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PREFACE

This report was prepared as a joint venture with Franklin Associates,
Ltd. of Prairie Village, Kansas, and Valley Forge Laboratories, Inc., of Devon,
Pennsylvania. Franklin Associates was prime contractor on the project. The
study was performed for the U.S. Environmental Protection Agency., Office of
Solid Waste, under Contract No. 68-01-6014.

This report has been separated into two volumes because of its size,
Volume One is the "Issues and Technical Survey.” Volume Two is "Technical Data
and Appendices.” It contains the full technical reports authored by Valley
Forge Laboratories, as well as appendices which contain support documentation
for the entire report.

This project relied heavily on interviewing people knowledgeable
about the procurement process, and about the issues relevant to this project.
We are indebted to the numerous people who contributed to this project. They
include people in state, local, and Federal government service, suppliers of
highway construction material, contractors, trade associations, and others.
Special recognition is made to the American Association of State Highway
Transportation O0fficials (AASHTO) who put forth substantial effort to secure
information for this project.

Finally, appreciation is due William Kline who served as the EPA
project officer, and to John M. Heffelfinger and Penelope Hansen who provided
general guidance for the study.
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Part 1

POWER PLANT ASH

INTRODUCTION

The residual materials collected from the burning of coal at electric
utility plants are referred to as power plant ash. These materials are produced
in two forms: fly ash and bottom ash. Fly ash is the fine-grained dusty mater-
ial from the combustion of ground or powdered coal that is recovered from boiler
flue gases by means of electrostatic or mechanical collection systems. Bottom
ash is the granular material which, after coal combustion, collects im the ash
hopper at the base of the boiler unit.

The relative amounts of fly ash and bottom ash produced at a partic-
ular power plant location are determined mainly by the design of the boiler
units, However, as a general rule, 70 percent or more of all power plant ash
is fly ash. Although fly ash and bottom ash are collected separately, at many
power plants these materials are mixed together for storage or disposal.

FLY ASH

Production and Handling

The production of fly ash has increased tremendously over the past

15 years as more coal-burning power plants come on line and ash collection
methods improve. Ash collection and utilization statistics compiled by the
National Ash Association show that fly ash production has tripled between 1966,
the first year the association began collecting data, and 1979, 1In 1966, 17.1
million tons of fly ash was collected, while in 1979, the most recent year that
statistics are available, a total of 57.5 million tons of fly ash was collected
(Reference I-1).as shown in Table I-l.

Fly ash is currently being produced at a total of 380 coal-burning
power plants located in 39 states. The locations of all existing coal-fired
power plants in the United States are shown in Figure I-l. Estimated quanti-
ties of total ash produced in 1978 in each state are shown in Figure I-2.
These quantities were determined based on 1978 consumption of coal by electric
utility companies in each state, as shown in Table I-2. No attempt was made
to further determine amounts of fly ash produced in each state because the
regpective quantities of fly ash and bottom ash at each plant vary depending
on plant design, operation, and other factors. From Figure I-2, it is evi-
dent that half of all ash which is now being generated in the United States
is found in the six largest ash-producing states (Ohio, Pennsylvania, Illinois,
Indiana, Kentucky, and West Virginia).



Table I-1

PRODUCTION OF POWER PLANT ASH IN
THE UNITED STATES SINCE 1970
(Millions of tons)

Fly Bottom Boiler Total
Year  Ash Ash Slag _Ash_
1970 26.5 9.9 2.8 39.2
1971 27.8 10.1 3.0 42.9
1972 31.8 10.7 3.8 46.3
1973 34.6 10.8 3.9 49,3
1974 40.4 14.3 4.8 59.5
1975 42.3 13.1 4.6 60.0
1976 42.8 14.3 4.8 61.9
1977 48.5 14.1 5.2 67.8
1978 - 48.3 14.7 5.1 68.1
1979 57.5 12.5 5.2 75.2

Note: 1In 1978, a total of 8.4 million tons of fly ash was utilized,
representing 17.4 percent of the 48.3 million tons of fly ash
produced. This is the highest percentage of ash utilization
in any ome year so far. Replacement of portland cement in
concrete mixes is the largest single use of fly ash.



VAL
A ® o

..\. .. .:. p. o ®

Figure 1-1. Locations of power plant

ash.



p-1

|
]
258 1123 %
H o VA \
N - Ay
ey MONT B o Lk
I _—] ' . \
354 1 2. )583 890 {ASS.
MINN. ) 3527
~=~~104Ho 1593 e S DAK T t (e w
<M., - ‘\l 942 \‘..l'!".§9: _MlCH ( 7 CONN. .
[ o ) o . 5648 ) 333
. ) (¢ 333 \ omn § 500 4100 7463 ;\_- )\9&)
/ a7 NEB. A__..... \ L I DEL.
795 \ , IND. 3334 \r 176
. 890 3045 : ( WVA } 676
. /\ ...... - [ k -~ 3763 P ,,)LA-
............... * J _,K_. “ - ey
( ——0| KAN I /_f 3037
o o o _,] r ----------- 2_, 30 38 ” "
1134 / L g /TR
1323 L \ £ 960
I e 9-'(-‘"51, ! SCAR
’ l_,_AB*s s | 2398 2187
ARIZ, ---._N.;.M_E,E. 1369 f |
'— _M||SS. """e“'-'A“\ ~-—-—'§'A
TEXAS LA,



&-1

NN

10.
11.
12,
13.
14,
15.
16.
17.
18.
19.
20.

Note:

Table I-2
QUANTITIES OF UTILITY COAL BURNED AND TOTAL ASH

PRODUCED IN 1978 BY STATE

State

Alabama
Arizona
Colorado
Delaware
Florida
Georgia
Illinois
Indiana
Towa

Kansas
Kentucky
Maryland
Michigan
Minnesota
Mississippi
Missouri
Montana
Nebraska
Nevada

New Hampshire

Number
of

Plants

4
2
1

(Thousands of tons)

Utility Total
Coal Ash
Burned Produced
17,100 2,394
7,560 1,058
5,680 795
1,170 162
8,630 1,208
15,620 2,187
35,780 5,009
29,280 4,100
6,730 942
6,350 890
26,880 3,763
4,230 592
25,190 3,527
12,400 1,736
1,450 203
21,750 3,045
1,720 241
2,220 311
5,140 719
750 105

Number
of
State Plants

21. New Jersey 4
22. New Mexico 2
23. New York 10
24, North Carolina 13
25. North Dakota 5
26. Ohio 32
27. Oklahoma 1
28. Pennsylvania 27
29. South Carolina 9
30. South Dakota 3
31. Tennessee 8
32. Texas 6
33. Utah 4
34, Vermont 1
35. Virginia 6
36. Washington 1
37. West Virginia 12
38. Wiscousin 18
39. Wyoming 3
TOTAL 380

Utility
Coal

Burned

2,220
8,820
6,350

21,690
8,020

53,310

600

40,340
6,860
2,360

21,700
9,780
2,490

10
4,830
5,410

27,740

11,310

_11,380

480,850

Total
Ash

Produced

311
1,235
890
3,037
1,123
7,463
84
5,648
960
330
3,038
1,369
349

2

676
757
3,884
1,583

1,593

67,319

Fly ash (fly ash and bottom ash) quantities determined by assuming 14 percent ash content for all

utility coal burned.



According to the most recently published figures, a total of 255
new coal-fired power plants are expected to come on line in the United States
by 1987. Of this total, 164 plants are expected to be completed by 1985.
These 164 plants will be built in 36 states, including 4 states (Arkansas,
California, Louisiana, and Oregon) that do not presently have any coal-fired
plants (Reference I-2). Based on projected new plant comstruction and planned
conversions from oil to coal, it is estimated that the total amount of fly ash
that will be generated in 1985 will be 90 million tons (Reference I-3).

Not all fly ash is the same. The quantity and quality of fly ash is
influenced by the source of the coal burned, the basic design of the coal-fired
boiler, and the means used to collect the fly ash. Most of the coal mined and
burned in the United States is bituminous coal, but ashes from anthracite coal
tend to have higher carbon content, while ashes from lignite and sub-bituminous
coals have a much higher percentage of calcium oxide. The physical and chem-
ical characteristics of fly ash are discussed in greater detail in the follow-
ing section of this report.

There are three basic types of coal-burning boilers: stoker-fired,
cyclone-fired, and pulverized coal-fired units. Stoker-fired units generally
produce a comparatively coarse fly ash, the amount varying depending on whether
the stoker is a traveling grate or spreader type. With cyclone or slagging
boilers, from O to 65 percent of the fly ash is released into the flue gases
and collected. Most of the fly ash produced in cyclone units melts and is
collected with the bottom ash as a slag at the base of the furnace. In pul-
verized coal-fired units, finely ground coal is burned in suspension, causing
the fly ash to enter the stream of flue gases for eventual removal either by
mechanical collectors or electrostatic precipitators (Reference I-4).

After collection, the quality of fly ash is further influenced by
the techniques used at the power plant for ash handling and storage. To some
extent, ash handling and storage techniques are related to power plant design,
but are also influenced by utility practice and available land. Basically,
ash handling and storage is accomplished either by wet or dry methods. At
least 50 percent of all ash currently produced is handled dry. Dry methods
involve short-term storage of fresh ash from the precipitator in hoppers or
long-term storage of the dry ash in silos. Dry ash can be discharged through
gates or pneumatically into transport vehicles.

Wet handling of fly ash involves adding a certain quantity of water
to the fly ash, which puts it in either a conditioned or ponded form. Con-
ditioned fly ash results from the addition of small amounts of water (20
percent or less by weight) sufficient to prevent dusting of the fly ash and
enable it to be stockpiled in large quantities. Ponded fly ash results from
the addition of large amounts of water to produce a slurry and enable trans-
port of the ash by pipeline to settling ponds or lagoons. At many power
plants, fly ash and bottom ash are collected and disposed of together in the
same lagoon, although a power plant may employ more than one means of ash
collection and storage (Reference I-5).



Physical and Chemical Properties

Not only are there differences in the fly ash from different coal
sources and power plants, but there is also a certain amount of variability
in the ash from a single power plant. Normally, fly ash is gray im color,
although the color can range from cream to light tan, through various shades
of gray, to dark brown and nearly black. The cream color is usually indica-
tive of high calcium oxide content. The tan color is usually attributed to
the presence of iron oxide, while the darker colors are most often associated
with an increasing presence of carbon.

Fly ash is composed of fine particles that are predominantly
spherical in shape, solid or hollow, and of a glassy or amorphous nature.
The carbon content in ash is composed of angular particles. The particle
size distribution of most bituminous coal fly ashes, as shown in Figure I-3,
lies essentially within the range of a silt (Reference 1I-6). Particle sizes
for glassy spheres in bituminous fly ash vary from 10 to 300 microns (Ref-
erence I~7). In genmeral, lignite and sub-bituminous coal fly ashes are
coarser than bituminous coal fly ashes.

The specific gravity of fly ash usually ranges from 2.1 to 2.6,

while Blaine fineness values varyzfrom 1,700 cm /gm for fly ashes from
mechanical collectors to 6,400 cm /gm for fly ashes from electrostatic

precipitators. As a general rule, fly ash from mechanical collectors is
norzally coarser than fly ash from electrostatic precipitators. The water
soluble content for bituminous fly ash is from 1 to 7 percent. The leachate
from most fly ashes is alkaline with a pH ranging from 6.2 to 11.5. Com-
pacted dry densities of fly ash are generally from 70 to 95 poumnds per cubic
foot, with the lower densities often attributable to higher carbom content
(Reference I-8).

Chemically, the principal components of bituminous coal fly ash are
silica, alumina, iron oxide, lime, and magnesia, with varying amounts of car-
bon, as measured by loss on ignition. Figure I-4 shows the range of chemical
constituents found in typical bituminous coal fly ashes (Reference I-9), The
composition of fly ashes from the western (lignite and sub-bituminous) coals,
or fly ashes produced from limestone or dolomite injectiom processes, are
often significantly different from bituminous fly ashes. Lignite and sub-
bituminous fly ashes are characterized by higher comcentrations of calcium
and magnesium oxide and reduced percentages of silica and iron oxide, as well
as a lower carbon content. Modified fly ash from limestone and dolomits in-
jection processes, as expected, have significantly higher lime and magnesia
content. The western and the modified fly ashes also have a much higher water
soluble content than bituminous fly ashes (Reference I-10).
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Table I-3 compares the normal range of chemical composition of
bituminous coal fly ash with that of lignite and sub-bituminous coal fly
ashes. TFrom this table, it is evident that lignite and sub-bituminous
coal fly ahses have much higher free lime content and lower loss on ig-
nition characteristics than fly ashes from bituminous coals (Reference I-11).

Although the use of fly ash in portland cement concrete is not
being considered in this report, classification of fly ash for this purpose
may be of some use in identifying basic chemcial differences between fly
ashes from different types of coal. There are three different classifica-
tions of fly ash, according to ASTM C618-80, "Fly Ash and Raw or Calcined
Natural Pozzolan for Use as a Mineral Admixture in Portland Cement Concrete,'
which is included in the Appendix of this report. These classifications are
defined in the specification as follows:

t

1. Class N - raw or calcined natural pozzolans that
comply with the applicable requirements for the
class, such as some diatomaceous earths, opaline
cherts and shales; tuffs and volcanic ashes or
pumices, any of which may or may not be processed
by calcination; and various material requiring
calcination to induce satisfactory properties,
such as some clays and shales.

2. Class F - fly ash normally produced from burning
anthracite or bituminous coal that meets the ap-
plicable requirements for this class. This class
of fly ash has pozzolanic properties, which will
be explained later in this report.

3. (Class C - fly ash normally produced from lignite
and sub-bituminous coal that meets the applicable
requirements for this class. In addition to having
pozzolanic properties, Class C fly ash also has
some cementitious properties. Some Class C fly
ashes may contain lime contents higher than 10
percent.

The chemical requirements for these three classes of fly ash are
presented in ASTM C618 as follows:

Mineral Admixture Class

Chemical Composition N ¥ C
Sioz -+ A1203 + Fezo3 - min., 7% 70.0 70.0 50.0
Sulfur trioxide (503) - max., % 4.0 5.0 5.0
Moisture content - max., % 3.0 3.0 3.0

o9

Loss on ignition - max., 10.0 12.0 6.0

I-10



Table I-3

NORMAL RANGE OF CHEMICAL COMPOSITION OF
FLY ASHES FROM DIFFERENT TYPES OF COALS

Bituminous Sub-bituminous Lignite
5102 20 to 60 40 to 60 15 to 45
A1203 5 to 35 20 to 30 10 to 25
Fe203 10 to 40 4 to 10 4 to 15
Ca0 1 to 20 5 to 25 15 to 35
MgO 0 to5 1l to 6 3 to 10
SO3 0 to 4 0 to 2 0 to 10
NaZO 0 to & 0 to 2 0 to 6
L.O.I. 0 to 20 0 to 3 0 to 5

(Loss on Ignition)

In terms of quality control for use in highway construction, the
most significant fly ash properties are fineness, as measured by the -325
mesh sieve, and loss on ignition. Also of importance are the specific grav-
ity and surface area, although the latter is no longer part of ASTM C618.
Table I-4 summarizes these physical properties for a number of bituminous
and western coal fly ash samples.

Utilization of Fly Ash in Highway Construction

Over the years, fly ash has proven an extremely useful material.
Its principal use at the present time is a partial replacement for portland
cement in the production of concrete and concrete block. Fly ash has also
been used in substantial quantities as a highway construction material. Its
main applications have been as a road fill material, as a stabilization agent
for highway and parking lot base courses, and as a filler in asphalt paving
mixes.

I-11



Z1-1

Plant Source: Ft. Martin

Location: Maidsville,
W. Va,

Ash Type: Bitiminous

FPhysical

Properties

Ignition

Loss (%) 1.2

Specific

Gravity 2.39

Percent Retained
#325 Mesh Sieve 15.9

Surface Area
(cn’/cn’) 2,404

Table I-4

PHYSICAL PROPERTIES OF FLY ASH FROM DIFFERENT SOURCES

Albright Hatfield's Hawthorn Meramec Leland Four
Ferry Olda Corners

Albright, Masontown, Kangas City, Sc. Louis, Stanton, Fruitland,
W. Va. Pa. Mo. Mo, N.D, N.M.

Bituminous Bicuminous Bituminous Bituminous Lignite Sub~bit.

2.0 3.1 2.6 2.6 0.3 0.2
2.12 2,34 2,57 2.43 2.7 1.67
18.9 12.0 20.8 15.2 27.17 44,9

1,980 2,456 2,470 3,701 2,606 1,777

Big
Brown

Fairfield,
Tx.

Lignite

0.4

2,44

19.2

2,101

Mohave
Laughlin,
Ne.

Sub~bit.

0.7

2.24

10.0

9,115

Hoot J.E.
Lake Corette

Fergus Billings,
Falls Me.
Mn,

Lignite Sub-bit,

1.9 0.5
2.58 2.48
12.7 11.2

6,435 7,802



This section of the report discusses in detail the quantities of
fly ash used in these applications, the properties of fly ash that make it
suitable for each use, technical factors associated with such uses, and the
performance of selected highway projects in which fly ash has been used in
these applications.

Structural Fill and Backfill. The earliest documented use of fly
ash as a structural fill material occurred in Great Britain during the late
1950s. After repeated field trials, the use of fly ash, or pulverized fuel
ash, as it is known in England, has become more or less standard practice
on British highway projects. Over the years, a number of other European
countries (such as France, Germany, Poland) have also begun utilizing sig-
nificant portions of their fly ash in the construction of roadway fills and
embankments.

In the United States, however, there has to date been very limited
use of fly ash for highway fill material, despite the comparatively large
quantities of fly ash that exist in many parts of this country. This is
probably due in large part to the lack of familiarity many highway engineers
possess concerning fly ash and some of its unique engineering properties.

Engineering Properties of Fly Ash as Fill Material.

Frost Susceptibility. As noted previously, fly ash is pre-
dominantly a silt-size non-plastic material. As such, its particle size
distribution falls essentially within normally recognized limits for frost-
susceptible soils, as shown in Figure I-5 (Reference I-12). This apparent
frost susceptibility of fly ash may be one of the principal reasons why most
highway engineers in the United States are reluctant to use fly ash as a fill
material. However, this objection can be overcome by restricting the use of
fly ash in embankments to depths below that normally expected for frost pene-
tration and covering the fly ash with non-frost susceptible soil. Alterma-
tively, fly ash within the frost penetration zone can be stabilized with
either lime or cement to inhibit the effects of damaging frost action.

Despite the fact that fly ash falls within the grain size of a
frost-susceptible material, particle size distribution alome is not a fully
reliable indicator of frost susceptibility. Other factors such as pore size,
permeability, and mineralogy also influence the response of a material to
frost. Although no frost susceptibility criteria have been established in
the United States, the Road Research Laboratory in England has developed a
test method to evaluate frost susceptibility. The test method involves sub-
jecting a compacted 6-inch high specimen to freezing temperatures which
simulate actual field conditions. The test is run over a 250-hour time
period and then the total amount of frost heave of the specimen is measured.

I-13
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The follewing criteria have been adopted by the Road Research
Laboratory for the frost susceptibility test:

1. Materials considered to be essentially non-frost
susceptible exhibit a heave of 0.5 inches or less.

2. Marginally frost susceptible materials heave be-
tween 0.5 and 0.7 inches.

3. Frost susceptible materials heave 0.7 inches or
more (Reference I-13).

Results of frost heave tests performed on a number of fly ash
samples by the Road Research Laboratory have shown that some fine-grained
fly ashes have performed satisfactorily with respect to their frost-heave
characteristics, despite the fact that their particle size distribution is
indicative of frost susceptibility. However, the fact remains that some
fine-grained fly ashes are frost susceptible and that testing of a partic-~
ular source of fly ash prior to its intended use is the only reliable way
to identify the extent of frost susceptibility. A copy of the Road Research
Laboratories’ Frost Susceptibility test method is included in the Appendix
of this report.

In summary, the possible frost susceptibility of compacted fly ash
for use as borrow or embankment fill material is not as serious a problem as
most engineers are led to believe. In the first place, the depth of frost
penetration varies with geographical location and is not a major consideration
in some ash-producing regions of the United States. Secondly, the resistance
of fly ash to frost heaving can be substantially increased by the addition of
cement or lime in moderate amounts (5 to 15 percent by weight). Such stabi-
lization increases the tensile strength of the compacted ash, providing added
resistance to heave pressure from ice lenses, and reduces fly ash permeability,
allowing less water to penetrate the ash for later frost formation. Finally,
objections to the use of fly ash as compacted f£ill within the frost depth can
be overcome simply by substituting a non-frost susceptible soil for fly ash
within the frost zone. 1In Great Britain, for example, the use of frost sus-
ceptible materials is not allowed within 450 mm (approximately 18 inches) of
the road surface (Reference I-14).

Moisture-Density Characteristics. One of the most important
considerations of a material to be used in a fill or embankment is proper
compaction. Fly ash is somewhat of a unique engineering material in terms
of its compaction characteristics. In dry form, fly ash is cohesionless and
is generally considered a dusty nuisance. When saturated, it becomes an
unmanageable mess. But, as with most fine-grained soils, it can be easily
handled and compacted at more intermediate moisture contents, and does ex-
hibit some cohesion. Conditioned fly ash tailgated over the slope of an
embankment can have a dry density as low as 40 to 50 pounds per cubic foot.
However, when it has been well compacted at an optimum moisture content
(usually between 18 and 30 percent), the dry unit weight of fly ash may be
in excess of 85 pounds per cubic foot. '
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The objective of any compacted £ill is to achieve the highest
practical densification at a reasonable cost. In this respect, fly ash
offers some distinct advantages compared to conventional soils, insofar
as it possesses a lower compacted density, thereby reducing the applied
loading and resultant settlement to the supporting subgrade and allowing
for greater usage of an equivalent amount of fly ash.

The compaction characteristics of a fill material are defined
by the results of moisture-density tests performed in the laboratory using
standardized testing methods. The two moisture-density tests used by Amer-
ican engineers are the standard and modified proctor test methods. Both
tests involve the compaction of material into a standard size steel mold 4
inches (10.16 cm) in diameter by 4.6 inches (11.68 cm) high. The standard
proctor test (ASTM D698 or AASHTO T-99) involves the compaction in three
equal layers using a 5.5 pound (2.5 kg) hammer and a drop of 12 inches, with
a total of 25 blows for each layer. The modified proctor test (ASTM D1557
or AASHTO T-180) also involves compaction in three equal layers with a total
of 25 blows for each layer, but specifies the use of a 10 pound (4.5 kg)
hammer and a drop of 18 inches.

A copy of each test method is included in the Appendix. For each
test method, material is compacted at different moisture contents and the
dry density is determined. For most materials, there is a level of moisture,
termed the optimum moisture content, at which the compacted dry density
achieves a maximum value. At moisture levels above or below the optimum,
the dry density is reduced.

Because of the basic differences in the composition and prpperties
of different fly ashes, there may be considerable variation in the moisture-
density characteristics of fly ashes from different power plants, or even
different samples of fly ash from the same power plant. Such variations are
attributable to changes in compactive effort and the behavior of fly ash to
compaction at different moisture levels. Consequently, both laboratory and
field compaction tests are recommended for use of any fly ash source as fill
material in order to define the anticipated range of moisture contents and
dry density values.

Since fly ash may be delivered to the field over a wide range of
moisture (depending upon whether it has been handled in a dry, conditioned,
or ponded state), it is necessary to determine the practical range of density
values which are associated with such levels of moisture.

Dry fly ash should be conditioned to within 4 percent of optimum
moisture content prior to being delivered to the job site. Conditioned fly
ash that has been stockpiled may exhibit considerable variability in mois-
ture content, depending on its relative location within the stockpile.
Ponded ash should have a moisture content as close as possible to optimum
following excavation from the lagoon, especially since ponded fly ash has a
characteristically flat moisture-density curve (Reference I-15).
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Figure I-6 shows a range of modified Proctor moisture-density
curves developed from a National Ash Association study of engineering
properties of seven western Pennsylvania bituminous coal fly ashes for
use as structural fill materials (Reference I-16). Each ash sample had
a different particle size distribution and specific gravity. From this
figure, it can be seen that the maximum density of compacted fly ash
varied from 89.0 pounds per cubic foot at an optimum moisture content of
19 percent to a low of 76.7 pounds per cubic foot at an optimum moisture
content of 29 percent. Further study of Figure I-6 shows that compaction
characteristics are not directly related to specific gravity, since the
fly ash with the highest maximum dry demsity in this study also had the
lowest specific gravity.

The use of the modified Proctor compaction curves in Figure I-6
serve to establish approximate limits of a compaction envelope for fly ash.
The area within the compaction envelope defines ranges of achievable density
at corresponding unit weights for a modified Proctor compactive effort, which
is attainable in the field using modern compaction equipment. Such informa-
tion is of practical value in the field since it is not always possible to
adjust the moisture content of delivered fly ash at the job site. Using
such a compaction envelope enables an engineer to control the method of
placement and compaction of fly ash in the field to achieve more uniform
density results and achieve a desired percentage of the maximum compacted
density value.

Figure I-7 shows modified Proctor moisture-density curves for
four samples of Michigan fly ash. The maximum dry density values for these
samples ranged from 74 to 96 pounds per cubic foot, while optimum moisture
contents varied from 18 to 32 percent (Reference I-17).

Shear Strength. Development of shear strength is an essen-
tial characteristic of embankment and fill materials. The shear strength of
a material is determined by means of the undrained triaxial compression test
(ASTM ©D2850 or AASHTO T-234-74). Shear strength tests conducted on freshly
compacted fly ash samples show that fly ash derives most of its shear strength
from internal friction (Reference I-18).

The shear strength of fly ash is affected by the density and mois-
ture content of the test sample. Remolded triaxial test specimens may be
prepared at any predetermined density and moisture content and, if required,
may alsc be soaked prior to testing. Undrained shear streagth has been
found to decrease significantly in fly ash samples compacted on the wet side
of optimum moisture content (Reference I-19), or to less than maximum dry
density.

Generally, it is not practical nor possible to compact a material
to 100 percent of its maximum dry density in the field. In most cases, a
minimum compaction of 90 to 95 percent is specified as a more realistic com-
paction limit in the field. According to the FHWA Fly Ash Users Manual,
recommended reductions in the laboratory test values for shear strength, ap-
parent cohesion, and angle of intermal friction with associated reductions
in compacted density of fly ash are as follows:
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bituminous coal fly ashes.
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Percentage of Value
at Maximum Density

Angle of
Percentage of Maximum Shear Unit Internal
Dry Density Strength Cohesion Friction

85 60 70 80

90 75 70 80

95 90 to 95 70 80

One distinct advantage of using fly ash as a fill or embankment
material is its self-hardening or age-hardening ability. The age-harden-
ing of fly ash can best be correlated with the amount of free lime present
in the ash. Most self-hardening fly ashes contain at least 4 to 6 percent
free lime. Fly ashes that have been ponded prior to compaction exhibit much
less age-hardening than conditioned fly ashes. This is probably because the
water used to convey ash to the lagoon results in agglomerations, uneven dis-
tribution of intermal moisture, and largely dissipates the chemical reactions
responsible for age-hardening of fly ash.

Not all fly ashes possess age-hardening properties. Most eastern
coal fly ash is not self-hardening, while western coal fly ash is. But even
in those fly ashes with little or no age-hardening, there is still an ap-
parent cohesion due to capillary forces produced by pore water (Reference
I-20). However, this apparent cohesion can be destroyed either by saturation
or complete drying. Fly ashes possessing self-hardening properties develop a
cohesion resulting from the cementing action which occurs between the fly ash
particles and which increases with age (Reference I-21).

The shear strength and compressive strength characteristics of com-
pacted fly ashes have been found to increase over time, particularly if the
fly ash is self-hardening. Table I-5 presents data from British fly ashes
used as compacted fill, which clearly shows cohesion and compressive strengths
which double or triple within a three month period (Reference I-22).

In the case of western fly ashes, high free lime contents often
necessitate that such ashes be conditioned and stockpiled for a period of
time prior to use to reduce their reactivity. Neverthelesss, such reactive
fly ashes, even after conditioning and- stockpiling, may exhibit age-harden-
ing properties.

Compressibility. An embankment or £ill material should possess
low compressibility in order to minimize roadway settlements or differential
settlements between structures and adjacent approaches and to maintain to
the maximum extent possible a smooth riding surface. Available data reported
to date show that settlements within fly ash embankments, either with or with-
out age-hardening properties, have been within acceptable limits and have pro-
vided satisfactory performance.
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Table I-5

DEVELOPMENT OF SHEAR AND COMPRESSIVE
STRENGTH CHARACTERISTICS OF COMPACTED
FLY ASH OVER TIME

Source of Fly Ash

Barony Braehead Portobello
Unit Friction Compressive Unit Friction Compressive Unit Friction Compressive
Age (Days) Cohesion _ Angle. Strength Cohesion _ Angle Strength Cohesion Angle Strength

1 11 38 45 9 34 34 13 35 50

7 29 41 127 29 39 122 17 41 75

28 32 42 144 32 41 140 20 43 92

91 38 42 171 35 42 157 22 43 101
182 40 42 180 39 41 171 24 43 111
371 42 42 189 43 40 185 25 43 115
749 51 45 246 45 39 189 25 46 124
1,230 79 41 346 70 40 300 29 44.5 138

(3.4 years)

Note: All ash sources are located in Great Britain. Data initially reported by Sutherland, H. B. (Reference
22), Unit cohesion and compressive strength data are experienced in pounds per square inch.



The compressibility of fly ashes with no self-hardening character-
istics is basically similar to the compressibility of a typical cohesive soil.
The compressibility of a material is determined by means of a laboratory con-
solidation test (ASTM D2435), wherein a sample (2-inch diameter by at least
0.5 inch high) is subjected to a series of incremental pressures and the change
in height of the sample is measured after full consolidation at each loading.
The void ratio of the sample is then determined at each pressure. The slope
of the resultant curves is called the compression index and is a measure of
the compressibility of the material. A copy of the ASTM comsolidation test
method may be found in the Appendix.

Figure I-8 shows that consolidation occurs more rapidly in compacted
fly ashes than in clay soils because fly ash has a greater permeability than
clay. Although a number of factors affect the compressibility of fly ashes
which do not self-harden, the predominant factor in determining the overall
compressibility of such ashes is the initial compacted density (Reference I-
23).

For fly ashes with self-hardening properties, the time-dependent
phenomena of age-hardening can reduce the time rate of consolidation, as
well as the magnitude of the compressibility. The results of a study of
the compressibility of compacted fly ashes with age-hardening properties
show that the overall magnitude of settlements in these materials is less
than that which would occur in ordinary soils and is a function of the hard-
ening characteristics of the ash material and the age at which loading is
applied to the compacted material. This study also indicates that partly
saturated. fly ashes, regardless of whether or not they are self-hardening,
tend to be less compressible than fully saturated samples (Reference I-~24).

Permeability and Leaching Characteristics. The permeability
of fly ash which has been compacted to its maximum dry density in accordance
with the standard Proctor method (ASTM D698 or AASHTO T99-74) has been found
to range from 4x10~10 cp per second to 5x107/ cm per second (Reference I-24),
These values were determined by means of the falling head permeability test,
described in U.S. Army Corps of Engineers Manual 110-2-1906, Appendix 7,
Section 4, which is included in the Appendix.

Despite air void ratios ranging from 8 to 14 percent, these values
represent relatively low permeability rates, comparable to those of a clay
or silty clay soil (Reference I-25). The permeability of a compacted fly
ash embankment material is a function of the degree of compaction, the ex-
tent of age-hardening of the fly ash, and the grain size distribution of
the material.

ASTM Subcommittee E-38.06.05 task group on process wastes had
developed a Recommended Practice for Use of Process Waste in Structural
Fill. This recommended practice describes the physical characteristics
of and procedures for the use of certain process wastes (inorganic by-
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products such as coal combustion wastes, including fly ash) in structural
fill and similar applications. This practice also describes structural
and engineering properties of such in-~place materials related to structural
integrity and protection of ground and surface water, as well as test pro-
cedures to be used in determining these properties.

The Recommended Practice has a special provisions sectiom dealing
with handling leachate from process wastes where leachate concentrations ex-
ceed certain levels. The Special Provisions of the Recommended Practice,
which is found in the Appendix, are:

] Materials having an in-place permeability of
greater than 1 x 10~ cm/sec. should have an
appropriate underdrain and permeate collection
and disposal system.

° Materials having an in-place permeability of
1 x 1073 cm/sec. or lower do not require per-
meate collection systems.

These provisions apply only to process wastes having leachate concentrations
in excess of 100 times Drinking Water Standards.

The criteria for the Drinking Water Standards and the testing pro-
cedures used in producing and analyzing the leachate for comparison with
these criteria are discussed in the following paragraphs.

In order to simulate leachate productiomn, laboratory techniques
have been developed to combine water and waste materials such as ash for a
specific contact period and degree of agitation, separate the ash and water,
and then analyze the water for the presence of trace elements.

An extraction procedure (EP) was developed by the U.S. Environ-
mental Protection Agency (EPA) as a means of generating leachate from a
particular material so that the leachate could be analyzed for toxicity as
defined by the hazardous waste regulations of the Resource Conservation and
Recovery Act (RCRA). A waste material is considered hazardous if the extract.
from the EP has a concentration of any substance listed in The  National In-
terim Primary Drinking Water Standards that is greater than or equal to d¢me
hundred times that standard. The following inorganic chemicals and permis-
sible concentrations are listed in the Drinking Water Standards:

Drinking Water Level

Contaminant (mg/l. or ppm)
Arsenic 0.05
Barium 1.00
Cadmium 0.01
Chormium 0.05
Lead 0.05
Mercury 0.002
Selenium 0.01
Silver 0.05
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The basic steps involved in the EPA extraction procedure are
detailed in the hazardous waste guidelines and regulations that were first
published in the December 18, 1978 issue of The Federal Register and re-
cently updated in the May 19, 1980 issue of The Federal Register. A copy
of the updated extraction procedure is included in the Appendix. The ex-
traction procedures involves the following:

[ A minimum 100 gram sample of the waste material
is separated in liquid and solid phases by means
of a filter or a centrifuge.

° The liquid portion is refrigerated between 1° and
5% Centigrade (34° to 41° Fahrenheit) until the
analysis is performed.

. The solid portion must be ground so that it will
pass through a 3/8 inch (9.55 mm) sieve.

. The solid portion of the sample, after grinding,
is added to 16 times its own weight of deionized
water. The solution is adjusted to a pH of 5 and
the mixture is agitated for 24 hours, using an
approved shake or extractor apparatus. During the
24-hour agitation period, the solution must be
maintained at a pH of 5 by adding 8.5N acetic acid
and the sample temperature must be kept between 20°
and 40° Centigrade (68° to 104° Fahrenheit).

. After the 24-hour extraction procedure is completed.
the sample is again filtered to separate the liquid
and solid phases. The second liquid phase is di~
luted with more deionized water and mixed with the
original liquid phase which has been refrigerated.

. The liquid extract is then analyzed for the sub-
stances listed in the Primary Drinking Water Stan-
dards. Appropriate methods for analyzing the
leachate generated by the extraction procedure
are listed in '"Methods for Chemical Analysis of
Water and Wastes," published by the U.S. Environ-
mental Protection Agency (Reference I-26).

A collaborative interlaboratory testing program was performed
during 1979 under the joint sponsorship of the U.S. Department of Energy's
Laramie Energy Technology Center and the American Society for Testing and
Materials (ASTM). A total of 18 laboratories participated in the testing
program. Nineteen fossil energy materials were tested, including various
fly ashes, bottom ash, boiler slag, and other combustion by-products. Each
material was tested using three different extraction procedures, including
the Environmental Protection Agency's procedure, although not all materials
were tested by each laboratory.
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Table I-6 presents a summary of the test results for those labora-
tories participating in leachate extraction testing of fly ash samples using
the EPA extraction procedure. A total of five fly ash samples were analyzed--
three bituminous coal fly ashes, one lignite, and one sub-bituminous coal fly
ash. There were a total of 39 extraction tests performed, each involving analy-
sis of concentrations for eight different inorganic chemicals, or a total of
312 separate analyses.

From Table I-6, it can be seen that from the total of 312 analyses,
there were 29 test values which exceeded 10 times drinking water standards,
but only one in excess of 100 times drinking water standards. This involved
the selenium concentration tested by one of the 16 laboratories analyzing
bituminous coal fly ash sample number 1. Leachate concentrations exceeding
10 times drinking water standards included 13 selenium analyses, 9 arsenic,

3 cadmium, 2 chormium, 1l mercury, and 1 lead. Bituminous coal fly ash sample
number 3 had no test values in excess of ten times drinking water standards
(Reference I-27).

Although more extensive leachate testing of coal combustion by-
products will be conducted in the future, the preceding test results, while
performed on a small number of samples, indicate that fly ashes, when used
in an embankment or f£ill situation, do not typically leach hazardous concen-
trations of inorganic chemicals. Further discussion of the environmental
impacts of fly ash use 1is presented in Volume One of this report.

Actual field experience with fly ash embankments to date has shown
that very little water has been observed to percolate through such embank-
ments. This is probably due not only to the comparatively low permeability
of compacted fly ash, but also to the gradual cementing action resulting from
self-hardening of the ash.

Because of relative impermeability and alkalinity, the danger of
pollution to underlying ground water or to surface waters in the vicinity of
a fly ash embankment is minimal, particularly if the entry of surface water
is well controlled and the fly ash is capped with an envelope of natural
soil. As noted earlier, the permeability of compacted fly ash can also be
substantially reduced by chemical stabilization with lime or portland cement.
Another advantage of low permeability is that coustruction operations are not
adversely affected by inclement weather.

Because of the relatively low permeability of compacted fly ash,
unprotected side slopes are subject to a high degree of runoff. Therefore,
side slope protection in the form of natural soil and topsoil covering with

vegetation, or at the very least a bituminous seal coating, is required to
prevent erosion.
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Sample Description

Bituminous Coal

Fly Ash No. 1

(From 2% sulfur
coal)

Bituminous Coal

Fly Ash No. 2

(From 4% sulfur
coal)

Bituminous Coal

Fly Ash No. 3

(From 2% sulfur
coal)

Lignite Coal

Fly Ash

(From less than 1%
sul fur coal)

Sub-bituminous Coal

Fly Ash

(From less than 1%
sul fur coal)

Table I-6

SUMMARY OF LABORATORY TEST RESULTS FROM
LEACHATE EXTRACTION ANALYSES OF FLY ASH SAMPLES

Power Company

Pennsylvania Electric

Company

Ohio Power Company

Monongahela Power
Company

Minnkota Power

Commonwealth
Edison Company

No. of Tests Total Values Elements Total Values
by Exceeding Exceeding Exceeding

Plant Location Labs 10 x DWS 10 x DWS 100 x DWS
Keystone §tation 16 17 8 Se 1
Shelocta, Pa. 7 As (Se)

1 Pb

1 Hg
Kammer Plant 5 7 3 Cd -
Captina, W. Va. 2 Cr

1 As

1 Se
Harrison Station 7 - - -
Haywood, W. Va.
Milton Young Plant 7 4 3 Se -
Center, N.D. 1 As
Waukeegan Plant 4 1 1 Se -
Waukeegan, I11. _ . L

TOTAL 39 29 6 out 1
of 8
possible

elements



Capillary Action. Water hasg been observed to rise by capil-
lary action in some compacted conditioned fly ash embankments. Capillarity
can cause saturation and resultant instability in embankments or £ills less
than 2 feet (0.6 meters) in thickness. The phenomenon of capillary rise is
not reduced or materially affected by self-hardening or the increase in shear
strength of the compacted fly ash over time. An effective means of prevent-
ing capillary rise in fly ash embankments and fills is the placement of a
drainage layer of full-draining granular material at the base of the embank-
ment to a height of at least 18 inches above the ground water level (Reference
I-28). The ASTM Recommended Practice for Use of Process Waste in Structural

Fill notes that such material should be placed a minimum of 5 feet above the
historical high water table.

Slope Stability. An average slope of two horizontal to one
vertical should provide a minimum safety factor against sliding based on an
effective internal friction angle of 33° and zero cohesion. This is felt
to be a conservative estimate of the safety factor of a fly ash slope be-
cause the beneficial effects of apparent cohesion and age-hardening of the
fly ash were not included in the analysis (Reference I-29).

Handling Characteristics. The moisture content of fly ash
brought to the field for use as a fill or embankment material can present
certain difficulties above and beyond those normally encountered in place-
ment and compaction of conventional soils. First, the handling of dry
or silo stored ash creates in many cases a severe dusting problem when the
material is dumped and spread, especially on hot, windy days. The following
precautions are advised to minimize the dusting problem:

1. Wet the material with water to bring its moisture
content up to the optimum range.

2. Have a water truck with a spray bar attachment
available for additional wetting of the surface
after placement and rolling.

3. Keep traffic off the surface of the fill after
rolling unless placing an additional layer.

4. Seal the exposed surface at the end of each day's
work.

When stockpiles of conditioned or ponded ash are used, lumps of
hardened ash are sometimes encountered. These must be broken up by con-
struction equipment prior to using the ash for embankment or f£ill purposes.
The effects of lensing (the formation of small, shallower, transverse shear
cracks) and crusting of the surface can be avoided by using discing or till-
ing equipment to agitate the loose 1lift and the surface of the preceding
compacted lift (Referemce I-30).
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One of the principal advantages of using fly ash as a fill material
is that, unlike conventional soils, fly ash can be placed throughout the win-~
ter months. Table I-7 presents a comparison of the advantages and disadvan-
tages of fly ash embankments with those of conventional soils.

Table I-7

COMPARISON OF FLY ASH EMBANKMENTS
WITH CONVENTIONAL SOILS

ADVANTAGES OF FLY ASH

Lighter compacted unit weight, resulting in lower settlements and
ability to place fill on soft or marginal ground.

Self-hardening properties for many fly ashes ultimately result in
higher cohesion and shear strength than most conventional soils.

Low compressibility when properly compacted with negligible re-
sultant settlement.

Fly ash can be placed throughout the winter because it does not
freeze like conventional soils.

DISADVANTAGES OF FLY ASH

Most fly ashes are frost susceptible, requiring either chemical
stabilization or substitution with suitable natural soils in
frost prone areas.

Sensitivity to moisture, necessitating that compaction be done
very close to, and preferably below, optimum moisture content.

Subject to capillary action, requiring underlayment with a drain-
age layer of granular material directly above the ground water
table. Some clay and soil borrow materials also are subject to
capillary action.

Subject to dust generation during placement.

Examples of Fly Ash Utilization in Highway Embankment Con-
struction. There are numerocus examples of the use of fly ash in the con-
struction of highway fiils or embankments throughout the United Kingdom.

A few of the more outstanding projects are cited herein to dramatize the
advantages of fly ash, or pulverized fuel ash, use for embankment purposes.
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Motorway M.5 - Bristol and Somerset, England. A section of
motorway M.5 two miles in length was constructed on a highly compressible
alluvium layer up to 40 feet thick. Embankment heights of up to 7 feet
were built along the main road with interchange road fills up to 20 feet
high. The embankments were constructed of pulverized fuel ash because of
the relatively light unit weight of the ash in comparison to locally avail-
able borrow material. In addition, potential settlement problems at 14
bridges and 2 interchanges were alleviated by using the lighter ash over
the compressible alluvium subgrade. When sufficient amounts of ash could
not be obtained from the nearest generating station, over 1 million toms of
additional ash was transported to the job site from another power station 80
miles away by rail so that the unique properties of the ash could continue to
be utilized (Referemnce I-31).

Alexandria By-Pass - Dumbarton, Scotland. The construction of
the Alexandria By-Pass included a bridge over the River Leven with very high
approach embankments due to clearance requirements for navigational purposes.
The use of a lightweight fill material was warranted because of poor subsoil,
in this case a saturated silt. Construction of the facility in two stages
involved placement of nearly 670,000 cubic yards of pulverized fuel ash in
the embankments, which reached a maximum height of 39 feet. Two years after
completion of the project, the total settlement of the embankment was only
10 inches, which is considered quite satisfactory (Reference I-31).

Clophill By-Pass, Motorway A.6 - Bedfordshire, England. During
1975, approximately 20,000 cubic yards of pulverized fuel ash was used to con-
struct an 8-~foot high roadway embankment over a 16 foot thick layer of highly
compressible peat on a section of the A.6 Motorway. In addition, the ground
water table in the area was essentially at ground surface, making it almost
impossible to operate construction equipment. In order to minimize settle-
ments, pulverized fuel ash was used for construction of the embankment. The
total settlement of the embankment is 6 inches, which is less than the pre-
dicted settlement (Reference I-31).

Despite numerous projects utilizing fly ash as fill material for
construction of highways in Eurocpe, only five documented instances of such
use in the United States have been determined from available literature.
Three projects are described in this report.

U.S. Route 250 - Fairmont, West Virginia. Approximately 5,000
tons of fly ash were utilized in the repair of an embankment along a section
of U.S. Route 250 in Fairmont, West Virginia. The repair work resulted from
a slide failure caused by poor drairnage. The slide mass was removed, sub-~
surface drainage installed, and the slide material that had been removed was
replaced with fly ash. The embankment had an average height of 25 feet with
1-1/2 to 1 side slopes.
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Fly ash was hauled to the site in open trucks with no dusting
problems during hauling or placement. The ash was tailgated and spread
in 9-inch thick 1lifts and compacted by a rubber-tired vibratory roller
to a density of 97 percent or more of Standard Proctor (ASTM D698 or
AASHTO T-99) demsity values. Upon completion of compaction operatioms,
the exposed surface of the fly ash embankment was sealed with a coat of
hand-sprayed road tar (Reference I-32).

Melvin E. Amstutz Expressway - Waukegan, Illinois. The Melvin
E. Amstutz project (Federal Aid Route 437, Section 8) in Lake County, Illinois
involved the comstruction of a fill embankment for a four-lane divided highway
with a 42-foot wide median between Grand and Greenwood Avenues in Waukegan,
Illinois, some 40 miles north of Chicago. This is probably the most outstand-
ing example of fly ash use in highway embankment construction thus far in the
United States.

A total of 246,000 cubic yards of embankment material were required
for this job. Fly ash was selected as an alternate because a nearby Common-
wealth Edison power plant offered an available source of material at a poten-
tial cost savings. Alternate bids indicated that construction of a fly ash
embankment would result in a savings of approximately $62,000 compared to an
earth embankment (Reference I-33).

Prior to placement of the fly ash, unsuitable in-place soils were
removed and replaced with granular fill to a height of 2 feet above the ground
water table. The average height of the fly ash embankment was 3.5 feet, al-
though 18 to 20 foot embankments were built in ramp areas. The fly ash em-
bankment was covered by 8 feet of earth £ill on the outside slopes and by 2
feet of earth £ill in the median areas.

Fly ash was trucked to the site either from stockpiles located out-
side the power plant or from closed storage silos and placed in 6 inch layers.
Each layer was compacted by means of a 10-ton vibratory single steel drum
roller to densities in excess of 85 percent of the maximum dry density at op-
timum moisture levels of 25 percent.

The contractor added water where necessary to obtain the desired
density. Side slopes of 2 to l were maintained and are performing satis-
factorily.

The fly ash placed in this embankment is stronger than most natural
soils because of its age-hardening characteristics. The material was work-
able and stable with excellent compaction characteristics, provided the proper
construction metheds and equipment are utilized. The use of fly ash enabled
work to proceed under wet conditions when it might not have been possible to
work with conventional soils. Moreover, the lighter weight fly ash was found
to be advantageous in bridging over weak subsoils (Referemce I-33).
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Route 7 and 148 - Powhatan Point, Ohio. Nearly 6,000 tons
of fly ash from the Burger Station of Ohio Edison Company were used as back-
fi1l material around a concrete bridge over a railroad at the intersection
of state routes 7 and 148 in Powhatan Point, Belmont County, Ohio, which is
located in the southeastern part of the state. The conditioned ash was placed
between the Fall of 1979 and March of 1980.

At its deepest point, the ash embankment is 27 feet high and ex-
tends longitudinally about 80 feet. The material was compacted in 12 inch
1ifts except near the top, where 6 inch 1lifts were used. Compaction opera-
tions were monitored by a field representative of the Ohio Department of
Trausportation, who verified that all layers of fly ash were compacted to at
least 95 percent of Standard Proctor density. Prior to placement of the com~
pacted ash £ill, the surfaces of the bridge abutment were coated with an
asphalt preparation. In addition, a base of steel mill slag was placed and
overlain with a celanese filter cloth.

According to the comntractor on the project, the amount of ash used
on the project worked out closer in planned quantity than any other material
he had ever used and did not demonstrate the shrinkage one normally expects
with dirt or gravel. He also felt that there was no way he could have
achieved the same degree of compaction with an earthen fill in that situation
without a lot of hand tamping.

Throughout the winter construction period, there was no shutdown
time while placing the fly ash embankment. Whenever the ash began to dry
out, the contractor simply ordered a load of wet ash, which he blended with
the dry ash and corrected the problem. However, the contractor did feel that
he would not recommend ash placement in temperatures below 30 degrees Fahren-
heit simply because he had experienced problems getting the ash out of the
truck bed at those temperatures.

Exposed slopes were capped with a soil cover. Rail traffic was
maintained at all times during construction of the embankment. Little or
no settlement has been observed in the fill since the sub-base and wearing

surface was placed and the road was opened to traffic in the Spring of 1980
(Reference I-34).

Overall Technical Assessment. It is evident from the review of
available literature pertaining to fly ash use as an embankment or struc-
tural fill material that fly ash is unquestionably suitable for such use
and, in addition, provides certain unique and beneficial properties when
utilized in such applications. Of particular advantage is the relatively
low density of the material combined with substantial shearing strength
and long-term strength gaining characteristics. Moreover, compacted fly
ash has a low permeability, particularly if it is self-hardening, and indi-
cations thus far are that the material does not leach potentially hazardous
concentrations of inorganic chemicals.
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Prospective users of fly ash must be aware of the potential for
frost susceptibility of this material, Furthermore, the placement of fly
ash in a fill or embankment must be accomplished above the anticipated high
water table and the material must be underlain by a drainage blanket or open-
graded granular material. Precautions must be made to keep the fly ash suf-
ficiently moist while spreading and compacting in order to avoid excessive
dusting and all exposed sloping surfaces of the fly ash must be covered with
sail to protect against erosion.

In spite of the preceding precautions, an objective engineering
assessment of the use of fly ash for embankment and structural £ill purposes
leads to the conclusion that this material is well suited for such purposes.
Indeed, fly ash has been used extensively and successfully as highway £ill
and backfill material througout much of Great Britain for many years and its
excellent performance in many British highway projects has been repeatedly
documented. In those few instances where fly ash has been used as highway
fill material in the United States, its record of performance has also been
outstanding.

Duripg April 1980, a questionnarie was circulated to all state
highway departments by The American Association of State Highway and Trams-
portation Officials (AASHTO). The questionnaire requested information on
uses, extent, performance, and attitudes related to different recovered
materials in highway construction in each state. Results of this question-
naire indicate that a total of 8 states have made, or are making, use of fly
ash in an embankment or structural fill. These states are Arizoma, Illinois,
Minnesota, New York, Ohio, West Virginia, Wisconsin, and Wyoming. All of
these states rated the material's performance in this application as either
acceptable, good, or excellent. Each of these states plans to make further
routine use of fly ash as an embankment or structural fill material, except
that Minnesota feels that more field study should be made in comection with
such use.

Aside from lack of knowledge about the usefulness of fly ash and
some of its unique characteristics, perhaps the biggest obstacle to more
widespread use as highway fill material in this country is logistics. Most
highway construction projects are designed so that there is practically a
balance between cuts and fills and as little borrow material as possible is
requiraed. Except for those occasional situations where a large stockpile
of ash may be located relatively close to a highway project, in most in-
stances, the use of excavated earth from the project site will be more con-
venient, available, and economical. Moreover, there will most likely be
less future opportunities to utilize fly ash as a highway embankment or
fill material because fewer new highway facilities will be constructed com-
pared to reconstruction, widening, and resurfacing of existing facilities.
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For these reasons, development of procurement guidelines for the
use of fly ash as a structural fill do not appear to be warranted. However,
further efforts should be made to educate highway engineers, road-building
contractors, and other interested parties concerning the advantages offered
by fly ash in the construction of fills and embankments so that, when oppor-
tunities to make use of this material do arise in the future, fly ash will
receive favorable consideration and not be discriminated against because it
is unlike soil. The relative economics and logistics of each site-specific
situation should be the determining factors in deciding whether fly ash use
as highway fill material is most suitable and advantageous for a particular
project.

Lime-Fly Ash-Aggregate Bases and Sub-Bases

One of the most successful and promising applications for the use
of fly ash in highway construction is in lime-fly ash aggregate (LFA) base
or sub-base mixtures. These mixtures are blends of commercial lime, £fly ash,
and mineral aggregates, combined with water in the proper proportions and
compacted to form a dense, stable mass. Mixtures of lime, fly ash, and ag-
gregate and in some cases additional portland cement are often referred to
as pozzolanic pavements. These mixtures may also involve substitution of
kiln dusts in place of lime or cement, which is discussed in another section
of the report.

Description of Pozzolanic Reaction. A pozzolan is defined as a
siliceous or aluminous and siliceous material which is in itself chemically
inert, and possesses little or no cementitious value, but, when in a finely
divided form and in the presence of water, will react with calcium hydroxide
at ordinary temperatures to form compounds possessing cementitious properties
(Reference I-35). The term pozzolan is derived from the Latin word "pozzuo-
lana," which referred to a volcanic ash found near the town of Pozzuoli, Italy.
where the mixing of volcanic ash with a crude lime was first discovered in 350
B.C. and used as a matrix for Roman building materials.

The most commonly available pozzolan in use in the United States at
this time is fly ash. Because of basic variations in coals from different
sources, along with design differences in coal-fired boilers, not all fly
ashes are the same. While there are differences in fly ashes from one plant
to another, day to day variations in the fly ash from a single plant are
usually quite predictable, provided plant operation and coal source remain
constant. It should also be pointed out that fluctuatioms in the chemical
composition of fly ash are far less critical for use in LFA base materials
than in portland cement concrete.

To determine whether a particular source of fly ash is suitable for
use in a pozzolanic pavement, the pozzolanic reactivity of the fly ash must
be determined in accordance with the procedures outlined in ASTM C593, '"Standar
Specification for Fly Ash as a Pozzolan for Use with Lime," a copy of which is -
included in the Appendix of this report.
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Although it is not necessary to understand the mechanisms by which
cementitious compounds are formed in the pozzolanic reaction, some awareness
of the basic chemistry involved is useful. It should be recognized that the
chemistry of pozzolanic reactions, which is closely related to cement chemis-
try, is an extremely complex subject which has been extensively researched for
many years.

Essentially, what occurs in a pozzolanic reaction is that calcium
from the lime and silica from the pozzolan (normally fly ash) react in the
presence of water to form a gelatinous calcium-silicate compound, which pro-
vides a cementitious binder for the aggregate particles in the mix. The
pozzolanic reaction is time and temperature dependent, so that different
compounds may be in varying stages of formation, depending on the length of
time the reaction has been progressing or the temperature conditions to which
the component materials have been exposed.

In cases where dolomitic limes are used, the presence of magnesium
in these limes will cause other cementitious compounds to be produced, gen-
erally at a slower rate and over a longer period of time than the calcium-
silicate compounds, thus resulting in an even more complicated reaction
mechanism. Analysis of aged pozzolanic products has also indicated the
formation of crystalline compounds at later stages of the reaction. The
chemical interaction of calcium ions on the surface of the silica, along
with later crystalline growth, are both involved in the pozzolanic reaction
(Reference I-36).

Most western (lignite and sub-bituminous) coal fly ashes contain
higher concentrations of free lime (Ca0) and sulfate (S03), resulting in
the formation of other cementitious reaction products such as ettringite
(calcium sulfo-aluminates). Such reactions are related to portland cement
chemistry and offer opportunities to use higher fly ash dosages in LFA
mixtures (Reference I-37).

History of Lime-~Fly Ash-Aggregate Base. The initial discovery of
a pozzolanic reaction between fly ash and lime and its subsequent use in the
stabilization of fine-grained soils was made by Jules E. Havelin and Frank
Kahn, engineers from the Special Tests Branch of the Philadelphia Electric
Company during the mid-1940s. This discovery subsequently became the basis
for three patents on the stabilization of soils using lime-fly ash reactionms.
Copies of these patents are included in the Appendix of this report.

As a followup to this work, Dr. L. John Minnick of the G. and W. H.
Corson Lime Company, under the sponsorship of Philadelphia Electric Company,
began research on the use of lime-fly ash pozzolanic reactioms with aggre-
gates and soil-aggregate mixtures. Much of this early lime-fly ash-aggregate
work in the laboratory was performed during the late 1940s and early 1950s at
the University of Pennsylvania under the direct supervision of Richard H.
Miller of the Civil Engineering Department.

I-35



The earliest known field installation involving the use of lime-
fly ash-aggregate as a base course material was in November of 1950 on a
temporary by-pass road along the New Jersey Turmpike in Swedesboro, New
Jersey. The test section was several hundred feet long and involved the
blending of fly ash and boiler slag on a 1:3 ratio with a 3 percent lime
content. The materials were mixed in place and compacted. The road base
remained in very good condition and provided excellent performance for two
years, at which time the new construction was completed and the by-pass was
removed.

Three more experimental projects using LFA were placed in 1951,
one each in Pennsylvania, New Jersey, and Maryland. Later samples were ex-
tracted from each of these locations and compressive strengths were found
to range from 2,090 to 4,315 psi (Reference I-38). Omn the basis of these
and other early successful installations, a patent was granted for lime-
fly ash-aggregate mixtures in road base construction. A copy of the orig-
inal patent for lime-fly ash-aggregate compositions (marketed under the
trade name of Poz-0-Pac) can be found in the Appendix of this report.

With the issuance of a patent for "Poz~0-Pac¢," and the establish-
ment of a licensee arrangement for the production of the material, pozzo-
lanic base materials were eventually produced and placed in construction
projects in at least a dozen states. The most frequent use of LFA mater-~
ials has been in the states of Illinois, Ohio, and Pennsylvania. A later
section of this report will focus on the extent of LFA base course use in
several of these states,

Recently, the "Poz-0-Pac' patents have expired, although there
are still a number of pozzolan producers in many of these states that con-
tinue to sell pozzolanic base course materials. Throughout the years, it
is estimated that approximately 25 to 30 million tons of LFA or pozzolanic
base course materials have been produced and placed in the United States.

Table I-8 presents estimated quantities of pozzolanic base course
materials produced on an annual basis in the United States since 1970. For
comparison purposes, annual production figures from the Chicago area are
also included in this table. Table I-8 clearly shows that for the past
ten years the Chicago area has produced approximately 80 percent of the
LFA base course materials used in the country. Since 1956, it has been
estimated that over 12 million tons of LFA base materials have been pro-
duced in the Chicago area (Reference I-39).

Also evident from this table is the steadily declining production
of these materials. To some extent, this decline can be attributed to dras-
tic reductions in state highway construction programs occasioned by infla-
tion and declining gas tax revenues in key fly ash producing states, such
as Chio and Pennsylvania.
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Table I-8

ESTIMATED ANNUAL PRODUCTION OF
LIME-FLY ASH-~-AGGREGATE BASE MATERIAL
IN THE UNITED STATES

(Thousand tons)

Percent -
Total LFA LFA Production Production
Year Production In Chicago Area In Chicago
1970 660
1971 1,010 '
1972 490
1973 1,050 660 62.9
1974 778 660 84.8
1975 610 500 82.0
1976 801 680 84.9
1977 736 630 85.6
1978 755 650 86.1
1979 738 600 8l.3
TOTAL 6,540

NOTE: Poz-0-Pac patents expired in 1979.

SOURCE: I U Conversion System, Inc., Horsham, Pennsylvania
and American Fly Ash Company, Chicago, Illinois
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There is, however, potential for a considerable increase in the
amount of fly ash which could be used for pozzolanic base course construc-
tion in many states because of the economic and environmental benefits to
be derived from using such materials.

Materials and Mixture Proportions. The key to successful pavement
performance with lime-fly ash-aggregate (LFA) mixtures is good mix design
and sound construction techniques. The quality of the principal comstitueats
of these mixtures must also be assured in order to design an acceptable mix.

Lime. The term lime, when used in reference to LFA mixtures,
can include various chemical and physical forms of quicklime, hydrated lime,
or hydraulic lime. The most commonly used forms of lime in LFA mixtures
have been monohydrated high calcium and dolomitic hydrated limes. However,
in recent years, increasing demand for lime products, plus the escalating
cost of lime production, have resulted in localized lime shortages or the
periodic unavailability of commercial lime for use in the LFA base market.
To alleviate such shortages, certain lime producers, such as Marblehead Lime
Company in the Chicago area, have combined lime stack dust with their regular
hydrated lime, with additions of the stack dust being as high as 80 percent,
and marketed this product under the name "polyhydrate.” This is considered
an acceptable source of lime where it is available in the State of Illinois
(Reference I-40).

In other states, such as Ohio, the shortage of lime in some areas
has become so severe that there is not a sufficient quantity of lime to blend
with stack dust for polyhydrate. Consequently, stack dusts from lime and
cement kilns are presently being evaluated as an alternative source to lime.
A more detailed discussion of the potential for utilizaticn of lime and ce-
ment kiln dusts in road base compositions is presented in another section
of this report.

Fly Ash. Quality requirements for the use of fly ash and
other pozzolans with lime in plastic mortars and non-plastic mixtures are
contained in ASTM C593-76a, "Standard Specification for Fly Ash and Other
Pozzolans for Use with Lime.”" To be considered acceptable for use in LFA
mixtures, fly ash must meet the following physical requirements:

Water soluble fraction, maximum percent 10.0
Fineness, amount retained when wet sieved:
No. 30 (.60 mm) sieve, max. percent 2
No. 200 (.075 mm) sieve, max. percent 30
Lime-pozzolan strength, or minimum
compressive strength, psi:*
Plastic mixes

0
.0

At 7 days, 130 + 3°F. (54 + 2°C.) 600
After additional 21 days, 73 + 3°F.
(23 + 2°C) 600
Non-Plastic Mixes
At 7 days, 100 + 3°F. (38 + 2°C.) 400

* psi indicates pounds per square inch.
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In addition to the above requirements, many state and Federal
transportation agencies also specify that the fly ash have a minimum loss
on ignition value of 10 percent when determined in accordance with the pro-
cedures of ASTM C31ll. Although ASTM C593 has set no limit on the loss on
ignition value for a pozzolan when used with lime, such a provision would
be very desirable.

The Illinois Department of Transportation requires that the mois-
ture content of dampened pozzolan shall not exceed 35 percent. The Ohio
Department of Transportation specifications do not require that fly ash
meet the criteria of Section 7 of ASTM C593 for plastic mixes. The Pennsyl-
vania Department of Transportation specifications require only that pozzolan
comply with ASTM C593. 1In addition, the Federal Aviation Administration
(FAA) does not require that the water-soluble fraction of the fly ash be
determined, and states that the requirements of ASTM C593 may be waived if
it can be demonstrated that a mix of comparable quality and reliability
can be produced with lime and/or fly ash that do not meet specified quality
criteria (Reference I-41).

The pozzolanic reactivity or lime-pozzolan strength of fly ash is
the best indicator of its ability to form cementitious compounds in LFA mix-
tures. The pozzolanic reactivity of fly ashes is dependent on the following
factors:

1. Fineness--the larger the percentage passing the
=325 mesh sieve, the greater the surface area
and pozzolanic reactivity.

2, Silica and alumina content--the higher the silica,
or the silica and alumina, the more reactive the
fly ash.

3. Loss on ignition and carbon content-~the lower
the loss on ignition, the higher the pozzolanic
reactivity of the £1ly ash.

4, Alkali content--the higher the alkali content,
the more reactive the fly ash. (Reference I-7).

Aggregates. Since the major proportion of an LFA mixture is
composed of aggregate, the quality of the final product is dependent to a
large extent on the aggregate used. A wide variety of aggregate types and
gradations have been used successfully in LFA compositions. These include
crushed stones, sands, gravels, bottom ash, boiler slag, and several types
of ferrous slags. Whatever the type and source of aggregate used, the gra-
dation of the aggregate should be such that, when mixed with lime, fly ash,
and water, the resultant mixture is mechanically stable and capable of being
densely compacted in the field. Furthermore, any aggregate used in LTA base
mixtures should consist of hard, durable particles and be free from any dele-
terious chemicals or organic substances that could interfere with the desired
pozzolanic reactions within the mixture.
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In general, aggregates with a relatively high percentage of fines
{-200 mesh sieve) tend to produce mixtures with somewhat greater durability
than the more coarse graded aggregates, although LFA mixtures containing
coarser aggregate gradations have usually been more mechanically stable and
may possess higher strengths at an earlier age. Over time, however, LFA
mixtures containing fine graded aggregates ultimately develop strengths
equal to or in excess of mixtures with coarser aggregates. 1In assessing
the relative suitability of different aggregates for use in LFA mixtures,
it must be recognized that ultimate strength development appears to be more
dependent on the lime-~fly ash matrix than on the aggregate (Reference I-42).
However, the key to good performance is the use of a well-graded aggregate.

Most, if not 3ll, state and Federal transportation agencies that
specify LFA mixtures also specify the quality requirements and range of
acceptable gradations for aggregates to be used in such mixtures. Table
I-9 compares the gradation and other physical requirements of aggregates
for use in LFA mixtures in the states of Illinois, Ohio, and Pennsylvania,
as well as the Federal Aviation Administration. From Table I-9, it can be
seen that there are basic similarities in these aggregate specification
requirements.,

Mix Proportions. The relative proportions of each constituent
(lime, fly ash, and aggregate) used in LFA mixtures may vary, depending on
the materials used and the design criteria to be satisfied. Generally, lime
and fly ash contents are designated as a percentage by dry weight of the total
mixtures, not including water (Reference I-43). Acceptable mixtures have been
used in which the lime content has been as low as 2 percent or as high as 8
percent. Fly ash contents have been found to range from a low of 8 percent
to as high as 36 percent. Typically, LFA mixtures contain from 2-1/2 to 4
percent lime and from 10 to 25 percent fly ash. In some cases, small quan-
tities (from 0.5 to 1.5 percent) of Type I portland cement have also been
added to LFA mixtures in order to accelerate the initial strength gain of
the mix (Reference I-44).

For mix design purposes, LFA mix proportions are developed by
determining the lime te¢ fly ash ratio and the lime plus fly ash content.
The ratio of lime to fly ash is important because it affects the quality
of the matrix in the mix. Lime to fly ash ratios generally are in the
range of from 1:10 to 1:2 with ratios of 1:3 to 1:5 being most common.
Lime content is established by trial batch procedures to provide for de-
sired strength and durability characteristics of the mix. Factors that
tend to increase the amount of lime required are increased aggregate fines
(-200 mesh sieve), higher plasticity index of the aggregate particles
passing the -40 mesh sieve, and fly ash with a relatively high pozzolanic
reactivity.
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Table I-9

AGGREGATE SPECIFICATION REQUIREMENTS FOR LIME-FLY ASH-AGGREGATE
BASE COURSE MIXTURES USED BY VARIOUS STATE
TRANSPORTATION AGENCIES AND THE FEDERAL AVIATION ADMINISTRATION

Sieve Size

2"
1-1/2"
lll
3/4"
1/2"
3/8"
#4
#8
#16
740
#50
4100
#200

(50 .0mm)
(38.1mm)
(25.0mm)
(19.0mm)
(12.5mm)
( 9.5mm)
(4.75mm)
(2.36mm)
(1.18mm)
(0.425mm)
(0.300mm)
(0.150mm)
(0.074mm)

AGGREGATE GRADATION REQUIREMENTS

(Percent Passing)

Illinois Ohio Pennsylvania
—-——- 100 100 100
100 - —— -

90-100 75-100 -—- -
—-——- -—— 52-100 70-100
60-100 50-85 - -—
-—— —-—— 36-70 58-100
40-70 35-60 24-50 45-80
—-——— 15-45 ——- -
-— 10-35 10-30 25-50
0-25 - - ——
—-—- 3-18 —— -—
-—— —— 15 max 6-20
0-10 1-7 0-10 ——
(Gravel)
0=-15

(Crushed stone or slag)

*Gradation for LFA material used in Toledo Airport Project.

Progertz
Sodium Sulfate
Soundness

OTHER TYPICAL AGGREGATE REQUIREMENTS

Illinois Ohio
25% max. 15% max.

Los Angeles Abrasion 45% max. ————

Liquid Limit

Plasticity Index

9 max. ————
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Pennsylvania

20% max.

55% max.
25 max.

6 max.

FAA*
100
75-100

50-85
35-60
15-45
10-35

3-18

1-12

FAA
12% max.

25 max.

6 max.



The ratio of the lime plus £fly ash to the aggregate determines the
amount of the matrix which is available to fill the void spaces between ag-
gregate particles. The matrix helps to produce a mix of optimum density and
maximize the contact between the cementitious matrix and the aggregate par-
ticles. Normally, lime plus fly ash contents in LFA mixtures range from 12
to 30 percent. However, fine graded aggregates generally require a higher
percentage of lime plus fly ash to provide satisfactory strength development
than well graded' aggregates. Also, aggregates with an angular particle shape
and rough surface texture require larger quantities of lime plus fly ash than
aggregates with rounded and smooth particles (Reference I-~45).

The state of Illinois has recently adopted a mix design procedure
for lime-fly ash-aggregate compositions as part of its laboratory evaluation
program for approval of such mixtures. A copy of this mix design procedure
is included in the Appendix.

Moisture Content. Lime-fly ash-aggregate base course mixtures
are mixed with water at an optimum moisture content to assure a mix of moist,
nonplastic consistency that can be compacted in the field to a maximum density
by means of conventional spreading and rolling equipment. The optimum mois-~
ture content of a particular LFA mixture is determined in the laboratory by
the moisture-density test procedures such as outlined in ASTM (593.

Most state and Federal transportation agencies specify some form of
modified compactive effort (10 pound hammer, 18 inch drop) as part of their
moisture~density test procedures for LFA mixtures. Pennsylvania is a notable
exception, since the PennDOT specification requires a standard compactive ef-
fort (5.5 pound hammer, 12 inch drop) to determine the moisture-density re-
lationship of LFA mixtures.

The following table compares the moisture-density test procedures
used by the states of Illinois, Ohio, and Pennsylvania, as well as the Fed-

eral Aviation Administration, in determining the optimum moisture content
for LFA.

MOTISTURE-DENSITY TEST PROCEDURES
USED FOR LIME-FLY ASH-AGGREGATE MIXTURES
IN VARIOQUS STATES

Hammer Hammer Number Number
Weight ‘Drop of of Blows/
Name of Agency Procedure (1bs.) (inches) Layers Layer
Illinois DOT ASTM C593 10 18 3 25
Ohio DOT ASTM C593 10 18 3 25
Pennsylvania DOT PTM 106 5.5 12 3 25
Federal Aviation
Administration FAAT611 10 18 S 25
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Engineering Properties. Knowledge of the engineering properties
of lime-fly ash-aggregate mixtures is important with respect to mix propor-
tioning and pavement structural analysis. The most important of these prop-
erties are strength and durability. The properties of LFA mixtures are af-
fected by the characteristics of the lime and/or ash, mix proportioms, com-
pacted density, and the curing conditions (time, temperature, and moisture)
to which the materials are exposed.

This report discusses significant engineering properties of these
mixtures. Since most, if not all, of these properties vary for a given mix-
ture depending on curing conditions, it is necessary to define the curing
conditions when reporting data.

Compressive Strength. The most widely used criterion for the
acceptability of a pozzolanic base material is the compressive strength test.
As a general rule, the higher the compressive strength, within limits, the
better is the quality of the stabilized material, provided excessive early
strengths are not developed. LFA base materials have the unusual character-
istic of developing compressive strength over an extended period of time,
depending also on temperature conditiocums.

The compressive strength development of LFA compositions is most
frequently determined in the laboratory by means of the curing procedures
outlined in ASTM C593 (7 days at 100°F or 38°C). Typical well-designed
LFA mixtures generally develop compressive strengths ranging from 500 to
1,200 psi under these curing conditions. Use of a lignite or sub-bituminous
fly ash, which has a relatively high.calcium content, may even result in
higher 7-day strength values. A minimum compressive strength value of 400
psi is specified in the ASTM C593 procedure.

Actual compressive strength development of LFA base course materials
in the field is time and temperature dependent. As the temperature increases,
the rate of strength gain also increases. Below 40°F, the pozzolanic reac-
tion, virtually ceases and the mixture does not gain strength. However, once
temperatures exceed 40°F, the reaction again continues. In this way, LFA
compositions in the field, although they gain no strength during the winter,
continue to increase in compressive strength at other times of the year for
a long, indefinite period. Compressive strengths in excess of 4,000 psi
have been recorded for core specimens taken from LFA base course mixes af-
ter several years in the field.

Figure I-9 shows the compressive strength development of a typical
LFA base course mixture placed in the Chicago area. This figure shows that
approximately half of the strength of this mixture was developed prior to
the first winter. During the second and third years, additional strength
gains were reported during the summer months as temperatures increased.
After the third year, the mix exhibited a compressive strength of approxi-
mately 2,000 psi (Reference I-45), although it does not yet appear to have
reached its ultimate strength.
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It should be noted that the compressive stremgths of LFA mixtures
produced in the Chicago area are generally higher than the strength of com-
parable mixtures produced elsewhere. The principal reason for this is that
most coal-fired power plants in the Chicago area burn sub-bituminous coal,
which results in a more reactive fly ash than that of eastern bituminous
coals.

Flexural Strength. Many engineers believe that measurement
of the flexural strength of LFA mixtures may be a better indicator of the
effective strength of the material than compressive strength. Although flex~-
ural strength can be determined directly from tests, most agencies estimate
the flexural strength of LFA mixtures by taking a ratio of the material's
compressive strength. The ratio of flexural strength to compressive strength
for most LFA mixtures is between 0.18 to 0.25. An average value of 20 percent
of compressive strength is considered to be a fairly accurate estimate of the
flexural strength of LFA mixtures (Referemce I-47).

Modulus of Elasticity. The modulus of elasticity is a measure
of the stiffness or bending resistance of a material. Theoretically, the mod-
ulus of elasticity is the ratio of the change in stress divided by the change
in strain for a given stress increment.

For materials such as pozzolanic base mixtures, the relationship
between stress and strain is not linear and, therefore, it is not possible
to determine a constant value for the modulus of elasticity. Moreover,
the modulus is different depending on whether it is derived from compressive
or flexural testing procedures. Since the flexural modulus is recommended
for use in pavement design calculations, and since this value is lower than
the compressive modulus, the modulus of eleasticity is based on the flexural
modulus. For LFA mixtures, the modulus of elasticity is in the range of 1.5
x 106 psi to 2.5 x 10 psi (Reference I-48).

California Bearing Ratio. The Califormia bearing ratio (CBR)
test (ASTM D1833) is often used as a way of measuring the comparative strength
of so0ils used as a subgrade for highway and airfield pavements. Because of
the high strength of LFA mixtures compared to conventional soils, it is dif-
ficult to obtain meaningful values from CBR tests performed on these mixtures.
In fact, CBR values of several hundred are not unusual when testing cured LFA
specimens. The CBR test is much more applicable for evaluating the improvement
in soil bearing characteristics when treating the soil with lime and fly ash
(Reference I-49).

Autogenous Healing. One of the most unique characteristics
of LFA base course compositions is their inherent ability to heal or rece-
ment cracks within the material by means of a self-generating mechanism.
This phenomenon is referred to as autogenous healing and results from the
continuing pozzolanic reaction between the lime and the fly ash in LFA
mixtures.
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Laboratory tests and field observations have confirmed that auto-
geneous healing does occur and that cracking of LFA mixtures in the field
can be corrected to a significant extent. The degree to which autogenous
healing occurs depends on the age at which cracking occurs, the degree of
contact of the fractured surfaces, curing conditions, the strength of the
pozzolanic reaction, and available moisture. Because of the autogenous
healing, LFA mixtures are not as susceptible to deterioration under repeated
wheel loadings as other materials which do not possess this property. In
addition, autogenous healing enables LFA base materials to be more resilient
and better able to resist attack from the elements (Reference I-50).

Fatigue Properties. All engineering materials are subject to
failure caused by progressive fracture under repeated loading. The flexural
fatigue properties of LFA base course materials are important in pavement
design analysis. A study of these fatigue properties was made at the Uni-
versity of Illinois by applying loads on beam specimens of LFA materials on
a continuous basis at the rate of 450 load applications per minute. Figure
I-10 summarizes the results of these tests and relates the number of load
applications to failure with the ratio of applied stress to the modulus of
rupture of the material.

In analyzing fatigue properties of LFA mixtures, the relationship
of strength gain with time must also be recognized. The flexural strength
of LFA mixtures, like the compressive strength, increases with time, while
the stress level (ratio of applied stress to the modulus of rupture) de-
creases. , Therefore, as the time required to accumulate the number of load
applications to failure increases, the actual number of load applications
needed for failure also becomes greater. If the gain in strength of the LFA
material is sufficiently rapid, or if the applied stress is small, the ma-
terial may never fail in fatigue (Reference I-51).

Because of the autogenous healing, LFA mixtures are even less
susceptible to fatigue failure than other conventional paving materials.
This was confirmed by tests conducted on pozzolanic base course materials
at the University of Illinois Pavement Test Track Facility. During these
tests, it was discovered that if the pozzolanic materials did not fail un-
der the action of repeated loads after only a few load applications, then
fatigue failure was not attained during the remainder of the testing pro-
gram (Reference I-52).

Dimensional Stability. The main causes of volume changes in
LFA base materials are variations in moisture, temperature changes, and
frost action. For most LFA materials, the first two factors are of greater
significance than frost action with respect to dimensional stability.
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The change in volume caused by temperature change is expressed as
the coefficient of thermal expansion. It is expressed in terms of inches
per inch per degree Fahrenheit. Miller and Couturier investigated the
thermal expansion for these compositions ranged from approximately S to 7 x
10~6 inches per °F. These values are comparable to those of concrete at the same
moisture content. Moreover, the coefficient of thermal expansion increased
with the dry density of the mix. Larger percentages of lime and fly ash also
tended to intrease the coefficient of thermal expansion for LFA mixtures
(Reference I-53).

There is no published information on moisture-related volume changes
in LFA mixtures. However, it is known from field experience that LFA mixtures
exhibit drying shrinkage tendencies (Reference I-54). This is particularly
evident when LFA mixtures attain high early strengths and then are exposed to
lower temperatures and internal moisture reductionms.

Durability. The durability of LFA mixtures is the single
property which most affects its performance in the field. Durability re-~
fers to the ability of a material to maintain its structural integrity
under the in-service environmental conditions to which it is exposed. Cyc-
lic freezing and thawing is the major durability factor that must be con-
sidered when evaluating LFA mixtures.

The extent to which an LFA base material will be exposed to cyclic
freeze-thaw action is influenced by geographic location, variability in cli-
mate, location of the LFA material within the pavement structure, and the
design characteristics of the pavement. The major concern of producers and
users of LFA mixtures is that the material be durable enough to withstand
the effects of the first winter of cyclic freezing and thawing.

During the early development and use of LFA mixtures, the dura-
bility of pozzolanic materials was evaluated by a freeze-thaw test patterned
after an existing procedure that had been developed for evaluating the hard-
ening of soil-cement compositions (ASTM D658). Essentially, the freeze-thaw
test procedure for LFA mixtures involved making triplicate cured specimens,
exposing them to 12 cycles of freezing and thawing (24 hours of freezing at
-10°F and 23 hours of thawing at 73°F), wire brushing each specimen 25 times
after each cycle, and recording the loss in weight after brushing. This
freeze-thaw test procedure was incorporated into ASTM C593 and the acceptance
criteria required a maximum 14 percent weight loss after 12 freeze-thaw
cycles.

Over the years, a substantial amount of laboratory test data was
collected which correlated compressive strength development for many dif-
ferent LFA compositions with performance in the ASTM C593 wire brush freeze-~
thaw test. With few exceptions, these data clearly established the fact that
compacted LFA mixtures which were cured in the laboratory for 7 days at 100°F
and which developed average compressive strengths in excess of 400 psi were
able to pass the freeze-thaw test with less than the maximum allowable 14
percent weight loss. As a result, a minimum compressive strength require-
ment of 400 psi after 7 days curing at 100°F was introduced into the ASTM
C593 specification.
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The principal objections to the ASTM C593 wire brush freeze-thaw
test procedure were:

1. The 24-hour freeze cycle at -10°F and the 23-hour
thaw cycle at 73°F were not truly representative
of actual freeze-thaw conditions which LFA ma-
terials were exposed to in the field.

2. A total of 12 cycles of freezing and thawing may
or may not be indicative of the actual number of
freeze-thaw cycles to which a road base material
will be exposed during a typical winter.

3. The use of a wire brush to administer 25 strokes
across the exposed face of the cylindrical test
specimen after each freeze-thaw cycle seemed an
arbitrary and unnecessarily severe measure of
the LFA material's ability to withstand freezing
and thawing.

A stabilized base materials durability study, funded by the Federal
Highway Administration (FHWA) and the Illinois Department of Transportation
(IDOT), was undertaken at the University of Illinois in 1972 to evaluate these
objections. Some of the findings of this comprehensive investigation are:

1. A standard Illinois freeze-thaw cycle was developed
for use in durability testing of stabilized mater-
ials. This standard cycle is shown in Figure I-11,
which also shows that pavement temperatures within
a base course can vary by as much as 3°F, depend-
ing on pavement design (Reference I-55).

2, An automatic programmable freeze-thaw curing cab-
inet was built to provide for exposing LFA test
specimens to any desired range and variation of
temperature.

3. A heat transfer model was developed to compute
actual pavement temperatures at different loca-
tions within an LFA base in relation to air temp-
erature and pavement layer thicknesses.

4, A vacuum saturation test procedure was found to
correlate very well with the compressive strength
of LFA road base test specimens after 5 and 10
standard Illinois freeze-thaw cycles in the pro-
grammable curing cabinet (Reference I-56).
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Based on the findings of these studies, ASTM Committee C7.07 in
1976 revised ASTM C593 to replace the freeze-thaw test with the vacuum sat-
uration test procedure, with the additional stipulation that the minimum
acceptable compressive strength after vacuum saturation must be 400 psi.
The vacuum saturation test procedure is described in ASTM C593-76 and found
in the Appendix.

Permeability. LFA mixtures containing normal hydrated lime
have an initial permeability in the range of 3.5 x 10~3 centimeters per
second, as measured by the falling head permeability tests. This initial
permeability decreases rapidly over the first several days of curing, ap-
proaching 3.5 x 10-% cm/sec after 5 days of curing and 2.5 x 10-6 cm/sec
after 13 days of curing. It has been reported that a special LFA blend
containing high-early strength additives was evaluated in the laboratory
by the Corson Lime Company in 1971 and found to have a permeability &f
7 x 10-8 cm/sec after 7 days of curing (Reference I-57).

Although these data are somewhat sketchy, they are illustrative
of the low permeability of LFA base materials and the fact that the perme-
ability of the material continues to decrease over time as the pozzolanic
reaction takes place. The permeability of LFA base is especially lew when
compared to that of crushed stone base and is also considerably lower than
bituminous base.

LFA Pavement Thickness Design Considerations. The thickness design
of pavements with LFA (or LCFA) base course mixtures is based on the struc-
tural layer equivalency concepts developed from the AASHTO Road Test, as
well as recognized structural design methods. In those states where az con-
siderable amount of experience and performance history is available for
LFA base materials, such as Illinois, Ohio, and Pennsylvania, the equiva-
lency approach is used and is quite adequate for pavement design. A total
of 34 states make use of structural layer coefficients in pavement design
(Reference I-58). In other states where experience and familiarity with
the materials is not as extensive, a more rigorous approach using theo-
retical pavement design analysis is used.

AASHTO Structural Equivalency Method. The AASHTO Road Test
sponsored by the American Association of State Highway Officials, was con-
ducted in Ottawa, Illinois between 1958 and 1960 and involved the testing
of six specially constructed roadway loops using either rigid or flexible
pavement. The flexible pavements were underlain with either crushed stomne,
gravel, cement-treated base, or bituminous-treated base. No lime-fly ash-
aggregate base was used in the AASHTO Road Test. During the 25-month test
period, over 1.1 million total vehicle axle loads were applied to the test
pavements and bridges.
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One of the objectives of the AASHTO Road Test was to determine the
relationships between the number of repetitions of different axle loadings
and configurations with the performance of different types of pavement and
different thicknesses of bases and sub-bases. A serviceability rating sys-
tem on a scale of 0 to 5 was developed and correlated with axle loadings
and pavement characteristics such as pavement profile, rutting, cracking,
and patching. By means of mathematical models and regression analysis,
pavement performance was related to axle loadings and an empirical struc-

tural number was developed for layered flexible pavement systems (Reference
1-59).

A more comprehensive discussion of the findings of the AASHTO Road
Test and the theory involved in development of the findings of the AASHTO
Road Test and the theory involved in development of pavement performance
equations may be found in Report 5 of the AASHTO Road Test (Reference I-60).

The structural number, which relates pavement layer thickness to
pavement performance is given by the following equation:

SN = alD1 + aZD2 + a3D3

where

SN = structural namber or structural capcity of
the pavement

D and D, are the thicknesses of the surface
gase, ana sub-base, respectively.

al, a,, and a, are the equivalency values or structural
coefficients for each layer.

The structural number for a flexible pavement is a function of
the anticipated traffic loading, subgrade, and environmental conditions,
and required performance level. Nomographs have been developed to relate
these factors and determine the required structural number for a given set
of conditions. The value of the structural number (SN) generally ranges
from 1.0 to 6.0. The design methodology for pavement systems based on the
structural equivalency method developed from the AASHTO Road Test is con-
tained in the AASHTO Interim Guide for Pavement Structures (Reference I1-67).

The acronym AASHIO refers to the same organization, which is now
known as the American Association of State Highway and Transportation Of-
ficials. At present, 32 states make use of the AASHTO Interim Guide, either
in their entirety or with some modification.
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The fundamental premise for selection of values for structural
coefficients a;, a3, and ay is that there is a ratio of thicknesses be-
tween different materials such that pavements constructed in a similar
manner will have identical performance records. However, this assumption
is not necessarily valid wunder all conditions (Reference I-62).

From the AASHTO Road Test, the following structural coefficients
were determined:

a, Bituminous concrete wearing surface 0.44
a, Bituminous stabilized base 0.30-0.35
a, Portland cement stabilized base 0.30-0.35
a, Crushed stone base 0.13-0.14
a, Gravel sub-base 0.11

Since the AASHTO Road Test did not evaluate the performance of
pozzolanic base course materials, the University of Illinois, which had
begun its research on LFA materials in 1956, undertook a pavement test
track study in 1960. This test track study, sponsored by the National
Lime Association, involved a comparison of the performance of crushed
stone and LFA bases. A circular test tract, with a 16' centerline dia-
meter, was housed in a 40 by 60 foot quonset-type building on the Uni-
versity's campus. Dynamic wheel loadings were applied to the test track
by two rubber tired wheels mounted on a rotating loading frame. The test
track was also equipped with water level control, provisions for varying
the loading and speed of the wheel frame, and electronic deflection gauges
mounted in the test pavement.

In all, a total of six test sets were run, three for each base
type. Each test set comprised six separate pavement sections. Crushed
stone base thicknesses were varied from 4 to 12 inches. Pozzolanic base
sections were varied from 4 to 6 inches. Various surface materials, in-
cluding chip seal coat and asphaltic concrete, were used. The number of
dynamic wheel load applications generally ranged from 100,000 teo 400,000
for crushed stone bases to in excess of 1 million for pozzolanic bases.

Based on the comparative performance of pozzolanic and crushed
stone base materials from the University of Illinois Test Track Study,
and using a structural coefficient of 0.14 for the crushed stone base,
Ahlberg and Barenberg (Reference I-62) recommended the following struc-
tural coefficients for pozzolanic base materials, assuming adequate cured
strength at time of loading:
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Compressive Recommended

Strength, psi Structural
Quality (7 days @ 100°F) Coefficient
High Greater than 1,000 a, = 0.34
Average 650 to 1,000 a, = 0.28
Low 400 to 650 a, = 0.20

Pozzolanic base course materials have been used to a greater extent
in Illinois, Ohio, and Pennsylvania than in any of the other states. Each of
these three states makes use of structural coefficients in the design of lay-
ered flexible pavements. However, because of differences in environments,
traffic, and construction practices from one state to another, each state
establishes layer coefficients applicable to its own practices and based on
its own experience. The structural coefficients for LFA base course mixtures
in each of these states are:

Illinois 0.28
Chio 0.28
Pennsylvania 0.40

Until 1976, the structural coefficient for LFA base materials in
Pennsylvania had been 0.30. However, at that time the Pennsylvania Depart-
ment of Transportation changed its structural coefficients for LFA and ag-
gregate-cerent base materials from 0.30 to 0.40, which is equivalent to bit-
uminous concrete base course.

These changes resulted from the findings of a two-year pavement
test track study initiated in 1972 at Penn State University. The purpose
of the study was to investigate the structural coefficients of four sta-
bilized base materials used in Pennsylvania, as a logical followup to the
AASHTO Road Test. A total of 17 test sections were constructed on a one-
mile long oval with two tangent sections, one in cut and one in fill. Among
the 17 test sections were two sections using LFA base materials, each of
which was 8 inches in thickness. The material for these test sections was
supplied by a commercial producer with a pugmill plant in Lancaster County,
Pennsylvania and consisted of 3 percent lime, 15 percent fly ash, and 82
percent crushed limestone aggregate.

Over 1 million equivalent 18 kip wheel load applications were ap-
plied to each of the pavement test sections during the two-year loading
period. It is important to recognize that this type of loading is equiva-
lent to that normally applied on interstate facilities and is far in excess
of the wheel loadings experienced on most other facilities. The pavement
serviceability of all test sections was monitored throughout the test per-
iod by means of several different surface profile measurements, together
with an evaluation of cracking and rut depths. The study concluded that
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aggregate-cement provided the best pavement performance, with LFA and bit-
uminous concrete base being about equal (but not performing quite as well
as aggregate-cement), and aggregate-bituminous base providing the least
performance of the four alternatives (Reference I-63).

When using the AASHTO equivalency method of design it is essen-
tial to keep in mind that, in addition to equivalent thickness values for
various pavement layers, certain specified minimum thicknesses must also
be provided. These minimum thickness values are based on the layer thick-~
nesses required to support the heaviest anticipated wheel loadings for
different pavement uses without inflicting any structural damage to the
pavement layers. Minimum asphalt surface thicknesses are recommended by
the Asphalt Institute and are also contained in design manuals used by
different state transportation agencies. Table I-10 summarizes recommended
pavement surface thicknesses, as suggested by the Asphalt Institute (Ref-
erence I-64). These minimum surface thicknesses are used in computation
of alternative base thicknesses for economic evaluation.

In order to assess the relationship of using different structural
coefficients for different base course materials, the required thickness of
crushed stone, LFA, and bituminous concrete base materials have been com-
puted for different structural numbers using structural coefficients from
Illinois, Ohio, and Pennsylvania. These comparative thicknesses form the
basis for an economic comparison of LFA and other base course altermatives,
which is presented later in this report.

The following is a sample cowmputation using a structural number
of 4.00 with Illinois structural coefficients of 0.13 for crushed stone
base, 0.28 for LFA base, 0.33 for bituminous base, and 0.40 for bituminous
surface. According to Table I-10 a minimum of 3 inches of bituminous sur-
face material is required when using either a bituminous base or a pozzo-
lanic base. A minimum of 5 inches of bituminous surface material is required
when using a crushed stone base. In this sample computation, no sub-base
material was used.

The various thicknesses of the three road base alternatives for
this example are computed as follows:

SN =a, D, +a,D, + a,D, where SN = 4.00 and both a, and D, = 0

11 272 373 3 3
Bituminous Base: 4.00 = (.04) (3.00) + (.33) (D,); .33 D, = 2.80;
D2 = 8.5 inches
Pozzolanic Base: 4.00 = (.40) (3.00) + (.28) (DZ); .28 D2 = 2,80;
D2 = 10.0 inches
Crushed Stome Base: 4.00 = (.40) (5.00) + (.13) (DZ); .13 D, = 2.00;

D2 = 15.4 inches
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Table I-10

RECOMMENDED MINIMUM THICKNESSES FOR
ASPHALT SURFACES* USING DIFFERENT BASE

COURSE MATERIALS IN DIFFERENT APPLICATIONS

Ys<1

APPLICATION

Very Heavy Duty

Heavy Duty

Medium Duty

Light Duty

DESCRIPTION

Interstate
routes

Major through-
fares
Truck Terminals

Residential
streets

Commercial
drives

Auto parking
Driveways

MINIMUM SURFACE THICKNESS (INC.) BASE COURSE TYPE

STABILIZED UNBOUND
STRUCTURAL BITUMINOUS AGGREGATE AGGREGATE
NUMBER BASE BASE BASE
4.0 and 4 4 6
above
3 3 5
3.0 and
above
2.0 to 2 2 4
3.0
Less than 1-1/2 1-1/2 2-1/2

2.0

*The term asphat surface includes the combined thickness of both the wearing surface and the binder
or leveling course.

NOTE:

ments on February

The Pennsylvania Department of Transportation revised their minimum surface thickness require-
20, 1980 to require that a minimum of 3-1/2 inches of asphalt surface

(2 inch binder and 1-1/2 inch wearing surface) be placed over all non-bituminous base materials.



Table I-11 summarizes the results of similar computations performed
for pavement structural numbers ranging from 2.0 to 6.0 for Illinois, Ohio,
and Pennsylvania flexible pavement designs.

Other Pavement Thickness Design Approaches. In situations where
performance data and/or experience with LFA materials are not available, the
pavement thickness design should be based on the anticipated strength of the
pozzolanic base at the time of loading. Since LFA materials continue to
gain strength over time, fatigue due to repeated wheel loadings is generally
not a factor. Instead, the number of wheel load applications to be carried
during the first winter and the early strength of the base material are more
critical to the analysis of the pavement.

The structural capacity of pavements with LFA base materials can be
calculated from the material properties and relative layer thicknesses by
means of the Westergaard Slab Theory, the Elastic Layered System Theory, or
Meyerhof's Ultimate Load Theory. Since procedures have not been standardized
for using any of these more theoretical analytical methods for design of LFA
pavements, the detaills of these methods are not discussed in this report.

Applications and Limjitations of LFA Materials. Over the past twenty-
five or more years, LFA materials have been used in a wide variety of pave-
ment applications. As with all paving materials, LFA is most effective when
properly designed, mixed, and handled and should only be used under the proper
conditions.

LFA mixtures have been successfully used as base and sub-base material
in flexible pavement systems and as a sub-base for rigid pavements. How-
ever, it is important that the time interval between placement of LFA base
and the installation of 2 bituminous wearing surface or rigid pavement not
be too long or else the surface of the LFA base should be sealed with a tar
or asphalt to protect the surface from the long-term effects of traffic,
weather, or water. Generally, it is advisable to place a bituminous sur-
face over the LFA base the day after the base has been installed.

Besides its successful use as a base and sub~base, LFA has also been
used as a shoulder material. In some areas, LFA use as a shoulder material
has met with limited success. This is probably due to several reasons. One
is that shoulders are normally covered with a thimmer layer of stone chips
or bituminous wearing surface than a base course. This affords less protec-
tion from freezing and thawing, not to mention the effects of occasional
heavy truck traffic. Secondly, in northern states like Illinois, shoulders
often receive a heavy dose of road salts during the course of a winter and
exposure to such salts has sometimes had deleterious effect on the material
(Reference I-65).
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Table I-11
THREE STATE COMPARISON OF FLEXIBLE PAVEMENT THICKNESS DESIGNS

ILLINOIS OHIO PENNSYLVANIA
Asphalt Aggre- Bitu- Pozzo- Aggre- Bitu- Pozzo- Aggre- Bitu- Poz220-
Structural Wearing Surface Aggregate gate minous lanic gate minous lanic gate minous Tanic

Number Ohio 11}, Pa. Sub-Base Base Base Base Base Base Base Base Base Base
(SN) .35 .40 .44 (.N) (.13) (.33)- (.28) {.14) (.35) (.28) {.14) (.4.0) {.30) (.40)

]‘5“ 0 4.250 5.0“ 4.25" 5.300 3‘4" 4.5” 3.4“
2.D

2.5" 0 7.1 8.0" 6.4"

2.0" 0 5.15 6.1" 5.158" 6.45" 4.1 5.4 41"
2.5

4.,0" 0 6.9" 7.9 5.3"

2.0" 0 6.7" 7.9" 6.6" 8.25" 5.3" 7.1 5.3
3.0

4.0" 0 10.8" 11.4" 8.9"
a5 3.0" 0 7.0" 8.2" 7.0" 8.75" 5.5" 7.3" 5.5
' 5.0" 0 1.5 12.5" 9.3"
0 3.0" 0 8.s5" 10.0" g.4" 10.5" 6.7" 9.0" 6.7
) 5.0 0 15.4" 16.1" 12.9"
o5 3.0" 6" 8.0" 9.4" 8.0" 10.0" 6.3" 8.4" 6.3"
' 5.0" 6" 14.2" 14.9" 1.
o 3.0" 8" 8.9  10.4“ 8.8" 1.0" .0" 9.3 7.0°
' 5,0" g 16.3" 17.0" 139"
5 5 4.0" 8" 9.2" 10.8" 8.7" n.s* 7.2" 9.5 7.2"
. 6.0" 8" 171 18.0" 14.2"
6.0 4,0" 10" 10.0" 1.s8" 10.0" 12.5" 7.9% 10.5* 7,9
' 6.0" 10 19.2" 20.0" 16.2"



Aside from proper mix design and blending, the key to good per-
formance with LFA pavements is in adequate field compaction. Most field
problems attributed to LFA base over the years seem to have been the re-~
sult of improper compaction during placement, inadequate moisture control
at the mixing plant, placement of the material on. a2 poorly prepared sub-~
grade, or placing the material under adverse weather conditions (Reference
1-66).

Durability and Late Season Construction. Durability is the
most important single property related to the performance of LFA mater-
ials, particularly resistance to cyclic freezing and thawing. There
are two schools of thought with respect to late season construction using
LFA materials. One holds that unless the pozzolanic material is able to
develop a certain level of cementing action and resultant strength, it will
be unable to withstand the disruption forces associated with the initial
winter freeze~thaw cycle. Since cementing action and strength development
is time and temperature dependent, it is felt that material placed beyond
a certain cutoff period during the construction season may be umable to
develop the strength (and durability) needed for freeze/thaw resistance
(Reference I-33).

The other school of thoughtconcerning late season construction
holds that, regardless of cementing action, as long as the LFA mix is
placed above a certain minimum temperature, contains a well-graded ag-
gregate, and is placed to a sufficient depth to support anticipated wheel
loadings, the mechanical stability of the base material will be adequate
to support wneel loadings until the following spring. At that time,
strength development can proceed as normal (Reference I-68). It should
be pointed out that this premise is not necessarily applicable to facil-
ities carrying medium to heavy traffic loadings.

Each of these two schools of thoughtare discussed in greater detail
in terms of how they affect late season construction using LFA materials.

Strength Development and Construction Cutoff Date. During the
durability study program performed at the University of Illinois, Thompson
and Dempsey evaluated the late season construction for LFA materials in
terms of a residual strength concept, The residual strength is the
strength of a stabilized material at the conclusion of the first winter
of cyclic freezing and thawing. According to Thompson and Dempsey, some
residual strength, greater than a minimum tolerable strength, is needed to
assure satisfactory pavement response, in terms of durability. Figure I-12
illustrates the residual strength concept and the relationship of residual
strength to minimum tolerable strength.
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Figure I-12. Residual strength concept for lime-fly ash-aggregate mixtures.
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To assure a sufficient cured strength by the onset of the first
freeze-thaw cycle, strength development was correlated with degree-days
of curing. Since strength development ceases at temperatures below 40°F,
degree-days are sometimes computed with a 40°F base temperature. Although
degree-days of curing can be related to compressive strength in the labor-
atory, field curing occurs at varying temperatures. It must also be recog-
nized that degree-days of curing at higher temperatures results in higher
strength than with the same number of degree-days at lower temperatures.

By analyzing local weather records, the number of degree-days from
any particular date can be determined, using a selected base temperature.
Normally, this is based on the coldest late season temperature or earliest
winter over a twenty-year period of time. These degree-days represent cur-
ing according to air temperatures and not pavement temperatures. However,
this type of analysis does enable an engineer to select a construction cut-
off date, after which no LFA base material is usually installed without
special permission. This concern over late season construction definitely
limits the period of time during which LFA base materials can be placed on
State and Federally funded highway projects.

State transportation agencies using LFA do specify certain construc-
tion cutoff dates, beyond which placement of LFA materials is not permitted
unless authorized in writing. In Illinois, LFA is allowed to be placed
after September 15th only if test specimens are able to attain the follow-
ing laboratory compressive strengths:

REQUIRED COMPRESSIVE STRENGTR (psi) -
14 DAY CURE AT 727

TRANSITION DATE NORTHERN ZONE SOUTHERN ZONE
September 15 700 650
October 1 850 700
October 15 950 850

The above transition dates must be verified by samples of LFA
material, representative of July production, submitted to IDOT for lab-
oratory testing by August 15. Approval of a particular transition date
is based on consideration of cured strength characteristics determined
from test results and predicted during degree-days.

In Ohio, the construction cutoff date is September 15th on pave-
ments to be opened to traffic during the summer, fall, and winter months
of the construction year. On pavements which are to be opened the fol-
lowing spring, LFA base may be placed later than September 15th but, af-
ter that date, a bituminous curing coat and a minimum of one overlying
pavement course must be constructed within 72 hours of final compaction
of the base. In no case shall LFA be placed during rain or when the
temperature is below 40°F in the shade. The material is not allowed to
remain uncovered during the winter months.
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According to Pennsylvania DOT specifications, LFA is permitted
to be placed on State highways only between April 15 and September 21.
The late season cutoff date of September 21 was established for selected
engineering districts in Pennsylvania where LFA is available as a result
of a special study performed by several Penn DOT materials engineers in
1975. This study developed a failure criterion for LFA mixtures and sta-
tistically evaluated actual temperature data in certain areas of the State
in order to determine failure problems for given placement locations and
datas.

The failure criterion for this study was based on a correlation
between the results of the wire brush freeze-thaw test and the double punch
tensile test method developed at Lehigh University (Reference I-69). A
total of 231 LFA samples were tested to develop a relationship between
double punch tensile strength and freeze-thaw failure (14 percent weight
loss within 12 freeze-thaw cycles). From this relationship, a probability
of failure was determined for various tensile strength ranges.

Tensile strength development was then related to curing at several
different temperatures to establish a tensile strength vs. degree-day cor-
relation. Then 26 years of temperature data from first order weather sta-
tions from the Philadelphia, Harrisburg, and Pittsburgh areas were statis-
tically analyzed by computer. Air temperatures were correlated to reflect
base course temperatures and a theoretical frequency of occurrence for var-
ious temperatures was established.

A family of curves was developed relating projected temsile strength
to frequency of occurrence for different dates. September 21 was selected as

a cutoff date because the probability of failure is only one percent on that
date (Referemnce I-70).

Regardless of the method used, there seems to be a reasonably close
correlation among the northernm states which are principal LFA users, as far
as construction cutoff dates are concerned. Despite cutoff dates, it is al-
ways possible to make use of additives, such as portland cement, to increase
the rate of strength development during the later stages of the construction
season. At present, Illinois appears to have the best system for evaluation

and possible approval of late season compositions and extension of the con-
struction cutoff date.

Mechanical Stability. A study was performed in 1975 to
evaluate LFA pavement base thickness for residential streets in Toledo,
Ohio as a function of accumulated service time. The purpose of the study
was to determine whether a pozzolanic base placed during the latter part
of the construction season could reasonably be expected to have sufficient
strength to withstand traffic loads during the ensuing winter and before

spring temperature rises could develop significant strength-gaining reac-
tions in the mix.
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The study involved the following steps:

. Developing an estimate of travel demand per
dwelling unit for a plamned 90 unit residential
subdivision.

. Apportioning the travel demand in terms of ve-
hicle types and axle load groupings.

' Estimating the number and types of vehicles
associated with residential comstruction and
translating this estimate into equivalent 18
kip single axle loads.

° Simulating the average daily traffic on a typical
subdivision street during construction and after
complete development.

° Generating an estimated accumulation of 18 kip
single axle loadings as a function of time,

° Using equations derived from the AASHTO Road Test
for a given subgrade condition, determine the re-
quired structural number (SN) for the pavement
as a function of accumulated pavement service time.

° Compute the required thickmess of pavement layers
from the pavement structural number and from struc-
tural coefficients accepted by the City of Toledo.

Based on calculations for design traffic number, accumulations of
equivalent 18 kip single axle loadings for 6 months increments, and an as-
sumed soil CBR value of 3, the pavement structural number (SN) was related
to allowable wheel load repetitions, based on the AASHTO Road Test equation.
For each six-month increment, the required percentage of total pavement SN
was computed. Assuming a 2-inch asphalt wearing surface and an LFA design
coefficient of 0.28, the required thickness of LFA base course for each time
increment was also computed.

It was concluded from this study that a six-inch thick layer poz-
zolanic base can withstand the traffic service requirements placed on it dur-
ing the first year, even without any cementing action. Essentially, the
uncemented LFA base was considered as structurally equivalent to a crushed
stone base during the first year of service. Computations of the required
thickness of crushed stone base showed that a six-inch stone layer was ade-
quate for support of anticipated wheel loadings during the first year (Ref-
erence I-71).
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This is significant because a substantial percentage of LFA base
material is placed during late season due to awarding of contracts and sched-
uling of work. One LFA producer in northern Ohio has reviewed his annual LFA
tonnage figures for the past five years and discovered that approximately 50
percent of all LFA base material from his plant is produced after September
1st and 32 percent is produced after October 1lst. Therefore, enforcement of
a construction cutoff date of September 15th in Ohio results in a loss of
approximately 40 percent of LFA tonnage each year on State projects (Reference
I-72). 1In many instances, this carries over to municipal work, where State
highway specifications are often adopted verbatim by local officials.

One exception is the City of Toledo, Ohio, which is now a regular
user of LFA base. The City of Toledo has a supplemental specification for
Item 835 Aggregate~Lime-Fly Ash Modified Base. This is essentially the same
material specification as that of the Ohio Department of Transportation (ODOT).
A copy of the City of Toledo supplemental specification is in the Appendix.
There is, however, one notable difference between the City of Toledo and the
ODOT specification with respect to the construction season. The City of To-
ledo specification states that Aggregate-Lime-Fly Ash Base Modified shall
be placed between April 1 and November 1 and only when the temperature in
the shade is 40°F or higher. Placement of the material prior to April 1 or
after November 1 must be authorized in writing by the Commissioner of Engi-~
neering and Construction of his authorized representative. To date, the City
of Toledo has experienced no problems with LFA base material placed after
ODOT September 15th cutoff date and even LFA base installed November lst (if
temperatures permit) has performed acceptably (Reference I-73). The City
does insist that the LFA base be overlaid with asphalt as quickly as possible
and, during late season construction, efforts are sometimes made to keep
traffic off newly paved projects.

Another municipality using LFA base is the City of Lancaster,
Pennsylvania. When State funds are involved, the City does not place LFA
base after the Penn DOT September 21st cutoff date. If no State funds are
involved, LFA base has been placed as late as December lst with no subse-
quent problems, provided the compacted surface is wet down and covered with
black top the following day. It was also felt that restraining the LFA base
between curbs results in better performance (Reference I-74).

Although there are numerous examples of successful LFA base place-
ment after State construction cutoff dates, acceptable pavement performance
depends on a combination of freeze-thaw resistance and support of accumulated
wheel loadings. Therefore, omn heavier traffic facilities, adherence to es-
tablished cutoff dates would appear to provide an adequate margin of safety
to assure desired performance, while extension of such dates may be warranted
on more lightly traveled facilities.
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LFA Use in Highway Construction Projects. Although lime-fly ash-
aggregate (LFA) road base materials have been produced and used to some ex-
tent in over a dozen states, the particular states in which the largest quan-
tities have been used in highway- construction for the longest period of time
are Pennsylvania, Ohio, and Illinois. In each of these states, the product
is often referred to by its trade name (Poz-0-Pac). LFA is also referred to
by different names in state specifications. The material has also been used
by the Federal Aviation Administration (FAA) in several airport paving pro-
jects.

This section of the report focuses on the quantities of LFA materials
used, the types of projects in which these materials have been used, specifi-
cations, bidding procedures, and overall product performance in each of these
three states, as well as in other selected highway and airport projects.

Illinois. Over the past twenty-five years, the largest tonnage
use of LFA road base materials has probably occurred in the State of Illinois,
and particularly in the Chicago metropolitan area. The reasons for this are:

1. There is a large amount of comparatively high
quality fly ash produced by utilities in the
Chicago area.

2. The fly ash broker in the Chicago area has
developed and maintained a product-oriented
quality control program with .the local utility
company.

3. Marketing of construction products using this
fly ash has been conducted in an aggressive
and yet professional manner.

The first known use of Poz-0-Pac, or pozzolanic aggregate mixtures
(PAM), as they are known in Illinois, was in the summer of 1955 using a lime-
fly ash-boiler slag mix on a Park District project for the City of Chicago.
Approximately 800 tons of base material was mixed-in-place on this project.
Although this was a crude beginning, the job held up well.

In 1956, the 0'Brien Paving Company began operating the first Poz-
O-Pac mixing plant in Illinois, located on Chicago Avenue. A total of 25,000
tons of material was produced that first year, with double that quantity the
following season. 1In 1958, the first public road project in Illinois using
PAM was installed for the Cook County Highway Department. This was a 3/4
mile section of a county road on the northern edge of Chicago. Imnstallation
of the PAM material was overseen by Professor George Hollon of the University
of Illinois Civil Engineering Department, who was at that time very active in
the research of lime stabilization. The success of this installation prompted
Cook County to place yet another PAM base project the following year, this
time using the County's own road forces. It was also during 1959 that the
first supplemental specification for pozzolanic aggregate material was pre-
pared by the Cook County Department of Highways (Reference I-75).
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In 1960, the first PAM mixes using gravel aggregate were produced.
Up until that time, the only aggregate used in the lime-fly ash-aggregate
mixtures in the Chicago area had been boiler slag because it was plentiful,
inexpensive and was a clean, uniform material which produced a well-graded,
high strength, high quality base mix (Reference I-76). During 1960, the
first County contract that involved contractor bids was let using PAM. The
low bidder for that project also purchased a mixing plant and began produc-
ing the material. The following year, another contractor was low bidder on
a Cook County road project using PAM, and he also purchased a plant and also
‘became a producer. By 1964, the Illinois Department of Highways had compiled
a design manual on the use of PAM in municipal road construction throughout
the entire state (Reference I-77).

The first use of PAM on a State highway in Illinois was during
1957 on a secondary road project in Chicago. The mix used on this project
consisted of 5 percent lime, 35 percent fly ash, and 60 percent boiler slag.
Core specimens taken from the base material placed on this project ultimately
exceeded 4,000 psi in compressive strength, with some cores approaching 5,000
psi (Reference I-78). After monitoring and sampling this project for a three-
year period, Illinois Department of Tramnsportation (IDOT) engineers concluded
that PAM could be used as a base course material.

Although PAM has been used extensively on local road projects and
in dozens of secondary road projects for IDOT in the Chicago area over the
past 25 years, the use of PAM during that time had not been permitted on the
IDOT primary road system, except for a project using PAM in the shoulders of
Interstate 55 near Chicago. However, during that time the Department has
spent over half a million dollars for research involving lime-fly ash mixtures.

Recently, IDOT has developed a new policy allowing PAM to bid as
an optional base material on 12 selected primary road projects in Illinois
during 1980. Of six projects already let, PAM was low in five bids. Each
of the primary road projects was to have a structural number of 5.00 or
less and the performance of PAM on these projects is to be carefully moni-
tored (Reference I-79).

On each of these contracts, the low bidder would be given the option
of which base course alternate to use on the project and a substitution could
be made at a later date prior to installation of the base.

The first construction specification for PAM use on State highways
in Illinois was developed in November 1961 and has since been revised eight
times, The most recent material specification for PAM was published in April
1980 as a special provision and is not yet included in the Illinois Department
of Transportation's Standard Specifications for Road and Bridge Constructiom.

The new 1980 PAM specifications in Illinois consist of the following:
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. Special Provision for Pozzolanic Base Course,

Type A

o Supplemental Specification for Section 218.
Stabilized Syb-base

[ Supplemental Specification for Section 804.
Pozzolanic Aggregate Mixture Equipment

° Pozzolanic-Aggregate Mixture (PAM) Laboratory
Evaluation/Design Procedure

These specifications were developed through the efforts of a six-
man task force over an 18-month time period. The task force consisted of
two representatives each from TDOT and the University of Illinois Civil
Engineering Department, and one representative each from the PAM producers
in northern Illinois and the ash marketing agency supplying these PAM pro-
ducers. The task force reviewed previous stabilized base research studies,
including late-season construction cutoff date procedures, as well as data
from IDOT studies of field variability of PAM materials and performance data
from previous PAM projects. A copy of each of these specifications is in-
cluded in the Appendix.

According to the Special Provision for Pozzolanic Base Mixtures,
Type A, and the Supplemental Specification for Section 218, Stabilized Sub-
Base, the composition of the mixture must be such that test cylinders cured
for 14 days at 72°F will have a minimum compressive strength of 600 psi and
a minimum lime content of 3.5 percent. A minimum compressive strength of
600 psi is high by comparison with other states using LFA materials, such as
Ohio or Pennsylvania.

One of the reasons for the higher strength criterion was because
IDOT engineers over the years had observed a difference in strength between
laboratory and field mixed PAM specimens. The differemnce was such that
field strengths for the same mixes under very similar curing conditions
were approximately 70 percent of comparable laboratory strengths. There-
fore, in order to attain 400 psi compressive strength in the field, IDOT
engineers now require 600 psi strength in the laboratory to take into ac-
count field variability (Reference I-80).

Ohio. In Ohio, aggregate-lime-fly ash has been used on a
limited basis in State highway construction as a base course for asphaltic
concrete pavement and continuously reinforced portland cement pavement.
Aggregate-lime-fly ash is seldom bid as an alternate base material in Ohio
because State officials believe that designing for different pavement thick-
nesses causes a big problem in terms of expense. The legality of optiomnal
bids in Ohio is considered gquestionable.
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To date, this supplemental specification has not been included
in the Ohio Department of Transportation's (ODOT) Construction and Ma-
terial Specifications, sometimes referred to as the Blue Book. Until
now, it has been decided to allow only a supplemental specification for
the material because it had once been covered by a patent and a license
was required for its manufacture.

Ten years ago, there were four different producers of aggregate-
lime-fly ash in Chio. As of this time, only one producer in the Toledo area
is still supplying this material. The other producers in Ohio stopped mar-
keting the material a number of years ago for several reasons. The principal
reason was economics. Until the Arab oil embargo of 1973, the price per square
yard for pozzolanic base was not substantially different from black base and
there was little or no incentive on the part of ODOT to use the material. In
addition a number of areas in the State were experiencing shortages of lime,
which at times severely hampered the production of aggregate-lime-fly ash
base (Reference I-81).

The initial use of aggregate-lime-fly ash base material on a State
highway in Ohio took place in 1960 on State Route 727 in Clermont County.
The project was considered experimental and involved 2.5 miles of flexible
pavement using various design sections including aggregate-lime-fly ash base.
A detailed report on this project was prepared by the ODOT Construction Bureau
in 1970, reporting satisfactory performance. At that time, the surface of the
road was in excellent condition and samples of the base were very hard. No
additional information is presently available.

From 1969 to 1972, aggregate-lime~fly ash was used as a base ma-
terial on three projects involving continuously reinforced portland cement
concrete pavement. One of these pavements is still in excellent condition.
The other two projects show a considerable amount of transverse cracking in
the surface of the concrete pavement. Because of general problems encountered
by ODOT with continuously reinforced concrete pavements, the cause of the
cracking could not be attributed solely to the base material. Although the
aggregate-lime—-fly ash base was not considered the cause of the cracking, a

decision was made to discontinue the use of continuously reinforced pavement
in Ohio.

Between 1969 and 1972, aggregate-lime-fly ash base was specified
in the original bid plans on two projects, one on a two-lane road and one
on a heavily traveled section of four-lane road. The pavement of each of
these projects is still in good condition after nearly tem years, with only
isolated signs of cracking and/or rutting.
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Since 1972, aggregate~lime-fly ash has been permitted to be bid
as an alternate to 301 bituminous-aggregate base on a total of seven pro-
jects. The aggregate-lime-fly ash was used on only two of these projects
and not the other five either because the contractor did not elect to use
the aggregate-lime-fly ash alternate or because the bid cost of the pave-
ment design using the aggregate-lime-fly ash alternate was higher than the
design for the bituminous-aggregate altermate. On one project, constructed
in 1973, the aggregate-lime-fly ash was bid as an alternate using a struc-
tural layer coefficient of 0.35. To date, the material has performed ex-
cellently at this project location. On the other project, built in 1977
aggregate—~lime-fly ash was bid as an alternate using a structural layer
coefficient of 0.28. To date, there have been no known problems with this
installation (Reference I-82).

Aggregate-lime-fly ash base has only been used on eight primary
State highway projects in Ohio. The material has been used more extensively
in secondary and non-~state work, especially in northern Ohio. 1In gemeral,
this material has provided good to excellent performance on the projects in
which it has been used and is considered an acceptable base course material
by design and construction persomnel of the Ohio Department of Transporta-
tion (Reference I-83).

Aggregate-lime-fly ash base materials have been used to a greater
extent in municipal projects in northern Ohio than on State projects. The
material has been used in dozens of road and street projects in the City of
Toledo over the years and not a single failure has been reported. Most in-
stallations have been made during summer months. In such cases, the material
has performed excellently and city officials have been quite pleased. A few
projects using aggregate-lime-fly ash have extended as far into the season as
mid-November, but still the material did not fail after the first winter.

Over the past several years, aggregate-lime-fly ash base has cap-
tured the low bid in 80 percent of all the reconstruction projects in the
Toledo area in which it has been bid as an alternate to bituminous base.
Although city officials consider aggregate-lime-fly ash to be more economical,
each project is designed and evaluated separately and only if substantial cost
savings seem possible are alternate bids taken. According to the Construction
Engineer for the City of Toledo, their only reservation to the use of aggre-
gate~lime-fly ash is during late season construction in temperatures below
S0°F (Reference I-84).

Pennsylvania. Over the past 25 years, LFA or aggregate-lime-
pozzolan (ALP) base has been used in over a hundred state highway projects
in Pennsylvania, not to mention many miles of local roads and streets in
municipalities throughout the state.

I-69



Since 1966, there has been a standard specification for aggregate-
lime-pozzolan (ALP) base material in Pennsylvania, which is contained in Sec-
tion 322 of the Pennsylvania Department of Transportation (Penn DOT) Form 408
Specifications. A copy of this specification is included in the Appendix.

It has been carried forward in the Penn DOT Form 408 Specifications in an
essentially unchanged form since that time. The only specified material
testing requirements for the mixture are that the liquid limit of the mix-
ture not exceed 25, the plasticity index not exceed 6, and the durability

of the mixture meet the requirements of the Pennsylvania Testing Method (PTM)
110, which is basically the wire brush freeze-thaw test that was formerly part
of ASTM C593.

In the preparation of Proctor size (4 inch of 101.6 mm diameter by
4,6 inch or 116.8 mm height) freeze-thaw test specimens, however, the moisture-
density test procedures described by PTM 110 for evaluating ALP compositiomns
differ from those used in other states. Pennsylvania is the only state using
the standard Proctor density test (5.5 1lb. hammer - 12" drop - 3 layers - 25
blows per layer). This procedure has been used for many years by Penn DOT on
construction materials such as dense graded aggregate, soil-cement, and cement-
treated base and was also chosen as the criterion for ALP base.

Usually, ALP compositions placed in the field are almost always com-
pacted to densities greater than 100 percent of standard Proctor density and
that field densities often approach 100 percent of modified Proctor density
(10 1b. hammer - 18" drop - 3 layers -~ 25 blows per layer). This is the pro-
cedure used by other states and the Federal Aviation Administration to prepare
ALP specimens for strength and durability testing.

The initial reaction to the question of density is that it does not
seem to make much difference. However, in designing a base mix, the density
of test specimens directly affects both the compressive strength and durability
of the specimens, which in turn governs the amount of lime required to achieve
acceptable test results. If too much lime must be added to a field mix, overly
high strengths may develop soon after placement, resulting in shrinkage crack-
ing. It is, therefore, important to test specimens in the laboratory which
approximate field compaction conditions as closely as possible.

Since the expiration of the Poz-0-Pac patents, there is no longer a
licensee arrangement for the production and sale of aggregate-lime-pozzolan
base. At the time the patents expired, there were at least six Poz-0-Pac pro-
ducers in the state of Pennsylvania. These production facilities are primarily
located in the southeast part of the state, although there is at least one
producer from the Pittsburgh area. These producers have supplied Poz-0-Pac
using a variety of aggregate types, from blast furnace slag in western Penn-
sylvania to limestone, traprock, and even some sand and gravel in the Phila-
delphia area.
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The first experience with the use of aggregate-lime-pozzolan (ALP)
base on a state highway in Pennsylvania occurred in 1954 when the material
was used as a base for the construction of the shoulders along the west side
of Germantown Pike (U.S. Route 422) in Plymouth Meeting, west of Philadelphia.
The ALP material was mixed in place and compacted to a six-inch thickness.

The shoulder was placed too late in the season to allow the material to attain
its normal pozzolanic set. The long-term performance of the ALP shoulder was
compared with that of an 8-inch crushed stone shoulder material placed directly
across the street. Both shoulders were overlaid with a bituminous wearing
surface. Within one year, the conventional shoulder exhibited definite sigas
of early deterioration while the shoulder with the ALP base€ showed no evidence
of distress (Reference I-85).

One of the most outstanding examples of ALP use in Pennsylvania is
the reconstruction of Susquehanna Road between York Road and Tennis Avenue
in Abington Township, northwest of Philadelphia. The reconstruction of Sus-
quehanna Road was a major construction project on a heavily traveled suburban
arterial route. Part of the project was two lanes and part was four lanes
undivided. The project was constructed in several sections, which were com-
pleted between 1964 and 1965. In one section of the project, the ALP base
material was placed as a ramp for trucks to cross a concrete bridge deck.
Because of equipment running over this ramp, the material was compacted so
hard, it could not be dug, but instead had to be sacrificed.

During construction, a number of Penn DOT engineers who were un-
familiar with Poz-0-Pac witnessed the spreading and compaction of the ma-
terial. All were very impressed with the ease of operation, uniformity, and
quality of the product. Many of them admitted that they had been previously
misinformed about the nature of this material and had formulated many wrong
ideas about it, such as it being difficult to work with. At the intersection
of Susquehanna Road with Fitzwatertown Road, there was a striking comparison
between the condition of the pavements for these two roads. The wearing sur-
face over the stone base for Fitzwatertown Road was badly ravelled due to
truck traffic, while the paving over the ALP base on Susquehanna Road was in
excellent condition (Reference I-86).

Aggregate~lime-pozzolan base materials have been placed-in literally
hundreds of jobs in Pennsylvania, ranging from small access roads and streets
for municipal, industrial, and residential and apartment developments to huge
parking lots for shopping centers. Over ten years ago, thousands of tons of
Poz-0-Pac were placed as the base course for all parking facilities at the
Philadelphia sports complex, which includes the Philadelphia Spectrum and
Veterans Stadium.

Typical of the many municipal-scale installations in Pennsylvania
in which ALP has been used over the years is the approach roadway to the
Penllyn Pike bridge in Montgomery County, northwest of Philadelphia. This
bridge was relocated in June of 1965 and the approaches on both sides of the
new bridge were built with ALP base and an asphaltic concrete wearing surface.
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This was the first roadway application using this material that was dome by
the Montgomery County highway department. The base course work was completed
in two days. However, some material that was not spread the first day was
stockpiled overnight. Heavy rainfall occurred that night, but the stockpiled
material, although overwet, was still able to be worked and compacted. During
construction, the hot, humid weather provided excellent curing conditioms.

In October 1965 cores were taken from each side of the bridge. The
ALP base material, after being in place for only four months, had already
achieved compressive strengths of 1,880 to 2,340 psi. The lime content of
the mix used on this job ranged from 3.1 to 3.5 percent (Reference I-87).

Since 1976, when the layer coefficients for ALP and aggregate-
cement (AC) base materials were made equal to that of bituminous concrete
base course (BCBC), flexible pavement projects in engineering districts 6
(Philadelphia), 8 (Harrisburg), 11 and 12 (Pittsburgh) were to be bid on an
alternate basis. Over the past four years, however, very few alternate bids
were actually received in any of these four engineering districts. In the
first place, Penn DOT has experienced a severe budgetary cutback during this
period due to a combination of inflation and past bond indebtedness. Conse-
quently, a sharply reduced number of new construction or reconstruction con-
tracts were let for bid. Most of the projects being awarded over the past
two years, at least in the district 6 (greater Philadelphia) area, have in-~
volved resurfacing, safety improvements, and intersection reconstruction
work. In addition Penn DOT policy is that, when recomstruction projects in-
volve maintenance of traffic, bituminous base is used instead of the aggre-~
gate-lime-pozzolan or aggregate-cement alternates. For these reasons, there
have been comparatively few opportunities for ALP to bid as an alternate.

During 1979, a decision was made by Penn DOT to discontinue adver-
tising for altermate bids because all of the jobs were going to bituminous
base. This decision was also made in order to reduce operating costs because
of the extra costs that had been involved in preparing plans and proposals
for alternate bidding (Reference I-88).

Overall, the performance of ALP base materials on state highways
in Pennsylvania has been acceptable to very good. Out of more than a hun-
dred state projects using APL, only three have involved serious problems
considered by Penn DOT engineers to be over and above those associated with
normal maintenance. All three projects were in the Philadelphia area, were
supplied by the same plant, and involved limited amounts of material being
shipped to the job site with moisture contents nearly double that of the
optimum value. Clearly, the main source of the problem in each case was
poor quality control at the mixing plant, along with inadequate field
inspection.

I-72



For the most part, the field problems on ALP projects in Pennsyl-
vania have taken the form of longitudinal cracks, alligator cracks, or pot-
holes in the road surface. These problems were usually investigated and
discussed with the Penn DOT engineer assignmed to the particular project.
Most, if not all, of these problems were again found to be related to a lack
of proper plant or field control and could not be attributed to the material
itself.

In addition to state highway work, which has diminished drastically
during the past five years, ALP base materials have received rather wide-
spread use in private and municipal work, especially in southeastern Pennsyl-
vania. Although there have been many instances of ALP use in township roads,
residential streets, and parking lots, the City of Lancaster is perhaps the
best example of ALP use in a municipality. The city has been using the ma-
terial for many years, with annual usage averaging 10,000 to 12,000 toms.,

The city usually prepares alternate bids for either ALP base or
bituminous base, but always selects ALP when it is bid because it costs ap-
proximately half of what the bituminous base costs. In cases where ALP base
in one block abuts bituminous base of equivalent pavement structural number
in an adjacent block, there has been no visible difference in the performance
of the two pavements under virtually the same traffic conditioms.

City officials in Lancaster have been very favorably impressed with
both the economics and the performance of ALP base. Where possible, the city
uses its own forces to place the material. On a number of occasions, ALP has
been placed after the PemnDOT cutoff date on non-state projects. If the
weather permits, it has even been placed after December lst, but an asphalt
surface was always installed the following day. Thus far, there have been
no failures of an ALP project in the City of Lancaster (Reference I-89).

Other States. Although the majority of LFA base course used in
state highway projects has been in the three states discussed previously,
there has been some use of LFA materials in other states that is also de-
serving of mention. In the State of Maryland, approximately 22 miles of
shoulders on both sides of Interstate 95 north of the Susquehanna River
were constructed using LFA base material. A layer of stone chips embedded
in an asphalt seal coat was placed over the LFA base. The roadway was

opened in the spring of 1963.

Eighteen months later, a thorough inspection was made of the shoul-
ders along the entire stretch of I-95 from the Delaware-Maryland state line
to the bridge over the Susquehanna River. The shoulder not uanderlain by LFA
base was constructed using a soil-cement base., During the inspection, there
was very obvious rutting and patching of the shoulder underlain by soil-ce-
ment, along with settlement next tc the edge of the roadway and numerous
cracks. The shoulders with the LFA base were far superior in terms of dura-
bility, rideability, and overall performance (Reference I-90). These shoul-
ders remained in service for nearly ten years, but were removed when the
roadway was widened from two lanes to three lanes in each directiom.
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Another good example of LFA utilization in highway construction
outside of Illinois, Ohio, and Pennsylvania is its use in the Kansas City
area. City Wide Asphalt Company markets LFA in Kansas and Missouri under
trademark names of Poz-0-Pac or Poz-0-Blend. The company purchased the
right to use these trade names from IU Conversion Systems, Inc. in Phila-
delphia. Since 1977, City Wide Asphalt has produced approximately 600,000
tons of LFA matewial, most of which has been used in commercial and muni-
cipal work.

Most of the LFA base produced in the Kansas City area is pre-
blended; that is, the lime and fly ash are blended first, then the addi-
tive (lime and fly ash) is later blended with the aggregate. Typically,
the pre-blend of lime and fly ash contains 6 to 10 percent lime. In the
final Poz-0-Blend product, the additive comprises 12-1/2 to 15 percent,
the remainder being aggregate, which is a combination of limestone and
limestone dust, a by-product of quarrying. The cost of a ton of Poz-0-
Blend F.0.B. plant in Kansas City is presently $12.00 per ton. The seven-
day compressive strengths of Poz-0O-Blend mixes in the Kansas City area
normally range from 800 to 1,100 psi. Ultimate strengths generally exceed

1,800 psi and some cores have produced compressive strengths of 5,000 psi
or more.

The reason why the strengths of Poz-0-Blend in the Kansas City
area are consistently high is because City Wide Asphalt has invested a large
sum of money on modern plant equipment and product quality control. They
receive most of the fly ash used in the product from the Hawthorn Station
of Kansas City Power and Light Company and have constructed laboratory facil-
ities at that location. A full-time chemist is employed at the laboratory

and every load of fly ash is tested at the plant before it is accepted and
put into a mix.

Until recently, no EFA material was used on state highway projects
around Kansas City in either Kansas or Missouri. However, the first state
highway project in the area (Route 33 in Carney, Missouri) which allowed
alternate bids for LFA material was recently bid. On this project, which
is secheduled to begin next spring, the LFA base was bid at $6.00 per square
yard, while the bituminous base was bid at $9.00 per square yard for the
same base thickness. Similar cost savings have been realized when the Poz-
O-Blend material was bid against bituminous base on projects for the City of
Kansas City (Reference I-91).

Federal Aviation Administration. There are at least four known
locations where the Federal Aviation Administration has been involved to
some extent with the use of LFA compositions as base course materials for
the construction of runways and/or taxiways. These locations are the Newark
Airport, the John F. Kennedy Airport, the Portland Airport, and the Toledo
Airport. Two of these projects are discussed in some detail in this report.
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Newark Airport Project. The largest single project ever in-
volving the combined use of lime and fly ash in base and sub-base construc-
tion was the building of runways, taxiways, and aprons at the Newark Airport
in Newark, New Jersey. On this project, approximately 2 million square yards
of pavement were placed over compressible organic silts and peaty soils that
were once a tidal marsh. The existing soil surfaces were surcharged and pre-
consolidated using some 20 million cubic yards of hydraulically placed sand
fill.

Because of the economics and subsurface conditions, the use of a
flexible pavement system was decided upon by the Port Authority of New York
and New Jersey at the outset of the project. Prior to designing the runway
pavements, the validity of current airfield flexible pavement design theories
was reviewed for application to the heavier anticipated wheel loadings associ-
ated with jumbo jet aircraft. A $500,000 test program was conducted to de-
velop pavement design criteria for jumbo jet aircraft based on : 1) the
interaction of pavement roughness and aircraft response; and 2) the rate of
permanent deformation of the pavement surface under repeated jumbo jet wheel
loadings.

A test strip 30 feet wide and 1,200 feet long was constructed, con-
sisting of sixteen 75-foot long sections, each having different thicknesses
and compositions. Materials investigated included conventional crushed stone
aggregate, cement-stabilized base, asphalt-treated base, and a mixture of lime,
cement, fly ash, and sand. Test equipment included an extensive network of
in-pavement gauges and a 187,000 pound instrument vehicle, borrowed from the
Army Corps of Engineers, to simulate the main gear of a Boeing 747 aircraft.
The test vehicle was placed in round-the-clock service amounting to 5,000
passes in three months or an equivalent of two years of actual runway use.
Every three days, measurements of rutting, cracking, and pavement surface
deflections were made. Analysis and interpretation of the test data con-
firmed the validity of the theoretical design approach used by the Port
Authority. This approach was based on maintaining subgrade deformations
within elastic limits reduction of load stresses in the overlying pavement
sections to insure acceptable pavement surface roughness and related air-
craft vehicle response.

The field tests performed by the Port Authority showed that layered
mixtures of hydrated lime, portland cement, fly ash, and crushed stone would
be able to stabilize the uniformly graded hydraulic sand surcharge material
and that these stabilized material layers could be used as a suitable base
for new pavements. The portland cement was introduced as an additive in the
mixes to accelerate the development of the normal chemical reaction between
the lime and fly ash. A copy of the Port Authority specification for the
lime-cement~£fly ash stabilized fill sand base material used in the Newark
Airport project is found in the Appendix of this report.
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The compressive strengths of the lime-cement-fly ash-aggregate
(LCFA) mixtures used on the project were directly related to the chemical
reaction of the lime-cement-fly ash binder, which in turn was affected by
the curing temperature. Three basic mix designs were used on the project:

Mix A - 4 percent lime and cement, 10 percent fly ash,
30 percent crushed stone, 56 percent sand.

Mix B '~ 3.5 percent lime and cement, 12 percent fly
ash, 84.5 percent sand.

Mix C - 3 percent lime and cement, 12 percent fly ash,
85 percent sand.

From the results of Port Authority tests, the projected strength
development of these base course mixes is shown in Figure I-13. From this
figure, it is noted that the long-term (5-year) strength of Mix A is 2,000
to 2,600 psi; the strength of Mix B will range from 1,200 to 1,800 psi; and
Mix C will be from 800 to 1,200 psi. All three mixes were used in each sec-
tion of pavement; Mix A was placed closest to the pavement surface and Mix C
placed directly above the subgrade.

The thickest pavement sections were constructed at the terminal
gates and holding pads. These areas consist of five layers which were built
to a total thickness of 36 to 40 inches. The next thickest sections were
the middle portion of the runway ends (34 inches) and the center strip of
taxiways (32 inches). Relatively thin pavement sections (26 inches) were
designed for the sides of all runways and taxiways and for the midlength
portions of runways. All pavement base was constructed of three layers of
lime-cement-fly ash-aggregate and overlaid with 4 inches of asphalt concrete
wearing surface to protect the base course from weathering and wheel abrasion.

Port Authority engineers recognized a tremendous economic advantage
when comparing the 1973 estimated costs for in-place 34-inch thick compacted
lime-cement-fly ash-aggregate pavement at $10.88 per square yard with that of
equivalent performance 43-inch full-depth asphalt at $21.45 per square yard.
The cost of the pavement using stabilized LCFA base material amounted to ap-
proximately half that of the full-depth asphalt, or a cost savings of $10.57
per square yard. The total projected cost savings for the entire project,
involving about 2 million square yards of pavement, is an astonishing $21
million {(Reference I-92).

A more direct comparison of the costs vs. strength of competitive
materials is also revealing. A cubic yard of LCFA material costs about $3.80
from the plant.* A cubic yard of crushed stone commonly used in road con-
struction costs from $5.00 to $6.00.* A cubic yard of lean concrete, 3-sack
mix costs about $12.00.* If the compressive strength of each material is
judged on the basis of the strength developed per cubic yard, the following
comparison is made:

* These figures are based on 1968 costs in the New York City area.
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Figure I-13. Projected compressive strength development of lime-cement-fly
ash-aggregate composition at Newark Airport project. See text
for explanation.
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LCFA 500 psi per $1.00%
Crushed stome 30 psi per $1.00%
Lean concrete 250 psi per $1.00%

For this reason, the Port Authority believes that LCFA is stronger per dol-
lar than any pavement material now in use (Reference I-93).

The runway paving on this project began in the spring of 1968.
First, a 1,200 ton per hour mixing plant, largest of its kind, was erected
for the mixing of the base materials. Fly ash was initially supplied free
of charge by the Consolidated Edison Company, followed by conditioning with
16 percent water at the power plant. Before the fly ash was fed into the
hopper belt system at the plant, it was passed through a shredder to break
up some of the clumped ash. Sand for the base mixes was taken directly from
paving surcharge areas and hauled directly to the mixing plant. The hydrated
lime and portland cement were stored in silos and charged to the main feeding
belt separately. A storage bin added at the discharge end of the pugmill al-
lowed the mixing plant to be operated continuously.

Sprading and grading of the base materials was accomplished by an
automatic grading machine. Each machine pass was about 25 feet wide. The
compaction of each of the LCFA layers was done by four to eight passes with
a pneumatic roller. The finished surface of the pavement base was fine graded
to a tolerance of 1/8 inch in 10 feet.

Labor and equipment costs were reduced because of the slow initial
set of the LCFA hase material. There was no need to finish the paving work
on the same day that the LCFA material was mixed and spread. The slow curing
time, with little accompanying heat of hydration, together with low moisture
contents in the base materials, also minimized the curing shrinkage and cracking

In December, 1968, well after the first paving season had concluded,
the Shell dynamic pavement tester was brought to the airport site to measure
the behavior of pavement under simulated loading conditions of moving traffic.
These test results were deemed highly favorable and the LCFA paving concept
has since been used successfully at Kennedy Airport (Reference I-94).

The Newark Airport expansion project, with its LCFA paving system,
was recognized as an Outstanding Civil Engineering Achievement for 1978 by
Civil Engineering magazine. Reports of cracks that had developed in the sur-
face of the original LCFA runway prompted recent correspondence between a
member of the American Pozzolanic Concrete Association, a group representing
producers of pozzolanic base materials, and the New York Port Authority.

The Port Authority's response has clarified the status of the LCFA paving
at Newark Airport.

In his letter, the chief engineer for the Port Authority has stated
clearly that the Port Authority is "still very strongly in favor of the use
of LCFA base courses." He goes on to mention that a maintenance contract was

* These figures are based on 1968 costs in the New York City area.
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let in the summer of 1979 to improve the smoothness of the asphalt on the
main LCFA runway. At that time, a paving mix using a harder grade of as-
phalt was used "in order to limit deflection caused by the proposed 747
aircraft." Some pavement grooving was also done at that time to facilitate
surface drainage. The grooves in the pavement "remained straight and hori-
zontal up to the day of removal" in a subsequent maintenance contract (Ref-
erence I-95).

Unfortunately, "the harder asphalt was subject to a greater degree
of cracking," with water penetrating through the cracks in the runway pave-
ment. Therefore, it became necessary to ''remove the center keel section of
the runway and replace it with a softer penmetrating asphalt.” No replacement
of any of the LCFA pavement was doune, nor is any such replacement necessary.

At no time did the Port Authority consider this work to be anything
except normal runway maintenance, nor has the Authority ever attributed the
cracked asphalt surface to a possible base failure (Reference I-94).

Toledo Express Airport. The Toledo Airport project is a clas-
sic example of the kind of problems that can result from bureaucratic inertia
(resistance to change) and the lack of knowledge or familiarity with a con-
struction project. Early in 1980, the Federal Aviation Administration (FAA)
announced its intention to advertise for bids for the overlay of existing run-
way 7-25, taxiway A at the Toledo Express Airport. This overlay was initially
designed for a full-depth asphalt pavement. In February, 1980, prior to bid-
ding, the Toledo-Lucas County Port Authority, which administers the Toledo
Airport, requested that FAA consider the use of a lime-fly ash-aggregate (LFA)
base as an alternate to bituminous base for this overlay.

The rationale for the request stemmed from the fact that during the
summer of 1978, approximately 500 tons of LFA material was placed as an ex-
perimental base course for the overlay of a commercial ramp adjacent to the
airport terminal building. Since its installation, this ramp pavement has
performed satisfactorily with no apparent problems. Core specimens were taken
from the LFA base of the ramp in late March. 1980 and tested for unconfined
compressive strength. The average strength of the four core specimens was
1,455 psi, with one core achieving 1,810 psi.

The initial request for consideration of the LFA alternative was
turned down by the FAA's district office in Detroit in late February 1980
on the grounds that, at the time, the FAA had no approved specification for
the material. The correspondence also advised the Toledo-Lucas County Port
Authority that LFA was not identified in the appropriate sections of the FAA
design manual as an equivalent stabilized material for comstruction of run-
ways, taxiways, or apron areas (Reference I-96).

During the next two months, a considerable amount of technical
information related to LFA base materials, including the results of strength
tests on core specimens taken from the Toledo Airport ramp, was forwarded to
various representatives of FAA., Despite FAA claims that there was no speci-
fication for LFA materials, a copy of FAA specification P-305, entitled
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"Aggregate-Lime-Fly Ash Subbase or Base Course (Central Plant Mixed)" was
provided by the National Ash Association and submitted to FAA officials
for their review. Information pertaining to the LCFA base at the Newark
Airport project, which the FAA district people apparently had not known
about, was also transmitted.

A representative of the Port Authority, who is familiar with LFA
materials and technology, personally visited the FAA central engineering
office in Washington, D.C., in early April and discovered, to his great
surprise, that the FAA engineers did not even know what LFA base course
was. Their concept of the material was that it involved a combination of
lime, fly ash, and clay soil. This misconception came about from their
previous exposure to the work of the Army Corps of Engineers with lime-fly
ash stabilization of highly plastic clay soils.

After clarification of the nature of the proposed altermate,
authorization to advertise for bids was given to the Port Authority by
FAA on April 29, 1980, although the correspondence specifically stated
that the proposed LFA alternate was still being reviewed.

On May 15, 1980, bids were received, in which the LFA alternate
was $22,000 lower than the original black base design, a savings of 10 per-
cent. Based on the results of the bidding, FAA approval was then given to
the use of LFA as an alternate on a portion of taxiway "A" measuring approx-

imately 1,475 feet long by 60 feet wide, subject to a number of conditioms,
including the following:

1. . The thickness of LFA was to be based on a ratio
of 5 inches of LFA to 4 inches of bituminous base.

2. The LFA base must have transverse joints every
50 feet.

3. Fly ash must conform to the requirements of ASTM
C618, '"Fly Ash and Raw or Calcined Pozzolans for
Use in Portland Cement Concrete.

4. Placement of the wearing surface shall not be per-
mitted until the LFA material has achieved a com-
pressive strength of at least 750 psi. This must
be accomplished within the specified contract time
period of 23 calendar days (Reference I-97).

In response to these conditions, LFA producer representatives and
associated engineering consultants responded with the following points:

1. The thickness ratio of 5 inches of LFA to 4 inches
of bituminous base was in accordance with established
pavement design coefficients presently being used by
the Ohio Department of Transportation for these ma-
terials and was considered acceptable (Reference I-98).
It should be noted that even with the greater thick-
ness, the LFA alternative still cost less.
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2. Jointing of stabilized base materials is normally
considered of questionable value. However, since
the LFA material was being used as an overlay,
the jointing should match that of the existing
pavement (Reference I-98).

3. The proper specification for fly ash quality
control for use in a stabilized base material
is ASTM C593, "Fly Ash and Other Pozzolans for
Use with Lime;'" and not ASTM C618, which is ap-
plicable only to the use of fly ash in concrete
(Reference I-98).

4, It is best to apply an asphalt overlay the fol-
lowing day or within a week after placement
of LFA base to reduce moisture loss to a minimum.
A requirement for minimum strength of base ma-
terials placed over an existing concrete pavement
is not a realistic criteria. Most strength cri-
teria are for the purpose of limiting flexural
stresses in the base, but, since there are no
flexural stresses in this application, such a
requirement seems redundant (Reference I-99).

Furthermore, compaction of the wearing surface
material is influenced by the degree of compac-
tion of the underlying layers, not by their
strength. In a large number of construction
projects in which a bituminous surface has been
placed immediately after completion of the LFA
base, all surface courses have successfully met
contract requirements. It has also been ob-
served that LFA pavements gain strength through
pozzolanic reaction at a faster rate than wheel
loads can accumulate (Reference I-100).

Soon -thereafter, the Port Authority formally requested that the
750 psi strength requirement be waived by FAA and that the wearing surface
be placed as soon as practical after completion of the LFA base. On July 8,
1980, the FAA finally agreed to the early placement of the wearing surface,
but insisted that no aircraft traffic be permitted on the pavement until
field cores were taken to verify that an average compressive strength of
750 psi was attained. The FAA further required a minimum 98 percent com-
paction of the bituminous surface course, subject to penalties on a sliding
scale for lower average compaction values.

From August 6 through August 11, 1980, a total of 7,200 tons of LFA
base material was placed on the Toledo Airport Taxiway "A" project. The com-
pacted thickness of the LFA base varied, but averaged approximately 14 inches.
The mixture used consisted of 3.5 percent by weight hydrated lime, 1l percent
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fly ash, and 85.5 percent limestone aggregate. The gradation of the material
was within specified limits and all base materials were compacted as specified
to at least 100 percent of maximum dry density, as determined by the modified
Proctor test (ASTM D1557).

Laboratory mix design tests were performed on the 3.5-11-85.5 mix
to determine its compressive strength characteristics prior to placement in
the field. The average compressive strength of three specimens after 7 days
curing at 70°F was 351 psi. The average compressive strength of three speci-
mens after 7 days curing at 100°F was 904 psi (Reference I-101).

Between August 4 and 11, 1980, a total of 21 test specimens were
prepared in the laboratory using LFA materials obtained from each day's pro-
duction at the mixing plant. Each of these specimens was also cured for 7
days at 100°F. Compressive strength values after curing ranged from 540 to
860 psi, with an average compressive strength of 681 psi, well above the 400
psi specification requirement (Reference I-102).

In order to predict the field curing time needed to develop the
required 750 psi strength in the LFA base, laboratory degree-~day studies
were performed at the University of Illinois to determine the rate of strength
development for various curing temperatures in similar base materials. The
findings of these degree~day studies are presented in Figure I-1l4. This fig-
ure shows that 750 psi can be attained on 600 degree-days (30 days with an
average curing temperature of 75°F, in the pavement) using a 55°F base
(Reference I-103).

The first five cores were taken from the pavement on September 8,
1980, which was 29 days after the base material had been placed. Normally,
cores are not taken for several months after placement of stabilized base
materials. The average compressive strength of these cores was 1,145 psi,
cousiderably higher than the required 750 psi strength.

Thermocouples were installed at two locations within the LFA base
material during its placement. Periodic temperature measurements were re-
corded on a twice daily basis after construction of the base course. Air
temperatures were also recorded during the same time period. During the
29-day period between placement and initial coring, pavement temperatures
fluctuated between 69°F and 96°F, with an average pavement temperature of
81°F over that time (Referance I-104). Using a 55°F base temperature, an
81°F average temperature represents /80 degree-days. From Figure I-14,
this corresponds to a strength development of approximately 900 psi from
the University of Illineis data and 1,050 psi using the Toledo Testing
Laboratory data.

Throughout all the lengthy discussions concerning the approval of
an LFA alternate and the conditions under which this material could be
placed, it is ironic that FAA engineers had to be practically coerced into
accepting a material which exhibited excellent strength gain characteristics,
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has a proven service record in the State of Ohio and elsewhere, reduced the
total project cost by 10 percent, and conserved nearly 90,000 gallons of
petroleum by avoiding the installation of bituminous base. Despite all
these advantages, the FAA representatives stated clearly that approval of
the LFA alternate for the Toledo Airport project did not constitute an ap-

proval of the material on any other FAA-funded projects in the future
(Reference I-75).

It should be further noted that FAA has insisted on extensive moni-
toring of the LFA material and its strength development in order to prove
that this product works. This monitoring expense has not only eliminated the
entire $22,000 cost savings attributed to the LFA base, but has caused the
overall cost of the project to exceed that of the original black base bid by
$12,000. To make matters worse, the FAA also insists that the cost overrun,
resulting from their own directives, be paid by the Toledo-Lucas County Port
Authority (Reference I-106).

Economic Evaluation of LFA Base. In this section, the relative
economics of using lime-fly ash-aggregate (LFA) base materials are compared
with the costs of using competitive base course materials in the states of
Illinois, Ohio, and Pennsylvania. The competitive base course materials studied
are bituminous concrete base and crushed stone base. Comparisons are made be-
tween actual bid prices for each type of base. The bid price data were obtained
from Department of Transportation (DOT) personnel in each of these three states.

To analyze these comparative costs in each state, a pavement design
example was developed assuming a structural number of 4.00 in order to deter-
mine design thicknesses for each of the three pavement options. Relative
pavement thicknesses for each state are given in Table I-1l. Based on the
required thickness of each material and its compacted density, a square yard
price was then determined for each wearing surface and base course material
combination in a given state. The following compacted densities are assumed
for each of the paving materials used:

Wearing surface 150 lbs/ftg
Bituminous base 145 lbs/ft3
Pozzolanic base 140 lbs/ft3
Aggregate base 125 1bs/ft

The three pavement alternatives are compared in terms of estimated
total in-place costs. Cost comparisons are discussed for each of the three
individual states. An overall comparison is then made of costs from each of
the three states.

1. 1Illinois

For a pavement structural number of 4.00, use of Illinois flexible
pavement design coefficients and AASHTO recommended minimum wearing course
thicknesses results in the following basic designs:
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Bituminous Base Pozzolanic Base

Aggregate Base

3"  Wearing Surface
8.5" BAM* Base
11.5" Total Pavement

Agg
3" Wearing Surface 5" Wearing Surface
10" PAM** Base 15.4" Stone Base

13" Total Pavement 20.4" Total Pavement

* BAM refers to bituminous aggregate mixture.
*% PAM refers to pozzolanic aggregate mixture.

Illinois DOT officials have furnished the following in-place cost
figures, based on average of five comparative alternate bids received during
1980 on primary projects in District 1 (Chicago) area:

Wearing surface
Bituminous base (BAM)
Pozzolanic base (PAM)
Aggregate base

$55.80 per cubic yard
$54.50 per cubic yard
$39.20 per cubic yard
$20.45 per cubic yard (Reference I-107)

Converting these prices to square yard costs, based on the design
thickness and compacted density of each material, results in the following:

Wearing surface

Bituminous base (BAM)
Pozzolanic base (PAM)
Aggregate base

$4.64 per square yard (3" thick)
$7.74 per square yard (5" thick)
$12.87 per square yard (8.5" thick)
$10.87 per square yard (10" thick)
$8.75 per square yard (15.4" thick)

Using the above figures, the total estimated cost per square yard
for each of the three Illinois pavement altermatives is:

Bituminous Base Pozzolanic Base

Aggregate Base

Surface $ 4,64 $ 4.64 $ 7.74
Base 12.87 10.87 8.75
Total Cost $17.51 $15.51 $16.49

From the above cost data, it appears that pozzolanic or LFA base
is the least expensive of the three alternatives, being $2.00 per square yard
less than the bituminous base in the Chicago area. For a two-lane road 24-
feet wide, the projected cost savings attributed to LFA base using these cost
figures would be $28,160 per mile less than bituminous base.

During the Illinois Pozzolanic Concrete Association Seminar, held
in Chicago in April of 1980, a paper was presented outlining the actual cost
benefits realized over a four-year period due to the use of pozzolanic base
materials (PAM) in the Chicago area. These PAM materials were bid as alter-
nates to black base (BAM), cement-treated base (CAM), or portland cement con-
crete base on a total of 15 public paving projects let between April 1976 and
the time of the seminar. Table I-12 summarizes the bid prices received for
the base course paving alternmates on each of these 15 projects.
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Table I-12

SUMMARY OF BID PRICES

FOR BASE COURSE ALTERNATES IN ILLINOIS

Letting Awarding Base Course Bid Prices Cost Savings &
Date Authority Project Description Quantity PAM ‘BAM Other X of PAM Price
4/27/76 Village of 9" 9"
Schaumburg American Lane 9,318 SY 4.28 8.33 37,700 95%
7/13/76 Village of 9" 9"
Schaumburg Martingale Road 6,950 SY 4.00 8.30 27,800 108%
3/19/77 Vvillage of 9" 8-1/2"
Frankford Colorado Avenue 8,182 SY 6.75 9,22 20,210 27%
§/18/77 Cook County Hwy. Central Ave. - Vollmer to 183rd 36,683 SY 9" 8"
Thornton/Blue Island Road 3.85 5.65 66,029 32%
6/8/77 Cook County Hwy. 155th - 169th 47,168 SY °~ 10" 9"
5.00 6.30 61,318 2% .
7/20/77 Cook County Hwy. 115th & Harlem 14,921 SY 10" 9"
5.15 7.00 27,604 26%
8/9/717 Village of 9" 9
Schaumburg Woodfield Road 15,950 SY 4,09 7.50 55,200 833
3/1/78 City of Joliet Plainfield Rd (US-30) 1-56 22,282 SY 16" 15" 9" PCC
7.92 12.99 14.50 112,970 39%
5/26/78 Kane County Hwy. Randall Road 23,311 §Y 12" 10" 14" CAM
5.95 9.49 8.12 50,600 35%
6/7/78 Cook County Hwy. Harlem & Steger Roads 17,840 SY 10" 9
5.00 9.00 86,046 5§32
7/19/78 Cook County Hwy. 167th - Wil1/Cook Road 17,87 SY 8-1/2" 8"
: 6.40 8.20 32,168 22%
4/11/79 City of Elgin Big Timber & N. McLean Roads 16,173 SY 15" 12"
8.25 13.45 84,100 632
6/30/79 1007 Houbolt Rd - Jolfet 47,038 SY 9" 8-1/2"
9.67 13.83 195,678 30%
7/19/79 Village of 12" n* 14" CAM
Bol1ingbrook 11th Street at Rte #53 38,104 SY 7.26 15.53 1.40 157,378 36%
8" PCC
22,00
3/28/80 1007 Randall Rd - Big Timber to 39,124 SY 12¥ 10"
Highland - Elgin 7.05 13.00 232,187 84%

TOTAL SAVINGS: Y,247.588



As sgeen in this table, cost savings resulting from the use of the
PAM base alternate ranged from $20,000 to $232,000 per project. Overall, a
total of $1,247,588 was saved for these fifteen projects (Referemce I-107),
or an average of $83,172 per project. This is in addition to the savings of
10 to 15 percent less aggregate, as well as many thousands of barrels of oil
from not using a base with an asphalt binder. Furthermore, it was noted in
this study that the total cost for asphalt and cement stabilizing agents is
increasing at a greater rate than the total cost of lime and fly ash. Another
added cost for the bituminous base or BAM alternative is the cost of fuel con-
sumed to dry and heat aggregates and asphalt cement in the dryer (Reference
I-108).

2. Ohio
For a pavement structural number of 4.00, use of Ohio flexible pave-

ment design coefficients and AASHTO recommended minimum wearing course thick-
nesses results in the following basic desigms:

Bituminous Base Pozzolanic Base Agoregate Base
3"  Wearing Surface 3" Wearing Surface 5" Wearing Surface
(404) (404) (404)
8.4" Black Base 10.5" Pozzolanic Base 16.1" Stone Base
(301) (835) (304)
11.4" Total Pavement 13.5" Total Pavement 21.1" Total Pavement

It was noted by ODOT engineers that, even though the design example
shows a 3-inch wearing surface over the pozzolanic base, a minimum thickness
of 4 inches of asphalt concrete over the 835 base provides a more efficient
and durable pavement. Some failures were experienced when using less than a
4~inch thick asphalt layer over a pozzolamic base. Therefore, ODOT has rec-
ommended a 4-inch wearing surface and 9.5 inches of pozzolanic base (Reference
I-109).

Ohio DOT officials also furnished a summary of the costs per square
yvard for the various materials in this design example, which was based omn a
1979 summary of awarded contracts. These cost figures are:

Wearing surface (404) $4.52 per square yard (3" thick)
$6.03 per square yard (4" thick)
$7.53 per square yard (5" thick)

Bituminous base (301) $11.19 per square yard (8.4" thick)
Pozzolanic base (835) $7.29 per square yard (9.5" thick)
Aggregate base (304) $9.08 per square yard (16.1" thick)
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Using the above figures, the total estimated cost per square yard
for each of the three Ohio pavement alternatives is:

Bituminous Base Pozzolanic Base Aggregate Base
Surface $ 4.52 $ 6.03 $ 7.53
Base 11.19 7.29 9,08
Total Cost $15.71 $13.32 $16.61

From the above cost data, the pozzolanic or LFA base alternative
is the least expensive, and is approximately $2.40 per square yard less than
bituminous base in Ohio. For a two-lane road 24-feet wide, the projected
cost savings attributed to LFA base using these cost figures is $33,792 per
mile.

An illustration of the actual cost savings that were actually rea-
lized on a project where altermate base course bids were received occurred
during August 1979 when the City of Toledo accepted two bids for reconstruc-
tion of a portion of Heatherdowns Boulevard. The bid summary sheet shows
three alternates for base course: 1) bituminous-aggregate base; 2) aggre-
gate-lime-fly ash base; and 3) aggregate base. The summary of bids for the
alternate base items, in costs per cubic yard of material in place, were as
follows:

Bidder No. 1 Bidder No. 2
cost per total cost cost per total cost
Base Altermate cubic yard of base cubic yard of base
Bituminous-aggregate $42.00 $383,712 $37.00 $338,032
Aggregate-lime-fly ash $23.00 $278,803 $26.00 $314,364
Aggregate base $11.65 $388,604 $12.50 $367,44b

The lowest cost alternate was the aggregate-lime~fly ash price of
$278,803 from bidder number 1. When compared to the low price of $338,032
for bituminous-aggregate base, this represents a cost savings of $59,229 or
a 21.2 percent reduction in base course cost by using aggregate-lime-fly ash
instead of bituminous-aggregate. When compared to the low price of $367,444
for aggregate base, a cost savings of $88,641 or 31.8 percent can be realized
by using the aggregate-~lime~fly ash base.

The total bids for this project were as follows:

Base Alternate Bidder No. 1 Bidder No. 2 Difference
Bituminous-aggregate $1,685,884 $1,632,843 + $53,041
Aggregate-lime-fly ash $1,580,975 $1,609,176 - $28,201
Aggregate base $1,690,776 $1,662,255 + $28,521
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The job was awarded to Bidder Number 1 using the aggregate-lime-
fly ash alternate. This alternate saved $51,868, or 3.3 percent of the
entire job, compared to bituminous-aggregate. The aggregate-lime-fly ash
alternate cost $81,280, or 5.1 percent, less than aggregate base.

3. Pennsylvania

For a pavement structural number of 4.00, use of Pemnsylvania flex-
ible pavement design coefficients and AASHTO recommended minimum wearing course
thicknesses initially resulted in the following basic designs:

Bituminous Base Pozzonlanic Base Aggoregate Base
3" Wearing Surface 3" Wearing Surface 5" Wearing Surface
6.7" BCBC* 6.7" ALP** Base 12.9" CABCH**

* BCBC refers to bituminous concrete base course
*% ALP refers to aggregate~lime-pozzolan base course
*%% CABC refers to crushed aggregate base course.

The above designs were reviewed by the PennDOT Bureau of Design.
As a result of this review, several changes were proposed to conform to the
PennDOT design manual, by taking into account minimum pavement depth, frost
design requirements, and the use of sub-base material. Based on these changes,
the resultant designs were as follows:

Bituminous Base Pozzolanic Base Aggregate Base
1.5" Wearing Surface 1.5" Wearing Surface 1.5" Wearing Surface
6" BCBC 2"  Binder Course 2" Binder Course
10" Sub-base 5"  ALP 8"  CABC
6"  Sub-base 10"  Sub-base
17.5" Total Pavement 14.5" Total Pavement 21.5" Total Pavement

Analysis of the above designs indicates that the resultant struc-
tural numbers for each altermative are slightly different. The BCBC pavement
has a structural number of 4.16; the ALP pavement has a structural number of
4,20; and the CABC pavement has a structural number of 4.08.

Pennsylvania transportation officials have furnished the following
in-place cost figures, derived from the most recent weighted average of all
awarded contracts statewide, as published in PennDOT Bulletin 50:

1-1/2" wearing surface $3.30 per square yard
2" binder course $3.00 per square yard
6" BCBC $9.20 per square yard
5" ALP base $8.85 per square yard
8" CABC $8.00 per square yard
6" sub-base $3.75 per square yard
10" sub-base $4.15 per square yard (Reference I-110).

I-89



Using the above figures, the total estimated cost per square yard
for each of the three Pennsylvania pavement alternatives is:

Bituminous Base Pozzolanic Base Aggregate Base
Surface $ 3.30 $ 3.30 $ 3.30
Binder - 3.00 3.00
Base 10.20 8.85 8.00
Sub-base 4.15 3.75 4.15
Total Cost $17.65 $18.95 $18.45

In seeking to verify these unit prices from the latest Bulletin 50
(March 1980), it was discovered that no bid price has been tabulated in Bul-
letin 50 for the ALP altermate during the past several years. Apparently,
the unit price for the 5" ALP base was determined by taking a 1974 bid price
from Bulletin 50 and factoring it to 1980 at an inflation rate of 10 percent
per year. Furthermore, crushed aggregate base course is rarely used by PennDOT,
hence cost data on this item are very limited (Reference I-111).

A July 1979 cost summary of material costs for short projects (less
than 1,000 feet) in PennDOT district 6 (Philadelphia area) indicates that bid
prices for 5" ALP base on such projects averaged $4.53 per square yard. Dis-
trict 6 engineers have been using an annual escalation figure of 7.5 percent
per year compounded for projecting increased material costs. On this basis,
the unit price of 5" ALP base would be $4.89 per square yard at this time.

In order to verify the in-place cost of LFA base, the costs of a
total of six of the most recent ALP projects in District 6 were reviewed.
These jobs dated from 1976 and involved quantities ramging from 1,600 to
100,000 square yards of base material. A weighted average cost was deter-
mined frem the costs of these six projects. This cost figure was also ad-
justed to take into account variations in the thickness of the ALP base on
these different projects. This weighted cost turmed out to be $5.97, so the
estimated cost of installing a 5" thick layer of ALP base in Pennsylvania was
taken as $6.00 instead of $8.85 per square yard.

A figure of $6.00 per square yard for 5 inches of ALP base course
does not seem unreasonable when compared to a cost of $6.60 per square yard
for 9.5 inches of LFA base in Ohio and $10.87 per square yard for 10 inches
of PAM base in Illinois.

Using the revised ALP cost figure, the total estimated cost per
square yard for each of the three Pennsylvania pavement alternatives is:

Bituminous Base Pozzolanic Base Aggregate Base
Surface $ 3.30 $ 3.30 $ 3.30
Binder - 3.00 3.00
Base 10.20 6.00 8.00
Sub~-base 4,15 3.75 4,15
Total Cost $17.65 $16.05 $18.45
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From these data, it appears that the pozzolanic or ALP base is
actually the least expensive alternative, being $1.60 less than bituminous
base per square yard. TFor a two~lane road, 24~-feet wide, the project cost
savings attributed to ALP base using these cost figures would be $22,528
per mile less than bituminous base.

Additional comparative cost information on ALP base and bituminous
base prices was obtained from the City Engineer for the City of Lancaster, who
usually asks for altermate bids for all street reconstruction work. Recent
bid prices for pavement designs consisting of 1-1/2 inches of asphalt wearing
surface, 6 inches of bituminous base, and 6 inches of sub-base have been rang-
ing from $20.40 to $23.80 per square yard in place, which is considerably higher
than the $17.65 per square yard estimate based on PennDOT Bulletin 50 cost
figures. Recent bid prices for pavement designs consisting of 1-1/2 inches
of asphalt wearing surface, 2 inches of bituminous binder, 5 inches of ALP
base, and a 6 inch sub-base have been ranging from $14.00 to $17.00 per square
yard (Reference I-112), which corresponds well with the estimated cost of $16.05
per square yard given above. The actual installed price for 5-inch thick ALP
base in Lancaster during 1980 was $4.50 per square yard (Reference I-113).

All the above costs are based on prevailing wage rates, making the costs for
these projects equivalent to those of PennDOT projects.

On the basis of these costs, reflecting actual bids received during
1980 in the City of Lancaster, it would appear that even more substantial
savings, on the order of $5.00 to $6.00 per square yard of pavement, can be
realized by use of the pozzolanic base alternative. When analyzing the com-
parative costs of ALP and BC3C out of the plant it is evident why ALP is the
less costly altermative. Bituminous base in the Philadelphia area presently
sells for approximately $20 per ton F.0.B. plant, while ALP sells for $9.50
per ton F.0.B. plant (Referemnce I-114). 1In Pennsylvania, these two materials
are structurally equivalent.

4, Three State Cost Comparison

The estimated costs for all three pavement alternates in Illinois,
Ohio, and Pennsylvania for a flexible pavement with a structural number of
4.00 are compared in Table I-13. These cost figures reflect actual bid costs
for all materials and, as such, constitute an accurate current comparison of
the cost of alternative pavement systems in each state.

The first and most obvious observation from Table I-13 is that the
pozzolanic base material is consistently the lowest cost altermative in all
three states, with bituminous base second, and aggregate base third. The
cost differential between pozzolanic base and bituminous base ranges from
$1.50 to $3.00 per square yard. This difference represents potential cost
savings of approximately $20,000 to $40,000 per mile of two-lane road.
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Table I1-13
THREE-STATE COMPARISON OF PAVEMENT BASE COURSE COSTS

BASIC PAVEMENT DESIGNS
(STRUCTURAL NUMBER = 4,0)

ILLINOIS OrIO PENNSYLVANIA
BAM PAM STONE BIT POz STONE BCBC ALP CABL
3" wearing 3" wearing 5" wearing 3" wearing 4"  wearing 5" wearing 1.5" wearing 1.5 wearing 1.5" wearing
8.5" base 10" base 15.4" base 8.4" base 9.5" base 16.1° base 6" base 2" binder 2" binder
" ' " ) " " 10" subbase 5" base 8" base
11.5" total 13" total 20.4" total 11.4" total 13.5" total 21.1" total P—— 6" subbase 10" subbase
17.5" total — —_—
14.5" tota) 21.5" total
COST _COMPARISON
ILLINOIS CHl10 PENNSYLVANIA
BAM M STONE BIT P02 STONE CBC ALP CABC
$4.64 $ 4.64 $7.74 $ 4.52 $ 6.03 $7.53 $ 3.3 $ 3.3 $3.3
12,87 10. 87 8.75 11.19 6.60 9.08 10.20 3.00 3.00
$17.5) $15.51 $16.49 $15.71 $12.63 $16.61 4.1 8:00 300
(Low) (LOW) $17.65 2 :
$16.05 $18.45

(Low)



A study of Table I-13 also shows that total pavement costs in
Illinois and Pennsylvania are basically quite similar, while comparative
costs for the same materials in Ohio are somewhat lower, particularly the
cost of the pozzolanic base. This simply points out the number of variables
that must be taken into account when comparing cost figures for the same
material from different areas. The most significant of these variables are
labor, transportation costs, productivity at the project site, and avail-~-
ability of materials. Despite these variables, the cost comparisons dis-
cussed in this section of the report reflect a trend toward significant
savings in cost from use of pozzolanic base materials in areas where such
materials are available and can be supplied in sufficient quantity to pro-
spective users.

Overview of LFA Usage
LFA Use by State Highway Agencies. The findings of a question-

naire on recovered material usage, which was circulated by AASHTO to all state
highway materials and construction engineers during April 1980, show that a
total of 14 states have at some time used lime-fly ash-aggregate (LFA) compo-
sitions in base course or shoulder applications. Six of these 14 states
presently include LFA in their state specifications. One state (West Virginia)
used to have a special provision in its state specifications for lime-fly ash-
aggregate base, but reports that it was discontinued due to lack of interest
by the contracting industry. Instead, West Virginia uses a lot of cement-
treated base (Reference I-115).

States indicating some use of LFA base materials are:

Arizona New Jersey*
Colorado* North Dakota*
Illinois* Ohio*
Maryland Oklahoma
Massachusetts Pennsylvania*
Michigan Texas
Missouri West Virginia

* States which have a specification for lime-fly ash-aggregate.

The only states reporting routine use of LFA are Illinois, Ohio, and Pennsyl-
vania. Most of the remaining 1l states report that LFA base has been used in
state projects only on a limited field basis (less than six projects) or as a
field experiment (one or two small test sections). Generally speaking, LFA
materials have been used to a greater extent on local facilities than state
highways.

In addition to the 14 states, noted above, at least four other
states are presently evaluating LFA compositions in the laboratory. These
states are Georgia, Mississippi, New York, and North Carolina. Of these
four states, only North Carolina felt that LFA behaved poorly in the lab
because '"'the strength of lime-fly ash stabilization of aggregate base at 7
days was 12 percent of the aggregate base with 3 percent cement and 3 times
as expensive (Reference I-116).
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A review of technical reports and promotional literature on sta-
bilized road base materials confirms that LFA mixtures have also been placed
in several other states, including Delaware, Indiana, New York, South Dakota,
and Virginia. Since none of the DOT personnel in these states has indicated
use of this material in their questionnaire responses, it is assumed that LFA
use in these states has been confined to local roads and/or private projects,
with no use in state or Federally funded highway comstruction.

Of the 14 states reporting LFA use, 10 consider the performance of
the material to have been either acceptable, good, or, in the case of three
states, excellent. These three states are Ohio, Texas, and West Virginia.
Reasons cited for excellent performance are the pozzolaric activity of lime
and fly ash, strength gain with age, and good mixing and compaction in the
field. Three states (Maryland, Massachusetts, and Missouri) have experimented
with LTA materials on a very limited basis in the field and felt that more
study was necessary before being able to evaluate the performance of the ma-
terial. Ome state, Michigan, considered that LFA base performed poorly omn a
job because the material showed ''temperature and moisture semnsitivity for cure,
frost susceptibility, poor drainability, and was more expensive than counven-
tional aggregate mixtures (Reference I-~117).

Figure I-15 is a map of the United States showing the locations of all
coal-fired power plants and all commercial lime plants. All areas within a 50-
mile radius of both a coal-fired power plant and withn a 200-mile radius of a
commercial lime plant are shaded in on the map and considered as potential use
areas for LFA base material usage.

Portions of 39 states have been shaded in on this map, indicating
areas where supplies of LFA component materials (lime and fly ash) are avail-
able within a reasonable hauling distance. Considering the 14 states that
have reported LFA use by the AASHTO questionnaire, plus five additional states
where local or private use of LFA material can also be verified, LFA base ma-
terials have been used to some extent in at least 19 states. This total rep~
resents approximately half of all states which could possibly be using this
material. Table I-1l4 lists the 39 states where there is some potential for
use of LFA base materials from the standpoint of lime and fly ash availability
and also indicates those 19 states where there has been known use of these
materials.

Of these 19 states, there are probably only three (Illinois, Ohio,
and Pennsylvania) that are familiar enough with the characteristics and per-
formance of LFA base that they would be able to award more contracts using
this material without first requiring extensive laboratory testing and field
monitoring of the material. With few exceptions, most of the remaining 20
states would probably need to spend some time in further evaluation of LFA
base before feeling ready to proceed with a substantially higher degree of
LFA use in state highway construction.
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STATES HAVING POTENTIAL OR ACTUAL
USE OF LIME-FLY ASH-AGGREGATE

Table I-1l4

State

Alabama
Arizona
Arkansas
Colorado
Connecticut
Delaware
Florida
Georgia
I1linois
Indiana

Towa

Kansas
Kentucky
Maryland
Massachusetts
Michigan
Minnesota
Mississippi
Missouri
Nevada

New Hampshire
New Jersey
New York
North Carolina
North Dakota
Ohio

Ok 1ahoma
Oregon
Pennsylvania
South Dakota
Tennessee
Texas

Utah

Vermont
Virginia
Washington
West Virginia
Wisconsin
Wyoming

Extent of LFA Use to Date

‘Potential use due to logistics

Experimental field use
Potential use due to logistics
Limited field use - specified
Potential use due to logistics
Some prior field use

Potential use due to logistics
Laboratory investigation
Routine use - specified

Some prior field use

Potential use due to logistics
Potential use due to logistics
Potential use due to logistics
Limited field use

Experimental field use

Limited field use

Potential use due to logistics
Laboratory investigation
Experimental field use
Potential use due to logistics
Potential use due to logistics
Some prior field use

- bad climate

Laboratory investigation - some field use

Laboratory investigation
Limited field use

Fairly routine use - specified
Experimental field use
Potential use due to logistics

Routine use until 1976 - specified

Some prior field use

Potential use due to logistics
Limited field use

Potential use due to logistics
Potential use due to logistics
Some prior field use

Potential use due to logistics
Very limited field use
Potential use due to logistics
Potential use due to logistics
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Marketing Consideratiomns. After reviewing and evaluating the
utilization of LFA base, and differences that exist in the event of its use
from one state to another, it is evident that the level of use of LFA base
(or any other construction product) is definitely related to the sales ef-
fort applied on its behalf. It must be understood that sales of all construc-
tion materials (asphalt, concrete, aggregate, etc.), are dependent to some ex-
tent on periodic visits to users and specifiers by sales representatives, as
well as spokesmen for material producers lobbying associations. In this re-
gard, it is virtually impossible for advocates of LFA materials to pravide a
sales effort that can even remotely compare with that of the more recognized
and established- construction material industries.

There are, no doubt, many instances in which too aggressive a market-
ing approach on behalf of an unfamiliar material, such as LFA, may have been
more detrimental than infrequent sales visits. In addition, most engineers
are dissuaded from further use of a material when a marketing representative
makes undocumented claims about it or when the material is unable to perform
up to its advertised expectations.

A sales representative for a Chicago-based ash marketing firm,
which has sold more fly ash for use in LFA base than any other firm any-
where else in the United States, recommends that the following steps be
take to assure success in the marketing of lime-fly ash-aggregate:

1. Cooperation between the utility company and the
potential ash vendor om such vital matters as
quality control, material availability, and load-
ing hours. Without such cooperation, and a sin-
cere interest on behalf of the utility company,
marketing of quality LFA material is doomed to
failure.

2. Promote and think in terms of a plant-mixed pro-
duct. Production plants should have a capacity
of at least 400 tons per hour. Contractor-owned
blacktop plants can be adapted for LFA production
at a probable cost of $250,000 to $300,000 for an
additional silo and feeding equipment.

3. Sell the product through contractor-owned market-
ing outlets, using trained and qualified sales
and engineering representatives.

4., Draw on the talents of paving experts to evaluate
the product, develop promotiomal literature, and
provide technical consultation where needed.

S. Develop attractive and techmically accurate pro-
motional literature.
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6. Conduct informal seminars on the properties and
uses of the product. Rely on experts where needed,
emphasizing a direct and honest approach.

7. Invite potential producers and users to tour pro-
duction facilities and project sites where the LFA
material is being mixed and placed or where it has
been in service.

8. Make frequent personal calls, again using the di-
rect, honest sales approach. Display cores of the
material in addition to sales literature (Reference
I-118).

Audio-visual aids are an excellent example of the use of profes-
sional marketing tools for product promotion. In 1979, the Federal Highway
Administration, in cooperation with the National Ash Association and the
American Pozzolanic Concrete Association, developed a 20-minute narrated
slide-tape presentation entitled "Lime-Fly Ash Stabilized Bases and Subbases."
This presentation consists of 78 color slides which discuss and explain the
following aspects of LFA base materials:

LFA components (lime, fly ash, and aggregate)
Fly ash production, composition, and handling
Laboratory testing procedures (ASTM C593)
Plant-mixing of LFA materials

Construction equipment used for LFA placement
and compaction

Engineering properties of LFA materials

e Advantages of using LFA materials

A 20-page script of this slide~tape presentation has also been
prepared by the Federal Highway Administration and is included in this re-~
port. The Federal Highway Administration disseminates this document to
district offices and other interested parties as part of its information
exchange program. However, it is noted in the script that the contents of
the presentation do not necessarily reflect the official views or policy of
the government, which does not endorse products or manufacturers.

It must be understood that any product with which state highway
engineers are not faimiliar cannot sell itself. Due to the inherently con-
servative nature of the highway engineering profession and its reluctance
to deviate from the use of familiar and established construction products,
a professional marketing effort must be applied by reasonable, technically
oriented organizations in order to advance the usage of a product such as
LFA base. Even with such an effort, it should be further recognized that
complete acceptance and routine use of any material, with which there is
little familiarity on the state level, probably involves a minimum five-
year time period.
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Qverall Technical Assessment of LFA Materials. The technology of
lime-fly ash~aggregate (LFA) use in base and sub-base construction has been
well documented and implemented to various degrees in more than a dozen states
over the past 20 or more years. It has been estimated that, since the mid-
1950s, from 20 to 25 million tons of LFA materials have been produced and
placed in different parts of the United States. There is a large amount of
published literature and unpublished data on composition, characteristics,
and performance of LFA mixtures. There are hundreds of sections of roadway
that have been placed using LFA base materials and which have provided highly
satisfactory performance for many years. These projects are testimony to the
fact that LFA materials are indeed suitable for use as road base compositions
on primary and secondary highways, as well as in the construction of airfields.

Advantages and Disadvantages. The use of LFA materials in areas
where they are available offers the prospective user a number of advantages.
The principal advantages of these products are:

1. The most obvious benefit of LFA compositions is
cost. All other factors being equal, these ma-
terials are nearly always less expensive than
alternative or competitive base materials such
as bituminous concrete or crushed aggregate. In
these times of inflation and tight budgets, sig-
nificant cost savings from the use of LFA bases
are not only possible, but have been documented
on numerous occasions in many areas of the country.

2. A pozzolanic reaction occurs in these compositions,
resulting in gradual, long-term strength develop-
ment over time. This strength development can be
controlled and designed into the mixture by alter-
ing the formulation during mix design.

3. Ultimate strength development of LFA base is com-
parable to that of low~strength concrete. There
have been many examples where the ultimate strengths
of LFA materials have exceeded 3,000 psi and in some
instances have even achieved 5,000 psi or higher
strengths. In terms of cost per psi of strength de-
veloped, LFA provides more strength for the dollar
than any other paving material.

4, LFA base materials are relatively easy to install
and can be placed and compacted with conventional
construction equipment. There is no need for any
exotic hardware or fancy procedures when mixing or
laying LFA materials.

5. In states where LFA has been most frequently used,
the structural design coefficients for the material
are equal, or nearly equal, to bituminous base and
substantially higher than crushed aggregate.
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The use of LFA base provides an excellent oppor-
tunity to utilize a material that is comsidered
a disposal problem to the electrical utility in-
dustry. From the perspective of fly ash utili-
zation, one cubic yard of concrete can use 100
pounds of fly ash, while one cubic yard of LFA
can use 400 pounds of fly ash. 1In pozzolamic
mixtures containing sludge materials, one cubic
yard of mix may contain up to 1,000 pounds of
fly ash.

Once the material ages beyond the first winter,

it continues to develop strength at a rate which
exceeds the accumulated wheel loadings being ap~
plied to the road. Consequently, LFA pavements
rarely fail from fatigue. Moreover, it has been
determined that, on low traffic volume facilities,
LFA mixtures with well-graded aggregates possess
sufficient mechanical stability to support wheel
loadings through the first winter, even if no
cementing of the base occurs.

LFA materials contain fly ash, which is a low
energy-intensive material, Therefore, use of
LFA results in reduced energy input compared
to that of altermative materials. Substitu-
tion of LFA base in lieu of bituminous base
would not only result in lowered costs, but
would conserve needed petroleum resources.

On the other hand, there are certain disadvantages associated with
LFA materials which must also be considered. The main disadvantages of this

product are:

1.

On state and Federally funded highway construction
work, there are recommended construction cutoff
dates which are part of the material specificatioms.
In northermstates, where most of the LFA materials
have been used, the material is not permitted to be
installed on state projects beyond a specified date,
usually sometime between September 15th and October
lst. These dates may or may not be overly conserva-
tive, but their net effect is to reduce the length
of the construction season for LFA placement. On
municipal projects, LFA has often been installed
well beyond applicable state highway cutoff dates
with no failure.
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2. LFA base materials are not specified on many recon-
struction projects where maintenance of existing
traffic is necessary because, in the minds of many
highway engineers, the material does not always hold
up particularly well to heavy traffic (especially
truck traffic). This is more of a problem immedi-
ately after the material has been placed and com-
pacted. It is normal practice to blacktop over LFA
base as soon as possible (within one or two days)
after it has been installed.

3. The production of LFA at the plant, as well as its
placement at the job site, requires some reasonable
quality control to assure a good performing product.
This material is sensitive to variations in moisture
which, if large enough, would adversely affect com~
paction and eventual job performance. The key to a
successful LFA job is good compaction. This cannot
be achieved unless the product comes out of the plant
at or close to its optimum moisture content and is
properly compacted.

4, To many engineers, fly ash is a waste material and
not a product. When viewed as a waste material,
fly ash is considered to be variable and of low
quality. While in some cases this may be true,
there are many acceptable sources of fly ash avail-
able for LFA use. Again, quality control of the ash
and cooperation with the utility company is essen-
tial. The quality requirements for use of fly ash
in LFA materials are far less stringent than for the
use of fly ash in portland cement concrete.

In objectively weighing the advantages vs. the disadvantages of LFA
base materials, on balance, the good points of this material definitely out-
weigh its bad points. It is a proven fact that, if this material is designed,
produced, and placed properly, it performs well. It is a versatile product,
having been produced with almost every kind of aggregate and dozens of dif-
ferent sources of fly ash. The obvious advantage of LFA base offers in dra-
matic costs savings is, in and of itself, a compelling encugh reason for
Jjustifying more widespread use of this material.

All of the disadvantages cited above can in one way or another be
overcome by applying good, sound engineering coupled with a firm commitment
to product quality control. Therefore, from a technical and economic stand-
point, use of LFA base is not only justifiable, but also very bemeficial.
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The question therefore remains: If LFA material is that good, why
isn't more of it being used? Although there may be no single answer to this
question, a number of possible explanations, mnot necessarily related directly
to technical and/or economic considerations, are offered.

Institutional Barriers and Related Factors. To appreciate why a
seemingly acceptable construction material has had such difficulty gaining
acceptance since its development nearly- 30 years ago, one must understand
the state highway engineering function and the relatiomnship of the highway
construction industry to each respective state highway agency.

In the first place, there are very few engineers as conservative as
the typical highway engineer. They are conservative by necessity., being given
a budgeted amount of public funds and at the same time being charged with the
responsibility of keeping roads in as good a condition as possible. Most
highway engineers are used to operating with sizable construction budgets and
relying on well-established construction materials. Consequently, they are
somewhat skeptical and reluctant to endorse new or unfamiliar products, no
matter what advantages may be associated with the material. They usually
resist change and prefer instead to continue utilizing materials with which
they are familiar.

Secondly, LFA materials, because of early Poz-0-Pac patents, are
considered by many state highway engineers as a proprietary product, even
though all patents on the use of these materials have expired. There is
still a certain aversion among some state highway engineers to using a pro-
duct of proprietary nature, such as LFA base.

The specifying and use of highway comstruction products by engi-
neers and officials at the state and local level is probably as attribu-
table to sales efforts and lobbying pressures as it is to the comparative
merits of the material itself. Unfortunately, politics does play a role
in determining to what extent various construction materials are included
in bids and specifications.

There have been and still are intense lobbying pressures by con-~
struction material producers associations on behalf of their products. There
is nothing unethical or wrong about such efforts, as long as the sales in-
formation is factual and attempts are not made to discredit competitive
products. Unfortunately, competitive material lobbyists have not always
portrayed LFA in a completely objective fashion to state highway engineers
and, consequently, certain misconceptions about the material have persisted.
An example of this is the notion that LFA materials are hard to handle and
place and require special installation equipment, when the truth is the ma-
terial is relatively easy to handle and place using conventional spreading
and rolling equipment.
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To combat ignorance of the product, a professional marketing approach
is absolutely necessary at all levels, but particularly at the state level.
Unfortunately, LFA materials have never had a real strong advocate or lob-
byist to counter the well-financed and well-organized representation from
other conventional highway product orgamizations. Therefore, since the ma-
terial has not been well sold, it has failed to attract many supporters within
the highway establishment strictly on its own merits.

Even though LFA materials are specified and used in some states,
other states which may have had less experience with the material sometimes
feel the need to "reinvent the wheel,” in terms of years of laboratory in-
vestigation prior to using LFA on projects. There are also instances where
engineers in a particular state gain familiarity with and confidence in a
material such as LFA. However, once these engineers retire or pass away,
use of the material diminishes and other engineers who are not as familiar
with it must be re-educated concernming its use. These are just some examples
of the institutional barriers to more widespread use of LFA materials.

Cement~Stabilized Fly Ash Bases and Sub-bases

Another means of using fly ash as a road base or sub-base material
in highway construction is by stabilizing the fly ash with portland cement
(or, in some cases, hydrated lime). Cement-stabilized fly ash base course
and sub-base materials are used in flexible pavement systems in the same man-
ner as lime-fly ash—~aggregate and other pozzolanic base materials, except
that the cement-stabilized fly ash mixtures do not contain any conventional
aggregate.

One of the most obvious advantages to the utilization of cement-
stabilized fly ash as a highway base course or sub-base is that between 80
to 90 percent by weight of the base course or sub-base material is fly ash,
instead of from 10 to 25 percent, as in the case with most lime-fly ash-
aggregate or other pozzolanic compositions. Thus, use of cement-stabilized
fly ash mixtures results in a substantially greater utilization of fly ash.

History of Cement-Stabilized Fly Ash. The use of cement-stabilized
fly ash is comparatively new in the United States. However, cement stabiliza-
tion of pulverized fuel ash (PFA) and its subsequent use in road base con-
struction has been in practice in parts of Europe for nearly twenty years.
Both Great Britain and France have utilized this material to such an extent
that its ase is accepted routinely on public roads as well as private pro-
jects in both countries. Specifications for fly ash-cement base courses
have been adopted by the British Department of the Environment (formerly
known as the Ministry of Transport) and commercial manufacturing plants
have been established for the production and sale of a ready-mix cement-
stabilized fly ash base course material. In France, cement-stabilized fly
ash has been used as a sub-base on a number of major highway projects
(Reference I-119).
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In the United States, there has thus far been very little use made
of cement-stabilized fly ash base course and/or sub-base materials. For the
most part, this is because American engineers have not had nearly as much ex-
perience as their European counterparts with the use of fly ash in general,
and in particular, with combinations of fly ash and portland cement containing
no aggregate. Consequently, because of an ingrained reliance on conventional
materials of construction and an inherent aversion to the use of non-conven-
tional products, such as fly ash, American highway engineers have tended to
rely on proven technology and regard fly ash itself, and stabilized composi-
tions containing fly ash, with some mistrust. Furthermore, until recently,
there has been a lack of technical documentation, reference materials, or
manuals describing the unique properties, design procedures, specification
guidelines, and construction techniques related to cement-stabilized fly ash.

Pozzolanic Nature of Cement-Stabilized Fly Ash. As discussed in the
preceding section on lime-fly ash-aggregate, fly ash is a pozzolanic material,
that is, it will react in the presence of calcium hydroxide and water at normal
temperatures to provide cementitious compounds. Therefore, the addition of
relatively small amounts of portland cement (or hydrated lime) and water to
fly ash can result in significant and oftentimes rapid strength development.

Fly ash itself contains varying amounts of calcium oxide, some of
which is present as free lime. The quantity of free lime present in certain
fly ashes, particularly the so-called western fly ashes (from the burning of
lignite or sub-bituminous coal) is sufficiently great that, when these ash
materials are moistened and compacted, they will harden and gradually develop
in strength of their own accord. This strength, however, may not be of suffic-
ient magnitude for application in highway base course construction, either in
terms of load-bearing capacity or durability in terms of resistance to freez-
ing and thawing. Therefore, the addition of a stabilizing agent, such as port-
land cement or hydrated lime, in relatively small amounts is required to pro-
mote additional and more rapid strength development and improve freeze-thaw
resistance.

In general, portland cement is the most desirable stabilizing agent
to be added to fly ash, although lime can be added instead of, or even to-
gether with, cement. However, the strength gain in fly ash-lime mixes is
significantly slower than in fly ash-cement mixes, although comparable
strengths may be achieved after many months. The use of lime instead of
cement may be considered in situations where longer curing periods or higher
curing temperatures can be anticipated or where the use of lime represents
an economic advantage over cement (Reference I-120).

The hydration of portland cement in water proceeds rapidly so that
cement-stabilized fly ash mixtures normally attain satisfactory early strengths,
while continuing to gain in strength over a period of several years. The amount
of cement needed to produce a given strength of mixture within a given period
of time under specified curing conditions is a function of the reactivity of
the fly ash. This, in turn, is related to the physical as well as chemical
characteristics of the ash (Reference I-121).
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1t is presently believed that silica, alumina, and calcium oxide
are the primcipal contributors to the pozzolanic reactivity of fly ash,
while the presence of carbon acts to inhibit the pozzolanic reactivity.
Generally, high surface area, which is a measure of the fineness of the
ash, also aids in the reactivity.

Certain ash handling and storage techniques can directly affect
the pozzolanic reactivity of fly ash by altering the physical and chemical
characteristics of the material. Sluicing of fly ash to ponds, for example,
often results in a non-uniform particle size distribution of the ash through-
out different areas of the pond, with coarser particles settling nearest the
outlet pipe and finer particles settling farthest from the pipe. Therefore,
the fineness of a particular ash sample is a function of its particular loca-
tion within the sluicing pond. Furthermore, the extent of fly ash exposure
to moisture over a period of time, either in ponds or stockpiles, can result
in the leaching of calcium oxide and the fly ash thus recovered could have
a somewhat reduced pozzolanic reactivity as a result of such leaching (Ref~
erence I-122).

Mixture Proportions. Proportioning of cement-stabilized fly ash
mixtures is normally accomplished by means of laboratory tests to select a
design mix that, when mixed and compacted, is capable of attaining estab-
lished criteria for strength and durability. The laboratory tests are es-
sentially the same as those recommended for soil-cement samples by the Port-
land Cement Association (Reference I-123), with some modificatioms. The
details of the recommended criteria for use in mix design, which have been
developed by the British Central Electricity Generating Board, will be dis-
cussed later in this report.

Portland cement to be used in the construction mix should be Type
I cement and comply with the requirements of appropriate state or local
highway agencies for portland cement to be used in roadway constructionm.
The fly ash to be used should be tested in advance of trial mix designs in
order to determine the following properties:

Moisture-density relationship (ASTM D698)
Blaine fineness-specific surface (ASTM C618)
Loss on ignition at 900°C, percent by weight
Ca0 content, percent by weight.

Because of the variability which often occurs in the character-
istics of fly ash from most power plants, due to changes in coal source,
firing conditions, or ash collection and handling procedures, the concept
of a construction mix has also been developed. The construction mix is es-
sentially a design mix in which the mix proportions selected from previous
tests may be adjusted in order to accommodate the least reactive fly ash
that may be expected to be obtained from a given ash source over the period
of construction. Thus, variations in ash quality, disposal and/or storage
methods, and moisture conditions can be factored into the mix design pro-
cedure.
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There is presently no method of accurately determining the amount
of cement (or lime) necessary to produce the required amount of strength and
durability for a given sample of fly ash, although the percentage of cement
is usually between 10 and 20 percent of the fly ash on a dry weight basis.
However, the results of the chemiral, physical, and laboratory compaction
some indication of the potential reactivity of a sample of
fly ash and can serve as a guide for selection of a trial mix.

tests provide

Based on laboratory test results of fly ash samples, selection of
a cement content for trial mixes can be made according to the following guide-

lines:

l.

2.

3.

4,

Loss on Ignition -

Calcium Oxide -

Maximum Dry Density -

Blaine Fineness -

The carbon content of fly ash is
an important factor in strength
development of cement-fly ash mix-
tures. For a fly ash sample with a
loss on ignition greater than 5
percent, a trial mix with at least
20 percent cement by weight of £fly
ash should be assumed.

The higher the Ca0 content of the
fly ash, the lower the cement re-
quired for stabilization. For fly
ash samples with 10 percent or
greater Ca0 content, a cement con-
tent of 5 to 10 percent is recom-
mended. TFor Ca0 contents below 10
percent, other factors will be of
greater influence in the selection
of a trial mix.

For fly ash samples with low loss

on ignition and Ca0 content, density
can be used as an indicator of re-
activity. For fly ash samples with
maximum dry densities greater than
85 pounds per cubic foot, cement con=-
tents of 10 to 15 percent are recom-
mended. For fly ash samples with
maximum dry densities less than 85
pounds per cubic foot, 15 to 20 per-
cent cement is recommended,

The fineness of a fly ash sample with
low loss on ignition and Ca0 content
is yet another indicator of reactivity.
For fly ash samples with a,Blaine fine-
ness in excess of 2,500 cm~ per gram,
cement contents between 10 and 15 per-
cent are recommended, with increases in
the cement content as the Blaine fine-
ness decreases.
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Normally, in laboratory mix design testing, it is standard practice
to express the cement content of a mix in terms of a certain percent by weight
of dry £fly ash. However, this often does not give a clear indication of the
actual amount of cement being used in the mix because of variations in the
unit weight of fly ash from sample to sample. Therefore, for cement-stabil-
ized fly ash mixes, it is more practical to express the cement content of the
design mix in terms of pounds of cement per cubic foot of compacted mix, based
on the maximum dry density and optimum moisture content of the mix as deter-
mined by ASTM D134-70. This means of expressing the cement content permits
a direct comparison between design mixes on the basis of actual quantities of
cement required in each mix (Reference I-124).

Engineering Properties. The most significant engineering properties
of cement-stabilized fly ash base course materials are compressive strength,
durability or freeze-thaw resistance, and moisture-density characteristics.
Unfortunately, due to the limited number of projects in which these materials
have been used in the United States, there is very little in the way of docu-
mentation of these properties. The following paragraphs summarize available
information on engineering properties of cement-stabilized fly ash compositioms.

Compressive Strength. As noted earlier in this report, the
British have developed criteria for cement-stabilized fly ash base courses
which have been adopted and published by the National Ash Association (Ref-
erence 1-124).for mix design purposes. The basis of these criteria are that
a specified compressive strength is an indication of the mix's ability to
resist damage due to cyclic freezing and thawing and frost action. The fol-
lowing criteria have been developed for cement-stabilized fly ash mixes:

o The seven-day compressive strength of the mix, when
cured under moist conditions at 70 + 3°F (21 + 2°C)
must be at least 400 to 450 psi.

¢ The unconfined compressive strength of the mix must
increase with time.

Since no data are available for laboratory freeze-thaw testing of
cement-stabilized fly ash materials, the criteria listed above are assumed
to provide a design basis for development of sufficient compressive strength
to also satisfy durability requirements.

Determination of mix formulations to meet those criteria must be
done by means of trial mixes. Data from an access road project in Stone-
leigh, England provides an indication of the possible strength development
of cement-stabilized fly ash. Unconfined compressive strength data from
this project, using a mix with 10 parts fly ash to 1 part cement by weight,
are as follows:
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Unconfined

Age of Base Compressive
Course Strength
(days) (psi)

7 400
28 760
90 1,250

270 1,660

Fly ash samples from different American power plants were tested
in the laboratory to evaluate the engineering properties of trial mixes
using these materials. The results of these tests, which include compres-
sive strength and moistuture-density data, are presented in Table I-15.
These test results are useful in illustrating the range of engineering
properties that can be expected for design mixes using typical American
bituminous coal fly ashes.

In addition, Figure I-16 shows the variation in 7-day compressive
strength development with cement content for several of thse fly ashes.
From this figure, it is evident that the lagoon sample of fly ash from the
Willow Island plant requires a considerably higher cement content to achieve
strength comparable to the other silo ash samples (Reference I-124).

Some minimal compressive strength data are also available from two
projects in West Virginia in which cement-stabilized fly ash has been used
as the base course for parking lot facilities. These data, involving both
laboratory and field test specimens, are summarized as follows:

Laboratory Test Specimens
(Moist Cured at 70°F) Field Core Specimens
Philip Sporn Plant - New Haven, W. Va, Harrison Station - Haywood, W. Va

Unconfined Unconfined
Age of Base Compressive Age of Base Compressive
Course Strength Course Strength
(days) (psi) (days) (psi)
7 452 7 566
28 1,362 90 869

It should be noted that the base course material installed at the
Harrison Station project was placed rather late in the season and had under-
gone several freeze-thaw cycles between 7 and 90 days. Nevertheless, these
data, limited though they may be, demonstrate that mix formulations have been
designed and placed in service in this company that are capable of meeting the
six design criteria adopted by the National Ash Associationm.
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60T-1

uUtility Company
Power Station

Table I-15

ENGINEERING CHARACTERISTICS OF CEMENT-STABILIZED
FLY ASH MIXES USING DIFFERENT FLY ASH SOURCES

Potomac Electric Potomac Electric Union Electric Allegheny Power Allegheny Power Allegheny Power
Chalk Point Morgantown Meramec Hatfield's Ferry . Harrison Willow Island

Location Aquasco, Md. Newburg, Md. St. Louis, Mo, _Masontown, Pa. Haywood, W. Va. Willow ISland W.Va.
Ash Source Silo Silo Silo Silo Silo Lagoon
Ash Content
(1bs. per ft.?) 78 78 80 78 92 -
Cement Content
(ibs. per ft.*) 12 14 8 12 1 -
Cement Content
(percent) 15 18 10 15 12 %30
7-day Average
Compressive
Strength (psi) 432 440 N3 460 a2 696
28-day Average
Compressive
Strength (psi) 857 1341 naz 1020 580 -
Optimum Moisture
Content (%) 20.0 20,5 21.0 20.4 19.0 3.0
Maximum Dry Density
(bs. per ft.?) 90.5 92.6 87.7 89.4 102.5 79.8

NOTE: Data ts from final trial mix formulations for each of the above fly ash sources,
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Figure I-16. Variation in 7-day compressive strength development with
cement content for cement-stabilized fly ash mixtures
using different sources of fly ash.
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Moisture-Density. Moisture-density characteristics of cement~
stabilized fly ash compositions will, of course, be dependent on the mix
proportions used. Data on the moisture-density characteristics of design
mixes using bituminous fly ash samples from several different American power
plants are shown in Table I-15. Figure I-17 shows the moisture-density curves
for several of these design mixes (Reference I-124).

The cement-stabilized fly ash base material placed at the Harrisom
Station project in Haywood, West Virginia had a maximum dry demsity of 92.5
pounds per cubic foot at an optimum moisture content of 14 percent (Reference
I-124), according to the results of a moisture-density test performed in ac-
cordance with ASTM D558. A copy of this test method is included in the Ap-
pendix of this report. In-place density tests performed at the site with a
nuclear density gauge confirm that the material was compacted to an average
of 98.5 percent of the maximum dry density value (Reference I-124), Similar
data are not readily available from other cement-stabilized fly ash imstal-
lations.

California Bearing Ratio. The only published values for the
California bearing ratio (CBR) of cement-stabilized fly ash material used
in the United States are for the parking lot facility at the Philip Sporn
plant in New Haven, West Virginia. It has been reported that seven day
soaked and unsoaked CBR values for the mix used on this project were 145
and 150 percent, respectively (Reference I-125).

Pavement Thickness Design Considerations. As previously mentiouned,
the thickness design procedure developed by the Portland Cement Association
(PCA) for soil-cement base courses has also been adopted for cement-stabilized
fly ash base courses. This procedure has evolved over the years from previous
research, theory, test pavements, and actual construction projects involving
soil-cement pavement systems.. The design method is theoretically based on
the load~deflection and fatigue characteristics of soil-cement. Thickness
design curves were previously developed by PCA for both granular and fine-
grained soils, but the curves for fine-grained soils are the ones used in
determining the thickness of fly ash-cement base courses.

-

The PCA design procedure consists of the determination of two
parameters, the subgrade strength and the fatigue factor, which are then
entered into a thickness design chart to yield the base course (Reference
I-126). Once the initial thickness of the cement-stabilized fly ash base
course has been found, the thickness of the bituminous wearing surface can
then be determined. The initial base course thickness can then be reduced
to account for the thickness of the bituminous wearing surface.
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The subgrade strength in this procedure is measured by the modulus
of subgrade reaction (k), which is determined by means of field plate-load
bearing tests. However, CBR and Resistance (R) value tests can also be used
to comvert to equivalent k values, using appropriate charts (Reference I-127).
Where light traffic conditions are expected, such as on rural roads or in
parking lots, subgrade strengths can be estimated based on soil classification
data.

Four traffic parameters are necessary in order to determine the
fatigue factor. These are the average daily traffic (ADT), the percentage
of trucks, the axle load distribution of the trucks, and the annual traffic
growth rate. The fatigue factor represents the total fatigue consumption of
the pavement over a specified design period (usually 20 years) for given con-
ditions of traffic loading. The fatigue factor is calculated using different
coefficients for different axle load groups and summing the individual totals.
For example, a two-lane road with an ADT of 3,000 vehicles and 3 percent trucks
had a calculated fatigue factor of 1,700,000.

Figure I-18 shows the base course thickness design chart used in this
thickness design procedure. By entering this design chart with values for fa-
tigue factor and modulus of subgrade reaction (k), a walue for the initial
base course thickness can be obtained. The final base course thickness is
determined by selecting the thickness of the bituminous wearing surface and
using this value to adjust the thickness of the base course. Graphs for de-
veloping these thickness values are shown in Figure I-19.

Late Season Construction. As with lime-~-fly ash~aggregate and other
pozzolanic pavements, sufficient cured strength must be developed within the
base material in order to provide the amount of durability necessary to with-
stand the initial winter freeze-thaw cycles. To assure that the material is
exposed to the required amount of degree-—day curing conditioms for adequate
strength development, a semnsible comstruction cutoff date must be determined.

A general guideline for establishing a construction cutoff date
for cement-stabilized fly ash base course is that the ambient air tempera-
ture should not fall below 50°F (10°C) for a period of seven days following
placement of the base course. Since this material is similar in some re-
spects to lime-fly ash-aggregate, the pozzolanic reaction in cement-stabilized
fly ash base course practically ceases at temperatures below 40°F (40°C).
However, once the temperature increases, the pozzolanic reaction will again
resume.

In the middle Atlantic states, a recommended construction period is
from April 15th through October 15th. However, it is further suggested that
reference be made to the construction specifications of respective state high-
way departments for applicable cutoff dates for either lime-fly ash-aggregate
or soil-cement construction. Such dates can be safely applied to the con-~
struction of cement-stabilized fly ash base course materials (Reference I-128).
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ADJUSTED BASE COURSE THICKNESS

Relationship between initial and adjusted base course thicknesses
for cement-stabilized fly ash base materials.
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Assessment of Performance in Specific Projects. In the United
States, several field trials and demonstration projects have been under-
taken in different locations to evaluate the performance of cement-sta-
bilized fly ash base course materials. To date, at least five cement-
stabilized fly ash projects have been constructed and the results of each
of these field trials have so far been favorable. Several of these pro-
jects are discussed in this section of the report.

Harrison Power Station - Haywood, West Virginia. In September
1975, approximately 10,000 square yards of cement-stabilized fly ash was
placed as base course for an access road and parking area at the Harrison
Power Station. Cement and fly ash from hoppers at the plant site were pre-
mixed in a pugmill with water at the rate of 83 pounds (37.5 kg) of fly ash
and 10 pounds (4.5 kg) of cement per cubic yard of compacted mix. This
base course material was spread and compacted to an 8-inch (203 mm) thick-
ness and sealed with a bituminous emulsion. The material was tailgated
from dump trucks, spread to the required loose lift thickness, and com-
pacted by a vibratory roller having a dead weight of 8 tons. A 3-inch
(76 mm) bituminous wearing surface was applied over the base course.
Cores taken after 180 days indicated that the base course material had not
experienced any loss in strength over the winter months (Reference I-129).
As far as is knowm, this base course is still providing acceptable service.

Philip Sporn Plant - New Haven, West Virginia. During the
summer of 1978, a 70 x 300 foot (21 x 91 m) parking lot facility was con-
structed near American Electric Power Company's Philip Sporn plant along
the Ohio River about 35 miles north of Huntington, West Virginia. The
experimental ‘parking lct project was divided into five test strips, each
60 x 70 feet (18 x 21 m). Two of these five test strips involved the
placement of cement~stabilized fly ash base. One section was 6 inches
(152 mm) thick, while the other was 15 inches (381 mm) thick. Two other
test strips involved a cement-stabilized bottom ash base, while the
final section involved an emulsified asphalt bottom ash base. All ash
utilized in the parking lot was obtained from the Philip Sporn plant.

The experimental base course materials were blended in a continuous-
feed pugmill and then transported to the site. Initial attempts to place
these base materials using an asphalt paving machine proved to be ‘cumbersome
and time-consuming, so the materials were simply spread by means of a motor
grader or small bulldozer and compacted using a steel-wheeled vibratory
roller. All base materials were surfaced with 2 inches (51 mm) of bituminous
wearing surface.

The contractor's inexperience with ash materials and initial selec-
tion of inappropriate equipment to handle and place these materials was a
minor problem on this project. A more serious problem involved the blending
of cement and fly ash in the pugmill. Unfortunately, the cement-stabilized
fly ash material contained numerous small clumps of unmixed fly ash. This
"balling'" phenomenon was attributed to the use of damp fly ash, which had
been recovered from a disposal pond and mixed in its damp condition with
cement in the pugmill. Previous European mixing experience has shown that
it is better procedure to mix dry fly ash with cement, then introduce water
during additional blending.
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Monitoring of the performance of the cement-stabilized fly ash and
other base materials placed at this location is still underway. No compres-
sive strength or other data have been made available for the cement-stabili-
zed fly ash base sections at this time. However, it is believed that all of
the experimental base materials are still providing satisfactory performance
(Reference I-130).

Virginia County Road 665 - Carbo, Virginia. During the summer
of 1978, a test section approximately 400 feet long was constructed of cement-
stabilized fly ash as part of the relocation of a portion of County Road 665
near the Clinch River power plant at Carbo, Virginia. The pavement section
consisted of a 5.5 inch (140 mm) thick cement-stabilized fly ash base course
overlaid by a 1.5 inch thick emulsified asphalt stabilized bottom ash wearing
course. The base course material had a cement content of 14 percent of the
dry weight of the fly ash, with an optimum moisture content of 17 percent.

The compacted total unit weight of the mixture in the laboratory was approx-
imately 110 pounds per cubic foot.

Because of logistical considerations, the base material was mixed
in-place on the site rather than mixed at a central mixing plant. Some
minor construction problems resulted from the contractor's inexperience in
the handling and placement of stabilized base materials. The base course
material was spread by a motor grader and compacted by means of a 10-ton
vibratory compactor and a bulldozer. A tack coat was applied to the base
after placement.

Thus far, the completed haul road has been in service for two years
with no obviocus signs of pavement distress. Examination of a core specimen
taken through the base course shows that the cement-stabilized £fly ash ma-
terial is hard and coherent and the bond between the wearing surface and
the base appears to be satisfactory (Reference I-130).

Economic Bvaluation of Cement-Stabilized Fly Ash Base. 1In the
National Ash Association's ""Guide for the Design and Construction of Cement-
Stabilized Fly Ash Pavements," a design example is given which compares the
costs of a cement-stabilized fly ash base with three alternative pavements.
These are full depth asphalt, bituminous wearing surface on a crushed ag-
gregate base course, and reinforced concrete on a crushed aggregate sub-~base.

The design methods used for the alternative pavements are those
developed by the Asphalt Institute and the Portland Cement Association. The
design method developed by the Portland Cement Association for soil-cement
pavements has been adopted for cement-stabilized fly ash because of certain
apparent similarities between soil-cement and fly ash~cement. Until a design
method can be verified by test track operations, it is reasonable to assume
that other design methods, such as ultimate strength techniques, may be
equally applicable to cement-stabilized fly ash base course.
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A two-lane pavement carrying 300 vehicles per day was used in the
design example. The modulus of subgrade reaction was 125 psi per inch.
The Fatigue Factor, based on 3 percent trucks and an assumed axle load dis-
tribution, was computed as 1,700,000. TFor a bituminous wearing surface thick-
ness of 3 inches, the adjusted thickness for the cement-stabilized fly ash
base is 8 inches.

Unit costs for this economic evaluation were based on data from
Building Construction Cost Data 1975, The Pennsylvania Department of Trans-
portation 1974 edition of Construction Cost Catalog, and quotes received
from private contractors. All unit costs are in-place, unless specified
otherwise. It is assumed that the project site is 50 miles from the source
of the fly ash.

Costs for each of these four alternatives, on the basis of square
yard costs in-place, are computed as follows:

Bituminous Wearing Surface on Cement-Stabilized Fly Ash Base
Courses. The base course thickness in the design example was determined as
8 inches and the bituminous wear surface thickness as 3 inches. The base
course mix proportions are as follows:

Fly Ash 80 pcf of mix or 480 lb/yd2
Cement 8 pcf of mix of 48 1b/yd? ,
Water 20 pcf of mix or 120 1b yd

2

(2-1/2 gal/cf) (14-1/2 gal/yd")

a. ‘Materials Costs:
Fly ash, at a nominal cost of $0.50/ton; 2
(480 1b/yd? = 2,000 1b/ton) x $0.50/ton = $0.12/yd

Trucking costs of fly ash for 50 miles at 2
$0.30/100 1b; 480 lb/yd2 x $0.30/100 1b = 1.44/yd

Cement, in bulk; 48 lb/yd2 x $1.70/100 9
1b = 0.82 /yd

b. Mixing Costs:

Central mixing in pugmill at $1.00/ton (wet); 2
(648 1b/yd2 ¢ 2,000 1b/ton) x $1.00 ton = 0.32/yd
c. Placement, Compaction, Finishing and Curing:

For 8-inch thickness, assume construction in 2
one layer; 1 layer x $1.00/layer-yd2 = $1.00/yd
d. Bituminous Wearing Surface:

Wearing course - 1-1/2 inches at $1.50/yd§ 2
Binder course - 1-1/2 inches at $1.50/yd” = $3.00/yd

TOTAL - BITUMINOUS WEARING SURFACE ON 2
CEMENT-STABILIZED FLY ASH BASE COURSE $6.70/yd
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Full Depth Asphalt. The required total thickness of pavement
for the full depth asphalt alternative is 8~1/2 inches. Assume the follow-
ing pavement configuration:

Wearing Course - 1 inch = $l.10/yd§
Binder Course - 1-1/2 inches = l.SO/yd2
Base Course - 6 inches = 6.00/yd
TOTAL - FULL DEPTH ASPHALT = $8.60 yd2

Bituminous Wearing Surface on Crushed Aggregate Base Course.
Based on a substitution ratio of 2.0 for high quality granular base and a
total required wearing surface thickness of 4-1/2 inches, the pavement con-
figuration for this alternative is as follows:

Wearing Course - 1-1/2 inches = $l.50/yd§
Binder Course -~ 3 inches = 3.00/yd2
Crushed Aggregate Base - 8 inches = 2.75/yd
TOTAL - BITUMINOUS WEAR SURFACE ON 2
CRUSHED AGGREGATE BASE COURSE = §7.25/yd

Reinforced Concrete Pavement on Crushed Aggregate Sub-base.
Based on a concrete modulus of rupture of 600 psi, the required thickness
of reinforced concrete pavement was determined as 7-1/2 inches, and the
thickness of crushed aggregate sub-base as 6 inches. The pavement config-
uration is as follows:

Reinforced Concrete Pavement - 7-1/2 inches = $10.00/yd§
Crushed Aggregate Sub-base - 6 inches = _2.00/yd
TOTAL - REINFORCED CONCRETE ON CRUSHED 2
AGGREGATE SUB-BASE = $12.00/yd

The four alternative pavement systems and their relative costs are
illustrated in Figure I-20. The unit costs for the alternative paving mater-
ials represent gross averages and definitely vary with project location and
availability of materials. (Reference I-131). Although the pavement costs
shown in this figure are based on 1975 cost data, it is assumed that the
costs of each of these pavement systems would not change significantly in
relation to the other alternatives, although all costs would definitely
have increased.

The actual economy of the cement-stabilized fly ash pavement is
directly related, of course, to the availability of fly ash in reasonable
proximity to the project site. However, in situations where fly ash is
more readily available than aggregate, it can be said that cement-stabilized
fly ash pavements obviously represent a more economical alternative than a
conventional pavement.
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Overall Technical Assessment. Cement-stabilized fly ash base
course material has been used on a very limited basis in the United States.
Although substantial use has been made of this material in some European
countries, and the necessary design procedures and specifications for its
use in this country have been published in the form of a manual (Reference
I-131), the material itself has only been placed in a handful of projects.
Consequently, although cement-stabilized fly ash is similar to that of lime-
fly ash~aggregate or soil-cement base materials and the material appears to
have a proven record of performance, most engineers and, in particular, road-
building contractors are still not familiar with this material. Therefore,
experience in the United States with cement-stabilized fly ash is simply not
sufficient to utilize the product on a routine basis at this time.

Despite the performance record of cement-stabilized fly ash in
Great Britain, it is not appropriate to expect a rapid transfer of testing,
design, and construction procedures, as well as specifications, to be made
on the part of American engineering practice with a comparatively untried
material. In order to gain product acceptance and incorporate the use of
cement-stabilized fly ash base materials into American construction use, a
program involving several years of laboratory investigation and monitoring
of field performance must be undertaken by a number of Federal and state
agencies. Only when confidence in this material has been gained through
experience can any consideration be given to possible development of guide-
lines for its use.

Mineral Filler in Bituminous Pavements

The importance of mineral fillers in bituminous paving has been
recognized for many years. Asphalt paving mixtures have been designed to
include mineral filler since 1980. The term mineral filler generally ap-
plies to the fine fractiun of a conventional aggregate that is predominantly
mineral dust, most or all of which is passing the 200 mesh sieve (Reference
I-132).

Mineral fillers in asphalt paving mixtures are particles suspended
in the asphalt binder which serve to improve the cohesion of the binder it-
self while contributing to the intermal stability of the mixture by increas-
ing the contact points between aggregate particles. When incorporated in
an asphalt mixture, mineral filler greatly increases the surface areas that
must be coated with asphalt. If these surfaces are compatible with the
asphalt and are easily coated, use of the filler produces considerable
benefits. If, on the other hand, the surfaces of the mineral filler are
highly susceptible to water, early pavement failure may result.

An early investigation of mineral powders as fillers for bituminous
mixtures identified the following characteristics to be important:
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1. Fundamental properties - particle size, size dis-
tribution, and particle shape.

2. Mineral properties -~ texture, hardmess, strength,
specific gravity, and wettability.

3. Dependent properties - void content, void diameter,
and surface area (Referemce I-133).

Although the use of mineral fillers, either occurring naturally
in aggregates or added to mix, is common practice, existing knowledge of
the filler's effects on pavement performance is limited. Selection of the
amount and type of filler is based largely on experience. However, speci-
fication requirements pertaining to particle size and plasticity character-
istics of candidate filler materials are often supplemented with additiomal
tests and requirements.

Research on Use of Fly Ash as Mineral Filler. Initial study of
the use of fly ash as a mineral filler dates back to 1931, when the Detroit
Edison Company recognized the opportunity to market fly ash for bituminous
road construction. An initial laboratory investigation by the company com-
pared the physical and chemical properties of fly ash from the Trenton Chan-
nel Plant with those of natural filler found in Trinidad asphalt, which has
long been recognized as an excellent material. The results of this investi-
gation confirmed that the chemical composition of fly ash did not differ sub-
stantially from that of the natural Trinidad filler and that both materials
were composed, for the most part, of fine dust with a sprinkling of coarse,
gritty particles. The fly ash was composed of spherical particles which
were somewhat coarser and of more uniform size than the fine, angular par-
ticles in the Trinidad filler, although the coarsest particles in the fly
ash were small compared to the gritty particles of the Trinidad filler.

It was concluded from this early research that fly ash was sufficiently
similar to Trinidad asphalt filler to warrant comsideration as a mineral
filler material.

A followup program then compared the oil absorption of fly ash and
limestone dust fillers. Laboratory tests were performed to compare the par-
ticle size distribution and specific gravity of these materials. Trial mixes
were made using the same gradation of prepared aggregates in order to measure
aspahlt absorption, water-asphalt preference, and swelling of the resultant
mixes. The results of this investigation indicated that fly ash is an ac-
ceptable filler, provided it is proportioned on an equal volume basis,
since it has a lower specific gravity than limestone dust (Reference I-133).

A laboratory test program was also performed to compare the suit-
ability of fly ash as a filler in sheet asphalt paving mixtures with lime-

stone and silica dust fillers. The following studies were involved in the
program:
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1. Void-reducing properties of fillers used in dif-
ferent proportions with sand.

2. Comparison of Hubbard-Field stability values for
different percentages of these fillers.

3. Exposure of mixtures to water for a period of omne
month to determine the effect of such exposure to
stability.

4, Effect of different percentages of carbon in the
fly ash filler on the stability of the mixtures.

In this program, filler contents were checsen to correspond in
volume to percentages by weight of limestone dust of 0, 5, 10, 15, and 20
percent by weight of the aggregate. Mixtures were designed to contain 8
percent by weight of asphalt and 92 percent aggregate. The a2sphalt content
was not sufficient to £ill the voids of any of the aggregate-filler combi-
nations. Densities and voids in all mixes were computed from known pro-
portions and from the specific gravities of the constituent materials.
Stabilities of all mixes were determined by the Hubbard-Field methed of
mix design (ASTM D1138), which is intended primarily for the laboratory
design of sheet asphalt paving mixes and is included in the Appendix of
this report.

A comparison of the data from this testing program led to the
following conclusions:

1. Within the range of filler contents generally used
in sheet a2sphalt mixtures, fly ash has virtually
the same void-reducing properties as limestone dust
and is better than silica dust, when used on an
equal weight basis.

2. Mixtures designed to have the same voids and con-
taining equal weight percentages of fly ash and
limestone fillers have nearly identical stabilities
by the Hubbard-Field test. Of mixtures containing
equal volume percentages of fly ash and limestone
fillers, those containing fly ash have lower sta-
bildity.

3. Exposure to water for a period of one month did

not appear to affect the stability of fly ash
mixtures.
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4, The carbon content of fly ash does appear to affect
the stability of sheet asphalt mixtures. Maximum
stability values seemed to be obtained with fly ash
of about 9 percent carbon content in the normal sheet
asphalt mixtures tested, although very little dif-
ference 1in stability values were observed with
carbon contents of the fly ash filler between 6.5
and 12 percent.

As a result of these studies, the Department of Public Works of
the City of Detroit in 1939 accepted fly ash as meeting their specification
requirements for mineral filler. Since that time, additional research work

has been done to further evaluate fly ash as a filler material in asphalt
paving mixtures.

A comprehensive study of various sources of mineral fillers was
performed in 1952 by the U.S. Bureau of Public Roads, now known as the Fed-
eral Highway Administration. Twelve different sources of mineral fillers,
including four fly ashes, were investigated. Filler sources also included
silica dust, limestone dust, mica dust, and traprock dust. A total of 87
different laboratory mixtures were investigated using a variety of coarse
and fine aggregates with the fillers. The proportions of the test mixtures
were 93 percent by weight coarse and fine aggregate and 7 percent by weight
filler. All mixtures were tested with asphalt contents of 5.5 and 6.5 per-
cent by weight of aggregate, with the intention of confining the voids con-
tents of the compacted mixtures to between 6 and 7 percent. It was found,
however, that the type of filler affected the density and void content of
the mixes, so no further attempt was made to adjust mix designs to reduce
these differences, which were reflected in the test results.

All test specimens were compacted in accordance with the procedures
of the Marshall mix design method, described in ASTM D1559, "Resistance to
Plastic Flow of Bituminous Mixtures Using Marshall Apparatus." A copy of
the Marshall mix design test method is included in the Appendix of this
report. The principal test characteristic upon which the ratings of the
different fillers were based was the resistance of the compacted asphaltic
concrete mix specimens to loss of strength after immersion in water. The
specimens were tested by the immersion-compression test (ASTM D1075),
"Standard Method of Test for the Effect of Water on Cohesion of Compacted
Bituminous Mixtures." In this test, a set of three compacted specimens for
each mixture is subjected to an unconfined compressive strength test to
determine its "dry" strength. A duplicate set of three specimens is immersed
in water for &4 days at 120°F, them also tested for unconfined compressive
strength to determine its "wet" strength. The average '"wet'" and '"dry'" strengths
are then compared. The ratio of the "wet" to the "dry' strength is referred
to as the retained strength.
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Of the 87 mixes tested, a total of 24 mixes contained fly ash as a
mineral filler. The average retained strength of the mixes containing the fly
ash filler was 94 percent, which was with one exception the highest retained
strength of all the filler sources investigated. One source of quartzite
dust was used as a filler and the mix containing this dust had a retained
strength of 97 percent. All of the retained strengths of the mixes contain-
ing fly ash as filler had retained strengths in excess of 85 percent.

By contrast, the average retained strength of 11 mixes containing
limestone dust fillers was 88 percent and the average retained strength of 19
mixes containing traprock dust fillers was 87 percent. Normally, the minimum
recommended acceptable value of retained strength from the immersion-compres-
sion test is 75 percent.

It was concluded from these laboratory studies that the fly ash
fillers tested can be expected to provide superior resistance to water in
bituminous concrete mixtures of the dense type (Reference I-136).

In 1956, the University of Michigan completed work spomsored by
Detroit Edison on a further comparison of limestone dust and fly ash fillers
to determine the effects of using various fly ashes as fillers in dense-graded
asphaltic concrete paving mixtures. The characteristics of limestone dust
fillers were compared with those of low carbon and high carbon fly ashes from
four different sources. The specification requirements of the Michigan Depart-
ment of Highways for dense-graded asphaltic concrete were used in the inves-
tigation. At that time, the carbon content of fly ash as mineral filler had
to be between 7 and 12 percent by weight.

Typical paving mixture compositions studied had the following pro-
portions by weight:

Component Percent
Asphalt 5.5
Filler 6.0
Fine aggregate 33.5
Coarse aggregate 55.0

All mixes tested used the Marshall mix design method (ASTM D1559).
The following mix design criteria were used:

Marshall stability 1,500 pounds or more
Marshall flow 0.20 inch maximum
Voids 3 to 5 percent

Voids filled with asphalt 75 to 85 percent

All test specimens were prepared and tested in accordance with
the Marshall mix design method (ASTM D1559). Mixtures were prepared with
three filler contents (4, 6, and 8 percent by weight) for each of six fil-
lers (two limestone dusts and four fly ashes, ranging from 3 to 10 percent
carbon content) investigated. Asphalt content was varied slightly to pro-
vide 4 percent voids for compacted specimens.
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The results of the Marshall stability tests showed that the sta-
bility values were somewhat affected by the source of the filler. The
limestone dusts gave the highest stability wvalues, followed by the high~-
carbon fly ash and low-carbon fly ash fillers. However, all mixes possessed
stabilities above the 1,500 pound design minimum. The flow values of all
mixtures conformed to the desigm requirement, and only minor variations ac-
cording to filler type and carbon content of the fly ash were noted.

The relative resistance of each of the test mixtures to water was
determined by means of the immersion-compression test (ASTM D1035). The
specimens were tested in unconfined compression, three without exposure to
water, three after 4 days of immersion in water, and three after 14 days of
immersion in water. Unconfined compressive strength tests were performed
in accordance with the procedures of ASTM D1074, "Compressive Strength of
Bituminous Mixtures,'" a copy of which is included in the Appendix of this
report.

The results of these tests showed that the unconfined compressive
strengths of all mixtures, regardless of the source and nature of the min-
eral filler, were not significantly different. Immersed strengths for all
mixes tested ranged from 89 to over 100 percent of dry strength values.

The following conclusions were drawn from this study:

1. The source of a mineral filler can affect the
Marshall stability of dense-graded asphaltic
concrete mixes. However, all of the fillers
studied produced mixtures possessing stabilities
above the minimum design limit of 1,500 pouunds,
as specified by the Michigan Department of
Highways.

2. Marshall flow values show no significant differ-
ence attributable to the source of the filler
when other design criteria are satisfied.

3. The source of filler was not a significant factor
in the unconfined compressive strength test. Mix-
tures containing high-carbon fly ash and low-carbon
fly ash possessed equal strengths with those con-
taining limestone dust.

4, All of the mixtures tested, regardless of the source
of the filler, were completely satisfactory with
respect to their resistance to the action of water,
as determined by the immersion-compression test.
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5. There are indications that mixtures containing fly
ash from three of the sources were more critical
with respect to design relationships between asphalt
content, voids, stability, and flow than those con-
taining the fourth £fly ash or the limestone dusts.
However, there appears to be some characteristic,
other than carbon content, that seems to be respon-
sible for the behavior of the fly ash fillers
(Reference I-137).

The previously described studies all involved research into the
use of fly ash from the burning of bituminous coal as a mineral filler.
The use of fly ash from the burning of lignite coal as a mineral filler
was evaluated in a study conducted during 1968 at North Dakota State Uni-
versity. This evaluation was made by comparing the properties of hot-mix
asphaltic concrete specimens that were compacted by means of the Marshall
mix design method (ASTM D1559), using either hydrated lime, crusher dust,
or lignite fly ash as the mineral filler. Table I-16 presents a comparison
of the physical properties of each of these three fillers.

The pH of a material being considered as a mineral filler is im-
portant because basic substances usually provide better adhesion than acidic
substances. According to Tunnicliff, acidic substances have been known to
lead to emulsification (Reference I-138). As shown in Table I-16, the pH
of the lignite fly ash is closer to that of the hydrated lime than the
crusher dust.

The stability index was developed by Traxler (Reference I-139) as
a parameter beyond that of bulk density with which to evaluate the effect of
a mineral filler on a given asphalt cement. Traxler pointed ocut in his re-
search that the viscosity of a liquid-solid mixture is inversely proportional
to the average void diameter of the filler present in the mixture, which he
used to develop the relationship between viscosity and volume of filler upon
which the stability index is based.

The stability index (SI) is computed as follows:

SI = 100 (10A - 1), where A is constant for a given material.

Stability index values have been found to range from 3 to 12.
Fillers with a higher stability index value are preferred for use in as-
phalt concrete mixtures. As shown in Table I-16, the stability index for

the lignite fly ash is approximately the same as the crusher dust, but
considerably less than hydrated lime.
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Table I-16

PHYSICAL PROPERTIES OF MINERAL FILLERS

Type of

Filler
Surface area (cmz/g)
Liguid limit (percent)
Plastic limit (percent)
pPH

Specific gravity
(in water)

Specific gravity
(in kerosene)

Stability Index

Hydrated
Lime

39

00

12.4

2.303

2.300

8.30

Crusher

Dust

5900

Lignite
Fly Ash

. 2660

11.8
2.906

2.900

3.87

All mixes in the lignite fly ash study were compacted in accordance

Gradations of the test
mixes were prepared to conform to applicable North Dakota and Minnesota high-

with Marshall mix design procedures (ASTM D1559).

way specification requirements.

The results of Marshall tests on freshly

molded and cured compacted samples were compared with mix design criteria
recommended by the Asphalt Institute, as shown on Table I-17.

Because of the variation in specific gravity and density of the
different filler materials investigated, the proportioning of the filler
amounts in the test mixes was done on the basis of volume rather than weight
of total aggregate in the mixture.

Each of the three filler types (lime, crusher, dust, and lignite
fly ash) were combined with either crushed stone or pit run gravel aggregates.
A total of five different asphalt contents were investigated for each binder

and aggregate combination.
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Table I-17

MARSHALL DESIGN CRITERIA

Traffic Category Heavy Medium Light

No. of Compaction Blows 75 50 35
Each End of Specimen

Test Property Min. Max. Min. Max. Min. Max.
Stability (1lbs.) 750 - 500 - 500 -
Flow (.01 in.) . 8 16 8 18 8 20
Percent Air Voids

Surfacing or Leveling 3 5 3 5 3 5
Sand or Stone Sheet 3 5 3 5 3 5
Sand Asphalt 5 8 5 8 S 8
Binder or Base 3 8 3 8 3 8
Percent Voids in
Mineral Aggregate*
Surfacing or Leveling 15 - 15 - 15 -
Sand or Stone Sheet 21 - 21 - 21 -
Sand Asphalt 18 - 18 - 18 -
Binder or Base 12 - 12 - 12 -

Note:

1. Laboratory compactive efforts should closely approach the
maximum density obtained in the pavement under traffic.

2. The flow value refers to the point where the load begins to
decrease.

3. The portion of the asphalt cement lost by absorption into the
aggregate particles must be allowed for when calculating percent
Air Voids.

4. Percent Voids in the Mineral Aggregate is to be calculated on
the basis of the ASTM bulk specific gravity for the aggregate.
S. All criteria, and not stability value alone, must be considered
in designing an asphalt paving mix.

*Related to nominal maximum particle size of aggregate used in mix.
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Results of Marshall tests are shown in Table I-18. These results
indicate that the stability, flow, and voids in mineral aggregate values met
specifications for medium and heavy traffic, as recommended by the Asphalt
Institute. Air voids values of 5.4 percent were barely in excess of the
recommended 5 percent limiting value. However, results of immersion-com-
pression tests show that the retained strength of the fly ash test specimens
with either crushed stome or pit run gravel aggregates was in excess of 100
percent for both mixes at optimum asphalt content. Even after seven days
immersion, retained strength values for these mixes were 99.0 and 87.9 per-
cent, respectively. Mixtures containing fly ash filler at optimum asphalt
content show less loss of compressive strength after immersion than mixtures
containing either lime or crusher dust (Reference I-140).

Current studies of lignite fly ash as a mineral filler are being
conducted at the Texas Transportation Institute. Early data from these studies
indicates that lignite fly ashes function well as fillers in asphaltic con-
crete and that the asphalt-fly ash binder may actually impart bemeficial
changes in asphalt paving mixtures.

The high lime content of Texas lignite fly ashes appears to be
particularly beneficial when such ashes are used with asphalts from selected
sources. For years, lime has been recognized as an effective anti-stripping
agent for polish-susceptible aggregates in asphalt concrete mixes. Lime al-
so reduces the rate of service-associated increases in the viscosity of the
asphalt binder. The results of the work at Texas Transportation Institute
also indicate that the use of Texas lignite fly ashes as mineral filler af-
fect the physical properties of the binder and serve to retard the rate of
age hardening of the asphalt cement (Reference I-141).

Utilization of Fly Ash as Mineral Filler. Since mineral filler
comprises only 5 to 7 percent by weight of the aggregate in a bituminous
paving mix, the use of fly ash as a mineral filler does not presently
constitute a high volume application for this material. Since 1970, an
average of 140,000 tons per year of fly ash has been used as mineral filler
in the United States. This use represents an average of only about 0.3
percent of all the fly ash generated each year in this country. However,
in some areas, the use of fly ash as a mineral filler does involve signif-
icant quantities. For example, it has been reported that over the past
40 years, the Detroit Edison Company, which pioneered the use of fly ash
as a mineral filler, has sold nearly 1.5 milliom toms of fly ash to the
asphalt paving industry for that purpose (Reference I-142). Since 1969,
the North Dakota Bighway Department has utilized over 40,000 tons of lig-
nite fly ash as a mineral filler (Reference I-143).

Fly ash was also used as a mineral filler in lieu of portland
cement in the placement of 35,000 tons of open-graded asphalt overlay sur-
face on the north-south runway at the Sioux City, Iowa Municipal Airport.
This open-graded overlay was selected because of its skid resistance qual-
ities. Fly ash was used as the mineral filler to get the proper microm
coverage of asphalt on the aggregates, while achieving considerable cost
savings to the city according to Byron Brower of Brower Construction
Company, contractor for the project (Reference I-144).
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Table I-18

RESULTS OF MARSHALL TESTS ON
BITUMINOUS MIXTURES CONTAINING VARIOUS MINERAL FILLERS

Marshall Test Values

Percent Percent
Optimum Voids in
Type of Type of Asphalt Stability Flow Percent Mineral
Aggregate Filler Content (pounds) (.0l in.)Air Voids Aggregate
Crushed Fly ash 6.8 1690 10.0 5.4 16.03
Stone
Lime 5.67 2670 13.5 4.9 15.9
Crusher 6.5 1750 11.6 7.6 19.1
Dust
Pit Run Fly Ash 5.5 1500 10.2 5.4 16.85
Gravel
Lime 5.76 2150 10.6 4.8 14.4
Crusher 5.5 1900 10.2 4.0 16.55

Dust

The results of a questionnarie on the use of recovered materials
by state highway and transportation agencies, which was circulated by The
American Association of State Highway and Tramsportation Officials (AASHTO)
during April 1980, show that 22 states have at one time or another used fly
ash as a mineral filler in bituminous paving. Of these 22 states, a total
of 14 presently have a specification for such use. The states which re-
port the use of fly ash as a mineral filler are:

* Fly ash use as mineral filler is included in state specificationms.

Alabama
Arkansas
Colorado*
Florida*
Georgia
I1linois*
Iowa
Kentucky*

Louisiana
Maryland
Michigan*
Montana*
Nebraska#*
New York

North Carolina*
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North Dakota*

Chio*

Pennsylvania®*
South Carclina*

Tennessee

West Virginja*

Wyoming#*



In additicn to the above states, Texas has reported that it is
actively investigating the use of fly ash as mineral filler in laboratory
studies. Utah and Idaho are also involved in testing and planning activ-
ities for comsideration of fly ash as a filler, according to the Natiomal
Ash Association (Reference I-145).

Of the 22 states that have reported using fly ash as a mineral
filler, all comnsider its performance as either acceptable, good, or excel-
lent, except for Iowa, which has not used the material for a long enough
period of time to be able to properly evaluate its performance. In Colo-
rado, fly ash has only been used to a limited extent, but its performance
is cousidered excellent because of a "severe need for additiomal fines and
fly ash solved the problem" (Reference I-146). In Nebraska, where fly ash
fillers are used more routinely, the material provided '"excellent pavement
performance, low prices, and a lower asphalt demand than other fillers"
(Reference I-147).

Review of Specification Requirements. In order to more fully
assess the technical ability of various sources of fly ash to function as
mineral fillers on federally fuunded bituminous highway paving projects, it
is essential to compare the characteristics fo fly ash with the mineral
filler requirements of different specification agencies. Table I-19 pre-
sents a summary of mineral filler requirements from a study of mineral fil-
ler specification requirements from six states and two Federal agencies,
all of which use fly ash as a mineral filler., The overall physical prop-
erties of what is considered a typical fly ash are also included in this
table. In comparing the physical properties of fly ash with these mineral
filler specification requirements, it is apparent that fly ash is capable
of satisfying these requirements. Obviously, each source of fly ash must
be carefully and separately evaluated prior to use as mineral filler to
assure compliance with specifications.

Although North Dakota is the only cne of the six states selected
for evaluation of specifications that places a limit on loss om ignition
for mineral fillers, variation in ignition losses among different lignite
fly ash samples do appear to seriously affect Marshall stability, flow,
and air voids values. In addition, certain of the more finely graded lig-
nite ashes did produce bituminous mixes that were gummy and difficult to
lay in the field. The reason for this was that the fineness of the fly
ashes resulted in mixes with a fairly high percentage of uncecated parti-
cles (Reference I-148). Therefore, although a particular sample of fly
ash may meet applicable gradation specifications, an abundance of very
fine (~#325 mesh) particles may be detrimental to its performance as a
mineral filler.

Addition of mineral filler to an asphaltic concrete paving mix
is a valuable compoment in improving the characteristics of the mix. The
benefits of mineral fillers have been pointed out by many investigators.
The principal bemefits are increased stability and better durability, both
of which are attributable to absorption. Increased stability results from
a stiffened binder, while better durability is related to the character of
the absorbed film. Fly ash has been proven effective in imparting these
properties.

I-132



LET-1

Sieve
Size

#30

#50

#80
#100
#200

Plasticity
Index

Moisture
Content,
max. (%)

Loss on
Ignition,
max. (%)

Allowable
Materials

Table I-19

COMPARISON OF FLY ASH CHARACTERISTICS WITH APPLICABLE
SPECIFICATION REQUIREMENTS FOR MINERAL FILLER IN ASPHALT

ALLOWABLE PERCENT PASSING

N.A. denotes information not available or not given in specification.
*From Figure 4 - FHWA Implementation Package 76-16, "Fly Ash - A Highway Construction Material."

FHWA and North West Physical Properties
FAA I11inois Michigan Dakota Ohio Pa. Virginia of Typical Fly Ash*
(AASHTO M17) {ASTM D242)
100 100 100 98-100 100 100 100 100
95-100 N.A. N.A. N.A. N.A. 95-100 95-100 90-100
N.A. N.A. N.A. N.A. 95-100 N.A. N.A. 80-100
N.A. 92+8 N.A. 85-100 N.A. 90-100 N.A. 75-100
70-100 82+18 75-100 65-100 65-100 70-100 70-100 60-90
4 Max N.A. N.A. Non-plastic N.A. N.A. 4 Max. N.A.
N.A. N.A. N.A. 1.25 N.A. N.A. N.A. N.A.
0.1-45
(Range)
N.A. N.A. 12.0 Max. 6.0 max. N.A. N.A. N.A. 2-8
(Normal)
Rock Dust, Dry Limestone Limestone Limestone Cement, Rock Dust,
Slag Dust, Limestone Dust, Dol- Dust, Dust, Cement Dust, 'Slag Dust,
Hydrated Dust or omite Dust, Portland Portland Fly Ash, or Hydrated
Lime, Other Fly Ash, Cement, Cement Fines From Lime, Hy-
Hydraulic Approved Hydrated Hydrated or Other Crushing of draulic
Cement, Material Lime Lime, inert Stone, Cement, or
Other Suit- Crushed Mineral Gravel or Other Suit-
able Mineral Rock , Slag able Mineral
Matter Screenings Matter
or Fly Ash



At the present time, utilization of fly ash as a mineral filler
in asphalt paving mixtures does not represent a significant use area for
the material. Moreover, the actual quantities used for this purpose have
remained relatively constant over the past ten years. Increasing quantities
of baghouse dusts from hot-mix asphalt plants and kiln dusts from cement
and lime plants, which are also being used as mineral fillers, are now com-
peting with fly ash as potential sources of filler material. Therefore, it
is possible that the national market for fly ash filler may even be in de-
cline and that overall demand for mineral fillers may continue to diminish.
This is because many hot-mix asphalt producers prefer to recycle the bag-
house dusts from their plant as fillers rather than use outside filler
sources.

Nevertheless, a review of previous research data, which has been
discussed herein, clearly indicates that fly ash is not only technically
suitable for use as a mineral filler,but is also a superior product for
this purpose.

Most fly ashes are able to readily conform to existing specification
requirements for mineral fillers. Several million tons of fly ash have been
used as mineral fillers in more than 22 states over the past 40 years with
more than satisfactory results. Furthermore, the relatively high lime content
of Western (lignite and sub-bituminous) fly ashes is an added feature which
appears to impact anti-stripping properties to asphaltic concrete mixtures,
as well as retarding the age hardening of the asphalt binder.

In addition to technical considerations, use of fly ash as mineral
filler is dictated by economics. In many areas where suitable f£ly ash is
available, it is considerably lower in cost than hydrated lime, which now
is selling for $50 or more per tomn. Fly ash is also available in many
densely populated areas, where demand for asphalt paving is presumably
greatest.

Although fly ash has proven to be an excellent filler source, an
increase in the future demand for fly ash in this application appears un-
certain at this time. Compared to other possible applications for fly ash,
mineral filler use does not have the potential for consuming substantial
quantities of the material. The continued use of fly ash as a mineral fil-
ler in asphalt paving will be determined to a great extent by forces of sup-
ply and economics within localized areas surrounding hot-mix asphalt plants.
For these reasons, imposition of Federal procurement guidelines are not
recommended for stimulation of fly ash use as mineral filler. Greater
marketing efforts and education of potential users are seen as more con-
structive ways to further such use.
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BOTTOM ASH

Production and Handling

The residual material which settles and collects at the base of
the boiler at coal~fired electric utility plants is termed bottom ash.
Approximately 25 to 30 percent of all ash produced annually is bottom
ash. Basically, two different types of bottom ash are produced: dry bot-
tom ash and wet bottom boiler slag. The term "power plant aggregate' is
often used to include both forms of bottom ash.

Dry bottom ash is produced by injecting pulverized coal (at least
75 percent passing a 200 mesh sieve or 75 microns) into the furnace and
burning the coal. This type of boiler is referred to as a "dry bottom"
boiler. The ash that is not fine enough to go up the stack with the boiler
gases in the form of fly ash instead solidified and agglomerates into coarse
particles (from 5 cm down to 75 mm). Some of the larger pieces may be porous
particles with varying degrees of friability. These coarse particles then
fall into the ash hopper at the bottom of the furnace.

The term "dry" bottom ash refers to the solid state of the ash when
it drops into the hopper. A certain amount of molten slag, which forms on
the internal surface of the boiler during combustion, also drops into the ash
hopper. In a typical dry bottom coal-fired furnace, from 20 to 30 percent of
the ash is bottom ash. The ash hopper also generally contains some water.
When a sufficient amount of bottom ash drops into the hopper, it is removed
by means of high pressure water jets and conveyed by sluiceways to a coarse
crusher and on to a storage area.

The other basic boiler type is referred to as a "wet bottom" or
"slag tap" boiler. 1In this type of boiler, the bottom ash is kept in a
molten state and tapped off as a liquid. There are two varieties of '"slag
tap" boilers: those that burm pulverized coals and those than burm crushed
coals. Boilers burning crushed coals are known as cyclone boilers. Both
boiler types have a solid base with an orifice that can be opened to permit
the molten ash that has collected on the base to flow into the ash hopper
below. As is the case in dry bottom furnaces, the ash hopper in wet bottom
furnaces also contains quenching water. However, when the molten slag comes
in contact with the quenching water, it fractures instantly, crystallizes,
and forms a black angular, glassy material.

The term "wet" bottom boiler slag describes the molten state of
the slag as it is drawn from the furnace. In a typical wet bottom furnace,
50 to 70 percent of the ash produced will be boiler slag, with the remainder
being fly ash. In cyclone furnaces, production of ash may be up to 80 per-
cent boiler slag and 20 percent fly ash. Wet bottom boiler slag is some-
times also referred to as "black beauty" because of its black, glass-like
appearance. At intervals, high pressure jets wash the slag from the hopper
pit into a sluiceway in which it is conveyed to a collection basin for
dewatering, possible crushing, and disposal or reuse.
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In order to simplify terms, dry bottom ash will be referred to in
this report simply as "bottom ash' and wet bottom ash or wet bottom boiler
slag will be referred to as "boiler slag." As noted earlier, power plant
aggregate refers to both bottom ash and boiler slag.

A typical 1,000 megawatt coal-fired power plant may burn 3 mil-
lion tons of coal per year. With an ash content of 13 percent, approxi-
mately 400,000 tons of ash will be produced, of which 120,000 tomns will be
bottom ash and 280,000 tons will be fly ash.

In 1979, the annual production of bottom ash was 12.5 million tons
and the annual production of boiler slag was 5.2 million tons. Therefore,
total production of power plant aggregates in 1979 was 17.7 million tonms,
or 23.5 percent of the total 1979 ash production of 75.2 million tons. Table
1-20 summarizes the annual production of bottom ash and boiler slag since
1970. The Nationmal Ash Association has forecasted total ash production in
1985 at 90 million tons (Reference I-149). Applying current percentages,
the combined production of bottom ash and boiler slag will be between 22.5
and 27.0 million toms.

Physical, Chemical, and Engineering Properties

As a general rule, boiler slag tends to have more uniform properties
than bottom ash. This is true for within plant variation and for plant to
plant variation. However, the variation in properties of power plant aggre-
gates 1s minimized in so-called mine mouth plants that burn a single source
of coal (Reference. I-150).

Power plant aggregates are composed principally of silica, alumina,
and iron, with smaller percentages of calcium, magnesium, sulfate, and other
compounds. The composition of the ash particles is controlled primarily by
the source of the coal and not by the type of furnace. The chemical amnalysis
of selected samples of bottom ash and boiler slag is given in Table I-21.

As shown in this table, chemical compositions for these materials are rela-
tively similar and are generally of little practical importance when evalu-
ating power plant aggregates for potential use in highway construction
(Reference I-151). -

However, it must be noted that in some power plants coal pyrites
are disposed of with bottom ash. In such cases, some pyrite or soluble sul-
fate winds up in the bottom ash and must be separated from the ash prior to
use (Reference I-152).

Bottom ashes have angular particles with a very porous surface.

Some glassy particles can also be seen, particularly in the smaller sizes.
These glassy particles represent the molten slag from the internal surfaces
of the boiler. Bottom ash particles range in size from fine gravel to fine
sand. Figure I-21 shows the particle size distribution of ash samples taken
from a number of dry bottom boilers. As shown in the figure, bottom ash is
usually a well-graded material. It should be noted that some variation in
particle size distribution can be expected from bottom ash samples taken from
the same plant source at different times. (Referemce I-153).
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Year

1970
1971
1972
1973
1974
1975
1976
1977
1978
1979

Table I-20

ANNUAL PRODUCTION OF POWER PLANT AGGREGATES
IN THE UNITED STATES SINCE 1970

Total Bottom
Ash Ash
39.2 9.9
42.9 10.1
46.3 10.7
49.3 10.8
59.5 14.3
60.0 13.1
61.9 14.3
67.8 14.1
68.1 14.7
75.2 12.5

(Millions of Tons)

Boiler

Slag

2.8

5.0

SOURCE: National Ash Association
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Power . Percent
Plant of Total
Aggregates Ash
12.7 32.4
15.1 35.2
14.5 31.5
14.7 29.8
19.1 32.1
17.7 29.5
19.1 30.9
19.3 28.5
19.8 29.1
17.7 23.5



Table I-21

CHEMICAL ANALYSIS OF SELECTED BOTTOM ASH
AND BOILER SLAG SAMPLES

(Percent)
Type of Ash: Bottom  Bottom Boiler Boiler Boiler
Ash Ash Slag Slag Slag
Plant: Kanawha Mitchell Kammer Muskingum Willow
River Island
Location: Glasgow, Moundsville, Captina, Beverly, St. Marys,
W. Va. W. Va. W. Va. Ohio W. Va.
Sio3 53.6 45.9 48.9 47.1 53.6
Al203 28.3 25.1 21.9 28.3 22.7
Fe203 5.8 14.3 14.3 10.7 10.3
Cao 0.4 1.4 1.4 0.4 1.4
MgO 4.2 5.2 5.2 5.2 5.2
Na20 ‘1.0 0.7 0.7 0.8 1.2
K20 0.3 0.3 0.1 0.4 0.1
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In contrast to bottom ash, boiler slag is predominantly single-
sized in the range of 0.5 to 5.0 mm. The particles themselves are hard,
usually black (sometimes dark brown) in coler, and glass with a smooth
surface texture like crushed glass. However, if gases are trapped in the
slag as it is tapped from the furnace, the quenched material will be some-
what vesicular or porous. Some vesicularility may be beneficial, in that
it improves the surface texture. Lime injection, used to lower the fusion
temperature of the coal during burning, markedly increases vesicularity.
Slag from the burning of lignite and sub-bituminous coals also tends to
be more vesicular than that of eastern bituminous coals (Reference I-145).

Figure I-7Z2 shows the particle size distribution of slag samples
taken from several wet bottom boilers. This figure shows the more uniform
size grading of boiler slag, compared to that of bottom ash, with most
boiler slag particles being in the minus #4, plus #30 sieve size range.

Table I-22 summarizes the results of tests tc determine the key
engineering properties of selected bottom ash and boiler slag samples,
such as void ratio, compaction characteristics, permeability, and angle
of internal frictiom. The test results are also compared with the prop-
erties of a standard Ottawa sand. In general, the properties of the ash
samples are similar to those that are obtained for many sands (Reference
I-155). Maximum and minimum void ratios were determined by means of the
relative density test (ASTM D2049). The angle of intermal friction was
measured by means of the direct shear test (ASTM D3080). Copies of each
test method are included in the Appendix of this report.

TableI-23 summarizes the results of standard aggregate tests such
as density (unit weight), Los Angeles abrasion, and sodium sulfate soundness
on selected bottom ash and boiler slag samples (Reference I-155). The
density test values represent dry rodded weights, taken in accordance with
procedures described in ASTM C29, "Standard Test Method for Unit Weight and
Voids in Aggregate.” Soundness tests were conducted according to ASTM C-88,
""Standard Test Method for Soundness of Aggregates by Use of Sodium Sulfate
or Magnesium Sulfate,”" and abrasion resistance tests were performed in ac-
cordance with ASTM C-131, "Standard Test Method for Resistance to Abrasion
of Small Size Coarse Aggregate by Use of the Los Angeles Machine." Copies
of these test methods are also included in the Appendix of this report.

Utilization of Power Plant Aggregates

TableI-24 summarizes the overall utilization of bottom ash and
boiler slag since 1970. During this period, the average utilization of
bottom ash has been 25.1 percent, while the average utilization of boiler
slag has been 49.8 percent. Most of the bottom ash and boiler slag that
has been used over the years has been as a fill material for road and con-
struction sites. Substantial amounts of each material are also utilized
as anti-skid material on icy roadways during the winter. This use consti-
tutes a large market for bottom ash and boiler slag in some areas like West
Virginia and easternm Ohio. There are some power plants that use all or most
of the bottom ash or boiler slag produced at their plant on their own property,
with little or none being available for use outside the plant (Reference I-156).
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Table I-22

SUMMARY OF ENGINEERING PROPERTIES OF
SELECTED BOTTOM ASH AND BOILER SLAG SAMPLES

Compaction Coefficient
Type Void Ratio Characteristics* of Angle of
Plant Location of Ash Maximum Minimum Maximum Optimum Permeability Internal
Dry Moisture (cm.per sec.) Friction
Density (percent) (degrees)
(l1bs. per
ft.3)
Fort Maidsville Bottom Ash 1.49 0.73 85.0 24.8 2.8 x 10-2 40.0
Martin W.Va.
Kanawha Glasgow, Bottom Ash 1.86 1.06 72.6 26.2 5.0 x 10-3 38.0
River W.Va.
Mitchell Moundsville, Bottom Ash 0.91 0.49 116.6 14.6 9.4 x 1072 42.5
W.Va.
Kammer Captina, . Boiler Slag 0.92 0.54 - 102.0 13.8 6.7 x 10-2 41.0
W.Va.
Muskingum Beverly, Boiler Slag 1.17 0.69 91.1 22.0 4.0 x 1072 40.0
Ohio
Willow St. Marys, Boiler Slag 1.12 0.69 92.4 21.2 2.5 x 1072 42.0
Island W.Va,.
1.5 x 10™4
Ottawa Sand .80 .50 N.Ap. N.Ap. to 2 x 10-1 29-35

* Determined by Standard Proctor Compaction Test (ASTM D698-66T, Method C) using only 3/4 inch
material.
N.Ap. denotes test results not applicable.



Table I-23

STANDARD AGGREGATE TEST PROPERTIES OF SELECTED
BOTTOM ASH AND BOILER SLAG SAMPLES

Type of Sodium
Plant Location Ash Sulfate Los Angeles Dry Rodded
Soundness Abrasion Weight
Loss Loss
(percent) (percent) (lbs.per ft.3)
Big Sandy Louisa, Bottom Ash 17 N.A. 66
Ky.
Philip Sporn New Haven, Bottom Ash 6 46 62
W.Va.
Ft. Martin Maidsville, Bottom Ash 4-8 © 27-40 71-83
W.Va.
Kanawha Glasgow, Bottom Ash 16 N.A. 47
River wW.vVa.
Mitchell Moundsville, Bottom Ash 10 37 101
W.Va.
Muskingum Beverly, Boiler Slag 4 35 90
“Ohio
Willow St. Marys, Boiler Slag N.A. 33 N.A.
Island W.Va.
ASTM Specification Limits
10 40

(Values dependent on use)

N.A. denotes value not available.
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Table I-24

UTILIZATION OF BOTTOM ASH AND BOILER SLAG
{(Millions of Tons)

Percent Percent
Bottom Ash Bottom Ash Bottom Ash Boiler Slag Boiler Slag Boiler Slag

Year Collected Utilized Utilized Collected Utilized Utilized
1970 9.9 1.8 18.6 2.8 1.1 39.1
1971 10.1 1.6 16.0 5.0 3.7 75.2
1972 10.7 2.6 24.3 3.8 1.3 35.3
1973 10.8 2.4 21.9 3.9 1.8 44.3
1974 14.3 2.9 20.3 4.8 2.4 50.0
1975 13.1 3.5 26.7 4.6 1.8 40.0
1976 14.3 4.5 31.5 4.8 2.2 45.8
1977 14.1 4.6 32.6 5.2 3.1 60.0
1978 14.7 5.0 34.0 5.1 3.0 58.8
1979 12.5 "N.A. N.A. 5.2 N.A. N.A.

SOURCE: National Ash Association

N.A. denotes information not yet available.
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There have, however, been numerous successful attempts over the
years to utilize power plant aggregates in some form of highway construc-
tion. These highway construction uses can be divided into two general
categories: base course and asphalt paving. Each of these applications
will be considered separately.

Power Plant Aggregates in Base Courses. In discussing applications
of bottom ash and/or boiler slag in highway base courses, the versatility of
these materials will become apparent. On many projects, they have been blended
together or combined with fly ash and/or other by-products, such as blast fur-
nace or steel mill slag, when used as base course materials.

The experiences related herein reflect only selected applications
which have been well documented in the techmical literature. There are pro-
bably numerous other successful projects wherein power plant aggregates have
been used on private property or in the construction of local roads that have
not been documented.

Utilization of power plant aggregates as a road base material has
been accomplished with both unstabilized and stabilized road courses. The
majority of experience with both types of base courses has been gained in
the state of West Virginia. Each of these uses will be discussed separately.

Unstabilized Bases. One of the first attempts to utilize
bottom ash in an unstabilized base course, while satisfying a standard high-
way specification, was in the construction of an access road to West Virginia
University's Evansville campus. Bottom ash from Allegheny Power System's
Fort Martin Station was used without any screening. This material was able
to meet the specified gradation, abrasion, and sulfate soundness requirements
of the West Virginia Department of Highways for Class 2 crushed aggregate base
courses, which are in Table I-25. As shown in this table, the bottom ash was
clearly able to meet the Class 2 base course specification requirements.

The bottom ash was placed with a conventional spreader box and
compacted with a 10-ton tandem steel-wheeled roller. Field densities gen-
erally equalled or exceeded the required 95 percent of laboratory maximum
dry demsity, which was 85.0 pounds per cubic foot. However, the bottom ash
lost stability when it dried out and it was necessary to keep the material
wet so that equipment could operate on its surface. Placement of overlying

bituminous concrete binder and surface courses resolved the problem (Reference
I-157).

Bottom ash was observed to behave in a2 similar manner whemn used as
the untreated base course for shoulders and lightly traveled access roads as
part of the relocation of West Virginia Route 2 south of Wheeling. In this
application, bottom ash from the Ohio Power Company's Cardinal Plant in Bril-
liant, Ohio was placed at an average moisture content of 14 percent and com-
pacted with a 30-ton pneumatic roller, followed by a 10-ton steel-wheeled
roller. This material also became unstable, even though it met gradation
and other quality requirements and had been compacted to densities in ex-
cess of 95 percent of the Standard Proctor value (Reference I-157).
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Table I-25
COMPARISON OF WEST VIRGINIA DEPARTMENT OF HIGHWAYS

REQUIREMENTS FOR CLASS 2 CRUSHED AGGREGATE BASE
COURSE WITH TYPICAL PROPERTIES OF FORT MARTIN BOTTOM ASH

Percent Finer

Sieve Class 2 Fort Martin
Size Base Course Bottom Ash
11/2" 100 100
3/4" 80-100 97.0
#4 35-75 70.3
$#40 10-30 23.0
$#200 0-10 4.5
Los Angeles Less than
Abrasion 50 27-40
Sodium Sulfate Less than 4-8
12
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In contrast to these two experiences, high compacted densities and
excellent dry stability were achieved on another base course application in
connection with the West Virginia Route 2 project. In this case, bottom
ash from American Electric Power Company's Mitchell plant was blended with
blast furnace slag in order to satisfy the gradation requirements of the
West Virginia Department of Highways for Class 1 crushed aggregate base
course. In TableI-26, a comparison is made between the Class 1 base course
specification requirements and the properties of an ash-slag blend contain-
ing 70 percent by weight bottom ash and 30 percent by weight blast furnace
slag. As shown in this table, the blend of bottom ash and blast furnace
slag was able to satisfy all the requirements for a Class 1 base course.

The mixture was placed and compacted in two lifts to a total thick-
ness of 9 inches. Final compaction was obtained with four to six passes of
a 30-ton pneumatic roller. The compacted dry density of the blended material
generally exceeded 95 percent of the laboratory maximum dry density value of
105 pounds per cubic foot. This experience proved that it was possible to
construct a satisfactory base course using untreated bottom ash when using
the proper gradation and combination of materials (Reference I-157).

In an effort to solve the problem of loss of stability upon drying,
a laboratory study was performed at West Virginia University using bottom
ash and fly ash from the Fort Martin station. The findings of this study
showed that the addition of 30 percent fines in the form of fly ash provided
the required binder for achieving higher initial demsity and acceptable dry
stability. These results were then verified in the field during the recon-
struction of access roads to the Fort Martin station. Although these access
roads do not carry high traffic volumes, many heavily loaded vehicles use
these roads.

Initially, the 70 percent bottom ash-30 percent fly ash combination
was used in the field, but some difficulty was encountered due to excessive
moisture and accompanying loss of stability during compaction. A combina-
tion of 60 percent bottom ash-40 percent fly ash was then tried and this
proved to be a satisfactory blend for the conditions encountered at the
project site. The materials were blended in volumetric proportions at the
site by a front-end loader. Compaction was obtained by 6 to 10 passes using
a vibratory steel-wheeled roller with rubber-tired rear driving wheels. Dry
density measurements made on the compacted 60-40 blended material showed den-
sities ranging from 96.0 to 105.7 percent of the laboratory standard Proctor
maximum density value of 97.5 pounds per cubic foot. The average field mois-
ture content was 18.1 percent, which was considerably higher than the labora-
tory optimum moisture content of 10.0 percent. These exceptionally high
densities for "wet of optimum" moisture conditions are surprising, but the
type and magnitude of field compactive effort are a partial explanation. In
addition, the loss in strength of the bottom ash~fly ash mixture wet of opti-
mum was found to be very gradual when evaluated in the laboratory (Reference
I-157).
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Table I-26

COMPARISON:OF WEST VIRGINIA DEPARTMENT OF HIGHWAYS
REQUIREMENTS FOR CLASS 1 CRUSHED AGGREGATE BASE COURSE
WITH TYPICAL PROPERTIES OF
BLENDED MITCHELL BOTTOM ASH - BLAST FURNACE SLAG

Percent Finer

Sieve Class 1 Bottom Ash
Size Base Course Slag Mixture
l11/2" 100 100
3/4" 50-90 - 78.6
#4 20-50 40.6
#40 5-20 13.1
#200 0-7 2.5
Los Angeles . Less than

Abrasion 50 37*
Sodium Sulfate Less than 10*
Soundness 12

*Values given are for Mitchell bottom ash only.
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It hss been reported that approximately 178,000 tons of bottom ash
from the Fort Martin station have been used to comstruct a 9 inch thick sub-
base along a 3.5 mile section of Interstate Route 79 near Route 50 in West
Virginia (Reference I-158).

It has also been reported that approximately 150,000 tons of boiler
slag from Central Illinois Public Service's Coffeen Station was used as ag-
gregate sub-base material to construct approach pavements for twin bridges
carrying Interstate Route 55 over the tracks of the Chicago, Burlington, and
Quincy railroad near Litchfield, Illinois. The boiler slag was evaluated by
the Illinois Department of Transportation (IDOT) and approved as a substitute
base material after meeting the gradation requirements in the state specifi-
cations. Engineers for the project determined that boiler slag was superior
to on-site material for sub-base use on this project (Reference I-159).

Current standard highway specifications for base course materials
attempt to control the quality and performance of the materials by speci-
fying acceptable limits for gradation, soundness, abrasion, and percent fines
(-#200 mesh). Many sources of bottom ash and boiler slag are able to satisfy
the requirements for soundness, abrasion, and percent fines, but may or may
not be able to meet the gradation requirements. The applications in West
Virginia that have been discussed in this report, involving the use of bottom
ash as an unstabilized base material, clearly show that other materials can
be blended with bottom ash (or boiler slag) to overcome gradation deficiencies.

Within the framework of existing specifications, mixtures containing
bottom ash and fly ash with percentages of fines greater than those specified
for base course use would be considered unacceptable. However, in the case
of bottom ash-fly ash blends, the fines are not only non-plastic, but they
are actually cementitious. Therefore, in the case of untreated base courses,
strict adherence to standard highway specifications imn all instances is not
always reasonable, particularly when considering the unique engineering prop-
erties of power plant aggregates.

Stabilized Bases.

1. Lime-Fly Ash-Aggregate Bases. The use of fly ash in lime-fly
ash-aggregate (LFA) base course compositions was discussed in great detail
in an earlier portion of this report. This section of the report discusses
the use of boiler slag as the aggregate portion in LFA base courses.

Over the years, the leading market for use of LFA base materials
was the Chicago area. In 1954, when the Chicago Fly Ash Company (now called
American Fly Ash Company) first became interested in lime-fly ash stabili-
zation, it did so primarily as a means of handling the large tomnages of
boiler slag that had accumulated at some Commonwealth Edison power plants
in the Chicago area. The first LFA compositions were mixed in place and
used boiler slag as the aggregate. In 1955, the first plant-mixed LFA
material also used boiler slag. These early mixtures contained on the
average 5 percent by weight of hydrated lime, 35 percent fly ash, and 60
percent boiler slag. Cores were taken from these mixtures at various ages
and ultimate compressove strengths as high as 500 psi were neasured (Ref-
erence I-160).
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The compressive strength development of a laboratory cured LFA
specimen containing 3.6 percent by weight hydrated lime, 36.4 percent fly
ash, and 60 percent boiler slag was documented by the University of Il-
linois. After 28 days at 70°F in the laboratory moist room, the test
specimen achieved a compressive strength of 800 psi. This specimen con-
tinued to gain in strength, achieving 1,000 psi after 40 days of labora-
tory curing (Reference I-161).

One of the producers of LFA base course materials in the Chicago
area (Premix Base Company of Thornton, Illinois) still uses boiler slag as
the aggregate in the pozzolanic aggregate base produced at their plant.
This company places nearly all of the LFA material from its plant and is
probably the only contractor to use an asphalt paving machine to place LFA
base material. The contractor prefers the use of boiler slag because of
the black color it imparts to the LFA mix and uses an asphalt paver because
his crew formerly placed asphalt base and is more familiar with that type
of equipment (Reference I-162).

During 1979, an experimental LFA test section using boiler slag
was placed on Illinois Route 9 near the Coffeen power station in Montgomery
County, Illinois. The test section was approximately 4 miles long and
used a mix containing 3 percent lime, 27.5 percent £ly ash, and 69.5 per-
cent boiler slag. The fly ash used was obtained from the Kincaid power
station, some 20 miles away, while bottom ash from the Coffeen station
was used in the project.

Periodically, core samples have been obtained from the site and
measurements taken of their compressive strength. More recently available
core sample data indicate that average compressive strengths of 1,400 psi
have been obtained after approximately one year in service (Reference I-163).
This type of an installation is an excellent example of the use of power
plant ash by-products on the local level where strict adherence to material
specifications may be occasionally waived in favor of utilizing locally
available materials with a savings in cost.

2. Cement-Stabilized Bottom Ash Bases

The use of cement-stabilized fly ash base course materials was
presented earlier in this report. This section discusses cement stabili-
zation of bottom ash and/or boiler slag, with and without fly ash, for
use in highway base courses.

The first known large-scale application of a portland cement
stabilized bottom ash base course in the United States was the relocation
and reconstruction of West Virginia Route Z south of Wheeling during the
1971 to 1972 construction seasons. The cement-treated base course for
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this 4-mile long project was constructed using 46 percent by dry weight of
cyclone boiler slag from Ohio Power Company's Kammer plant in Captina, West
Virginia and 54 percent bottom ash from Appalachian Power Company's Mitchell
station in Moundsville, West Virginia. The aggregate blend was stabilized
with 5 percent Type I portland cement by weight of total aggregate in the
mix.

The optimum moisture content and maximum dry density of the mix-
ture, as determined by the standard Proctor test (ASTM D698), were 8 per-
cent and 114 pounds per cubic foot, respectively. The blended material was
placed in one 1ift and compacted with a 30-ton pneumatic roller to a thick-
ness of 6 inches. Field densities met or exceeded 97 percent of the standard
Proctor density value. 1In this application, excellent results were achieved
at a substantial reduction in cost compared to use of conventional aggregates
(Reference I-164),

During 1972, a study of cement-treated bottom ash-fly ash mixtures
was undertaken at West Virginia University. The bottom ash and fly ash used
in this study were obtained from the Fort Martin station. Since considera-
tion was being given to use of the material in reconstruction of secondary
roads, production of mixtures with high mechanical stability were desired
so that traffiec could ride over the material prior to placing a wearing sur-
face on it. High initial stabilities were obtained using mixtures with 70
percent by weight bottom ash and 30 percent fly ash. The mixes were stabi-
lized with 5 percent portland cement by dry weight of aggregate and blended
at an optimum moisture content of 12 percent. A total of 10 mixes were made
using bottom ash and fly ash samples taken at different times from the plant.

Compacted specimens were stored in a moistroom and tested in uncon-
fined compression at 8, 30, and 60 days. Average compressive strengths for
the cement-stabilized mixes were 408 psi at 8 days; 596 psi at 30 days; and
690 psi at 60 days. Although the test results show that satisfactory cement-
treated base course mixes can be produced using bottom ash or bottom ash-fly
ash blends, the mixtures of 70 percent bottom ash and 30 percent fly ash
would not be permitted within the framework of most existing state highway
materials and construction specifications in the United States (Reference
I-164).

Since 1974, over 300 miles of secondary roads in West Virginia
have been reconstructed using cement-treated bottom ash. Most of these
roads were primarily dirt and gravel sub-base with traffic counts ranging
from 150 to 1,500 vehicles per day. Most of the bottom ash for these pro-
jects came from either the John Amos plant in St. Albans, West Virginia or
the Kanawha River plant in Glasgow, West Virginia.

Major factors involved in arriving at a cement percentage for mix
design were:

I-151



a. Particle size distribution--The gradatiocn of the
bottom ash materials was found to be similar to
that of the local crushed sandstone used in the
West Virginia Department of Highways cement-treated
base program from 1970 to 1972.

b. Maintenance of traffic--Additional cement must be
added as a safety factor to compensate for lack of
curing time in order to maintain traffic where seven

- days of curing would normally be available.

c. Compressive or flexural strength--A sufficient per-
centage of cement must be used to provide the minimum
strength required by West Virginia Department of High-
ways specifications for cement-treated base to satis-
factorily distribute anticipated wheel loads over the
subgrade without failure.

d. Durability--Sufficient cement must be used to resist
deterioration from freezing and thawing or wetting and
drying. Based on results of a 1974 field test, 10 per-
cent by weight or 200 pounds of cement to 1,800 pounds
of bottom ash was used at optimum moisture content.

Core specimens were taken from three typical pavement sections after
less than two years in service. Compressive strengths for these specimens
ranged from 1,270 to 1,425 psi, with an average compressive strength of 1,322
psi. Not a single base failure was found during visual inspection of 180
miles of roadway using cement-treated bottom ash in the spring of 1978.

All of the secondary road projects using cement-treated bottom
ash base have been using a 6-inch thick base overlain by a l-inch hot-mix
bituminous concrete surface. Although this thickness may not be adequate
from a frost design standpoint, there have been no reported failures in
any of these pavements after several winters in service.

Design of rigid pavement was done in accordance with practices
recommended by the Portland Cement Association, based on Westergard analysis.
Design of the total flexible pavement system is in accordance with the sta-
bilometer and cohesiometer procedure practiced by the Califormia Division of
Highways. Design to resist frost action is in accordance with procedures
developed by the U.S. Army Corps of Engineers.

In West Virginia, the thickness of flexible pavement sectiomns is
based on a gravel equivalency rather than on structural coefficients. The
cement-treated bottom ash base has a gravel equivalent of 1.497, which means
that 1.497 inches of gravel is equivalent to l-inch of cement-treated bottom
ash in the base course.
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A cost comparison was made using three equivalent base systems:
crushed aggregate, cement-treated aggregate, and cement-treated bottom
ash. The costs of each of these systems were computed for a l-mile length
of roadway l6-feet wide, using a 6-inch thickness of cement-treated bottom
ash and equivalent thicknesses for the other two base systems.

By assuming construction in the Charleston area, certain cost ele-
ments associated with producing and transporting component materials for
each of the three comparative base systems were developed. Table I-27pre-
sents a tabulation of these cost elements for each base system. The actual
cost comparison :of the three base systems is presented in Table I-28.

The cost figures in Table I-28 plainly show that the cost savings
of cement-treated bottom ash on a one mile basis for a l6-foot wide road
is approximately 2 to 1 over cement-treated base and 2.5 to 1 over the
crushed aggregate base. These savings result from the cost of the aggre-
gate in the other two base systems and the additional quantities required
due to the lower density of the compacted bottom ash in comparison to the
aggregate.

3. Bituminous-stabilized Bottom Ash Base

Some 45 to 50 miles of light-duty, rural secondary roads in West
Virginia were reconstructed during the summer of 1972 using bituminous-sta-
bilized power plant aggregates. These base materials were placed directly
on existing gravel or badly deteriorated chip seal surfaces in single lifts
varying from 2 to 6 inches in thickness.

The base materials did not receive a surface treatment until the
following construction season. Bottom ash and boiler slag were used in the
project. The bottom ash was obtained from the Fort Martin Station and the
boiler slag from the Kammer power plant.

The dry bottom ash was used without blending with other aggregate.
The design asphalt content was 7 percent. Laydown characteristics of the
mix from a spreader box were excellent. Optimum densities were achieved
with 3 to 4 passes from a pneumatic roller, followed by one or two passes
from a steel-wheeled roller.

On projects using boiler slag, it was necessary to blend the ma-
terial with locally available bank run gravel to meet the gradation for
Class 2 crushed aggregate base course (refer to Table I-25). A 5 percent
residual asphalt was added to these mixes. The mixes were pugmilled while
cold at a central mixing plant, stockpiled for 10 days or more, then cold
laid by paver or spreader box. Adequate compaction was achieved from sev-
eral passes with a pneumatic roller, followed by a steel-wheeled roller.
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I1I

NOTE:

Table I-27
COST ELEMENTS
OF
COMPARATIVE BASE SYSTEMS

TYPE 1 OR II COMMERCIAL CRUSHED AGGREGATE

Purchase Cost $ 8.00/Ton

(Production, Shipping, Stocking)

Hauling and Placing 3.00/Ton
TOTAL $11.00/Ton

Sources: Indiana, Kentucky § Ohio Limestone

Ohio River Gravel .
Weirton and Wheeling Slag

CEMENT-TREATED, LOCALLY-CRUSHED SANDSTONE

Quarrying, Crushing and Stocking Cost $ 5.00/Ton
Cement Cost (Per Ton of Mix) 1.80/Ton
Pugmill Mixing Cost 1.00/Ton
Hauling and Placing 3.00/Ton

TOTAL 10.80/Ton

CEMENT-TREATED ASH

Bottom Ash $ 0.50/Ton
Stocking Cost 0.50/Ton
Cement Cost (Per Ton of Mix) 4.00/Ton
Pugmill Mixing Cost . 1.00/Ton
Hauling and Placing Cost 3.00/Ton

TOTAL $ 9.00/Ton

The above figures are based on 1978 costs.
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TYPE OF BASE

Crushed Aggregate
(Type I or Type 1I)
(W. Va. Item 307)

Cement-Treated

Aggregate
(7% Cement)
(W. Va. Item 301)

Cement-Treated
Bottcem-Ash
(10% Cement)

Table I-28

COST COMPARISON
FOR SOME

*EQUIVALENT BASE

SYSTEMS-16' WIDE

THICKNESS TONS/MI. COST/TON TOT. COST/MI.
8" 3736 $11.00 $41,096.00
6" 2802 $10.80 $30,261.60
6" 1877 $ 9.00 $16,893.00

*Thickness equivalent for comparable wheel load distribution over
subgrade (does not include wearing surface).

NOTE:

The above figures are based on 1978 costs.
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During their first year of service, all mixes provided satisfactory
service with no appreciable rutting or shoving, despite receiving heavy wheel
loads from coal truck traffic in the area (Reference I-166). No further in-
formation is available on the performance of these bituminous-stabilized base
course materials.

Assessment of Power Plant Aggregate Use as Base Course Material

From the foregoing discussion, it is evident that the use of bottom
ash and boiler slag as a base course material has thus far been limited to only
a very few states. The results of a questionnaire circulated in April 1980 by
the American Association of State Highway and Transportation Officials (AASHTO)
show that bottom ash and/or beiler slag in lime-fly ash-aggregate (LFA) base
have only been used in six states. These six states are:

Idaho Oregon
Illinois Washington
Ohio West Virginia

Two other states, North Carolina and Texas, repcrt that they are
evaluating the use of bottom ash and/or boiler slag in LFA base in the labora-
tory. Two states, Illinois and Ohio, consider utilization of bottom ash or
boiler slag in LFA base courses to be somewhere between limited and routine
field use in their respective states. The others consider that the use of
bottom ash or boiler slag in LFA base courses in their states is being handled
on a limited field basis.

All states considered the performance of bottom ash or boiler ash
either as acceptable or good, except for North Carolina, which considered
the performance of these materials in their laboratory tests as marginal.
Both North Carolina and Oregon are uncertain about the future use of bottom
ash or boiler slag in LFA pavements. All other states plan some further
field use of these materials.

No mention was made in the questionnaire about the use of bottom
ash or boiler slag in unstabilized, cement-stabilized, or bituminous-sta-
bilized base courses. None of the respondents to the questionnaire indicated
any such use, although space was provided for describing applications for re-
covered materials other than those specifically noted in the questionnaire.

In summary, there appears to have been widely scattered examples
of the use of bottom ash and/or boiler slag in highway base course applica-
tioms. Aside from the use of boiler slag in LFA compositions in the Chicago
area, there have been no continuing examples of using these materials in base
course construction. Several projects in West Virginia, most notably the
Route 2 project, have consumed substantial quantities of power plant aggre-
gates, but utilization has been on a project by project basis, not part of an
ongoing program. Such is also the case with the use of boiler slag as an ag-
gregate base on an interstate project in central Illinois.
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At present, West Virginia is the only state to specify the use of
bottom ash or boiler slag as an aggregate in cement-treated and cold-mix
bituminous base mixes. The use of bottom ash or boiler slag in hot mix
bituminous base courses is specified in five states: Maryland, Nebraska,
Ohio, Texas, and West Virginia.

As has been noted previously, use of power plant aggregates in
certain types of road base applications may or may not be in accordance
with some state specifications. Non-conformity with existing material
specification requirements, lack of familiarity with ash materials them-
selves and their unique properties, absence of a proven performance record,
and the relative unavailability and/or unpredictability of sizable quantities
of bottom ash or boiler slag for a particular use are factors which may ef-
fectively prevent widespread utilization of bottom ash or boiler slag in
highway base courses.

POWER PLANT AGGREGATES IN BITUMINOUS PAVING MIXTURES

Over the past 25 years, there has been an increase in the use of
power plant aggregates (bottom ash and boiler slag) in bituminous paving
mixtures. This section of the report discusses findings from the research
and utilization of these materials.

Research Investigations

West Virginia University. A number of bottom ash and boiler slag
materials were evaluated as potential aggregate sources in bituminous paving
mixtures by the Civil Engineering Laboratories of West Virginia University.
These studies were performed over several years during the early to mid-1970s,
and involved standard aggregate tests, mix design studies, and evaluation of
field performance in test sections.

One of the early discoveries in this work was that there are sig-
nificant variations in the engineering properties of power plant aggregates,
and in particular the bottom ashes. Over a period of several years, Los
Angeles abrasion loss values for one source of West Virginia bottom ash
varied between 27 and 59. While part of the variation is attributable to
the ash itself, selection of representative samples of any material prior
to testing also plays an important role.

It was noted during the aggregate testing phase of the program
that friable particles, sometimes referred to as "popcorn,'" were present in
some bottom ash samples. These particles are porous, absorb asphalt, and
have poor crushing resistance. Specific gravity was recommended as a de-
pendable parameter for identifying the presence of friable particles in
bottom ash, with higher specific gravities indicating a better quality ash
(Reference I-151).

Boiler slags, in general, were found to have higher specific
gravity and lower water absorption values than bottom ashes, probably
because of the smoother texture and glassy nature of the slag particles.
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In the mixture design studies at West Virginia University, partic-
ular attention was focused on the gradation requirements, asphalt contents,
air voids and durability, and skid resistance characteristics of bituminous
paving mixtures containing bottom ash or boiler slag.

Because of their well-graded particle size distribution and rough,
gritty surface texture bottom ash mixes generally had high stabilities.
However, bottom ashes containing appreciable quantities of popcorm-like
friable particles were found to be highly absorptive to asphalt and have
high air voids contents. 1In general, bottom ash tends to have a higher
asphalt demand than natural aggregate. The rough texture of the bottom
ash contributes to high air voids, particularly when the Marshall drop ham-
mer method of compaction is used.

The kneading compactor more closely approximates field compaction
because of its shearing or kneading action and, therefore, was comsidered to
provide more realistic asphalt content and air voids values. In fact, mix-
tures considered unacceptable when evaluated by normal Marsahll compaction
were found to be adequate when compacted with the kneading compactor.

A description of the kneading compactor and procedures employed for
preparation of samples using this apparatus are given in ASTM D1561, "Pre-
paration of Test Specimens of Bituminous Mixtures by Means of the Califormia
Kneading Compactor." This test method may be found in the Appendix of this
report.

The uniform particle sizing and smooth surface texture commonly as-
sociated with most boiler slags necessitates that these materials be blended
with other aggregates for use in asphaltic mixtures. The type of aggregate
used for blending and the relative proportions of the aggregate and the
boiler slag were found to significantly influence mixture properties. For
a given compactive effort, Marshall stability and flow values gemerally in-
crease with decreasing percentages of boiler slag. Higher quality mixes
resulted from the blending of crushed limestome having angular particles
with a rough surface texture than from blending with rounded siliceous
aggregates.

The effect of the compaction method on mixture properties was also
quite pronounced with the blended mixtures containing boiler slag. Again,
kneading compaction was found to improve stability and flow characteristics
compared to Marshall drop hammer compaction.

Comparative Marshall test data on bituminous mixes containing
bottom ash and boiler slag, prepared using either the Marshall drop hammer
or the kneading compactor, are given in Table I-29. From the data in this
table, it is evident that greatly improved Marshall stability values result
from sample preparation using the kneading compactor. These data also show
that the best boiler slag asphalt mixtures are obtained when blending the
boiler slag with a rough textured aggregate in which the percentage of the
boiler slag is limited to 50 percent or less.
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Table I-29

+

MARSHALL TEST DATA FOR POWER PLANT AGGREGATE
PREPARED BY DROP HAMMER OR KNEADING COMPACTOR

Marshall Test Values*

Ash Type of Aggregate Compaction Stability Flow.
Source Ash Blend Method (1lbs.) (.01 in.)
Fort Martin Bottom Ash 100% Fort Martin Drop Hammer 925 7

100% Fort Martin Kneading 1320 6.5
Kammer Boiler Slag 60% Kammer Drop Hammer 275 7.5

40% Limestone

50% Kammer Drop Hammer 335 7
50% Limestone

40% Kammer Drop Hammer 380 7
60% Limestone

Kammer Boiler Slag 65% Kammer Kneading 1075 15
35% Limestone

48% Kammer Kneading 1452 13.5
52% Limestone

Willow Island Boiler Slag  50% Willow Island Drop Hammer 420 6.5
50% Limestone ‘

50% Willow Island Drop Hammer 105 6
50% River Sand

Willow Island Boiler Slag 50% Willow Island Kneading 773 10
50% Limestone

*Marshall test values given only at optimum asphalt content.



Based on the results of these laboratory tests, it was concluded
that:

1. Bottom ashes are exceedingly stable and can
tolerate large variations in gradation and
asphalt content without great loss of sta-
bility. However, their use in bituminous
mixes is more suited toward base courses
where gradation requirements are not as
severe as for wearing surfaces. Prior to
use, pyrite particles must be separated
from the ash.

2. There is no technical reason why boiler slag
cannot be used in asphaltic mixtures. As a
rule of thumb, mixture stability will suffer
if the percentage of boiler slag is in excess
of 50 percent. Optimum skid resistance is
best achieved in open graded sand mixes where
baller slag is the top aggregate. Boiler slag
does not improve skid resistance in coarse
graded mixtures if the coarse aggregate is
polish susceptible (Reference I-157).

Ohio State University. 1In 1976, the Federal Highway Administra-
tion sponsored a laboratory research study to investigate the characteris-~
tics of power plant aggregates and to evaluate their performance in bitum-
inous paving mixtures. The work was performed over a two year period at the
Ohio State University Department of Civil Engineering.

A total of 10,000 pounds of ash were collected in the form of 32
different bottom ash and boiler slag samples from 21 power companies in 14
states. Consideration was given to plant type, ash type,source of coal, and
tonnage of ash produced in the selection of these samples. Twenty of the
samples were bottom ash. Samples were obtained from plants burning bituminous,
sub-bituminous, and lignite coals.

Material Characterization

Gradation. The physical and engineering properties of these
samples were determined in the laboratory by means of standard testing pro-
cedures used to evaluate conventional aggregate materials. Comparing the
gradation of these samples to state specifications for aggregate in base,
sub-base, and wearing surface mixtures, it was found that most ashes tested
could meet specification requirements, although some samples had to be blended,
either with coarser bottom ashes or conventional aggregates in order to meet
specification limits.
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Los Angeles Abrasion and Sodium Sulfate Soundness. Only two of
the samples tested were unable to meet Los Angeles abrasion test require-
ments (ASTM C131). The applicability of this test procedure to evaluation
of bottom ash samples is questionable because, due to the gradation of bot-
tom ash and its relatively high percentage of fines (passing #8 sieve),
only a small portion of most bottom ash samples would fall within one of
the four specified gradations for the test. Consequently, less than 20
percent of each sample was being tested and the test results are not really
representative of the abrasion potential of the total sample.

All but one of the ash samples tested met ASTM and state trans-
portation department specifications for sodium sulfate soundness (ASTM C88).
However, the applicability of this test is also subject to question. For
bottom ash samples, the porosity of these materials may prevent the buildup
of internal stresses, as expected in the testing procedure. The opposite
may be true for boiler slag samples, in which stresses developed during
the quenching process can result in formation of internmal fracture planes.
Thermal shock and energy release during soundmess testing of boiler slags
could be misinterpreted as high soundness loss due to the expansive forces
of sodium sulfate.

Although these two widely-accepted quality control tests are nor-
mally required by transportation agencies for material acceptance, their
applicability to the testing of bottom ash and boiler slag is uncertain
because they do not take into account the rather distinctive properties
of these materials.

Specific Gravity and Absorption. Standard ASTM test methods were
used for determining the specific gravity and absorption of coarse aggre-
gates (ASTM C127) and fine aggregates (ASTM C128). Copies of each test
method are included in the Appendix. The apparent specific gravity of the
bottom ash samples ranged from 2.08 to 2.49 with an average of 2.35. Vari-
ations in specific gravity values are related to differences in ferric oxide
contents, Bottom ash absorption values varied from 0.4 to 8.0 percent by
weight, with greater absorption values for the coarse fraction than the fine
fraction.

The apparent specific gravity of the boiler slag samples ranged
from 2.60 to 2.86 with an average of 2.75. This is considerably higher
than the specific gravity of the bottom ash samples. The absorption values
for the boiler slag samples varied from 0.2 to 2.18 percent by weight, sig-
nificantly lower than the bottom ash samples because of the glassy texture
of the boiler slag.

In the sense that most bottom ash and boiler slag samples can meet
conventional material specifications, they can be said to compare favorably
with conventional aggregates. However, one of the main questions regarding
testing of power plant aggregates is whether tests designed for conventional
aggregates are truly applicable for evaluation of non-conventional materials
(Reference I-2).
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Bottom Ash--Bituminous Mixtures. Based on results of the
material characterization tests, certain bottom ashes showed greater po-
tential than others for use as aggregate in bituminous paving mixtures.
The boiler slags evaluated in the program were considered less versatile
and best suited to limited use, such as in granular bases. Therefore,
only selected bottom ash samples were further tested as bituminous aggre-
gate in this program.

Five bottom ash samples were tested using the Marshall mix design
method (ASTM D1559). Three of the bottom ash samples were also prepared by
kneading compaction. For comparative purposes, a mixture containing a blend
of limestone and sand aggregate was also tested., Results of these tests are
summarized in Table I-30, These results do show that samples preparad by
kneading compaction have higher stabilities and lower optimum asphalt con-
tents than drop hammer prepared specimens (Reference I-3),

But the data also point out that optimum asphalt contents for bottom
ash mixes are much higher than for mixes with conventional aggregates, as are
the air voids values. These high asphalt demands, caused by the porous nature
of the bottom ash, are an economic concern. It was, therefore, decided to in-
vestigate mixtures in which bottom ash was blended with conventional aggregates.

Bottom Ash-Aggregate-Bituminous Mixtures. 1In this phase of
the program, two of the bottom ash samples (Mitchell and Rockdale) were tested
by the Marshall method in varying combinations with crushed gravel and sand
in mixes designed to meet state specifications for base course and wearing
surface mixtures. The Mitchell bottom ash sample was used in both base and
surface mixtures at ash contents of 0, 30, 50, 70, and 100 percent, in com-
bination with the sand and gravel aggregate. The Rockdale bottom ash sample
was used only in a surface coarse mix at ash contents of 40, 60, and 100 per-
cent, alsc with sand and gravel aggregate.

Table I-31 summarizes the mixture designations, asphalt contents,
and bottom ash contents of these mixtures.

Figure I-23 shows the Marshall curves for the Mitchell surface course
mixes. The relationship between ash content and Marshall properties for these
mixes is shown in Figure I-24. As shown in this figure, stability increased
with initial introduction of the bottom ash into the mixture up to an ash
content of about 50 percent, then a reduction in stabilities with further ad-
ditions of ash.

Figure I-25 shows the Marshall curves for the Rockdale surface course
mixes. The relationship between the ash content and Marshall properties for
these mixes is shown in Figure I-26, In this figure, a decrease in stability
was noted up to 60 percent ash, then a slight increase in stability was ob-
served to 100 percent ash.
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TABLE 1I-30

COMPARISON OF MARSHALL TEST RESULTS
FOR SELECTED BOTTOM ASH SAMPLES PREPARED
BY DROP HAMMER OR KNEADING COMPACTOR

Drop Hammer Compaction Test Results

Kneading Compaction Test Results

Optimum Opt imum
Asphalt Marshall Marshall Percent Asphalt Marshall Marshall Percent
Sample Content Stability Flow Air Content Stability Flow Air
Description Source (percent) (1bs.) (.01 in) Voids (percent) (ibs.) (.01 in) Voids
Conventional Sand and
Aggregate Gravel 7.5 1320 8 2 - - - -
Bottom Ash Mitchell
Moundsville, 14 1540 9 8 10 1960 10 10
W. Va.
Bottom Ash Stanton
Stanton, Md. 19 1800 16 6 18 2250 10 8
Bottom Ash Cholla
Joseph City, 17 1600 12.5 8 - - - -
Arizona
Bottom Ash Mohave
Laughlin, Nev. 29 1340 16 6 - 23 1700 n 5
Bottom Ash Alcoa
Rockdale, Tex. 12 850 13 - - - -




TABLE I-31

DIFFERENT TYPES OF MIXES AND THE OPTIMUM ASPHALT CONTENT OF

EACH MIX
Mix Composition Gradation | Asphalt Opt.
Type oDoT AC%
5-1 }100% B. Ash (Mitchell Plant) 404* 85/100 14
5-0 | 70% B. Ash + 30% N. Sand&Gravel 404 ~ 85/100 12
5-II | 50% B. Ash + 50% N.Sand&Gravel 404 85/100 10
5-IV | 30% B. Ash + 70% N. Sand&Gravel 404 85/100 8.5
5-V 100% N. Sand&Gravel 404 85/100 6.5
5-A | 100% B.Ash (Mitchell Plant 301++ | 85/100 11
5-B | 70% B. Ash + 30% N. Sand& Gravel 301 85/100 9
5-C | 50% B. Ash + 50% N, Sand&Gravel 301 85/100 7
5-D | 30% B. Ash + 70% N, Sand& Gravel 301 85/100 6
5-IA | 100% B. Ash (Mitchell Plant) 404 60/70 14
25-1 | 100% B. Ash (Rockdale, Texas) As is 85/100 12
25-10 | 60% B. Ash + 40% N. Gravel #8 404 85/100 10
25-IT1| 40% B. Ash + 60% N.Gravel #8 404 85/100 10

* ODOT Item Designation for Surface Course Mixtures
** ODOT Item Designation for Base Course Mixtures
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For both the Mitchell and Rockdale surface course mixes, increas-~
ing ash contents resulted in sharp decreases in mix densities and an in-
crease in optimum asphalt content and VMA (voids in mineral aggregate)
values.

Figure I-27 shows the Marshall curves for the Mitchell base course
mix. The relationship between ash content and Marshall properties for these
mixes is shown in Figure I-28.

The same general trends observed in the surface course mixes were
also noted in the Mitchell base course samples. The use of bottom ash in
base course mixes yielded optimum asphalt contents two to three percent less
than for comparable ash contents in Mitchell surface course mixtures.

The results of immersion-compression tests (ASTM D1075) indicate
that bituminous mixtures using bottom ash are not particularly susceptible
to water damage. In fact, mixture stabilities actually increased after im-
mersion, contrary to what would ordinarily be expected in conventional pav-
ing mixtures. If the tendency to develop higher stability after saturation
is a material property peculiar to bottom ashes, which was not identified in
standard quality control testing, this characteristic could be of benefit in
designing pavements for areas subjected to high rainfall or multiple cycles
of freezing and thawing.

The principal conclusions of this study were:

1. Bottom ash is basically suitable for use in
bituminous base course and wearing surface
applications. Because of widely varying ash
properties, materials from different sources
must be carefully tested on an individual
basis prior to their acceptance for such use.

2. The properties and performance of bituminous
mixtures containing bottom ash depend on the
ash content. Increasing ash content results
in a higher optimum asphalt content, increased
voids, and lower mix density. Marshall sta-
bility tends to decrease with initial intro-
duction of bottom ash, up to 30 percent ash
content. Beyond that level, depending on the
individual bottom ash, stability and other
properties are relatively insensitive to ash
coutent.

3. When used in bituminous mixtures, bottom ash
materials apparently exhibit unusual behavior
in the presence of water. Unlike conventional
paving mixtures, which suffer loss of strength
and durability as a result of saturation, bot-
tom ash paving mixtures appear to increase in
strength following sample saturation (Reference
I-3).
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Use of Power Plant Aggregates in Bituminous Paving

There are numerous examples of the use of power plant aggregates in
bituminous paving projects. Most of these, however, involve the use of boiler
slag. Despite the favorable test results on bottom ash mixtures at Ohio State
University, there has been no known use of bottom ash in hot-mix asphalt pave-
ment applications. The most extensive use of bottom ash in bituminous
paving has been in West Virginia where, since 1972, bottom ash has been cold
mixed with 6 to 7 percent by weight of emulsified asphalt and used in the pav-
ing of secondary "Farm to Market" roads. In some cases, the bottom ash is also
blended with boiler slag. Both cationic and anionic asphalt has been used in
the preparation of these cold mixes, but asphalt suppliers are of the firm opin-

ion that better coverage and performance can be obtained by using a cationic
blend.

More than 200 miles of low-volume traffic roads in the northern part
of the state have been improved with these cold mix compositions, which are
referred to as '"Asphalt." A specification for "Asphalt" is included in the

Appendix of this report. Similar applications have also been made in eastern
Ohio.

Besides being a relatively inexpensive material, one of the biggest
advantages of "Asphalt" is its simplicity. First, the bottom ash is loaded
into the hopper of a portable continuous pugmill, frequently located on the
power plant site. It is then mixed with a metered amount of asphalt and
either lcoaded directly into haul trucks or stockpiled for future use. There
is no need for hot bins or dryers. "Asphalt' can be stockpiled for several
weeks and still be suitable for placing on the road.

Because the mix can be stockpiled, crews from the Highway Depart-
ment are afforded a great deal of flexibility. Those who perform the lay-
down work are not dependent on plant production for an uninterrupted flow of
material to the job. Furthermore, "Asphalt" can be installed on the roadway
without resorting to fancy techniques or sophisticated machinery. In West
Virginia, "Asphalt" is usually placed by state maintenance crews using state
equipment.

. The mix is hauled to the jobsite and placed with conventional
spreading equipment. The best compaction results have been achieved with
a single 10-ton tandem steel-wheeled roller following closely behind the
spreader. Once on the road, the mix requires about 10 days to fully cure.
This curing period depends on the season and length of time the mix was in
a stockpile (Reference I-160).

State road crews have been placing "Asphalt” at about half the
cost of conventional asphalt concrete. And in most applications, the ash
will go about ome-third farther than comparable materials due to its fav-
orable weight-volume ratio. This material, because it is not a hot-mix

I-172



composition, can be placed in cold or inclement weather. The bottom ash
can also be blended with sand, gravel, limestone, or blast furnace slag to
meet any desired gradation. Aside from occasional problems due to base
failures, "Ashphalt" has provided excellent service over the years. It
can even be used as a patching material, and frequently is, on some of
the more heavily-traveled primary roads (Reference I-161).

Boiler slag has been used to a much greater extent in bituminous
paving than bottom ash. Boiler slag has been used frequently in wearing
surface mixtures because of the hardness of its particles (average of 7 on
the Mohs hardness scale), its affinity for asphalt, and its dust-free sur-
face, which aids in asphalt adhesion and resists stripping. Use of boiler
slag helps eliminate fat spots in paving mixes, and subsequent asphalt bleed-
ing that causes slippery pavements. The material is relatively abrasion
resistant, enabling it to provide desirable skid resistant characteristics
(Reference I-162).

Another of the properties of boiler slag which enhances its value
as an aggregate in bituminous paving is its permanent black color, which is
not affected by sun or weather. This enables the surface of a blacktop road-
way to retain much of its original dark appearance, which is helpful for
contrasting with pavement markings and is particularly advantageous for
night driving. It also helps roads and streets surfaced with boiler slag
dry faster after rain and snow because the black color attracts the sun's
heat (Reference I-163).

Boiler slag was first used in asphalt paving on an experimental
basis many years ago in Hammond, Indiana, where it was blended with con-
ventional aggregate to help solve the problem of aggregate polishing. The
early success of that and several other wearing surface demonstration pro-
jects in Indiana led to its acceptance and use in that state and several
others, including Ohio, Michigan, Missouri, and West Virginia. In addition,
boiler slag has been used in a number of cities, such as Cincinnati and
Columbus, Chio and Tampa, Florida (Reference I-163).

In West Virginia, boiler slag has been blended with graded river

sand for resurfacing and deslicking applications, especially where thin
overlays are used. A considerable amount of this resurfacing has been done
in the northern panhandle using a West Virginia Department of Highways
Wearing Course III mixture composed of 50 percent by weight boiler slag,
39 percent river sand, 3 percent fly ash, and 8 percent asphalt cement.
The mixture is hot mixed and laid as a conventional sand mix in depths
from 1/2 to 2 inches. Some sections have been in service for over 10
years with little change in surface texture under heavy truck traffic
and only minor tendency to rut or shove, if at all,
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A typical example of the use of boiler slag in a deslicking appli-
cation was a short section of U.S. Route 119 near Morgantown, which was over-
laid in 1969. Accidents on this portion of the rcad were reduced by about
50 percent in the year following completion of the project. Table I-31A com-
pares the gradation and asphalt contents of the northern panhandle and Route
119 overlays with the requirements of the Department of Highways Wearing
Course III mixtures. A comparison of these mixture properties with the
Class III specification limits shows that these mixes meet applicable wear-
ing surface requirements. It should be noted that in these applicatioms,
boiler slag is considered an economical replacement for locally scarce
natural aggregates and is not being promoted as a skid-resistant aggregate
(Reference I-164).

Some 10,000 tons of boiler slag were used to construct the wearing
surface and shoulders of a portiocn of Interstate Route 94 near the Detroit
Airport. This section of roadway is reportedly still in good condition af-
ter more than six years in service (Reference I-165).

Boiler slag from the burning of lignite coal has been used on
streets in several parts of Texas for resurfacing work. The mixes have
used a blend of 75 percent by weight lignite boiler slag and 25 percent
limestone screenings, with an asphalt content of 6 to 7 percent by weight
of aggregate. Retained strengths of 90 percent were observed after immer-
sion-compression testing. These pavements khave held up well with no signs
of shoving or raveling, despite heavy truck traffic, while maintaining their
brilliant, black texture, non-skid properties, and smooth, quiet riding
qualities (Reference I-166).

Boiler slag has also been used successfully as a seal coat aggre-
gate for bituminous surface treatments in a number of states. The Minne-
sota Department of Transportation reports that boiler slag seal coat sec-
tions have performed in a highly acceptable manner, although these sections
set up more slowly than sections using normal aggregate. Once the sealed
sections were swept, this problem was solved. The only problems thus far
with boilasr slag seal coats have been some wearing at intersections where
high volumes of turning vehicles are involved (Reference I-167).

Boiler slag is also used as a seal coat aggregate in local road
construction. Cost savings of over $2,000 per mile using boiler slag as a
chip seal material have been documented by the Montgomery County Highway
Department in central Illinois. 1In addition, county road crews are able
to place 5 miles of seal coat per 8-hour day, compared to 4 miles per day
using conventional limestone chips (Reference I-168).

Table I~ 32 presents a per mile ccst comparison between regular
crushed limestonme chips and boiler slag for a 22-foot wide pavement. Ac~
cording to these figures, the cecst per mile for using limestone chips is
practically twice as high as the cost per mile for using boiler slag (Ref-
erence I-168).
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Table I-31A

COMPARISON OF BOILER SLAG-AGGREGATE
WEARING SURFACE MIXTURES TO WEST VIRGINIA
DEPARTMENT OF HIGHWAYS WEARING COURSE III REQUIREMENTS

Percent Passing

Sieve Northern
Size Specification Panhandle Route 119
Limits Overlays Overlay
3/8" 100 100 ' 100
#4 90-100 95 95
#8 60-90 80 85
$#16 40-65 52 48
#50 10-30 14 16
#200 3-15 6 6
Asphalt
Content 5-11 8 7
(percent)
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Table I-32 Page 1l of 2
COST COMPARISON
WET BOTT(®4 BOILER SLAG SEAL COATS
V. s.
5/8’ CRUSHED LIME STONE SEAL COATS

(A) 5/8 ” Crushed Lime Stone Chips, single Seal Coat (C.L.S5.C.)

Q1)

(2)

3

(4)

Surface Width = 22' Q"
MC-800 or 3000 Asphalt at 0.25 gallons per square yard
5/8" chips at 25 pounds per square yard
8 - 21/2 tons dump trucks & drivers
1 - 955 "Cat" track type end loader & operator
1 - Etayre Chip Spreader & two operators
1 - Gallion Rubder tired Roller & operator
2 - Pick-up trucks & 2 drivers
Average production of 4 miles per 8 hr. day.
Material Quantities and Cost:
MC-800 or 3000 3227 gals. per mile at 0.82 per gal. spread on roads
0.25 x 22 x 5280 x 4 = 12,907 x 0.82 - $10,583.74
9
c.L.S.C. 161 tons per mile at 7.00 per ton FOB Stockpile
25 x 22 x 5280 x ) x4 = 645 tons @ 7.00 = 4,515.00
9 2000
Equipment Costs:
8 dump trucks x $13.30 x 8 - 851.20
1 "Cat” x 30.60 x 8 - 244.80
1 Etnyre x 30.00x 8 = 240.00
1 Roller x 13.18x 8 = 105.44
2 Pick-ups x 3.14x 8 = 50.24
- 1,491.68
Labor Costs: $6.40 per hour
14 x 8 x 6.40 - - 716.80
Total Cost - 17,307.22
Cost per mile - 17,307.22 - 4,326.81
4
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1)

(2)

(3)

(4)

Table 1-12 (continued)

WET BOTTOM BOILER SLAG SEAL COATS
V.S,
S$/8"™ CRUSHED LIME STONE SEAL COATS

" BOTTOM BOILER SLAGC SINGLE SEAL COAT (W.B.B.S.)

Surface Width = 22' 0"

RC-B800 or 3000 Asphalt at 0.15 gallon per square yard
Wet Bottom Boiler Slag at 15 pounds per square yard
8 -~ 21/2 tons dump trucks & drivers

955 "Cat" tracktype end loader & operator

Etnyre Chip Spreader & two operators

Gallion Rubber tired Roller & operator.

- Pick-up trucks & 2 drivers

1
1
b |
2

Average production of 5 miles per 8 hr. day

Material Quanticties and Cost:

RC-800 or 3000 1936 gals. per mile at 0.83 per Gal. spresd on roads

0.15 x 22 x 5280 x 5 = 9680 x 0.83 - © $8,034.40
9
W.B.B.S. 97 tons per mile at 2.00 per ton POB Stockpile
15 x 22 x 5280 x _1 x 5 = 484 Tons at 2.00 = 968.00
9 2000
Equipment Costs:
8 dump trucks x $§13.30 x 8 = 851.20
1 “Cat" x 30.60 x 8 = 244.80
1l Etnyre x 30.00x 8 = 240.00
1 Roller x 13.18x 8 = 105.44
2 Pick-ups x 3.14x 8 = 50.24
= 1,491.68
Labor Costs: $6.40 per hour
14 x 8 x 6.40 - 716.80
Total Cost = 11,210.88
Cost per mile = 11,210.88 = 2,242.18

S
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Not only does the boiler slag provide better coverage per mile
than the limestone chips (97 tons vs. 161 toms), but the boiler slag seal
coat retains its black color, while the surface of the stone chip seal
gradually acquires a faded, gray appearance. Even after an up-close vis-
ual inspection of a boiler slag seal coat pavement, it is difficult to tell
that it was not originally placed as a conventional hot-mix asphaltic con-
crete pavement.

Skid tests on a boiler slag seal coat section north of Hillsboro,
Illinois were performed in 1976 by the Illinois Department of Tramsportationm,
using a locked-wheel skid trailer rum at 40 miles per hour. Friction numbers
for the north-bound lane ranged from 46 to 64, with an average value of 56,
Friction numbers for the south-bound lame ranged from 43 to 57, with an av-
erage value of 50 (Reference I-12). Generally, friction numbers in excess
of 40 are desired in terms of skid resistance, although in the state of Il-
linois a value of 53 is considered acceptable.

Assessment of Power Plant Aggregate Use in Bituminous Paving. Ac-
cording to the results of an AASHIO questionnaire, a total of 23 states have
reported some sort of field use of power plant aggregate in asphalt paving.
These states are:

Alabama Indiana* New Jersey
Arizona Iowa New York
Arkansas Kansas Ohio*
Connecticut Kentucky Oklahoma
Florida Michigan Pennsylvania
Georgia Minnesota Texas*

Idaho Missouri* West Virginia*
Illinois Nebraska#*

* States currently including power plant aggregates in bituminous material
specifications.

Interestingly, two of these states (Connecticut and Idaho) do not
have any coal-fired power plants. It is possible that the term "bottom ash"”
or "boiler slag" may be mistakenly used in referring to another material,
such as phcsphate furnace slag in one or more of these states. Of the 23
states using power plant ash, five (Alabama, Georgia, Illinois, Kentucky,
and Missouri) report routine use. The others report limited field use or
field experimentation.

Only one state (New Jersey) considers the performance of power plant
aggregate in asphalt paving to have been poor. The reason given for this as-
sessment was poor skid resistance (Reference I-169). Tour other states (Ari-
zona, Connecticut, Ohio, and Oklahoma) reported marginal performance. Ken-
tucky considers the performance of bottom ash and/or boiler slag as aggre-
gate in bituminous wearing surfaces to have been excellent because the crushed
material had "sharp edges and provided good skid resistance" (Reverence I-170).
The remaining states all reported either acceptable or good performance.
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New Jersey is the only state which does not intend to make any
further use of power plant aggregates in the future. Arizona and Oklahoma
are uncertain about further use of these materials. The other 20 states
all plan to make additional use of either bottom ash or boiler slag in
asphalt paving.

Of the 23 states indicating some level of field use, only six
have incorporated bottom ash and/or boiler slag into the specifications
as an aggregate for use in bituminous paving mixtures. These six states
are Indiana, Missouri, Nebraska, Ohio, Texas, and West Virginia.

In summary, there have been 23 states which have at one time or
another made use of power plant aggregates in asphalt paving. Only one of
these states does not plan to make further use of these materials in this
manner. Over the years, boiler slag has been widely used as a partial
aggregate replacement in wearing surface mixtures and thin overlays, as
well as in seal coat applications, in many sections of the country. Dur-
ing this time, it has acquired a good performance record as a durable,
wear-resistant material with a number of unique properties. Except for
seal coat applications, boiler slag must be blended with other aggregates
to meet gradation specifications and attain sufficient mix stability.

Bottom ash, on the other hand, does not appear to have been uti-
lized to any great extent, if at all, in hot-mix asphalt paving. However,
it does have a good performance record as an aggregate in cold-mix, cold-
laid emulsified asphalt paving mixes on secondary roads in West Virginia
and eastern Ohio.

Based on available laboratory data and documented field performance,
it is evident that power plant aggregates can be successfully used in bitumi-
. nous mixtures. Before this can be done on a routine basis, however, additional
effort is needed to develop test methods and specifications that are more ap-
propriate for use in evaluating power plant aggregates, particularly bottom
ashes.

In some cases, current test methods and specifications are too
restrictive and exclude acceptable materials. In other instances, the
standards may not be sufficiently discriminating and allow materials that
could be unacceptable from a field performance standpoint. Again, this
problem is somewhat more pertinent to the evaluation of bottom ash than
boiler slag.

A good example of a standard aggregate test method which is not
entirely suitable for evaluating bottom ash is the Los Angeles abrasiom
test (ASTM C131). This test does not sufficiently identify the highly
friable '"popcorn" particles in bottom ash, nor is the test indicative of
the amount of degradation that may occur under field compaction. The
unique properties of bottom ash also obscure test results on asphalt pav-
ing mixtures incorporating these materials. Existing methods of assess-
ing moisture damage on bituminous mixtures are not sufficient to properly
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identify the potential problems that may be associated with bottom ash, let
alone explain the apparent cementing and strength gain of the bottom ash
particles in the paving mix following saturation (Reference I-171).

There are yet other questions which can be raised concerning evalu-

ation of the use of power plant aggregates in bituminous paving mixtures, such
as:

° Are high air voids values associated with the use
of some bottom ashes acceptable?

° How significant is the sodium sulfate soundness
test for boiler slags and what are the acceptable
test limits?

. Is the specific gravity test an adequate indicator
of the presence of '"popcorn" particles in bottom
ashes and, if so, what should be the acceptable
lower limit for specific gravity?

For power plant aggregates to be used successfully, they must also
be used properly. These materials should not generally be viewed simply as
other conventional aggregates and evaluated with the stock-in-~trade question,
"Do they meet specifications?" (Reference I-16).

After reviewing available literature and assessing the current status
of utilizing bottom ash and boiler slag in bituminous paving, the following
technical recommendations are made:

1. Bottom ash is best used in cold-mix emulsified
asphalt mixtures on low volume roads, in hot-
mix base mixtures, or in shoulder construction
where specification requirements for gradation
and toughness are not as critical. Many bottom
ashes are probably not acceptable for use in
hot-mix wearing courses, unless blended with
conventional aggregates in relatively low per-
centages.

~N

Boiler slag can be used without any special con-
sideration in conventiomal hot-mix asphalt pav-
ing applications, provided the percentage of
boiler slag is limited to less than approximately
50 percent of the total aggregate in the mixture.
Boiler slag is also highly recommended in seal
coats on comparatively low volume roads. The
nost favorable use of boiler slag in hot-mix
paving is in surfacing mixtures when blended with
other aggregates. Mixtures with acceptable skid
resistance using boller slag are possible, pro-
vided careful attention is given to mixture de-
sign (Refereace I-172).
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Because of the very limited use of bottom ash in asphalt paving,
as well as the variable quality of some sources of bottom ash, it would be
inappropriate to consider adoption of guidelines for the use of this material
in asphalt paving. Furthermore, bottom ash simply has not gained the level
of acceptance necessary for it to be used on anything like a routine basis,
except where it is used as "Ashphalt" in West Virginia.

Although boiler slag is better suited for bituminous paving appli-
cations from the technical sense, there are also definite reservations about
considering guideline development for boiler slag use in asphalt paving.
One reason for such reservations is the fact that nearly 50 percent of all
boiler slag in the United States is used for ice control during the winter.
This use could consume a large percentage of the stockpiled boiler slag at
a particular power plant during the winter season, leaving relatively small
amounts available for aggregate use. Another substantial market for boiler
slag in some sections of the country is roofing granules for the manufacture
of shingles. Boiler slag also finds application in sandblasting and as a
construction £1ill material. In addition, some power plants are able to uti-
lize the majority of the bottom ash (or boiler slag) generated at the plant
in comstruction activities on the plant premises. In such cases, little or
no ash is even made available to prospective users, )
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Part 1II

USE OF CEMENT KILN DUST AND LIME KTLN DUST
IN HIGHWAY CONSTRUCTION

INTRODUCTION

Cement Kiln Dust (CKD)

Cement kiln dust is the dust collected from the exhaust gases of
cement kilns. The dust is "a mixture of raw kiln feed, partly calcined ma-
terial, finely divided cement linker and alkali sulfates (Reference II-1),

Its chemical composition is variable but usually falls within the
ranges shown in Table II-1.

CKD is a fine granular material similar in appearance to cement.
The gradation of a typical sample is shown in Table II-2.

Lime Kiln Dust (LKD)

Lime kiln dust or lime stack dust is a solid waste generated by the
manufacture of lime. '"The dust contains a mixture of raw kiln feed, partly
calcined material, and finely divided material (Reference II-3).

The chemical compositions of both high calcium and dolomitic lime
dusts are shown in Table II-3.

The gradation of a typical sample of LKD is shown in Table II-4.

A good description of the process by which cement kiln dust is
produced is contained in a paper UTILIZATION OF WASTE KILN DUST FROM THE
CEMENT INDUSTRY (Reference II-14) and is reproduced here.

MANUFACTURING PROCESS

Manufacture of portland cement involves five basic steps: quarry-
ing, raw grinding, blending, burning, and finish grinding. The raw materials
for portland cement consist of materials containing four particular compounds:
lime, silica, alumina, and iron oxide. The more commonly used materials are
various combinations of limestone, shale, clay, sand, oyster shell, cement

II-1



Table II-1

Chemical Composition of Cement Kiln Dust

Ingredient Range
Low % High % Average %

SiO2 6.0 28.5 16.5
A12°3 3.2 9.6 4.35
Fe203 0.8 5.9 2.66
Ca0 16.0 65.0 47.6
MgO 0.8 4.83 2.34
SO3 0.7 26.3 7.07
Nazo 0.08 3.13 0.78
K,0 1.08 26.23 5.52
Loss on Ignition 2.50 32.0 16.0

Source: Reference II-1.
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Table II-2

Particle Size Analysis of a Typical Cement Kiln Dust

Particle Size Weight
Range-Microns* Percent
48-68 0.3
34-48 0.4
24-34 0.7
17-24 1.8
12-17 5.1
6~-12 27.3
< 6 64.4

*The opening of a #200 sieve is 74 microns.

Source: Reference II-10.
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Table II-3

Chemical Composition of Lime Kiln Dust

Ingredient Range
High Calcium Dolomitic Lime
Lime Dust Dust
Low % High % Average 3% Low % High % Average 3%
cao 13.1 80.1 51.3 17.2 50.0. 37.0
MgO 0.1 4.2 1.3 10.0 40.5 23.9
co, 2.2 46.5 22.3 19.0 40.9 25.4
Available
Lime 10.0 64.3 35.5 5.0 17.5 10.2
Sio2 0.3 28.7 6.7 0.1 10.0 2.4
Fe,04 0.01 4.1 0.9 0.05 6.0 1.5
A1203 0.01 9.2 1.8 0.05 3.6 1.1
S a.03 3.0 0.8 0.004 3.0 1.2
P,0g 0.001 0.06 0.04 0.1 0.04 0.02
Source: Reference II-4.
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Table II-4

Particle Size Analysis of a Typical Lime Kiln Dust

Sieve Sieve Percent Finer
_No. Opening=-mm. by Weight
8 2.36 100
20 0.85 97
60 0.25 78
100 0.15 64
200 0.075 42

Source: Reference II-1l4.
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rock, marl, iron ore, and various by-product materials including ash, slag,
and tailings from several mineral processing industries. These materials
are proportioned as necessary to form a suitable raw mix and ground together
either as a dry mixture or as a water slurry. At this stage, most of the
material is 200 mesh or finer and after blending is ready for introduction
to the kiln.

Kilns for producing portland cement are large, rotating, inclined
metal tubes, usually 8 to 15 feet in diameter and 200 to 500 feet in length.
At the lower end of the kiln is a burmer, fired by gas, oil, or coal, that
produces a 3,000°F flame. Raw materials enter the upper end of the kiln and
move down the kiln toward the burner as the kiln rotates. As the mix tra-
verses the kiln, its temperature increases and three things happen. Moisture
is driven off, calcium carbonate decomposes to calcium oxide (lime), and the
mass reaches a temperature of incipient fusion, about 2,700°F, at which hard,
marble-size balls called clinker are formed. The clinker is discharged from
the kiln, cooled, and ground into portland cement, with a fineness of about
325 mesh. During this process about 3,400 pounds of raw materials have
been transformed into one ton of portland cement and 3 to 5 million Btu of
energy have been consumed.

Kiln dust originates when finely ground raw materials become air-
borne in the stream of combustion gases traveling up the kiln. Carbon di-
oxide, liberated by the decomposition of calcium carbomate, adds to the
agitation of the materials and thus to the amount of airborme dust.

Mechanical collectors (cyclones), glass-bag filters (baghouses)
and electrostatic precipitators are commonly used to collect kiln dust.
Because they are relatively inexpensive and maintenance free, cyclones are
often used ahead of baghouses or precipitators to collect the larger dust
particles, but the cyclones cannot be used alone because their efficiency
for collecting particles less than 10 microns is low. High collection ef-
ficiencies, approaching 100 percent, can be achieved with baghouses and
precipitators.

QUANTITIES AVAILABLE

Cement Kiln Dust

Twenty million tons of CKD are generated amnually. Eight to 10
million tons are recycled into the kilns, while 10 to 12 million tons are
wasted (References II-5 and II-6). In addition, it is estimated there are
100 million tons of the material that are reusable piled throughout the
country (Reference II-7). Table II-5 summarizes the number of cement piants
located in the contiguous 48 states, according to a listing of cememt plants
in North America (Reference II-8).
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Table II-5

Cement Producing Plants in the United States*

(48 contiguous states only)

Alabama 7 Maine 1 Pennsylvania
Arizona 2 Maryland 3 South Carolina
Arkansas 2 Michigan 5 South Dakota
California 12 Mississippi 2 Tennessee
Colorado 3 Missouri g* * Texas

Florida 5 Montana 2 Utah

Georgia 3 Nebraska 2 Virginia

Idaho 1 Nevada 1l Washington
Illinois 4 New Mexico 1 West Virginia
Indiana 5 New York 7 Wisconsin

Iowa S North Carolina 1 Wyoming

Kansas 5 Ohio 5 TOTAL
Kentucky 1 Oklahoma 3

Louisiana 2 Oregon 2

*Does not include plants that grind only
**Tncludes one plant under construction
#**Tncludes two plants under construction

II-7
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Lime Kiln Dust

The annual accumulation of LKD is considerably less than that of
CKD. 1In a 1977 survey conducted by the National Lime Association (Refer-
ence I1I-4), in which 60 out of 75 commercial lime plants responded, a re-
ported 4,275 tons per day of dust were collected. It was estimated that
this was two-thirds dust and one-~third sludge. Of this amount, approxi-
mately 75 percent was wasted and 25 percent either sold or given away.
If these data are factored up for 330 working days per year, for a 50 per-
cent addition to adjust for captive lime plants,* and for the non-reporting
plants in the survey, the following available annual output can be computed:

4,275 x 2/3 x .75 x 330 x 1.5 x 2> = 1.3 million tons per year.

This amount was partially confirmed from another source (Reference II-9) which
stated that 1.6 million tons of lime kiln wastes were produced in the U.S.
A rough estimate can be obtained by using a 15 percent loss factor om the
total annual lime production from rotary kilms. This would amount to 1.8
million tons of the 12 million tons of lime production.

In summary, approximately 1.3 to 1.5 million tons of dry LKD is
now wasted annually., The locations, by states of the commercial lime plants
in the U.S., are shown in Table II-6.

USE OF WASTE KILN DUSTS IN HIGHWAY CONSTRUCTION

The primary application of both kiln dusts would be in kiln dust-
pozzolan-aggregate road base compositions. This type of road base would be
used in place of black base as a quality base. It would also provide a base
superior in quality to an umstabilized crushed stone or gravel base. CKD
can also be used in combination with fly ash alome to produce a stabilized
composition for use as a road base or structural £ill.

One other application in highway construction is the use of LKD as
an anti-stripping agent and/or filler in bitumirous compositicas.

These kiln dusts have additional potential in any highwey applica-
tion for which hydrated lime is used. This would include soil stabilization,
combination with sulfate wastes to form stabilized base material, and treat-
ment of wet, plastic subgrades. The use of kiln dusts in these applicaticns
has been largely unproven; however, it is anticipated that it will provide
a similar product to that where the usual hydrated lime is used.

* Plants where the lime producer uses the lime (steel plant).
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Table 1II-6
Commercial Lime Plants in the United States

No. of plants |Total No. : No. of plants Total No.
having rotary of having rotary of

States - kilns* plants** | States kilns¥* Plants**
Alabama 5 5 Nevada 3 3
Arizona 2 2 New Jersey 1 1l
Arkansas 0 1 New Mexico 1 1l
California 2 3 Chio 8 12
Connecticut 1 1 Oklahama 1 1
Florida 0 2 Oregan 0 1
Illinais 3 3 Pennsylvania 6 7
Indiana 1 1 South Dakota 1 1
Iowa 1l 1 Tennessee 0 1
Rentucky 2 2 Texas 6 7
Louisiana 2 2 Utah 1 1l
Maryland 0 1 Virginia 4 5
Massachusetts 1l 2 Washington 1 1l
Michigan 2 3 West Virginia 1 2
Missouri 2 3 Wisconsin 3 5
Totals 61 81

*Includes lime plants that have rotary kilns only and both vertical and
rotary kilns
**Tncludes lime plants that have
- rotary kilns only
- vertical and rotary
- vertical or other kilns (no rotary)
Does not include hydrating plants only

Source: Reference II-11l.
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COMMERCIAL AVAILABILITY OF PRODUCTS CONTAINING KILN DUST

The commercial availability of products containing cement and lime
kiln dust is considered in three parts:

1. Available amounts and locations of kiln dusts.

2. Locations of current producers of kilm dust,
fly ash, aggregate compositions including all
plants where the product has been produced
in the recent past.

3. Locations of potemtial producers.

Amounts and Locations of Cement Kilm Dust

As shown in Table II-S5, the latest available information on the
location of cement plants shows 168 plants distributed throughout 39 states.
Over half of these plants are located in eight states. In addition, the
geographical distribution of the plants within these states indicates that
CKD would be available within reasonable transportation distance at most lo-
cations. These states are: Alabama, Califormnia, Indiana, Michigan, Ohio,
Pennsylvania, Temnessee, and Texas. Three other states have a significant
number of cement plants but they are more or less concentrated in one sec-
tion of the state. These states are as follows:

Kansas-~plants are in the eastern portion of state
Missouri--plants are in the eastern portion of state
New York--plants are in the southeastern portiomn of state

Other states that have four or more cement plants that would po-
tentially have CKD available are: Florida, Illinois, Iowa, and Washington.
It can be seen that most of the heavily industrialized states would have CKD
available. These states are also among the heavy users of road base materials.

Amounts and Locations of Lime Kiln Dust

Table II-6 shows that there are 61 commercial lime plants in 30
states that have rotary kilns. There are 20 plants that have vertical or
other kilns but no rotary kilmns. It has been reported that there is minimum
dust accumulation from vertical kilns. Based on the location of the rotary
kiln plants, the following states would appear to have the most available
supply of LKD: Alabama, Chio, Pennsylvania, Texas, and Virginia. These
five states have almost half of the plants. It was reported im 1977 (Ref-
erence II-12) that six states, Ohio, Pennsylvania, Missouri, Texas, Michigan,
and Alabama, accounted for 57 percent of the total output of lime. 1In ad-
dition, it is known that LKD is available in the Chicago area which would
add Illinois to the list. Combining these into one tabulation would produce
a list of eight states: Alabama, Illinois, Michigan, Missouri, Ohio, Penn-
sylvania, Texas, and Virginia. It is believed that this is a fair represen-
tation of the most plentiful sources of LKD in the United States.
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No precise data on the amounts of LKD and CKD that are available
at various locations has been given. It is believed that the information
presented is sufficient for the purpose particularly in view of the very
limited usage that these materials have had in road base construction and
the difficulties of obtaining "hard" data.

Locations of Past and Present Producers of Kiln Dust-Fly Ash-Aggregate
Compositions

Three companies have been engaged in the past in providing kiln
dust, fly ash, aggregate compositions for field installations. These
companies are:

o Nicholson Industries, Toledo, Ohio
o Gallagher Asphalt Co., Chicago, Illinois
e City Wide Asphalt Co., Sugar Creek, Missouri

These organizations would be capable of supplying the material now
to 1local clients.

Locations of Potential Producers of Kiln Dust ~Fly Aeh-Aggregate Compositions”

While there are only a few plants that have had experience with kiln
dust road base compoesitions, there are many that could supply the material in
a relatively short period of time. These potential suppliers would fall into
two categories. The first category are those who have in the past or are cur-
rently engaged in supplying lime, pozzolan, aggregate base course materials.
It would be necessary only to replace the hydrated lime in ome of the storage
bins with kiln dust and possibly recalibrate the feed system for the new mix-
ture. The second category are those mixing plants that normally supply bitum-
inous mixtures and/or portland cement concrete. With some addition of bins
and conveyors, it is conceivable that these plants could be readily (within
a matter of months) fitted to produce "pozzolanic concrete.” In some plants,
additional bins are not necessary. They could be fitted within three months
at a cost of approximately $30,000.

In addition to these possibilities, it has been estimated that a
new plant could be put into operation within approximately 9 months--assuming
there would be no excessive delay in obtaining the required equipment. The
plants are not very sophisticated to assemble or to operate.

The availability of producers is not comsidered to be a deterrent
to the expanded use of kiln dust.
TECENICAL ASSESSMENT*

Field experience with kiln dust compositions is limited. Details

on experimental road bases that have been in service for as much as five years

* Mych of the data on which this assessment is based was supplied by Nicholson
Industries.

I1-11



are presented later in this report. Laboratory studies, however, are of much
more significance than they ordinarily would be because of the close similarity
to lime, fly ash, aggregate compositions which have a long history of solid
performance. In addition, it is important to note that the compositions can

be improved by small additions of portland cement.

Much of the technical assessment is based on the extensive labora-
tory work that has been done. The performance of the field installatioms is
used as confirmation of the results of the laboratory evaluations.

Laboratory Investigation - Cement Kiln Dust

Evidence of laboratory data that was generated by a number of labora-
tories and/or consultants was obtained. A list of laboratories and consultants
that were involved in the laboratory work is shown in Table II-7. The list is
not necessarily a complete one. It contains only those organizations and in-
dividuals who provided data and/or laboratory reports that were reviewed by
the writer. Laboratory testing included the use of cement kiln dust from the
sources shown in Table II-8.

Compressive Strength. The laboratory investigations of compressive
strength were made in accordance with generally accepted standards for the
evaluation of compositions of this nature. Much of the testing was done in
accordance with ASTM C593, Fly Ash and Other Pozzolans for Use with Lime.

The procedure specified in this ASTM test consists of the following steps:

1. Mixing of the dry materials until a uniform mixture
is obtained.

2. Mixing in a specified amount of water that would
closely correspond to the water required to produce
a material that would be most efficiently compacted
in the field (the moisture content obtained by the
addition of this amount of water is known as the
"optimum moisture content').

3. Molding cylindrical specimens (4 inch diameter by
4.6 inches high) in accordance with a specified
compactive effort. The specimens are molded in a
steel mold. The material is placed into the mold
in three equal layers and is packed in by the use
of a steel drop hammer of specified weight and
height of drop.

4. Curing (allowing the samples to gain strength) of
the molded specimens for a specified period of time
at controlled temperature and humidity conditionms.
The usual time periods are 7, 14, 28, and 90 days.

5. Breaking the specimens in compression at the end
of the curing period. Specimens are usually soaked
in water for at least 4 hours prior to breaking.
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Table II-7

Laboratories and/or Consultants That Contributed
Laboratoxry Data on Kiln Dust Compositions

Bowser-Morner Testing Laboratories, Inc.
Toledo District

5247 Secor Road, P.0O. Box 5847

Toledo, Ohio 43613

Flood Testing Laboratories, Inc.
1945 E. 87th Street
Chicago, Illinois 60617

Toledo Testing Laboratory, Inc.
Toledo, Ohio 43624

Department of Civil Engineering
Construction Materials Research Group
The University of Toledo

Ernest J. Barenberg, PhD.
Engineering Consultant
617 W. Church Street
Champaign, Illinois 61820

David C. Colony

Civil Engineer and Surveyor
3648 Maxwell Road

Toledo, Ohio 43613
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Table II-8

Sources of Cement Kiln Dust Used in Laboratory Testing

General Portland Cement Co. - Tampa, Florida
Ideal Cement Co. - Galena Park, Texas
General Portland Cement Co. - Paulding, Ohio
Medusa Portland Cement Co. - York, Pennsylvania

Medusa Portland Cement Co. =~ Cleveland, Ohio
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The following observations were made after reviewing the compres-
sive strength data:

1. Figure II-1 shows the results of a number of com-
pressive strength determinatiomns. It can be seen
that the majority of the strengths at seven days
are greater than 600 psi and went as high as 1,200
psi. Figure II-2 shows compressive strengths at
7 days ranging from 420 psi to 1,150 psi (excluding
the 4-6-90 mix which is not recommended). It also
shows - 28-day strengths ranging from 700 psi to
1,400 psi. These strengths are quite comparable
to a typical lime-fly ash-aggregate composition.
Recent work has shown that kiln-dust compositions
can be designed for strength levels as required.

2. The 28-day compressive strengths showed an increase
over the 7-day strength that was typical of cemen-
titious products. Although there was a significant
variation, the average 7-day strength was about 75
percent of the 28-day strength (see Figure II-2).

It must be reported (but not verified) that some
of the 28-day specimens were cured at lower temp-
eratures during the period from 8 to 28 days. If
so, the percentage (75 percent) would be high.

3. In most cases, the 90-day strength was significantly
greater than the 28-day strength. On the basis of
the limited data, the 90-day strength was approxi-
mately 130 percent of the 28-day strength.

4. There were some instances in which 90-day compres-
sive strength samples disintegrated when they were
soaked in water in preparation for strength testing.
This did not occur in the 7 and 28-day specimens and
there was no apparent explanation for the phenomenon.
It is quite likely that this was related to testing
technique rather than a material characteristic.
Additional data are required.

5. Strength gain was a function of curing temperature.
The compressive strengths increased significantly
as the curing temperatures increased from 55°F to
85°F. A curing temperature of 100°F did not produce
any greater strength than that produced by 85°F.
This observation was based on limited data (see
Table II-9). Compressive strengths were obtained
for one mix, using CKD from one source; and for &
different temperatures (55°, 70°, 85°, 100°F).
Additional data are required to verify this performance.

II-15



— - -

o

.
!
.

. i S P T Fp.gure tI—l , -. .
R A =) WTOURS JNDICATE COMARESSIVE, _smavcrﬂ V%
i -.'40._-_. RS/ Afff,e S/Vﬁ/mrﬁzir/xf’/;_ bl

i

l .

] i
: [
— L

|

!
b
.l:

1.

-\ .-
N
|

:
;m'..v -

.
=i
!

CENTFLY.

.T_.._
!

-~

{

_(ZR

I
i
: H ! R
S S SN B S (s s

.
R : :
. M L}
cro N —reme e i
‘ LA .
. [} .
[ : :

| ..i.._COM(ﬁ/?L_“55/;/E STRENGTH i | |

=l ——CfoA/m?/Br fz>'f,45//—~ i
S 2/166/?[64 £ M/ pr S\ i s

\

|

i || oa spe]

41¢|¢& l/fé'.ué,/a:m»zz!
\FPer 'Cf,vr CEbaA/ T STACK Du.sr |

i

!

1]

! : ¢ ‘ . ] . .
. 3 : [ ¢ B

! ' H l : . !

i 1 . H .

] __,__l (IR S R RN N IR S T N U

1I-16

-t e e on | e




Ci OMP@[ SSIVE STRENGTH -« HIWORED A5/

Zo

/8 |

/6

/4

/2

V-4

Figure II~2

COMEFRESS/IVE ST7TRENGTH
' L OF '
POZZOLANIC MIXTURES CONTAINING
CEMENT KILN DUST, FLY-ASH ¢ AGCREGCATE
Dce 1376

LEGEND: (ALl PERCENTAGES 8y DEY WEIGHT)

I Y SuCyes: O - o - oo
- Yy CEMEMNT - € P FEY- - (5% AGGREGATE)
: KILN DUST) ASH )

L
.89,
‘9,15/A FMATERIAL MIXED § STECKPILED 7 DAYS
/A )< 24 PRIOR TO PMOLLIIG COMFPRESSIW SAMALE
/G -2 +-G2 :

. % -G - 90
:,Z’..' ) .

t ! 1 ] | A 1 i |

o 4« g 2 /s 20 & 28 32 Jé

AGE A7 7ES57 - L23Y5

1I1-17



Table 1I-9

Compressive Strengths of CKD-Fly Ash-Aggregate

Compositions Showing Curing Temperature Effects
(Strengths are in lbs. per sg. in.)

Age Curing Temperature °F
Days 55 70 85 100
7 0 502 813 763
14 370 675 987 1029
28 706 912 1074 1059

Note: Mix composition (by weight) was as follows:

- Cement Kiln Dust 8%
- Fly Ash 12%
- Aggregate 80%

Specimens were compacted in accordance with ASTM C593
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6. Twenty-nine sets of data out of 33 showed compres-
sive strengths in excess of 400 psi which is the
minimum requirement in ASTM C593; Fly Ash and Other
Pozzolans for Use with Lime. Most strengths were
considerably in excess of the minimum requirements.

ASTM C593 is generally regarded as a standard for
lime-fly ash-aggregate road base compositions. It

is quite probable that the mix design of low strength
specimens could be adjusted to provide suitable
strengths.

7. The addition of small amounts (1 to 2 percent by weight)
of portland cement produced a significantly higher
compressive strength in laboratory specimens. Additiomns
of these small amounts may not be practical in field use.

8. There are indications that the reactivity of CKD varies
depending on the source. In one instance, where a com-
parison was possible between four CKD sources, the
strengths using one source were lowest in four out of
five comparisgns. Except for an apparent anamoly in
the data, it probably would have been low in all five
cases.

9. The type of fly ash that was used in the compositions
also appeared to affect the compressive strength. Evi-
dence of this was not conclusive because of limited
comparable data.

10. The surface material O to 6 feet in one instance) of
stockniled kiln dust agglomerates and, even though it
is pulverized, is virtually inert in producing any
cementitious reaction. In addition, it retains con-
siderable moisture (in excess of optimum) which is
difficult to reduce.

11. Moisture-density relationships that were determined
for the kiln dust-fly ash-aggregate compositions show
the usual result with a well-defined maximum dry density
and optimum moisture content. A typical moisture-density
curve is shown in Figure II-3.

12, The range of dry densities that were obtained on num-
erous laboratory compacted test cylinders ranged be-
tween 124 pcef and 135 pef with an average of about
130 pcf. The corresponding molding moisture range
was approximately 8 percent to 12 percent. In cases
where the moisture contents were higher than 12 per-
cent, the compacted densities were quite low indi-
cating that the moisture content was too high.

The preceding observations show that the compressive strength and
density characteristics of cement kiln dust, fly ash, aggregate compositions
are typical for stabilized materials. 1In particular, they resemble closely
results that would be obtained with lime, pozzolan, aggregate compositioms.
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Durability. The resistance to freezing and thawing of compositions
containing CKXD has been measured by the methods of ASTM C593. This method
specifies that the compressive stremgth of vacuum saturated specimens should
be used as a measure of freeze-thaw durability. A compressive strength of
400 psi is required on specimens that are vacuum saturated after being cured
for 7 days. The results of a number of these tests are shown in Table I1I-10.
The data represents compositions made from cement kiln dusts from five dif-
ferent sources. In each case, the minimum strength required for acceptance
was obtained.

Autogenous Healing. There is significant evidence that compositions
containing CKD possess the property of autogenous healing. Autogenous healing
is the property that enables compositions that gain strength slowly over a
long period of time to regain strength after their original strength has been
exceeded. It is typically evaluated by testing specimens in compression that
have been previously tested to failure., Table II-1ll shows a set of test data
from such an evaluation. The property of autogenous healing is of obvious
benefit for a road base composition. It insures that continual rejuvenation
of the structural capability of the base will take place over a long peried
of time. Damage to the pavement that is caused by temperature changes and
load applications is neutralized by the continuous healing.

Laboratory Testing - Lime Kiln Dust

Compressive Strength. Compressive strength evaluations of potential
base ccmpositicns utilizing lime kiln dust are preformed in a manner identical
tce those where cement kilnm dust is used. The laboratory data that were avail-
able for review on LKD were substantially less than for CKD. The following
cbservations can be made about the compressive strengths of the mixtures con-
taining IXD.

1. Figure II-4 shows a plot of compressive strength
data. The range of 7-day strengths is from 380
2si to 700 psi. The 28-~day strengths range from
380 psi to 1,500 psi. These strengths are on the
order of one to twe hundred pounds per square inch
lower than a typical lime-fly ash-aggregate compo-
siticn., As with CXD compositions, variocus strength
levels can be obtained by proper mix design.

2. Trhe 28-day compressive strengths showed an increase
over the 7-day strengths except for two relatively
low stremgth coopositions (see Table II-12). Except
for these two compositions, the 7-day strength av-
araged 46 percent of the 28-day strength. There was
i=msufficient data available to draw any conclusions
with Tespect to the 90-day strengths.
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Table II-10

FREEZE-THAW RESISTANCE OF CKD COMPOSITIONS
AS MEASURED BY THE COMPRESSIVE STRENGTH OF
VACUUM SATURATED SPECIMENS

Mix Formula (% by weight)

Source of Fly Portland Vacuum Saturated
CKD CKD Ash Cement Aggregate Compressive Strength*
psi
General 8 8 0 84 887
Portland
Cement Co. 8 8 1 83 1433
Medusa 8 8 0 84 1113
Sylvania
8 8 1 83 1683
Medusa- 8 8 1 83 666
Dixon
Marquette 8 8 1 83 825
Kansas City 8 8 0 84 960**
8 8 0 84 1110 (28 days)

*Average of 3 strengths
**Average of 6 strengths
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Table II-11

Autogenous Healing of Laboratory Specimens
Containing CKD*

Original Healing Compressive Strength After

Compressive Time Strength Healing as a %
Mix** Strength Weeks After Hegling of Original
psi psi
6-6-88 850 7.3 952 112
6-6-88 658 10.9 836 127
6-6-88 281 6.3 448 160
8-8-84 1147 7.3 1150 100
8~-8-84 989 3.9 1506 152
8-8-84 934 10.9 1117 120
8-8-84 558 9.9 745 134
10-10~-80 1200 7.3 1213 101
10-10-80 1167 10.9 1406 120
10-10-80 581 5.3 728 125

*Data was obtained from Reference 11-13.

**Mix gives composition by weight in the following order:
CKD-Fly Ash-Aggregate
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Table II-12

Compressive Strengths of LKD-Fly Ash~Aggregate Compositions

Compressive Strengths

Mixture
Formula $ of 28-Day
% by Weight psi Strength
Fly
LKD Ash Aggregate |7 Days 28 Days 90 Days| 7 Days 90 Days
8 12 80 852 1580 1626 54 103
10 12 80 847 1954 1866 43 96
8 11 81 420 755 NA 56 -
9 11 80 475 518 NA 92 -
10 11 79 400 1050 NA 38 -
20 11 69 375 375 NA 100 -
6.4 7.6 86 420 1270 NA 33 -
8 6 86 700 1370 NA 51 -

NA - not available
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3. Moisture-density relationships that were determined
for the kiln dust-fly ash-aggregate compositions
show the usual result with a well-defined maximum
dry density and optimum moisture content. Dry
densities that were obtained in a number of labora-
tory compacted cylindrical specimens ranged from
122 to 133 pcf at an average moisture content of
10.9 percent.

Durability Tests. Limited data on freeze-thaw testing are avail-
able. Table II-13 shows data excerpted from a table shown in the patent
application (Reference II-3). Figure II-5 shows a phenomenon that is typ-
ical of hydrated lime-fly ash-aggregate compositions. That phenomenon is
the continued strength gain after 12 cycles of alternate freezing and
thawing.

Those compositions that show a weight loss during freeze-thaw
cycles of 14 percent or less are considered to have satisfactory durability.
The data in Table II-12 shows that this requirement can be obtained by proper
mixture design. The ability of the material to gain strength after a long
period of adverse temperature variations indicates that any deterioration
caused during cold weather will tend to correct itself when the temperature
rises (probably at 55°F or higher).

Field Installation

Cement Kiln Dust. A number of field installations of road base
consisting of CKD-fly ash-aggregate compositions have been made and are
periodically being evaluated. Table II-14 shows the locations and extent
of these installations together with other pertinent data.

Specimens have been removed from some installations and tested in
compression. The data obtained are shown in Table II-15.

The most complete documentation of the performance of a field in-
stallation has been made on a road base in a concrete plant drive in Silica,
Ohio (Reference II-13). Test strips of six different mixes, each 100 feet
long, were placed at this location. It is reported that "A total of 25,820
equivalent 8,165 kg (18,000 pounds) single axles were recorded in six months
with no cracking or surface damage visible except for a localized area."

In addition, deflection measurements and periodic compression tests of field
samples were performed. The six compositions are given in Table II-14, along
with other data relevant to the project.

Deflection measurements, made with a Benkelman Beam, generally
decreased with time, an indication that the pavement structure was becoming
stiffer with time. The compressive streangths of field samples were obtained
after the base was in use for six months and for almost one year. These
strengths are shown in Table II-16.
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Table II-13

Freeze-Thaw Test Data

LKD Compositions

Compressive
$ Weight Loss Strength Compressive
Mixture after 12 cycles after 12 cycles Strength after
Formula (% by Weight) of freeze-thaw of freeze-thaw recuring-psi
Fly psi
LKD Ash Aggregate
8 10 82 5
8 10 82 4 806
8 10 82 3 1180
8 10 82 3 1075
8 10 82 3 396
8 10 82 5
8 12 80 18
8 12 80 17
8 12 80 21
8 12 80 10
8 12 80 30
8 12 80 8
Source: 3Reference II-3.
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Figure II-5.

Time: Days

History of cylinders with 10 percent fly ash and 8 percent
"lime" (precipitator dust).
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Table II-14

DATA ON FIELD INSTALLATIONS - CKD ROAD BASE COMPOSITIONS

NAME DATE LENGTH ROAD BASE DESIGN ACCREGATE | source  |oescrietio
. & INS & THICKNESS| iy poRMULA (X by weight) TYPE OF OF
LOCATTON Ta INCHES CKD SURFACE
LL WIDTH FLY PORTLAND
E, CKD ASH CEMENT | ACGREGATE
6 6 0 88
SILICA, OHIO Six stripj 8 8 0 84 Ohio spec. z:d::: co E:::l:
11/5/77 | each 100’ 10 10 10 0 80 301 o . hio®
PLANT ROAD long 12 12 0 76 crushed silica, P
8 8 0.5 83.5 aggregate | Ohio Seal Coat
8 8 1 83
MEADOWBROOK LF 2670' General P C
ESTATES occ  |W 24'-36 5 8 8 0 84 Ohio 304 | Paulding 2"
gﬁgsﬂg“ 1976 |LF 220 General P C
h w24 5 8 8 1 83 oOhio 304 | Paulding "
ARK
TOLEDO EXPRESS
AIRPORT Nov ce“’;"‘l
PARKING LOT Portland .
1978 5000 sy 8 10 10 0 80 Ohio 104 [Cement Co. 2" BT
Paulding OH
SHERWIN Unive 1
WILLIAMS CO. LF 500° Illinotis MIL’E'“
- " - - -
FLANT DRIVES, 10/19/77] 4 301 6-10 9 10 0 81 CA-6 Botetogton 3-1/2"
CHICAGO, ILL. Indians 4
JOHN OUSKY
PARK - 10/21/77] 6000 sy | S5"-6" 8 8 1 83 ohio 304 g‘“:;‘;l 2" BT
PARKING LOT aulding
ORECON, OMIO




Table II-15

Compressive Strength of Specimens from Field Installations

Compressive Strength

Construction Type of Date psi

Project Date Specimen Sampled Ave. Range
Meadowbrook 3" cubes 5/26/77 780! 660-950

Estates Oct. 1976
Centennial Nov. 1977 Various 9/30/78 1385% 1056-1826

Plant sizes of

rectangular
solids?
Sherwin Willjiams 4" dia. 10/20/78 1511"* 1352-1639
Chicago, Il1l. Oct. 1977 cores
" 6/20/80 1083°

!5 test specimens

Vary from 3-1/2" x 4-5/8" x 6-3/8" high to 6" x

high

%9 test specimens

“4 test specimens, vacuum saturated.

56 test specimens
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Table II-16%*

Compressive Strengths of Field Samples
(from test strips, Silica, Ohio)

Mix Formulation (% by weight) Compressive Strength (on dates shown)
psi
Portland Crushed Dates Tested
CKD Ash Cement Limestone s/10/78 5S/17/78 10/16/78 10/17/78

6 6 0 88 1177
8 8 0 84 612 1540
10 10 0 80 611 1438
8 8 1/2 83-1/2 251 1231
8 8 1 83 811 355

*Data were obtained from Reference 1I-13.

NOTES:
- Road base was constructed November S5, 1977.
- All strengths are the average of 3 samples.
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Dr. Ernest Barenberg of the University of Illinois, a recognized
expert in the performance of stabilized road bases, inspected the Sherwin-
Williams Co. plant drives in June of 1980, approximately three years after
they were constructed. He reported that the installations were in excellent
condition. There was only a slight amount of cracking which is typical of
stabilized bases of a similar type. The bituminous wearing surface was
adhering properly to the base material. The pavement was cored at the time
of the inspection. The mix formulation and other information relevant to
this project are shown in Table II-14. The compressive strengths of the
cores are included in Table II-15. Split tensile tests were also run on
some of the cores. An average of 204 psi tensile strength was obtained
on 9 specimens. In this case, the tensile strength was approximately 20
percent of the compressive strength. This is somewhat higher than the 10
to 12 percent normally anticipated.

Lime Kiln Dust. The Chicago area has been using a "polyhydrate’
lime in lime~fly ash-aggregate compositions for several years. 'Polyhydrate"
lime can contain as much as 80 percent lime kiln dust and 20 percent quick-
lime. This experience has been successful and illustrates an application
of LKD but one that has previously not been identified as such.

The first field application of lime kiln dust using the formula-
tions discussed in this report is scheduled for early November 1980 in the
Toledo, Ohio area. Developers of the material feel that it will perform
in a2 manner similar to the cement kiln dust compositions. This is based
on the fact that the major constituent of portland cement is limestone and
the sole constituent of lime is also limestone; therefore, the dust result-
ing in the processes should be similar. An examination of the chemical
compositions of each that are shown in Tables II-1l and II-3 indicates that
there is a close similarity between cement kiln dust and high calcium lime
kiln dust.

SUMMARY ASSESSMENT

The documentation that is available shows that kiln dust, fly ash,
aggregate compositions have considerable potential in a road base applica-
tion. We would generally agree with a statement contained in a report
"N-Viro-Crete, A Current Evaluation, 1978" by D. C. Colony, PhD., Professor
and Chairman of Civil Engineering, University of Toledo, as follows:
"Substitutions of CKD in place of lime to obtain a pozzolanic mixture pro-
vides at least three advantages.

a. Lower cost of material.

b. Enhancement of the environment by consumption of
waste products which would otherwise require the
use of land and other resources to store in a
proper manner.

¢c. Lower energy consumption per mile of pavement,
since both fly ash and CKD are by-products re-
quiring virtually no energy for their own pro-
duction.”
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The laboratory data, which is mostly compressive strength testing
of various compositions, shows a striking similarity to that obtained with
proven hydrated lime, fly ash, aggregate road base compositions. This helps
to substantiate the viability of using kiln dust in these applications.

The acquisition of additional data is an ongoing process. Repre-
sentatives of N-Viro Energy Systems, Ltd., Toledo, Ohio, one of the principal
protagonists of the system, state that various strength levels of the compo-
sitions can be achieved by proper mix design. This will insure that the
compositions will be able to meet strength and durability requirements. It
has also been stated by them that this will increase the flexibility of the
system beyond that which is possible with lime, fly ash, aggregate materials.

There is also evidence to show that the wvariability of kiln dust,
which is one of the chief disadvantages claimed by some, is not as great or
as significant as has been stated (Reference I-15). Sampling procedures for
the kiln dust in the past appear to have largely ignored good sampling tech-
niques and the process by which the material is produced and stored.

Studies are now underway to verify the consistency of the signif-
icant properties of cement kiln dust when the material comes from a given
location in the collection process. There appears to be no reason why the
kiln dust should vary significantly if the raw materials and operating pro-
cedures of the plant remain constant. It is obvious that control of these
two factors is also of vital importance to the quality of the primary pro-
duct-—cement or lime.

Five field installations of road base containing kiln dust prove
that the material can be successfully used.

It is obvious, however, that there are significant gaps in the
information that is available. This is particularly true with regard to
durability. There is also a need for larger. fully documented experimental
field installations that will provide the type of information that will be
convincing to potential users of road base materials. The Federal Highway
Administration (supported by the U.S. Department of Energy) requested and
received proposals for the evaluation of Kiln Dust-Fly Ash Systems for Pave-
ment Bases and Sub-bases (RFP #DTFH61-80-R-00056) in January 1980 and was
awarded to Valley Forge Laboratories in February 1980. This project is a
laboratory evaluation with a followup project involving experimental instal-
lations in three states is plamnmed. Projects of this type will go a long
way toward providing some of the additional documentation that is required.

Kiln dust is a promising material whose use should be developed
by support of experimental work, including field demomstratioms, that will
prove its value. It is essential that the combined FHEWA-DOE project,
described briefly in the previous paragraph, be implemented without delay.

II-33



EPA should monitor this project so that as soon as sufficient information
becomes available it may influence guideline decisions. There are strong
reasons for utilizing kiln dusts, beyond their applicability in highway
construction. Of great importance among these reasons is the energy sav-
ing involved in the use of a material that requires virtually no additional
energy in its production and a much reduced energy consumption during con-
struction when compared to materials it would replace. There are also en-
vironmental and economic benefits derived from reduced disposal requirements.
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Part III

USE OF ASPHALT-RUBBER IN HIGHWAY CONSTRUCTION

INTRODUCTION

Asphalt-rubber is a mixture of a blend of various types of rubber
with asphalt. The mixture may be modified with an extender oil or by the ad-
dition of kerosene. The rubber blend is mixed with asphalt after the asphalt
has been heated to 350° to 425°F. Heating of the mixture is continued for a
period of between 30 and 90 minutes. It is applied while hot. 1In those high-
way applications where the material is applied in a layer which will be sub-
jected to traffic, a layer of stone (chips) is immediately spread and rolled
ianto the still hot asphalt-rubber.

The recovered material in asphalt-rubber is the rubber. The rubber
consistirg of vulcanized and devulcanized, natural and synthetic is obtained
from scrap automobile and truck tires. Special purpose processing plants re-
duce the rubber to a granulated or ground form in accordance with a given
specificaticn. The rubber usually is reduced to a size such that 100 percent
is finer than a #10 sieve (2.00 mm opening).

Asphalt-rubber is a relatively new material, being a man-made mixture
that does not occur in nature. It was originally developed sometime in the
early 1960s, and was first used in a limited field test in 1964. A summary
of its development since that time is presented in Table III-1.

APPLICATIONS

There are seven present and potential applications for asphalt-rubber:
1) chip seals;* 2) SAMI-stress absorbing membrane interlayver; 3) encapsulating
membrane; 4) crack and joint sealant; 5) bridge deck waterproofing; 6) hot-
mix binder; and 7) roofing material.

The present study is concerned primarily with uses (1) and (2) above,
althcugh reference will be made to uses (3) and (4) which appear to have pro-
gressed beyond the experimental stage. Uses (5) to (7) inclusive are still very
much in the experimental period and will not be considered.

* WJhen chip seals are used over a distressed (severely cracked) pavement it

is scmetimes referrzed to as SAM-stress absorbing membrame. If it is cov-
ered with an overlay it becomes a SAMI.
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Early 1960s

1964-65

1967

1968

1968

1968-71

1971-73

1973

1974-75

1975

1976

1976 on

1980

References:

Table III-1

HISTORY OF THE DEVELOPMENT OF ASPHALT-RUBBER

Early experimentation by Charles H. McDonald who is
credited for originating the concept of using a rela-
tively large amount (25 percent) of granular rubber in
the asphalt-~rubber mixture. Mr. McDonald was an engi-
neer with the City of Phoenix, Arizoma.

Field trials were initiated in Phoenix.

First full-scale field trial--taxiway at Phoenix Sky
Harbor Airport.

Sahuaro Petroleum and Asphalt Co., Phoenix, Arizomna
began to develop the formulatioms, construction tech-
niques, and special equipment.

Arizona Department of Transportation became interested
in the concept for preventing reflection cracking.
Placed 2-1/2 miles of asphalt-rubber seal on freeway
frontage and access roads.

ADOT and other public agencies placed several projects.

Three special projects known as the Aguila, Flagstaff,
and Minnetonka Projects were carried out by ADOT. The
Minnetonka Project was part of the NEEP program on Pre-
vention of Reflective Cracking in Overlays.

Publication of Implementation Package 73-1, Rubber-Asphalt
Binder for Seal Coat Comnstruction, by FHWA.

A second commercial producer, Arizona Refining Co., Phoenix,
Arizona enters the field.

Arizona DOT implements the use of stress-absorbing membrane
interlayer (SAMI) as standard procedure for all overlays
less than 4-inches in thickmess that are placed over cracked
pavements.

FHWA implemented Demonstration Project No. 37, Discarded
Tires in Highway Construction.

Continued application of the asphalt-rubber comcept by
Arizona DOT, City of Phoenix, Corps of Engineers, Pro-
vince of Saskatchewan, and many other agencies. Somewhere
between 35 and 42 states, several Canadian provinces and
organizations in Australia, England, and the Scandanavian
countries have been involved in use of the materials.

Genstar Conservation Systems, Inc. begins productien of
crumb rubber in a new and imnnovative tire recycling plant
in Phoenix, Arizoma.

I11-4, I111-6, 111-27, and III-28.
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Crack Control

The consensus is that asphalt-rubber is a unique product having
distinct properties that enhance its use as a paving material in rather well
defined situations. It has been particularly effective as a technique for
restoring and increasing the life of distressed (cracked) bituminous pave-
ments. Highway pavements, portland cement concrete as well as bituminous,
are subjected to destructive forces such as traffic and climate immediately
after they are put into service. Eventually these forces cause deterioration
of the pavement to the extent that corrective measures are required. In many
cases the pavement is severely cracked and may be marked with a substantial
number of pot holes. In the past, bituminous overlays of one inch or more in
thickness have been used over the cracked pavement in order to restore its
serviceability. One of the disadvantages of this type of remedy has been that
in a relatively short period of time cracking of the overlay occurs at the
same places that the original distressed pavement was cracked. These cracks
in the overlay are commonly referred to as "reflection'" cracks. The elimi-
nation or control of reflection cracks is possible by the proper use of as-
phalt-rubber.

An understanding of the various types of cracks that occur in high-
way pavements is necessary in order to understand why asphalt-rubber is ef-
fective in their control. There are three types of cracks:

e fatigue cracking--due to repeated deflection of the
pavement caused by traffic loads.

e cracks caused by direct tensile strength--usually
caused by temperature change or shrinkage of the
pavement material.

o cracks caused by differential vertical movement
(Reference III-1).

The formation of these cracks is resisted by a material that has
sufficient elasticity thkat will enable it to deform under stress without
rupturing.

The use of rubber in asphalt has a direct effect on two important
properties: (1) it improves the elasticity of the asphalt; (2) it reduces
the susceptibility of the asphalt to changes in temperature. It therefore
makes the asphalt-rubber more elastic and keeps it in this condition at temp-
eratures 20 to 30°F lower than conventional asphalt (Reference III-2).

When the layer of asphalt-rubber and chips is placed as a surface
layer (SAM) on top of a cracked pavement it has been shown to be effective
in controlling fatigue cracks. The underlying cracks do not come through
the SAM for a much longer period of time than if a conventional seal coat
is used. As an interlayer (SAMI), where a 2-inch to 4-inch bituminous
overlay is added on top, it appears to control all types of cracking. In
this case the underlying cracks will not be reflected through the overlay.
In both these instances little or no maintenance is required for extended
periods.
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One of the most comprehensive analyses made on the effectiveness
of asphalt-rubber for crack control is presented in Reference III-10. This
case study was conducted in conjunction with Federal NEEP Project, Number 10 -~
Reducing Reflective Cracking in Bituminous Overlays. Eighteen selected road-
way test sections were evaluated in this study which was carried out on a 9-
mile section of Interstate 40 near Winslow, Arizona. Among five treatments
"found to have significantly reduced cracking” were listed: '"Asphalt-rubber
membrane seal coat under ACFC*" and "Asphalt-rubber membrane flushed into
asphaltic concrete overlay'". The report also recommended that one of the
five treatments "be used in conjunction with a thin overlay (less than 4
inches of AC)". 1In 1978, 6-1/2 years after construction, the asphalt-rubber
membrane seal coat under ACFC showed the least amount of reflective cracking
of the 18 test sections. By that time the highway had been subjected to over
1,000,000 18 kip equivalent loads. The following statement is also included
in the above report: '"As a result of this project and other evidence, ADOT
implemented in 1975 the use of the stress absorbing interlayer (SAMI) as
standard procedure for all overlays under four inches in thickness that are
placed over pavements where cracking is a problem.”

A recent analytical study (Reference III-3) has also determined that
"the effect of including a low modulus interlayer (rubber asphalt) can be sig-
nificant in the inhibition of reflection cracking resulting from both load
and temperature changes,..."

Waterproofing

When asphalt-rubber is used as a waterproofing layer it is referred
to as an encapsulating membrane. It has been used successfully in a number of
cases to prevent water from entering expansive soils that make up the subgrade
(foundation) of highway and airfield pavements. Moisture increases in expan-
sive soils causes them to increase in volume with a subsequent buildup of high
pressures under the pavement. These high pressures will raise the pavement
(cause heave). Since this phenomenon rarely occurs in a uniform manner,
differential heave or vertical movement will occur. This will create an un-
even riding surface and, more seriously, unusual stress conditions that will
significantly reduce the life of the pavement.

If, in this application, the asphalt~rubber layer is in an area that
will be subjected to traffic, it will be covered with stone. If it is in an
area not subjected to traffic, such as on the side slope, no stone cover is
necessary.

Crack or Joint Sealant

Asphalt-rubber is poured while hot into cracks or joints in pavements
for the purpose of sealing them against intrusion of dirt and water. This ap-
plication is similar in nature to that of other asphalt products. No stone
chips are added. The high elasticity enables the material to adjust to defor-
mations caused by load or temperature stresses.

* ACFC stands for Asphaltic Concrete Friction Course.
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COMMERCTAL AVAILABILITY OF PRODUCTS CONTAINING RECOVERED MATERIALS

The current situation can be summarized by pointing out that volume
use of the asphalt-rubber product has occurred in only one state-~—Arizona.
The asphalt-rubber product is readily available from two suppliers. The re-
cycled rubber that goes into the asphalt-rubber is obtained from out of state
sources in California and Mississippi. This, too, is readily available and
of satisfactory quality. A new modern facility for processing recycled rubber
is under construction in Phoenix and is scheduled to go into production in
early 1980. As for future availability, facilities will be forthcoming as the
market develops. There is an ample supply of scrap tires. Plants for recycling
the rubber are scattered throughout the country and a new plant can be put into
service within 12 to 15 months of a decision to proceed. Special distributor
trucks have been manufactured by Bear Cat Manufacturing Company of Wickenberg,
Arizona. In addition one of the processes uses conventional distributor trucks
that are available from several sources. The lack of availability of personnel
experienced in the use of asphalt-rubber could be a temporary bottlenect to de-
velopment. With the probability that use of the product will develop slowly
over a long period of time there does not appear to be any constraint due to
availability of the recovered material.

There are two companies that provide asphalt-rubber in Arizoma.
Both are located in Phoenix. They are Sahuaro Petroleum and Asphalt Company
and Arizona Refining Company. The asphalt-rubber products that are produced
by these companies are not identical. A comparison of the two materials is
show in Table III-2. Projects supplied by one supplier date back to 1962
while the other supplier has more recently entered the field (1975). The re-
sults obtained by each supplier appear to be comparable. It is difficult,
however, to fully document this conclusion because of the disparity in the
length of history of each.

In assessing the ability of asphalt-rubber suppliers to meet the
demand, the following aspects have been studied.

1. Availability of recycled rubber.

2. Availability of the asphalt-rubber mixture
(including availability of equipment).

3. Availability of experienced personnel to
insure proper construction.

4. Industry demand for asphalt-rubber.

Availability of Recvcled Rubber

The raw material from which recycled rubber is obtained consists of
scrap tires from both automobiles and trucks. It has been determined that there
are 200 million automobile tires (Reference III-4) and 40 million truck tires
scrapped each year. In addition, an estimated 1-1/2 to 2 million tires are re-
coverable in stockpiles or landfills. Approximately 20 pounds (Reference III-5)
of recycled rubber can be obtained from each passenger car tire. If it is as-
su:med that this applies to truck tires as well as automobile tires, a total of
2,400,700 touns of recycled rubber could be produced annually.
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9-III

Supplier

Sahuaro Petroleum
& Asphalt Company

Arizona Refining
Company

Table I1I-2

COMPARISON OF ASPHALT-RUBBER PRODUCTS

Asphalt-Rubber Composition —

1/ Distributor

Rubber

Ambient
ground 25%
by weight of
asphalt-rub-
ber mix

40% pow-
dered devul-
canized rub-
ber, 607 pow~
dered vulcan-
nized rubber
with a 30%
minimum nat-
ural rubber
contant. 20%
+2% by weight
of asphalt-
rubber mix.

Asphalt

AR-1,000
or 120-150
pen.

AR~4,000
or 8,000.

Other Trucks

7% kerosene Special-con-
is added to tains pugmill

control mixer, heater,

viscosity heat controls,
load cells, and
automatic vis-
cosity measure-
ment

2-6% aro- Conventional

matic ex-

tended oil

(luboex-

tract) is

added 1if

asphalt is

deficient

in aromatic

oil.

l] ARCO ARH-R-SHIELD process is detailed in U.S. Patent 4,068,023,
2/ Claimed that mixing can be done in conventional pressure distributor truck.

Mixing

Process

Performed in
special dis-
tributor
truck. Rubber
added manu-
ally, Process
is closely
monitored

Bath process

in any tank

that provides
for mixing by
recirculation,
stirring, air
agitation, or

Remarks

Mixing temp. 350-
400°F. Application
temperature 375-
425°F.

Mixing temp. 350-
400°F. Application
temperature 375-
425°F,

other appropri-

ate means &

heat exchanger

& temperature
controls. 2/



At an application rate of 4-1/2 pounds or 0.6 gallon per square yard
for the asphalt-rubber, 8,000 pounds (4 tons) of rubber would be required per
lane mile. There is, therefore, a potential for supplying sufficient rubber
to place the asphalt-rubber chip seal on 600,000 lane miles of highway per
year., It is difficult to obtain the number of lane miles that have already
been placed. Approximately 200 lane miles have been placed in the City of
Phoenix with an additional equivalent of 51 lane miles on the south runway
of Sky Harbor Airport (Phoenix) (Reference III-6). Reference III-1 is based
on the "Results from approximately 2,000 lane miles of construction...'". The
report was prepared in 1975. Since that time asphalt-rubber was placed on an
estimated 200 kilometers of 2-lane low traffic roads (250 lane miles) (Ref-
erence III-7) in the Canadian province of Saskatchewan as of spring 1980.

The anticipated production for 1980 was 186 kilometers or 230 lane miles.

The results have been so encouraging that the use of asphalt-rubber on low
cost roads in Saskatchewan is almost routine. There are approximately 6,000
miles of these roads, with ADT no greater than 800 vehicles per day, in the
Province. 1In an article on Asphalt Rubber in the April 1979 issue of Construc~
tion West Magazine, Gary Heiman of the Saskatchewan Highway and Transportation

Department is quoted as follows: 'Just from rough calculations we are looking
at using all the rubber we can get our hands on in Saskatchewan. Even on the
pessimistic side we're looking at requiring 7,000 tons* a year." In the same

publication he is also reported to have said that the future of rubberized
asphalt in Saskatchewan will depend on the supply of rubber and its cost.
Additional mileage of experimental sections has been placed throughout the
Tnited States in connection with the FHWA Demonstration Projects. It is be-
lieved that the total usage would be less than 10,000 lane miles. Sahuaro
Petroleum and Asphalt Co. says in promotional literature "'Proven on over 8,000
lane miles.”" Even with these rough figures, it can be seen that the potential
supply of recycled rubber would far exceed the demand for its use in highways.

A crude forecast of total usage of asphalt-rubber could be based on
tte experience, to date, in Arizona. If the 2,000 lane miles constructed in
Arizona was assumed to occur between the first full scale trial (1967) and
1975, a period of 8 years, the production rate would be 250 lane miles per
year. This would use 1,000 tons of rubber annually. Assuming that this would
be the average counsumption in each state, a total of 50,000 tons would be in-
volved. This would represent about 2 percent of the potentially available rub-
ber iz scrap tires. It has been reported that Sahuaro Petroleum and Asphalt
Zc., oreobably the largest producer of asphalt-rubber, produced 15,000 toms in
973 (Reference IITI-4). This quantity of asphalt-rubber would utilize 3,750
cf Tubber or about 0.15 percent of the potential.

Wy v

rr -
ﬁ

* 7,200 zons would surface approximately 875 miles of 2-lane road.
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CHARACTERISTICS OF THE RUBBER USED IN ASPHALT-RUBBER MIXTURES

For the most part, the rubber used in the asphalt-rubber mixture
is an ambient ground product with approximately 100 percent finer than 2
milimeters. The introduction of rubber into the asphalt is intended to im-
prove the resulting binder in three ways:

l. Improve its response to temperature change by
reducing the temperature at which it becomes
"glagssy" and increasing the temperature at
which it softens.

2, Improve its long~term durability.
3. Improve its ability to adhere to aggregate.

There are essentially three types of rubber tham can be included
in the rubber component of the asphalt-rubber mixture: natural, synthetic,
and devulcanized (also called ''reclaim"). The natural rubber contributes a
high degree of elasticity and tackiness to the rubber product; the synthetic
rubber provides toughness and resilience; and the devulcanized rubber is more
easily dispersed into the asphalt. The particle size of the ground rubber
is important. The finer rubber has greater surface area and thus probably
speeds up the asphalt-rubber reaction.

Manufacturing of ground rubber consists essentially of six steps:
tire shredding; metal removal; fabric removal; grinding; sizing; and pack-
aging. A brief description and flow chart of the new plant in Phoenix,
Arizona of Genstar Conservation Systems, Inc. is contained in the Appendix.
With plants such as this, a carefully controlled rubber product can be fur-
nished to the asphalt-rubber producers.

AVATLABILITY OF THE ASPHALT-RUBBER MIXTURE (INCLUDING AVAILABILITY OF EQUIPMENT)

There are two suppliers of the asphalt-rubber mixture in Phoenix,
Arizona. These companies operate not only in Arizoma, but throughout the
United States. One company is capable of supplying, with their present
capacity, 100 tons of asphalt-rubber per day. Approximately 15.8 tons of
asphalt~rubber is used per lane mile. At these rates, it would be possible
to supply 6.3 lane miles per day. Since their system involves the use of
conventional distributor trucks, they could provide additional capacity
quickly. The heating of the asphalt and the mixing of the rubber with the
hot asphalt takes place in the distributor truck. After allowing the proper
time for the asphalt-rubber to take place, the material is sprayed on the
roadway. It is necessary for the distributor truck to be in good operating
condition.
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It was not possible to obtain accurate information on the capacity
of the other supplier. This company uses special distributor trucks. In
early 1978 it was reported that they owned 16 of these trucks. They send
their trucks all over the United States and into Canada. A route is estab-
lished in the early part of the construction season that enables them to
start work in the warmer locations and to proceed to the colder areas. The
company maintains that they have no problem in handling the present demand.
Only a few months would be required from the time an order is placed for a
special distributor truck until delivery of the truck is made. This might
create a temporary imability to satisfy the demand should there be a sudden
and dramatic increase in this demand. The possibility of such a shortage
developing does not appear to be realistic.

AVATLABILITY OF EXPERIENCED PERSONNEL TO INSURE PROPER CONSTRUCTION

Assuming that adequate specifications relating to design, materials
quality control, and comnstruction have been developed, there are two opera-
tions that require the availability of experienced personnel. They are:

(1) acceptance testing of materials and the design of satisfactory mixtures
in cases where materials are to be combined; and (2) the actual construction
work in which the material(s) is utilized. The most often used statement by
people who work with asphalt-rubber was ''good results are obtained if it is
used properly by people who know what they're doing.' At least one person
should have intimate knowledge of the laboratory procedures and one should
have detailed knowledge of the construction practices in each jurisdiction
in which the material is to be used. The jurisdictions would include the
city, county, and state agencies that are normally responsible for conducting
these activities. These individuals would then be available to train addit-
ional personnel in the techniques that are peculiar to the materials.

In addition to the requirements for trained personnel on the part

of the users, it will be necessary to have their counterparts in the employ
of the producers.

The Federal Highway Administration through its Demonstration Pro-
Jects Program FHWA-DP-37, has initiated a technology transfer activity that
will support the training of new personnel. As of September 1979, asphalt-
rubber projects were constructed or planned in 23 states. It is estimated
that a total of 70 individuals either experienced laboratory or construction
people were introduced to the techniques of using asphalt-rubber.

INDUSTRY DEMAND FOR ASPHALT-RUBBER

It is extremely difficult to quantify the demand for asphalt-
rubber in its two major uses as a chip seal and as a stress-absorging
membrane interlayer. The amount of potential demand would be related to
the amount of serious deterioration in the condition of existing pavements.
The evidence suggests that both of the above applications should be used
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only on pavements that show excessive cracking. It is apparent that many
existing roadways are approaching this condition. It can at least, then,
be assumed that there will be substantial potential demand for a product
such as asphalt-rubber that is effective in controlling the reflection*
of these cracks.

COST OF ASPHALT-RUBBER AND COMPARISON WITH COMPETING SYSTEMS

Proponents of the SAM and SAMI approach to restoring deteriorated
pavements claim that the asphalt-rubber chip seal performs a unique function,
that of preventing reflection cracking. There is no other established method
of doing this effectively that would enable a one to one cost comparison to
be made. This limitation is further complicated by a lack of well documented
data that would provide a base for life-cycle cost comparison between com-
peting systems. It is clear that many potential users consider asphalt-rub-
ber to be "expensive' as far as initial cost is concerned. Some of these
potential users have not been convinced by the available data and evidence
of precisely what the long-term economic benefit is. 1In the present atmosphere
of belt tightening that exists in most state highway departments, first cost
considerations are becoming more and more important. In summary, (1) com-
paring the cost of asphalt-rubber with competing systems is hazardous, (2)
first cost of asphalt-rubber is high and this could serve as a deterrent to
the further development of its use, (3) a reliable data base documenting long
term improvement in pavement serviceability is necessary, and (4) a life cycle
cost analysis is needed in order to address the question of economic benefit.

The following cost information has been developed. The cost of an
asphalt-rubber chip seal where the asphalt-rubber is applied at 0.6 gallon
per square yard with 40 pounds per square yard of chips is $1.25 per square
yard.** The source of this information contains the following introductory
statement: "A research study has shown that an Arm-R-Shield*** surface
treatment, followed by a 3/4-inch thick conventional overlay, is as effec-
tive, and sometimes more effective, as four inches of regular asphalt con-
crete overlay when it comes to resisting reflective cracking. So, the thinner
resultant structure reduces construction costs, even though Arm~-R-Shield is
more expensive than regular aspahlt. A subsequent cost comparison shows
that the Arm-R-Shield plus the 3/4-inch overlay would cost $2.59 per square
yard which is $3.16 per square yard less than the $5.75 per square yard for
the 4-inch overlay.

* Reflection cracks are cracks that are propogated through a layer of material
that is placed on top of existing cracks.

** From a cost analysis prepared by Arizona Refining Co. entitled ARM-R-SHIELD,
Cuts Resurfacing Cost in Half, Saves Energy. Consumes 0ld Tires. (See Ap-
pendix for the entire analysis.)

*%% Arm-R-Shield is Arizona Refining Company's trade name for the asphalt-rubber
mixture.
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Other cost estimates obtained were: (1) the asphalt-rubber chip
seal is equivalent to l-inch of asphaltic concrete which would mean between
$1.00 and $1.25 per square yard (Reference III-5) and (2) the asphalt-rubber
is equivalent to a 1-1/4-inch asphalt overlay or $1.50 per square yard (Ref-
erence III-8).

The City of Phoenix reported the following costs (Reference III-9):

Standard Chip Seal

Major Residential Asphalt-Rubber
Year Streets* Streets*¥* Chip Seal
1970-71 $0.27 per sq. yd. 0.24 per sq. yd. 0.96 per sq. yd.
1979 0.47 per sq. yd. - 1.05 per sq. yd.

1980 0.67 per sq. yd. -— Not Available

*# 3/8 inch chips + AR8000 asphalt.
**% 1/4 inch chips + AR4000 asphalt.

This cost history shows the narrowing relationship between the cost
of a conventional chip seal and the asphalt-rubber chip seal between 1970 and
1979.

On the basis of eight projects bid in 1978 for the Arizona Depart-
ment of Transportation, the average cost of asphalt-rubber was $1.121 per
square yard (Reference III-10). The costs ranged from a low of $0.83 per
square yard to a high of $1.452 per square yard.

An experimental project carried out at Wrightsville, Pennsylvania
consisted of a2 hot-mix application. This is a more recent development in the
use of asphalt-rubber. Two-thousand and sixteen tons of an open graded hot mix
were placed in a single layer 1-1/2 inches thick. The mix contained 6.2 per-
cent by weight of a blend of ground rubber and AC 20 asphalt cement. The
blend was 20 percent rubber and 80 percent AC 20 by weight. Equipment from
Arizona Refining was dispatched to Pennsylvania on a rental basis for the
project. The cost was $52.24 per ton in-place. Because of the experimental
nature of the project, the cost was higher than might normally be expected.
Under ordinary circumstances the cost of the asphalt-rubber open graded mix
in-place would be between $38 and $40 per ton. The conventional open graded
mix would be $29 to $30 per ton. These costs per ton convert to the following
cost per square yard based on a unit weight of 153 pef and a layer 1-1/2
inches thick:

$52.24 per ton $4.50 per square yard
$38.00 per ton $3.27 per square yard*
$29.00 per ton $2.50 per square yard

* This cost is very close to that used by the Arizona Refining Company cost
analysis (see Appendix).
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The cost of rubber for this project was 23.25¢ per pound plus
shipping charges of $3.50 per hundred weight for a total of 26.75¢ per
pound. The rubber was supplied by the U.S. Rubber Reclaiming Company in
Vicksburg, Mississippi (Reference III-11). The mileage from Vicksburg to
the asphalt mixing plant in Bridgeport, Pennsylvania is approximately
1,150 miles. Estimates of the cost of rubber that were developed during
the interviews varied from 10¢ per pound at the plant to 30¢ per pound
delivered. The cost would vary depending on the composition of the rubber.

SPECIFICATIONS

Specifications have been developed by both producers and users of
asphalt-rubber products. These include both material and construction speci-
fications for chip seal (SAM), stress absorbing membrane interlayer (SAMI),
bridge deck waterproofing membrane, joint and crack filler and open graded
asphalt-rubber friction.

The materials that are covered in the specifications are:

asphalt cement
rubber extender oil
ground rubber
asphalt-rubber blend
diluent

cover aggregate
blotter material

The following examples of specifications are included in the
Appendix:

1. SPECIFICATION FOR ARM;R-SHIELDTM, Arizona Refining
Company Specification M 101-80, dated 2/80.

2. CONSTRUCTION SPECIFICATION FOR ARH—R—SHIELDIM STRESS
ABSORBING MEMBRANE INTERLAYER, Arizona Refining Company
Specification C 202-80,dated 2/80.

3. CONSTRUCTION SPECIFICATION FOR ARMPR-SHIELDTW SURFACE
TREATMENT, Arizona Refining Company Sepcificatiom C 201-
80, dated 2/80.

4. GUIDE SPECIFICATIONS FOR ASPHALT RUBBER FOR STRESS
ABSORBING TREATMENTS (SAM or SAMI), Sahuaro Petrol-
eum and Asphalt Co., dated November 1979.

5. STRESS-ABSORBING MEMBRANE (INTERLAYER) and STRESS-

ABSORBING MEMBRANE (SEAL), Arizona Department of
Transportation, dated 8/22/79 and 8/23/79.
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6. SPECIFICATION FOR ARM~-R-SHIELD-CF, Arizona Refining
Company Specifications, dated 1/80.

7. OPEN GRADED RUBBERIZED ASPHALT FRICTION COURSE, SRL-H
(Reclaimed), Pennsylvania Department of Transportation,
for experimental project in 1979.

These specifications are, for the most part, typically definite in
their requirements. Many of them, however, contain statements that reflect
the lack of precise methods for controlling the properties of the asphalt-
rubber blend. The following examples are provided to illustrate these
uncertainties:

¢ Under a section of ASPHALT-RUBBER MATERIAL MIXING
one specification says: ''The materials* shall be
carefully combined and mixed and reacted for a
period of time as required by the engineer which
shall be based on laboratory testing by the asphalt-
rubber supplier or contracting agency.''**

¢ The same specification also allows for adding a
diluent not to exceed 7-1/2 percent by volume of
the hot asphalt-rubber mixture in order to adjust
the viscosity for "spraying and/or better "wetting"
of the cover material.”

¢ One specification calls for mixing the asphalt and
rubber "as rapidly as possible for such a time and
at such a temperature that the consistency of the
mix approaches a semi-fluid material.”

e Another specification says with regard to the asphalt
cement: "It shall be fully compatible with the ground
rubber to be used...". There is no further explana-

tion of what "fully compatible" means.

There are various other statements that indicate that the determi-
nation of a suitable asphalt-rubber mix is still an art that must be prac-
tised by an experienced expert rather than an science that can be applied
by a qualified practitioner.

* Writer's note--refers to the asphalt and the rubber.

** Three experts in laboratory evaluations of this material indicate that
the time-temperature relationship for the reaction between asphalt and
rubber and its correlation with field performance of the material are
still in need of additional study.
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RESEARCH NEEDS - ASPHALT-RUBBER

It is clear that there are serious gaps in the information that is
available in evaluating asphalt-rubber mixtures for construction conditions
(sprayability) and service conditions (durability). As a result, there is a
lack of standard tests that are available to measure appropriate properties
and specifications are vague on requirements of the asphalt-rubber mixture.

Dr. Gerald D. Love, of FHWA, in a talk presented at the Asphalt-
Rubber Users-Producers Conference, Scottsdale, Arizona, May 1980, gave the
following estimate of research needs.

Estimated Required Time Estimated

Research Topic Funding-Dollars Required - Years
Energy requirements for asphalt
rubber and alternatives 100,000 -
Develop end product specifications 1,000,000 2 to3
Develop design procedures for crack
control 1,000,000 2 to 3

The following additional information was suggested by Dr. John Epps
of Texas A&M University at the Scottsdale Conference.

Estimated Required

Topic Funding-Dollars
Optimum Use Conditions 200,000
Summary of Existing Performance 150,000
Standard Performance Information

and Data Base 400,000

An expanded list of research topics would include the following:

1. The nature of the physical-chemical reaction between
rubber and asphalt.

2. Development of appropriate tests and laboratory equip-
ment for evaluating application and service related
properties.

3. Determination of the temperature susceptibility of
various asphalt-rubber mixtures.

4. Determination of the interaction of A-R with aggre-
gate.
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5. Evaluate durability and other field performance
parameters.

6. Develop design procedures for crack control.

7. Develop better specifications-—probably of the
performance type.

8. Establish energy requirements and costs--par-
ticularly 1life cycle costs.

The working group on construction and maintenance at the Scottsdale
Conference emphasized the following 'problems:"

e Lack of knowledge on the part of the designers,
supervisory engineers, and construction person-
nel (control people). There is a need for ad-
ditional training probably through a coordinated
technology transfer program.

e Lack of coordination of control on the ADOT projects.
There must be an established quality control procedure
about which the necessary people are informed.

) There is a need to comsolidate the available information.

Most of these "problems" seem to be in the techmology transfer
category.

CORPS OF ENGINEERS EXPERIENCE WITH A-R

The Corps of Engineers is evaluating asphalt-rubber installations
at several locations. The data shown in Table III-3 presents preliminary
information on the extent of reflection cracks in test sections designed to
evaluate the crack control provided by various systems. The asphalt-rubber
sections are those shown as Sections 1 to 4 inclusive at Fort Stewart, Georgia,
and Sectioms 1, 6, 7, 11, 15, 16, 18, and 19 at Fort Devens, Maine. The fol-
lowing test sections are at the Fort Stewart location:

Asphalt-rubber - tack coat,* SAMI, 1-1/2 inch overlay.
Fabric - emulsion (CRS2), fabric, 1-1/2 inch overlay.

Control - .35 gallon/square yard asphalt cement, 50 to
60 pounds/square yard of stone chips, 1-1/2 inch overlay.

% On Sahuaro sections only—at the rate of 0.05 gallon per square yard.
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TABLE III-3

Summary of Performance of Field Test Sections - Corps of Engineers

Waterways Experimental

Section Lineal Feet of Station
No. Material Reflected Cracks, %
™. Stewart, GA - Sections Placed in October 1977
Airfield May 1978 Aug 1979 Avnr 1980
1 Sahuaro 0 0 0
2 Sahuaro (o] 0 (o]
3 U. S. Rubber 0 0 13.6
L4 U. S. Rubber 0 16.4 17.9
5 Monsanto-EBidim (o} 5.0 31.3
6 Morsanto-Bidim 0 26.5 35.8
7 Celanese-Mirafi 29.7 37.0 L8.6
8 Celanese-Mirafi 8.3 19.9 33.6
9 Control (Keystone) 0 0 0
10 Control (Keystone) 0 0 0
Ft. Devens, MA - Sections Placed in October 1977
Airfield Jun 1978 Aug 1979 Jun 1980
1l U. S. Rubber 0 3.4
2 Control o} 49.9
3 Monsanto-Bidim 0 sh.5
4 Celanese-Mirafi o] 33.8
S Control 0 70.7
6 Sahuaro 0 27.5
7 Sahuaro o} 25.5
8 Control 0 66.7
9 Monsanto-Bidim 0 29.5
10 Celanese-Mirafi 0 65.6
11 U. S. Rubber 0 58.3
12 Control 0 26.3
13 ° Monsantc-Bidim 0 61.4
1k Celanese-Mirafi 0 32.8
15 Sahuaro 0 37.3 .
16 U. S. Rubber 0 20.2
17 Control 0 37.0
Roadway
18 Sahuaro o] 0
19 U. S. Rubber 0 9.8
20 Celanese-Mirafi 0 12.2
22 Monsanto-Bidim 0 16.3
22 Control 0 0
Source: Reference ITI-12.
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The fabrics used were the following:

¢ Bidim, a polyester fabric manufactured by Momsanto
Textiles Company--$0.75 per square yard.*

e Mirafi, pelypropylene and nylon manufactured by
Celanese Fibers Marketing Company--$0.75 per square
yard. **

These materials were placed on an airfield parking apron that had
a 10-inch soil cement Base and 1-1/2-inch bituminous concrete surface.
Another competing fabric is Petromat, a polypropylene fabric manufactured
by Phillips Fibers Company ($0.55 per square yard).*

At Fort Devons, the sections are the following:

Asphalt-rubber--same as Fort Stewart but with a 2-inch
overlay

Fabric--ACl0, fabric, 2-inch overlay

Control--2-inch overlay only.

The experimental sections at Fort Devens were placed on top of
three different types of paving: an airfield runway; an airfield parking
apron; and a roadway. The bases for each were as follows:

Airfield runway--6-inch soil cement base, 2-inch
bituminous concrete surface

Airfield parking apron--6-inch soil cement base,
two bituminous concrete surfaces each 1-1/2-inch
thick

Roadway--5 to 7-inch aggregate bituminous base,
1-1/2-inch bituminous concrete surface.

The results of these sections are inconclusive and it is felt that
there has been an insufficient lapse of time for reflective cracking to occur.

Additional roadway test sections have been constructed at three
other Army installations: Ft. Lewis, Washington; Ft. Carson, Colorado; and
Ft. Polk, Louisiana. In these tests, a SAMI has been placed under a thin
(1-1/2-inch) overlay. At Ft. Polk, Louisiana the existing pavement isa
6-inchk portland cement concrete slab with a 2-inch bituminous concrete over-
lay. At the other two locations, the existing base is crushed stone or gravel
with a 1-1/2-inch bituminous surface. Evaluation of these sections is con-
tiauing; the results, as yet, are not conclusive, and a final report will be
issued when sufficient time has elapsed.

* Cost of fabric only.
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The Corps of Engineers seems to have the present position that the
use of asphalt-rubber is still in the experimental stage and its long-term
benefit has not as yet been proven. They have a funding at the Waterways
Experiment Station for a laboratory program to develop test methods and
specifications. This seems to indicate a feeling that the concept shows
promise. They have a real need for a material that will control cracking.
Maintenance of roads and streets at Army installations is a big problem
since most of them have far exceeded their economic life. The Air Force
is also investigating the use of asphalt-rubber.

SUMMARY ASSESSMENT

1. Proponents of the use of asphalt-rubber, and these include
users as well as producers, are convinced that the material is unique in
controlling cracking when used on top of a cracked pavement and then cov-
ered with a thin overlay. The State of Arizonma requires its use in this
situation when the overlay is less than four inches in thickness. The
material should be thought of as a unique product having desirable prop-
erties rather than as a disposal mode for scrap tires.

2. Opponents object to the first coat of the material and -maintain
that it is difficult to achieve consistently successful applications. Ad-
vocates contend that the first coat is amply offset by a reduction of main-
tenance requirements and that the material can be placed properly when done
by experienced people.

3. There are enough miles of asphalt-rubber membranes in service
for enough years to prove that the material has been successfully used.

4, An analysis of life cycle costing is necessary in order to de-
termine whether or not an economic benefit results.

5. The use of an asphalt-rubber chip seal has been used with ap-
parent success as a surface treatment on severely cracked pavements where the
only other available option seemed to be reconstruction. It should not, how-
ever, be used on high speed roads or under other circumstances where loose
chips would create a hazard. -

6. There is need for additional research into the nature of the
asphalt-rubber reaction and the manner in which it is affected by asphalt
type, composition of the rubber, and reaction time and temperature.

7. One of the goals of asphalt-rubber research should be to
develop laboratory and field tests that will insure comsistent success
in construction and that will correlate with field performance of the
installations,

8. There are ample supplies of scrap rubber and facilities for

producing the asphalt-rubber mixture in order to cope with the present de-
mand for the product.
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9. 1It is apparent that demand for the material will increase
slowly and that the industry will be capable of responding to the demand
and will respond as the market develops.

10. The availability of experienced technical and construction
people is essential to successful application. Disastrous results have
occurred where the material has been used by people who were not aware of
the difficulties. These unhappy results have caused some highway people
to "sour" on the material, an attitude that may continue for years.

11. There are competent organizations and people involved in all
phases of asphalt-rubber development. They are unanimous in their feeling
that use of the material should be developed carefully with full knowledge
of its capabilities and its pitfalls. They are fearful that extravagant
claims of success and a "snake o0il" approach will lead to failures that can
retard development indefinitely.

12. Considerable interest is developing in pavement recycling.
The material and energy savings inherent in this process make it attractive.
This system will compete in those situations where asphalt-rubber would be
feasible.

13. The current lack of highway funds acts against the use of
asphalt-rubber because of its high first coat and the pressure that is
brought to bear on highway administrators to '"do something about our roads."

14, Exdct estimates of the potential use of asphalt-rubber are
difficult but it is believed that if used for all situations where it is
applicable there would be a significant reduction in the number of scrap
tires that would need to be disposed of.

ASPHALT-RUBBER AS A CRACK AND JOINT FILLER

Asphalt-rubber may be applied as a filler for longitudinal joints
between the concrete riding surface and asphalt shoulder, for longitudinal
and transverse joints on concrete surfaces, for reflection, alligator and
other cracks, and for potholes and spalling.

Some state highway departments use rubber-asphalt as the sole
crack and joint filler material and are very satisfied with the results
(Reference III-17). Other highway officials prefer to use asphalt-rubber
for joints and cracks in portland cement concrete while applying bituminous
filler for asphalt surfaces. There are alsoc highway maintenance operations
which do not use any asphalt-rubber crack filler. Asphalt-rubber has been
used to varying extents in 49 states, including Canada and Puerto Rico
(Reference ITI-18).
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Filler Materials

There are many products on the market today which are used as crack
and joint fillers. These products vary in cost and effectiveness. Some of
the notable products include: hot and cold asphalt cement compounds, neoprene
strips, cold sand emulsions, asphalt with limestonme dust, powder or latex,
polyvinyl chloride, polysulfite, urethane, low modulus silicon, epoxy, pow-
dered devulcanized rubber-asphalt mix, vulcanized asphalt-rubber mixes,
roofing tar and felt and other rubberized products. This section will focus
on the asphalt-rubber fillers.

Source. There are several manufacturers and distributors of prepared
rubber and asphalt-rubber crack sealing products throughout the U.S. Not repre-
senting a complete listing, there are known sources in Arizona, Pennsylvania,
and Mississippi which illustrates a wide geographical distribution (Reference
III-19).

Preparation. Ome of the more common rubber-asphalt filler materials
is similar to the rubberized stress absorbing membrane in composition. Accord-
ing to specifications, the granulated crumb rubber (100 percent vulcanized)
should meet the following requirements:

Passing Sieve Percent
No. 8 100
No. 10 98-100
No. 40 0-10

The specific gravity of the rubber should be 1.15 + 0.02 and should
be free of fabric, wire or other contaminating materials, except that up to
4 percent calcium carbonate may be included to prevent particles from sticking
together. The proportions by weight of the asphalt-rubber mixture shall be
75 percent + 2 percent asphalt and 25 percent + 2 percent rubber (Reference
1II-20).

The secret to a successful seal is proper crack or joint preparation.
This holds for rubberized and non-rubberized fillers. Smaller cracks must be
routed to a minimum width and depth to allow the asphalt-rubber to flow into
the crack. For larger carcks or joints, routing is not necessary to remove
all dirt or dust and non-compressible particles. With warmer weather and
surface expansion, non-compressible particles will cause spalling and cracking
of the edges.

The asphalt-rubber is applied hot and may require special equipment
for heating and placement. A typical procedure is to heat the material to
375 to 400°F for 25 to 30 minutes before placement (Reference III-21). Pumps
may be necessary to place the thick filler material. The asphalt-rubber may
require more care than traditional crack sealers. If the mix is overheated,
it may not go into dissolution and if underheated it won't properly form or
pour (Reference III-21). The additional cost and labor must be compared
with the benefits of asphalt-rubber fillers.
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Properties. The asphalt-rubber filler material combines the sealing
quality of asphalt with the expansion and contraction properties of rubber.
Asphalt-rubber has shown higher bonding strength than traditional asphalt
fillers. It is also functional over a wider temperature range and does not
embrittle as easily. Asphalt-rubber has demonstrated a notably longer life
although exact figures are difficult to obtain at present due to insufficient
and uncompleted studies. One manufacturer states that given proper applica-
tion, the asphalt-rubber should last from seven to ten years (Reference III-18).

Asphalt-rubber may be more suitable for portland cement concrete
joints where bituminous products often flow out of the joints in warmer weather.
It is sometimes difficult for the asphalt-rubber to flow into smaller carcks in
bituminous surfaces if not properly prepared.

The ductile, adhesive and durable properties of asphalt-rubber filler
have been very successful on many projects.

Potential Quantity Consumption

Asphalt-rubber has been used to varying extents in 49 states in-
cluding Canada and Puerto Rico (Reference III-18). In some states, it is
used as the sole crack filler material (Reference III-17). A conservative
estimate of potential consumption based on present consumption of several
states (Reference III-22) and one asphalt-rubber supplier's projections
(Reference ITII-23) would be a consumption of rougly one million pounds per
state per. year. If the asphalt-rubber composition included 25 percent
rubber, this would represent a vubber consumption of 250,000 pounds of
rubber per state per year. This would imply a national consumption of rub-
ber in crack and joint fillers of 12.5 million pounds per year, as compared
to 6,018 million pounds of waste rubber tires discarded during the year 1968.

Although asphalt-rubber as a crack filler has been proven cost ef-
fective for many applications, there are still many competing products on the
market. It is unlikely that the rubber consumption of 12.5 million pounds
per year will be realized in the near future.

Economic Evaluation

Asphalt-rubber crack and joint filler has been found to be cost ef-
fective in many applications. The initial cost is usually higher for the
asphalt-rubber as compared to common bituminous fillers. This is due to the
cost of rubber preparation, crack preparation, and special equipment required
to place the thicker material. The additional cost is offset by greater ser-
viceability and life of seal.

Life expectnacy information is sketchy and incomplete. Observa-
tions up to the present have shown asphalt-rubber to be serviceable for up
to 10 years and more. Few suppliers give guarantees with asphalt-rubber
crack filler products. The life expectancy of asphalt-rubber crack filler
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given proper application is seven to ten years (Reference III-18). With
improper preparation or placement, the material may only last two to three
years (Reference III-19). In almost all cases, the rubber-asphalt has out-
performed conventional bituminous fillers. There are other exotic crack fil-
ler products which may out-perform asphalt-rubber but these would incur ad-
ditional cost.

The cost of purchasing asphalt-rubber crack and joint filler ma-
terial is approximately $0.30 per pound or $2.50 per gallon (Reference III-
23). The total in-place cost including materials, labor, equipment, traffic
control, etc., will depend on many factors including road surface, type of
crack or joint, degree of deterioration, weather and climate. A rough esti-
mate for total in-place costs would be about $0.45 per linear foot (Reference
III-24). The amount of coverage in terms of linear feet of crack would ob-
viously vary depending primarily on the size of crack. Estimates that were
obtained varied from 16 (Reference III-23) to 50 (Reference III-19) linear
feet of crack per gallon of asphalt-rubber. This factor alone would cause
a variation of approximately $0.10 per linear foot in the in-place cost.

There are alternative non-rubberized products which perform various
functions with various costs. These range from non-sealing filler materials
such as asphalt cement products to sophisticated epoxy, polysulfite, poly-
vinyl chloride and silicate sealers. The following estimated costs are pro-
vided for a cost comparison of the various materials.

Approximate In-Place Cost (Reference III-24)

Material ($ per Linear Foot)
Liquid Asphalt 0.15
Asphalt-Rubber 0.45
Silicon 1.00
Neoprene 1.30
PVC 3.00

Advantages and Disadvantages

In order to evaluate the potential or feasibility of using asphalt-
rubber as a crack and joint filler, it is often helpful to review the advan-
tages and disadvantages as related to an individual project or area. Tollow-
ing is a general list of these advantages and disadvantages:

(Note: Some of the advantages and disadvantages are in comparisom to
standard asphalt cement crack filler mixtures.)

Advantages

e Tunctions as crack sealant rather than just as a
filler (Reference III-27).

Cost effective (Reference III-17).

Longer life.

High bond strength.

More ductile (stretches further) (Reference III-23).
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e Expands and contracts within wide temperature range.

e Outperforms bituminous sealers (especially on con-
crete pavement).

e Stays in joints better.

e No tracking problem (with overfilling joint) (Ref-
erence III-20).

e Costs less than more exotic sealants.

Does not embrittle (Reference III-26).

e Maintains integrity of crack.

Disadvantages .

Costs more than asphalt cement fillers.

More difficult to place.

Have to apply hot.

Thicker material (flows slower).

Requires pump for placement.

Doesn't penetrate as well.

Longer to heat.

Requires special equipment.

Not as suitable for all surfaces and types of cracks.
(More effective on concrete than on bituminous surfaces.)

CONCLUSIONS

There are various asphalt-rubber crack and joint filler products.
These different products are suited to different surfaces, climates, etc.
There are also many non-rubberized products. In many cases, the non-rubber-
ized crack filler materials can be replaced by asphalt-rubber products with
cost-effective results.

The largest potential of asphalt-rubber sealants for joints in con-
crete pavements, longitudinal joints between concrete pavements and asphalt
shoulders, and fatigue cracks in asphalt pavements (Reference III-29). As-
phalt mixtures may better seal small bituminous cracks because they flow more
easily, but they are very poor as concrete joint fillers because they often
flow out or are squeezed out with expansion of slabs.

The main problems with asphalt-rubber crack filler are the diffi-
culty in placing and additional costs. The main benefits are the longer life
and performance ability over ordinary bituminous fillers.

A rough estimate is that asphalt-rubber as a crack and joint filler
may consume up to 12.5 million pounds of rubber per year. This figure is un-
likely to be realized because of competing products.

In terms of solving the rubber tire solid waste problem of over 2

million tons per year, crack fillers will likely not result in use of 2,000
tons of tires per year, or less than one-tenth of one percent.
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Part IV

USE OF INCINERATOR RESIDUE
IN HIGHWAY CONSTRUCTION

INTRODUCTION

The term "incinerate” is defined as, to burn or reduce to ashes
(Reference IV-1). The incineration process, however, is commonly viewed
as a tool merely to reduce the volume and weight of heavy, wet, bulky
refuse.

In this country, most refuse is disposed of directly into land-
£111 sites. This direct disposal accounts for over 90 percent of the net
nunicipal solid wastes generated annvally (Reference IV-2).

In some parts of the country, a shortage of available landfill
sites exists. Present incineration methods can reduce the volume of in-
coming refuse by as much as 85 percent to 95 percent (Reference IV-3).
This is advantageous because massive hauling and landfilling efforts can
be substantially reduced. In addition, limited landfill areas can be
preserved,

With the recent concern for the conservation of materials and
energy, residue disposal from incineration plants has attracted attention.
Application of this residue material in some form of highway construction
is currently being investigated. The following addresses the present
status of incinerator residue as a highway construction material.

BACKGROUND

Construction of incinerators in this country began around the late
nineteenth century (Reference IV-4). Following World War II, there was a
significant increase in the number of incinerators comstructed. Most of the
incinerators built at that time wWwere of a small capacity (i.e., 100 to 200
tons per day units).

Over the last two decades, many incinerators have been closed due
to operation and maintenance costs (including large investments required
for air pollution controls). This has come about by more stringent govern-
ment control of the effects of the incineration process (i.e., air quality
and disposal methods). The escalating costs of the required pollution con-
trol equipment in most cases, do not warrant the upgrading of smaller capac-
ity plants.

Incinerators being constructed today can handle volumes of refuse
in the 1,000 to 1,500 tons per day range. Economy of scale is predicted for
the larger plants. In the newer, larger volume plants, energy recovery and
selective materials recovery are of significant considerationm.
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QUANTITIES OF MATERIALS

It is estimated that the net municipal solid waste disposed of
annually in the United States, approximates 150 million tons (Reference
IV-2). This appears to be a small percentage of the 3.5 billion tons of
total solid waste generated each year (Reference IV-4), Total solid wastes
generated include agricultural, animal, mineral, industrial, commercial,
and household wastes. Of the net municipal solid waste disposed of annu-
ally, less than 10 million tons are processed by incineration. From the
less than 10 million tons incinerated annually, there is a production of
approximately 2 million tons of incinerator residue.

On the following page is a map (Figure IV-l) of the United States
which shows the location of the currently operating municipal incinerator
plants.

Table IV-1 is a listing of the currently operating municipal
incinerators in the United States. The list does not include existing
operational resource recovery facilities.

The list was compiled using various sources of information.
Among these sources were: a list published in Federal Highway Administra-
tion Report RD79-B8, prepared by the Jaca Corporation of Fort Washingtonm,
Pennsylvania; a June 1980 computer printout from the United States En-
vironmental Protection Agency's Compliance Data System (CDS); and written
and verbal communication with numerous state and municipality solid waste
mangement agencies and divisions.

It should be mentioned at this time that in addition to municipally
operated incinerators, residues are also produced by privately owned incin-
eration facilities. The determination of the quantities of residue produced
by these private facilities is impractical due to the sheer total number of
facilities. Preparing a list of privately owned incineration facilities which
produce residue that could be used in construction applications, would involve
individual screening of the thousands of incinerator emission scurces com-
piled by the Environmental Protection Agency. In addition to the sheer
number of facilities, the residue output from each facility would have to
be categorized, as each private incinerator burms a widely variable refuse
which results in an individual characteristic residue.

A program such as this, which would include the listing of private
incineration facilities, is beyond the scope of this report.

In Table IV-1l, a predicted yearly residue output volume for the
municipally operated plants is listed. This volume is approximated using
a procedure developed by Messrs. Pindzola and Collins published in a Fed-
eral Highway Administration Report FHWA-RD-75-81.
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Figure Iv-1. Location of Currently Operating Municipal Incinerator Plants.
, (Encircled is the number of operating plants)
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List of Currently Operating Municipal Incinerator Plants - 1980

Table IV-1

Refuse Res idue
Capacity Output
Plant Year (Tons Per (Tons Per Furnace
No, Plant Location Built 24-Hr. Day) Year) Type & Grate
ARKANSAS
1. No. Little Rock 1966 100 8,800 Batch/Traveling
CONNECTICUT
2. Ansonia 1968 200 17,500 Cont./Traveling
3. East Hartford 1956 350 35,000 Batch/Rocking
4, Hart ford 1954 600 60,000 Batch/Mech.
5. New Canaan 1956 125 12,500 Batch/Mech.
6. New Haven 1963 720 31,500 Cont./Traveling
7. Waterbury 1952 300 30,000 Batch
FLORIDA
8. Miami (NE) 1975 300 26,300 Cont.
9. Orlando 100 10,000 N.A.
10.  Pahokee 50 5,000  N.A.
HAWALL
11. Honolulu 1969 600 52,560 Cont,

(waipahu)

Predicted
Res idue

Quality

S s S W
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List of Currently Operating Municipal Incinerator Plants (Continued)

Plant

No. Plant Location
ILLINOIS

12. Chicago (Calumet)

13. Chicago (NW)

14. Chicago (SW)
INDIANA

15. East Chicago
KENTUCKY

16. Louisville
LOUISTANA

17. Shreveport
MARYLAND

18. Baltimore #4

19. Baltimore - Pyrolysis
MASSACHUSETTS

20, Braintree

21. East Bridgewater

Table IV-1

Refuse

Capacity
Year (Tons Per
Built 24-Hr. Day)
1959 1200
1970 1600
1963 700
1970 200
1957 1000
1960 200
1956 800
1963 1000
1971 240
1973 800

Res idue

OQutput

(Tons Per

Year}

105,000

120,000

52,300

17,500

75,000

15,000

80,000
36,000

18,000
60,000

Type & Grate

Cont./Rocking

Cont./Recip.

Cont./Rot. Kiln

Cont.

Cont./Rot. Kiln

Cont./Rocking

Batch/Rocking

Cont./Rot. Kiln

Cont./Recip,

Cont./Recip.

Predicted
Res idue

Quality
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List of Currently Operating Municipal Incinerator Plants (Continued)

Plant Year
No. Plant Location Built
MASSACHUSETTS (Cont.)

22, Fall River 1973
23. Framingham 1973
24.* Saugus (Resco)’ 1975
MICHIGAN
25, Central Wayne County 1964
26. Clinton-Grosse Pointe 1972
27, S.W. Oakland Co. 1953
MISSOURI
28, St. Louis (North) 1956
29, St. Louis (South) 1951
NEW HAMPSHIRE
30, Dunham 1970
NEW YORK
3, Canajoharie 1964
32. Hemps tead
(Oceans fde) 1965

Table IV-1

Refuse
Capacity
(Tons Per

24-Hr, Day)

600
500
1500

800
600

600

400
400

50

50

750

Res idue
Output
(Tons Per

Year) Type & Grate
45,000 Cont./Recip.
37,500 Cont./Recip.
112,500 Cont./Recip.
60,000 Cont./Recip.
45,000 Cont. Rot. Kiln
60,000 Batch/Mech.
40,000 Batch/Rocking
40,000 Batch/Rocking

5,000 Batch

'5,000 Batch/Mech.
56,300 Cont./Rocking

Predicted
Res idue

Quality
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Table IV-1

List of Currently Operating Municipal Incinerator Plants (Continued)

Plant Year
No. Plant Location Built
NEW YORK (Continued)

33. Hempstead (Merrick) 1852
34, Huntington 1966
35. Lackawanna 1949
36. NYC (Betts Ave.) 1959
37. NYC (Greenpoint) 1959
38, NYC (Hamilton) 1961
39.  NYC (South Shore) 1954
40, N. Hempstead 1966
a4, 01d Bethpaaqe 1967
a2, 01d Bethpage 1962
43. Tonawanda 1933
OHIO

44, Dayton (N. Mont-

gomery County) 1940
45. Dayton (S. Mont-

qomery County) 1970
46. Franklin? 1969

Refuse
Capacity
(Tons Per

24-Hr, Dax!

600
300
150
1000
1000
1000
1000
600
400
500
300

600

600
150

Residue
Output
(Tons Per

Year!

60,000
22,500
15,000
87,500
87,500
87,500
87,500
45,000
30,000
37,500
22,500

52,500

52,500
13,100

Type & Grate

Batch/Mech,
Cont./Rocking
Batch/Manual
Cont./Trav.
Cont./Trav.
Cont./Trav.
Cont./Trav.
Cont./Rocking
Cont./Recip.
Cont./Recip.
Cont. /Recip.

Cont./Traveling
Fluidized Bed

Predicted
Residue

Quality

)
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List of Currently Operating Municipal Incinerator

Plant
No, Plant Location
OHI0 (Continued)
47. Miami County
OKLAHOMA
48, Tahlequah
PENNSYLVANIA
49, Harrisburg®
50. Philadelphia
(E. Central)
51. Philadelphia (NW)
RHODE ISLAND
52. Pawtucket
TENNESSEE
53. Nashville*
UTAH
54, Oqden
VIRGINIA
55. Newport News

Table IV-1

Refuse Residue
Capacity Output

Year (Tons Per (Tons Per
Built 24-Hr. Day) Year)
1968 150 13,100
50 5,000
1973 720 54,000
1966 750 65,600
1960 750 65,600
1964 200 17,500
1974 720 63,000
1966 450 39,400
1968 400 35,000

Plants (Continued)

Type & Grate

Cont./Pusher

Batch

Cont./Recip.

Cont./Trav.

Cont./Trav.

Cont./Trav.

Cont./Traveling

Cont./Traveling

Cont./Traveling

Predicted
Residue

_Quality
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Table IV-1

List of Currently Operating Municipal Incinerator Plants (Continued)

Refuse Res idue
Capacity Output Predicted
Plant Year (Tons Per (Tons Per Res idue
No. Plant Location Built 24-Hr. Day) Year) Type & Grate Quality
56. VIRGINIA (C6ntinued)
56. Portsmouth 1963 350 35,000 Batch/Rocking 4
57. Salem 1977 90 7,900 Cont./Pusher 3
WASHINGTON, D.C.
58.  Solid Waste Reduc-
tion Center #1 1500 112,500 Cont./Rocking 2
WISCONSIN
59, Sheboygan 1965 240 18,000 Cont./Rocking 2
60. Waukesha 200 15,000 Cont. /Rocking 2
2,621,400

'Steam generation facility combined with resource recovery operation.
20perated as a resource recovery facility.

INes ianed and operating as a steam producing facility.

“Operated as an energy recovery plant.

NOTE: 1 short ton = .9072 tonne.
N.A. denotes information not available.



The predicted residue output of each plant may be calculated by
multiplying plant design capacity times the number of operating days per
year* times the weight fraction of the refuse remaining after incineration.

From these computations, it is predicted that approximately 2.6
million tons of residue are produced annually from the currently operating
municipal incinerateors as listed in Table IV-l.

It is noted, however, that in publication FHWA-RD-79-83 prepared
by the Jaca Corporation of Fort Washington, Pennsylvania, it is stated that,
"the use of the prediction procedure om a national basis is likely to over-
state the amount of residue available for use as highway material,'#%

Using the 2.5 million tons of municipal incimerator residue which
may be produced annually as an upper limit, and applying a factor of .55;
this yields an amount of approximately 1.4 million tons of mmicipal incin-
erator residue which may be produced annually. This 1.4 million ton number
is a reasonable estimate of the lower limit of annual municipal incinerator
residue production.

Assuming a number somewhere in the middle of this range (2.5 to
1.4) would be the most accurate approximation to the actual, annual pro-
duction. It is, therefore, reasonable to state that the current annual
production of municipal incinerator residue in the United States is ap-
proximately 2 million toms.

As a basis for judging the quantities of materials involved, the
United States total annual production of aggregate for the year 1979, which
was used for highway comstruction, was 1,074 million tons (Reference IV-5).
The amount of municipal incinerator residue which may be produced annually
represents only approximately 0.2 percent of this total annual production
of aggregate. The United States total annual production of hot mix asphalt
paving for the year 1978, was 376 million tons (Reference IV-6). The amount
of municipal incinerator residue which may be produced annually represents
only approximately 0.5 percent of this total annual production of hot mix
asphalt. As indicated by the annual quantities of aggregate used in the United
States, if all the municipal incinerator residue which may be prcduced was
used in construction applications, only a minute portion of the national
aggregate market would be affected.

* Operating schedule of 120 hours per week was used unless reported other-
wise. A 50-week operating period per year was used for all plants.

**% This statement was based on an in-~depth investigation of 10 municipal
incinerators operating during 1979. A ratio of residue quantity actually
produced to residue quantity predicted for the ten incinerators (employ-
ing the Pindzola and Collins technique) was reported as approximately .55.
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DESCRIPTION OF MATERIAL

All incinerators do not handle and process refuse in the same
manner. The basic differences in refuse processing within the incinerator
plants occur with the feeding and supply of refuse to the furnmace, and the
type of furnace itself.

The four types of furmaces used for municipal solid waste refuse
are: the vertical circular furnace; the rectangular furnace; the multi-
celled rectangular furnace; and the rotary kiln furmace (Reference IV-3).

These furnaces may be considered as either being batch fed or continuous
fed.

A grating system transports the refuse and residue through the
furnace. The types of grates currently used in refuse processing may be
described as traveling, reciprocating, rocking, rotary kilm, circular,
vibrating, oscillating, and reverse reciprocating (Reference IV-7).

In combustion, the important variables which affect the quality of
the residue produced (well burned as opposed to poorly burned) are time of
combustion, temperature of combustion, and the turbulence during combustion.
It is noted that the different types of grates are somewhat correlated to
the quality of the residue produced. As an example, with the use of a
rocking grate as opposed to a traveling grate, better burmout may be achieved
due to the better agitation action of the refuse on the rocking grate.

A special type cof incineration process, known as pyrolysis, should
be mentioned along with the aforementioned incinerator types. Pyrolysis in-
volves the combustion of refuse in an oxygen controlled chamber. This re-

sults in the oxidation and thermal decomposition of combustibles (Reference
v-3).

Variations in the composition of incoming refuse for incineration
occur often. This is due to variations in seasonal quantities such as food
wastes znd yard wastes. Even with the variation of the incoming refuse,
residue compositions tend to be reasonably uniform. Below is the estimated
national average composition of municipal refuse (Reference IV-8):

onent Percent by Weight

Paper 51.6
Food Wastes 19.3
Metals 10.2
Glass 9.9
Wood 3.0
Textiles 2.7
Leather znd rubber 1.9
Plastics 1.4

100.0

YOTE: These composition figures have been developed on a "yard waste” free
and "miscellzneocus" free basis. '"Yard waste" includes leaves, grass,
sranches, etc. "Miscellaneous” includes bricks, rocks, and dirt.
These two fractioms are highly wvariable and can constitute up to one-
third of the refuse at certain times.
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It is noted, however, that the principal objective of municipal
incineration is the reduction of the volume of the refuse. Normally, no
attempt is made to control the quality of the residue. Thus, some fluc-
tuations in the composition of the residue will occur even under well main-
tained incinerator operating conditioms.

The quality of incinerator residue may best be described in terms
of the burn-out achieved. The burmnable fraction of the incoming refuse rep-
resents 75 percent of the refuse weight.

A classification system for the residue was developed identifying
six basic categories of residue according to degree of burnout (Reference
IV-3). These classes are: ultra-well burned out residue; well-burned out
residues, intermediately burmed out residues; poorly burmed out residues;
residues with especially low metal content, and pyrolysis residues. In
general, these six categories may be related to basic plant design. Well
burned residues are usually produced from refuse that is transported by
agitating type grates (i.e., rocking, reciprocating). Intermediately burned
residues are usually produced on well operated traveling grates. Poorly
operated traveling grates and batch fed furnaces will usually produce a
poorly burned residue. ’

It is noted that lower percentages of combustible material are
found in well burned residues, and that very low percentages of combustible
materials are found in pyrolysis residues. High percentages of glass are
also found in pyrolysis residues.

Table IV-2 is a breakdown of the quantities of incinerator residue
produced according to type and state. The number of operating plants in each
state is also listed. Table IV-3 is strictly a tabulation of quantities of
types of residue produced, and number of plants producing the residue.

Generally, incinerator residue is primarily composed of glass,
metals, minerals, ash, and unburned combustibles. The percentages of its
components are not subject to huge variations. A representative average
approximation of percentage by weight of the residue components is as
follows (Reference IV-3):

Glass 48 percent
Metals 18 percent
Minerals and ash 21 percent
Combustibles _13 percent

100 percent
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Table IV-2
LIST BY STATE OF QUANTITIES AND TYPE OF RESIDUE, OPERATING PLANTS

Number of Type of Quantity Produced
Operating Plants Residue* (Tons per year)
Arkansas 3 8,800
6 Connecticut 3 49,000
4 137,500
3 Florida 3 26,300
4 15,000
1 Hawaii 3 52,500
3 I1linois 1 52,300
2 120,000
3 105,000
1 Indiana 3 17,500
] Kentucky ) 75,000
1 Louisiana 2 15,000
2 Maryland 1 36,000
' 4 80,000
Massachusetts 2 273,000
Michigan 1 45,000
2 60,000
4 60,000
2 Missouri 4 80,000
New Hampshire 4 5,000
13 New York 2 213,800
3 350,000
4 80,000
4 Ohio 3 131,200
Ok1ahoma 4 5,000
3 Pennsylvania 2 54,000
3 131,200
1 Rhode Island 3 17,500
1 Tennessee 3 63,000
1 Utah 3 39,400
3 Virginia 3 42,900
4 35,000
1 Washington, N.C. 2 112,500
2 Wisconsin 2 33,000
2,621,400

* See text for explanation.
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Table IV-3.

TABULATION OF QUANTITIES OF TYPES OF RESIDUES PRODUCED

Number of Plants Quantity of

Producing This Residue

Res idue Produced

Ultra Well Burned Type 1 4 208,300
Well Burned Type 2 18 881,300.
Intermediately Burned Type 3 22 1,034,300
.Poorly Burned Type 4 16 497,500
2,621,400
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Incinerator residue is also fairly uniform with respect to particle
size distribution, if all the gross oversized materials (such as appliances)
have been initially removed. Nearly all residue is able to pass through a 3-
inch screen. Approximately 70 to 90 percent of the residue by weight can pass
through a 1-1/2-inch screen (38 milimeters). The material passing this screen
can usually conform to existing gradation specificatioms for bituminous base
course aggregate (Reference IV-3). The Pennsylvania Department of Tramsporta-
tion Gradation Requirement for Bituminous Concrete Base Course is (Reference
IV-9):

Base Course

Sieve Size Percent Passing
2" (50.8 mm) 100
1-1/2" (38.1 mm) 95-100
3/4" (19.1 mm) 52-100
3/8" (9.52 mm) 36-70

#8 (2.38 mm) 16-38

#30 (0.590 mm) 8-24

#50 (0.297 wm) 6-18

#100 (0.149 mm) 4-10

An additional property of significance with respect to incinerator
residue (other than physical composition and material grain size) is moisture
content. The moisture content of residue varies greatly. Residues that have
been freshly quenched (due to heat of incineration) obtain a high moisture
content. As a range value, the water content of as received residues (reported
in a Federal Highway Administration Report No. FHWA RD78) varied between 28
percent and 47 percent. It has been observed that residues that have been
stockpiled for a period of time contain a much lower moisture content than
non-stockpiled residues.

It has been recommended in a report prepared by Valley Forge Labora-
tories for the Federal Highway Administration in 1976, that only well burmed
or intermediately burned incinerator residues should be comsidered for use in
highway construction. This same report recommended that residues for con-
struction be stockpiled for several months prior to use; and that a loss on
ignition test value of greater than 10 percent of the residue, would deem the
residue undesirable for highway comstruction.

With respect to the residues produced by resource recovery and
reclamation plants, only some of the residues may be used for roadway con-
struction materials. The determination of what residues from which plants
can be used, should be made on individual and specific application criteria.
This is so, as some of the resource recovery facilities produce a symthetic
type fuel which is similar in consistency to peat moss. With all the pre-
separation and screening involved to produce this fuel, the residue charac-
teristics are appreciably altered. Residues produced, often do not contain
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acceptable amounts of desirable components (for comstruction applications)
such as glass, and often contain appreciable amounts of undesirable com-
ponents which may be considered as hazardous. The residues from these
recovery facilities would be unacceptable as an aggregate replacement in
highway comstruction applicatioms.

In a report written by Valley Forge Laboratories in 1977 (FHWA RD77
151), the moisture content of six different types of incinerator residue were
listed as follows:

Average
Moisture
Residue Point of Content
Type Sampling {Percent) Type of Grate
1 Discharge Chute 42.9 Rotary Kiln
2 Stockpile 17.8 Reciprocating
3 Stockpile 23.8 Traveling
4 Discharge Chute 45.9 Traveling
5 Stockpile 21.6 Traveling (Metal Recovery)
6 Stockpile 0.8 Pyrolysis

NOTE: The average of all moisture content values (except for Type 6 residue)
was 31.6 percent. However, the average moisture content of the stock-
piled residues (except for Type 6 residue) was 21.1 percent.

Below is the average particle size distribution of these six dif-
ferent types of incinerator residue (expressed as perceat passing):

Sieve Size Type 1 Type 2 Type 3 Type 4 Type 5 Type 6
3" (76.2 mm) 100 100 100 100 100 100

1" (25.4 mm) 100 86 65 79 79 100
1/2" (12.7 mm) 96 66 60 65 67 100
1/4" (6.35 mm) 87 45 49 48 53 83.5
#10 (2.00 mm) 41 24 29 29 32 46.4
#40 (0.420 mm) 15.5 1 15 12 13 9.6
#200 (0.074 mm) 4.5 4 5 4 5 3.3

NOTE: Size control of "as received" samples involved omly the removal of
oversize material prior to sieve analysis. The maximum particle
size in this amnalysis was limited to 3 inches (76.2 mm). Sieve
analyses were performed in accordance with ASTM Designation C136
using samples of 1,000 gram size.

On the following page is Figure IV-2, a gradation chart of the six

types of incinerator residue as compared to the specificaticn limits of Penn-
DOT for base course aggregate.
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A laboratory test program on these six types of residues was con-
ducted by Valley Forge Laboratories, Inc. during 1976. Below is the average
particle size distribution of the six types of graded incinerator residue,
expressed as percent passing, which were used in the program (1-1/2" maxi-
mum top size).

Sieve Size Type 1 Type 2 Type 3 Type 4 Type 5 Type 6
1-1/2" (38.1 mm) 100 100 100 100 100 100
1" (25.4 mm) 100 95 94 96 97 100
1/2" (12.7 mm) 96 69 64 80 82 100
1/4" (6.35 mm) 87 43 33 55 57 83.5
#10 (2.00 mm) 41 25 17 33 34 46.4
#40 (0.420 tm) 15.5 12 8 18 17 9.6
#200 (0.074 mm) 4.5 6 3 10 4 3.3

NOTE: Size control of graded incinerator residue samples involved passing
all materials (except types 1 and 6) through a 1-1/2 inch (38.1 mm)
portable screen. Sieve analyses were performed in accordance with
ASTM Designation C1l36 using samples of 1,000 gram size.

On the following page is Figure IV-3, a gradation chart of the six
types of graded incimerator residue as compared to the aggregate specification
limits of PernnDOT for wearing surfaces.

Incinerator residue is able to satisfy many of the quality control
standards used for conventional aggregate materials. Some tests presently
being used, however, require modification of their present form for testing
incinerator residue. An example of such a test is specific gravity. The
difficulty of accurately determining the apparent specific gravity of incin-
erator residue is due to its property of high absorption.

PRINCIPAL USES.

Incinerator residues have been used in a variety of highway appli-
cations. These include bituminous base courses, wearing surfaces, stabilized
bases and sub-bases, and fused aggregate material uses.

In fused aggregate applications, prepared municipal incineratcr
residues are burned out to completion and then channeled through a second
furnace (Reference IV-10). The second furmace melts or fuses this burnt
out material together at temperatures near 2,000°F. The melted product is
allowed to cool, and is subsequently crushed and broken to a desired size
(i.e., with all particles smaller tham 1-1/2 inches).
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Bituminous Base Courses

In Houston, Texas, construction of a test section of roadway using
incinerator residue in a bituminous base was undertaken in 1974 (Reference
IV-11). This test section consisted of construction of approximately 200
feet of roadway at the intersection of Bingle Road and Hempstead Highway.
The incinerator residue bituminous base used in the construction has been
termed '"littercrete”" in numerous publications (References IV-12, IV-13).

Roadway construction consisted of a 1-1/2-inch thick conventional
wearing surface, placed on a 6-inch thickness of littercrete. The litter-
crete was placed on top of a 6-inch thick lime stabilized soil having a sandy
soil subgrade.

The incinerator residue used in the littercrete had passed a l-inch
(25 mm) screen. The gradation of the material had passed the Texas AA Type C
specification. The percentage of glass in the residue was approximately 45.

The approximate composition of the placed littercrete was as follows:

Composition Incinerator Residue RC 20 Asphalt Hydrated Lime

% Volume 80.9 17.4 1.7
% Weight 89.0 9.0 2.0

A control section of conventional materials was placed alongside
the test section for comparison purposes. The control section base had a 6
percent asphalt composition by weight.

The particle size distribution of the graded incinerator residue
used in the Houston, Texas Test Section, in percent by weight was as follows
(Reference IV-11):

Sieve Size Percent Passing

Unwashed

1" (25.0 mm) 100
3/4" (19.0 mm) 95
1/2" (12.7 mm) 80
3/8" (9.52 mm) 63
#4 (4.76 um) 46
#8 (2.38 mm) 25
#16 (1.19 mm) 17
#30 (0.590 mm) 11
#50 (0.297 mm) 7
#100 (0.149 mm) 4
#200 (0.074 uwm) 2
Washed

#4 (4.76 mm) 48
#80 (0.180 mm) 11
#200 (0.074 mm) 7
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On the following page is Figure IV=4, a gradation chart of the
littercrete base used in the Houston test section, as compared to the
Texas Class AA Type C, aggregate gradation specification for base courses.

Both sections of pavements, have been evaluated for performance
employing testing methods for stability, thermal expansion, direct tensiom,
splitting tensile strength, resiliency and flexural fatigue. The pavements
have also been evaluated visually. Three-year tests and evaluations of the
two pavements indicated that the littercrete and the control section are
performing equally.

A summary of laboratory test results of optimum mix design (as-
phalt 9 percent by weight of total mix) for the bituminous base test sec-
tion placed in Houston, Texas was as follows (References IV-12, IV-13):

6 Months Field 3 Year Field

Test Mix Control Mix Test Control
Stability (pounds) 1,150 920 1,340 1,940
Flow (0.01 inch) .17 .15 .18 .12
Air Voids (percent) 4.2 8.5 4.7 6.9
Recovered Asphalt Content (percent) 10.8 5.3
Maximum Specific Gravity 2.06 2.43 2.13 2.43
Density (pounds per cubic foot) 129

In Anacostia, Washington, D.C., construction of a test section of
roadway with an incinerator residue base was completed in June of 1977 (Ref-
erence IV-14). This test section consisted of construction of approximately
400 feet of roadway on l4th Street, S.E., near Cedar Street.

The roadway wearing surface consisted of a 1-1/2-inch thick con-
ventional hot mixed asphalt. This was placed on top of a 4-1/2-inch bit-
uminous incinerator base with 6 inches of gravel sub-base. For this test
section, 30 percent aggregate was blended with the residue in the base mix.

The particle size distribution of incinerator residue plus aggregate
used in the Washington, D.C. test section was as follows:
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PERCENT PASSING

DC DC
Sieve Size Residue Sand Stone Lime  Mix* Spec.
1" (25 mm) 100 100 100 100
3/4" (19 mm) 98 91 97 90-100
1/2" (12.5 mm) 91 50 86 71-91
3/8" (9.5 mm) 80 100 26 75 60-85
#6 (4.75 mm) 53 98 3 53 45-~65
#8 (2.36 mm) 39 90 2 42 33-52
#16 (1.18 mm) 30 79 0 34 22-40
#30 (0.60 mm) 24 53 26 14-30
#50 (0.30 mm) 19 12 16 6=-21
#100 (0.15 mm) 15 5 12 3-15
#200 (0.075 mm) 11.7 0 100 9.5 2-8

* Mix contains 68.5 percent residue, 15 percent sand, 15 percent stone,
and 1.5 percent lime.

On the following page is Figure IV-5, a gradation chart of the
particle size distribution of the material used in the Washingtom, D.C.
test section as compared to the District of Columbia DOT aggregate grading
specification for base courses.

A summary of laboratory test results of the Mix Design for bit-
uminous based used in the Washington, D.C. test section is as follows
(Reference IV-14).

Test Mix Criterion
Stability (pounds) 2,600 Minimum, 5,100
Flow (0.01 inch) 16 8 to 18
Air Voids (percent) 1.8 3-8
VMA (percent) 13.4 Minimum, l4
Asphalt Content {(percent) 9.0 -
Bulk Specific Gravity 2.20 -
Density (pounds per cubic foot) 137 -

This test section is presently being completely evaluated for
performance.

In Baltimore, Maryland, a test section of incinerator bituminous
base was installed along Harford Road in July of 1972 (Reference IV-15).
The incinerator residue used in this base test section, comprised 50 per-
cent by weight of the total mix. The residue was combined with 17.5 percent
#4 stome, 10 percent #10 stone, 20 percent sand, 2.5 percent lime and 6.5
percent asphalt by weight.
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Below is a listing of the sieve sizes of the raw materials used
in the Baltimore test sectiom.

Number Number

Hydrated 4 10 Baltimore
Sieve Number Lime Sand Stone Stone Treated Residue
Q) (2) 3) (4) (35) (6)
1-1/2 inmch 100
3/4 inch 100 100
3/8 inch 100 57 100 64
4 98 17 94 31
8 91 6 81 21
16 81 3 65 15
50 100 26 2 37 8
200 95 1 1 11 3
Specific Gravity 2.20 2.63 2.82 2.82 2.50
Loss on Ignition
as a Percentage - - - - 6.0

On the following page is Figure IV-6, the gradation chart of the
particle size distribution of the material used in the Baltimore test sec-
tion as compared to the Maryland State Roads Commission grading specifica-
tion for base course aggregate.

A summary of test results for the bituminous base test section
Placed in Baltimore is as follows:

Plug Plug Baltimore
Parameters No. 1 No. 2 Specification
Asphalt Concrete, as a Percentage 6.5 6.5 -
Stability, in pounds 910 974 >500
Flow, in hundredths of an inch 10 10 8-18
Weight per cubic foot, in pounds 144.2 143.1 -
Air Voids, as a percentage 2.9 3.0 3-8

The most recent field report for this section indicated that there was
acceptable performance of the residue material.

Wearing Surfaces

In Philadelphia, Pennsylvaniaz coustruction of a test section of
roadway using incinerator residue as a wearing surface was performed in
Decexmber of 1975 (Reference IV-7). This test section consisted of approxi-
mately 108 feet of roadway at the intersection of States Drive and Belmont
Avenue (Reference IV-3).
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The wearing surface placed was approximately 1-1/4-inches to 1-1/2-
inches in thickness.

The residue materials used in the wearing surface had been passed
through a 5/8-inch screen and stockpiled for approximately two weeks prior
to use. Incinerator residue comprised approximately 50 percent by weight of
the aggregate in the mix. Asphalt content comprised approximately 7 percent
by weight of the total mix.

On the following page is Table IV-4, the design gradation for the
Philadelphia test section (in percent passing by weight).

On the following page is Figure IV-7, the gradation chart of the
particle size distribution of the material used in the Philadelphia test
section as compared to the PennDOT ID-2A wearing surface specification limits.

Below is a comparison of the design and field gradations for the
Philadelphia test section (as percent passing by weight).

Design Field ID-2A

Sieve Size Gradation Gradation* Limits
1/2 inch (12.7 mm) 100 100 100
3/8 inch (9.52 mm) 91.0 92 80-100
#4 (4.76 mm) 59.3 60 45-80
#8 (2.38 mm) 39.3 40 30-60
#16 (1.192 mm) 27 .4 26 20-45
#30 (0.590 mm) 19.1 16.5 10-35
#50 (0.297 mm) 13.0 10 5=25
#100 (0.149 mm) 9.2 7 4=-14
#200 (0.074 mm) 6.4 5 3-10

* Derived from asphalt extraction and sieve analysis.

A summary of Laboratory Test Results for the Incinerator Residue
and ID~2A Wearing Surface Mixes Used in Philadelphia Test Settion is as
follows (Reference IV-17).
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172" (12.7 mm)
3/8" (9.52 mm)
#4 (4.76 nm)

#8 (2.38 mm)
#16 (1.19 mm)
#30 (0.590 mm)
#50 (0.297 mm)
#100 (0.149 mm)
#200 (0.074 mm)

DESIGN GRADATION FOR PHILADELPHIA TEST SECTION PAVING MIX
IN PERCENT PASSING BY WEIGHT

Type 3 Residue

Natural Sand

Type 1B Stone

Design 1D-2A

Gradation 50% Blend Gradation 30% Blend Gradation 20% Blend Gradation Limits
100 50.0 100 30.0 100 20.0 100 100

86 43.0 100 30.0 90 18.0 91.0 80-100
50 25.0 99 29.7 23 4.6 59.3 45-80
34 17.0 73 21.9 2 0.4 39.3 30-60
26 13.0 48 14.4 27.4 20-45
19 9.5 32 9.6 19.1 10-35
14 . 1.0 20 6.0 13.0 5-25
10 5.0 14 4.2 9.2 4-14
8 4.0 8 2.4 6.4 3-10
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Design Field ID-2A

Mix Mix Mix
Stability (pounds) 1,472 1,562 1,508
Flow (0.1 inch) 12.3 19.5 11.5
Alr Voids (percent) 5.7 0.7 3.17
VMA (percent) 24.9 14.9 11.1
Retained Strength#* 72.8 83.3
Asphalt Content** 8.0 7.0 4.9
Bulk Specific Gravity 2,13 2.39 2.44
Density (1b/ft3) 132.9 149.1 152.3

* Retained strength expressed as percent of molded strength as determined
by immersion-compression test.
*% Agphalt content expressed as percent by weight of total mix.

1 pound = 0.4536 kilogram
1 inch = 25.4 mm
1 1b/£ft3 = 16.02 kilograms/cubic meter

Testing and inspection after one year, indicated that the wearing
surface had performed adequately.

A visual inspection, during the summer of 1980, revealed it to be
in good condition. The Philadelphia test section appears to be performing
as well as the control sectiom.

In Harrisburg, Pennsylvania, construction of a test section of road-
way using incinerator residue as a wearing surface was also performed in
December of 1975 (Reference IV-3). This test section consisted of approxi-~
mately 250 feet of roadway at Wayne Street between l4th and 15th Streets.

The wearing surface placed was approximately 1l-1/2-inches in
thickness.

The residue materials used in the wearing surface had been passed
through 2 1/2-inch screen and stockpiled for approximately two weeks pricr
to use. Incinerator residue comprised approximately 50 percent by weight of
the aggregate in the mix. Asphalt content comprised approximately 7 percent
by weight of the total mix.

On the following page is Table IV-5, the design gradation for the
Harrisburg test section (in percent passing by weight).

On the following page is Figure IV-8, the gradation chart o tte

particle size distribution of the material used in the Barrisburg Test Sec-
tion as compared to the PennDOT ID-2A wearing surface specificaticn lizmsts,
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Sieve Size
172" (12.7 mm)
3/8" (9.52 mm)
#4 (4.76 nm)

#8 (2.38 mm)
#16 (1.19 wm)
#30 (0.590 mm)
#50 (0.297 nm)
#100 (0.149 mm)
#200 (0.074 mm)

Table IV-5

DESIGN GRADATION FOR HARRISBURG TEST SECTION PAVING MIX
IN PERCENT PASSING BY WEIGHT

Type 2 Residue

1/4" Limestone

Screenings

Design ID-2A

Gradation 50% Blend Gradation 30% Blend Gradation 20% Blend Gradation Limits
100 50 100 25 100 25 100 100

86 43 100 25 100 25 93.0 80-100
53 26.5 51 12.75 100 25 64.3 45-80
34 17.0 7 1.75 75 18.75 37.5 30-60
23 11.5 4 1.00 46 11.50 24.0 20-45
17 8.5 3 0.75 28 7.00. 16.3 10-35
12 6.0 2 0.50 17 4.25 10.8 5-25
9 4.5 1 0.25 10 2.50 7.3 4-14

6 3.0 0.7 0.18 6 1.50 4.7 3-10
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Below is a comparison of.the design and field gradations for the
Harrisburg test section (as percent passing by weight).

Design Field ID-2A
Sieve Size Gradation Gradation* Limits
1/2" (12.7 mm) 100 100 100
3/8" (9.52 mwm) 93.0 93 80-100
#4 (4.76 mm) 64.3 61 45-80
#8 (2.38 mm) 37.5 37 30-60
#16 (1.19 mm) 24.0 24 20-45
#30 (0.5%0 om) 16.3 17 10-35
#50 (0.297 wm) 10.8 13 5«25
#100 (0.149 mm) 7.3 9 4=14
#200 (0.074 mm) 4.7 5 3-10

* Derived from asphalt extraction and sieve analysis.

A summary of Laboratory Test Results for the Incimerator Residue
and ID-2A Wearing Surface Mix Used in Harrisburg Test Section is as follows
(Reference IV-17):

Design Field ID-2A

Mix Mix Mix
Stability (pounds) 1,401 1,558 1,221
Flow (0.01 inch) 10.0 14.0 10.5
Air Voids (percent) 8.2 2.6 7.5
VMA (percent) 25.2 19.4 17.6
Retained Strength* 86.4 9.8 -
Asphalt Content** 7.6 7.6 5.7
Bulk Specific Gravity 2.14 2.31 2.36
Density (1lbs/ft3) 133.5 144.1 147.3

* Retained strength expressed as percent of molded strength as determined
by immersion-compression test,
** Asphalt content expressed as percent by weight of total mix.

1 pound = 0.4536 kilogram
1l inch = 25.4 mm
1 1b/ft3 = 16.02 kilograms/cubic meter

Testing and inspection after one year, indicated that the wearing
surface was in a poor condition. Some of the glass particles on the surface
had lost their asphalt coating.
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A visual inspection during October of 1980 was performed. Although
the thickness of the wearing surface placed had been reported as 1-1/2-inches,
the majority of the test section wearing surface actually placed appeared to
be much thinper than reported. Areas of the pavement examined established
that the wearing surface placed was approximately 1/2-inch in thickmess.*

It appeared that no tack coat had been placed on the contact surface to
the underside of the wearing surface. It is noted also that this experi-
mental section was placed during a period of cold weather.

Despite the unfavorable conditions im which the test section was
paced (re. minimal pavement thickness, minimal tack coat preparation of base,
and seasonal weather) the October 1980 inspection confirmed that other than
asphalt stripping from the glass particles of the test sectior, there was no
discernable difference between the performance of the test section and the
control sectiom.

In Lima (Delaware County), Penmnsylvania, construction of a test
section of roadway using incinerator residue as a wearing surface was per-~
formed in October of 1975 (Reference IV-3). This test section consisted
of approximately 60-feet of roadway at the main entrance to Fair Acres Farm
off of Middletown Road.

The wearing surface placed was approximately 1-1/2-inches in
thickness.

The residue materials used in the wearing surface had been passed
through a 1/2-inch screen. The materials had been obtained from a stockpile
at the Northwest Philadelphia incinerator. The age of the stockpile was un-
known, but it was estimated to have been approximately two to three months
0ld. Incinerator residue comprised approximately 50 percent by weight of the
aggregate. in the mix. Asphalt content comprised approximately 7 percent by
weight of the total mix.

On the following page is Table IV-6, the design gradation for the
Lima test section (in percent passing by weight).

On the following page is Figure IV-9, the gradation chart of the
particle size distribution of the material used in the Lima test section
as compared to the PennDOT ID-2A wearing surface specification limits.

* Pennsylvania Department of Transportation guidelines for resurfacing of
roadways recommends that wearing surface overlays be placed in thicknesses
»no less than 1-1/2-inches.
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Table IV-6

DESIGN GRADATION FOR DELAWARE COUNTY TEST SECTION PAVING MIX

Txge 3 Residue Pa. 1B Stone Anti-Skid Material Design 1D-2A
Sieve Size Gradation end Gradation 25% Blend Gradation 25% Blend Gradation Limits

172" (12.7 nm) 100 50.0 100 © 25.0 100 25.0 100.0 100
3/8" (9.52 mm) 91.5 45.75 84.5 21.13 100 25.0 91.9 80-100
#4 (4.76 mm) 68.7 34.35 21.5 5.38 90.6 22.65 62.4 45-80
#8 (2.38 mm) 55.0 27.5 10.0 2.5 40.0 10.0 40.0 30-60
#16 (1.19 mm) 44,0 22.0 4.8 1.2 19.0 4.75 28.0 20-45
#30 (0.590 mm) 33.0 16.5 4.0 1.0 9.0 2.25 19.8 10-35
#50 (0.297 mm) 24.0 12.0 3.0 0.75 4.0 1.0 13.8 5-25
#100 (0.149 mm) 15,0 7.5 2.0 0.5 3.0 0.75 8.8 4-14

#200 (0.074 mm) 11.1 5.55 0.8 0.2 2.3 0.58 6.3 3-10
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Figure IV-9. Particle size distribution of wearing surface mix used in Delaware ‘County test section. -

(Shaded area 1s PennDOT ID-2A wearing surface specification limits.)




Below is a comparison of the design and field gradations for the
Lima test section (as percent passing by weight).

Design Field ID-2A
Sieve Size Gradation Gradation* Limits
1/2" (12.7 mm) 100 100 100
3/8" (9.52 mm) 91.9 94.0 80-~100
#4 (4.76 mm) 62.4 68.2 45-80
#8 (2.38 mm) 40.0 ‘36.5 30-60
#16 (1.19 mm) 28.0 24.5 20-45
#30 (0.590 m) 19.8 17.5 10-35
#50 (0.297 mm) 13.8 12.4 5-25
#100 (0.149 mm) 8.8 8.0 4-14
#200 (0.074 mm) 6.3 6.1 3-10

* Derived from asphalt extraction and sieve analysis.,

A Summary of Laboratory Test Results for the Incinerator Residue
Wearing Surface Mix Used in Delaware County Test Section is as follows
(Reference IV-17):

Design Mix Field Mix
Stability (pounds) 1,195 1,165
Flow (0.0l inch) 11.7 16.8
Air Voids {percent) 2.4 5.5
VMA (percent) 26.0 18.9
Retained Strength#* 35.2 49.5
Asphalt Content#*#* 7.0 7.1
Bulk Specific Gravity 2.05 2.25
Density (1lbs/ft3) 127.9 140.4

* Retained strength expressed as percent of molded strength as determined
by immersion-compression test.
*#* Asphalt content expressed as percent by weight of total mix.

1 pound = 0.4536 kilogram
1 inch = 25.4 mm
1 1b/£t3 = 16.02 kilograms/cubic meter

Testing and inspection after one year, indicated that the wearing
surface was in a fair condition. There were some signs of asphalt stripping
from the glass particles.

This test section had been paved over in 1977. The resurfacing of
this section was not connected with poor performance of the test pavement,
but was 2 result of an extensive resurfacing project which randomly included
the test sectiom.
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Stabilized Bases and Sub-bases

"Chempac" 1is a trade name for a mixture of incinerator residue and
lime used in stabilized base applications. This mixture has certain quali-
fications (Reference IV-17). '"Chempac'" is defined as '"a mixture of processed
ash produced by rotary kiln type incinerators operating at temperatures in
the vicinity of 1,800°F, and hydrated lime, in the approximate proportions
of 95 percent processed incinerator ash and 5 percent lime." These percent-
ages are subject to slight variatioms.

Qualifications regarding the gradation specifications of the incin-
erator residue used in the "Chempac" mix are as follows:

Passing 1" sieve 100% .
Pagsing 1/2" sieve 85-100%

Passing #4 sieve 60-90%

Passing #10 sieve 40-70%

Passing #40 sieve 15-407

Passing #80 sieve 5-207

Passing #200 sieve 4~152

Suggested limits with respect to carbon content, organic content,
and water content for "Chempac' mixtures have also been established.

To date, "Chempac'" base course mixtures have been used primarily
in parking lot type applications, Perhaps the largest area application of
2 "Chempac" base material has been in north and south parking lots of Lawn-
dale High School, Chicago, Illinois (Reference IV-19). In June of 1976,
approximately 1,700 tons (dry weight) of "Chempac" was placed at this site.
"The average percentage flue dust lime based on a dry weight of the delivered
Chempac of approximately 1,700 tons was 15 percent + (Reference IV-19). Res-
idues from the Chicago Southwest Incinerator and the Stickney, Illinois imn-~
cinerator were used for this project. These residues have been characterized
in a U.S. Department of Transportation Report as follows (Reference IV-20):

Sieve Size 1" 3/4" 3/8" #4 #10 #40 #100 #200
Sample Collection
# Date _
1 09/02/73 100 99.5 91.2 74.8 53.7 38.4 30.9
2 09/11/73 100 9.9 93.2 82.5 57.6 29.6 20.8 16.1
3 09/25/73 100 90.6 61.6 38.1 17.6 7.5 4.3 3.1
4 10/05/73 100 95.5 87.5 74.5 51.6 26.3 16.0 12.0
5 10/15/73 100 100.0 81.0 65.0 43.4 19.4 10.3 8.6
6 10/24/73 100 97.3 90.6 76.3 53.1 27.4 14.6 9.3
7 11/02/73 100 96.6 89.1 78.4  53.8 22,0 12.5 8.4
8 11/09/73 97.6 97.6 88.7 71.4  48.3 23.9 13.0 8.6
9 11/13/73 100 98.3 93.3 80.7 49.5 18.6 10.7 8.1
10 11/23/73 100 98.9 90.3 74.2  46.7 22.3 12.6 9.5
11 11/29/73 100 95.0 86.8 68.7 46.1 23.4 14.3 11.1
12 12/06/73 100 98.1 87.4 71.2  48.9 25.1 15.1 11.3
13 12/14/73 100 97.0 88.6 76.0 49.0 16.2 7.9 5.5
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Sieve Size 1" 3/4" 3/8" 4 #10 #40 #100 #200
Sample Collection o

# Date . .

14 01/08/74 100 9.1 74.6 58.6 37.4 14.3 8.3 5.9

15 01/18/74 100 97.2 89.2 77.1  49.8 19.6 11.6 8.8

16  01/24/74 100 98.0 88.8 76.0 52.3 19.7 10.9 7.9
Average 99.9 96.6 86.4 71.5 47, 22.1 13.4 9.9
High 100 100 93.3 82.5 57.6 38.4 30.9 25.0
Low 97.6 90.6 61.6 38.1 17.6 7.5 4.3 3.1

* Percent Passing Sieve - ASTM Method D=~422

On the following page is Figure IV-10, the gradation chart for the
39th and Iron Street 16 weekly samples. This chart includes a gradation of
the incinerator residue from a stockpile created by the Associated Comtractors,
Chicago, Illinois.

Twenty-nine field tests for water content, and in-place dry density
were taken at the time of the lLawndale installation. All tests reported com-
paction of greater than 95 percent of maximum lab dry density, with 19 of the
29 results of the tests exceeding 100 percent maximum density.

Maximum lab dry density was 75 pounds per cubic foot, with an optimum
water content of 14 percent by dry weight of residue.

The Lawndale "Chempac" base is reportedly in a good condition at
present. No additional testing has been performed at the site since the time
of the initial installatiomn.

In St. Charles, Illinois, construction of a section of a parking
lot using incinerator residue as a stabilized base was performed in October
of 1974 (Reference IV-20). This test section was placed in the southwest
corner of Illinois Bell Telephone parking lot. The '"Chempac' material used
at this site was from the Stickney, Illinois incinerator. This material had
been aged for at least one month in the yard stockpile of Associated Con-
tractors, Chicago, Illinois.

The Stickney residue material had been laboratory tested with a
lime concentration of 8 percent by weight.

Field compaction data for the subgrade and "Chempac'" at the Bell
Telephone site test area is shown on the following page in Table IV-7.

Field tests and visual examinations of the test area were conducted

over the next 2-1/2 year period. The following data were reported for dry
density and CBR testing:
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SUBBASE

Table IV~7

bullding

tleld Density Vest Results® - Oemonstration Site
__CIELD . ___LABORATORY 1 of
Oepth Below se Ory Holsture Faxlmum ~  Optlmum  Maximum 1 of
Test  Paved Areas for Parking final Subgrade Description of nensliy Content  Dry Dinilly Holsture Dry Density Specification
No. and Orfve Elevation of Materla} Hateris) f{pcf)' % {pes) ContentX Obtalned Requirements
J0* South & 10" West of Brown slity
| Southwest corner of -8.0" clay with sand  Fl1} 125.6 10.7 132.0 9.1 95.2 90.0
bullding _ond gravel
[ 60 South of Center of -8.0" . Fi) 123.0 12.1 132.0 9.1 93.2 90.0
South side of building
45 Hest & 21° South of
k| Southeast corner of -8.0" . Fin 129.0 8. 132.0 9.1 9.8 90.0
building
39* East & 21’ South of
8 Southwest corner of -8.0" CHEMPAC Fin 10.7 16.) 81.6 25.0 86.6 95.0
bullding
95 West & 25 South of
9 Southeast corner of -8.0" CUEMPAC FIM 69.8 21.2 81.6 25.0 85.5 95.0
bullding
15 East & 42° South of
10 Southwest corner of -g.0" CHENPAC Fin 17.2 15.6 a1.6 25.0 94.6 95.0

sSource Testing Ser!lce Corporation

| pcf = 16.0V kg/m



Dry Density, pcf*
(% Proctor)**

C.B.R.
Location 3/13/75 11/14/75 6/28/76 10/22/76
Deflection
0.1 inc. 0.2 in.
B-1 Sample 67.9 68.1 34 27
Damaged (847) (84%)
B-2 69.7 70.5 75.1 61 54
(86%) (87%) (92%)
B-3 75.5 74.0 76.1 74 75
(93%) (91%) (94%)

% 1 pef - 16.01 kg/m°
** Percent of optimum density
1 inch = 2.54 cm.

At the end of the 2-1/2 vear monitoring period, it was observed
that there was some distress of the test section. The observed cracking
of the pavement of the test section (""Chempac base") however, did not ap-
pear to be as extensive as the cracking of the adjacent control (crushed
stone base) pavements. At present, the '"Chempac" base appears to be per-
forming as well as the crushed stone base control.

A "Chempac” test section of roadway placed in Stickney, Illinois
in 1963 has since been removed due to pulling and shrinkage of the tase ma-
terials over time (Reference IV-21). Another residential street applica-
tion of "Chempac" material in Illinois had to be removed because a wearing
surface was mnot placed on top of it. It is moted, however, that one of the
first applications of "Chempac" type materials was in the parking lot of Soil
Testing Services, Inc. of Northbrook, Illinois in 1962; this section is still
in good condition.

. The total number of "Chempac' material field tests that have been
performed to date is approximately 12 (Reference IV-21).

Fused Aggregate

As to date, the only test section of fused aggregate placed, has
been in 1976 in the area of Harrisburg, Pennsylvania (Reference IV-22). This
test section consisted of approximately 180 feet of roadway placed on the
southbound lane of Traffic Route 22, Dauphin County, between 181 and the
Rockville railroad bridge.

The wearing surface placed was approximately 1-1/2-inches in
thickness.
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The fused residue used had been passed through a scalper which
had removed the particles larger tham 3/4 of an inch. The materials had
been obtained from a stockpile of fused incinerator residue produced at
Catasauqua, Pennsylvania, and broken at Broomall, Pennsylvania.

Fused aggregate comprised all of the aggregate in the mix, as
the gradation of the material was such that it did not require the addi-
tion of a fine aggregate.

The asphalt content comprised approximately 6.5 percent by weight
of the total mix.

Testing and inspection after one year, indicated that the wearing
surface was in an excellent condition.

Below is the particle size distribution of the graded incinerator
residue used in the Harrisburg Fused Incinerator Test Section, in percent
by weight.*

Sieve Size Percent Passing
5/8" (15.9 mm) 100
1/2" (12.7 mm) 99.0
3/8" (9.52 mm) 88.7
#4 (4.76 mm) 63.2
#8 (2.38 mm) 44.4
#16 (1.19 mm) 28.1
#30 (0.590 mm) 18.9
#50 (0.297 mm) 12.0
#100 (0.149 mm) 7.6
#200 (0.074 mm) 4.4

* From truck mix, draft report (Reference IV-22).

On the following page is Figure IV-11l, a gradation chart of the
particle size distribution of the wearing surface mix used in- the Harris-
burg fused aggregate test section as compared to the PennDOT ID-2A wearing
surface specification limits.

A summary of Laboratory Test Results for the Fused Aggregate
Incinerator Residue used in the Harrisburg test section is as follows:

Job Mix Control PA DOT

PA DOT Mix Spec.
Stability (pounds) 1,784 2,250 1,200 min.
Flow (0.01 inch) 10 10.6 6-16
Air Voids (percent) 4.0 3.9 3-5
s (percexnt) 19.6 17.7 -
Asphalt Content 6.8 5.9 4,5-8.0
Laboratory Specific Gravity 2.354 2.418 -
Sensity (lbs/ft3) 147.1 150.9 -

% weight of total mix
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Additional field core data for the Barrisburg test section is as

follows:
FIELD CORE DATA FOR SEPTEMBER, 1976 EXTRACTIONS .
TEST PAVEMENT SECTION
Station 300426 Station 301+31
Core 1 Core 2 Core 3 Core 4 Core 5 Core ¢
Theo. Sp. Gr. @ 77 F 2.454 2.454 2.454 2,454 2.454 2.454
Sp. Gr. @ 77 F 2.214 2.210 2.217  2.300 2.281 2.311
Voids % by Volume 9.8 10.0 7.5 6.3 7.0 5.8
VMA % by Volume 24.4 24,6 22.4 21.4 22.1 21.1
VFA % by Volume 59.9 59.4 66.7 70.8 68.1 72.3
Compaction % of Theo. 90.2 90.0 92.5 93.7 93.0 94,2
Avg. Thickness, Inches - 1-3/4 - - 1-1/2 -
FIELD CORE DATA FOR NOVEMBER, 1979 EXTRACTIONS
Recovered Asphalt
Absolute Specific % Veids
Viscosity Penetration Gravity Z Voids in the Mineral
@ 140 F, poises @77 F @ 77 F by Velume Aggregate (VMA)*
Core T-6A 17,555 24.5 2.288 6.8 21.4
Core T-8A 25,899 22.0 2.322 5.4 20.3
Core T-9A ° 10,877 31.0 2.297 6.4 20.7
Core C-8A 6,014 41.0 2.424 3.7 17.5
Core C-9A 4,848 49.0 2.447 3.7 17.7

* Calculated from total asphalt content, not effective asphalt content.

A wvisual inspection during October of 1980 confirmed that this
test section was performing as well as the control section of pavement.
The only noticeable difference between the test section and the adjacent
pavements, was that the test section had retained a darker natural color
(black), and had not faded to grey.

TECENICAL ASSESSMENT OF USES

Overall performance (durability, life expectancy, visual appearance,
etc.), of pavements and subgrades which contain incincerator residue have
varisd Zrcm good to poor.

An initial problem encountered with using incinerator residue in
szve—ent applications, is that a great amount of material quality control
i5 needed. This is so, as only certain quality residues may be used in
pgvement applications. The problem is having to monitor all the residue
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(which 1is to’ be used in pavement applications) arises from the incineration
process itself. As previously mentioned, the factors affecting the quality
of the residue are time of combustion, temperature of combustion, and tur-
bulence during combustion. These three factors are normally of little sig-
nificance during municipal incineration operatioms.

An example of this type of uncontrolled combustion is evidenced
by the procedure which may occur at an incineration facility having more
than one furnace. If the facility operates two furnaces at a certain in-
coming volume of refuse and is subsequently only able to operate one furnace,
due to breakdown of, or maintenance on, the other furnace; the constant
volume of refuse would be cycled through the single operating furnace. The
channeling of the refuse through the single unit would produce a residue
of poorer quality than that produced by dual furnace combustion. Also, in
municipal refuse processing, variations in seasonal quantities and incoming
maisture contents of refuse are not adjusted for during combustion opera-
tions for the production of a uniform residue.

A disadvantage in processing of residue material to be used in
construction applications (other than quality control). is that stockpiling
is necessary. In conjunction with stockpiling, additional screening, shred-
ding or trommeling of residue (to that of conventional materials) may have
to be done as a means of preparing the residue to a desired gradationm.

Incinerator residue, however, can be used in pavement applications
if properly prepared. An advantage of using incinerator residue in base,
sub-base, and wearing surfaces is that it may be placed with conventiomal
equipment. Placement of materials on various jobs has been performed with
conventional paving equipment, dump trucks, hand raking, and standard com-
paction rollers. Another advantage is that the residue material is also
easily mixed and handled in the field. Mixing techniques of lime in the
residue on different base and sub-base projects varied from handraking to
pugmill mixing. The addition of lime to the residue in asphalt mixes may
be performed in a dry or slurry form. Slurry addition is dome in advance
of pugmill mixing, but requires added time and effort as compared to the dry
mixing technique. Dry addition of lime of the pugmill is an effective mix-
ing method, though dust control measures must be implemented for this oper-
ation, as appreciable amounts of dust can be generated.

It is noted that blending of a natural aggregate with the residue
in mixes is necessary to economize on the use of asphalt while at the same
time increasing coatability of the mix. Control of the quantities of the
components to be blended in the mixtures is of importance. The feeder con-
trol for blending of residue in residue/aggregate mixes is sometimes not
easily controlled, due to the clogging and clotting capacity of the resi-
due. This was evidenced in the Washington, D.C. section, as the designed
residue to aggregate ratio in the mixture was not achieved for the first
truckload batches. This situation was corrected at the beginning of place-
ment operations, but not until after some of the mis-proportioned material
had been placed in the field.
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Stabilized Base and Sub-base

A disadvantage of using incinerator residue in a Chempac type base
application is that the material requires a time period of approximately 3
days before placement of the wearing surface may be performed. This is re-

quired to dissipate potentially damaging (to the wearing surface) hydrogen
gas pressures.

Residue material compacts well in the field, but a determination

of optimum moisture for compaction is difficult due to the high absorption
of the material.

Incinerator residue/lime material does not appear to perform well
under laboratory freeze-thaw testing, though high 180-day compressive strengths
of +700 pounds per square inch and good California Bearing Ratio values have
been attained for certain products (i.e., Northbrook, Illineis).

Below is the CBR data for the St. Charles, Illinois site (Reference

Iv-20):
CBR - 10/22/76
Boring Location 0.1 inch Deflection 0.2 inch Deflection
Bl 34 27
B2 61 54
B3 ) 74 75

It is noted that variations of the type and quality of the lime
in residue mixtures slightly affect the strength of the mixtures. Types
of lime used in base applications are calcitic lime, dolomitic lime, flue
dust lime, and carbon sludge. Calcitic lime and dolomitic lime are the
two most commercially desirable limes. Below is a comparison of these two
limes (Reference IV-3):

Results of Compressive Strength Evaluation of
Stabilized Base Course Mixtures
with Variable Binder Types

1. LIME STABILIZED BASE COURSE

1 "as received" residues
2 average of 3 specimens cured for 7 days @ 100°F.

Average
Compressive
Residue Crushed Type of Strength**
Type* Residue Stone Lime Lime (1bs/in2)
2 45 45 10 Dolomitic 197
Calcitic 149
2 48 48 4 Dolomitic 197
Calcitic 164
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Wearing Surfaces

Wearing surface mixtures which contain incinerator residue may
be batched directly at the asphalt plant as conventional mixes are, al-
though more dust at the mixing plant may be created during the mixing
operations than occurs from the mixing of conventional materials.

The residue/aggregate mixtures can perform as well as conven-
tional aggregate mixtures. Marshall design criteria for medium to heavy
traffic road surfaces have been met by the test sections placed to date.

There appears to be an advantage for using residue/aggregate
mixtures instead of conventional aggregate mixtures with respect to skid
resistance. To measure the safety performance of incinerator residue in
wearing surfaces, skid resistance tests were made on the control and ex-
perimental pavement sections. Two different types of skid resistance tests
were used in evaluating the pavements (Reference I-23). The two skid tests
used were the BPN and SN 40.*

To evaluate the Harrisburg fused aggregate section of pavement,
the SN40 test was used. This test is standard ASTM test E274. The test
procedure involves using a specially equipped vehicle which can measure
the tractive force of a test tire (horizontally applied force) as compared
to a vertical load on the test wheel. On the following page are the re-
sults of the Harrisburg fused aggregate section (Reference IV-22).

SKID TEST DATA (SN40)

Incinerator Control Section*
Residue Passing Lane Traffic Lane

October 1976 52 40 44
April 1977 53 41 39
June 1977 50 - -
October 1977 51 33 33
October 1978 46 36 33
September 1979 49 38 35

* Adjacent section (Station 302+50 is an experimental blend of gravel and
limestone aggregates.

Skid number is average of three separate passes.

* A BPN (British Pendulum Number) of 55 correlates with a skid number (SN)
of 40, as obtained from skid trailer measurements. A skid number of 40
is generally considered a minimum acceptable value for skid resistance
of bituminous pavements in Pennsylvania (Reference I-23).
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Traffic counts for the Harrisburg fused aggregate section of
pavement are as follows (Reference IV-3):

TRAFFIC COUNTS FOR
TEST AND CONTROL
PAVEMENT SECTIONS

Test Control

Pavement Pavement
Section Section Total
March 15, 1978 9,710 4,917 14,627
July 18, 1978 9,769 3,693 13,462
September 18, 1978 1,482 640 2,122
November 16, 1978 3,713 782 4,495
September 6, 1979 3,742 1,173 4,915

To evaluate the Philadelphia section of pavement, the BPN test
was used. The British Pendulum Number (BPN) test is standard ASTM test
E303. This test procedure involves measurement of forces on a dynamic
pendulum impact device. This test was used due to the inaccessibility
of the pavement to the SN40Q test vehicle with respect to safety. On the
following page is Table IV-8, the results of the BPN testing of the
Philadelphia section (Reference IV-17).

As a means of comparison to the traffic count data for the Harris-
burg section, the Philadelphia section had a total count of 1,777 vehicles
between 8:00 a.m. and 7:00 p.m. as observed on January 7, 1976 (Reference
Iv-17).

The test results from these two experimental sections indicate
that the wearing surfaces with incinerator residue show slightly better
skid resistance characteristics than their adjacent control pavement sec-
tions. This may be due to differemtial wearing of the particles of residue
and aggregate. The BPN test results of the Harrisburg (Wayne Street) sec-
tion also showed better skid resistance of the incinerator residue pavement
as compared to the control pavement section.

Bituminous Base Mixes

A disadvantage of using incinerator residue in bituminous mixes
is that additiomal asphalt is required in the mix, beyond that required
in conventional aggregate mixes.

Incineration facilities often recycle the stack ashes from their
burning operations back through the furnace. This results in the production
of a more powdery or finely sized residue. If placed in a bituminous mix,
this finely sized residue would require a greater amount of asphalt than a
coarser sized residue.
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Table IV-8
SUMMARY OF SKID RESISTANCE VALUES

PHILADELPHIA TEST SECTION

British
Pendulum Average
Number BPN

Date Sample No. Mix Type (BPN) Value

Control 88 87.0
80
93

‘March, 1976*

U
w N

Residue 92 88.3
92
87
86
. 86
87

‘MarCh’ 1876

|
HrHFRrOoOo-
N~ O

Residue 92 87.7
90 )
82
92
87
83

September, 1976

NN e e
AU W

Control 89 84.7
80
85

September, 1976

NN
|

Residue 105 92.5
111
85
87
80
87

November, 1976

Control 88 86.0
77
93

November, 1976

Wwww WWwwwww
11
\D 00 ~J AUt W N O 0~

* A total of six control mix specimens were taken. However, no-
test could be performed on three of the core specimens due to
the uneven surface of these specimens.
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An advantage of using incinerator residue in bituminous mixes as
oppcsed to lime stabilized mixes is that the asphalt tends to bind or em-
capsulate the residue particles, thus diminishing detrimental leachate
characteristies.

ENVIRONMENTAL FACTORS

It is considered that incinerator residue base materials are more
economically attractive than fused materials at present. The primary en-
vironmental considerations related to incinerator materials in construction
applications (base/lime base) are leachate characteristics. Lleachate pro-
duction and composition are related to solubility, permeability, and chemical
composition of the residue.

Generally, water penetration through incinerator residue is rela-
tively low, as the permeability of residue may be considered equivalent to
that of a silty sand or fine sand. The toxic substances contained in residue
materials are trace metals including arsenic, cadmium, copper, and lead.
With respect to these toxic substances, the Environmental Protection Agency
has established a guideline for Safe Drinking Water Standards. A waste ma-
material is considered hazardous if the extract from the material (obtained
by the EPA extraction procedure) has a concentration of any constituent
greater than one, hundred times the established drinking water standard.

Permissible concentrations of chemicals are listed in the drinking
water standard established by the U.S. Public Health Service include (Ref-

erence IV-24; also see Summary on Page I-24).

It was reported in leachate testing performed during 1980 by the
Pennsylvania Department of Transportation, as well as by the Port Authority
of New York and New Jersey, that concentrations of chemicals in excess of
one hundred times the drinking water standard were measured on tested samples
of incinerator residue. The samples tested by the Pennsylvania Department of
Transportation came from an incinerator located in Central Pennsylvania (Ref-
erence IV-25). The samples tested by the Port Authority of New York and New
Jersey came from two resource recovery plants located in the northeastern
region of the United States (Reference IV-26). It was noted that a reported
concentration cf lead in the Port Authority report was greater than three
bundred times the drinking water standard.
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The material from which these samples were taken would be classi-
fied as hazardous by the Environmental Protection Agency. The use of this
material, "as is,"” in a construction fill application would be highly

restricted.

There is the possibility, however, that this material may be used
in a bituminous base application. In the bituminous base application, the
leachate from the residue may not be deemed as hazardous due to the encapsu-
lating effect of the asphalt on the residue (i.e., restricting permeability,

etc.).

In addition to the leachate problem, the potential of having path-
ological wastes make their way into the refuse stream (and residue) is an
additional complication with respect to use of the residue as a highway
construction material. Many existing incineration facilities such as
Barrisburg, Penmsylvania are authorized to burnm hazardous materials includ-
ing chemical wastes and hospital wastes. If the temperatures during the
incineration process are not maintained high enough to destroy the pathogens
(in hospital wastes) and control chemicals, serious health problems of these
in contact with the materials would result.

Appreciable amounts of these specialized wastes can be burmed at
incinerators licensed to do so. In addition to the refuse burned in con-
junction with the hazardous materials, residual effects of the burning of
these hazardous materials on subsequently burmed refuse are also sources of
potential problems. Especially tight quality control would be a necessity
in any attempt to use the residuvue from these specially licensed incinerators
in comnstruction applications.

Air pollution control poses an additional environmental problem
with respect to using incinerator residue in highway applications. 1In ad-
dition to the air quality problems at the incineration site, dust genera-
tion at the asphalt plants (for bituminous base applicatioms) occurs. It
is noted that air pollution problems at incineration sites have also been
experienced at the newer resource recovery facilities, as evidenced at the

Hempstead, New York plant.

Aside from environmental drawbacks, the political system should
be recognized as a major factor which influences the use of incinerator
residue in construction applications. General problems and restrictions
which are inherent in the political processes regarding the use of residue
deal with budgeting, length of persomnel employment, coordipation with
various departments, and existence of priority programs.

The Resource Comnservation and Recovery Act of 1976 requires existing
landfill sites to be upgraded to acceptable governmental specificatioms or
be closed. If
this procedure (of upgrading) will most likely be the most important factor
with respect to municipal solid waste management programs. Any amendments
to this act or followup legislation will be of significance to the direction
of current waste disposal operatioms.
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ECONOMICS

At this time, a detailed analysis of the economics of incinerator
residue in construction applications (residue vs. virgin aggregate) does
not provide the means to realistically judge the most economic altermative.
The reason for this is that incinerator residue is not being presently widely
used in the aggregate market. Supported by the fact that residue is not be-
ing used in the current market, and that there has been a considerably limited
number of field applications to date; exact cost comparison figures for in-
place materials using incinerator residue cannot be ascertained. Hidden and
undetermined costs involved with the use of incinerator residue on a large
scale basis include dollar costs in the following areas: provisions for
control of degree of burnout; provisions for monitoring of residue to be
used including leachate testing, equipment and maintenance costs, transpor-
tation costs, and mixing and preparation costs. For example, long range ef-
fects on machinery that handles and processes residue for construction ap-
plications has not been observed, as the machinery used in the past has not
been operated for sustained periods of time. Detrimental long range effects
may relate to unanticipated costs in the following areas: additional cleaning;
part replacement from excessive wear; or even modification of equipment.

Although research into the economics of using incinerator residue
as a construction material has begun (Reference IV-2), it should be realized
that research analysis can provide only projected cost figures. Until a de-
tailed breakdown analysis on a minimal number of specific projects is per-
formed, actual representative costs of using incinerator residue as a con-
struction material cannot be accurately ascertained. However, Reference IV-2
does provide a basis for developing cost categories and in determining ap-
proximate costs.

OTHER APPLICATIONS

Incinerator residue has been tested for applicaticns other than
direct roadway usage. This testing includes incinerator residue as a struc-
tural fill, as a soil cover substitute in a lined sanitary landfill, as a
soil stabilizer, and in portland cement concrete. Incinerator residue has
also been used as a wearing surface on "off highway" trails (i.e., bicycle
and foot paths).

In portland cement concrete mixes, a volume expansion of the ma-
terial is caused by the reaction of the aluminum in the residue and the
cement in the mixture. Accompanying this volume expansion is a loss of
strength. In these mixes, high strengths are not attainable (even where
the same proportions of aggregate and residue are used) as the inherent
strength of the residue is a limiting factor.

Lime slurrying of the residue can eliminate some of the aluminum
cement reaction, but compressive strengths comparable to those of conven-
tional mixes are still not achieved. It is noted that pyrolysis residues
in portland cement concrete have better strength gains than the other types
of incinerator residues in these mixtures.
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In use as a f£1ill material, the leachate from incinerator residue is
considered as a negative factor. Incinerator residue does compact well though,
and can serve as an adequate fill material.

MISCELLANEOUS

Solid waste is now considered as a raw material and source of
energy. Energy recovery systems appear to be an area upon which emphasis
will be placed. Working energy recovery systems are already a reality.

In Europe, resource recovery and incineration systems are largely
based on optimum design principles, as opposed to minimum cost principles.
A justifying factor in this type of analysis relates to population density.
In the United States, cost principles are a major factor in design analysis.

In this country, good burnout, energy recovery, and excellent air
pollution control have been reported by such facilities as Chicago's 1,600
tons per day steam generating incinerator. "Resource recovery plants in
northwest Chicago, Ames, Iowa, and Nashville are already considered finan-
cially successful, but the first structured to show a profit that has ac-
tually done so is the mass-burn waterwall boiler system in Saugus, Massa-
chusetts. Operated by a joint venture including Wheelabrator-Frye, Imc.,
Hampton, New Hampshire, the plant showed a profit in 1979, but revenues
included a Federal subsidy from DOE's entitlement program. The Saugus
plant is the first to have received these funds" (Reference IV-27).

Current problems with regard to growth and expansion in the area
of resource recovery in this country vary. In New York City, for example,
a New York State law which prohibits cities from contracting with one en-
tity and giving that entity full responsibility for a job, is the current
resource recovery project stopper. A bill is being comnsidered by the state
legislature which may give the city relief. In some cities such as Detroit,
financing troubles are the biggest project stoppers. The solution to these
financing problems are as yet undetermined.

In addition to financing and political problems, some existing
resource recovery facilities have had techmological difficulties. For ex-
ample, the Hempstead, Long Island plant has "been plagued by odor problems,
labor strife, contractual disagreements...and even by the discovery of
traces of dioxin in stack emissions. ...Repairs have included doubling
the size of the ventilation system, rebuilding the odor control systenm,
replacing a pneumatic fuel feed system and installing a new ash handling
systen" (Reference IV-27).
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Despite current drawbacks, resource recovery systems appear to be
along the most desirable path of future projected incineration processes.
Cities with current waste disposal problems such as Harrisburg, have de-
veloped their own remedies for potential solutions. Harrisburg's solution
involves construction of a separate metals recovery and screening separation
facility to function in conjunction with their existing steam generation in-~
cinerator (Referemce IV-28). Harrisburg's solution also involves the use of
the residue, produced from the combined incineration process system, in limited
situations such as roadway patching and pothole filling. Harrisburg has no
current plans to use the residue from their new program on a large scale basis.
In any event, an evaluation of the new program residue will be necessary prior
to any type of re-use application.

Environmental factors not withstanding, the present annual amount
of incinerator residue produced as compared to the national annual production
of aggregate used for highway comstruction, is approximately 0.2 percent and
is not large enough to present a serious business conflict within the highway
industry. Some factors which may affect the price and supply of virgin ag-
gregates may be surface mine reclamation laws, air pollution controls, and
blasting and safety regulations. These may make the use of substitute ag-
gregates such as incinerator residue more attractive than at present.
Disinterment, or the unearthing of inciperator residue, may also become
increasingly attractive at some future time.

United States Government patents on certain mixtures which contain
incinerator residue and other '"waste materials' have been issued. The use
of patented products, such as "Chempac," have dated back as far as 1962.

In an attempt to achieve an environmentally balanced condition,
research and investigation projects are currently being sponsored by num-
erous governmental agencies. With the passing of the Resource Conservation
and Recovery Act, further investigation and research especially in the area
of the individual incineration/recovery plant residue characteristics, should
be continued.

SUMMARY

Annual production of municipal incinerator residue in the United
States is approximately 2 million tons. This represents only approximately
0.5 percent of the annual production of hot mix asphalt paving in the United
States.

Non-uniformity of incinerator residue has precluded it from being
used on a large scale in construction applications to date. Quality control,
including environmental testing, should be exercised onm all samples scheduled
for construction applications. Extremely tight controls should be exercised
over samples from municipal incinerators which are licensed to burn chemical
and hazardous wastes.
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Strict adherence to the Resource Conservation and Recovery Act of
1976 will have a substantial impact on existing refuse disposal programs.

The current focus in the waste management field is on resocurce re-
covery plants. The residue from these plants is not well suited for construc-
tion applications. It appears that the number of municipally operated incin-
erator plants, which produce residues acceptable for construction applications,
will most likely not substantially increase.

Properly processed incinerator residue can be used in construction
applications.

Monitoring of residue scurces from municipal incinerators, as well

as from privately owned incinerators and resource recovery plants, should be
continued,
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Appendix A

SUPPORT DOCUMENTATION - POWER PLANT ASH

This Appendix contains copies of specifications, patents, and
othe r related documents cited in Chapter 5 of Volume 1 of this report.
At the end of this Appendix there is also a list of relevant ASTM speci-
fications. The reader is referred to the appropriate standard ASTM docu-
ments for the complete specificationm.



sulJlal

130M

10

TLe{AL HICh  AY AL 4 STTATWON

~an’zorc}na]urn : Washington, D.C. 20590

o JUN_ 22 1977
tn reply

USQ Of Fly A‘_}h PUTRLY }{110—33

Associate Administrator for
Engincering and Traffic Operations

Regional Federal Highway Administrators
Regions 1 - 10 :

The need to effect measures to conserve our resources vhenever possible

in all facets of our private and public cndeavors has been well publicized.
The Federal Highway Administration apnd the State highway agencies can be
very proud of our joint responsiveness to the national goals and objectives
as articulated by both the executive and legislative branches of our
Government. However, we can anticipate being called upon further to
account for positive conservation actions in highway construction and
maintenance activities.

!
Considerable rescarch and experimentation has been conducted on conserva-
tion strategies in highway construction and wmaintenance. The use of
waste materials in areas where they are’'recadily available ranks high in
conservation payoff. In addition to the potential for energy conserva-
tion, the use of sich materials would have the benefits of preserving
land use, ridding the cnvironment of a waste product, conserving the
raterials for which they are substituted,. and possibly providing a more
economical end product with no loss 1n performance.

One waste material, fly ash, is presently in abundant supply ic many
areas of the country. Fly ash is a waste product which is collected
from the stack gascs from coal burning power plants. In 1975, some
42.3 million.tons.of fly ash were produced while only 4.5 million tons -
were utilized, The costs of disposing of the remainder of this fly ash
in stockpiles and ponds is passed on to the consumers of electrical
power. Considering the present condition of the petroleum industry, it
is 1likely that coal will be the primary source for power generation and
the production of fly ash will increase.

The use of fly ash, either alone or in combination with lime or cement,
has been dcmonstrated to be a viable construction wmaterial, soil

modifier, and stabilizer for all elements of the pavement structure up
to and Iincluding base courses for bituminous pavements. Much has been
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vritten about the use of {ly ash in highway work. The two.zost
pertinent documents are Transportation Research Board's (TRB)
National Cooperative Highway Rescarch Program (NCHRP) Synthesis 37,
"Liwe-Fly Ash-Stabilized Bases and Subbases™ and FHWA Ioplezentation
Package 76-16, "Fly Ash A Highway Construction Material.” RBoth of
these publications, contain comprchensive references.

In recent contacts with industry representatives (particularly the
fly ash industry), we were advised that there are wany areas vhere
fly ash is readily available but that its use is not being realized
by highway agencies, Their cxpressed concern was particularly that’
cement-stabilized fly ash and lime-stabilized fly ash mixes were not
being considered for base courses and subbaces in flexible pavement

systers, This is in contrast to other arcas vhere such consideration
is given. .

Therefore, we recquest that you bring this matter to the attention of
State highway zagencies and ask that this material be given full
consideration in the pavement selection process in those.States

wvhere {1y ash is available. We further request the appropriate States
which are not expericnced in the use of coment-fly ash or lime-fly ash
in bases and subbases be strongly encouraged to incorporate experi-
mengal sections of this material oo flexible pavement projects.

We believe this zatter is of sufficient importance as to warrant it
being discussed with the highest levels of the State highway agencies.

The Washington Headquarters staff is available to assist the field
offices if dcemed desirable.

o Lo lie

H. A. Lindberg
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a substitute for part of the cement in
well as ites cptional use in other classes

the use of fly ash a
pavement coencrete, G
of concrece.

[A N}

The minimal use in this country possibly results from several
factors, such as: handling and mix control details, espezfally
when air cntrainment additives are used; lewer initisl concrete
ctrengths when fly ash is substituted in the ficld for part of
the cement; variations in the quality of f£ly ash, depending on
sources and coal types; and possible pollutien effects vien
incorporating £1y ash in portland cement concrete mixtures.
Titece facrors, which apply primavily when £ly ash is usz
divectly as an admixture to concrete, can be-adequately con~
trolled by the use of preper design, handling, and control
procedures with fly ash conforming to ASTM C618, Type F
specification. ¥%hen fly ash is addzad to concrete as an

dugredient of the cement, as in Type IP cemont under AASHO
Specificaticn M240, the factors mentioned abouve should not
rose any greater problews than when normal portland cemant

i used without £ly ash.

l:ere has also been a reluctance to use fly ash in paving -
conerete because of uncertainty cencerning the scaling rosistance
of such toncrete when subjected to deicing salts. Availsble
litsratory data indicates that replacing part of the ceomaut
with Lly osh tends to lower the resistance of concreie ©

czaling, although there is no evidence that f£ly ash coacrete

is dzherantly suscepticle to scaling undcr fi.id couditions,

In this conncction, 1t wenld be °~'°ao e Lo cvelid lore secznon
paving with Fly acsh c~"'v“Lg where aalt ir Yl 1 to be o)02lie
nefare gpuveciable aging cf the coucrete ins tolian pluce, except
on zn experimentzl basic. Tiis precastion is denmed Jdesizeile
gince the full potential of fly uzh as a cemating cgont devoelops

' o .

#leouly over time. Addition

a
liboxatozy or under {ield cenditions, is enceuran in CYecery Lo
ore pr:n?tly define the sall scaling problon, if Zndexd this
problaom crises.

tcd a2bove are more than offsat b

K
gracter uluiwzte ceouncreta
o sulfate atiack by ccrresicn
lecs heat of hedraiion),
crete expansioun Jeve teo alluli-
cticn iIn ceonoiofe mlltuTos
~Lora=-
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Attachmzat "A'" contains a short bibliography of the very
extensive number of reports and publications ecn the usc of
fly esh in portland cement concretes and as a stabilizer in
lime-fly ash-soil combinations. It indicates that the
technology is well rescarched and developed and is ready to
be put to immcdiate use.

In viewr of an anticipated general cement shortrge znd the
potential value of fly ash in lowering concreta costs, the
States should be encouraged to allow substitution of fly

csh for cement on a partial basis as an alterrastc wheaever
fcasible. Tests have showm that replecement of cement with
“ly ash of up to 30 percent by weight has becen satisfactory
and no quality losses were noted. It has alsc becn shoun

that replacement of cement with fly ash of the order of

10 percent to 15 percent can be rzde without loss of concrete
ecrength at 28 days of age. These figures apply to situations
viere the fly ash 1s substituted in the field for part of the
cenent. The appropriate specification to refer to is

"ASTH CC18, Type F - Specifications feor Fly 4sh and Raw or
Calcinad Natural Pozzolans for Use in Portland Cezent Concrete.”

.

In some areas of the ceuntyry, cement plents produce Type IP
cewent vherein £iy osh or cther pouzolanic material is tnier-
ground or otlicrwise bleuded directly with portland cement.

The genarally finer grind of this cement produces a blenduod
product having about the same streagth characteristics as a
Type I cement. The approrriate specification is "AASHO 1240 -
Spccifications for Blended Hydranlic Cements.' If available
Loy agencies will probhably fiad the use of this ccment fo
@ a more satisfactory m2ans of using fly ash fa comereta than
€ an admixture from the standpoint of handling and product
cntrol,
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the rcady availability in the past of relatively inewmpensive
cements. Thue States should be crcouraged to allow the uvse of
¥iwe-fly ash cozbinations as either the specified stabiliziag
agent, or as a permissable alternmate to cement in situations
vhere this type of stabilizatica would ordinuarily be usecd and
appropriate design paramecters of strength and durability czn
be satisfiled. .
d. A4pproaches by “ndustry representatives to mizimize izpending
ghortages which we support are:

(1) Promote closer coordination Letveen suppliers aud contractors.
lhe approach of placing firm orders for cement needs well
in advance of actual delivery will be particularly helpful
0 the industry in reducing or even eliminating the spot
er temporary shortages which occur. Theve are often areas
where surplus ccoment exists at the same time as a shortage
clceriere.

0f cewent on a project.
tions vhere differont .

-

Except for architectural consi 3

brangs may produce diiferent colored concretes, FhWA has
nc objections to the use of different brands meoceting project
reculieneants.,  Genarally, such cements should be usced in
different parts of the concvete construction and should

(2} Allow the usz of different bhrands
dar

1 LRk
ot b2 dntormidszed.

(3} “Ailcw the use of foreign coments. This practice is
accentaile to FIWA since such cements wmust be subject to

the same rcquircncn:s for accertance as specificd for
the standord specificaticns

United States cemeats, such as

for portland ccm:w:, ASTM C158 oxr ASSIO 185, TFereign
cements would probei:ly have to be saimpled fiom a ship,

and the wost appropriate wethed 'would be by tube sampling
frem distributed peoints eof the chipuent. Only by such 2
wethiod can the entire depth of the cement be s;mrlcd vhile
siill in the ship. If this is not feasible, then cungling
cxn Do Cene {rom the comieyo in5

as the comznt is Lc
Jo or cthar container.
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R DIPARTWMENT OF TRANSPORTATION

CIRCULAR LETTER

S:.J—L-}JEC? — — SATE e e e
Changes to Pavement Design Criteria ' April 28, 1976
EXPIRES RESCINDGS .
April 30, 1978 _[' C-277%-2

—— ——————1
TO: CEITRAL OFFICE -
ENGINEERING DISTRICTS
ENGINEERING CONSULTANTS

Research Project No. 71-7, "An Evaluation of Pennsylvania's Flexible
-Pavement Design Methodology" is now complete. Results from this research
project coupled with results from other projects and research conducted
by the Bureau of Materials, Testing and Resesrch have indicated a need to
change portions of our pavement design criteria. Rescent truck weight

studies have indicated that the 18 hg equivalent Factors for various
tyoes oi‘ sidered i uid be revised. Annual main-

terance costs and the interest rate to be used in the present worth
analysis for type determination have been studied and are revised.

The following criteria shall supersede the applicable portlons of Chap-
ter 14 Design Manual Part 2 until such time this cr:.terla is incorporated
into the Manual,

Torm D-4332, vage 2, which is shown as page 2.1k.11 in the Design Mamual,
conteins the 18 dp equivalents for the various types of trucks considered
in pavement design. The following equivalents shall supersede those shown
on the form:

Rigid Flex, and Mod.-Flex.
2 Axle - 6 Tire 02!& .2} R
3 Axle SU 1.15 . 82
3 Ade ST oll-3 olbll»
L Axle ST G0 - W76
5 Axle ST 1.59 1.00

Exdisting supplies of Form D-4332 should be used until exhausted. The cld
factors should be crossed out and replaced by the zbove factors.

The struciural coerficients (relative streneth factors. pace 2.14.29) for

= Aggrsgate — Cement _and Ageregate — Lime - Pozzol se _courses shn
0.4L0. 7The structural coefficients for all other base courses shall remain

as they are.
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sen the economic analysis or engineering decision indicates that a modified-

ﬂﬁxible pavement structure should be used and the design was completed for a

pituminous concrete or stabilized aggregate base course, the project bid pro-
sal shall incorporate an alternate of Bituminous Concrete Base Course or

Lggregate - Cement Base Course or Aggregete - Lime ~ Pozzolan Bzse Course.

As an example, a pavement was designed to be 13 inches of ID-2 Wearing Course

on 6% inches of Bituminous Concrete Base Course, the bid proposal would read

as follows.
EITHER

Bituninous Wearing Course, ID-2
1% inch Depth, SRL - (H,M,G,L)

AND
Bituminous Concrete Base Course, & inch Depth

OR

Bituminous Wearing Course, ID-2
1% inch Depth, SRL - (H,M,G,L)

AND

Bitumino"s Binder Course, ID-2
% “AUAA uvyuh

AND
Aggregate — Cement Base Course, 5 inch Depth
CR

Bluumlnous Wearing Course, ID-2
% inch Depth, SRL - (H,M,G,L)

Aggregate -~ Lime - Pozzolan Base Course, 5 inch Depth

The slight ifference in Construction Numbers that would be obteined with
these aliernate designs is not considered significant. It is recognized
Lthat the a2lternate b1a~‘ﬂg described above will not be pecssible with all
designs. Vhen the altcrnate bidding is not feasible the reescns should be
documented and includzd with the pavement design file.
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Tre previous design approach to minimizing the effects of frost action was
to replace a portion of the frost-susceptible soils with non-frost-suscep-
tible materials consisting of surface, base, subbase and modified subbase

materials, le data now g } es of sub-
ase over rox ' 12 inches adds minimal increases in strength and

does not substantially reterd the depth to which freezing temparatures
penetrate the subgrade,

More emphasis is now being placed on providing adequate pavement systems
to withstand the structural distress impcsed by the frost phenomena of
heaving and subgrade softening. The following is a revised procedure for
the structural design of Flexible and Modified-Flexible pavements:

The Required Structural Number (SN) is determined as de-
scribed in Chapter 14, The pavement is designed so that
the Construction Humber (CN) is equal to or slightly greater
than the Required SN, If the resulting totel pavement
thickness is equal to or greater than the Required Total

' Thickness determined from Figure 1, no further design is
required, If the total pavement thickness is less than the
Required Total Thickness, the difference, in inches, is
multiplied by .10 per inch and the resulting value is added
to the required SN to determine the Adjusted SN. The pave-
ment structure is redesigned so that the CN is again equal
to or slightly greater than the Adjusted SN. In doing so,
the subtase course should have s mexdmum depth of 12 inches.
Total pavement thiclnmesses resuliling Ircm Lnis procedure,
which are less than the Required Totel Thickness from
Figure 1 are considered adequate.

Rigid pavement design procedures shall remain as described in Chapter 14
with the exception that the depth of subbase or combination of subbase and
modified subbase should not exceed 12 inches.

The ghove procedures do not preclude the use of additional granular material
(suttase or mcdifiedpsubbaseg or other design and construction techniques
gs reccommended by the District Soils Engineer or in the Soils Report.

12 on rage 2.1%4.38 shall be revised as follows:

Rigid Flexdble Mod. Flexible
Interest Tzte 6% 6% 6%
S-=usT Vzintenznce Ceost
Ter Tame Mile FTer Year $325 $500 $L00
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pavement designs for projects currently under design should be reviewed for
complience with this new criteria. Where there is a total thiclkness change
of L inches or less it will not be necescary to change individual cross-
sections, only the Typlcal Sections. Exceptions to the use of this new
criteria on any specific project shall be documented as to why it cannot
be used and this documentation shall be forwarded to the Central Office,

Bureau of Design.

This criteria shall be used for all pavement designs approved subsequent to
the issue date of this Circular letter and for all projects scheduled for
letting after December 31, 1976.

If there are any questions concerning this revised criteria please contact

.

David C., Sims, P.E.
Deputy Secretary for
Highway Administration



STATE AND/OR FEDERAL SPECIFICATIONS
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State of [1linois
Department of Transportation

SPECIAL PROVISION
FOR
POZZOLANIC BASE COURSE, TYPE A

Effective April 1, 1964
Rev. April 1, 1980

DESCRIPTION. This item shall consist of a base course composed of 1lime,
pozzolan, aggregate and water, plant-mixed and constructed on a prepared
subgrade, in accordance with the requirements of this special provision and
applicable portions of the Standard Specifications for Road and Bridge
Construction to the 1{nes, grades, thicknesses and cross sections shown on
the plans or established by the Engineer.

MATERIALS. A7] materials shall meet the requirements of the following
Articles of Section 700 - Materials:

Item Article

(38) Water . . v v v v o o v o v o o v o o« .« 702.01 - 702.02

(b) Aggregate (Note'l) . .. ... ..... 704.05
(c) Lime . ... ... ...... e e e 718.06
(d) Pozzolan (Note 3) . . . . ... e e e e 718.19
(e) Water Reducing Admixture (Mote 2) . . . . 718.13

(f) Sand Cover . . . . v v ¢ v e o e oo« 703.0i(a), 703.01(e)

Note 1. The gradation requirements shall be as follows:

Passing 1 1/2 inch sfeve . . . . . . 100%
Passing 1 inch sfeve . . . . . . . . 90-100%
Passing 1/2 inch sieve . . . . . . . 60-100%
Passing No. 4 sieve . . .. .. .. 40-70%
Passing No. 40 sfeve . . . . . . . . 0-25%
Passing No. 200 sieve

(gravel) « + v v ¢ v v 4 v o v . 0-10%

(crushed stone and slag) . . . . . 0-15%
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Alternate gradations will be considered provided mixture design data
is furnished to the Department for analysis. Specialized durability
testing may be required for unique aggregate gradations or proposed
combinations of materials for which the Department does not have
historical performance data. Production gradation tolerances shall

be as stated in Articles 703.01 and 704.01. The coarse or fine
aggregate gradation which most nearly resembles the proposed gradation
will be utilized for production tolerances.

Boiler Slag. In addition to the aggregates permitted in Article 704.05
boiler slag may be used. The slag shall be wet-bottom boiler slag
produced as a by-product of a power plant burning pulverized coal.

The slag shall be composed of hard durable particles and shall be

free of excessive or harmful amounts of foreign substances. Boiler slag
in an oven dry condition shall meet the following gradation requirements.

Passing No. 4 sieve . . . . . . . . . 80-100%
Passing No. 10 sieve . . . .+ « . . 55-90%
Passing No. 40 sieve .+ . .« « « « « & 0-25%
Passing No. 200 sijeve . . . . . . . . 0-10%

Note 2. A water reducing admixture may be used if permitted by the
Engineer. No adjustments will be made in the required lime and pozzolan
contents for this addition.

Note 3. A maximum of 15% of the gradation samples may be below the
Minimum Percent Passing the No. 10 sieve. No individual test shall
be less than 65% passing the No. 10 sieve.

_The Contractor shall assure the Department that sufficient quant1t1es
“of inspected materials are available to complete the work.

SAMPLES. The Contractor shall at his own expense, submit to the Engineer

a minimum of 25 pounds of lime, 50 pounds of fly ash, and 100 pounds of the
aggregate which he proposes for use in the pozzo]an1c mixture. The lime,
when sampled, shall immediately be placed in a sealed container and shall
be kept sealed. Samples shall be furnished at least 60 days prior to the
construction of the pozzolanic base course. The samples as submitted will
be tested for acceptance of materials and also to determine whether or not
they will produce a satisfactory mixture and will be used to determine
preliminary proportions for the mixture composition.

EQUIPMENT. The equipment shall meet the requirements of the following
Articles of Section 800 - Equipment.

A-13a



Item Article

(a) Three-wheel Roller (Note l) . . . . . . e e e e 801.01
(b) Tandem Roller (Note 1) . . . .. . . .. ... 801.01
(c) Tamping Roller (Note 2) . . . . . . . . . . .. 801.01
(d) Pneumatic-tired Roller .. ... ... .. .. 801.01
(e) Trench Roller (Note3) . ... ... e e e 801.01
(f) Virbratory Roller . . . . . . e e e e e e e . 801.01

(g) Pozzolanic Aggregate Mixture Equipment . . . . 804

Note 1. Three-wheel rollers and tandem rollers shall weigh from

6 to 12 tons and shall have a compression on the drive wheels of
not less than 190 pounds nor more than 400 pounds per inch width of
roller.

Note 2. In addition to the requirements of Article 801.01, the
tampers shall be long enough to penetrate within one inch of the
prepared subgrade on the initial rolling.

Note 3. Trench rollers shall be self-propelled and shall develop
a compression of not less than 300 pounds nor more than 400 pounds
per inch of width on the compaction wheel.

GENERAL COMDITIONS. The pozzolanic aggregate base course shall be constructed
between April 15 and the transition date indgcated in TABLE A and only when

the air temperature in the shade is above 40~ F. The Contractor shall submit
samples from July production representative of those proposed for use under
this provision no later than August 15. The Contractor shall request, in
writing, specific mixture design modifications for extension of the transition
dates in TABLE A. The Department may extend the construction season beyond

the transition dates indicated. Approval will be based on consideration of

the cured strength development characteristics as determined by the Department’s
test procedure and the predicted curing degree days. The amount of pozzolanic
aggregate base course constructed shall be limited to that which can be
surfaced during the current construction season. No mixture shall be depositad
on a frozen or muddy roadbed.
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TABLE A TRANSITION DATES FOR POZZOLANIC AGGREGATE BASE COURSE

Required Compressive Strength, p.s.i.
(14 Day Cure @ 72 F) 1/

Transition Date Northern Zoneg/ Southern Zone§/
Sept. 15 700 650
Oct. 1 850 700
Oct. 15 950 850

1/

The transition date must be verified by samples, representing
July production, submitted to the Department by August 15 for
testing.

z/ Districts 1, 2, 3, 4.

3/ Districts 5, 6, 7, 8, 9.

COMPOSITION OF POZZOLANIC AGGREGATE BASE COURSE MIXTURE. The lime, pozzolan,
and aggregate shall be proportioned within the following approximate limits
on a dry weight basis:

APPROXIMATE PERCENT BY WEIGHT
OF OVEN DRY AGGREGATE

Gravel, Crushed Stone,
Crushed Slag or Aggregate

Ingredient Blend Boiler Slag
Lime 2 to 6 2 to 6
Pozzolan § to 20 18 to 40
Aggregate 74 to 89 54 to 80
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The actual proportions of lime, pozzolan, water, and aggregate will
be set by the Engineer before work begins and will be based on tests
conducted on mixtures composed on samples of the constituent materials
furnished by the Contractor. The Department's design method will be
utilized (available on request). The composition of the mixture will
be such that when molded into 8y11nders (as prescribed in the Department's
design method) and cured at 72Y F + 2° F (14-day cure), the cylinders will have a
minimum average compressive strength of 600 p.s.i. with no individual test
below 500 p.s.i.. The minimum 1ime content shall be 3.5% or 3.0% plus one
standard deviation based on ten (10) or more tests of lime content (by the
Department's titration procedure) made by the Contractor on production. samples
from his plant. The right {is reserved by the Engineer to make changes in
proportions during the progress of the work as he may consider necessary.

MIXING. Mixing shall be accomplished in accordance with Article 218.15
except the control of the mixture shall be of such accuracy that the
proportions of the mixture based on total dry weight will be maintained
within the following tolerances:

Lime . . ¢« ¢ ¢« ¢ ¢ ¢ ¢ 6 6 v v o o o . + 0.5 percent by weight
Pozzolan . . . & ¢« ¢ v ¢ ¢ v v e v . . + 1.5 percent by weigﬁt
Aggregate . . . . . . 0 o i v e .. + 2.0 percent by weight.

If a water reducing admixture is used, the autbmatic dispensing system
shall be capable of continuously introducing the desired quantity of -
admixture within the range of *+ 0.03 gallons per minute.

PLACING AND COMPACTING AND FINISHING POZZOLANIC AGGREGATE BASE COURSE MIXTURE.
The pozzolanic base course.mixture shall be constructed in layers not less
than 4 inches (compacted) in thickness. If tests indicate that the desired
results are being obtained, the compacted thickness of any layer may be
increased to 2 maximum of 10 inches. When the thickness specified is

more than 10 inches the mixture shall be placed in 2 or more approximately
equal layers. Each layer shall be deposited, full width directly on the prepzred
subgrade or on the preceding layer of compacted mixture with 2 mechanical
spreader or spreader box of a type approved by the Engineer. Where the
mixture must be placed in more than one layer, the previous layer shall be
maintained in a moistened condition until the succeeding layer is placed.
After having been tested for density and approved by the Engineer, the
previous layer shall be dampened with water, if required by the Engineer.

The second layer must be placed the same day as the first layer. When placed,
the pozzolanic base course mixture shall be free from segregation and shail
require minimum blading and manipulation.
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The pozzolanic base course shall be compacted to at least 97% of
maximum density except that if more than one layer is required the first
layer shall be compacted to 97% of maximum density and succeeding layers
shall be compacted to 100% of maximum density. The maximum density will
be determined in accordance with AASHTO T-180, Method C, except that the
five 1ift requirement is replaced with three lifts.

The density of each layer of the compacted base course will be determined
by the Engineer for compliance with these specifications in accordance with
the following test methods, AASHTO T 238 - Method B and AASHTO T 239, AASHTO T 191,
or by other methods approved by the Engineer. If these tests indicate that
the layer does not comply with the density requirements, the condition shall
be corrected or the material replaced to meet these specifications.

A1l pozzolanic base course mixture shall be placed and compacted the same
day it is mixed. Compaction must be completed as soon as possible after the
mixture is placed on the grade.

In constructing the top layer, the grade shall be kept at sufficient
height so that the top surface, when compacted, will be at or slightly above
grade, rather than below grade. Finish grading shall be accomplished by
removing excess material followed by recompaction by rolling. In the event
that low areas occur, they shall be reconstructed to the satisfaction of the
Engineer.

If any subgrade material is worked into the pozzolanic base course
mixture during the compacting or finishing operations, all pozzolanic base
course mixture within the affected area shall be removed and replaced with
new material. The Engineer may restrict hauling over partially completed
work after inclement weather or at any time when the subgrade is soft and
there is a tendency for the subgrade material to work into the pozzolanic
base course. )

If for any reason construction operations are delayed or suspended and
the Engineer orders any loose or uncompacted material removed and disposed
of , the Contractor shall perform this work at his own expense. No pozzolanic
base course may be salvaged.

CURING. After the pozzolanic base course mixture has been constructed,

the surface shall be kept continuously moist until the bituminous curing"
cover is applied. The bituminous curing cover shall be applied no later
than 24 hours following final compaction unless in the judgement of the
Engineer, it should be delayed. The materials and application of the curing
cover shall be in accordance with the requirements of Article 303.14 for
bituminous protective cover.

Surface course paving may proceed after the curing cover has been applied

and cured to the satisfaction of the Engineer. At least 14 hours shall elapse
between the time the curing cover material is applied and paving begins.
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CONSTRUCTION JOINTS AND MAINTENANCE. At the end of each day's construction,
a straight transverse construction joint shall be formed by cutting back
jnto the completed work to form a vertical face. Damage to completed work
shall be avoided. The pozzolanic base course mixture shall be constructed
and finished full width each day without longitudinal joints.

The Contractor shall maintain, at his own expense, the entire base
course in a manner satisfactory to the Engineer until the pavement has been
completed. Maintenance shall include immediate repairs of any defective
or damaged portions of the base course. Repairs or replacements shall be
made in such a manner as to insure restoration of a uniform surface and
durability of the portion repaired or replaced. The Contractor shall also
remove and replace at his own expense any pozzolanic base course mixture
which is unsatisfactory due to its being placed over excessively wet or
otherwise unstable subgrade; damaged by rain, freezing or other climatic
conditions; damaged by traffic; or which is unsatisfactory due to failure
to comply with any of the requirements specified herein.

FINISHING OF POZZOLANIC BASE COURSE. Prior to constructing the next layer

of pavement the entire width of base course shall be brought to true shape

by mechanical means and shall be tested for crown ard elevation by means of
a template.

The Contractor shall have at all times enough base course preparec ahead
of the paving location so that paving will be a continuous operation.

If required by the Engineer, the base course shall be sprinkled with
water ahead of placing the surface.

COMPENSATION

TOLERANCE IN THICKNESS. It is the intent that the base course shall be
constructed to the nominal thickness shown on the plans. Thickness
determinations shall be made at such points as the Engineer may select.
When the constructad thickness is less than 90 percent of the nominal
thickness, it shall be brought to nominal thickness by the addition of the
applicable mixture or by removal and replacement with new mixture at no
additional cost. However, the surface elevation of the completed base
course shall not exceed by more than 1/4 inch the surface elevation shown
on the plans or authorized by the Engineer.
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METHOD OF MEASUREMENT.

(a)

(b)

Contract Quantities. When work is constructed essentially
to the lines, grades or dimension shown on the plans and the
Contractor and the Engineer have agreed in writing that the
plan quantities are accurate, no further measurement will be
required and payment will be made for the quantities shown
in the contract for the various items involved except that
if errors are discovered after the work has been started,
appropriate adjustments will be made.

When the plans have been altered or when disagreement exists
between the Contractor and the Engineer as to the accuracy of
the plan quantities, either party shall, before any work is
started which would affect the measurement, have the right

to request in writing and thereby cause the guantities involved
to be measured as hereinafter specified.

Measured Quantities. Stabilized base course of the thickness
specified will be measured in place and the area computed in
square yards completed in accordance with this specification.
The width for measurement will be from outside to outside of
the top of the final layer of the completed work as shown on
the plans or as directed by the Engineer. The 1liquid 2sphalt
for the curing coat and any sand cover requirad will not be
measured for payment, but shall be considered as incidental to
the contract.

BASIS OF PAYMENT. This work will be paid for at the contract unit price
per square yard for POZZOLANIC BASE COURSE of the thickness specified.
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2/28/80

POZZOLANIC-AGGREGATE MIXTURE (PAM)
LABORATORY EVALUATION/DESIGN PROCEDURE

MATERTALS

The material components used in Pozzolanic Aggregate Mixtures (PAM)
evaluation/acceptance shall be representative of those intended for use
on all projects for either base or subbase construction. For the purpose
of this specification, pozzolan (fly ash) is a siliceous or alumina
siliceous material that in itself possesses little or no cementitious
value but that in finely divided form and in the presence of moisture
will chemically react with alkali and alkaline earth hydroxides at
ordinary temperatures to form or assist in forming compounds possessing
cementitious properties. Fly ash is the finely divided residue that results
from the combustion of ground or powdered coal and is transported from
the boiler by flue gases. Each of the components shall be tested for
conformance with the requirements of Standard Specifications for Road
and Bridge Construction.

MIX DESIGN/EVALUATION

The objective of these mix design procedures is to determine those
proportions of 1ime, flyash and aggregate which when incorporated in a mixture
with water will provide a workable, durable, support for, or element of
pavement structure at economical cost. To this extent, a producer may
at his own expense, evaluate trial mixes under criteria established by
the Standard Specifications and propose a mix design. However, this in
no manner shall be construed as to imply acceptance by the Department
without its written consent or laboratory evaluation of the mix.

GENERAL APPROACH

For a given set of component materials the significant factors
which may be varied are the ratio of lime to flyash and the ratio of the
1ime plus flyash to the aggregate. The lime to flyash ratio affects
primarily the quality of the "matrix", and the ratio of lime plus flyash
to aggregate, primarily determines the quantity of matrix available to
fill the voids of the aggregate and thus assuring that the matrix-
aggregate particle contact is maximized.

The concept of providing sufficient matrix to fill the voids in the
aggregate is applicable primarily to aggregates containing sufficient
amounts of coarse (+ No. 4) aggregate to create large void spaces, and
may be measured in a laboratory by adding incremental amounts of a fixed
lime plus flyash ratio to an aggregate, until the compacted dry density
decreases slightly. However, in the event that the aggregate contains a
high fraction of fine material (- No. 4) the concern should shift to not
only providing sufficient matrix but to the ability of the resultant
mixture to compact and remain stable during construction. Thus, it may
be necessary to reduce the amount of matrix in the mixture or otherwise,
reduce the overall fineness of the aggregate through blending.
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PRELIMINARY TESTING

In addition to the testing of components required by the Specifications
for PAM mixtures, it may be desirable to perform preliminary evaluations
of 1ime and flyash, in order to select the 1ime-flyash ratio which provides
the greatest strength development. This may be accomplished by procedures
outlined in ASTM €593, "Fly-ash And Other Pozzolans for Use With Lime,"
Section 7.

PREPARATION OF AGGREGATE/FLYASH

1. Sieve and discard if any, the aggregate retained on the 3/4
inch sieve.

2. Determine the moisture content and absorption of the aggregate
(- No. 4) and the moisture content of the flyash.

In the event that the aggregate fraction between the 3/4 inch and
the No. 4 sieve does not contain free surface moisture, that fraction
shall be soaked 24 hours, and towel dried to obtain a saturated surface
dry condition. Fly ash which has agglomerated due to drying, shall be
crumbled with the fingers until the overall size is reduced to comply
with the Specifications.

PROPORTIONING

Proportioning of components in PAM mixtures shall be on a dry
weight basis, considering the total dry weight as 100% of the batch.
Preliminary proportions for graded coarse aggregate mixtures are determined
from a grain size distribution curve for the coarse aggregate. The
amount of lime plus pozzolan plus the minus No. 4 material is estimated
from Tabie A below.

Table A
Minimum % Passing No. 4 Sieve
Maximum Nominal (Lime + Pozzolan + Minus No. 4
Particle Size Sieve Aggregate)
1" 45%
3{4" 50%
5 60%
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Using an approximate 3 to 1 flyash to lime ratio and a minimum of 3
percent lime by weight, mixtures are blended with the estimated preliminary
proportions at the amount from Table A and, 2 percent above, and 2
percent below the preliminary proportions. If the densities increase
with increasing pozzolan contents (holding the lime content constant),
the mix is deficient in fines; a new series of mixes should be compacted
with higher pozzolan contents. When the unit weight of three mixes are
equal or decrease slightly with the higher pozzolan contents, the optimum
pozzolan content has been determined. The pozzolan content to be used

in further testing should be the amount which produced the maximum dry
density plus an allowance for segregation and construction variability,
based on the Engineer's judgement.

The compacted density of each mixture shall be determined by AASHTO
T180, the test for "Moisture-Density Relations of Soils, Using 10-1b
Rammer and 18-inch Drop", except that the 5-1ift requirement is replaced
with three 1ifts, and Note 2 is not to be used. In determining the
moisture-density relationship, dry materials should be mixed for 1
minute, or until the mixture is uniform in color and texture, in a
Lancaster PC Mixer or its equivalent, plus an additional 3 minutes after
the water is added, in order to obtain the first point on the moisture-
density curve. The original sample may be re-used for subsequent trials.
The batch shall be mixed for an additional minute after the water has
been added for each subsequent trial.

MIXING AND MOLDING TEST SPECIMENS

After the optimum moisture content is obtained by the above procedure
a batch large enough. to make six (6) each 4.0 by 4.6-inch (102 by 117 mm)
cylinders, shall be mixed in the following manner: Mix the dry materials
for 1 minute or until the mixture is uniform in color and texture in a
Lancaster PC Mixer or its equivalent. Add enough water to bring the
mixture to optimum moisture content (corrected for the hygroscopic
moisture of the minus No. 4 material). Mix an additional 3 minutes.
Mold the specimens immediately in accordance with AASHTO T180 Method C
except as previously noted. Each layer should be scarified to a depth
of % inch (6 mm) before the next layer is compacted in order to assure a
good bond between the layers. Weigh a representative sample of the
mixture to determine the moisture content (use a container with a tight
1id to prevent loss of moisture). Then carefully remove from the specimen
from the mold by the use of a sample extruder such as a jack or lever

frame.

Curing of Test Specimens - Immediately after the specimens are removed

from the mold, re-weigh the specimens and place in a sealed container

to prevent loss of moisture. The sealed container may be either a can

with a friction 1id, or double sealed plastic bags. Place three of the
specimens in the sealed containers carefully in a room or cabinet with
forced air circulation maintained at 50° F + 20 F (10° ¢ + 1° C) for a

7-day period. Place the remaining three (3) specimens in a sealed container
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in a room or cabinet with forced-air circulation maintained at 72° F + 2°

(22° ¢ + 19 C) for a fourteen day period, re-weigh, and allow to cool to room
temperature. After the required per1od remove the specimens from the container,
and cap the specimens for compressive strength testing. Soak the specimens

in water for 4 hours, remove, allow to drain on a nonabsorbent surface and

test within 1 hour of the time of removal from the water.

Number of Test Specimens - Six (6) specimens shall be tested in accordance
with ASTM Method C 39, Test for Compressive Strength of Cylindrical
Concrete Specimens; no 1/d correction will be considered in the computation
of the compressive strength.

VACUUM SATURATION

If, in addition the Vacuum Saturated Compressive strength is specified
or otherwise required, the procedures outlined in ASTM C593, Section 9
shall be followed.

REPORT - Report of the compressive strength and/or vacuum saturation
strength tests shall include the following:

(a) Identification of each material used in the preparation of the
specimens,

(b) Percentage by dry weight of each of the constituents,

(c) Actual as compacted percentage moisture content of mixture,

(d) Actual dry unit weight of each specimen, nearest 'Ib/ft3 or g/cm3,

(e) Percentage of maximum dry unit weight of each specimen,
(f) Cross-sectional area of each specimen, inches? or centimetersz,

(g) Maximum failure stress of each specimen, to nearest 5 psi or
35 kPa, and/or

(h) Vacuum saturation strength of each specimen, to nearest 5 psi
or 35 kPa.

The average compressive strength of three specimens tested at each
curing condition shall be designated as the test value for evaluation by
this specification. The average vacuum saturation strength (if required)
of the three specimens tested shall be designated as the test value for
evaluation by this specification. Co-efficients of var&at1o g1th1n
groups at 8ach cur1ng condition which exceed 10% for 50 C) and
10% for 72° F (22° C) shall be considered as cause for re3ect1on of the
samples, and a fresh batch shall be formulated, compacted and tested as
per procedures previously defined. The corrected standard deviation
will be estimated from Table B. The co-efficient of variation is
computed by dividing the corrected standard deviation by the mean strength.
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Table B.

ESTIMATING STANDARD DEVIATION.--If the number of values are not
large (say, less than 10), the standard deviation can be estimated by
either of the following equations:

R
Se = d or Se = Rm
where: Se = estimated standard deviation
R = range of values; i.e., the difference between
the greatest value and the smallest value
d = factor (see Table C)
m = factor (see Table ()
TABLE C--FACTORS FOR ESTIMATING
STANDARD DEVIATION
Number of Factor, Factor,
Values, n d m
2 1.1284 0.8862
3 1.6926 0.5908
4 2.0588 0.4857
5 2.3259 0.4299
6 2.5344 0.3946
7 2.7044 0.3698
8 2.8472 0.3512
9 2.9700 0.3369
10 3.0775 0.3249
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PLOTTING OF DEGREE DAY (DD) VS. CURED COMPRESSIVE STRENGTH (CS) CHARACTERISTIC
CURVE

In order to evaluate the effect of curing at low to moderate temperatures
it is necessary to plot the best fit straight line relationship of the
average cured compressive strength (PSI) obtained herein at both curing
temperatures, versus the curing degree days (40° F base) representative
of each average strength.

Plots are to be arranged on 20x20/division graph-paper, at a convenient
scale, with the number of degree-days along the -x-axis and the cured
strength (in PSI) along the y-axis. Degree-days (400 F base) are calculated
as follows: (Curing temperature - 40) x number of days = DD. Plots
will be appropriately labeled as to: producer, month and year of analysis

and proportions of each component ingredient.

The Department will analyze design test data and develop appropriate
construction cut-off dates.
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State of I1linois
Department of Transportation

SUPPLEMENTAL SPECIFICATION
FOR
SECTION 804. POZZOLANIC AGGREGATE MIXTURE EQUIPMENT

Effective April 1, 1980

This Supplemental Specification amends the provisions of the Standard Specifications
for Road and Bridge Construction, adopted October 1, 1979 and shall be construed

to be a part thereof, superseding any conflicting provisions thereof applicable

to the work under the contract.

804.01 The pozzolanic aggregate mixture plant shall be a batch or continuous
type mixing plant. The plant units shall be so designed, coordinated, and
operated that they will produce mixtures within the tolerances specified. The
plant units shall meet the following requirements:

(a) General Requirements. The plant shall be approved before production begins.
It shall be equipped with adequate and safe stairways to the mixer platform
and sampling points. The plant shall be equipped with a room of approximately
200 square feet for performing the necessary tests for control of the-mixture.
The room shall be provided with sufficient heat, and air conditioning, natural
and artificial light, and be equipped with a desk, chair, work bench 3'x10'x36"
and 110 volt outlets. First aid equipment, telephone, fire extinguisher having
a minimum underwriters laboratory rating of 2A10BC and sanitary facilities shall
be available. When approved by the Engineer a room with sufficient space
for performing the necessary tests for control of the mixture, either in a
‘building occupied by the operator or in a separate building satisfactory to the
Engineer, may be substituted for the aforementioned facility-

Guarded ladders shall be placed at all points where accessibility to plant
operations is required. Accessibility to the top of truck bodies shall be
provided by a platform or other suitable device to enable the Engineer to
obtain samples. A hoist or pulley system, if required by the Engineer,
shall be provided to raise scale calibration equipment, sampling equipment
and other similar equipment from the ground to the mixer platform and
return. A1l gears, pulleys, chain sprockets, and other dangerous moving
parts shall be thoroughly guarded and protected. Ample and unobstructed
space shall be provided on the mixing platform. A clear and unobstructed
passage shall be maintained at all times in and around the truck loading
area. This area shall be kept from drippings from the mixing platform.
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(b)

(c)

(d)

(e)

(f)

Storage Facilities. The plant used in the preparation of the PAM mixtures
shall be Tlocated where it will have adequate storage and transportation
facilities. Sufficient space shall be provided for separate stock piles
of each material type. If necessary to prevent the intermixing of the
different materials, or if stock piles join together, suitable partitions
shall be used between adjacent stock piles. All aggregates shall be

kept separated until they are fed in their proper proportions onto a belt
conveyor. The aggregates shall be handled in such a manner as to prevent
contamination and degradation.

Crane or End Loader. The crane used in stock-piling the aggregates or
conveying the aggregates to the aggregate feeders shall be in first-

class mechanical condition. When compartment aggregate bins are used,

the width of the crane bucket shall be not more than 1/2 the minimum width
of the top of the bin compartments, and the maximum length of the bucket
when fully open shall be at least 1 foot less than the length of the top
of the bin compartment.

Wihen an end loader is used to charge adjacent hoppers containing different
materials, the maximum discharge width of the bucket shall be 2 feet less
than the width of the top of the bin compartment surcharge.

Aggregate Feeder. The plant shall be provided with accurate mechanical
means for uniformly feeding aggregate in its proper proportion onto the
main belt so that uniform production will be obtained. The controls of
the 1ime and fly ash fed to the pug mill shall be by a variable speed

system. Other methods may be approved by the Engineer. A1l gates shall
be capable of being locked or bolted securely in the required position.

Material Control. The plant shall provide means for accurately propor-
tioning lime and fly ash within specified tolerances. Charts shall be
provided showing the rate of feed of aggregate per minute for the
aggregate being used.

Weight Calibration of Lime, Fly Ash and Aggregate Feeds. The plant shall
include a means for calibration by weighing test samples. Provision shall
be made so that the 1ime and fly ash fed out of the feeder can be collected
in an individual test container. The plant shall be equipped to conveniently
handle individual test samples weighing not more than 200 pounds. Accurate
scales shall be provided by the Contractor to weigh such test samples.

Adequate means must be provided to collect the individual or combined
aggregates or fly ash into a truck after the aggregates of fly ash pass
over the weigh belt or other proportioning device.

Synchronization of Lime, Fly Ash and Aggregate. Means shall be provided

to afford positive interlocking control along the flow of aggregate,
fly ash, 1ime and water satisfactory to the Engineer.
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(h)

(1)

Mixer. The plant shall include a continuous or batch mixer of an

approved type, and capable of producing a uniform mixture within the
job-mix tolerances. Continuous mixers shall be equipped with a discharge
hopper with dump gates which will permit rapid and complete discharge of
the mixture. The paddles shall be adjustable to advance or retard aggregate
flow. The spray bar of the mixer shall be equipped with a pressure gauge.
An adjustable baffle or dam which can be locked or bolted in position shall
be placed at the discharge end of the pug mill. The mixer shall have

a nominal capacity, as determined by the Engineer, of not less than 200
tons per hour and shall have a manufacturer's plate giving the net
volumetric contents of the mixer at the several heights inscribed on

& permanent gauge.

Platform Scale for Weighing Pozzolanic Aggregate Mixtures. The scales
shall be accurate to 0.4 percent of the maximum load that may be required.
The scales shall be calibrated at the beginning of each construction
season and as often as the Engineer may deem necessary to assure their
continued accuracy. The scales shall be inspected frequently for
sensitivity, sluggishness or damage. They shall be checked for accuracy
at intervals of not more than one week by obtaining the net weight, on
another truck scale, of a truck load of pozzolanic aggregate mixture.

A-25



STATE OF OHIO
DEPARTMENT OF TRANSPORTATION

SUPPLEMENTAL SPECIFICATION 835
AGGREGATE LIME-FLY ASH BASE

January 13, 1977

835.01 Description. This item shall cansist of a mixture of aggregate,
hydrated lime and fly ash mixed, placed and compacted in accordance with the
requirements hereinafter set forth and in conformity with the linc¢s, grades
and cross sections shown on the plans.

This construction may involve patents and if so the provisions of 107,03,
Patented Devices, Materials and Processes of the Construction and Material
Specifications of the QOhio Department of Transportation will goverm.

835.02 Materials. (a) Hydrated lime shall meet the requirements of
712.04(b).

(b) Fly ash shall meet the requirements of ASTM C 593, with the exception
of Section 7 for plastic mixes. The maximum loss on ignition shall be 10
percent as determined in accordance with ASTM C 311.

(c) Aggregate. Aggregate for this course shall be sound and durable lime-
stone, air-cooled blast furnace slag, or gravel which shall meet the grading
requirements of 301.02 except that a minimum of 35 percent shall pass the No., 4
sieve.

When tested for soundness in accordance with Method of Test for Soundness
of Aggregates by use of Sodjum Sulphate, AASHTO T 104, the weighted loss of
the aggregate shall not exceed 15 percent except in case of an aggregate where
the major portion of the unsound materials acquires a mudlike condition during
the test, the soundness shall not exceed 5 percent.

835.03 Composition. Samples of the materials proposed for use shall be
submitted to the Laboratory at least 50 days before the planned construction
of this item for evaluation, approval and proportioning.

Cylinders prepared from the submitted material samples will be tested
for compressive strength and freeze-thaw loss according to ASTM C 593. The
average compressive strength shall be not less than 400 psi with no individual
cylinder being lower thanm 300 psi. .The loss in weight shall be not more than
10 percent after 12 cycles of freezing and thawing.

835.04 Construction Methods. The aggregate, hydrated lime and fly ash
shall be accurately proportioned and thoroughly mixed in a mechanical mixer
of the pugmill or other approved type. The exact material proportions shall
be fixed by the Engineer and shall be maintained within the following toler-
ances in percent by weight of the total mix.

Lime + 0.3
Fly ash 1.5
Aggregate £ 2.0
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Means shall be provided for checking the accuracy of the proportioning. Water
shall be added if necessary to insure that the mixture will be at optimum
moisture content when compacted. The mixing operation shall be continued until
all the materials are distributed evenly throughout the mixture. The mixture
shall then be discharged without undue segregation. A sample of batched lime-
fly ash base material shall be obtained daily and compression specimens prepared
for testing according to ASTM C 593. The average strength for each sample shall
be not less than 400 psi with no individual test being lower than 300 psi. The
Engineer reserves the right to make such changes in mix proportioning during the
progress of the work as he may consider necessary.

The aggregate lime-fly ash base, within an increment of work, shall be
placed and compacted within 48 hours of mixing. Where multiple layers are
placed, each layer shall be placed and compacted the same day as the first layer.

The maximum compacted layer thickness shall be 4 inches except where vibra-
tory equipment is used in conjunction with other methods of compaction, the
maximum compacted layer thickness shall be 8 inches, Where the total thickness
specified is more than 8 inches, the mixture shall be placed in two or more
layers approximately equal in thickness.

Each layer shall be placed in full lane widths using a mechanical spreader
of a type approved by the Engineer. When placed, the mixture shall be free from
segregation and when compacted the surface shall require a minimum of finish
grading to meet surface tolerances.

Each layer shall be compacted using rollers or vibratory equipment and
rollers, Compaction requirements shall be as specified in 304.04 of the
Construction and Material Specifications.

After a layer has been compacted, tested for density and approved by the
Engineer, water shall be applied as required to maintain the moisture content
of the mixturc near the optimum until either a succeeding layer of lime-fly ash
material or the bituminous curing coat is placed. The equipment used for apply-
ing the water and bituminous curing coat shall be such that will not displace or
otherwise damage the surface.

Prior to placing a layer on a previously placed layer, the surface of the
previously placed layer shall be loosened to assure interlocking of the aggre-
gate between the layers.

In constructing the top layer, the grade shall be kept at sufficient height
so that the top surface, when compacted, will be at or slightly above grade,
rather than below grade. Finish grading shall be accomplished by removing
excess material followed by recompaction by rolling. In the event that low
areas occur, they shall be loosened, dampened with water immediately before
placing additional mixture, and then rolled to the satisfaction of the Engineer.
When this item is used as a subbase for 451 pavement, the surface tolerance
shall not exceed 1/4 inch in 10 feet.

The Contractor shall remove and dispose of any mixture that has not been
compacted in place within 48 hours from the time it was mixed. Any mixture
that has become contaminated with subgrade material or otherwise damaged by
rain, freezing, traffic, or construction operations shall be removed and
discarded.
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The Engineer may restrict hauling over partially completed work when such
hauling causes excessive deflection, cracking, displacement, or other damage
to the aggregate lime-fly ash base.

A bituminous curing coat shall be applied to the surface of the completed
aggregate lime-fly ash base. At the time the curing coat is applied, the
surface shall be tightly knit and free of all loose or extranecus material.
The bituminous curing coat, 702.02 RC-250, 702.04 RS-1, 702.09 RT-9 or RT-10,
shall be applied uniformly to the surface with a pressure distributor at a
rate of approximately 0.15 gallons per square yard. The exact rate of appli-
cation and temperature shall be specified by the Engineer. Cover aggregate
conforming to 703.06 shall be applied in accordance with 407.06.

The Contractor shall maintain, at his own expense, the entire base in a
manner satisfactory to the Engineer until the pavement has been completed.
Maintenance shall include repairs of any defective or damaged pertions of the
base and shall be made in such a manner as to insure restoration of a uniform
surface and durability of the portion repaired or replaced.

835.05 Construction Joints. At the end of a day's work, a short tapered
construction joint shall be made at the end of the compacted base in a straight
line normal to the center line of the roadway.

Where additional base course construction is to be joined to the previous
work, the end of the existing base course shall be scarified and moistened,
blended with new mixture, and coumpacted to form a continuous section without
a joint.

835.06 Seasonal Limits. Lime-fly ash base shall be constructed between
April 15 and September 15 on pavements which are to be opened to traffic
during the summer, fall, or winter months of the construction year. On pave-
ments which are to be opened the following spring, lime~fly ash base may be
placed later than September 15 but, after this date, a bituminous curing coat
and a minimum of one overlying pavement course shall be constructed within 72
hours of final base compaction. In no case shall lime-fly ash material be
placed during rain or when the atmospheric temperature is below 40F in the
shade nor shall this material be allowed to remain uncovered during the winter
months.

835.07 Method of Measurement. The quantity of aggregate lime-fly ash base
course to be paid for shall be the actual number of cubic yards, computed from
plan lines, of approved aggregate lime-fly ash base course material compacted
in conformity with the lines, grades and cross sections shown on the plans.

835.08 Basis of Payment. The quantity measured as provided above shall
be paid for at the contract unit price per cubic yard bid for Item 835,
Aggregate Lime-Fly Ash Base Course, which price and payment shall comstitute
full compensation for furnishing all materials for the aggregate lime-fly ash
base, including hauling, incorporating admixture, water, placing, compacting
and curing, and for all labor, tools, equipment and incidentals necessary to
complete this item.
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State of Pennsylvania
Department of Transportation

322.1 Aggregate-Lime-Pozzolan 322.20
Base Course

SECTION 322,
AGGREGATE-LIME-POZZOLAN
BASE COURSE

322.1 DESCRIPTION—This work shall consist of con-
structing an aggregate, lime, and pozzolan base course in
accordance with these specifications and within reasonably
close conformity to the lines, grades, width, and depth
shown on the drawings and as specified.

322.2 MATERIALS—

(a) Aggregate. The aggregate shall be stone, gravel, o
slag, meeting the requirements of Section 703.3 for Type C.
or better, No. 2A material, except that a maximum of 13%
may pass the No. 100 sieve, or the requirements of Section
321.2(a).

(b) Lime. Lime shall meet the requirements of Section
723 and ASTM Designation C 207, Type N, Sections
3(a), 6, and 7(a), and shall be capable of producing a mix-
ture meeting the requirements of Subsection (g).

(c) Pozzolan. Pozzolan shall meet the requirements of
Section 724, and shall be capable of producing a mixture
meeting the requirements of Subsection (g).

(d) Water. Section 720.

(e) Bituminous Material. Bituminous material for pro-
tection and curing shall meet the requirements of Bulletin
No. 25, and shall be one of the following:

Class RT-2-C or RT-2-W
Class E-1
Class MC-30

(f) Testing. . It shall be the responsibility of the
contractor to do the preliminary testing required to de-
termine the compatibility and the quality of the respectie
materials, the proportions required, and that the proposed
mixture meets the requirements of Subsection (g).
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322.2(n Aggregate-Lime-Pozzolan 322.3(b)
Base Course

The testing shall be performed in accordance with the re-
quirements of Sections 320.2(c)1. and 2.

(g) Mixuture. The aggregate-lime-pozzolan mixture
shall meet the following requirements:

1. Liquid Limit and Plasticity Index. The liquid limit
of the mixture determined in accordance with AASHO
Designation T 89 shall not exceed 25 and the plasticity
index determined in accordance with AASHO Designation
T 90 shall not exceed 6.

2. Durability. The proposed mixture shall be tested in
accordance with PTM, No. 110.

322.3 CONSTRUCTION REQUIREMENTS—

(a) Equipment. Equipment shall conform to the require-
ments of Section 320.3(a).

(b) Mixing.

1. Central Plant Mixing. For central plant mixing,

the materials shall be mixed in an approved continuous flow
or batch-type mixer equipped with batching or metering de-
vices designed to measure the specified quantities of the
respective materials. Mixing shall be continued until a
thorough and uniform mixture is obtained.
_ The mixture shall be transported from central mix plants
in clean, tight vehicles and shall be deposited on the
moistened prepared area by means of approved mechanical
spreaders in a uniform loose condition for the full depth of
layer being place. Protective covers for the vehicles may be
required by the engineer.

2. In-Place Mixing. For in-place mixing the required
quantity of aggregate shall be spread on the prepared area
in a uniform loose layer. The specified quantity of pozzolan
shall then be applied in a uniform spread to the aggregate in
pl_ace and be blended until the pozzolan is uniformly dis-
tributed through the aggregate. At the time of application
of the pozzolan, the moisture content of the aggregate shall
not exceed the quantity which will permit uniform blending
of the materials.
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322.3(b) Aggregate-Lime-Pozzolan ~ 322.3(b)
Base Course i

The specified quantity of lime shall then be applied in 2
uniform spread and be blended until the lime is uniformly
distributed through the pozzolan and aggregate.

After the aggregate, lime, and pozzolan have been
throughly blended, water shall be applied and incorporated
into the mixture. The application of water shall be so con-
trolled that there is no excessive concentration on or near
the surface of the mixture. An adequate water supply and
sufficient pressure distributing equipment shall be provided
to insure that the mixing operation is continuous. After all
required water has been applied, mixing shall be continued
until a thorough and uniform mixture is obtained.

On projects where the application of lime and/or poz-
zolan creates a critical dust condition, the contractor may,
with the approval .of the engineer, moisten the pozzolan
and/or lime, or may pre-blend the specified quantities of
pozzolan and lime (with or without a portion of the ag-
gregate) with water prior to application to the spread ag-
gregate or addition to the mixer.

Water added to pozzolan and/or lime or to a pre-blend to
climinate excessive dust shall not exceed the quantity re-
quired in the final mix,

3. General. The moisture content at the time of final
mixing shall not vary from the optimum moisture de-
termined in the field by more than 2 percentage points, ex-
cept that in no case shall the moisture content in the mix
exceed the quantity which will permit uniform blending or
cause the base course to become unstable during the
compacting or finishing operations.

Bulk lime and bulk pozzolan may be used provided ap-
proved equipment and handling methods are used.

Pozzolan and/or lime shall not be spread nor shall mix-
ture be placed when the aggregate or the base course area is
excessively wet, frozen, or is at a temperature of 40 F or
less. No material shall be spread nor mixture placed unless
the air temperature is 40 F and rising and these operations
shall be discontinued when the descending air temperature
falls below 40 F,
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322.3(b) Aggregate-Lime-Pozzolan 322.3(h)
Base Course

The placing of Aggregate-Lime-Pozzolan Base Course
shall terminate August 15 and shall not be resumed prior to
May 1, unless otherwise approved in writing by the
engineer,

Only the necessary shaping and processing equipment
shall be permitted to travel over the spread materials and
any lime, pozzolan, or mixture that becomes displaced or
contaminated in any manner shall be removed and satisfac-
torily replaced at no expense to the Department.

(c) Compaction. Compaction shall conform to the re-
quirements of Section 321.3(c), except that PTM No. 106,
Method B shall be used for optimum moisture content and
maximum dry weight density determination.

(d) Finishing. Finishing shall be performed in accor-
dance with the requirements of Section 321.3(d), except that
the finishing operation need not be limited to 3 hours.

(e) Construction Joints. Where additional base course
construction is to be joined to the previous day’s work, the
end of the existing base course shall be scarified and
moistened, blended with new mixture, and compacted to
form a continuous section without a joint.

() Protection and Curing. Protection and curing shall
conform to the requirements of Section 321.3(f). If the
contractor so clects he may begin paving of binder and/or
surface courses immediately after placing the prime coat
without waiting for the completion of the 7 day curing pe-
riod.

(g) Density. The density will be determined in accor-
dance with PTM No. 112, or PTM No. 402. One density
determination shall be made for each 3000 square yards, or
less, of completed base course. No tolerance in density
below that specified will be allowed.

(h) Surface Tolerance. The surface smoothness shall be
checked transversely with approved templates and longi-
tudinally with straightedges in accordance with the require-
ments of Sectiop 310.3(d). Any surface irregularity that
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322.3(h) Aggregate-Lime-Pozzolan 322.5
Base Course

exceeds % inch under a template or straightedge shall be
remedied to the satisfaction of the engineer.

(i) Tests for Depth of Finished Base Course. The depth
of the finished base course shall meet the requirements of
Section 320.3(1).

(j) Maintenance and Traffic. The completed ba;c course
shall be maintained and traffic controlled in accordance
with the requirements of Section 310.3(f).

322.4 METHOD OF MEASUREMENT—This work will
be measured on the surface using the two-dimensional
method and include all areas shown on the drawings or
otherwise approved by the engineer.

322.5 BASIS OF PAYMENT—Aggregate-Lime-Poz-
zolan Base Course will be paid for at the contract unit price
per square yard, complete in place, as specified.

When this construction involves patent rights, it is
mutually understood and agreed that without exception the
bid pricc is to include all royalties, costs, and/or license fess
arising from patents, trademarks, and copyrights in any
way involved in the work and that the requxrcments of
Section 107.03 will govern.
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Federal Aviation Administration
Newark Airport Project

41. LiME~CIMENT FLYASH STABILIZED FILL SAND BASE.

The lime-cemenc flyash stabilized fill sand base shall be
viant mixed, and consist of a mixture of in-place fill sand, hydrated
e¢. Fortlaad cement, flyash, and coarse agpregate if specified, and
sha:l be mised. placed 2nd compacted on a prepared subgrade in accord-
3a¢» witn these Specifications and to the lines, grades and cross-

sections shown on the Coutract Drawings.

vin

The Censolidaced Edison Company of New York, Inc. (herein-
zfter veferred to ss the "Company'') has agreed with che Authority
v furawsh flvash free of charge to contractors requiring flyash in
tae performance of their work under Authority contracts. The Agreement
Lotween the Authavity and the Company is substantially in the

2T oactached nereto.

The Countractor shall comply with the terms of the Agreement
Seiwean the Authority and the Company and shall assume all the risks,
Zuiies and obligations of the Authority under said Agreement. The
Contractor and the Company shall mutually agree as to the times,
claces: and convevances to be used in the removal of flyash. The fly-
.85 45t 5S¢ in accordance with the requirements for Lime-Cement Flyash
Stebilizea Fill 3and Base. specified below.

Materials

. The coarse aggregate, called "Aggregate'" on the Contract
Drawings, shall be crushed trap rock and shall consist of hard,
durable particles, free of an excess of soft or disintegrated
pieces, dirt, or other objectionable material. The coarse aggregate
shall conform to the following gradation requirements:

Sleve Sizes Total Passing Per Cent by Weight
1%" 100
1" 90 - 100
3/4" 60 - 80
No. 4 0- 5
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Lime-cement as specified herein shall be a mixture of one
part Portland cement and four parts hydrated lime, by weight. The
cement shall be Type I conforming to the requirements of the Standard
Specifications for Portland Cement (A.S.T.M. C150), and the lime shall
be Type N conforming to the requirements of the Standard Specifications
for Hydrated Lime for Masonry Purposes (A.S.T.M. C207) and the modified
requirements specified herein:

1. Total oxide content (Ca0 + MgO) on a non-volatile
basis shall not be less than 867% by weight,

2. A minimum of 75% shall pass a No. 200 sieve.

3. Substitution of high oxide lime (dolomitic hvdrate)
may be made provided that:

a. The total oxide in the mix shall not be less
than the specified hydrate lime assuming an
oxide content on a non-volatile basis of 92%
and the combined H20 is 25% (i.e. assuming
a 3.2% lime mix, the total oxide contenz will
be 3.2 parts x .75 x .92 = 2.2 parts).

b, The total amount of substituted lime in any
mix shall not be less than 2.8% by weight.

¢. Quicklime shall be used only when the mixing,
performance and safety provisions of the slak-
ing mechanism are approved by the Engineer.

Flyash shzll conform to the requirements of the Tentative
Specifications for Flvash for Use as a Pozzolanic Material with Lime
{(A.S.T.M. Designation: C379) and the applicable testing procedures)
and the following modified requirements:

1. Loss of ignition shall not be more than 107%.

2. Combined content of silica (Si 02) and aluminum
oxide (A1203) shall not be less than 50%.

3. Lime-puzzolan strength, minimum compressive strength
shall be 600 psi at 7 days, 130° $£3° F.

4, Storape bins shall be provided when dry powder flv-
ash is used.

S. Moisture content of wet flyash shall be determined
prior to placing in mix.

6. A shredding machine shall be used to pulverize the
conditioned (moistened) flvash prior to 1ts usc in the mix.
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Fill sand to be used in the LCF mixes shall be the suitable
material from the excavation and any deficiency in supply shall be
supplemented from the stockpile as directed by the Engineer. The
suitable fill material shall consist of sand or a sand and gravel
mixture with fines not more than 10% by weight passing No. 200 sieve
and shall have no particle size exceeding two inches in largest dimension.

Water for use in mixing the lime-cement flyash stabilized fill
sand base courses shall be clean water without objectionable organic
content.

Proportions

The materials in the lime-cement flvash stabilized fill sand
base courses shall be proportioned by weight in the percentages shown
herein. The Engineer, however, may at his sole option vary the percentage
of materials. The Contractor will be reimbursed for the actual net cost
delivery purchase price to him of any additional materials ordered by the
Engineer. The amount of water used in the mix shall be determined by
tests for the optimum density and compaction as specified herein in the
subciause entitled "Compaction".

Composition of Lime-Cement-Flyash (LCF) Mixes

Percent by Weight

|
Hydrated Lime Portland Cement | Aggregate In-place:
Type ASTM Type N ASTM Type 1 Flvashik" - 3/4" Size | Fill Sand
A 3.6 0.9 12-14 30 51.5-53.5
B 3.2 0.8 14-16 - 80.0-82.0
c 2.8 0.7 14-16 - 80.5-82.5
J

Any ingredient of the mix shall not deviate more than 1/20 of the
figures shown above.

Change in Proportions

If the Contractor elects to place lime-cement flyash stabilized
fill sand base courses during the months of September and October, the
cement content shall be twice the amount shown in the table zbove at no
additional compensation.

Between November 1 and March ], half of the cement shall be

deleted and an equivalent amount by weight of hydrated lime shall be sub-
stituted in lieu thereof.
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( Hixing (

The lime-cement flyash stabilized fill sand base course
materials shall bemixed in a statiocnary continuous flow or batch
type mixer equipped with batching or metering devices to measure the
Specified quantities. Mixing shall be contirued until a thorough
and uniform mixture of all materials incorporated in the mix is
Ob;ained. The minimum mixing time determined from trial runs of the
central mixing plant shall be as directed by the Engineer. For the
batch type mixer, prior to the introduction of water, the dry mix of
lime-cement flyash and £111 sand shall be blended uniformly for a
period of not less than 15 seconds per cubic yard or three revolutions
of the mixing drum, For a continuous flow type mixer, adequate devices
shall be installed to detect the changes in the flow materials, The
moisture content of the flyash, aggregate and £ill sand as well as
all metering devices shall be daily tested and recalibrated.

The Contractor shall submit in detail his ancfcipated p.ant
operation and layout for the approval of the Engineer. As a guide Jor
the Contractor in selecting his equipment, the central mixing plant
shall be equipped with the following:

1. Three separate storage bins, one each for the lime,
cement and powder flyash, with a minimuwm capacity of
each equal to the quantity reoquircments of a day's
operations.

2. Three separate feeding belts, onc each for coarse
aggregate, fill sand and bulk volume moist flyash.

3. An additional measuring device if quicklime in slurry
form is used. '

4. The mixer charging conveyor shall de long enough to
hold the volume of a single batch at idle,

5. The minimum capacicty of the mixing plant 