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FOREWORD

This user guideline manual presents the results of research conducted for the Federal Highway
Administration (FHWA) on the use ofwaste and byproduct materials in pavement construction.
This document will be of interest to highway engineers and materials engineers, as well as waste
and byproduct producers and others involved in decision-making regarding the use ofwaste and
byproduct materials in pavements.

This document is a concise compilation of available information on 19 waste and byproduct
materials and guidelines for their use (where appropriate) in 7 pavement construction
applications. General information on evaluating the suitability of a waste or byproduct material
for use in pavement construction, including engineering evaluation, environmental issues, and
cost issues, is also provided.

The looseleaf format ofthis manual allows for updates and revisions as more information
becomes available. The manual will also be available in electronic format on CD-ROM and will
be accessible via the Turner Fairbank Highway Research Center (TFHRC) Web site.

4:i!ij:;;I?I{~1V
~~~~1. N~~rs, P.E.

Director, Office of Engineering
Research and Development

NOTICE

This document is disseminated under the sponsorship of the Department of Transportation in the
interest of information exchange. The United States Government assumes no liability for its
contents or use thereof. This report does not constitute a standard, specification, or regulation.

The United States Government does not endorse products or manufacturers. Trade and
manufacturers' names appear in this report only because they are considered essential to the
object of the document.
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INTRODUCTION

PURPOSE

As the volume ofwaste and by-product materials generated in our society and the cost of
disposal continue to increase, there is increased pressure and incentive to recover and recycle
these materials for use in secondary applications. Because the construction ofpavements
requires large volumes of materials, highway agencies have become participants in these
recycling efforts.

From a pavement engineering perspective, recovered materials should be used in such a manner
that the expected performance of the pavement will not be compromised. Waste and by-product
materials, however, differ vastly in their types and properties and, as a result, in the pavement
applications for which they may be suited. Experience and knowledge regarding the use of these
materials vary from material to material as well as from state to state. To recover these materials
for potential use, engineers, researchers, generators, and regulators need to be aware of the
properties of the materials, how they can be used, and what limitations may be associated with
their use.

The primary purpose of this guideline document is to assist those who have an interest in using
or increasing their understanding of the types of waste and by-product materials that may be
recovered and used in pavement construction applications. It is intended to provide the potential
user or reviewer with sufficient information on each material included in this document so that
he or she will have an understanding of the nature of the material, where other information may
be obtained, and what issues need to be evaluated when considering its use. It is also intended to
provide the reader with general guidance on engineering evaluation requirements, environmental
issues, and economic considerations for determining the suitability of using recovered materials
in pavement applications.

Because of the ongoing development and publication of new information regarding the use of
recovered materials in highway applications, this document has been designed in a looseleaf
format to permit periodic revisions and updates.

SCOPE

These guidelines cover the use of waste and byproduct materials in six major highway
construction applications: (1) Asphalt Concrete; (2) Portland Cement Concrete; (3) Granular
Base; (4) Embankment or Fill; (5) Stabilized Base; and (6) Flowable Fill. In each of these
primary application categories, there is at least one possible material use, and in some cases there
are several potential uses. For example, in Portland Cement Concrete, a material may be used as
aggregate or as a supplementary cementitious material. Table 1-1 lists the primary applications
and the types of material uses in each respective application.
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Table 1-1. Highway amI p&vement applications and
material uses.

Asphalt Concrete
Aggregate

- Hot Mix Asphalt
- Cold Mix Asphalt
- Seal Coat or Surface Treatment

Asphalt Cement Modifier
Mineral Filler

Portland Cement Concrete
Aggregate
Supplementary Cementitious Materials

Granular Base

Embankment or Fill

Stabilized Base
Aggregate
Cementitious Materials
- Pozzolan
- Pozzolan Activator
- Self-Cementing Material

Flowable Fill
Aggregate
Cementitious Materials
- Pozzolan
- Pozzolan Activator
- Self-Cementing Material

This document includes guidelines for 19 waste and by-product materials. Listed in alphabetical
order, they include: (1) Baghouse Fines; (2) Blast Furnace Slag; (3) Coal Bottom AshIBoiler
Slag; (4) Coal Fly Ash; (5) Flue Gas Desulfurization (FGD) Scrubber Material; (6) Foundry
Sand; (7) Kiln Dusts; (8) Mineral Processing Wastes; (9) Municipal Solid Waste (MSW)
Incinerator Ash; (10) Nonferrous Slags; (11) Quarry By-Products; (12) Reclaimed Asphalt
Pavement; (13) Reclaimed Concrete Material; (14) Roofing Shingle Scrap; (15) Scrap Tires; (16)
Sewage Sludge Ash; (17) Steel Slag; (18) Sulfate Wastes; and (19) Waste Glass.

The materials listed above do not represent the entire population of materials that have potential
use in pavement construction applications. These 19 materials were selected based on the
amount of the material generated as well as whether adequate data were available to prepare a
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description of the physical and chemical properties of the material and to describe the design
requirements and performance records for one or more specific applications.

For the 19 materials and 6 major application categories, a total of 55 material-application
combinations were selected and are included in these guidelines. Table 1-2 provides a listing of
these 55 combinations. The omission of a particular material-application match in these
guidelines is not to be construed as a prohibition against its use; rather, omission merely
indicates that the authors felt that either the material-application combination was inappropriate
or that insufficient information was available to provide a useful guideline.

The major portion of this document presents, for each of the 19 materials, a description of the
material and user guidelines that includes the applications listed in Table 1-2.

Table 1-2. Application-material matrix.

APPLICATION - USE MATERIAL

Asphalt Concrete - Aggregate Blast Furnace Slag
(Hot Mix Asphalt) Coal Bottom Ash

Coal Boiler Slag
Foundry Sand
Mineral Processing Wastes
Municipal Solid Waste Combustor Ash
Nonferrous Slags
Reclaimed Asphalt Pavement
Roofing Shingle Scrap
Scrap Tires
Steel Slag
Waste Glass

Asphalt Concrete - Aggregate Coal Bottom Ash
(Cold Mix Asphalt) Reclaimed Asphalt Pavement

Asphalt Concrete - Aggregate Blast Furnace Slag
(Seal Coat or Surface Treatment) Coal Boiler Slag

Steel Slag

Asphalt Concrete - Mineral Filler Baghouse Dust
Sewage Sludge Ash
Cement Kiln Dust
Lime Kiln Dust
Coal Fly Ash
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Table 1-2. Application-material matrix (continued).

APPLICAnON - USE MATERIAL

Asphalt Concrete - Asphalt Cement Modifier Roofing Shingle Scrap
Scrap Tires

Portland Cement Concrete - Aggregate Reclaimed Concrete

Portland Cement Concrete - Supplementary Coal Fly Ash
Cementitious Materials Blast Furnace Slag

Granular Base Blast Furnace Slag
Coal Bottom Ash
Coal Boiler Slag
Minerai Processing Wastes
Municipal Solid Waste Combustor Ash
Nonferrous Slags
Reclaimed Asphalt Pavem~nt
Reclaimed Concrete
Steel Slag
Waste Glass

Embankment or Fill Coal Fly Ash
Mineral Processing Wastes
Nonferrous Slags
Reclaimed Asphalt Pavement
Reclaimed Concrete
Scrap Tires

Stabilized Base - Aggregate Coal Bottom Ash
Coal Boiler Slag

Stabilized Base - Cementitious Materials Coal Fly Ash
(pozzolan, Pozzolan Activator, or Cement Kiln Dust
Self-Cementing Material) Lime Kiln Dust

Sulfate Wastes

Flowable FiII- Aggregate Coal Fly Ash
Foundry Sand
Quarry Fines

Flowable FiII- Cementitious Material (pozzolan, Coal Fly Ash
Pozzolan Activator, or Cement Kiln Dust
Self-Cementing Material) Lime Kiln Dust
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In addition to material-specific guidelines, several chapters of the report are devoted to
recommended evaluation procedures for assessing whether a material is suitable for use in a
designated application and to the environmental and cost issues that need to be considered when
evaluating the use of waste and by-product materials in pavement construction. Finally,
summary descriptions of the six pavement construction applications are presented to assist those
readers who are interested in additional information relative to their design objectives and
material uses.

ORGANIZATION AND CONTENT

This document is divided into 24 chapters. The contents of the chapters are described below.

Introduction

Chapter 1, the Introduction, provides an overview of the purpose, scope, and organization of this
document.

Material-Specific Guidelines

Chapters 2 through 20 present the material-specific guidelines, one for each of the 19 materials
included in the document. Each of these chapters contains a Material Description section and
one or more User Guideline section(s).

The Material Description sections are divided into five subsections: (l) Origin; (2) Current
Management Options; (3) Market Sources; (4) Highway Uses and Processing Requirements; and
(5) Material Properties.

Origin: The Origin subsection presents a general description of the material, its industrial
origin, the quantity of material generated annually in the United States, and other sources of
information (e.g., trade associations) on the subject material.

Current Management Options: The Current Management Options subsection provides a
description of present recycling and disposal practices.

Market Sources: The Market Sources subsection identifies locations or suppliers from whom
the material can be obtained and special characteristics of the material that should be of
interest to a prospective recycler.

Hi~hway Uses and Processing Requirements: The Highway Uses and Processing
Requirements subsection describes highway uses for which the material may have some
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proven or potential application as well as processing requirements that will be needed prior to
use.

Material Properties: The Material Properties subsection provides a description of the physical,
chemical, mechanical, and other properties that should be of interest to a prospective recycler.

Each User Guideline section is divided into seven subsections: (1) Introduction; (2) Performance
Record; (3) Material Processing Requirements; (4) Engineering Properties; (5) Design
Considerations; (6) Construction Procedures; and (7) Unresolved Issues.

Introduction: the Introduction subsection of each User Guideline presents a description of the
role of the material in the designated application.

Performance Record: The Performance Record subsection describes the extent of prior
experience and the advantages and disadvantages of using the material in the designated
application.

•

Material Processin~ Requirements: The Material Processing Requirements subsection outlines
the processing needs (e.g., cleaning, crushing, screening, etc.) that are required prior to use of •
the material in the designated application.

En~ineerin~ Properties: The Engineering Properties subsection presents a description of the
properties that will be of particular interest to a prospective recycler who is considering the use
of the material in the designated application.

Desi~n Considerations: The Design Considerations subsection outlines the relevant mix
design and structural design issues that are of interest when using the material in the
designated application.

Construction Procedures: The Construction Procedures subsection describes special material
handling, storage, mixing, curing, and placement issues that can arise when using the material
in the designated application.

Unresolved Issues: The Unresolved Issues subsection summarizes important issues that are
either unknown or need to be studied further to assist in making more widespread use of the
material possible in the designated application.

,Evaluation Guidance

Chapters 21, 22, and 23 are Evaluation Guidance chapters. Chapter 21 outlines a recommended •
framework for evaluating waste and by-product materials for use in pavement construction
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applications. It includes a description of the major steps that should be included in any
evaluation process. The chapter is organized to address the requirements of each of the steps in
this process.

Chapter 22 provides guidance relative to the environmental issues that a prospective recycler
should be cognizant of when considering the use of waste and by-product materials in pavement
construction applications. It includes a description of legislation and regulations that could have
an impact on waste and by-product material use and outlines procedures that are available to
assess potential health, environmental, and ecological impacts associated with the use of waste
and by-product materials in pavement construction applications.

Chapter 23 provides guidance relative to economic issues that a prospective recycler or evaluator
should consider when considering the use ofwaste and by-product materials in construction
applications. It includes a description of recommended methods for calculating the cost of a
recovered material, the cost of installation when incorporating a recovered material into a
pavement, and the life cycle cost of the product when using a recovered material in pavement
construction applications.

Application Descriptions

Chapter 24 It contains descriptions of the six applications listed in Table 1-1, and is intended for
the reader who is interested in more detailed information about these applications. Each section
of this chapter includes a general description of the application, a description of conventional
materials typically used in the application and the desirable properties of those materials, and a
description of the testing methods that are commonly used to evaluate the properties of these
materials as they pertain to the designated application.
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ORIGIN

Material Description

•

•

Hot mix asphalt baghouse fines are dust particles that are captured from the exhaust gases of
asphalt mixing plants. Secondary collection equipment called baghouses are commonly used to
capture these very fine sized materials.

There are approximately 3,600 hot mix asphalt plants in the United States, accounting for a total
annual production of 400 to 450 million metric tons (450 to 500 million tons) of asphalt paving
material. About 2,300 of these hot mix plants are batch plants, with the remaining 1,300 being
drum mix plants. Roughly 40 to 50 percent of all hot mix asphalt plants are equipped with
baghouse collections systems. Baghouses consist of several rows or compartments of fabric
filters that collect the dust during the operation of a hot mix asphalt plant. Most of these systems
are preceded by cyclones, which are primary collection devices used to capture the coarser
particles emitted from the plant's dryer. Hot mix plants that do not have baghouse coliection
systems are equipped with wet scrubbers to control air emissions.

Drum mix and batch plants differ in their asphalt concrete production operations. In drum mix
plants presized cold aggregates are fed into a drum, in accordance with preselected mix design
proportions. The aggregates are dried and mixed with asphalt cement, which is introduced at the
end of the drum (coating zone), in a continuous process. In batch plants unsorted aggregates are
introduced into a dryer and subsequently screened into different size fractions, stored (in hot
bins), and fed, by batch weight, into a separate pugmill mixer where the hot aggregates are mixed
with asphalt cement.

Simplified line diagrams of batch and drum mix plant operations are presented in Figure 2-1.
Baghouse fines collected in the baghouse may be routed directly to the asphalt production facility
or stored in a silo for subsequent use as a mineral filler additive in the mix.

It is estimated that approximately 5.4 to 7.2 million metric tons (6 to 8 million tons) of baghouse
fines are generated annually by the U,.S. asphalt production industry.<l)

Additional information on the use of baghouse fines can be obtained from:

National Asphalt Paving Association (NAPA)
5100 Forbes Boulevard

Lanham, Maryland 20706
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Recycling

Material Description

•

•

Most asphalt producers whose plants are equipped with baghouses try to recycle as much of the
dust back into their own paving mixes as possible. Although precise figures are not available, it
is estimated that as much as 80 to 90 percent of baghouse fines are currently being recycled into
hot mix asphalt.

Disposal

Although most of the baghouse fines are returned to the asphalt mixing plant, some producers
(probably less than 10 percent) with excess dust dispose of the dust by sluicing it to a settling
pond or returning it to the quarry.(2) Where wet scrubbers are employed for dust control instead
of baghouses, the washed fines are generally discarded.

MARKET SOURCES

Baghouse fines are almost exclusively recycled within the asphalt production facility.

The properties of baghouse fines that might be obtained from an asphalt production facility are
influenced by the sizing and moisture content of the cold feed aggregates, the type ofaggregate
feed material(s), the type of asphalt plant (batch or drum mix), and the design of the dust
collection and handling system.

Although baghouse dusts are frequently referred to as baghouse fines, there can be a considerable
variation in the fineness of baghouse dusts from one plant to another. This variability is related
mainly to the efficiency of the primary collection (i.e., cyclone, if available) system and the
nature of the cold feed aggregate. The percentage of material in the cold feed that passes the 0.6
mm (No. 30) sieve is important, since aggregate particles as coarse as the 0.6 mm (No. 30) sieve
can be entrained in the exhaust gas.(2)

HIGHWAY USES AND PROCESSING REQUIREMENTS

Asphalt Concrete Mineral Filler

The only established use for baghouse fines or dust is the return of the dust into an asphalt
paving mixture as a portion of or, in some cases, all of the mineral filler. Mineral fillers can
constitute up to 5 percent of some asphalt pavements.
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MATERIAL PROPERTIES

Physical Properties

Material Description •
Although baghouse fines are usually very fine-grained, plants without a primary collector or
cyclone have retained from 0.8 to 5.8 percent of the dust on a 0.6 mm (No. 30) sieve. This is
about the expected maximum particle size of baghouse fines. (2)

The size distribution of baghouse fines consists of a coarse fraction and a fine fraction, with the
dividing size being the 0.075 mm (No. 200) sieve. There can be a considerable range in the
percentage of dust particles passing the 0.075 mm (No. 200) sieve. Plants without a primary
collection system often collect dust with less than 50 percent of the material collected passing the
0.075 mm (No. 200) sieve. On the other hand, more than half of the plants with a primary
collection system collect dust with 90 to 100 percent of the particles finer than the 0.075 mm
(No. 200) sieve.(2)

Other relevant physical properties of baghouse fines are specific gravity, specific surface,
hygroscopic moisture, and Atterberg limits. Table 2-1 summarizes the observed range of values •
for the physical properties of baghouse fines. With few exceptions, baghouse fines normally
absorb less than 2 percent moisture at 50 percent relative humidity. Baghouse fines contain little
or no clay and will generally have little or no trouble meeting the plasticity requirement for
mineral filler, which limits the plasticity index value to 4.0.(2)

Table 2-1. Typical range of physical properties of baghouse dusts.

Gradation (Percent Passing)

0.600 0.300 0.075 Specific
Specific Hygroscopic

Liquid Plasticity
Range Surface* Moisture

mm mm mm 0.01 Gravity
m2/g (%)

Limit Index
(No. 30 (No. 50 (No. 200 mm
sieve) sieve) sieve)

Maximum 100 100 100 78 2.87 2.18 1.9 39 4

Minimum 95 82 28 4 2.57 0.06 0.2 NL NP

*Measured by air permeability NL =Nonliquid; NP =nonplastic

Chemical Properties

With few exceptions, the pH of baghouse fines is alkaline, with values ordinarily ranging from •
7.2 to 10.8 for dusts from gravel, granite, or traprock aggregates and values ranging from 11.0 to
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12.4 for dusts from limestone and dolomite aggregates. The chemical properties of baghouse
dust can be expected to reflect the properties of the feed aggregate.

REFERENCES

1. Collins, Robert J. and Stanley K. Ciesielski. Recycling and Use ofWaste Materials and
By-Products in Highway Construction. National Cooperative Highway Research
Program Synthesis of Highway Practice No. 199, Transportation Research Board,
Washington, DC, 1994.

2. American Association of State Highway and Transportation Officials. Standard Method
of Test, "Mineral Filler for Bituminous Paving Mixtures," AASHTO Designation: M17­
83, Part I Specifications, 14th Edition, 1986.
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Baghouse fines from dust collection devices at asphalt mixing plants are routinely recycled as all
or part of the mineral filler portion in hot mix asphalt paving mixtures. Since these fines are
derived from naturally occurring aggregates (crushed stone or sand and gravel), their properties
are ordinarily quite similar to those of commonly used mineral fillers, such as stone dust or
hydrated lime. Baghouse fines from a particular plant and aggregate type should only be used at
that plant and with the aggregate type from which it was derived, since baghouse fines from
different aggregates vary in gradation, chemical composition, and affinity for asphalt.

PERFORMANCE RECORD

There is a limited amount of documented field performance data related to the use of baghouse
dust as a mineral filler. Between 1975 and 1980, the Pennsylvania Department of
Transportation (PennDOT) monitored the performance of 12 pavement sections in western
Pennsylvania that contained different sources of baghouse fines. Examination of core samples
from these pavements indicated that unusually high or inconsistent incorporation of baghouse
fines resulted in mixes that were stiff, brittle, and difficult to compact.(1)

Furthermore, a number of the mixes monitored exhibited high air voids contents that accelerated
asphalt hardening and contributed to premature distress in the form of ravelling, loss of fines, and
reduced pavement durability. These problems appeared to be more prevalent when baghouse
fines from slag aggregates were used, compared with baghouse fines from crushed stone
aggregates. The pavement cores for projects using slag fines all showed an excessive. amount of
fines and high air voids contents (from 9 to 14 percent), which led to poor mix compaction and
accelerated age hardening of the asphalt.(I)

A number of state transportation agencies and/or trade associations have also investigated the use
of baghouse dust or baghouse fines as a mineral filler in asphalt mixtures. Many of these studies
were laboratory investigations that focused on the variability of baghouse dust and the effect of
such variability on mixture behavior.

In 1976, the California Department of Transportation studied the effects of six different sources
of baghouse dust on Hveem mixture design parameters. The report concluded that a maximum
baghouse fines content of 2.°percent has little effect on the stability of asphalt mixtures and was
found to be beneficial to mixture cohesion.(2)

In 1978, the Asphalt Institute evaluated the properties of asphalt mixtures containing baghouse
fines from a number of sources. The properties of the mixes with baghouse fines were compared
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to known properties ofcommercial mineral fillers and filler-asphalt mixtures. Although
significant variations in gradation were found in the dust sampled from different plants, it was
concluded that the quality of baghouse fines is satisfactory for use in asphalt mixtures as long as
the quality of the parent aggregate is satisfactory.(3)

The West Virginia Department of Highways studied 16 different sources of baghouse fines with
a wide variety ofparticle size ranges and physical and chemical properties. The study found that
fine dust particles (0.020 mm and smaller) will combine with the asphalt binder and act as an
extender. The report concluded that baghouse dust is not harmful to a paving mixture and can be
successfully reintroduced into an asphalt mixture.(4)

The Washington State Department of Transportation investigated the grain size distribution of 12
different baghouse dust sources and added 3 of those dusts to asphalt mixes. The gradation of
the baghouse fines varied considerably from plant to plant. The viscosity of the dust-asphalt
mixtures varied considerably, and temperature susceptibilities and hardening were different for
the different dusts and the two asphalt cements. Little correlation was found between particle
size and consistency of the dust-asphalt mixtures.(5)

MATERIAL PROCESSING REQUIREMENTS

Baghouse dust from the primary collection system (cyclone), if present, is generally returned to
the hot elevator. Baghouse dust from the baghousehopper can be returned to the hot elevator,
the No. 1 hot bin, or the weigh box. In either case, the dust is dry and further processing is
unnecessary.

ENGINEERING PROPERTIES

Some of the properties of baghouse fines that are ofparticular interest when baghouse fines are
used as mineral filler in asphalt pavements include gradation, organic impurities, and plasticity
index. Mineral filler requirements, which address these properties, are specified in American
Association of State Highway and Transportation Officials (AASHTO) M17(6) and are shown in
Table 2-2.

Gradation: Whether baghouse dust will comply with AASHTO gradation specifications depends
largely on whether the asphalt plant is equipped with a primary dust collector (cyclone). The
primary collector captures the coarser particles, thus ensuring that the remainder of the dust will
be sufficiently well graded and fine enough to consistently satisfy AASHTO M17 gradation
requirements.(7)
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Table 2-2. AASHTO M17-83 specification requirements for
mineral filler for use in bituminous paving mixtures.

Particle Sizing Organic Plasticity

Sieve Size Percent Passing Impurities Index

0.600 mm (No. 30) 100 Mineral filler must be free Mineral filler must

0.300 mm (No. 50) 95 - 100
from any organic impurities have plasticity index

not greater than 4

0.075 mm (No. 200) 70 - 100

Organic Impurities: In a National Cooperative Highway Research Program (NCHRP) study on
baghouse dust, little to no clay was found in 26 different baghouse dust samples. Organic
impurities are seldom detected in baghouse dust, except possibly in asphalt plants that bum oil.(8)

Plasticity Index: In the same NCHRP study, the plasticity indices of23 samples were all less
than 4.(8)

The properties of the asphalt concrete that could be affected by baghouse dust include cement
penetration and viscosity, stability, resilient modulus, and moisture sensitivity.

Penetration and Viscosity: Previous studies indicate that an increase in the fines/asphalt ratio
(from 0.2 to 0.5 by volume) can be expected to result in an almost linear decrease in the
penetration value of the resultant asphalt binder material.(7) The viscosity of fines/asphalt blends
can be expected to increase or stiffen as the fines/asphalt ratio is increased.

Stability: The bulk volume of fines in a mix will have a direct effect on Marshall stability. As
the fines/asphalt ratio increases, the Marshall stability can also be expected to increase, until peak
stability is reached at or around 55 percent bulk volume of fines in the binder.(I)

Resilient Modulus: Laboratory tests indicate that the resilient modulus can be expected to
increase with increasing dust content. (9)

Moi'sture Sensitivity: Moisture sensitivity is a possible concern in asphalt mixes in which
baghouse fines are used as all or part of the mineral filler. It is recommended that the bulk
volume of fines should be less than 50 percent in order to minimize the potential for moisture
damage or stripping of dense graded asphalt paving mixtures.(I)
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Asphalt mixes containing baghouse fines can be designed using standard laboratory procedures.

Moisture sensitivity of the design mixes, as determined in the laboratory, should be determined
using the Marshall immersion-compression test (ASTM D1075), with a minimum 75 percent
retained strength.(10)

The fines/asphalt ratio should be closely monitored during the mix design to limit the bulk
volume of fines to less than 50 percent. The particle size distribution of the baghouse fines
should be well-graded, with some of the dust finer than 0.010 to 0.020 mm. The percent free
asphalt should be kept at approximately 40 percent, since excessive amounts of baghouse fines as
filler are likely to result in an asphalt mix that will be difficult to compact. The fines/asphalt
ratio is a better control criterion than seeking an upper limit or the percentage of baghouse fines
in the mix.(16) •

The asphalt mix design must also take into account the location (or locations) where the dust is
being collected and added into the paving mix at the asphalt plant. If dust is being added from a
primary collection device (such as a cyclone) and/or a baghouse, the relative proportions of dust
collected from each source must be known beforehand and closely monitored during asphalt
production to ensure that they remain consistent. The dust type and gradation have been found to
have a significant influence on the mechanical properties of an asphalt mix. Well-graded dusts
tend to behave in the most predictable manner. Anomalous behavior can be expected when the
dust is highly uniform (one-sized) and finer than 0.010 to 0.015 mm, or when the dust is coarse
and lacking material finer than 0.010 to 0.020 mm.(9)

The aggregate source from which the baghouse dust is derived may also have an effect on asphalt
binder properties. Baghouse fines from gneiss, traprock, sand and gravel, and slag aggregates
were reported to result in larger viscosity increases (and corresponding decreases in ductility)
when introduced at a high fines/asphalt ratio (0.3 to 0.5) than fines from carbonate aggregates.(7)
The bulk volume concentration of fines in the fines/asphalt system, however, appears to be the
primary factor causing stiffening of the asphalt binder.(l)

Structural Design

Conventional AASHTO pavement structural design methods are appropriate for asphalt
pavements containing baghouse fines.
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Baghouse dust can be fed directly from the baghouse into the plant mix or stored in a silo prior to
use. The location where the baghouse fines are to be added to the plant mix depends on whether
the plant is a batch mixing plant or a: drum mix plant. In many cases, baghouse dust may be only
a part of the mineral filler component of the mixture.

In a batch mixing plant, baghouse fines can be returned to the paving mix at three different
locations: (1) the hot elevator, (2) the No.1 hot bin, or (3) the weigh box. The preferred method
is direct return of the dust to the hot elevator or the No. 1 hot bin, if proper control of uniformity
can be obtained. A surge bin and a positive feed system may be added to improve metering
uniformity. If these systems do not ensure uniformity in the quantity of fines, it may be
necessary to meter the dust into the weigh hopper. (11)

In a drum mix plant, baghouse dust can be returned at one of four possible locations: (1) the cold
feed: conveyor, (2) the drum entrance, (3) the drum discharge, or (4) at the point where the
asphalt cement is introduced. This latter location is the location that has been most widely
recommended by state transportation agencies and manufacturers of drum mix plants.(7) The
introduction of the dust simultaneously with the asphalt cement eliminates re-entrainment of the
dust in the system gas and provides a good distribution of the dust through the coating zone. If
the dust is introduced to the cold feed or at the drum entrance, it may be recycled through the
system gas. The least desirable method is blowing the dust into the mixture at the drum
discharge. Introduction of the dust together with the asphalt cement is the recommended method
and is also the most widely accepted by state highway agencies and manufacturers of drum mix
plants.(7)

Mixing, Placing, and Compacting

The same methods and equipment used to mix, place, and compact conventional asphalt paving
mixes are applicable for mixes containing baghouse fines. However, if the filler/asphalt ratio
with baghouse fines is too high, a stiffer mix may result and the specified level of compaction
may be difficult to obtain. Inadequate compaction appears to be more ofa problem when very
fine baghouse fines are used as filler.
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The same field testing procedures used for conventional hot mix asphalt mixes should be used
for mixes containing baghouse fines. Mixes should be sampled in accordance with AASHTO
TI68,(12) and tested for specific gravity in accordance with ASTM D2726(13) and in-place density
in accordance with ASTM D2950.(t4)

UNRESOLVED ISSUES

Theie are wide variations in the stiffening effects of baghouse fines, which are not fully
explained by either the fineness or the gradation of a particular dust source. The effect of dusts
from different types of aggregates on the compactibility of asphalt concrete mixtures needs to be
more fully understood. The influence ofthe stiffening effect of baghouse fines on the fatigue and
mechanical properties of asphalt paving mixtures also requires further study.

The range of dust properties that enhance asphalt extension and the effects of asphalt extension
on the stiffness, fatigue, and aging characteristics of the asphalt cement binder are also worthy of
investigation.(7)

There is some concern that the introduction of baghouse fines without a proper check on the
design properties of the mix could possibly be a cause of tender mixes.(15) Tender mixes are
characterized in one of two ways. One is that the asphalt mix is difficult to compact when
normal construction techniques are used, which is usually manifested by shoving of the material
under a steel wheel roller. The other type of tenderness relates to the slow setting of the asphalt
mixture after placement, making it sensitive to wheel turning or concentrated loading, especially
during periods of hot weather.(t6) Some further investigation of this concern may be warranted.
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•

•

In the production of iron, iron ore, iron scrap, and fluxes (limestone and/or dolomite) are charged
into a blast furnace along with coke for fuel. The coke is combusted to produce carbon
monoxide, which reduces the iron ore to a molten iron product. This molten iron can be cast into
iron products, but is most often used as a feedstock for steel production.

Blast furnace slag is a nonmetallic coproduct produced in the process. It consists primarily of
silicates, aluminosilicates, and calcium-alumina-silicates. The molten slag, which absorbs much
of the sulfur from the charge, comprises about 20 percent by mass of iron production. Figure 3-1
presents a general schematic which depicts the blast furnace feedstocks and the production of
blast furnace coproducts (iron and slag).

Iron .-
Scrap Exhaust Gas to Emission

Iro,+ore I .- Control System
. Processing and Reuse

Blast Furnace --Coke - ~Iag -- - Disposal
Iron Blast -

Fluxing Furnace . Exhaust Gas to Emission
- I - Control System

Agent -
( Limestone Iron - - Steel Slag- Basic Oxygen -

or (Steel) Furnace
Dolomite) - Steel

Figure 3-1. General schematic of blast furnace operation
and blast furnace slag production.

Different forms of slag product are produced depending on the method used to cool the molten
slag. These products include air-cooled blast furnace slag (ACBFS), expanded or foamed slag,
pelletized slag, and granulated blast furnace slag.

Air-Cooled Blast Furnace Slag

If the liquid slag is poured into beds and slowly cooled under ambient conditions, a crystalline
structure is formed, and a hard, lump slag is produced, which can subsequently be crushed and
screened.
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Expanded or Foamed Blast Furnace Slag

Material Description •
If the molten slag is cooled and solidified by adding controlled quantities of water, air, or steam,
the process of cooling and solidification can be accelerated, increasing the cellular nature of the
slag and producing a lightweight expanded or foamed product. Foamed slag is distinguishable
from air-cooled blast furnace slag by its relatively high porosity and low bulk density.

Pelletized Blast Furnace Slag

If the molten slag is cooled and solidified with water and air quenched in a spinning drum,
pellets, rather than a solid mass, can be produced. By controlling the process, the pellets can be
made more crystalline, which is beneficial for aggregate use, or more vitrified (glassy), which is
more desirable in cementitious applications. More rapid quenching results in greater vitrification
and less crystallization.

Granulated Blast Furnace Slag

If the molten slag is cooled and solidified by rapid water quenching to a glassy state, little or no
crystallization occurs. This process results in the formation of sand size (or frit-like) fragments, •
usually with some friable clinkerlike material. The physical structure and gradation of
granulated slag depend on the chemical composition of the slag, its temperature at the time of
water quenching, and the method of production. When crushed or milled to very fine cement-
sized particles, ground granulated blast furnace slag (GGBFS) has cementitious properties, which
make a suitable partial replacement for or additive to Portland cement.

It is estimated that approximately 14 million metric tons (15.5 million tons) of blast furnace slag
is produced annually in the United States.(l)

Additional information on processed blast furnace slag use in the United States can be obtained
from:

National Slag Association
808 North Fairfax Street

Alexandria, Virginia 22314

•
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Almost all ofthe blast furnace slag produced in the United States is reportedly utilized, and
approximately 90 percent of this slag is ACBFS. The proportion of ACBFS currently being
produced, however, is decreasing relative to granulated and pelletized blast furnace slag
production.(2) The production of expanded blast furnace slag is no longer favored and is being
replaced by the pelletizing procedure.

ACBFS has been used as an aggregate in Portland cement concrete, asphalt concrete, and road
bases. Pelletized blast furnace slag has been used as lightweight aggregate and for cement
manufacture. Foamed slag has been used as a lightweight aggregate for Portland cement
concrete. Granulated blast furnace slag has been used as a raw material for cement production
and as an aggregate and insulating material. ACBFS and granulated slag have also been used as
sandblasting shot materials. Ground granulated blast furnace slag is used commercially as a
supplementary cementitious material in Portland cement concrete (as a mineral admixture or
component of blended cement).

Disposal

It is estimated that a relatively small percentage (less than 10 percent) of the blast furnace slag
generated is disposed of in landfills.

MARKET SOURCES

Blast furnace slag materials are generally available from slag processors located near iron
production centers.

Cements containing ground granulated blast furnace slag are available from many producers of
Portland cement or directly from ground granulated blast furnace slag cement manufacturers.
AASHTO M240 describes three types of blended cements containing slagY) They include
Portland blast furnace slag cement (Type IS), slag modified Portland cement (Type I (SM)), and
slag cement (Type S). The primary distinction among the three types is the percentage of slag
they contain. Slag cement may contain Portland cement or hydrated lime (or both) while the
other two are blends of Portland cement and slag only.
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HIGHWAY USES AND PROCESSING REQUIREMENTS

ACBFS - Aggregate Substitute

Many specifying agencies consider ACBFS to be a conventional aggregate. It is extensively
used in granular base, hot mix asphalt, Portland cement concrete, and embankments or fill
applications. The material can be crushed and screened to meet specified gradation requirements
using conventional aggregate processing equipment. Special quality control procedures may be
required to address the lack ofconsistency in some properties such as gradation, specific gravity,
and absorption.

GGBFS and Vitrified Pelletized BFS - Supplementary Cementitious Materials

GGBFS is used as a mineral admixture for Portland cement concrete. Granulated blast furnace
slag and vitrified pelletized blast furnace slag are also used in the manufacture of blended
hydraulic cements (AASHTO M240).(3) When used in blended cements, granulated blast furnace
slag or vitrified pelletized slag are milled to a fine particle size in accordance with AASHTO
M302 requirements.(4) The ground slag can be introduced and milled with the cement feedstock
or blended separately after the cement is ground to its required fineness.

The U.S. Environmental Protection Agency (EPA) has recommended that effective May 1, 1995,
procuring agencies specifically include provision in all construction contracts for the use of
GGBFS in Portland cement concrete contracts.(5)

MATERIAL PROPERTIES

Physical Properties

Table 3-1 lists some typical physical properties of air-cooled, expanded, and pelletized blast
furnace slags.

Table 3-1. Typical physical properties of blast furnace slag.(6)

Slag Type and Value
Property

Air-Cooled(6) Expanded(6,7) Pelletized(7)

Specific Gravity 2.0 - 2.5 - -

Compacted Unit Weight, kg/m3 1120 - 1360 800 - 1040 840
(lb/ft3) (70 - 85) (50 - 65) (52)

Absorption (%) 1 - 6 - -
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Air-Cooled Blast Furnace Slag

Material Description

•

•

Crushed ACBFS is angular, roughly cubical, and has textures ranging from rough, vesicular
(porous) surfaces to glassy (smooth) surfaces with conchoidal fractures. There can, however, be
considerable variability in the physical properties of blast furnace slag, depending on the iron
production process. For example, some recently produced ACBFS was reported to have a
compacted unit weight as high as 1940 kg/m3 (120 Ib/ft3). (8) Higher unit weights that are reported
are generally due to increased metals and iron content in the slag and tend to occur in slags that
are generated from blast furnaces with higher scrap metal additions.

The water absorption of ACBFS can be as high as 6 percent. Although ACBFS can exhibit these
high absorption values, ACBFS can be readily dried since little water actually enters the pores of
the slag and most is held in the shallow pits on the surface.

Expanded Blast Furnace Slag

Crushed expanded slag is angular, roughly cubical in shape, and has a texture that is rougher than
that of air-cooled slag. The porosity of expanded blast furnace slag aggregates is higher than
ACBFS aggregates. The bulk relative density of expanded slag is difficult to determine
accurately, but it is approximately 70 percent of that of air-cooled slag. Typical compacted unit
weights for expanded blast furnace slag aggregates range from 800 kg/m3 (50 Ib/ft3) to 1040
kg/m3 (65 Ib/ft3).(6)

Pelletized Blast Furnace Slag

Unlike air-cooled and expanded blast furnace slag, pelletized blast furnace slag has a smooth
texture and rounded shape. Consequently, the porosity and water absorption are much lower
than those of ACBFS or expanded blast furnace slag. Pellet sizes range from 13 mm (1/2 in) to
0.1 mm (No. 140 sieve size), with the bulk of the product in the minus 9.5 mm (3/8 in) to plus
1.0 mm (No. 18 sieve size) range. Pelletized blast furnace slag has a unit weight of about 840
kg/m3 (52 Ib/ft3).(7)

Granulated Blast Furnace Slag

Granulated blast furnace slag is a glassy granular material that varies, depending on the chemical
composition and method of production, from a coarse, popcornlike friable structure greater than
4.75 mm (No.4 sieve) in diameter to dense, sand-size grains passing a 4.75 mm (No.4) sieve.
Grinding reduces the particle size to cement fineness, allowing its use as a supplementary
cementitious material in Portland cement concrete.
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Chemical Properties

Material Description •
Table 3-2 depicts the typical chemical composition of blast furnace slag. The chemical
compositions shown are in general applicable to all types of slag. The data presented in Table 3-2
suggest that the chemical composition of blast furnace slags produced in North America has
remained relatively consistent over the years.

Table 3-2. Typical composition of blast furnace slag.(9)

Percent

Constituent 19490
• 19570

• 19680
• 19850 •

Mean Range Mean Range Mean Range Mean Range

Calcium Oxide (CaO) 41 34-48 41 31-47 39 32-44 39 34-43

Silicon Dioxide (Si02) 36 31-45 36 31-44 36 32-40 36 27-38

Aluminum Oxide 13 10-17 13 8 -18 12 8-20 10 7-12
(AI20 3)

Magnesium Oxide 7 1-15 7 2 -16 11 2 -19 12 7 -15
(MgO)

Iron 0.5 0.1 - 1.0 0.5 0.2 -0.9 0.4 0.2-0.9 0.5 0.2 -1.6
(FeO or Fe203)

Manganese Oxide 0.8 0.1-1.4 0.8 0.2 -2.3 0.5 0.2 -2.0 0.44 0.15-0.76
(MnO)

Sulfur 1.5 0.9 -2.3 1.6 0.7 -2.3 1.4 0.6 -2.3 1.4 1.0 - 1.9
(S)

a. Data source is the National Slag Association data: 1949 (22 sources); 1957 (29 sources); 1968 (30 sources)
and 1985 (18 sources).

When ground to the proper fineness, the chemical composition and glassy (noncrystalline) nature
of vitrified slags are such that when combined with water, these vitrified slags react to form
cementitious hydration products. The magnitude of these cementitious reactions depends on the
chemical composition, glass content, and fineness of the slag. The chemical reaction between
GGBFS and water is slow, but it is greatly enhanced by the presence of calcium hydroxide,
alkalies and gypsum (CaS04)'

Because of these cementitious properties, GGBFS can be used as a supplementary cementitious
material either by premixing the slag with Portland cement or hydrated lime to produce a blended
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cement (during the cement production process) or by adding the slag to Portland cement concrete
as a mineral admixture.

Blast furnace slag is mildly alkaline and exhibits a pH in solution in the range of 8 to 10.
Although blast furnace slag contains a small component of elemental sulfur (l to 2 percent), the
leachate tends to be slightly alkaline and does not present a corrosion risk to steel in pilings(1o) or
to steel embedded in concrete made with blast furnace slag cement or aggregates.(ll)

In certain situations, the leachate from blast furnace slag may be discolored (characteristic
yellow/green color) and have a sulfurous odor. These properties appear to be associated with the
presence of stagnant or slow-moving water that has come in contact with the slag. The stagnant
water generally exhibits high concentrations of calcium and sulfide, with a pH as high as 12.5.(12)
When this yellow leachate is exposed to oxygen, the sulfides present react with oxygen to
precipitate white/yellow elemental sulfur and produce calcium thiosulfate, which is a clear
solution. (See references 13,14,15,16,17,18,19.) Aging of blast furnace slag can delay the
formation of yellow leachate in poor drainage conditions but does not appear to be a preventative
measure, since the discolored leachate can still form if stagnant water is left in contact with the
slag for an extended period.(12)

Mechanical Properties

Of all the slag types generated, air-cooled blast furnace is the type that is most commonly used as
an aggregate material. Processed ACBFS exhibits favorable mechanical properties for aggregate
use including good abrasion resistance, good soundness characteristics, and high bearing
strength. Table 3-3 provides a listing of typical mechanical properties of ACBFS aggregates.

Table 3-3. Typical mechanical properties of
air-cooled blast furnace slag.(20)

Property Value

Los Angeles Abrasion (ASTM C13I) 35 -45%

Sodium Sulfate Soundness Loss (ASTM C88) 12%

Angle of Internal Friction 40° - 45°

Hardness (measured by Moh's scale of mineral hardness)' 5 - 6

California Bearing Ratio (CBR), top size 19 mm (3/4 in)·· up to 250%

·Hardness of dolomite measured on same scale is 3 to 4
··Typical CBR value for crushed limestone is 100%
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Other Properties

Material Description •
Because of their more porous structure, blast furnace slag aggregates have lower thermal
conductivities than conventional aggregatespl Their insulating value is of particular advantage
in applications such as frost tapers (transition treatments in pavement subgrades between frost
susceptible and nonfrost susceptible soils) or pavement base courses over frost-susceptible soils.
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Air-cooled blast furnace slag (ACBFS) is considered by many specifying agencies to be a
conventional aggregate and can replace both coarse and fine aggregates in asphalt paving
applications. ACBFS, however, is more absorptive than conventional aggregate and therefore
has a higher asphalt cement demand. It also has a lower compacted unit weight than
conventional mineral aggregates, which results in a higher asphalt pavement yield (greater
volume for the same weight).

PERFORMANCE RECORD

At least 17 states have specifications covering the use of ACBFS as aggregate in surface course
hot mix asphalt. They include Alabama, Colorado, Florida, Illinois, Indiana, Kentucky,
Louisiana, Michigan, New York, Ohio, Pennsylvania, Tennessee, Texas, Utah, Virginia, West
Virginia, and Wisconsin.(l) Hot mix asphalt containing properly selected and processed ACBFS
aggregates demonstrates good frictional resistance in pavement surfaces, good stripping
resistance, and high stability.

The use of ACBFS aggregates in surface treatment applications has been accepted by many of
the same jurisdictions that incorporate ACBFS aggregates in hot mix asphalt. Surface-treated
pavements incorporating ACBFS aggregate demonstrate good friction resistance, good resistance
to stripping, and fair wear resistance. However, the resistance of ACBFS to impact is not very
high and the material can break down under heavy traffic conditions. Such aggregate is better
suited to surface treatment applications on light traffic pavements.

Variability in the iron production process can result in a lack of consistency in the physical
properties (gradation, specific gravity, absorption, and angularity) of ACBFS. This lack of
consistency has occasionally contributed to hot mix asphalt performance problems, such as
flushing due to high binder content (too rich), ravelling due to low binder content, and high fines
to asphalt ratios (too lean).(2)

MATERIAL PRllCESSING REQUIREMENTS

Material Quality Control

Hot mix asphalt and surface treatments require aggregates that exhibit consistent physical
characteristics and quality. Special attention is required to address inconsistent physical
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properties of some ACBFS. More rigorous quality control is required in the selection and
processing of ACBFS aggregates than conventional aggregates.

Crushing and Screening

Conventional aggregate crushing and screening operations are used to process ACBFS for use as
an aggregate in asphalt concrete.

ENGINEERING PROPERTIES

Some of the engineering properties of ACBFS that are of particular interest when ACBFS is used
as an aggregate in asphalt concrete include gradation, compacted density, absorption, abrasion,
and freeze-thaw resistance.

Gradation: Blast furnace slag should be crushed and screened to produce aggregate that satisfies
the gradation requirements for hot mix asphalt as specified in ASTM D692(3) for coarse •
aggregate and AASHTO M29(4)for fine aggregate. For surface treatments, ACBFS aggregate
should satisfy ASTM Dl139(5) gradation specification requirements.

Compacted Density: The compacted density ofACBFS ranges from 1120 kg/m3(70 Ib/ft3) to
1940 kg/m3(120 Ib/ft3), which is somewhat lower than that of conventional aggregates.
Allowance for this differential should be considered during design and in specifications in order
to ensure equal volume irrespective of the type of the aggregate used. Asphalt mixes
incorporating blast furnace slag aggregates should be designed volumetrically.

Absorntion: The vesicular (porous) surface texture of ACBFS contributes to higher absorption
than conventional aggregates. High absorption leads to an increased asphalt cement requirement
(up to 3 percent more by weight of mix), resulting in an increase in the cost of the ACBFS
paving mixes relative to conventional mixes. This is offset somewhat by the higher yield
(volume per mass) of ACBFS paving mixtures because of the lower unit weight of the mix.

Abrasion: Although the resistance to degradation of ACBFS aggregates as measured by the Los
Angeles machine(6) is not particularly favorable (because the sharp edges break off), field
performance has been satisfactory. Consequently, the ASTM testing requirement for degradation
of ACBFS aggregates has been deleted from standard specifications for hot mix and surface
treatment aggregates (see ASTM D692 and ASTM Dl139). Major slag-using states, such as
Michigan, Ohio, and Indiana, do not have Los Angeles Abrasion loss requirements for ACBFS.(7)
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Freeze-Thaw Resistance: ACBFS displays good resistance to freeze-thaw weathering.(8)

Some of the properties of asphalt paving mixes that are of particular interest when ACBFS is
incorporated into the mix include stability, frictional properties, resistance to rutting, and
resistance to stripping.

Stability: The angular shape and high friction angle (40 0 to 45 0
) of crushed ACBFS contributes

to good lateral stability when ACBFS is incorporated into paving mixes. This is particularly
beneficial where hard braking and acceleration are considerations.

Frictional Properties: One of the more notable features of asphalt concrete containing ACBFS is
its high frictional resistance.(9,1O) This is due to the rough, vesicular surface texture, high
angularity, and hardness (Moh's hardness of 5 to 6) of ACBFS. ACBFS aggregates have high
polished stone values (PSV) tested according to AASHTO T279(11) and impart good frictional
resistance to hot mix asphalt and surface treatments. (See references 6,7,8, and 12.)

Rutting Resistance: Asphalt concrete mixes containing ACBFS aggregates combine very high
stabilities with good flow properties, resulting in a mix that resists rutting after cooling but is still
compactable.

Stripping Resistance: Due to its hydrophobic nature, ACBFS has a high affinity for asphalt
cement (rather than water), resulting in excellent adhesive bond between ACBFS aggregate
particles and asphalt cement and excellent resistance to stripping.

DESIGN CONSIDERATIONS

Mix Design

Asphalt mixes containing blast furnace slag can be designed using standard laboratory
procedures.

Structural Design

Conventional AASHTO pavement structural design methods are appropriate for asphalt
pavements containing ACBFS.
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The same methods and equipment used to store or stockpile conventional aggregates are
applicable to ACBFS. Due to its brittle nature, some care must be taken in handling ACBFS,
since excessive handling could result in particle breakdown.

Mixing, Placing, and Compacting

Since ACBFS is more porous than conventional aggregates, longer retention time for drying at
the hot mix plant may be required.

The same methods and equipment used for placing and compacting conventional pavements can
be used for asphalt concrete containing ACBFS.

Quality Control

To minimize problems associated with the variable properties of some ACBFS aggregates, a
comprehensive quality control testing program may be necessary to monitor the gradation,
specific gravity, absorption, and angularity of ACBFS u~ed in asphalt concreteY)

The same field testing procedures used for conventional hot mix asphalt mixes should be used
for mixes containing blast furnace slag. Mixes should be sampled in accordance with AASHTO
TI68,(I3) and tested for specific gravity in accordance with ASTM D2726(14) and in-place density
in accordance with ASTM D2950.(15)

UNRESOLVED ISSUES

There is a need to evaluate factors that contribute to the lack of consistency in the physical
properties (gradation, specific gravity, absorption, and angularity) of ACBFS aggregates among
individual slag producers and its effect on performance problems such as flushing and ravelling
in hot mix asphalt. In addition, formal quality control procedures should be instituted to monitor
the quality of specific ACBFS sources to assist in mitigating these problems.
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Ground granulated blast furnace slag (GGBFS) has been used for many years as a supplementary
cementitious material in Portland cement concrete, either as a mineral admixture or as a
component of blended cement. Using GGBFS as a partial Portland cement replacement takes
advantage of the energy invested in the slag making process and its corresponding benefits with
respect to the enhanced cementitious properties of the slag. Grinding slag for cement
replacement requires only about 25 percent of the energy needed t6 manufacture Portland
cement.(I)

The use ofGGBFS in Portland cement is governed by AASHTO M302.(2) Three types of ground
granulated slag cements are typically manufactured. They include Portland cement as covered
by AASHTO M85(3), Portland blast furnace slag cement (blended cement Type IS), and slag
cement (slag cement Type S) as per AASHTO M240.(4)

PERFORMANCE RECORD

Four state agencies are reported to be investigating the use ofGGBFS as a supplementary
cementitious material (Florida, Maryland, New Hampshire, and Oregon)Y) At least 11 states
(Delaware, Florida, Indiana, Maryland, Massachusetts, Michigan, New Hampshire, North
Carolina (limited use on experimental basis), Pennsylvania, South Carolina and Virginia)
currently nave specifications covering the use of GGBFS as a partial replacement for Portland
cement. Some agencies have reported durability problems (salt scaling resistance) with exposed
concrete containing blast furnace slag where the amount of slag cement exceeds about 25 percent
of the total cement.(6)

The Environmental Protection Agency (EPA) has recommended that effective May 1, 1995,
procuring agencies specifically include provision in all construction contracts for the use of
GBBFS, as appropriate. (7)

MATERIAL PROCESSING REQUIREMENTS

Dewatering

Moisture in blast furnace slag, which occurs in the granulation process or in pelletized slag,
should be removed by drying prior to the use of GGBFS as either an additive to Portland cement
or a mineral admixture to Portland cement concrete.
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Processing for use as a supplementary cementitious material requires grinding of the slag,
typically using the same or similar plant and equipment as for Portland cement production.

ENGINEERING PROPERTIES

Some of the engineering properties of GGBFS that are of particular interest when blast furnace
slag is used as a supplementary cementitious material in Portland cement concrete include the
hydraulic reactivity of the slag and its fineness.

Hydraulic Reactivity: Depending on the quenching process, the structure of pelletized blast
furnace slag can range from crystalline (slow quench) to vitreous (rapid quench). Rapid
quenching is important if cementitious properties are to be achieved. The chemical composition
of GGBFS used in Portland cement concrete must also conform to sulfur and sulfate content
limitations outlined in AASHTO M302.(I)

Fineness: Granulated blast furnace slag is a glassy granular material, and its particle distribution,
shape, and grain size vary, depending on the chemical composition and method of production,
from popcornlike friable particles to dense, sand-size grains. Pelletized blast furnace slag, in
contrast to air-cooled and expanded blast furnace slag, has a relatively smooth texture and
rounded shape. Grinding reduces the particle size to a cement fineness for use as a hydraulic
cement, which is typically less than 3500 cm2/g.(8)

Some of the properties of concrete mixes containing GGBFS that are of particular interest when
it is used as partial cement replacement include strength development, workability, heat of
hydration, resistance to alkali-aggregate reactivity, resistance to sulfate attack, and salt scaling.

Strength Development: Concrete containing GGBFS develops strength at a somewhat slower
rate than concrete containing only Portland cement, but ultimately can develop equivalent
strength. This can be a concern where early strength development is important (staged
construction where the first structure must develop strength before the second structure can be
placed). Low temperatures (cold weather) generally have a more adverse impact on strength
development with concrete containing GGBFS than concrete containing only Portland cement.

Workability: Concrete containing GGBFS as a partial cement replacement has longer-lasting
workability and low slump loss during hot weather construction.
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Heat of Hydration: Concrete containing GGBFS exhibits a lower heat of hydration than
conventional Portland cement concrete.

Alkali-A~~re~ate Reactivity: The use of GGBFS as a partial replacement for Portland cement
can reduce available alkalis and can reduce the reaction between certain siliceous components of
concrete aggregates and the alkalis in the concrete. (9)

Sulfate Resistance: Use of GGBFS as a partial cement replacement gives concrete moderate
resistance to sulfate attack. (10)

Salt Scalin~: Concrete containing high concentrations of GGBFS may be susceptible to salt
scaling (the loss of surface layers of cement mortar during repeated freeze-thaw cycles). Due to
this problem, some agencies limit the amount of slag in a Portland cement concrete mix to 25
percent of the total cement weight.(6)

DESIGN CONSIDERATIONS

Mix Design

The most frequently used proportioning recommendations for GGBFS use in concrete mix
designs are covered in ACI 226.1R.(lI) Some agencies require that a salt scaling test also be
completed for selected concrete mixes subjected to deicing salts.(6,12)

Structural Design

Conventional AASHTO pavement structural design methods are appropriate for concrete mixes
containing GGBFS.

CONSTRUCTION PROCEDURES

Material Handling and Storage

GGBFS (or cement containing GGBFS) is handled and stored like conventional Portland cement.

Mixing, Placing, and Compacting

The same equipment and procedures used for conventional Portland cement concrete may be
used to batch, mix, transport, place, and finish concrete containing GGBFS.
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The slower strength development of concrete containing GGBFS may require that the moisture
be retained in the concrete for a longer period of time than what is normally required for
conventional concrete. Scheduling of pavement construction should allow adequate time for the
specified strength gain prior to the placement of traffic loads, the onset of freeze-thaw cycles, and
the application of deicing salts.

Quality Control

The same quality control procedures used for conventional Portland cement concrete can be used
for concrete containing GGBFS.

UNRESOLVED ISSUES

The primary issue associated with the use of slag cement is the reported loss of durability (salt
scaling resistance) for exposed Portland cement concrete containing more than about 25 percent •
slag cement. It is unknown if any U.S. agencies are conducting specific research into this
concern (some research has been reported in Canada).(5) During the mix design stage, a salt
scaling resistance test (ASTM C672)(I2) should be undertaken to assess the potential durability
problems that may be encountered with the levels of GGBFS being used.
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Air-cooled blast furnace slag (ACBFS) is considered by many specifying agencies to be a
conventional aggregate that can be used in granular base applications. The high stability of
ACBFS aggregates can be especially useful in construction over soft ground. Its ability to "lock
up" in granular base applications provides good load transfer when placed on weaker subgrade.
The lower compacted unit weight of blast furnace slag aggregates relative to conventional
aggregates results in a higher yield (greater volume for the same weight).

PERFORMANCE RECORD

ACBFS has been successfully used as granular base or subbase material in many parts of the
United States. At least seven states (California, Illinois, Indiana, Michigan, New Jersey, New
York, and Pennsylvania) include ACBFS in their conventional granular base or subbase
specifications.(I)

Some of the more desirable features of ACBFS in granular base applications include its ability to
stabilize wet, soft underlying soils at early construction stages, good durability, ability to be
placed in almost any weather, extremely high stability, and almost complete absence of
settlement after compaction. Additionally, the high insulating value of blast furnace slag
granular bases can be used to minimize frost heaving.

When ACBFS granular base is placed in poor drainage conditions, or other situations where it
may be in extended contact with stagnant or slow moving water, sulfurous, discolored leachate
may result. This leachate can result in sulfur-related odors and typically exhibits a yellow/green
tinge, resulting from the presence of free sulfur and sulfur dioxide and a high pH. (2)

MATERIAL PROCESSING REQUIREMENTS

Crushing and Screening

ACBFS is readily processed using conventional crushing and screening equipment. The highest
stabilities are obtained using crushed material with the largest maximum size that can be handled
without segregation (generally 19 mm (3/4 in) to 38 mm (1-1/2 in)).
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Leachate from the ACBFS aggregate should be checked by the processors to verify that it is not
prone to discoloration and/or odor. Although aging delays the discoloration and sulfurous odor
problems from ACBFS in contact with water, it does not eliminate themY) Recommended
guidelines to minimize the likelihood of sulfurous leachate from ACBFS granular base are
outlined below:

• ACBFS aggregates should be stockpiled for at least 1 month prior to shipping to the
project.

• The ACBFS aggregates should pass the State of Illinois Testing and Acceptance
Procedure of Crushed Slag Samples for Leachate Determination(4) (Bucket Test) prior to
shipping to the project. (This test method has also been adopted by Ohio EPA.)

• ACBFS aggregates should only be used above grade as granular base in the pavement
structure and must be adequately separated from water courses to prevent immersion, and
should not be used in poorly drained areas or in contact with stagnant or slow moving
water. •

ENGINEERING PROPERTIES

Some of the engineering properties of ACBFS aggregates that are of particular inj~rest when
ACBFS is used in granular base applications include gradation, compacted density, friction
angle, bearing capacity, freeze-thaw resistance, weathering, hardness and impact resistance,
abrasion, and drainage characteristics.

Gradation: Blast furnace slag should be crushed and screened to produce a material that satisfies
the grading requirements of granular base and subbase specifications, such as AASHTO MI47.(5)

Compacted Density: The compacted density varies with size and grading of the slag, method of
measuring, and bulk specific gravity of the slag. The compacted density of ACBFS ranges from
1120 kg/m3 (70 Ib/ft3) to 1940 kg/m3 (120 Ib/ft3), which is somewhat lower than that of
conventional granular materials. Allowance for this differential should be considered during
design and in specifications in order to ensure equal volume irrespective of the type of aggregate
used.

Stability: ACBFS angularity and high friction angle (40° to 45°) contribute to high bearing
capacity (California Bearing Ratio (CBR) greater than 100).
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Freeze-Thaw Resistance: ACBFS aggregates display good durability with resistance to freeze­
thaw weathering and erosion.

Hardness and Impact Resistance: The hardness of slag as measured by Moh's scale is between 5
and 6, corresponding to durable igneous rock.(6) However, ACBFS is quite brittle and prone to
breakdown when subjected to impact 10ading.(7)

Abrasion: AASHTO M147(5) requirements for Los Angeles Abrasion loss for granular base
aggregates are typically waived for ACBFS since no correlation between the Los Angeles
Abrasion test loss for slag in laboratory tests and degradation in field applications has reportedly
been observed. For this reason ASTM has deleted this test for slag in its specifications (e.g.,
ASTM D692, ASTM Dl139), and major slag-using states, such as Michigan, Ohio and Indiana,
do not use this test procedure with ACBFS.

Drainage Characteristics. ACBFS granular base is free draining and is not frost susceptible.(8)

• DESIGN CONSIDERATIONS

The use of ACBFS aggregates in granular base applications is covered by conventional aggregate
specifications in many jurisdictions. ACBFS aggregate can normally meet the requirements of
AASHTO M147.(5)

Structural design procedures for granular base containing blast furnace slag are the same as
design procedures for conventional granular materials.

CONSTRUCTION PROCEDURES

Material Handling and Storage
I

The same equipment and procedures used for conventional aggregate may be used to stockpile
and handle conventional aggregates as appropriate for ACBFS. However, greater care is
required when handling and stockpiling blast furnace slag aggregates to avoid brittle fracture that
can result in excessive fines generation.

•
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Procedures should be employed to ensure uniform gradation and layer thickness. Good
uniformity is obtained by combining the coarse and fine aggregates with optimum water for
compaction at the blending plant just prior to placing. The material should be graded and placed
in a manner that allows free drainage and prevents ponding within or adjacent to the material.

Quality Control

The same test procedures used for conventional aggregate are appropriate for ACBFS. Standard
field and laboratory tests for compacted density and field measurement of compaction are given
by AASHTO T191,(9) T205,(IO) T238,(II) and T239(12) test methods.

UNRESOLVED ISSUES

There is a need to resolve the aesthetic and environmental concerns regarding the odor and
discoloration of water due to ACBFS leachate by conducting research to determine the properties •
(e.g., pH, redox conditions, etc.) that result in the discoloration and odor encountered in the field.
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Both air-cooled blast furnace slag (ACBFS) and expanded blast furnace slag can be used as a
conventional aggregate in embankment or fill. They are generally considered by many specifying
agencies to be conventional aggregates and require minimal processing to satisfy conventional
soil and aggregate engineering requirements.(1,2,3)

PERFORMANCE RECORD

At least seven states have reported the use of blast furnace slag in embankment construction.
They include Indiana, Kentucky, Maryland, Michigan, Missouri, New York, and Ohio.(4)

Some positive features of ACBFS and expanded blast furnace slag include their low compacted
density (which results in reduced dead weight load, reduced lateral pressures, and favorable
transportation costs on a volumetric basis), high stability and friction angle, ability to stabilize
wet, soft underlying soils at early construction stages,and the almost complete absence of
settlement after compaction. Expanded blast furnace slag can also provide some structural
strength because of its cementitious properties.

Leaching of sulfurous compounds from ACBFS has been reported. (See references 5,6,7,8,9, and
10.) Investigation and testing have shown that when ACBFS is placed in poor drainage
conditions and is in extended contact with stagnant or slow moving water, the contact water can
exhibit a high pH, aesthetically undesirable odors (sulfur-related), and yellow/green color.(7,11)

MATERIAL PROCESSING REQUIREMENTS

Crushing

Blast furnace slag requires minimal processing to satisfy the physical requirements for use in
embankments. Primary crushing is generally adequate to satisfy gradation requirements.

Quality Control

Leachate from the material should be checked to verify that it is not prone to discoloration.
While aging delays the discoloration and sulfurous odor from ACBFS in contact with water, it
does not completely eliminate this occurrence.(12)
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The following are recommended guidelines to minimize the likelihood of sulfurous leachate from
ACBFS:

• ACBFS aggregates should be stockpiled for at least 1 month prior to shipping to the
project.

• The aged ACBFS should pass the State of Illinois Testing and Acceptance Procedure of
Crushed Slag Samples for Leachate Determination (Bucket Test)(l3) prior to shipping to
the project.

• Aged ACBFS aggregates should only be used above the water table, and should be
adequately separated from water courses to prevent submersion in water, and should not
be used in poorly drained areas or in contact with stagnant or slow moving water.

• A good groundwater drainage system is recommended when ACBFS aggregate is used to
allow free drainage and to prevent ponding within or against the ACBFS.

ENGINEERING PROPERTIES

Some of the engineering properties of ACBFS that are ofparticular interest when ACBFS is used
in embankment or fill applications include gradation, stability, compacted density, drainage
characteristics, and corrosivity.

Gradation: The gradation and physical requirements of AASHTO M145-82(14) are readily
satisfied by ACBFS.

Stability: Due to its coarse texture and angular shape, ACBFS aggregate has a high friction
angle (40° to 45°), has high bearing capacity (California Bearing Ratio (CBR) greater than 100),
and demonstrates almost complete lack of postcompaction settlement.(l5)

Compacted Density: The compacted density of ACBFS aggregates, which is in the range of
1120 kg/m3(70 lb/fe) to 1940 kg/m3(120 Ib/ft3), is usually lower than that of conventional
embankment or fill materials (earth and rock). The bulk relative density of expanded slag is
difficult to determine accurately, but its loose unit weight is about 70 percent of that ofACBFS.
Typical unit weights for expanded blast furnace slag fine aggregates are 800 kg/m3(50 Ib/ft3) to
1040 kg/m3(65 lb/fe) and from 560 kg/m3(35 Ib/ft3) to 800 kg/m3(50 Ib/ft3) for coarse
aggregates.(16)
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Drainage Characteristics: ACBFS and expanded blast furnace slag are nonplastic and free
draining and are not frost susceptible.

Corrosivity: Blast furnace slag is mildly alkaline, with a pH in nonstagnant water mixtures in the
range of 8 to 10. Despite the fact that blast furnace slag contains a small component of elemental
sulfur (1 to 2 percent), the leachate is slightly alkaline and does not present a corrosion risk to
steel (e.g., steel pilings).(17,18)

DESIGN CONSIDERATIONS

There are no standard specifications covering blast furnace slag use as embankment or fill
material. The supplier may be required to satisfy moisture content criteria according to
AASHTO T99.o9

)

Design procedures for embankments or fill containing blast furnace slag are the same as design
procedures for embankments or fills using conventional materials.

CONSTRUCTION PROCEDURES

Material Handling and Storage

The same equipment and procedures used for handling and stockpiling conventional aggregates
may be used to handle and stockpile ACBFS.

Placing and Compacting

ACBFS should be placed in a manner that allows free drainage and prevents ponding within or
against the material. The same methods and equipment used to place and compact conventional
aggregate can be used to place and compact blast furnace slag.

The same test procedures used for conventional aggregate are appropriate for ACBFS. Standard
field and laboratory tests for compacted density and field measurement of compaction are given
by AASHTO TI91,(20) T205,(21) T238,(22) and T239(23) test methods.
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There is a need to resolve the aesthetic environmental concerns regarding the odor and
discoloration of water because ofACBFS leachate by conducting research to determine the
properties (e.g., pH, redox conditions, etc.) that result in the odor and discoloration encountered
in the field.
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Coal bottom ash and boiler slag are the coarse, granular, incombustible by-products that are
collected from the bottom of furnaces that burn coal for the generation of steam, the production
of electric power, or both. The majority of these coal by-products are produced at coal-fired
electric utility generating stations, although considerable bottom ash and/or boiler slag are also
produced from many smaller industrial or institutional coal-fired boilers and from coal-burning
independent power production facilities. The type of by-product (Le., bottom ash or boiler slag)
produced depends on the type of furnace used to bum the coal.

Bottom Ash

The most common type of coal-burning furnace in the electric utility industry is the dry-bottom
pulverized coal boiler. When pulverized coal is burned in a dry-bottom boiler, about 80 percent
of the unburned material or ash is entrained in the flue gas and is captured and recovered as fly
ash. The remaining 20 percent of the ash is dry bottom ash, a dark gray, granular, porous,
predominantly sand size minus 12.7mm (~in) material that is collected in a water-filled hopper
at the bottom of the furnace,o) 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 either to a disposal
pond or to a decant basin for dewatering, crushing, and stockpiling for disposal or use.(2) During
1996, the utility industry generated 14.5 million metric tons (16.1 million tons) of bottom ashY)

Boiler Slag

There are two types of wet-bottom boilers: the slag-tap boiler and the cyclone boiler. The slag­
tap boiler burns pulverized coal and the cyclone boiler bums crushed coal. In each type, the
bottom ash is kept in a molten state and tapped off as a liquid. Both boiler types have a solid
base with an orifice that can be opened to permit the molten ash that has collected at the base to
flow into the ash hopper below. The ash hopper in wet-bottom furnaces contains quenching
water. When the molten slag comes in contact with the quenching water, it fractures instantly,
crystallizes, and forms pellets. The resulting boiler slag, often referred to as "black beauty," is a
coarse, hard, black, angular, glassy material.

When pulverized coal is burned in a slag-tap furnace, as much as 50 percent of the ash is retained
in the furnace as boiler slag. In a cyclone furnace, which bums crushed coal, some 70 to 80
percent of the ash is retained as boiler slag, with only 20 to 30 percent leaving the furnace in the
form of fly ash.(I)

Wet-bottom boiler slag is a term that describes the molten condition of the ash as it is drawn
from the bottom of the slag-tap or cyclone furnaces. At intervals, high-pressure water jets wash
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the boiler slag from the hopper pit into a sluiceway which then conveys it to a collection basin
for dewatering, possible crushing or screening, and either disposal or reuse.(4) During 1995, the
utility industry in the United States generated 2.3 million metric tons (2.6 million tons) of boiler
slag.(3)

A general diagram depicting the production and processing operations associated with bottom
ash and boiler slag management is presented in Figure 4-1.

Utilization

Holding
Pond

Disposal '----------'

ewate;r-Ing
Bin

(Drying)

Sizing
(Screening

or
Grinding)

Reclaim Air Drying
Dewatering

•

Figure 4-1. Production and processing of bottom ash or boiler slag.

Additional information on the use of bottom ash and/or boiler slag can be obtained from:

American Coal Ash Association (ACAA)
2760 Eisenhower Avenue, Suite 304

Alexandria, Virginia 22314

Electric Power Research Institute
3412 Hillview Road

Palo Alto, California 94304
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According to recent statistics on coal combustion by-product utilization, 30.3 percent of all
bottom ash and 93.3 percent of all boiler slag produced in 1996 were utilized. Leading bottom
ash applications are snow and ice control, aggregate in lightweight concrete masonry units, and
raw feed material for production of Portland cement. Bottom ash has also been used as road base
and subbase aggregate, structural fill material,(5) and fine aggregate in asphalt paving and
flowable fill. Leading boiler slag applications are blasting grit, roofing shingle granules, and
snow and ice control. Boiler slag has also been used as aggregate in asphalt paving, structural
fill,(5) and road base and subbase applications.(2)

The U. S. EPA is presently undertaking a study of power plant wastes prior to disposal by the
utility. It is possible that the EPA study on mixed power plant wastes could have a regulatory
impact on beneficial use or reuse of any mixed materials. It is anticipated that this investigation
will be completed in 1998.

Disposal

Discarded bottom ash and boiler slag are either landfilled or sluiced to storage lagoons. When
sluiced to storage lagoons, the bottom ash or boiler slag is usually combined with fly ash. This
blend of fly ash and bottom ash or boiler slag is referred to as ponded ash. Approximately 30
percent of all coal ash is handled wet and disposed of as ponded ashY)

Ponded ash is potentially useable, but variable in its characteristics because of its manner of
disposal. Because of differences in the unit weight of fly ash and bottom ash or boiler slag, the
coarser bottom ash or boiler slag particles settle first and the finer fly ash remains in suspension
longer.

Ponded ash can be reclaimed and stockpiled, during which time it can be dewatered. Under
favorable drying conditions, ponded ash may be dewatered into a range of moisture that will be
within the vicinity of its optimum moisture content. The higher the percentage of bottom ash or
boiler slag there is in ponded ash, the easier it is to dewater and the greater its potential for reuse.
Reclaimed ponded ash has been used in stabilized base or subbase mixes and in embankment
construction, and can also be used as fine aggregate or filler material in flowable fill.
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Although electric utility companies produce ash at their coal-fired power plants, most utilities do
not handle, dispose of, or sell the ash that they produce. For the most part, management of
bottom ash or boiler slag is contracted out to ash marketing firms or to local hauling contractors.
There are approximately 50 commercial ash marketing firms operating throughout the United
States, in all states except Hawaii. In addition to commercial ash marketing organizations,
certain coal-burning electric utility companies have a formal ash marketing program of their
own. Most coal-burning electric utility companies currently employ an ash marketing specialist,
who is responsible for monitoring ash generation, quality, use or disposal, and for interfacing
with the ash marketers or brokers who are under contract to the utility companies.

HIGHWAY USES AND PROCESSING REQUIREMENTS

Asphalt Concrete Aggregate (Bottom Ash and Boiler Slag)

Both bottom ash and boiler slag have been used as fine aggregate substitute in hot mix asphalt •
wearing surfaces and base courses, and emulsified asphalt cold mix wearing surfaces and base
courses. Because of the "popcorn," clinkerlike low durability nature of some bottom ash
particles, bottom ash has been used more frequently in base courses than in wearing surfaces.
Boiler slag has been used in wearing surfaces, base courses and asphalt surface treatment or seal
coat applications. There are no known uses of bottom ash in asphalt surface treatment or seal
coat applications.

Screening of oversized particles and blending with other aggregates will typically be required to
use bottom ash and boiler slag in paving applications. Pyrites that may be present in the bottom
ash should also be removed (with electromagnets) prior to use. Pyrites (iron sulfide) are
volumetrically unstable, expansive, and produce a reddish stain when exposed to water over an
extended time period.

Granular Base (Bottom Ash and Boiler Slag)

Both bottom ash and boiler slag have occasionally been used as unbound aggregate or granular
base material for pavement construction. Bottom ash and boiler slag are considered fine
aggregates in this use. To meet required specifications, the bottom ash or slag may need to be
blended with other natural aggregates prior to its use as a base or subbase material. Screening or
grinding may also be necessary prior to use, particularly for the bottom ash, where large particle •
sizes, typically greater than 19 mm (3/4 in), are present in the ash.

4-4



• COAL BOTTOM ASH/
BOILER SLAG

Stabilized Base Aggregate (Bottom Ash and Boiler Slag)

Material Description

•

•

Bottom ash and boiler slag have been used in stabilized base applications. Stabilized base or
subbase mixtures contain a blend of an aggregate and cementitious materials that bind the
aggregates, providing the mixture with greater bearing strength. Types of cementitious materials
typically used include Portland cement, cement kiln dust, or pozzolans with activators, such as
lime, cement kiln dusts, and lime kiln dusts. When constructing a stabilized base using either
bottom ash or boiler slag, both moisture control and proper sizing are required. Deleterious
materials such as pyrites should also be removed.

Embankment or Backfill Material (Mainly Bottom Ash)

Bottom ash and ponded ash have been used as structural fill materials for the construction of
highway embankments and/or the backfilling of abutments, retaining walls, or trenches. These
materials may also be used as pipe bedding in lieu of sand or pea gravel. To be suitable for these
applications, the bottom ash or ponded ash must be at or reasonably close to its optimum
moisture content, free of pyrites and/or "popcorn" particles, and must be non-corrosive.
Reclaimed ponded ash must be stockpiled and adequately dewatered prior to use. Bottom ash
may require screening or grinding to remove or reduce oversize materials (greater than 19 mm
(3/4 in) in size.

Flowable Fill Aggregate (Mainly Bottom Ash)

Bottom ash has been used as an aggregate material in flowable fill mixes. Ponded ash also has
the potential for being reclaimed and used in flowable fill. Since most flowable fill mixes
require comparatively low compressive strength (to allow for excavation at a later time, if
necessary), no advance processing of bottom ash or ponded ash is needed. Neither bottom ash
nor ponded ash needs to be at any particular moisture content to be used in flowable fill mixes
because the amount of water in the mix can be adjusted in order to provide the desired
flowability.

MATERIAL PROPERTIES

Physical Properties

Bottom ashes have angular particles with a very porous surface texture. Bottom ash particles
range in size from a fine gravel to a fine sand with very low percentages of silt-clay sized
particles. The ash is usually a well-graded material, although variations in particle size
distribution may be encountered in ash samples taken from the same power plant at different
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times. Bottom ash is predominantly sand-sized, usually with 50 to 90 percent passing a 4.75 mm
(No.4) sieve, 10 to 60 percent passing a 0.42 mm (No. 40) sieve, 0 to 10 percent passing a
0.075 mm (No. 200) sieve, and a top size usually ranging from 19 mm (3/4 in) to 38.1 mm (1-1/2
in). Table 4-1 compares the typical gradations of bottom ash and boiler slag.

Table 4-1. Particle size distribution of bottom ash and boiler slag.(4)
(percent by weight passing)

Bottom Ash Boiler Slag

Glasgow, New Moundsville, Willow Rockdale, Moundsville,
Sieve Size WV Haven, WV WV Island, WV TX WV

38 mm (1-1/2 in) 100 99 100 100 100 100
19 mm (3/4 in) 100 95 100 100 100 100
9.5 mm (3/8 in) 100 87 73 99 100 97
4.75 mm (No.4) 90 77 52 97 99 90
2.36 mm (No.8) 80 57 32 85 88 62
1.18 mm (No. 16) 72 42 17 46 42 16
0.60 mm (No. 30) 65 29 10 23 10 4
0.30 mm (No. 50) 56 19 5 12 5 2
0.15 mm (No. 100) 35 15 2 6 2 1
0.075 mm (No. 200) 9 4 1 4 1 0.5

Boiler slags are predominantly single-sized and within a range of 5.0 to 0.5 mm (No.4 to No. 40
sieve). Ordinarily, boiler slags have a smooth surface texture, but if gases are trapped in the slag
as it is tapped from the furnace, the quenched slag will become somewhat vesicular or porous.
Boiler slag from the burning of lignite or subbituminous coal tends to be more porous than that
of the eastern bituminous coals.(6) Boiler slag is essentially a coarse to medium sand with 90 to
100 percent passing a 4.75 mm (No.4) sieve, 40 to 60 percent passing a 2.0 mm (No. 10) sieve,
10 percent or less passing a 0.42 mm (No. 40) sieve, and 5 percent or less passing a 0.075 mm
(No. 200) sieve.(4)

The specific gravity of the dry bottom ash is a function of chemical composition, with higher
carbon content resulting in lower specific gravity. Bottom ash with a low specific gravity has a
porous or vesicular texture, a characteristic of "popcorn" particles that readily degrade under
loading or compaction.(7) Table 4-2 lists some typical physical properties of bottom ash and
boiler slags.

4-6

•

•



• COAL BOTTOM ASH/
BOILER SLAG Material Description

•

•

Table 4-2. Typical physical properties of bottom
ash and boiler slag.

Property Bottom Ash Boiler Slag

Specific Gravity(6) 2.1 - 2.7 2.3 - 2.9

Dry Unit Weight(6) 720 - 1600 kg/mJ 960 - 1440 kg/mJ

(45 - 100 Ib/ft3) (60 - 90 Ib/ftJ
)

Plasticity(6) None None

Absorption(4) 0.8 - 2.0% 0.3 - 1.1%

Chemical Properties

Bottom ash and boiler slag are composed principally of silica, alumina, and iron, with smaller
percentages of calcium, magnesium, sulfates, and other compounds. The composition of the
bottom ash or boiler slag particles is controlled primarily by the source of the coal and not by the
type of furnace. Table 4-3 presents a chemical analysis ofselected samples of bottom ash and
boiler slag from different coal types and different regions.

Table 4-3. Chemical composition of selected bottom ash and boiler slag samples
(percent by weight).<4)

Ash Type: Bottom Ash Boiler Slag

Coal Type: Bituminous Sub-bituminous Lignite Bituminous Lignite

Location: West Virginia Ohio Texas West Virginia North Dakota

Si02 53.6 45.9 47.1 45.4 70.0 48.9 53.6 40.5

A120 J 28.3 25.1 28.3 19.3 15.9 21.9 22.7 13.8

Fe.o3 5.8 14.3 10.7 9.7 2.0 14.3 10.3 14.2

CaO 0.4 1.4 0.4 15.3 6.0 1.4 1.4 22.4

MgO 4.2 5.2 5.2 3.1 1.9 5.2 5.2 5.6

Na20 1.0 0.7 0.8 1.0 0.6 0.7 1.2 1.7

K20 0.3 0.2 0.2 - 0.1 0.1 0.1 1.1
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Bottom ash or boiler slag derived from lignite or sub-bituminous coals has a higher percentage of
calcium than the bottom ash or boiler slag from anthracite or bituminous coals. Although sulfate
is not shown in Table 4-2, it is usually very low (less than 1,0 percent), unless pyrites have not
been removed from the bottom ash or boiler slag.

Due to the salt content and, in some cases, the low pH of bottom ash and boiler slag, these
materials could exhibit corrosive properties. When using bottom ash or boiler slag in an
embankment, backfill, subbase, or even possibly in a base course, the potential for corrosion of
metal structures that may come in contact with the material is of concern and should be
investigated prior to use.

Corrosivity indicator tests normally used to evaluate bottom ash or boiler slag are pH, electrical
resistivity, soluble chloride content, and soluble sulfate content. Materials are judged to be
noncorrosive if the pH exceeds 5.5, the electrical resistivity is greater than 1,500 ohm­
centimeters, the soluble chloride content is less than 200 parts per million (ppm), or the soluble
sulfate content is less than 1,000 parts per million (ppm).(8)

Mechanical Properties

Table 4-4 lists some typical values for bottom ash and boiler slag compaction characteristics
(maximum dry density and optimum moisture), durability characteristics (Los Angeles abrasion
and sodium sulfate soundness), shear strength and bearing strength characteristics (friction angle
and ), and permeability.

The maximum dry density values of bottom ash and boiler slag are usually from 10 to 25 percent
lower than those of naturally occurring granular materials. The optimum moisture content values
of bottom ash and boiler slag are both higher than those of naturally occurring granular materials,
with bottom ash having a considerably higher optimum moisture content than boiler slag.

Boiler slag usually exhibits less abrasion loss and soundness loss than bottom ash because of its
glassy surface texture and lower porosity.(9) In some power plants, coal pyrites are disposed of
with the bottom ash or boiler slag. In such cases, some pyrite or soluble sulfate is contained in
the bottom ash or boiler slag,(9) which may be reflected in higher sodium sulfate soundness loss
values.

Reported friction angle values are within the same range as those for sand and other conventional
fine aggregate sources.(7)
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Table 4-4. Typical mechanical properties of bottom ash
and boiler slag.

Property Bottom Ash Boiler Slag

Maximum Dry Density 1210 - 1620 1330 - 1650
kg/m3 (Ib/fe) (7) (75 - 100) (82 - 102)

Optimum Moisture Usually <20 8 - 20
Content, %(7) 12 - 24 range

Los Angeles Abrasion 30 - 50 24 - 48
Loss %(4)

Sodium Sulfate Soundness 1.5 - 10 1 - 9
Loss %(4)

Shear Strength 38 - 42° 38 - 42°
(Friction Angle)<6) 32 - 45° «9.5 mm size) 36 - 46° «9.5 mm size)

California Bearing Ratio 40 - 70 40 -70
(CBR) %(6)

Permeability Coefficient 10-2 _ 10-3 10.2 - 10-3

cm/seC<6)

California Bearing Ratio values are comparable to those of high-quality gravel base materials.
Dry bottom ash and boiler slag can both be expected to have permeability coefficients that are
within approximately the same range.(7) The permeability is related to the percent fines (minus
0.075 mm or No. 200 sieve) of the material.
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Bottom ash and boiler slag can be used as aggregates in hot mix asphalt base courses or wearing
surfaces, emulsified asphalt cold mix bases or surfaces, and asphalt surface treatments or seal
coats.

Bottom ash, produced in dry-bottom boilers, is usually sufficiently well-graded that it does not
need to be blended with other fine aggregates to meet gradation requirements. However, bottom
ash particles are less durable than conventional aggregates. Consequently, bottom ash is better
suited for use in base course and shoulder mixtures or in cold mix applications, as opposed to
wearing surface mixtures. Most of the previous use of bottom ash has been in cold mix projects
on low-volume secondary roadways.

Boiler slag is produced in wet-bottom boilers, is uniformly sized, and consists of hard, durable,
glassy particles. Boiler slag has to be blended with other fine aggregates to meet gradation
requirements, but has been used more frequently in asphalt paving than bottom ash. Boiler slag
has been used mainly in hot mix wearing surfaces, where it has been found to enhance skid
resistance, and, to a lesser extent, in surface treatment or seal coat applications.

PERFORMANCE RECORD

Bottom ash and boiler slag have been used with considerable success as fine aggregates in
asphalt paving mixtures for at least the past 25 years in different sections of the United States.
The American Coal Ash Association recently reported that during 1996 more than 75,000 metric
tons (83,000 tons) of boiler slag and nearly 14,400 metric tons (16,000 tons) of bottom ash were
used in asphalt paving.(l)

A 1994 survey of all 50 state transportation agencies indicated that five states have made some
recent use of bottom ash and/or boiler slag as an aggregate in asphalt paving on state roadways.
These five states are Arkansas, Missouri, Texas, West Virginia, and Wyoming.(2) Previous
surveys have reported bottom ash and boiler slag usage in up to as many as 11 different states,
although such usage includes some projects on nonstate roadways.(3)

Bottom Ash

Bottom ash is a somewhat variable material that may sometimes contain pyrites or lightweight,
porous "popcorn" particles. As a result, it is not frequently used as an aggregate source in hot
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mix asphalt paving mixes, especially wearing surfaces. Bottom ash has been used more
frequently in cold mix emulsified asphalt mixtures, hot mix base course mixtures, or in shoulder
construction, where gradation requirements and durability considerations are not as critical as in
hot mix wearing surface mixtures.(4)

The most extensive use of bottom ash in bituminous paving has been in West Virginia, where,
during the 1970's and 1980's, bottom ash was cold mixed with 6 to 7 percent by weight of
emulsified asphalt and used in the paving of secondary roads where traffic volumes are lower and
durability concerns are reduced. In some cases, the bottom ash was also blended with boiler
slag. Similar applications have also been made in eastern Ohio,<s)

Bottom ash has been used occasionally as an aggregate in hot mix asphalt, but usually only when
blended with conventional aggregates. There have been periodic indications of problems with
paving mixtures in West Virginia containing bottom ash, in which pyrite contamination in the
bottom ash had not been considered. Pyrite particles will weather in service, despite being
coated with asphalt cement, causing popouts and deep red stains in the pavement surface.(8) •
Bottom ash has also been used in hot mix asphalt in some western states.

Boiler Slag

Boiler slag has been used more frequently in hot mix asphalt than bottom ash because of its hard,
durable particles and resistance to surface wear. Boiler slag has also been used in hot mix
asphalt wearing surface mixtures because of its affinity for asphalt and its dust-free surface,
which aids in asphalt adhesion and resistance to stripping.(6) Another of the properties of boiler
slag that enhances its value as an aggregate in bituminous paving is its permanent black color,
which is not affected by sun or weather. The black color also aids in the melting of snow from
the road surface during the winter. (7)

Since boiler slag has a uniform particle sizing, it is commonly blended with other aggregates for
use in asphalt mixtures. As a rule of thumb, paving mixture stability is likely to suffer if the
percentage of boiler slag exceeds 50 percent.(8)

Boiler slag was first used in asphalt paving many years ago in Hammond, Indiana, where, on an
experimental basis, it was blended with conventional aggregate to help solve the problem of
aggregate polishing. The success ofthat and several other demonstration projects in Indiana led
to its acceptance and use in that state and several others, including Ohio, Michigan, Missouri,
and West Virginia. Boiler slag has also been used as an aggregate in hot mix asphalt paving in a •
number of cities such as Cincinnati and Columbus, Ohio, as well as in Tampa, Florida.(9)
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In West Virginia, boiler slag has been blended with graded river sand for resurfacing
applications, where thin overlays are used. Typical sections ranged in thickness from 12.7 to
50.8 mm (1/2 to 2 in) and were composed of 50 percent by weight boiler slag, 39 percent river
sand, 3 percent fly ash, and 8 percent asphalt cement. Some of these sections were able to
provide more than 10 years of service with little change in texture, despite being subjected to
heavy truck traffic. (6)

Some 10,000 tons of boiler slag were used to construct the wearing surface and shoulders ofa
portion of Interstate Route 94 near the Detroit Airport. This section of roadway was placed
during the late 1970's and reportedly performed well into the mid 1980's.(10)

Boiler slag from lignite coal was successfully used for street resurfacing work in parts of
southern Texas for many years. The paving mixes consisted ofa blend of75 percent by weight
of lignite boiler slag and 25 percent limestone screenings, with an asphalt content of 6 to 7
percent by weight of aggregate. These pavements have reportedly held up well with no signs of
shoving or raveling, despite heavy truck traffic, while maintaining a dark, black texture, nonskid
properties and smooth riding quality.(lI)

The City of Sioux City, Iowa, has incorporated optimum amounts of boiler slag and fly ash
mineral filler in an asphalt hot mix surface course called "Carpet Coat." The mix consists of 56
percent by weight boiler slag, 17 percent quartzite, 14 percent sand, 7 percent fly ash, and 6
percent asphalt cement.(I2)

Boiler slag has also been used very successfully as a seal coat aggregate for bituminous surface
treatments in a number of states, especially in municipal road construction projects. The boiler
slag provided better coverage per mile than limestone chips and retained its rich black color,
while the surface of the stone chip gradually acquired a faded, gray appearance. Significant cost
savings using boiler slag in this application during the mid 1980's have been documented.(13)

The use of power plant aggregates in surface treatment or seal coat applications is believed to be
confined almost exclusively to boiler slag. There are no known uses of bottom ash as a seal coat
aggregate in asphalt surface treatments.
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Pyrites present in the coal before burning should be removed during the pulverizing step and
should not be allowed to be collected together with the bottom ash or boiler slag. If pyrites are
present in the bottom ash or boiler slag, they should be removed by electromagnets, media
separation, or other means.

Screening

Oversize or agglomerated "popcorn" particles may be present in some bottom ash sources and
should be removed by screening or scalping the material over a 19 mm (3/4 in) or 12.7 mrn (1/2
in) screen.

Blending

Boiler slag will almost always require blending with other aggregate sources to meet applicable
gradation specifications.. Bottom ash may require blending with other aggregates, although it is
considerably more well-graded than boiler slag.

Drying

Since aggregates used to produce hot mix asphalt are dried before blending with asphalt cement,
moisture that may be present in bottom ash can be removed. Excessive moisture in the
aggregates, however, will reduce the production rate of the paving material. Both bottom ash
and boiler slag are relatively easy to dewater, particularly boiler slag, which consists of glassy
particles. Ponded ash, which is usually a mixture of fly ash and bottom ash or boiler slag, must
be stockpiled and allowed to drain sufficiently prior to use, preferably to a surface dry condition.

When used in a cold mix application, the bottom ash should be at least surface dry so that
moisture does not interfere with the coating of the ash particles by the emulsified asphalt. Boiler
slag should also be in a surface dry condition when used as a seal coat aggregate.
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Both bottom ash and boiler slag are used as fine aggregates in asphalt paving applications.
Properties of bottom ash and boiler slag that are ofparticular interest when they are used in
asphalt concrete include gradation, specific gravity, absorption, and durability. Table 4-5 shows
some ofthe engineering properties of bottom ash and boiler slag from power plants in West
Virginia.(IS)

Table 4-5. Engineering properties of
selected bottom ashes and boiler slags

Power Plant
Boiler Type

BulkSp. % Water L.A. MgS04 Friable
Source Gravity Absorption Abrasion Soundness Particles

Fort Martin Dry bottom 2.31 2.0 40 6 Yes

Mitchell Dry bottom 2.68 0.8 37 10 None

Hatfield Dry bottom 2.39 1.7 39 - Yes

Harrison Dry bottom 2.66 1.0 38 - Some

Kammer Wet bottom 2.76 0.3 37 10 None

Willow Island Wet bottom 2.72 0.3 33 15 None

Limestone Sand - 2.65 1.1 - - -

Gradation: ASTM D1073 defines a fine aggregate in asphalt paving mixtures as an aggregate
that passes the 9.5 mm (3/8 inch) sieve.(14) Boiler slag, with few exceptions, meets this size
requirement and most bottom ash sources, with minimal screening of oversize material, will
satisfy this definition of a fine aggregate. Bottom ash is predominantly sand-sized, usually with
50 to 90 percent passing a 4.75 rom (No.4) sieve.

Specific Gravity and Absorption: Bottom ash generally has lower specific gravity and higher
absorption values than limestone sand, while boiler slag is comparable in specific gravity with
lower absorption than limestone sand.(IS)

Durability: Bottom ash and boiler slag exhibit marginal durability as measured by the Los
Angeles abrasion test, with bottom ash percent loss values between 30 and 50 and boiler slag
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somewhat lower. Most bottom ash samples have some friable particles, while boiler slag
normally does not.

Soundness: Soundness values are generally found to be within ASTM D1073 weight loss
specifications of not more than 15 percent after five cycles when sodium sulfate is used, or not
more than 20 percent after five cycles when magnesium sulfate is used. Values for both boiler
slag and bottom ash are generally found to be less than 10 percent.(15)

DESIGN CONSIDERATIONS

Mix Design

Bottom Ash

Dry bottom ash has received much less usage than boiler slag in asphalt paving and most of the
experience in using bottom ash for this purpose has been in cold mixes. A serious consideration
with some sources of dry bottom ash is the presence of friable "popcorn" particles, which can
break down under compaction. For this reason, bottom ash is more appropriate for use in base
course rather than surface mixtures.(I6)

Because many bottom ashes contain friable "popcorn" particles that are also absorptive, the
asphalt contents of hot mixes or cold mixes containing some percentage of bottom ash will be
higher than those of mixes with conventional aggregates. Although the asphalt contents of mixes
containing bottom ash will be greater than the asphalt contents of conventional asphalt paving
mixes, the total amount of asphalt cement used should not be significantly greater because of the
reduced unit weight of the mixes containing bottom ash. Bottom ash mixes are also likely to
have relatively high air void contents. The high air voids are attributable to the high angle of
internal friction and the rough surface texture of the bottom ash particles.(16)

Because of comparatively high optimum asphalt contents of mixtures using bottom ash as the
only aggregate, combining bottom ash with conventional aggregates is recommended. Increased
percentages of conventional aggregate result in a reduction in the optimum asphalt content. The
primary benefit to be realized from blending with conventional aggregates is an improvement in
the durability of the paving mix.

•

The addition of bottom ash can alter Marshall stability values, and stability must be examined in •
each mix design. Immersion-compression testing(17) indicates that moisture damage potential
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does not appear to be critical in paving mixtures containing bottom ash.(18) However, this test is
too short in duration to detect particle degradation due to pyrites in the bottom ash.(16) It has been
reported that kneading compaction(19) more closely approximates field compaction conditions
than Marshall drop hammer compaction.(18)

Boiler Slag

The uniform gradation and smooth surface texture commonly associated with most boiler slags
require that these materials be blended with other aggregates for use in asphalt paving mixtures.
The blend proportions of boiler slag and conventional aggregate(s) will be dictated mainly by the
size distribution of the materials and the requirements of the gradation specifications.
Percentages of boiler slag ranging from 40 to 50 percent by weight of the total mix have been
successfully used on a number of past projects. The best use of boiler slag is as a partial
replacement for the sand fraction of hot mix base and surface course mixtures. The type of
aggregate used and the relative proportions of the boiler slag and aggregate have a significant
influence on the properties of the paving mixture. (8)

Marshall stability and flow values have been found to decrease as the percentage of boiler slag is
increased for a given compactive effort. Mixes blended with rounded siliceous aggregates, such
as uncrushed river sand, result in lower quality mixtures than blends containing crushed stone,
which possess more desirable angularity and surface texture. Blending crushed stone aggregates
with boiler slag is recommended because most boiler slags lack microtexture, which increases
the ability of aggregate to retain its asphalt coating and to provide skid resistance.(15)

Optimum skid resistance using boiler slag is best found in open-graded sand mixes using boiler
slag as the top-sized aggregate. However, such mixes should limit the percentage of boiler slag
in the mix and avoid low filler content. Rounded river sands should also be avoided. Boiler slag
does not appear to be as helpful in terms of skid resistance in coarse-graded mixtures, especially
if the coarse aggregate is polish susceptible.(8) ,

The effect of compaction method on mixture properties is quite pronounced with blends of boiler
slag and sand. Kneading compaction improves the stability and flow of such mixes, compared
with Marshall drop hammer compaction. Obtaining adequate compaction is essential with boiler
slag mixtures. The best mixtures are produced by blending boiler slag with well-graded, angular,
rough-textured aggregate and limiting the percentage of boiler slag to 50 percent or less.(17)

It is possible that some of the more vesicular (porous) boiler slag sources could be used in greater
percentages, but excessively vesicular slags tend to be weak and lack crushing resistance.(16)
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These types of boiler slag may also be more absorptive than typical boiler slag sources and
require a higher percentage of asphalt cement.

Boiler slag asphalt mixtures have performed well with respect to their retention of stability in the
presence of water. When evaluated using the Marshall immersion-compression test,(17) boiler
slag mixtures yielded acceptable stability retention values.(8)

Structural Design

Conventional AASHTO pavement structural design methods are appropriate for asphalt
pavements incorporating bottom ash/boiler slag in the mix.(20)

Similarly, pavement thickness design procedures for cold mix overlays containing bottom ash or
boiler slag, or a blend of the two, should not be any different from the thickness design
procedures normally used for cold mix overlays using conventional aggregates. Modified
structural numbers (SN) for cold mix overlays containing bottom ash and/or boiler slag should be •
the same as those normally used by the local jurisdiction for conventional cold mix overlays.

CONSTRUCTION PROCEDURES

Bottom Ash

Material Handling and Storage

Bottom ash can be handled and stored or stockpiled using the same methods and equipment that
are normally used for handling and storage of conventional aggregates. However, as noted
previously, prospective users of bottom ash must be aware of the possible presence of pyrites in
the bottom ash and, if such pyrites were not removed prior to burning the coal, they must be
removed from the bottom ash prior to its use in asphalt paving.

Mixing. Placing. and Compacting

The same methods and equipment used for mixing, placing, and compacting conventional
pavements are applicable to asphalt pavements containing bottom ash.

When bottom ash is used in hot mix applications, it usually must be blended with other
aggregates. However, dry bottom ash used in cold mix applications may not have to be blended •
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with other aggregate. Such mixes can be prepared cold by mixing with emulsified asphalt at a
central pugmill mixing plant and can usually be stockpiled for 10 days or more.

Cold mixes containing bottom ash can be placed with a paver or a spreader box, or, in some
cases, can even be dumped and leveled with a grader. Adequate compaction is usually achieved
from three to four passes with a pneumatic roller, followed by one or two passes from a steel­
wheeled roller.(5)

Laydown characteristics of dry bottom ash cold mixes have been found to be excellent with the
use of either a spreader box or a conventional paving machine. Lifts of up to 200 mm (8 in)
loose were attempted in a spreader box with good results. It is believed that lifts greater than
200 mm (8 in) in loose thickness would probably be difficult to compact.(15)

Boiler Slag

Material Handling and Storage

Boiler slag can be handled and stored or stockpiled using the same methods and equipment that
are normally used for handling and storage of conventional aggregates.

Mixing, Placing and Compacting

The same methods and equipment used for mixing, placing and compacting conventional
pavements are applicable to asphalt pavements containing boiler slag.

Mixtures with acceptable skid resistance that use boiler slag as the top size aggregate can be
designed by limiting the percentage of boiler slag in the mix and by avoiding open-graded
mixtures with low filler content.(18)

UNRESOLVED ISSUES

Some, but not all, bottom ash sources may contain pyrite particles and/or soluble iron sulfate
particles. These particles, if not separated and removed prior to mixing with asphalt, will
eventually weather in the pavement, producing popouts and causing unsightly staining. These
particles 'are usually associated with low pH values, which are indicative of the presence of
excessive sulfate. A more direct test method is needed to identify these undesirable particles,
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particularly the pyrites, so they can be removed from the bottom ash before being incorporated
into a paving mix.

Bottom ash may also contain friable, porous "popcorn" particles. If so, such bottom ashes
should not be used in asphalt surface mixes unless they are precrushed before being mixed with
asphalt. The performance of wearing surface mixes with precrushed bottom ash aggregate
should be evaluated in comparison with more conventional asphalt paving mixes.

Some standard test methods are not appropriate for evaluating bottom ash and boiler slag and can
result in the rejection of otherwise acceptable materials. Bottom ash and boiler slag possess
unique physical and engineering properties that are different from conventional construction
materials, for which the standard test methods have been developed. Some new or modified test
methods are needed to provide a more complete evaluation of bottom ash and/or boiler slag
properties. This is especially the case with respect to abrasion loss characteristics and particle
size degradation during compaction for bottom ash.

REFERENCES

1. American Coal Ash Association. Coal Combustion By-Product Production and Use:
1966-1993. Alexandria, Virginia, 1995.

2. Collins, Robert 1. and Stanley K. Ciesielski. Recycling and Use ofWaste Materials and
By-Products in Highway Construction. National Cooperative Highway Research
Program Synthesis of Highway Practice No. 199, Transportation Research Board,
Washington, DC, 1994.

3. American Coal Ash Association, Ash at Work, Vol. XV, No.6, Alexandria, Virginia,
1983.

4. Robnett, Quentin L. Use ofBoiler Bottom Ash as a Paving Material- A Technical Data
Base. Georgia Institute of Technology, School of Civil Engineering, Atlanta, Georgia,
January, 1983.

5. Root, Richard E. and Ellis G. Williams. "ASHPHALT - West Virginia Turns Waste
Material into Useful Aggregate," Asphalt, Volume 29, No.2, The Asphalt Institute,
College Park, Maryland, April, 1976.

4-20

•

•



• COAL BOTTOM ASH/
BOILER SLAG User Guideline

Asphalt Concrete

6. Morrison, Ronald. "Applications of Boiler Slag," Presented at the Regional Seminar on
Ash Utilization, St. Louis, Missouri, by the American Coal Ash Association, November
1974.

7. Kerkhoff, G. O. "Bottom Ash and Wet Bottom Slag," Presented at the Annual Soils
Engineers Meeting of the Michigan Department of Transportation, Lansing, Michigan,
November, 1968.

8. Usmen, Mumtaz and David A. Anderson. "Use of Power Plant Aggregate in Asphaltic
Concrete," Proceedings ofthe Fourth International Ash Utilization Symposium, U.S.
Energy Research and Development Administration, Report No. MERC/SP-76/4,
Washington, DC, 1976.

•
9. Cockrell, Charles F., Harry E. Shafer, and Joseph W. Leonard. "New or Undeveloped

Methods for Producing and Utilizing Coal Ash," Proceedings ofthe Second
International Ash Utilization Symposium, U. S. Bureau of Mines, Information Circular
No. 8488, Washington, DC, 1970.

•

10. Zimmer, Frank V., Supervisor, Salvage Sales Division, Detroit Edison Company, Detroit,
Michigan, Private Communication, 1984.

11. Jiminez, R. A. and B. M. Gallaway. "Lignite Slag Paves the Way," Industrial and
Engineering Chemistry, Volume 51, No.7, July, 1959.

12. Manz, Oscar R. "Utilization of Power Plant Aggregate for Highway Construction,"
Presented at the 67th Annual Meeting of the Transportation Research Board, Washington,
DC, January, 1988.

13. Georgeff, Anthony T. Superintendent of Highways, Montgomery County, Illinois,
Private Communication, 1984.

14. ASTM DI073, "Standard Specification for Fine Aggregate in Bituminous Paving
Mixtures." American Society for Testing and Materials, Annual Book of ASTM
Standards, Volume 04.08, West Conshohocken, Pennsylvania.

15.. Moulton, Lyle K. "Bottom Ash and Boiler Slag," Proceedings ofthe Third International
Ash Utilization Symposium, U.S. Bureau of Mines, Information Circular No. 8640,
Washington, DC, 1973.

4-21



COAL BOTTOM ASH/
BOILER SLAG User Guideline

Asphalt Concrete •
16. Anderson, David A., Mumtaz Usmen, and Lyle K. Moulton. "Use of Power Plant

Aggregate in Bituminous Construction," Presented at the 55th Annual Meeting of the
Transportation Research Board, Washington, DC, January, 1976.

17. ASTM DI075. "Standard Test Method for the Effect of Water on the Cohesion of
Compacted Bituminous Mixtures." American Society for Testing and Materials, Annual
Book ofASTMStandards, Volume 04.03, West Conshohocken, Pennsylvania.

18. ASTM D1561. "Standard Method for Preparation of Bituminous Mixture Test
Specimens by Means of California Kneading Compactor." American Society for Testing
and Materials, Annual Book ofASTMStandards, Volume 04.03, West Conshohocken,
Pennsylvania.

19. Majizadeh, Kamran, Rashad N. El-Mitiny, and Gary Bokowski. Power Plant Bottom Ash
in Black Base and Bituminous Surfacing. Executive Summary. Federal Highway
Administration, Report No. FHWA-RD-79-72, Washington, DC, June, 1977.

"

20. AASHTO Guide for Design ofPavement Structures. American Association of State
Highway and Transportation Officials, Washington, DC, 1986.

4-22

•

•



• COAL BOTTOM ASH/
BOILER SLAG

INTRODUCTION

User Guideline
Granular Base

•

•

Coal bottom ash and, to a lesser extent, boiler slag have been used as a granular base material for
roads, streets, and parking areas on state, local, and private highway projects. To be successfully
used in this application, the bottom ash (or boiler slag) must be able to satisfy conventional
material specifications for gradation, soundness, and abrasion loss.

PERFORMANCE RECORD

Recent statistics for coal ash utilization indicate that, in 1996, approximately 0.6 million metric
tons (0.7 million tons) of bottom ash were used as road base or subbase materials.(I) The road
base and subbase category includes use as a granular or unbound base course, as well as
stabilized base or subbase. A 1992 survey of all 50 state highway and transportation agencies
indicated that at least four states have recently made use of bottom ash or boiler slag as a
granular base material. These states are Georgia, Texas, Utah and Wyoming.(2) Wyoming has
reportedly discontinued its use of bottom ash for this purpose because of reportedly poor
performance. The other three states have indicated satisfactory performance.

Bottom ash and/or boiler slag have also been used in the past as an aggregate in unbound base
course applications in other states, although not necessarily on state highway projects. Many
such non-state installations are not well documented. Table 4-6 presents a list identifying a
number of locations where the use of bottom ash and boiler slag has been documented.

In general, pavements using bottom ash or boiler slag as a granular base have reportedly
performed in a satisfactory manner.

MATERIAL PROCESSING REQUIREMENTS

Dewatering (Moisture Control)

Bottom ash may require stockpiling for a short period oftime (at least 1 or 2 days) to allow
excess water to drain. Ponded ash reclaimed from a lagoon should be stockpiled and allowed to
drain for a somewhat longer time period, perhaps up to 1 or 2 weeks, depending on the amount of
rainfall. The ash should not be allowed to become too dry before use. If the ash becomes dusty
while in a stockpile, or if dust is generated when the ash is being handled or loaded, it has
become too dry and should be wetted enough to suppress further dusting before being used.
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Table 4-6. General design and construction data for selected

bottom ashlboiler slag granular base applications.

Project
(Date) Application Quantity Materials

Route 2(3) 6.4 Ian (4 mi) 404,000 metric tons Boiler Slag: 80 - 85%
Moundsville, WV 229 mm (9 in) (225,000 tons) Blast Furnace Slag: 10 - 15%
(1972) Granular Base

Interstate 79(4) 5.6 km (3.5 mi) 161,000 metric tons Bottom Ash
Bridgeport, WV 229 mm (9 in) (178,000 tons)
(1972) Granular Base

Highway 18(5) 2.9 km (1.8 mi) 32,000 metric tons Pond Ash Mix of Bottom Ash
Saskatchewan, Canada 533 mm (21 in) (35,000 tons) and Fly Ash
(1976, 7) Granular Base

Highway 47(5) 25.7 km (16.1 mi) 135,000 metric tons Pond Ash Mix of Bottom Ash
Estevan, WV 250 mm (10 in) (150,000 tons) and Fly Ash
(1977) Granular Base

Subdivision Development<6) 101 mm (4 in) 1150 m3 Bottom Ash
Cartersville, GA Granular Base (1500 yd3

)

(1982)

Screening

After size reduction, bottom ash can be screened to produce different size ranges, if desired.
Boiler slag is more uniformly graded and usually does not require any screening prior to use.
Blending with conventional aggregate may be required to meet specifications.

Deleterious Materials

Deleterious materials, such as soluble sulfates or coal pyrites, should be removed from the
bottom ash, boiler slag, or pond ash before attempting to use these materials in a base course or
subbase application. Pyrites can be removed from the coal before it is burned using sink-float
techniques, or from the bottom ash or boiler slag using magnetic separation.
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Some of the engineering properties of bottom ash and/or boiler slag that are of particular interest
when bottom ash and/or boiler slag are used as an aggregate in granular base applications are
gradation, specific gravity and unit weight, moisture-density relationship, degradation under
compaction, shear strength, bearing strength, and corrosivity.

Gradation: Bottom ash and boiler slag are considered to be fine aggregates.(7,8) Sometimes, in
order to improve the sizing characteristics of the bottom ash or boiler slag, a conventional
aggregate or a slag aggregate maybe blended with the ash prior to its use in a base or subbase.
Table 4-7 lists recommended size limits for bottom ash or boiler slag when used as a granular
base material. (9)

Table 4-7. Recommended gradation for bottom ash or
boiler slag used as granular base material.

Sieve Size
Percent
Passing

19 mm (3/4 in) 100

9.5 mm 3/8 in) 70 - 90

44.75 mm (No.4) 55 - 90

2.36 mm (No.8) 40 -70

1.18 mm (No. 16) 30 - 60

0.075 mm (No. 200) 0-30

Specific Gravity: The specific gravity of bottom ash usually ranges from 2.1 to 2.7,(10) but values
as low as 1.9 and as high as 3.4 have been recorded.(ll) Bottom ash with relatively low specific
gravity (below 2.2) is often indicative of the presence of porous "popcorn" particles. Bottom ash
with relatively high specific gravity (above 3.0) may indicate a high iron content.

The specific gravity of boiler slag usually ranges from 2.3 to 2.9. The dry unit weight of boiler
slag usually ranges from 960 to 1440 kg/m3(60 to 90 lb/ft3), whereas the dry unit weight of
bottom ash may range from 720 to 1600 kg/m3(45 to 100 lb/ft3).(IO) Occasionally, the dry unit
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weight of bottom ash may reach 1840 kg/m3 (115 Ib/ft3) and the dry unit weight of boiler slag
may reach 1760 kg/m3 (110 Ib/ft3).(I1)

Moisture-Density Relationship: The laboratory moisture-density curves for dry bottom ash are
similar in shape to those of typical cohesionless materials. These curves are characterized by a
fairly high dry density for the air-dried condition, a lower dry density at intermediate moisture,
and a high dry density at or near saturation. Generally, field compaction curves also exhibit
maximum dry density at either an air-dried condition or a "flushed" or wet condition. It is
recommended that bottom ash be maintained in a "flushed" condition in order to attain the
highest degree of densification.(II) When compared with conventional granular materials, bottom
ashes have lower maximum dry densities.(12)

Degradation Under Compaction: To quantify the extent of degradation under compaction, an
index of crushing has been developed by calculating the mean size of a material before and after
compaction and expressing the index of crushing as the percent reduction between the two mean
sizes. The higher the index, the easier it is to crush the material. The index of crushing for •
pulverized coal bottom ash has been found to be roughly twice that of conventional aggregates,
whereas the index of crushing for boiler slag is essentially the same as that of conventional
aggregates. The index of crushing for bottom ash from a stoker-fired boiler was found to be
about three times greater than the index of crushing for bottom ash from a pulverized coal
boiler.(II)

Shear Strength: Bottom ash, because of its rough surface texture and angularity, has a slightly
higher friction angle than conventional granular soils when it is compacted to a high relative
density.(II) Direct shear tests conducted on dry bottom ash samples under loose and dense
relative density conditions indicated that the angle of internal friction for most bottom ashes
ranged from 35° to 50 °, depending on the extent of densification, with some dense bottom ash
samples exhibiting friction angles as high as 55 0. The angle of internal friction for boiler slag
was found to fall within the same range as that of most natural granular soils (between 36° and
46°).

Bearing Strength: California Bearing Ratio (CBR) testing of bottom ashes has indicated that
soaking does not negatively affect the CBR of bottom ash. The CBR values at high moisture
contents were found to be higher (between 40 and 70 percent) than corresponding CBR values on
the dry side (between 35 and 60 percent). These findings further suggest that it is advantageous
to compact bottom ash or ponded ash in a "flushed" or wet condition.(I I) Typical CBR values for
conventional granular base materials are in the range of 40 to 80 percent.
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Corrosivity: When using bottom ash and/or boiler slag as a base or subbase material, there is the
potential that metal structures that come into contact with the base or subbase material may
eventually corrode.(13) The parameters of a base or subbase material that are most closely related
to corrosivity are pH, electrical resistivity, soluble chlorides, and soluble sulfates. A study of 11
bottom ash or boiler slag samples from Indiana indicated that, using the above criteria, seven of
the samples were considered corrosive, principally because oflow electrical resistivity.(13) All
bottom ash and boiler slag materials (including reclaimed ponded ash) being considered for
prospective use as an unbound or granular base or subbase material should be investigated for
corrosivity prior to use.

DESIGN CONSIDERATIONS

When using bottom ash or boiler slag (including reclaimed ponded ash) as an unbound or
granular base/subbase material, the use of the AASHTO structural equivalency design method(I4)
is recommended as a granular base design procedure for either flexible or rigid pavements,
whichever is applicable.

A layer coefficient value of 0.1 0 is recommended for the design of flexible pavement systems in
which bottom ash, boiler slag, or reclaimed ponded ash is used to construct an unbound or
granular base or subbase. A coefficient of 0.10 for these materials recognizes that they are not
structurally equivalent to crushed stone, which is typically given a layer coefficient of 0.15.

CONSTRUCTION PROCEDURES

Material Handling and Storage

Both bottom ash and boiler slag can be handled and stored or stockpiled using the same methods
and equipment that are normally used for handling and storage of conventional aggregates.

Placing and Compacting

Bottom ash and/or boiler slag can be dumped and spread with a motor grader or bulldozer or,
preferably, placed into a spreader box or paving machine for more accurate grade control. The
material can be spread and compacted very well when placed at, or slightly above, the optimum
moisture content, as determined by standard Proctor compaction procedures.(15) However,
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bottom ash loses stability when it dries out, making it necessary to keep the material wet (or
"flushed") so that construction equipment can operate satisfactorily on its surface.oO)

Compaction of bottom ash and boiler slag bases and subbases can be accomplished by static
steel-wheel or pneumatic rollers, as well as vibratory compaction equipment. The material,
regardless of whether it is bottom ash, boiler slag, or reclaimed pond ash, must be kept moist
during and after compaction.(5

) However, no matter how well the material has been compacted,
it is still possible that some material may become unstable upon drying. The addition of up to 30
percent fines in the form of fly ash may remedy the loss of stability upon drying.<IO)

Once a bottom ash granular base layer has been properly compacted, it must be protected. A
prime coat of asphalt emulsion can be applied to the top surface of the base material to prevent
rapid moisture evaporation, stabilize the surface, and provide a bond between the base layer and
an asphalt or Portland cement concrete wearing surfaceY) An asphalt binder and/or wearing
surface or a concrete pavement should be installed within a reasonable time after sealing the
granular base layer in order to minimize traffic on this layer.

UNRESOLVED ISSUES

Bottom ash and/or boiler slag aggregates possess somewhat unique engineering properties and
characteristics when compared more conventional sources of aggregate materials. For example,
bottom ash may contain some particles that may crush or degrade easily, and boiler slag is very
uniformly graded. Standard test methods and specifications have been developed to evaluate
conventional aggregate materials. Some sources of bottom ash and/or boiler slag, although they
may provide satisfactory performance as an aggregate in granular base material applications, are
not always able to satisfy all test criteria and/or specification requirements for such aggregates.
This is particularly the case as far as particle size distribution specifications and abrasion loss
requirements for granular base courses are concerned.
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Bottom ash and/or boiler slag can be used as either the fine aggregate fraction or, in some cases,
as the entire aggregate in either Portland cement or pozzolan-stabilized base and subbase
mixtures. A blend of bottom ash and boiler slag may comprise the entire aggregate portion of the
mix if both materials are available. If only bottom ash is available, it may be used as the entire
source of aggregate, or it may be blended with a coarse aggregate to meet a specified range of
gradation. If only boiler slag is available, it must be blended with sand or other well-graded fine
aggregate to produce an aggregate with a suitable particle size distribution. If a broader range of
particle sizes is specified, further blending with a coarse aggregate may also be necessary.

PERFORMANCE RECORD

Bottom ash and, in particular, boiler slag have been used as aggregate sources in stabilized base
or subbase applications since as far back as 40 years ago. Most of these installations have not
been well documented, but their service record is believed to have been from fair to very good.

A recent survey reported that in 1996,0.6 million metric tons (0.7 million tons) of bottom ash
and/or boiler slag (predominantly bottom ash) were used as road base or subbase materials.(l)
The category for road base or subbase includes stabilized base or subbase, as well as granular or
unbound base or subbase installations. The exact percentage used in stabilized base applications
was not reported.

According to a 1992 survey of all state highway and transportation agencies, at least five states
indicated that they were currently making use of bottom ash or boiler slag in some type of
stabilized base or subbase applications.(2) These states include Arkansas, Kentucky, Mississippi,
Texas, and Utah. A sixth state, Wyoming, indicated some use of bottom ash as a granular base,
but cited instability of the material as the reason for discontinuing the use of bottom ash.
Although the nature of the instability was not explained, it is believed to be due to a lack of
cohesion in the base, possibly because of the material becoming too dry.

Bottom ash and boiler slag have been used in the past as an aggregate for stabilized base and
subbase mixtures in other states, although not necessarily on state highway projects. These states
include, but are not limited to, Georgia, Illinois, Michigan, North Dakota, Ohio, and West
Virginia. There are currently no state specifications for the use of bottom ash or boiler slag as an
aggregate in stabilized base or subbase mixtures. Table 4-8 presents a listing of pertinent data on
some selected applications.
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Table 4-8. Pozzolanic stabilized base general design and construction data.

Project Type Constituents Compressive Strength Data
(Date)

State Rt. 195(4) 5.6 km (3.5 mi) Lime - 3% Lab (7 day) >6900 kPa
Montgomery County, 250 mm (10 in) Class F Fly Ash - 32.5% (1000 Ib/in2

)

Illinois (1976) Lime-Fly Ash Base Boiler Slag - 64.5% Cores (1 yr) 9700 kPa
Course (minus 4.75 mm (No.4) sieve) (1400 Ib/in2

)

Route 2(5) Portland Cement, Aggregate No data
Wheeling, West Boiler Ash, Boiler Slag - 54%
Virginia , Bottom Ash Bottom Ash - 46%
(1971-1972) Base Course Portland Cement - 5% (wt of

aggregate)

Route 34(6) Portland Cement No Data Cores (2 yr) >9000 kPa
Charleston, West Bottom Ash (1300 Ib/in2

)

Virginia

Rome, Georgia(7) 305 mm (12 in) Lime - 6 - 8% Cores (6 wk) >4800 kPa
(early 1980's) Lime (700 Ib/in2

)

Bottom Ash
Base Course

Route 22(8) 305 m (1000 ft) No Data Lab (7 day) 3400 kPa
Georgia 216 mm (8-1/2 in) (494 Ib/in2

)

(1985) Portland Cement
Pond Ash
Base Course

Route 15 Lime Stabilized Lime - 2 - 7% 7% Lime 4500 - 8700
Stone County Base and Cement - 7.5% Base Cores kPa
Mississippi Portland Cement (650 - 1260
(1987) Stabilized Base with Ib/in2

)

Class C Pond Ash Cement Base 15900 kPa
Cores (2300 Ib/in2

)

Pozzolan-stabilized base compositions consisting of lime, fly ash, and aggregates (LFA) were
originally patented in the early 1950's under the trade name Poz-O-Pac. Some of the first LFA
compositions in the Chicago area were mixed in place and used boiler slag as the aggregate.
These early mixtures contained an average of 5 percent by weight hydrated lime, 35 percent
Class F fly ash, and 60 percent boiler slag. Pavements using such mixtures provided many years
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of satisfactory service, and cores taken from these pavements have developed compressive
strengths well in excess of 6900 kPa (1,000 Ib/in2)<3)

Typical of these early boiler slag mixes was a 5.6 km (3.5 mile) service road built from State
Route 195 to the Coffeen power station near Coffeen, Illinois, during the mid-1970's. General
design and construction data are presented in Table 4-8. The pavement reportedly performed
without distress, even though the roadway was constantly subjected to heavy truck traffic.(4)

The first known large-scale use of a cement-stabilized bottom ash base course in the United
States was in the relocation of West Virginia Route 2 during the 1971-72 construction season.
The aggregate used was a blend of bottom ash and boiler slag from American Electric Power
Company's Mitchell and Kammer plants, respectively. General design and construction data are
presented in Table 4-8. The blend was necessary in order to meet the West Virginia Department
of Highway gradation specifications for cement-treated base course. The roadway provided
excellent service for over 10 years at a substantial reduction in cost compared with the use of
conventional aggregates.(5)

Since 1984 several hundred miles oflow-volume secondary roads in West Virginia have been
reconstructed using cement-stabilized bottom ash. Most of these roads were primarily gravel
subbase with traffic ranging from 150 to 1,500 vehicles per day. A typical section, presented in
Table 4-8, is Route 34 in Putnam County, near Charleston, where a 150 mm (6 in) thick bottom
ash subbase was placed and compacted. Successive 150 mm (6 in) thick lifts of cement-treated
bottom ash were placed on top of the subbase.(6)

During the early 1980's, Georgia Power Company successfully constructed a lime-stabilized
bottom ash base with a 38 mm (1-1/2 in) asphalt wearing surface near Rome, Georgia.(7) In
1985, the Georgia Department of Transportation successfully constructed a 305 m (1,000 ft)
section of cement stabilized pond ash base on State Route 22.(8)

In 1987, pond ash from subbituminous coal was used to reconstruct approximately 2.4 km (1.5
miles) of State Route 15 in Stone County, Mississippi. The reconstruction involved five
different sections, four with lime-stabilized ash and one with cement-stabilized ash. A 1.36 km
(0.85 mile) control section of mechanically stabilized sand-clay subbase was also constructed.
All sections were mixed in place and had a double bituminous surface treatment as a wearing
surface. Stabilized base design data are presented in Table 4-8.

Deflection measurements were taken each year after construction through 1990. The sections
with 6 and 7 percent lime and 7.5 percent cement all had much lower deflection readings than the
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control section and the section with only 2 percent lime. After 3 years of service, the control
section and the section with 2 percent lime had no observed cracking, while the cement stabilized
section had the most cracking.(9) The shrinkage cracking of cement-stabilized granular materials
is a fairly common occurrence, especially in soil-cement mixtures. The cracking in traditional
soil-cement mixtures is attributable to the hydration of Portland cement. None of the cracking
that was observed was considered structural in nature.

MATERIAL PROCESSING REQUIREMENTS

Dewatering

Bottom ash and/or boiler slag are both well-drained materials that can be readily dewatered in 1
or 2 days. Ponded ash reclaimed from a lagoon for use as a base course aggregate should be
stockpiled and allowed to drain prior to use. Ponded ash will require a longer dewatering period
because it usually includes some fly ash. The higher the percentage of fly ash in the ponded ash, •
the longer will be the time required for dewatering.

Crushing or Screening

Well-graded aggregates normally require less activator or reagent than poorly graded aggregates
in order to produce a well-compacted mixture. Bottom ash is generally a more well-graded
aggregate than boiler slag, which is normally more uniformly graded between the 4.75 mm (No.
4) and 0.42 mm (No. 40) sieve sizes. Pond ash may be a blend of bottom ash and fly ash, and
will vary in gradation, depending on its location in the pond relative to the discharge pipe.
Bottom ash may contain some agglomerations or "popcorn" particles. These agglomerations
should either be reduced in size by clinker grinders at the power plant or removed by scalping or
screening at the 12.7 mm (1/2 in) or 19 mm (3/4 in) screen.

Blending

When necessary to achieve a specified gradation, bottom ash or boiler slag may need to be
blended with other aggregates. This is normally not necessary with bottom ash, but may be
necessary with boiler slag.

•
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Deleterious materials, especially coal pyrites, should be removed at the power plant prior to use
of bottom ash or boiler slag as an aggregate. The pyrites oxidize (or weather) over time, causing
expansion and possible popouts of individual particles from the matrix. Soluble sulfates also
occur in some bottom ashes. Low pH values are often used as an indicator for the presence of
sulfates.(10)

ENGINEERING PROPERTIES

Some of the engineering properties of bottom ash and/or boiler slag that are of particular interest
when used as aggregates in stabilized base or subbase mixtures are gradation, specific gravity
and unit weight, durability, and soundness.

Gradation: The size limits in Table 4-9 are recommended for cement-treated aggregate base by
the Portland Cement Association(JJ) and are applicable to bottom ash and/or boiler slag use in
cement-treated base course mixes.

Table 4-9. Recommended gradation
for cement stabilized base.

Sieve Size PercentPassing

19 mm (3/4 in) 100

9.5 mm (3/8 in) 70-90

4.75 mm (No.4) 55-90

3.35 mm (No.8) 40-70

1.18 mm (No. 16) 30-60

0.075 mm (No. 200) 0-30

Specific Gravity and Unit Weight: The specific gravity of bottom ash usually ranges from 2.1 to
2.7, with dry unit weights ranging from 720 to 1600 kg/m3 (45 to 100 lb/ft3

). The specific
• gravity of boiler slag usually ranges from 2.3 to 2.9, with dry unit weights ranging from 960 to
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1440 kg/m3 (60 to 90 Ib/ft3).(5) With bottom ash, lower specific gravity is usually indicative of
the presence of porous "popcorn" particles, which readily degrade under compaction.

Durability: In ASTM C131 (12) (Los Angeles Abrasion) tests, bottom ash has had loss values
between 30 and 50 percent. Boiler slag has had loss values between 24 and 48 percent.(l6) Most
bottom ashes have loss values less than 45 percent,(13) enabling them to meet ASTM
requirements for soil-aggregate base and subbase materials.(14)

Soundness: The durability of an aggregate for possible use in stabilized bases or subbases can be
evaluated by the sodium sulfate soundness test.(15) Bottom ash has had sodium sulfate soundness
loss values that normally range from 1.5 to 10.5 percent. Boiler slag has had sodium sulfate
soundness loss values of between 1 and 9 percent.(I6) The lower the specific gravity, the higher
the probable percentage of deleterious material in the ash, which will likely be reflected in a
higher value for soundness loss.

DESIGN CONSIDERATIONS

Mix Design

For pozzolan-stabilized base (PSB) mixtures containing coal fly ash (along with either lime,
Portland cement, or kiln dust as an activator), the initial step in determining mix design
proportions is to find the optimum fines content. This is done by progressively increasing the
percentage of fines and determining the compacted density of each blend. Fly ash alone can be
used to represent the total fines. A Proctor mold and standard compaction procedures are used
for each blend of bottom ash and/or boiler slag and fines. Fly ash percentages ranging from 25 to
45 percent by dry weight of the total blend are suggested for the initial trial mixes.

At least three different fly ash additions are needed to establish the optimum fines content, which
is the percentage of fines that results in the highest compacted dry density. The dry density for
each fly ash percentage is then plotted to identify the optimum fines content. An optimum
moisture content must then be determined for the selected mix design proportions.

Once the design fly ash percentage and optimum moisture content have been determined, the
activator (lime, Portland cement, kiln dust, etc.) percentage must also be established. Trial
mixtures using a gradual increase in the activator percentage are recommended. Final mix
proportions are selected based on the results of compressive strength and durability testing, using
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ASTM C593 procedures.o7
) The objective is to meet strength and durability criteria with the

most economical mix design.

For cement-stabilized bottom ash and/or boiler slag mixtures, the only mix design consideration
is a determination of the percentage of Portland cement to be added to the mixture. As with the
PSB mixtures, trial mixtures using several increasing percentages of cement will be necessary.
Usually between 5 and 12 percent Portland cement will be needed to properly stabilize bottom
ash and/or boiler slag for use as a roller-compacted base course. The results of ASTM C593
compressive strength and durability testing should be the basis for selection of final mix
proportions.

The compacted unit weight of bottom ash and/or boiler slag mixes is usually considerably lower
than the compacted unit weight of stabilized base mixtures containing conventional aggregates.
Consequently, a cement content of 10 percent by weight for a base course mix containing bottom
ash and/or boiler slag may be the equivalent of a 7 percent by weight cement content for a similar
mix containing a normal weight aggregate.

In general, the trial mixture with the lowest percentage of cement (or activator plus fly ash in
PSB mixtures) that satisfies both the compressive strength and the durability criteria is
considered the most economical mixture. To ensure an adequate factor of safety for field
placement, it is recommended that the stabilized base or subbase mixture used in the field have
an activator content that is at least 0.5 percent higher (1.0 percent higher if using kiln dust) than
that of the most economical mixture.(18)

Structural Design

The thickness design of stabilized base or subbase mixtures containing bottom ash or boiler slag
can be undertaken using the standard structural equivalency design method for flexible
pavements described in the AASHTO Design Guide.(19) This method uses an empirical structural
number (SN) that relates pavement layer thickness to performance.

Table 4-10 lists recommended structural coefficient values based on studies of pozzolanic and
crushed stone base materials(19) for stabilized base or subbase mixtures. The values are for
stabilized base or subbase materials that attain a given range of compressive strength, regardless
of the source of aggregate used or the type of reagent(s) in the design mix. These coefficient
values are based on the use of al = 0.44 (used for a bituminous wearing surface) and a value of a3
= 0.15 (used for a crushed stone base).
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Table 4-10. Recommended structural layer
coefficient values for stabilized base and subbase

materials.

Compressive Strength, psi
Recommended

Quality Structural Layer
(7 days @37.7°C)

Coefficient

High Greater than 1,000 a2 = 0.34
Average 650 to 1,000 a2= 0.28

Low 400 to 650 a2= 0.20

The main factors influencing the selection of the structural layer coefficient are the compressive
strength and modulus of elasticity of the stabilized base material. The value of compressive
strength recommended for determination of the structural layer coefficient is the field design
compressive strength, which is the compressive strength developed in the laboratory after 56
days of moist curing at 73 of (23°C).(18) However, other time and temperature curing conditions •
may be required by various specifying agencies.

When a Portland cement concrete (PCC) roadway surface is to be designed with a stabilized base
or subbase, the AASHTO structural design method for rigid pavements can be used.(19)

CONSTRUCTION PROCEDURES

Material Handling and Storage

Both bottom ash and boiler slag can be handled and stored using the same methods and
equipment that are normally used for handling and storage of conventional aggregates.

Mixing, Placing, and Compacting

The blending or mixing of bottom ash or boiler slag in stabilized base mixtures can be done
either in a mixing plant or in place. Plant mixing is recommended because it provides greater
control over the quantities ofmaterials batched and also results in the production of a more
uniform mixture. Although mixing in place does not usually result in as accurate a proportioning
ofmix components as plant mixing, it is probably used more frequently with mixes involving •
bottom ash or boiler slag and will still produce a satisfactory stabilized base material.
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Stabilized base materials should not be placed in layers that are less than 100 mm (4 in) or
greater than 200 to 225 mm (8 to 9 in) in compacted thickness. These materials should be spread
in loose layers that are approximately 50 mm (2 in) greater in thickness prior to compaction than
the desired compacted thickness. The top surface of an underlying layer should be scarified prior
to placing the next layer. For granular or coarse-graded mixtures, steel-wheeled vibratory rollers
are most frequently used for compaction. For more fine-grained mixtures, a vibratory sheepsfoot
roller, followed by a pneumatic roller, is often employed.(I8)

To develop the design strength of a stabilized base mixture, the material must be well-compacted
and must be as close as possible to its optimum moisture content when placed. Plant-mixed
materials should be delivered to the job site as soon as possible after mixing and should be
compacted within a reasonable time after placement.

When self-cementing fly ashes are used as a cementitious material in stabilized base mixtures,
compaction should be accomplished as soon as possible after mixing. Otherwise, delays between
placement and compaction of such mixtures may be accompanied by a significant decrease in the
strength of the compacted stabilized base material, unless a retarder is used. A commercial
retarder, such as gypsum or borax, may be added at the mixing plant in low percentages
(approximately I percent by weight) without adversely affecting the strength development of the
stabilized base material. (18)

I

Curing

After placement and compaction, the stabilized base material must be properly cured to protect
against drying and to assist in the development of in-place strength. An asphalt emulsion seal
coat should be applied to the top surface of the stabilized base or subbase material within 24
hours after placement. The same practice is applicable if a PCC pavement is to be constructed
above the stabilized base or subbase material. Placement of asphalt paving over the stabilized
base is recommended within 7 days after the base has been installed. Unless an asphalt binder
and/or surface course has been placed over the stabilized base material, it is recommended that
vehicles should not be permitted to drive over the material until it has achieved an in-place
compressive strength of at least 2400 kPa (350 Ib/in2).(I8)

Special Considerations

Cold Weather Construction: Stabilized base materials containing bottom ash and/or boiler slag
that are subjected to freezing and thawing conditions must be able to develop a certain level of
cementing action and in-place strength prior to the first freeze-thaw cycle in order to withstand
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the disruptive forces of such cycles. For northern states, many state transportation agencies have
established construction cutoff dates for stabilized base materials. These cutoff dates ordinarily
range from September 15 to October 15, depending on the state, or the location within a
particular state, as well as the ability of the stabilized base mixture to develop a minimum desired
compressive strength within a specified time period.(19)

Crack Control Techniques: Stabilized base materials, especially those in which Portland cement
is used as the activator, are subject to cracking. The cracks are almost always shrinkage related
and are not the result of any structural weakness or defects in the stabilized base material. The
cracks also do not appear to be related to the type of aggregate used in the base mix.
Unfortunately, shrinkage cracks eventually reflect through the overlying asphalt pavement and
must be sealed at the pavement surface to prevent water intrusion and subsequent damage due to
freezing and thawing.

One approach to controlling or minimizing reflective cracking associated with shrinkage cracks
in stabilized base materials is to saw cut transverse joints in the asphalt surface that extend into •
the stabilized base material to a depth of75 mm (3 in) to 100 mm (4 in). Joint spacings of9 m
(30 ft) have been suggested.(18) The joints should all be sealed using a hot poured asphaltic joint
sealant.

UNRESOLVED ISSUES

As noted above, control of shrinkage cracking has been long considered by many state
transportation agencies as a prime concern associated with stabilized base mixtures, especially
cement-stabilized mixtures. Since most mixtures that include bottom ash and/or boiler slag as
the aggregate have been placed on secondary roads, haul roads, and parking lots, as opposed to
higher-type highway facilities, the issue of crack control has not been as great a concern to the
owners or administrators of these installations. However, additional mix designs with reduced
potential for shrinkage cracking need to be developed, especially if these materials are someday
to be used on higher-type facilities.

Pyrites must be removed before bottom ash or boiler slag can be used. Soluble sulfates in
bottom ash may warrant removal if found in sufficient quantity to be considered detrimental.
Improved techniques for timely removal of these detrimental constituents are needed.

•
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