development and use as construction aggregate was
formulated.



The waste materials finally were grouped into four
classes, Class I through Class IV. The final results were
weighted more heavily in favor of the technical and eco-

nomic evaluation, with the materials most highly recom-
mended placed in Class I and those with the least feasi-
bility placed in Class IV.

CHAPTER TWO

FINDINGS

The findings of this investigation are presented in four parts.
The first part discusses the status of conventional aggregate
supplies, including actual and potential shortage areas; the
second contains the over-all findings of the waste resource
inventory; the third discusses the status of current and po-
tential uses of waste materials; and the fourth part presents
the results of the evaluation of waste materials.

CONVENTIONAL AGGREGATE SUPPLY AND DEMAND

On a nationwide basis, the supply of good-quality natural
aggregates is sufficient to meet the present and predicted
demands of highway and building construction markets.
The total annual production of conventional aggregates was
approximately 1.8 billion tons in 1970. Highway consump-
tion during 1970 amounted to over 800 million tons, or
47 percent of the total amount of aggregate produced. An
estimated 2 billion tons annually may be needed for high-
way use by 1985. This is 50 percent of a projected 4 billion
tons of total annual aggregate production at that time (6).
Aggregate supplies on a regional and statewide basis also
appear to be adequate.

On a local basis the situation is different. Most urban
areas, where demands are high and zoning restrictions often
remove acceptable materials from availability, are or will
be deficient in the supply of conventional aggregates. Such
urban areas, for example, are typified by the standard
metropolitan areas of the United States in 1970, as defined
by the U.S. Bureau of the Census and shown in Figure 1.
Conventional aggregate shortages also occur to a degree in
rural areas. Appendix A presents the details on conven-
tional aggregate supplies and shows locations where sup-
plies are deficient (Fig. A-3 and A-4). These areas all lack
high-quality materials and are located beyond a 40-mile

hauling distance from existing supplies of good aggregate. .

Because of a current low demand for aggregate in many
of the areas, the situation within them is presently not criti-
cal. However, even moderate increases in construction and
maintenance activities could produce future shortages. The
development of ways to upgrade or to modify the use of
low-quality aggregates that exist in many of these areas to
provide acceptable service could alleviate the shortages.
Serious shortages in highway aggregates that may occur
within the next few years are likely to be felt first in
AASHTO Regions 1 and 2, for example. AASHTO Re-
gior 1, comprised of states in the northeastern part of the

U.S., must increase its production of aggregates to a greater
extent than most others to meet the material demands an-
ticipated in the next 10 years. The states in AASHTO
Region 2, the south and southeastern parts of the country,
must also significantly’ increase aggregate production, al-
though not to so great an extent as those in Region 1.

INVENTORY OF WASTE RESOURCES

An inventory of all the waste materials identified in this
study is given in Table 1. Figure 2 shows the 10 study
regions into which the U.S. was divided for the purpose
of this study. Figure 3 is a key to the map symbols pic-
tured in Figures 4 through 13, which show for each of the
10 study regions (a) locations of potential aggregate short-
age areas and (b) locations of available waste materials.

Mineral wastes (Table 1) are available in the largest
quantities. For instance, an estimated 1 billion tons of
anthracite coal refuse are presently available in stockpiles.
If all of this were usable, it would be sufficient to sup-
ply the current demand for highway aggregate in the entire
U.S. for one year. Somewhat smaller, but still significant,
quantities of other wastes such as fly ash, slag, and domestic
refuse are available. The estimated annual production of
fly ash is 32 million tons. This would be sufficient to meet
the current aggregate requirements of such States as New
York, Pennsylvania, Illinois, or Michigan. The estimated
annually produced quantities of various wastes are given by
state in Table 2 and compared with the highway aggregate
requirements in Table 3.

Assume that 10,000 tons of aggregate are required per
mile of two-lane highway and that 50 percent of the aggre-
gate can be replaced by synthetic aggregate made from
waste materials, the required amount of synthetic aggre-
gate would be 5,000 tons per mile. As another example,
the amount of glass required to replace 60 percent of the
aggregate in a typical bituminous mixture is estimated to be
7 1b per square foot per inch of thickness. A 2-in. layer
of resurfacing to be placed over 1 mile of 24-ft-wide road-
way would require approximately 900 tons of glass.

Based on the preceding, it is believed that at least 50,000
tons of a specific waste should be available annually at one
location for the material to be considered as an aggregate
replacement on a continuing basis. This minimum amount
might be as high as 100,000 tons per year in or near large
metropolitan areas. Accumulations of 500,000 tons of solid



Figure 1. Standard metropolitan areas of the United States in 1970 according to the U.S. Bureau of the Census.

wastes in one area are considered to be minimum in the
event that annual production rates are not sufficient. Smaller
amounts of waste materials can and have been used in
unique local situations. These are considered to be special
cases and should continue on this basis.

To meet criteria for minimum quantities of waste ma-
terials, it will be necessary to know the amount of accumu-
lated and annually produced wastes available in a specific
area.

In summary, waste materials that have potential for the
manufacture of synthetic aggregates are available in quan-
tities sufficiently large to provide significant amounts of
aggregates to the highway industry. Many of these wastes
are located in areas where conventional aggregates are in
short supply. This is especially true of urban areas.

CURRENT USES OF WASTE MATERIALS

Table 1 gives the current uses of the waste materials stud-
ied in this investigation. Note that blast furnace slag, steel
slag, fly ash, bottom ash, boiler slag, waste glass, coal refuse,
rubber tires, incinerator residue, and some mine tailings
have been used in the construction of highways. The
amounts used and the significance of the use have varied
widely, as noted in Table 4. A more detailed discussion of

current uses of each waste material considered in this study

is presented in Appendix C.
Generally, the amounts of waste materials used to date

represent only a small percentage of the available quanti-
ties. Only blast furnace slag and steel slag have been uti-
lized to a significant extent by the highway industry.
Efforts to date concerning most other waste material use
in highways have been mostly experimental, involving rela-
tively small quantities of materials.

One reason for such small use of waste materials lies in
the fact that the process of gaining acceptance of new ma-
terials in highways is a long and tedious one. The natural
reluctance of most highway engineers to use unproven ma-
terials in a situation where premature failure can cause
serious funding dislocation and loss of human safety ne-
cessitates extensive testing and experimentation on many
levels. Experience in the development of blast furnace slag
and fly ash has shown that full acceptance of such materials
may take about 20 years.

Although fly ash has been researched and promoted since
approximately 1950 and proven suitable for highway appli-
cation, much greater use could be made of the material.

Historically, private industry has provided the initial
stimulus in the research and promotion of better alterna-
tives for the disposal of its waste materials. Efforts by the
steel industry on behalf of slag are an outstanding exam-
ple. Associations formed for the purpose of advancing the
use of waste materials are a positive force in pointing out
the advantages of and in increasing the consumption of
these materials.



TABLE 1

INVENTORY OF WASTE RESOURCES

particles

ANNUAL ACCUMULATED
QUANTITY QUANTITY CURRENT
PHYSICAL (million (million OR POTENTIAL
NASTE MATERIAL SOURCE LOCATION STATE tons) tons) USES
INDUSTRIAL WASTES
Alumina Red and Alumina Alabama, Slurry and 5-6 50 Insulation, pigment,
Brown Muds processing Arkansas, dried fines soil conditioner,
plants Louisiana, concrete additive,
Texas binder
Phosphate Phosphate Florida, Slurry 20 400 Lightweight aggregate,
Slimes processing Tennessee brick, pipe
plants
Phosphogypsum Phosphate Florida Slurry 5 N.A. Plaster substitute
processing Tennessee
plants
Sulfate Chemical Distributed Slurry 5-10 N.A. Road base composition
Sludges plants Nationally mixtures
Fly Ash Coal Appalachia Dust 32 200-300 Fill, lightweight
-burning Great Lakes aggregate, road base
power compositions, cement
plants replacement
Bottom Ash Coal Appalachia Fine sand 10 50-100 Fi111l, lightweight
burning Great Lakes aggregate, road base
power compositions
plants
Boiler Slag Coal Appalachia Black gravel 5 25-50 Fill, highway aggregate,
burning Great Lakes size particles anti-skid material,
power roofing granules
plants
Scrubber Sludges Power Generally Slurry N.A. N.A. Road base composition
plants with distributed mixtures
scrubbings
equipment
Blast Furnace Iron and Pennsylvania, Coarse 30 N.A. Construction aggregate,
Slag steel Ohio, Illinois particles railroad ballast,
production and Michigan £f411 material
Plants
Steel Slag Iron and Same States Coarse 10-15 N.A. Construction aggregate,
steel as Blast Fur- particles railroad ballast,
production nace Slag fill material
plants
Foundry Wastes Iron Same States
Foundries as Steel Slag Fine dust 20 N.A. Pigments, colorants,
highway aggregate
MINERAL WASTES
Anthracite Coal Anthracite Northeastern Coarse and 10 1,000 Anti-skid material,
Refuse mines Pennsylvania fine particles highway aggregate
Bituminous Bituminous Appalachia, Coarse 100 2,000 Highway aggregate
Coal coal Midwestern and fine
Refuse mines States particles
Chrysotile Asbestos California, Coarse 1 10 Additive to highway
or Asbestos mines Vermont, fibers mixtures
tailings Arizona
Copper Tailings Copper Southwestern Slurry 200 8,000 F11ll material
mines States, or dust
Michigan
Dredge Spoil Dredging Navigable Slurry 300-400 N.A. Disposal, fill
‘operations waterwvays material
Feldspar Tailings Feldspar Northwestern Coarse 0.25-0.50 5 Highway aggregate
mines North Carolina and fine



TABLE 1 (Continued)

ANNUAL ACCUMULATED
QUANTITY QUANTITY CURRENT
PHYSICAL (million (million OR POTENTIAL
WASTE _SOURCE LOCATION STATE tons) tons) USES
MINERAL WASTES
Gold Mining Gold mines California, Wet sand 5-10 100 Sand-lime brick
Waste South Dakota, or gravel
Utah, Nevada
Arizona
Iron Ore Iron mines Alabama, Slurry, 20-25 800 None
Tailings New York, fine
Pennsylvania particles
Lead Tailings Lead mines Missouri, Idaho Slurry, 10-20 200 Railroad ballast,
Utah, Colorado fine road stone
particles
Nickel Tailings Nickel Southwestern Fine N.A. N.A. None
mines Oregon particles
Phosphate Slag Phosphate Idaho, Montana, Fine 4 N.A. Lightweight aggregate,
smelters Wyoming, Utah stone chips highway aggregate
Slate Mining Slate mines New England, Coarse N.A N.A Highway aggregate
New York, Pa., fine
Maryland, particles
Virginia
Waste Taconite Taconite Minnesota, Slurry, 150-200 4,000 Formed block,
Tailings mines Michigan fine highway aggregate
particles .
Zinc Tailings Zinc mines Tennessee Slurry, 10-20 200 Highway aggregate.
fine
particles
Smelter Waste Zinc Oklahoma Fine sand N.A. N.A. Highway aggregate
Smelters
DOMESTIC WASTES
Building Rubble Demolition Metropolitan Coarse 20 N.A. Landfill, highway
activity areas particles aggregate
Battery Casings Automobile Metropolitan Coarse 0.5-1.0 N.A. Highway aggregate
batteries areas particles
Ceramin Wastes Brick, Distributed Coarse N.A. N.A. Landfill
pottery, nationally particles
pipe plants
Incinerator Municipal Metropolitan Ash 10 N.A. Landfill, highway
Residue incinerator areas aggregate
Plagstic Wastes Plastic Distributed Containers, 2.5-3.0 N.A Plastic Manufacture
manufactur- nationally particles
ing plants
Pyrolysis Pyrolysis Metropolitan Char N.A. N.A. Highway aggregate
Residue operations areas
Reclaimed Highway Metropolitan Coarse N.A. N.A. Landfill, highway
Paving recon- areas particles aggregate
Material struction
projects
. Rubber Tires Automobile Metropolitan 3-5 N.A. Seal treatment,
and truck areas asphalt additive
tires
Sewage Sludge Sewage Metropolitan Slurry 8-10 N.A. Stabilized £111
treatment areas or ash material
plants
Waste Glass Container Metropolitan 12 N.A. Glass production,
glass areas highway aggregate,

glass wool,
glurry 'seal
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Figure 2. The U.S. was divided into 10 regions established to facilitate the study.

EVALUATION OF WASTE MATERIALS—
OVER-ALL FEASIBILITY

Three waste materials were identified as having little or no
potential in the initial screening process. These were
ceramic wastes, chrysotile or asbestos tailings, and plastic
wastes. )

Ceramic wastes occur in suitable physical form for use
as aggregates. However, the annually produced quantities
are relatively small and normally deposited in landfills
rather than stockpiled. Due to lack of availability and
small quantities, ceramic wastes appear to have very little
potential for use as an aggregate and should be considered
only on a local basis.

Chrysotile or asbestos tailings exist in limited quantities
at only a few mining locations scattered throughout the
U.S. In addition, the hazardous nature of asbestos fibers
discourages recommending the material to any great extent
as an aggregate replacement.

Although approximately 3 million tons of plastic wastes
are generated annually in metropolitan areas, these wastes
are usually but a small part (3 to 5 percent) of the total
refuse mixtures. The need for costly separation to retrieve
these materials, together with the small amount available
in any specific location, normally renders their use as
aggregates impractical.

The categorized results of the over-all evaluation of
waste materials are presented in Table 5.

Class I refers to those materials that show the most po-
tential for use as highway aggregate. Nearly all of these
materials have received some measure of acceptability for
highway use. All possess the desirable properties of aggre-
gates and all are capable of treatment. Generally, they are
located in or near metropolitan areas and occur in suffi-
cient quantity to provide a continuous source of supply for
highway consumption.

Certain wastes, such as blast furnace slag and fly ash,
have evolved as acceptable highway materials over a time
period of many years. Because of its desirable properties
of hardness and soundness, particle shape, particle strength,
abrasion resistance, and gradation, blast furnace slag has
developed into an all-around highway and building con-
struction material. In fact, this material is so widely used
in highways that it is more often thought of as a conven-
tional aggregate than as a waste material.

Although fly ash has been used in stabilized base course
compositions for many years, its pozzolanic properties have
not been used to advantage in the manufacture of synthetic
aggregate 'to any great extent. Lightweight fly ash aggre-
gate has been processed and used in lightweight concrete
structural applications, but the potential for its use in high-
ways has not as yet been realized.

The performance of other ash wastes in highways has
demonstrated their capabilities for certain uses. Bottom ash
has been used with good results in base compositions, bi-
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Figure 4. Locations of potential aggregate shortage areas and available waste materials, Region 1.
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Figure 10. Locations of potential aggregate shortage areas and available waste materials, Region 7.
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Figure 11. Locations of potential aggregate shortage areas and available waste materials, Region 8.
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Figure 13. Locations of potential aggregate shortage areas and available waste materials, Region 10.
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TABLE 2

ESTIMATED QUANTITIES OF ANNUALLY PRODUCED SOLID WASTE

MATERIALS AVAILABLE IN EACH STATE®

MATERIALS AVAILABLE
(Thousands of tons)

TOTAL MINERAL ASH SLAG FOUNDRY BUILDING SEWAGE INCINERATOR RUBBER WASTE
STATE WASTE WASTE WASTE WASTE _WASTE RUBBLE SLUDGE RESIDUE TIRES GLASS
Alabama 14,400 7,000 1,750 2,000 2,800 400 140 10 80 220
Arizona 150,710 150,000 50 _ _ _ 100 260 100 - 50 150
Arkansas 2,270 2,000 e e o - 150 60 o 50 10
California 18,150 10,000 o 1.006 20 3,500 1,200 150 480 1,800
Colorado 5,270 3,200 350 1,000 60 300 120 o 60 180
Connecticut 1,765 200 180 _ _ _ 180 500 160 450 70 25
Delaware 505 200 150 _ _ _ 10 100 30 o 10 5
Florida 22,220 20,000 180 _ _ _ 10 1,000 360 250 170 250
Georgia 3,410 1,200 1,100 _ __ _ 50 500 180 o 100 280
Idaho 5,275 5,000 120 _ _ . _ _ _ 50 80 o 20 s
Illinois 25,000 13,000 3,200 3,000 2,500 1,750 300 500 200 550
IndiAana 10,150 4,500 2,500 500 1,200 600 240 150 110 356
Iowa 2,650 1,200 500 _ _ _ 300 300 120 - 70 -160.
Kansas 2.220 800 650 _ _ _ 400 60 100 o 60 150
Kentuclfy 28,690 25,000 2,600 _ _ _ 350 300 100 120 70 156
Louisiana 3,610 2,600 _ _ _ - _ _ 70 450 180 215 70 25
Maine 365 200 _ _ _ _ _ _ o __ 100 40 _ 20 5
Maryland 3,920 300 700 1,500 90 550 210 200 70 300
Massachusetts 2,805 200 15 _ _ _ 180 950 350 500 110 500
Michigan 33,340 22,000 2,250 2,000 3,800 1,300 500 600 190 700
Minnesota 107,090 105,000 900 _ _ _ 100 500 190 40 90 27:0
Mississippi 630 300 0 _ _ _ _ __ 150 60 — 40 10
Missouri 12,525 9,500 1,600 _ _ _ 400 600 225 70 90 40
Montana 17,275 17,000 80 _ _ _ 60 80 30 o _ 20 5
Nebraska 1,165 500 360 _ _ _ 10 150 60 35 40 10
Nevada 4,285 4,000 190 _ _ _  _ _ _ 50 20 o 20 5
New Hampshire 335 200 _ _ _ _ __ __. 80 30 - 20 5
New Jersey 5,430 2,200 460 _ _ _ 100 1,250 450 120 150 700
New Mexico 13,290 12,200 850 _ _ _  _ _ _ 150 50 ___ 30 10
New York 15,790 3,700 1,300 1,500 1,050 3,100 1,140 2,000 370 1,630
North Carolins 4,060 500 2,600 _ _ _ 140 300 150 60 110 200
North Dakota 2,600 1,500 1,000 _ _ _  _ _ _ 50 20 o 20 10
Ohio 28,540 11,200 4,500 6,000 3,200 1,500 600 450 240 850
Oklahoma 4,270 3,500  _ _ _  _ _ _ 400 160 120 e 70 20
Oregon 4,625 4,000 _ _ _ _ _ _ 50 400 100 __ _ 60 15
Pennsylvania 38,400 20,000 4,000 6,000 3,400 2,600 620 650 230 900
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TABLE 2 (Continued)

MATERIALS AVAILABLE
(Thousands of tons)

WASTE

TOTAL MINERAL ASH SLAG FOUNDRY BUILDING SEWAGE INCINERATOR RUBBER
<STATE WASTE WASTE WASTE _WASTE _WASTE RUBBLE SLUDGE RESIDUE TIRES GLASS
Rhode Island 740 200 e e e 150 60 100 220 10
South Carolina 2,220 500 600 _ _ _ 60 200 800 - 50 10
South Dakota 2,095 2,000 e _o__ 50 20 _ 20 5
Tennessee 8,300 5,700 1,950 _ _ _ _ _ _ 400 150 _ 80 20
Texas 10,270 5,000 _ _ _ 1,000 700 1,600 600 200 270 900
Utah 50,530 50,000 40 _ _ _ 240 150 60 __ 30 10
Vermont 310 200 - _ 50 20 10 o 10 20
Virginia 11,110 7,700 1,100 500 330 400 490 250 90 250
Washington 5,280 4,000 3o0 _ _ _ 60 500 80 _ _ _ 80 260
West Virginia 31,310 29,000 2,100 _ _ _ _ _ _ 120 50 o 30 10
Wisconsin 10,825 7,000 1,50 _ _ _ 1,000 500 135 300 90 300
Wyoming 5,130 3,500 1,500 60 40 15 10 5

3Not including Alaska and Hawaii.

tuminous paving mixtures, and cold-mix emulsified asphalt
mixes. Boiler slag has been used successfully in bitumi-
nous base course and wearing surface applications, espe-
cially when blended with conventional aggregates.

Class II includes those materials that deserve considera-
tion for further development as aggregates, which do not
at this time appear to have as high a potential as the
Class I materials. Class II materials do not always possess
so many favorable properties, and they generally require a
greater amount of processing to be rendered suitable for
use as aggregate. Although most of the materials cate-
gorized as Class II exist in significantly large quantities,
many are not located within immediate proximity to po-
tential market areas. Several of the materials rated in
Class II have been used to a limited extent in highways.

Some Class II materials are recommended for use as
highway aggregate with some minor reservations. For ex-
ample, steel slag has the capability of rendering very satis-
factory performance in a number of highway applications,
but extreme care must be exercised in its use. A curing
period of at least six months and preferably one year should
elapse before this material is used because of its expansive
nature when undergoing hydration. The aging period for
steel slag may possibly be reduced for use in asphalt mixes
if the slag is subjected to water sprays and crushing before
such use.

Bituminous coal refuse should be incinerated before use
as an aggregate to remove unburned carbon and to impart
greater strength to the particles. Incinerator residue can
also be converted into a better aggregate product after
fusion to complete the burning process. Separation of non-
rubble components from demolition material is necessary
for building rubble to be used successfully as aggregate.

Although waste glass has performed as an aggregate in
“glasphalt” experiments to date, the economics of collect-
ing and crushing the material for use need to be given care-
ful consideration. Huge quantities of glass are not normally
available and glass companies are willing to pay $20.00 per
ton to groups collecting glass for recycling. Theoretically,
only the collected glass exceeding the cullet requirements of
glass manufacturers is available for glasphalt. With rela-
tively small quantities of glass, processing costs for crushing
are likely to be prohibitive in many instances. Perhaps the
most practical use of glass would be for bituminous patch-
ing, driveways, and other low-volume applications. Use of
glass in portland cement concrete is not recommended be-
cause particle shape and lack of porosity cause poor bond-
ing and strength development. Another problem of perhaps
greater concern with the use of glass in portland cement
concrete is the potential alkali-silicate reaction.

Class III refers to those waste materials which do not
show great promise for use as a highway aggregate for a
variety of reasons. Many of the materials in this category
require extensive processing, have nonuniform characteris-
tics, or do not possess many of the properties considered
essential for a quality aggregate material. Several of the
Class III waste materials are located beyond economical
hauling distances from potential market areas. Very few of
these materials have any record of previous use as aggre-
gate in highway or related construction.

Many of the wastes in this category require dewatering
because of their sludge- or slurry-type consistency. Proc-
essing costs can therefore be expected to be much higher.
Included are alumina muds, phosphate slimes, dredge spoil,
sulfate sludge, and power station scrubber sludge. Fine
tailings from many mining operations are also deposited
in the form of a slurry.



TABLE 3

COMPARISON OF FIGURES FOR HIGHWAY AGGREGATE CONSUMPTION AND

ESTIMATED ANNUAL SOLID WASTE PRODUCTION (Millions of tons)

.

ESTIMATED ESTIMATED PERCENT ESTIMATED ESTIMATED PERCENT
HIGHWAY - SOLID HIGHWAY HIGHWAY SOLID HIGHWAY
STUDY AGGREGATE WASTE AGGREGATE STUDY AGGREGATE WASTE AGGREGATE
REGION STATE CONSUMPTION PRODUCTION CONSUMPTION REGION STATE CONSUMPTION PRODUCTION CONSUMPTION
1 Connecticut 5.15 1.77 5 Iowa 15.82 2.65
Delaware 1.14 0.51 Minnesota 31.60 107.09
Maine -6.49 0.37 Nebraska 11.62 1.17
Maryland 12.48 3.92 - North Dakota 6.43 2,60
Massachusetts 12.00 2.81 South Dakota " 8.00 2.10
New Hampshire 3.64 0.34 73.47 115.61 157.0%
New Jersey 12.47 5.43
New York 35.00 15.79
Pennsylvania 38.60 36.06 6 Kansas 9.35 2.22
Rhode Island 1.64 0.74 Missouri 17.10 12.53
Vermont 4.81 0.31 Oklahoma 11.25 4.27
133.42 68.05 50.7% 37.70 19.02 50.5%
2 Florida 24.60 22.22 7 Texas 47.70 10.27 21.5%
Georgila 16.16 3.41
‘North Carolina 11.70 4.06
South Carolina 6.80 2,22 8 Idaho 7.35 5.28
Virginia 19.20 11.11 Montana 14.95 17.28
West Virginia 7.95 31.31 Wyoming 7.50 5.13
86.41 74.33 86.0% 29.80 27.69 92.92
3 Illinois 37.90 25.00 9 Arizona 18.10 150.71
Indiana 23.60 10.15 Colorado 17.00 5.27
Michigan 31.50 33.34 New Mexico 7.75 13.29
Ohio 35.70 28.54 Utah 6.10 _30.53
Wisconsin 29.50 10.83 48.95 219.80 450.02
158.20 107.86 68.1% :
10 California 98.30 18.15
4 Alabama 13.20 14.40 Nevada 5.17 4.29
Arkansas 11.90 2.27 Oregon 14.00 4.63
Kentucky 9.25 28.69 Washington 19.80 5.28
Louisiana 19.80 3.61 137.27 32.35 23.5%2
Mississippi 6.69 0.63
Tennessee 27.50 8.30
88.34 57.90 65.4%
TOTAL 841.26 731.88 87.0%

61



TABLE 4

CURRENT USE OF WASTE MATERIAL AS

AGGREGATE IN HIGHWAYS

WASTE ESTIMATED PRINCIPAL REMARKS WASTE ESTIMATED PRINCIPAL REMARKS
MATERIAL ANNUAL LOCATION MATERIAL ANNUAL LOCATION
QUANTITIES OR USE QUANTITIES OR USE
USED USED
Blast 10 Million Pennsylvania, Routinely used as aggregate Copper Not Utah Used as embankment material in
Furnace Tons Ohio, Illinois, in Portland cement concrete, Tailings Available Utah. Found unsatisfactory for
Slag Michigan bituminous paving wixtures, stone aggregate use in concrete or
base, and base course stone base in Arizona.
compositions.
Phosphate Several Montana Used in highways as a base
Steel 5 Million Pennsylvania, Used as base course material. Slag Hundred course material.
Slag Tons Ohio, and Experimentally used as aggregate thousand
California in bituminous paving mixtures. tons
total use
Fly Ash 150,000 Illinois and Routinely used in highways as a
Tons Pennsylvania stabilized base with lime and Slate 30,000. Virginia Used as aggregate in concrete
aggregate. Experimental use in Mining tons mixtures, seal treatments, and
pelletized aggregate form. Waste in stone base courses.
Bottom 150,000 West Virginia Used as component of lime-Fly Ash Taconite Not Minnesota Used as aggregate in stone base.
Ash Tons and Ohio aggregate and cement-treated base Tailings Available sub-base, and bituminous mixtures.
base courses. Also used in cold-
mix emulsified asphalt resurfac- Incinerat- Not Philadelphia, Used experimentally either in
ing mixtures. or Residue Available Pennsylvania fused or unfused condition as
Tampa, Florida aggregate in bituminous mixtures.
Boiler 50,000 Illinois, Indiana, Used as aggregate in bituminous Houston, Texas
Slag Tons Ohio, West base courses and wearing surfaces.
Virginia and Also used as a component of lime- Plastic Not Elgin, Illinois Used experimentally as partial
Minnesota Fly Ash aggregate and cement Waste Available sand replacement for concrete
treated base courses. Investigat- pedestrian footbridge.
ed experimentally for slurry seal
treatment use. Pyrolysis Not Baltimore, Intends to use as aggregate in
: Residue Available Maryland bituminous paving mixtures when
Power 50,000 Transpo’72 Experimentally used as a available.
Station Tons Demonstration component of a lime-Fly Ash -
Scrubber Project Sulfate Sludge aggregate base Reclaimed Not Many states Used as aggregate in bituminous
Sludge course composition. Also used Paving Available including Texas paving mixtures when available.
experimentally with lime and Fly Material and California
Ash in the manufacture of
synthetic aggregate. Rubber Not Arizona Used in hot asphalt - rubber seal
Tires Available treatments and as partial
Anthracite 30,000 Pennsylvania Experimentally used as aggregate aggregate replacements in
Coal Square in bituminous resurfacing bituminous resurfacing mixtures.
Refuse Yards mistures. .
Resurfacing Waste Approx- Many locations Used experimentally in glasphalt
Glass imatel throughout mixes. Also used experimentally
Bituminous Not Virginia and Used as base and sub-base 3,000 ¥on8 United States as base material for Interstate
Coal Available West Virginia material in highways. Laboratory U;ed to Date highway in Ohio.
Refuse experiments at University of

Kentucky and West Virginia
University on use in bitumious
mixtures.
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TABLE 35

RESULTS OF OVER-ALL WASTE MATERIAL EVALUATION

21

CLASS 1

CLASS II CLASS III CLASS 1V
Blast Furnace Steel Slag Alumina Muds Phosphogypsum
Slag
Reclaimed Paving Bituminous Coal Phosphate Sewage Sludge
Material Refuse Slimes
Fly Ash Phosphate Slag Sulfate
Sludge
Bottom Ash Slate Mining Scrubber
Waste Sludge
Boiler Slag Fbundry Waste Copper
Tailings
Anthracite Coal Taconite Dredge Spoil
Refuse Tailings
Incinerator Feldspar
Residue Tailings
Waste Glass Iron Ore -
Tailings
Zinc Smelter Lead-Zinc
Waste Tailings
Gold Mining Nickel
Waste Tailings
Building Rubber Tires
Rubble
Battery
Casings

Coarse mine tailings are somewhat more adaptable to
aggregate use. However, their mineralogy varies between
locations, and the properties of some minerals have been
found to be marginal at best when used in highways. Mine
tailings source locations are often distantly removed from
population centers and economic transportation, and their
ecological effects in highway use are questionable.

Class IV waste materials are those not recommended for
further consideration as potential replacements for high-
way aggregates. Such materials do not lend themselves
readily to any current use, do require a formidable amount
of processing, and have little, if any, potential for future
aggregate use.

Phosphogypsum, on the basis of very little available in-
formation, does not seem to possess any potential for use
as a highway aggregate, although there may be some possi-
bility for its use in cement manufacturing. Sewage sludge
by itself also has very little, if any, feasibility for aggregate
use, although it may be considered as a possible component
of a stabilized base course mixture. Ash from the incin-
eration of sewage sludge may have some potential for use
as a highway fill material, but lack of information on its
potential as aggregate, coupled with relatively small quanti-
ties and high processing cost, make it appear to have little
feasibility. -

The final recommendation given to a specific waste ma-

terial was determined mainly by its technical and economic
feasibility, with environmental considerations as an addi-
tional guide.. Appendix D presents a detailed discussion of
the system used to evaluate the technical, economic, and
environmental feasibility of the waste materials.

Development of the synthetic lightweight aggregate in-
dustry over the past 20 years has provided the required tech-
nology for processing waste materials having a variety of
physical properties. Pelletizing, extruding, and agglomerat-
ing processes have been used successfully to form aggregate
shapes capable of being fired into bloated or nonbloated
materials by a sinter strand or rotary kiln. Temperatures
used in these fusion processes normally range between 2,000
and 2,400 F. Additional processing, when required, con-
sists of dewatering or thickening of slurry-type wastes,
thermochemical bonding of pozzolanic wastes, neutraliza-
tion of toxic substances, and crushing and sizing of the
finished material to achieve proper gradation.

Generally speaking, some form of aggregate can be pro-
duced from nearly all of the waste materials considered in
this study; but, the quality (determined by evaluation of
individual properties and past performance) of the finished
product is the determining factor in measuring its tech-
nical value.

Many factors interact when considering the economics of
developing a waste material into an aggregate. In most
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cases, the cost of processing a waste material is directly
proportional to the number of processing steps required.
Therefore, wastes existing in sludge or slurry form can be
expected to be more costly to process than wastes found as
a dust or in fine particle sizes. The most attractive ma-
terials from a processing-cost standpoint are those requir-
ing only crushing and sizing prior to their use.

Transportation costs must be determined for each waste
material by negotiation with individual carriers on the basis
of a specific movement from point A to point B. The most
inexpensive form of transport is likely to be barge, followed
by rail and truck. Determination of exact rates for barge
and rail transport of a particular waste commodity can be
a very difficult experience because tariffs are not always
established for such materials.

The cost of a synthetic aggregate produced from a waste
material is influenced by the cost of obtaining the waste
material. For example, locating the owner of a long-
abandoned mining operation can be difficult and appre-
ciably increase the cost of obtaining mine tailings. The
cost of a mineral or industrial waste will be variable,
depending upon the normal disposal cost and the amount

.

of processing remaining. To be competitive with other
sources of aggregate, a waste aggregate should range in net
cost between $4 and $10 per ton (after deduction of the
normal cost of waste disposal), depending upon (a) the
scarcity of conventional aggregates, (b) the cost of syn-
thetic lightweight aggregates, and (c) the price structure
of these materials. In short, the economics of using a par-
ticular waste material can be accurately determined only
after a careful market study has been conducted for a
specific waste in a specific market area.

Environmental considerations have served as a guide-
line in the final recommendation of waste materials for
development as aggregates. Many of the mineral wastes
have been placed in Class III because of their somewhat
negative environmental aspects, such as their potential for
dusting or leaching of metallic substances. Those waste
materials that constitute a blight or pose a significant eco-
logical threat were considered to have a higher priority for
reuse when weighing technical and economic factors. How-
ever, enhancement of the environment is a positive factor
that is very difficult to quantify in an evaluative process.

CHAPTER THREE

CONCLUSIONS AND RECOMMENDATIONS

The following major conclusions have been derived from
this study. The ensuing recommendations drawn from the
conclusions are designed to aid highway administrators,
public works officials, and other interested parties in for-
mulating policy concerning waste utilization in highways.

CONCLUSIONS

1. The basic technology exists at the present time, or can
be readily developed, for converting solid waste materials
into synthetic aggregate form. The use of sludge thicken-
ers, pelletizing or agglomerating techniques, heat process-
ing using sinter strand or rotary kiln equipment, and
thermochemical processing are all adaptable to the manu-
facture of synthetic aggregates from wastes.

2. Generally, the engineering properties of the synthetic
aggregates that have thus far been produced from waste
materials are not as good as those of natural aggregates.
Notable exceptions are blast furnace slag, fly ash, and
boiler slag.

3. Although synthetic aggregates manufactured from
waste materials often are not equal in quality to natural
aggregates, they may be good enough to use in certain
highway applications, such as in shoulders or as embank-
ment material.

4. Much work remains to be done in research and field
experimentation to determine the suitability of using many
of the waste materials examined in this study as highway

aggregates. Such a process is a time-consuming one; it is
not unusual for a period of 20 years to elapse between the
proposal of a new material and its acceptance for highway
use.

5. Up to the present, most efforts expended in research
and development of waste material use in highways have
been scattered and sporadic. Exceptions have been the pro-
grams coordinated by the National Ash Association and the
National Slag Association.

6. The requirements of current specifications for conven-
tional aggregates appear to be too severe for many of the
synthetic aggregates that might result from the processing
of waste materials. As part of the developmental process,
it will be necessary to determine the effects, under a total
system concept, of some reduction in standards to permit
the use of lower-quality aggregate. This is likely to involve
also a redesign of pavement sections to compensate for the
use of reduced-quality aggregates under the various classes
of traffic, climatic conditions, and subgrade support.

7. Areas exist where good-quality natural aggregates are
in short supply. Of particular interest is that most metro-
politan areas are lacking in both natural aggregates and the
sources of large quantities of waste materials.

8. No well-defined idea of exactly what constitutes an
aggregate shortage exists at the present time.

9. The existence of a steady, sizeable market is essential
to the success of any recycling effort.



GENERAL RECOMMENDATIONS

To aid those interested in the use of waste materials in
general and those who view waste utilization as a possible
partial solution to the problems of conventional aggregate
shortages, the following general recommendations are made:

1. A strong effort should be made to increase the use of
waste materials with records of satisfactory performance as
highway aggregates. These include slags, ash, incinerator
residue, and some mineral wastes.

2. States and municipalities should thoroughly inventory
available waste resources and determine the amounts, loca-
tions, and physical and chemical properties of such wastes.
Cooperative efforts should also be established between inter-
ested industries and state and local governments to identify
and attempt to alleviate major pollution problems.

3. Quantities of available waste materials should be com-
pared with the amount of aggregate being produced and
consumed for highway purposes on a state and municipal
basis.

4. A strong central agency should be given the responsi-
bility to coordinate the research and development efforts
related to waste material use and to provide the impetus
for acceptance of the resulting products by the highway
industry.

5. Existing specification requirements for aggregates
should be thoroughly reviewed and analyzed with an eye
toward relaxation of certain requirements, particularly in
areas where shortages of conventional aggregates are now
or will become a problem.

6. Consideration should be given to the adoption of per-
formance specifications, even if on a trial basis, in order to
allow more latitude in the selection of highway materials.

7. The use of lightweight aggregates in various types of
highway applications should be researched and developed.

8. Field experimentation should be conducted on all
Class I and Class II materials not already used in highways
in some form. This work should be fully coordinated and
take the form of pilot programs, demonstration projects,
and the like. In this way, materials could be tested and
data collected for a wide variety of design, traffic, and
climatic conditions.

9. Facilities of both existing pit and quarry operations
and lightweight-aggregate producers should be utilized to
the maximum extent possible as a logical first step in
developing processing locations for waste material.

10. A data retrieval system should be established as part
of the proposed study. The system would serve as a store-
house for all information related to waste materials having
any sort of potential for use in highway construction,
whether as aggregate, fill material, or stabilization ma-
terial. As new information is received, the system could
be updated. Use of an existing information system modified
for this purpose would be most practical.

SPECIFIC RECOMMENDATIONS

The following recommendations are directed toward gov-
ernmental and industry personnel who are faced with the
responsibility of deciding whether and in what fashion waste
materials may be used in highways:
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1. More detailed information is needed on the precise
locations and magnitude of conventional aggregate short-
ages. Each state should gather exact data and assess the
extent to which aggregate shortages can be met by using
waste materials. A standard definition of “aggregate short-
age” should be formulated and used throughout the U.S.

2. Waste resources located within a 100-mile radius of
major metropolitan centers and within reach of transporta-
tion are optimum candidates for reuse. Any developmen-
tal work should give early consideration to these wastes.
The most promising from a technical and economic stand-
point are ash wastes, incinerator residues, building and -
paving rubble, slags, and coal refuse.

3. A sponsored program utilizing a portable barge-
mounted processing system is recommended for use on
navigable waterways. The system should possess the capa-
bility for the processing of several different types of waste
materials such as fly ash, foundry dust, coal refuse, and
dredge spoil. In view of energy requirements, materials
with latent heat value should be given prime consideration
for supplying energy for processing. In addition, the use of
wastes as supplementary fuels will result in energy savings
and should be encouraged on that basis.

4. State transportation departments experiencing conven-
tional aggregate shortages and having access to large vol-
umes of fly ash and coal refuse should explore further their
possibilities for use. The long-range possibility of using
hopper-car unit trains to transport waste materials should
be investigated if such materials are to be eventually de-
veloped on a large scale involving millions of tons per year
over many years. It may also be possible to apply the unit-
train concept to the transport of conventional aggregates in
some states.

5. Municipal governments should develop or improve
programs for recovery and reuse of solid wastes. Separa-
tion techniques in larger metropolitan areas will yield sig-
nificant tonnages of glass and useable rubble from demoli-
tion activity. Savings in disposal costs will help to offset the
costs of the purchase and transport of conventional mate-
rials in a municipal road-building program. Cooperation by
Federal agencies, such as FHWA or EPA, probably will be
needed for pilot programs to develop the economic feasi-
bility of such policies.

6. Although certain lower grade waste materials under
municipal jurisdiction, such as rubber tires and sewage
sludge, are not suitable for high-quality aggregate use, they
might be capable of displacing a certain percentage of con-
ventional aggregates in lower class applications without a
significantly detrimental effect to the performance of the
highway system. Research of these type uses might be
approached through cooperative efforts at the university
level with state and municipal agencies.

7. A study should be initiated toward developing the
necessary technology for dewatering, agglomerating, and
sintering various samples of dredge spoil material. If usable
as an aggregate, the available tonnages of such material
located notably in the Gulf Coast region would go far in
alleviating some natural material shortages in that area.

8. The U.S. Bureau of Mines and the Federal Highway
Administration should reinforce cooperative research ef-
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forts toward the goal of defining the most suitable mineral
wastes for development as aggregate materials. Much of
the work done to date by the Bureau of Mines has been
directed towards stabilization or reclamation of metals from
mineral wastes.

9. Many waste materials have been used successfully in
combination with other waste materials. The possibilities
for combining waste materials into a serviceable product
are many. Research should be undertaken on the effects of
using aggregates from different waste materials in different
combinations.

10. Portable processing operations, such as those used
successfully to process reclaimed paving material, should
be more frequently used for processing such wastes as
building and paving rubble and coal refuse.

11. Further study of transportation costs is needed. A
detailed study should be made of the cost of moving all
waste materials rated Class I and Class II from their points
of origin to the nearest market areas. This study should
define quantities in terms of tonnage available at each loca-

APPENDIX A: CONVENTIONAL AGGREGATE - SUPPLY AND.DEMAND

A.1 INTRODUCTION

Development of waste resources for potential use as aggre-
gates requires an examination of the availability of naturally
occurring aggregate supplies relative to the demands for aggre-
gate materials. Conventional aggregates are classified as:

1) crushed stone, and 2) sand and gravel.

Prior studies have investigated the status of conventional
aggregate supplies (267), as well as the capability of the aggre-
gate producing industry to meet the demands of the highway and
building construction industries (6).

A.2 CURRENT AGGREGATE PRODUCTION AND CONSUMPTION DATA

In 1970, the total production of conventional aggregates
was approximately 1.8 billion tons. Aggregate production in
1970, by state, is shown in Table A-1 (245). By 1975,the pro-
duction of coanventional aggregate is expected to-exceed 2.5
billion tons and will approach 4.0 billion tons by 1985 (139).

Although the annual consumption of aggregates by the high-
way industry is approaching 1 billion tons, precise records of
the quantities actually used are not directly obtainable. The
quaﬁtigy of aggregate used in each state can be estimated, how-
ever, by applying appropriate aggregate usage factors to high-
way construction cost data for various highway classifications

in the state (247).

tion, types of transport available, names of carriers, and,
most important of all, a determination of the probable rates
to be charged for each movement.

12. At the present time, tariff rates for many waste ma-
terials are discriminatory with respect to corresponding rates
for virgin materials. An outstanding example is the rate for
scrap iron and steel, which is as much as four times as high
as the rate for iron ore. A study of transportation rates
mentioned in item 11 should also include comparison, where
applicable, with virgin materials. Means should be found,
including legislation if necessary, for establishing more fa-
vorable rates for transporting waste materials with an eye
toward promoting their further use.

13. Thorough inventories of potential sources of conven-
tional aggregates should be conducted concurrently with in-
ventories of available waste resources. Valuable deposits
of high-quality natural aggregate materials are known to
exist and, whether currently being worked or not, such
deposits should be protected and preserved for future use
by judicious zoning.

TABLE A-1

TOTAL CONVENTIONAL AGGREGATE
PRODUCTION BY STATE IN 1970
(Millions of Tons)

CRUSHED SAND AND
STATE STONE GRAVEL TOTAL
Y .
Alabama 19.88 6.73 26.61
Arizona 3.51 17.82 21.33
Arkansas 15.28 13.30 28.58
California 46.40 140.26 186.66
Colorado 3.55 22.26 25.81
Connecticut 8.34 6.77 15.11
Delaware - 1.57 1.57
Florida 43.09 12.48 55.57
Georgia 26.64 3.67 30.31
Idaho 4.24 12.45 16.69
Illinois 55.78 43.93 99.31
Indiana 25.82 23.48 49.30
Iowa 25.31 21.06 46.37
Kansas 15.16 . 12.47 27.63
Kentucky 29.31 8.76 38.07
Louisiana 9.06 18.16 ‘27.22
Maine w 12.97 12.97 + W
Maryland 16.02 12.95 28.97
Massachugetts 8.14 17.93 26.07
Michigan 41.69 53.09 94.178
Minnesota 4.58 46.85 51.43
Migsissippi w 10.86 10.86 + W
Missouri 39.73 12.45 52.18
Montana 6.50 19.28 25.78
Nebraska 4.27 12.23 16.50

#Note: W = Information Withheld
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TABLE A-1 (Continued) : Table A-2 indicates the estimated consumption of aégregates

for highway construction and maintenance in each state for 1970.

A comparison of total aggregate production and highway consumption

CRUSHED SAND AND

STATE STONE GRAVEL TOTAL figures for each state is given in Table A-~3. The approximate
percentage of total aggregate production used for highways in each

Nevada 1.86 8.57 10.43 state is also indicated. A comparison of these firgures on a

New Hampshire w 6.53 6.53 + W

New Jersey 15.16 16.73 31.85 regional basis is shown in Table A-4. The use of approximately 48X

New Mexico 3.10 10.67 13.77

New York 37.62 35.54 73.16 of the current national production of aggregates by the highway

North Carolina 30.36 12.77 42.63

North Dakota 0.10 8.09 8.19 industry at this time is indicated. The percentage of total ag-

Ohio 47.24 42.07 89.31

Oklahoma 18.18 5.68 23.86 gregate production and highway aggregate consumption for each

Oregon 13.44 17.53 30.79

Pennsylvania 66.24 ) 18.50 84.74 AASHTO Region are compared in Table A-5.

Rhode Island v 2.39 2.39 + W

South Carolina 9.71 5.86 15.57 The following observations are based upon a study of the

South Dakota 1.98 16.56 18.54 .

Tennessee 35.37 6.72 42.09 above tables:

Texas 45.56 31.44 77.00

Utah 1.65 12.01 13.66 1. Total aggregate production on a national basis is geared

Vermont 1.51 4.05 6.56

Virginia 35.42 11.13 46.55 to satisfy the demands imposed on aggregate producers by the high-

Washington 13.70 25.09 38.79

West Virginia 9.70 4.46 14.16 - way and building construction industries.

Wisconsin 17.58 41.10 58.60

Wyoming 1.27 9,45 10.72 2. None of the AASHTO Regilons appears to be experiencing

TOTAL 859.05 +W 916.70 1775.75 +W shortages of highway aggregates at this time, although the percent-

age of aggregate consumed by highways is somewhat greater than
average in Region 4.
#Note: W = Information Withheld
3. Several states seem to have a markedly higher than average
consumption of aggregates for highway purposes. This does not nec-
essarily mean there is a shortage of highway aggregates in those
states.

4. It is impossible to determine with a great degree of accuracy

where conventional aggregates are in short supply based upon aggregate

SOURCE: Minerals Yearbook, Volume I, pp. 997, 998, and 1045.

A-3

TABLE A-2
ESTIMATED CONVENTIONAL AGGREGATE CONSUMPTION TABLE A-2 (Continued)
FOR HIGHWAYS BY STATE IN 1970

(Millions of Tons)

TOTAL TOTAL
HIGHWAY HIGHWAY HIGHWAY HIGHWAY

STATE CONSTRUCTION MAINTENANCE QONSUMPTION STATE CONSTRUCTION MAINTENANCE OONSUMPTION
Alabama 10.97 2.23 13.20 Nevada 4.30 0.87 5.17
Arizona 15.42 2.68 18.10 New Hampshire 3.04 0.60 3.64
Arkansas 9.81 2.09 11.90 New Jersey 10.59 1.88 12,47
California 81.82 16.58 98.30 New Mexico 6.40 1.35 7.75
colorado 14.14 2.86 17.00 New York 29.00 6.00 35.00
Connecticut 4.30 0.85 5.15 North Carolina 9.95 1.75 11.70
Delaware 0.95 0.09 1.14 North Dakota 5.47 0.96 6.43
Florida 20.48 4.12 24.60 Ohio 30.30 5.40 35.70
Georgia 13.34 2.82 16.16 Oklahoma 9.35 1.90 11.25
Idaho 6.12 1.23 7.35 Oregon 11.68 2,32 14.00
Illinois 32.20 5.70 37.90 Pennsylvania 32.21 6.39 38.60
Indiana 19.62 3.98 23.60 Rhode Island 1.32 0.32 1.64
Iowa 13.44 2,38 15.82 South Carolina 5.67 1.13 6.80
Kansas 7.80 1.55 9.35 South Dakota 6.68 1.32 8.00
Kentucky 7.58 1.67 9.25 Tennessee 22.86 4.64 27.50
. Louisiana 16.48 3.32 19.80 Texas 39.73 7.97 47.70
Maine 5.40 1.09 6.49 Utah 5.07 1.03 6.10
Maryland 10.38 2.10 12.48 Vermont 3.94 0.87 4.81
Massachusetts 10.01 1.99 12.00 " Virginia 15.92 3.28 19.20
Michigan 27.10 . 4.40 31.50 Washington 16.25 3.55 19.80
Minnesota 25.20 6.40 31.60 West Virginia 6.59 1.36 7.95
Mississippi 5.67 1.02 6.69 Wisconsin 24.57 4.93 29.50
Missouri 14.52 2.58 17.10 wyoming 6.25 1.25 7.50

Montana 12.43 2.52 14.95 District of

Nebraska 8.85 2.77 11.62 Columbia 1.78 0.47 2.25
TOTAL 843.51
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STATE

Algbama
Arizona
Arkansas
California
Colorado
Connecticut
Delaware
Florida
Georgia
Idaho
Illinois
Indiana
Iowa

Kansas
Kentucky
Louisiana
Maine
Maryland
Massachusgetts
Michigan
Minnesota
Mississippi
Miasouri
Montana
Nebraska
Nevada

New Hampshire

#Note: W = Information Withheld

AASHTO REGION 1
STATE

Connecticut
Delaware
District of

Maine
Maryland
Massachusetts
New Hampshire
New Jersey
New York
Pennsylvania
Rhode Island
Vermont

AASHTO REGION 2
STATE |

Alabama
Arkansas
Florida
Georgia
Kentucky
Louisiana
Mississippi
North Carolina
South Carolina
Tennessee
Virginia

West Virginia

TABLE_A-3

COMPARISON OF 1970

AGGREGATE PRODUCTION
AND HIGHWAY CONSUMPTION BY STATE

(Millions of Tons)

TOTAL ESTIMATED
AGGREGATE HIGHWAY
PRODUCTION CONSUMPTION
26.61 13.20
21.2 18.10
28.58 11.90
186.66 98.30
25.81 17.00
15.11 5.15
1.57 1.14
55.57 24.60
30.31 16.16
16.69 7.35
99.31 37.90
49.30 23,60
46.37 15.82
27.63 9.35
38.07 9.25
27.22 19.80
12,97 + W 6.49
28.97 12.48
26.07 12.00
94.78 31.50
51.43 31.60
10.86 + W 6.69
52.18 17.10
25.78 14.95
16.50 11.62
10.43 5.17
6.53 + W 3.64
A-7
TABLE A-4
COMPARISOR OF 1970
AGGREGATE PRODUCTION AND
HIGHWAY CONSUMPTION BY
AASHTO REGION
(Millions of Tons)
‘TOTAL ESTIMATED
AGGREGATE HIGHWAY
PRODUCTION CONSUMPTION
15.11 5.15
1.57 1.14
Columbia N.A. 2.25
12.97 + W 6.49
28.97 12.48
26.07 12.00
6.53 + W 3.64
31.85 12.47
73.16 35.00
84.74 38.60
2.39 + W 1.64
6.56 4.81
289.92 135.67
26.61 13.20
28.58 11.90
55.57 24.60
30.31 16.16
38,07 9.25
27.22 19.80
10.86 + W 6.69
42.63 11.70
15.57 6.80
42.09 27.50
46.55 19.20
14.16 7.95
378.22 174.75
A-9

PERCENRTAGE
CONSUMED BY
HIGHWAYS

49.6%
84.9
41.6
52.7
65.9

34.1

72.6
44.3.
53.3
44.0
38.2
47.9
36.4
33.8
24.3
72.17
50.0
43.1
46.0
33.2
61.4
61.6
32.8
58.0
70.4
49.6
55.7

PERCENT

CONSUMED BY
BIGHWAYS

46.8%

46.22

STATE

New Jersey
New Mexico
New York
North Carolina
North Dakota
Ohio

Oklahoma
Oregon
Pennsylvania
Rhode Island
South Carolina
South Dakota
Tennessee
Texas

Utah

Vermont
Virginia
Washington
West Virginia
Wisconsin
Wyoming
District of

TABLE A-3 (Continued)
(Millions of Tous)

Columbia N.A.

TOTAL

*Note: W = Information Withheld

AASHTO REGION 3
STATE

. Illinois

Indiana

Iowa

Kansas
Michigan
Minnesota
Missouri
Nebraska
North Dakota
Ohio
Oklahoma
South Dakota
Wisconsin

AASHTO REGION 4
STATE

Arizona
California
Colorado
Idaho
Montana
Nevada

New Mexico
Oregon
Texas

Utah
Washington
Wyoming

TOTAL ESTIMATED,
AGGREGATE HIGHWAY
+ PRODUCTION CONSUMPTION
31.85 12.47
13.77 7.75
73.16 35.00
42.63 11.70
8.19 6.43
89.31 35.70
23.86 11.25
30.97 14.00
84.74 38.60
2.39 + W 1.64
15.57 6.80
18.54 8.00
42.09 27.50
77.00 47.70
13.66 6.10
6.56 4.81
46.55 19.20
38.79 19.80
14.16 7.95
58.60 29.50
10.72 7.50
2.25
1795.75 843.51
A-8
TABLE A-4 (Continued)
TOTAL ESTIMATED
AGGREGATE HIGHWAY
PRODUCTION CONSUMPTION
99.31 37.90
49.30 23.60
46.37 15.82
27.63 9.35
94.78 31.30
51.43 31.50
52.18 17.10
16.50 11.62
8.19 6.43
89.31 35.70
23.86 11.25
18.54 8.00
58.60 29.50
€36.00 269.37
21.33 18.10
186.66 98.30
25.81 17.00
16.69 7.35
25.78 164.95
10.43 5.17
13.77 7.75
30.97 14.00
77.00 47.70
13.66 6.10
38.79 19.80
10.72 7.50
471.61 263.72
1775.75

TOTAL

*Note: W = Information Withheld

NA = Information Not Available

PERCENTAGE
CONSUMED BY
HIGHWAYS

39.22
56.3
47.8
27.4
78.5
40.0
47.2
45.2
45.6
68.6
43.7
43.1
65.3
62.0
44.7
73.3
41.2
51.0
56.1
50.3
70.0

47 .52

PERCENT
CONSUMED BY

HIGHWAYS

42.3%

55.8%

47.52



TABLE A-5
PERCENTAGE OF TOTAL 1970 AGCREGATE PRODUCTION AND
HIGHWAY CONSUMPTION BY AASHTO REGION

AGGREGATE PRODUCTION HIGHWAY CONSUMPTION

REGION Million Percentage Million Percentage
Tons Tons
1 289.92 16.4 135.67 16.1
2 378.22 21.2 174.75 20.7
3 636.00 35.8 269.37 32.0
4 471.61 26.6 263.72 31.2
TOTAL 1775.75 100.0 843.51 100.0

Areas beyond economical hauling distance from existing
pits and quarries are experiencing shortages of high quality
conventional aggregates. These include most urban areas.

A report by Witzcak, et al, (267) shows the locations of
ﬁrnshed stone quarrics and sand sud gravel pits 1n the United
States. To delipeate areas of potential aggregate shortages,
forty miles was selected as the maximum economical truck
hauling distance.

All areas located farther than forty miles from exist~-
ing crushed stone quarries are shown in Figure A~l. All areas
located farther than forty miles from existing sand and gravel
pits are shown in Figure A-2. By superimposing areas deficient
in both, a determination can be made of those areas located
beyond an economical hauling distance from any supply of
natual mineral aggregate. These locations are shown in Figure
A-3. Figures A-1, A-2 and A-3 gerve only to indicate those
-nreas where the need for conventional aggregates would involve
expensive hauling costs. Demand for sizable quantities of
aggregates in these areas potentially could result in aggregate
shortages. ’

Locations of synthetic lightweight plants are also shown
in Figure A-3. At the present time, approximately 95% of all
lightweight aggregate is used by the building construction in-
dustry and only 5% 1s being used for highway and other special
uses (122). Aggregate materials with a dry unit weight or less
than 55 pounds per cubic foot are considered as lightweight
aggregates.

In order to verify locations where difficulties now exist

A-13
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production and consumption figures. The following section of
this Appendix discusses the nature of aggregate shortages and a
determination of the locations of these shortages.

A.3 CURRENT SHORTAGES OF CONVENTIONAL AGGREGATES

When evaluating the problems caused by shortages of conven-
tional aggregate supplies, several questions arige:

1. What is meant by an "aggregate shortage"?

2. Why are some areas experiencing shortages in aggregates?

3. Where are the areas of aggregate shortage?

The shortages noted in this study refer to a lack of locally
available aggregate materials sufficient in quality and quantity
to meet the normal requirements of a spe¢ific area for highway
construction and maintenance purposes. '

Several factors can aggravate or cause aggregate shortages:

1. Excessively high quality requirements.

2. Zoning restrictions combined with intensive land develop-
ment, preventing utilization of aggregate resources.

3. Pollution control regulations that prevent the establishment
of new pit and quarry operations, or the growth of existing operations.

4. Expense involved in hauling from distant production opera-
tions.

5. Seasonal fluctuations of highway construction compared
to more etabilized demand for aggregates from the building con-
struction industry.

6. Unique.local conditions, such as frequent freezing and thawing,
that create a demand for aggregates with apecfal properties.

A-12
LEGEND OF MAP SYMBOLS

CONVENTIONAL AGGREGATES "

%Eza POTENTIAL CRUSHED STONE SHORTAGE AREAS

POTENTIAL SAND AND GRAVEL SHORTAGE AREAS

@ POTENTIAL CONVENTIONAL AGGREGATE SHORTAGE AREAS

STATE HIGHWAY REPORTED AGGREGATE SHORTAGE AREAS
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system in the future, not to mention the maintenance requirements
for these facilities. Therefore, the nead for aggrcgates in higl-
ways can be expected to increase rapidly especislly in metropolitan
areas where highway transportatiua néeeds are most 'pronounced.
CONCLUSIONS

Where will shortages of highway aggregates become most pro-
nounced in the future? According to Table A-6, the projected ex-
penditures for highway construction on the basis of needs will be
evenly distributed over the next twenty yeam for all *ASHTO
Regions. Figures from Table A~5 show that highway consumption
of aggregates is greatest in Regions 3 and 4. Comparison of
projected construction cost percentages with current aggregate
production and consumption percentages indicates that aggregate
production for highways must show the greatest increase in Regions
1 and 2 to meet demands forcast on the basis of highway needs.
How will increased highway aggregate demands be satisfied in the
future?

1. Production of conventional aggregates will increase to
weet demands in those areas where pit and quarry operations are
feasible.

2. Longer transport distances will become more acceptable
in certain areas, further increasing the construction costs
for buildings and highways.

3. Use of synthetic aggregates manufactured from natural

clays and shales may be used to a greater extent,
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TABLE A-6
PERCENTAGE OF TOTAL IDENTIFIED HIGHWAY

CONSTRUCTION COSTS BY AASHTO REGION
(1970 - 1990)

PERCENTAGE OF

REGION TOTAL COSTS
1 264.9 ’
2 _ 24.6
3 27.3
4 23.2

TOTAL 100.00

Figure A-4

SOURCE: 1972 National Highways Needs Report, p. IV-1ll.
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4. Specification requirements may be relaxed in areas
exp?rienciug pruncunced aggregate shortages, permitting the
beneficiation of existing lower grade materials for certain
applications in highway work. Specification requirements in the
future may be based to a greater extent upon performance.

5. Waste by-products may be more fully utilized in the manu-
Eacture‘of aggregates for use by the highway and building con-
struction industries.

The response to the aggregate supply problem will develop
over a period of time. These activities probably will occur at
various times and in various ways in different parts of the
country. It is even possible that in certain areas all will
'take place simultaneously.

It appears certain that the use of supplementary materials,
such as synthetic aggregates produced from wastes, would help
alleviate local shortages while providing some measure of relief

for certain ecological problems.
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APPENDIX B: INVENTORY OF WASTE RESOURCES

B.1 INTRODUCTION

One of the principal objectives of this study is to
inventory types, sources, and quantities of waste materials
potentially suitable for the production of synthetic ag-
gregates as replacements for conventional aggregates in
highway construction.

The following information i1s the result of personal
contacts, correspondence and an investigation ;f available
foreign and domestic literature. To facilitate further
discussion, the waste materials under consideration have been
grouped into more specific generic headings.

The absence of a specific waste from the applicable generic
listing does not exclude the waste from further consideration as
a replacement for highway aggregate. It indicates only that:

1. No reference was made to such a material in any of
the literature under review.

2. No reference was made to such a material in any cor-
respondence, personal contact, or project discussions.

3. The material was studied initially but, for reasons
such as 1n8uff1c1en¥ quantity, lack of continuous supply, or

poor -location, was considered to have very low potential.

3. DOMESTIC WASTES

Building Rubble

Discarded Battery Casings
Incinerator .Residue
Plastic Waste

Pyrolysis Residue
Reclaimed Paving Material
Rubber Tires

Sewage Sludge

Waste Glass

B.3 DESCRIPTION OF WASTE MATERIALS

Proper evaluation of the-potential of a specific waste
material requires a basic knowledge of the origin, physical
state, chemical composition, location, and available quantities
of the material. The following descriptions of waste types
and sources are derived primarily from a review of cited liter-
ature, but are based in part upon visual inspection of waste
material samples.

B.3.1 INDUSTRIAL WASTES

The amount of waste generated by American commercial
and industrial sources has been estimated at 190 million tons
annually. (209) Sources and quantities of industrial wastes
are indicated in Table B-l. The geographical locations of
wastes from the chemical processing industry are shown in
Figure B-1. Electrical power industry wastes are located as
shown in Figure B-2. Wastes resulting from the production of

iron and steel are located as shown in Figure B-3.

a. CERAMICS INDUSTRY

The rejects, breakage, and waste by-products from

B.2

CLASSIFICATION OF WASTE MATERIALS

The following classifications were devel