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NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM

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

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

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

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

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

NOTE: The Transportation Research Board of the National Academies, the
National Research Council, the Federal Highway Administration, the American
Association of State Highway and Transportation Officials, and the individual
states participating in the National Cooperative Highway Research Program do
not endorse products or manufacturers. Trade or manufacturers’ names appear
herein solely because they are considered essential to the object of this report.

pyRecycled Materials and Byproducts in Highway Applications Non-Coal Combustion Byproducts, Volume 3

NCHRP SYNTHESIS 435: Volume 3
Project 20-05, Topic 40-01
© 2013 National Academy of Sciences. All rights reserved.

COPYRIGHT INFORMATION

Authors herein are responsible for the authenticity of their materials and for
obtaining written permissions from publishers or persons who own the
copyright to any previously published or copyrighted material used herein.

Cooperative Research Programs (CRP) grants permission to reproduce
material in this publication for classroom and not-for-profit purposes.
Permission is given with the understanding that none of the material will be
used to imply TRB, AASHTO, FAA, FHWA, FMCSA, FTA, or Transit
Development Corporation endorsement of a particular product, method, or
practice. It is expected that those reproducing the material in this document
for educational and not-for-profit uses will give appropriate acknowledgment
of the source of any reprinted or reproduced material. For other uses of the
material, request permission from CRP.

NOTICE

The project that is the subject of this report was a part of the National
Cooperative Highway Research Program, conducted by the Transportation
Research Board with the approval of the Governing Board of the National
Research Council.

The members of the technical panel selected to monitor this project and
to review this report were chosen for their special competencies and with
regard for appropriate balance. The report was reviewed by the technical
panel and accepted for publication according to procedures established
and overseen by the Transportation Research Board and approved by the
Governing Board of the National Research Council.

The opinions and conclusions expressed or implied in this report are those
of the researchers who performed the research and are not necessarily those
of the Transportation Research Board, the National Research Council, or the
program sponsors.

The Transportation Research Board of the National Academies, the National
Research Council, and the sponsors of the National Cooperative Highway
Research Program do not endorse products or manufacturers. Trade or
manufacturers’ names appear herein solely because they are considered
essential to the object of the report.

Published reports of the
NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM

are available from:

Transportation Research Board
Business Office

500 Fifth Street, NW
Washington, DC 20001

and can be ordered through the Internet at:
http://www.national-academies.org/trb/bookstore

Printed in the United States of America

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22550

THE NATIONAL ACADEMIES

Advisers to the Nation on Science, Engineering, and Medicine

The National Academy of Sciencesis a private, nonprofit, self-perpetuating society of distinguished schol-
ars engaged in scientific and engineering research, dedicated to the furtherance of science and technology
and to their use for the general welfare. On the authority of the charter granted to it by the Congress in
1863, the Academy has a mandate that requires it to advise the federal government on scientific and techni-
cal matters. Dr. Ralph J. Cicerone is president of the National Academy of Sciences.

The National Academy of Engineering was established in 1964, under the charter of the National Acad-
emy of Sciences, as a parallel organization of outstanding engineers. It is autonomous in its administration
and in the selection of its members, sharing with the National Academy of Sciences the responsibility for
advising the federal government. The National Academy of Engineering also sponsors engineering programs
aimed at meeting national needs, encourages education and research, and recognizes the superior achieve-
ments of engineers. Dr. Charles M. Vest is president of the National Academy of Engineering.

The Institute of Medicine was established in 1970 by the National Academy of Sciences to secure the
services of eminent members of appropriate professions in the examination of policy matters pertaining
to the health of the public. The Institute acts under the responsibility given to the National Academy of
Sciences by its congressional charter to be an adviser to the federal government and, on its own initiative,
to identify issues of medical care, research, and education. Dr. Harvey V. Fineberg is president of the
Institute of Medicine.

The National Research Council was organized by the National Academy of Sciences in 1916 to associate
the broad community of science and technology with the Academy’s purposes of furthering knowledge and
advising the federal government. Functioning in accordance with general policies determined by the Acad-
emy, the Council has become the principal operating agency of both the National Academy of Sciences
and the National Academy of Engineering in providing services to the government, the public, and the
scientific and engineering communities. The Council is administered jointly by both Academies and the
Institute of Medicine. Dr. Ralph J. Cicerone and Dr. Charles M. Vest are chair and vice chair, respectively,
of the National Research Council.

The Transportation Research Board is one of six major divisions of the National Research Council. The
mission of the Transportation Research Board is to provide leadership in transportation innovation and
progress through research and information exchange, conducted within a setting that is objective, interdisci-
plinary, and multimodal. The Board’s varied activities annually engage about 7,000 engineers, scientists, and
other transportation researchers and practitioners from the public and private sectors and academia, all of
whom contribute their expertise in the public interest. The program is supported by state transportation
departments, federal agencies including the component administrations of the U.S. Department of Transporta-
tion, and other organizations and individuals interested in the development of transportation. www.TRB.org

www.national-academies.org


http://www.nap.edu/22550

pyRecycled Materials and Byproducts in Highway Applications Non-Coal Combustion Byproducts, Volume 3

SYNTHESIS STUDIES STAFF

STEPHEN R. GODWIN, Director for Studies and Special Programs
JON M. WILLIAMS, Program Director, IDEA and Synthesis Studies
JO ALLEN GAUSE, Senior Program Officer

GAIL R. STABA, Senior Program Officer

DONNA L. VLASAK, Senior Program Officer

TANYA M. ZWAHLEN, Consultant

DON TIPPMAN, Senior Editor

CHERYL KEITH, Senior Program Assistant

DEMISHA WILLIAMS, Senior Program Assistant

DEBBIE IRVIN, Program Associate

TOPIC PANEL 40-01

SHEILA BESHEARS, Illinois Department of Transportation, Springfield

ROBERT A. BURNETT, New York State Department of Transportation, Albany
REBECCA DIETRICH, Wyoming Department of Environmental Quality, Cheyenne
ROBERT EDSTROM, Minnesota Department of Transportation, St. Paul

FREDERICK HEJL, Transportation Research Board

CECIL L. JONES, Diversified Engineering Services, Inc., Raleigh

DON SAYLAK, Texas A&M University

JEFFREY N. WITHEE, Office of Pavement Technology, Federal Highway Administration
ERNEST BASTIAN, JR., Federal Highway Administration, retired (Liaison)

AUDREY COPELAND, National Asphalt Pavement Association, Lanham, MD (Liaison)

COOPERATIVE RESEARCH PROGRAMS STAFF

CHRISTOPHER W. JENKS, Director, Cooperative Research Programs
CRAWFORD F. JENCKS, Deputy Director, Cooperative Research Programs
NANDA SRINIVASAN, Senior Program Officer

EILEEN P. DELANEY, Director of Publications

NCHRP COMMITTEE FOR PROJECT 20-05

CHAIR
CATHERINE NELSON, Oregon DOT

MEMBERS

KATHLEEN S. AMES, Michael Baker, Jr., Inc.

STUART D. ANDERSON, Texas A&M University

BRIAN A. BLANCHARD, Florida DOT

CYNTHIA J. BURBANK, PB Americas

LISA FREESE, Scott County (MN) Community Services Division
MALCOLM T. KERLEY, Virginia DOT

RICHARD D. LAND, California DOT

JOHN M. MASON, JR., Auburn University

ROGER C. OLSON, Minnesota DOT

ROBERT L. SACK, New York State DOT

FRANCINE SHAW-WHITSON, Federal Highway Administration
LARRY VELASQUEZ, JAVEL Engineering, Inc.

FHWA LIAISONS
JACK JERNIGAN
MARY LYNN TISCHER

TRB LIAISON
STEPHEN F. MAHER

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22550

pyRecycled Materials and Byproducts in Highway Applications Non-Coal Combustion Byproducts, Volume 3

FOREWORD Highway administrators, engineers, and researchers often face problems for which
information already exists, either in documented form or as undocumented experience
and practice. This information may be fragmented, scattered, and unevaluated. As a con-
sequence, full knowledge of what has been learned about a problem may not be brought to
bear on its solution. Costly research findings may go unused, valuable experience may be
overlooked, and due consideration may not be given to recommended practices for solving
or alleviating the problem.

There is information on nearly every subject of concern to highway administrators and engi-
neers. Much of it derives from research or from the work of practitioners faced with problems
in their day-to-day work. To provide a systematic means for assembling and evaluating such
useful information and to make it available to the entire highway community, the American
Association of State Highway and Transportation Officials—through the mechanism of the
National Cooperative Highway Research Program—authorized the Transportation Research
Board to undertake a continuing study. This study, NCHRP Project 20-5, “Synthesis of
Information Related to Highway Problems,” searches out and synthesizes useful knowledge
from all available sources and prepares concise, documented reports on specific topics. Reports
from this endeavor constitute an NCHRP report series, Synthesis of Highway Practice.

This synthesis series reports on current knowledge and practice, in a compact format,
without the detailed directions usually found in handbooks or design manuals. Each report
in the series provides a compendium of the best knowledge available on those measures
found to be the most successful in resolving specific problems.

PREFACE Recycled materials and industrial byproducts are being used in transportation applica-
By Jon M. Williams  tions with increasing frequency. There is a growing body of experience showing that these
Program Director Materials work well in highway applications. This study gathers the experiences of trans-
Transportation ~ Portation agencies in determining the relevant properties of recycled materials and industrial
Research Board Pyproducts and the beneficial use for highway applications. Information for this study was
acquired through a literature review, and surveys and interviews with state department of
transportation staff. The report will serve as a guide to states revising the provisions of their
materials specifications to incorporate the use of recycled materials and industrial byprod-
ucts, and should, thereby, assist producers and users in “leveling the playing field” for a wide
range of dissimilar materials.

Mary Stroup-Gardiner, Gardiner Technical Services LLC, Chico, California, and Tanya
Wattenberg-Komas, Concrete Industry Management Program, California State University,
Chico, California, collected and synthesized the information and wrote the report. The mem-
bers of the topic panel are acknowledged on the preceding page. This synthesis is an imme-
diately useful document that records the practices that were acceptable within the limita-
tions of the knowledge available at the time of its preparation. As progress in research and

practice continues, new knowledge will be added to that now at hand.
The report is presented in eight volumes, the first of which is available in hard copy and
on the Internet. The next seven volumes are available through the Internet only and can
be found at: http://www.trb.org/Publications/NCHRPSyn435.aspx. The eight volumes are:

Volume 1 Recycled Materials and Byproducts in Highway Applications—
Summary Report

Volume 2 Coal Combustion Byproducts

Volume 3 Non-Coal Combustion Byproducts

Volume 4 Mineral and Quarry Byproducts

Volume 5 Slag Byproducts

Volume 6 Reclaimed Asphalt Pavement, Recycled Concrete Aggregate,
and Construction Demolition Waste

Volume 7 Scrap Tire Byproducts

Volume 8 Manufacturing and Construction Byproducts

Copyright National Academy of Sciences. All rights reserved.
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CHAPTER ONE

MUNICIPAL SOLID WASTE

Minnesota defines municipal solid waste as any garbage,
refuse, and other solid waste from residential, commer-
cial, industrial, and community activities that the generator
of the waste aggregates for collection, but does not include auto
hulks, street sweepings, ash, construction debris, mining waste,
sludges, tree and agricultural wastes, tires, lead-acid batteries,
motor and vehicle fluids and filters, and other materials col-
lected, processed, and disposed of as separate waste streams
(Minnesota Statutes § 115A.03, Subd. 21). Municipal solid
waste (MSW) combustion ash is the end result of burning
this waste material in solid waste combustion facilities. Fig-
ure 1 shows a general schematic of a typical solid waste com-
bustion facility and indicates the MSW byproduct collection
locations within the facility. MSW fly ash, as with coal com-
bustion fly ash, is ash removed from the air pollution control
system that consists of the scrubber and fine particle removal
system.

In the United States, most facilities combine air pollution
control system ash byproducts into the combined ash collec-
tion location (RMRC 2008). In Europe, most facilities sepa-
rate and separately manage the MSW bottom ash and MSW
fly ash streams.

The two basic types of MSW solid waste combustion facil-
ities in the United States are mass burn and refuse-derived
fuel (RDF) facilities (RMRC 2008). The mass burn facilities
combust unsorted solid waste, whereas the RDF facilities burn
preprocessed waste. The preprocessing consists of shredding
solid waste and removing ferrous metal and certain nonferrous
metals prior to burning. Currently, about 15% of the total ash
fraction is recovered metal material and only about 5% of
all nonferrous metal is recovered from the pre-combustion
MSW. Because of the difference in the waste streams being
burned, the byproduct composition and characteristics will
be dependent on the type of combustion facility producing
the MSW byproducts.

Other MSW byproduct differences are associated with the
age of the various combustion facilities. The newer facilities
incorporate more advanced furnace designs and emissions
controls. For example, newer facilities will add lime or lime-
based reagents into the pollution control system to remove the
acid gases from the gas stream. This results in both reacted and
unreacted lime in the MSW fly ash. Newer emissions control
systems are also more efficient in capturing finer particles in
the exhaust gases, which results in changes in the physical and

pyRecycled Materials and Byproducts in Highway Applications Non-Coal Combustion Byproducts, Volume 3

chemical composition of the MSW fly ashes. Additional infor-
mation can be found at the following websites:

* Recycled Materials Resource Center website: www.rmrc.
unh.edu/.

» Turner—Fairbanks Highway Research Center website:
http://www.fhwa.dot.gov/research/tfhrc/.

PHYSICAL AND CHEMICAL PROPERTIES

MSW bottom ash, approximately 90% of what is retained
on the stoker or grate (bottom of boiler, Figure 1), is approxi-
mately 75% to 80% of the total combined ash byproduct. This
grate material consists mainly of glass, ceramics, and ferrous
and nonferrous metals and minerals. MSW bottom ash has a
porous, grayish, silty sand and gravel-like appearance with
small amounts of unburned organic materials and metals.

Table 1 provides information on the chemical compounds
reportedly found in MSW byproducts. Table 2 shows the vari-
ation in the absorption capacity of the various MSW byprod-
ucts. The water absorption properties vary greatly between the
byproducts, which will lead to very different behaviors of the
byproducts in highway applications.

ENGINEERING PROPERTIES

Forteza et al. (2004) evaluated the physical and engineering
properties of MSW byproducts; additional information was
found on the RMRC website (2008). Table 3 summarizes this
information and shows the wide range of properties that can
be expected for these byproducts. Bulk specific gravities range
between 1.50 and 2.22 for fine MSW bottom ash. The bulk spe-
cific gravity increases for the coarser MSW bottom ash (1.93
to 2.44). Most highway application designs are either weight or
volume based. The wide range of specific gravities could lead
to a high degree of variability in designs with these byproducts.
Moisture content, also an important engineering consideration,
can range from 22% to 66% for MSW bottom ash.

The MSW combined ash (Figure 1) tends to be slightly
less variable in specific gravity, but more variable in potential
moisture content when compared with MSW bottom ash. This
is likely a function of the finer particle size of the combined
ash, which is also likely responsible for the lower permeabil-
ity of the combination ash byproduct (Table 3). Both MSW

Copyright National Academy of Sciences. All rights reserved.
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FIGURE 1 Schematic for MSW combustion process.

TABLE 1
RANGES OF MSW BYPRODUCT CHEMISTRY
MSW Bottom Ash ~ MSW Combined Ash
Compounds (%) (%)

SiO, 1.68t027.4 13.81020.5
CaO 5.12t010.3 5.38t0 8.03
Fe,03 211t0 115 2.88107.85
MgO 0.19t01.18 0.90t0 1.84
K,0 0.72t01.16 0.84t01.15
Al,0O3 3.44 10 6.48 3.26t05.44
Na,O 2.02t0 4.80 2.00t0 4.62

After RMRC (2008); Chesner et al. (2000).

byproducts can produce unbound material with acceptable
California bearing ration values, although the range of pos-
sible values is large. Both byproducts show a low resistance
to impact damage [i.e., high LA (Los Angeles) abrasion
results] and a good resistance to freeze/thaw damage (i.e.,
good sodium sulfate soundness results).

ENVIRONMENTALLY RELATED PROPERTIES

The predominance of metals in key constituents in MSW
byproducts depends on the collection point in the combustion
process. MSW bottom ash is expected to have higher concen-
trations of the heavier metals such as copper (Cu) and iron (Fe)
than the MSW combined ashes collected from the air quality
control systems (Cosentino etal. 1995a; Chesner etal. 2000).
However, Table 4 shows this may not always be the case.
MSW combined ashes can be expected to have higher con-
centrations of the more volatile trace metals such as cadmium
(Cd). These two compounds have historically been the trace
metals of most concern in these MSW byproducts (Chesner

etal. 2000; RMRC 2008). Table 4 shows that this expectation
is supported by the reported values for these trace metals.

Table 5 presents reported values for trace organic com-
pounds and includes information for semi-volatiles, total
polychlorinated biphenyls (PCBs), and dioxin/furan con-
centrations. In general, the MSW fly ash (not combined
with other ashes) has a greater maximum concentration of

TABLE 2
WATER ABSORPTION PROPERTIES
OF MSW BYPRODUCTS

Ash
Type of Ash Fraction Water Absorption
0, 0,
Bottom Ash Co-arse 4.1%1t0 4.7%
Fine 12.0% to 17.0%
Coarse 2.6% to 10.0%
Combined Ash -
Fine 4.8% to 14.8%
Bottom Ash <12.7mm 4.50%
Combined Ash  <12.7 mm 5.70%

After RMRC (2008); TFHRC (2009).

Copyright National Academy of Sciences. All rights reserved.
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TABLE 3
GENERAL ENGINEERING PROPERTIES OF MSW
MSW Bottom Ash MSW Combined Ash
MSW Bottom Ash (RMRC 2008; (RMRC 2008;
Property (Forteza et a. 2004) Chesner et a. 2000) Chesner et al. 2000)
Bulk Specific Gravity — 1.50-2.22 (Fines) 1.86-2.03 (Fines)
1.93-2.44 (Coarse) 1.96-2.24 (Coarse)
Moisture Content, — 22%—66% 17%-76%
% dry wt.
Unit Weight, Ib/ft® — 60-86 62-73
Loss on Ignition, % — 1564 25-135
Sieve Size Est. % Passing
25mm 100
12.5 mm 80-95
10.0 mm 75-85 Passing 4.75 mm Passing 4.75 mm
5.0mm 50-66 42-70 50-70
25mm 23-30
1.0mm 10-23
0.5 mm 8-18
0.09 mm 3-6 Passing 0.075 mm Passing 0.075 mm
0.075 mm 2-5 2-16 1520
Fractured Faces 0 — —
LA Abrasion, % 45% 55%-60% (Grading B) 449%-52% (Grading B)
41%47% (Grading C) 36%—45% (Grading C)
Sodium Sulfate — 10.4%-14.3%
Soundness, % 1.6%—2.8% (Fines) 2.2%-4.0% (Fines)
2.9% (Course) 3.5 (Coarse)
Optimum Moisture 4.84-15.25 — —

Content, %

Maximum Density

1.67-1.79 g/cm3

79-110 Ib/ft®

79-108 | b/ft®

CBR, % 21-103 0.1 in penetration —
74-155
0.2 in penetration 0.2 in penetration
104-116 95-140
Sand Equivalent, % 52 — —
Plasticity None — —
Clay Lumps 0 — —
Angle of Internal — 40°-45° —
Friction
Proctor Compacted — 10°-10" 10°-10°
Permeability, cm/sec
After RMRC (2008).
— = datanot reported.
TABLE 4
METALS FOUND IN MSW
Constituent MSW Bottom Ash MSW Fly Ash MSA Combined Ash
(mg/kg) (mg/kg) (mg/kg)
Ag 1.3-45 15-750 15-873
Al 47-2,000 88-9,000 160-1,000
As 3,900-12,000 3,960-270,000 22,000-250,000
Ba 0.3-61 5-2,210 7-050
Ca 22,706 2.3-1,670 —
Cd 13-1,440 20-1,900 30-670
Co 80-10,700 187-2,380 300-9,300
Cr 1,000-133,500 900-87,000 3,200-72,000
Cu 0.003-2 0.9-73 <0.13-160
Fe 750-16,000 11,000-65,800 2,300-14,400
Mg 400-26,000 2,150-21,000 1,400-22,000
Mn 50-3,100 171-8,500 250-1,350
Na 1,800-42,000 9,780-49,500 5,900-11,000
Ni <430 10-1,970 20-340
Pb 98-6,500 200-2,600 371-22,400
Se Not detectable—3.4 0.48-16 <1.2-12
Si 1,300-12,400 1,783-266,000 150,000-630,000
Zn 200-12,400 2,800-152,000 960-18,800

After Cosentine et al. (1995a); Chesner et al. (2000).

— = data not reported.

Copyright National Academy of Sciences. All rights reserved.
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ENVIRONMENTALLY RELATED CHEMICAL COMPOUNDS REPORTED IN MSW

Trace Organics
Compound

MSW Bottom

Ash

(mg/kg)

MSA Combined
Ash

(mg/kg)

MSW Fly Ash
(mg/kg)

Bis (2-Chloroethyl) Ether
1,3-Dichlorobenzene
1,4-Dichlorobenzene

Bis (2-Chloroisopropyl) Ether
N-Nitroso-N-Propyl
Hexachloroethane
Nitrobenzene

|sophorone

Bis (2-Chloroethoxy) Methane
1,2,4-Trichlorobenzene
Naphthalene
Hexachlorobutadiene
2-Chloronaphthalene
Dimethyphthal ate
Acenaphthylene
2,6-Dinitrotoluene
Acenaphthene
2,4-Dinitrotoluene
Fluorene

Diethylphthalate
4-Chlorophenyle Phenyl-Ether
N-Nitrosodiphenylamine
1,2-Diphenylhydrazine
4-Brompheny! Phenylether
Hexachlorobenzene
Phenanthrene

Anthracene

Di-n-Butyl Phthalate
Fluoranthene

Benzidine

Pyrene

Butyl Benzyl Phthalate
Benzo(a)Anthracene
3,3-Dichlorobenzidine
Chrysene

Bis (2-Ethyhexyl) Phthalate
Di-n-Octyl Phthalate
Benzo(b)Fluoranthene
Benzo(k)Fluoranthene
Benzo(a)Pyrene

Indeno (1,2,3-cd) Pyrene
Dibenzo(ah)Anthracene
PCBs

Dioxin/Furan

28-540
1214
69-360
27-230

27-220
82-180

ND-37
580-2,100
ND—-65

ND-51
ND-51

Total
2,3,7.8=TCDD

270-9,300

ND-3,500

ND
0-100
6,300

ND
ND-250,000
ND-2,000
ND
ND

ND-250
ND-18

Araclor 1221
Araclor 1232
Araclor 1248
Total
2,3,7.8=TCDD
Total Phenols

ND-180
0.008

— = datanot reported.
ND = not detectable.

semi-volatiles and dioxin/furans than either the MSW bottom
or MSW combined ash (Chesner et al. 2000).

Table 6 provides information on the leaching proper-
ties of the MSW byproducts. It can be noted that the results
depend on both the type of MSW byproduct and the leaching
test method. The dependency on the type of MSW byprod-
uct is the result of different trace metal contents and particle
sizes associated with each of the byproducts, which in turn
is a function of the collection location in the combustion
process. Leaching results are also dependent on the pH of

the solution used for a given test method. The synthetic acid
rain method simulates anticipated leaching in acid rain envi-
ronments. Trace metals are more soluble in acidic solutions
and tend to be less soluble in neutral or alkaline solutions.
Therefore, it is necessary that estimates of leaching potential
consider the pH of the water in the local environment where
the byproducts will be used.

Table 7 provides estimates of the more volatile compounds
that could be found in the leachate. Results were found for
only the toxic characteristics leaching procedure (TCLP).
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TABLE 6
LEACHING INFORMATION FOR MSW
Constituent BOElt“OCnIiI/jSh F"}"}Ejﬁlih Ai?r(rf)l—nsegR Combined Ash-(B)-SAR
(mg/L) (mg/L) (mg/L) (mg/L)

Ag <0.025 <0.025 — <0.025 —

As <0.2-0.3 <0.2 0.014 <0.25 0.0013

Ba 0.26-0.73 0.5-3.4 0.24 0.12-0.7 3.23

Cd <0.025-1 <0.025-5 0.002 <0.05 —

Cr <0.1-0.2 <0.1 0.0004 <0.05 0.0031

Pb <0.1-11 <0.2-19 0.059 <0.025 20.6

Hg <0.0002 <0.0002 0.0051 0.0017 0.00312

Se <0.1 <0.1 0.0059 <0.01 0.0063

Cu — — — <0.05-0.34 —

Fe — — — <0.05 —

Ni — — — <04 —

\Y — — — —

Zn — — — <1.0 —
S04 — — — — —
TDS — — — — —

Chesner et al. (2000).
— = data not reported.
TABLE 7
LEACHATE PROPERTIES REPORTED FOR MSW
Constituent Bottor(nm,zfllj)TCLP Fly (AmSg/I)CLP

Benzene <0.05 <0.005
Carbon tetrachloride <0.05 <0.005
Chlordane <0.01 <0.003
Chlorobenzene <0.05 <0.005
Chloroform <0.05 <0.005
o-cresol — —
m-cresol — —
p-cresol — —
Total cresol <0.12 <0.12
2,4,-D <0.0025 <0.0025
1,4-Dichlorobenzene <0.04 <0.04
1,2-Dichloroethane <0.05 <0.05
2,4-dinitrotoluene <0.04 <0.013
Endrin <0.001 <0.001
Heptachlor <0.0005 <0.0005
Hexachlorobenzene <0.2 <0.013
Hexachlor-1,3 butadiene <0.04 <0.04
Hexachloroethane <0.04 <0.04
Lindane <0.005 <0.005
Methoxychlor <0.025 <0.005
Methyl Ethyl Ketone <0.1 <0.01
Nitrobenzene <0.04 <0.04
Pentachlorophenol <0.2 <0.2
Pyridine <0.04 <0.04
Tetrachloroethylene <0.05 <0.005
Toxaphene <0.025 <0.025
Trichloroethylene <0.05 <0.005
2,4,5-Trichlorophenol <0.08 <0.08
2,4,6-Trichlorophenol <0.04 <0.04
2,4,5-TP (Silvex) <0.0025 <0.025
Vinyl chloride <0.1 <0.01

Chesner et al. (2000).
— = data not reported.
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MUNICIPAL SOLID WASTE BYPRODUCTS
PRODUCTION AND USAGE

The original (1994) agency survey on the use of byproducts
showed that Connecticut, Florida, Massachusetts, Minnesota,
Missouri, New Hampshire, New Jersey, and New York had
reported using MSW byproducts. By 2000 (Chesner et al.
2000), Missouri was dropped from the list and Pennsylvania
and Tennessee were added. As of 2000, only Pennsylvania
and Tennessee gave bidders the opportunity to use these
byproducts as alternates (Chesner et al. 2000). The remain-
ing states identified in the 1994 survey were only using
MSW byproducts on a case-by-case basis in 2000. Of the
30 states that reported the production of MSW combustion
ash byproducts as of 2000, 13 were producing low quantities
(<100,000 tons per year) (Oregon, Utah, Texas, Oklahoma,

pyRecycled Materials and Byproducts in Highway Applications Non-Coal Combustion Byproducts, Volume 3

Arkansas, lowa, Wisconsin, Mississippi, Alabama, Geor-
gia, South Carolina, North Carolina, and New Hampshire)
(Chesner et al. 2000). Eight states (Washington, California,
Illinois, Indiana, Michigan, Tennessee, Maryland, and Maing)
were producing quantities from 100,000 to 500,000 tons per
year and nine states (Minnesota, New York, Massachusetts,
Rhode Island, Connecticut, New Jersey, Pennsylvania, Vir-
ginia, and Florida) were producing quantities greater than
500,000 tons per year.

A comparison of the information on state usage and pro-
duction shows that while there was a large supply of MSW
byproducts in 2000, there was also little use in highway appli-
cations although a number of states had experimented with
such uses.

Copyright National Academy of Sciences. All rights reserved.
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CHAPTER TWO

AGENCY SURVEY RESPONSES

The 2009 agency survey responses indicated that there has
been a steady decrease in states using these MSW byprod-
ucts. The matrix used to collect MSW combustion byproduct
information from state agencies in the 2009 survey (Table 8)
included three choices of MSW byproducts (rows) and
six major categories of highway applications (columns). A
short definition of the terms was included in the response
instructions. The respondents could check all choices that
applied to their agency. Of the 30 states that indicated a
source of MSW combustion ash byproducts in 2000, only

pyRecycled Materials and Byproducts in Highway Applications Non-Coal Combustion Byproducts, Volume 3

Wisconsin and Minnesota indicated that they were actively
using MSW byproducts in highway applications in 2009.
Wisconsin used the MSW bottom ash in flowable fill applica-
tions, while Minnesota used the MSW combination ash in
hot mix asphalt (HMA) applications. Since 1994, Kentucky
has used MSW bottom ash in embankments; however, as
of 2000 they did not have a source of MSW byproducts.
It is possible that the RMRC 2008 survey results will help
identify if Kentucky has recently acquired a source of such
byproducts.

TABLE 8
SUMMARY OF THE NUMBER OF STATES USING MSW BYPRODUCTS IN HIGHWAY APPLICATIONS
Question: Is your state using, or has ever used, these byproducts in highway applications? If you are not sure of the
specific type of combustion byproduct that has been used in your state, check the combustion ash, unknown
type at the bottom of the list.
e MSW bottom ash: municipal solid waste combustor ash that remains at the bottom of the ash stream.
e MSW combined ash: any collection of particulate from municipal solid waste combustion process.
Number of States Using MSW in Highway Applications
Municipal éesrll)l}:lltts Crack | Drainage Flowable Surface Soil
Solid Waste or Sealants | Materials Embank. Fill HMA Treatment pce Stability
Emulsions
MSW Bottom 0 0 0 (KY, (V&l/I) 0 0 0 0
Ash
MSW
Combination 0 0 0 0 0 0 0 0
Ash
Combustion
Ash,
Unknown 0 0 0 0 0 0 0 0
Type

Embank. = embankment.
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CHAPTER THREE
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APPLICATIONS FOUND IN THE LITERATURE

BOUND APPLICATIONS

Asphalt Cement and Asphalt Concrete

The only research published over the last decade on MSW
byproducts in asphalt and asphalt concrete applications was
based on studies conducted in Oman and Taiwan. In Oman,
Hassan (2005) used MSW hottom ash as a partial replacement
of fine aggregate (passing the 4.75 mm sieve) in asphalt con-
crete mixes with 0%, 5%, 10%, 15%, 20%, 30%, and 40% by
total weight of aggregate. Testing included characterization
of physical properties for the MSW bottom ash (gradation
and specific gravity) and leachate testing. Asphalt concrete
mix testing included evaluations of optimum asphalt content
by the Marshall method, moisture sensitivity (tensile strength
ratio), and raveling (Cantabro method).

Results showed that the Marshall flow number became
insensitive to asphalt content at MSW bottom ash contents of
10% or higher. Increasing percentages of byproduct resulted
in significant increases in air voids and voids in mineral aggre-
gate, with corresponding decreases in bulk specific gravity
of the compacted samples. Significant increases in raveling
potential (Cantabro test) were seen once the percentage of
MSW byproduct reached 30%. Moisture sensitivity began
to increase for mixes with percentages of 20% and higher.
Based on these results, the authors recommended limiting
the use of MSW byproduct to 15% and 20% for surface and
base course mixes, respectively.

In Taiwan, Chen et al. (2008) evaluated the influence of
MSW bottom ash as an aggregate substitute in asphalt con-
crete mixes on physical properties and the leaching potential of
mixtures. The physical property testing showed a higher resis-
tance to rutting and increase sensitivity to moisture (low tensile
strength ratios). The authors recommended limiting the use
of MSW bottom ash to 20% in binder or base courses and to
10% in surface mixes (percent by weight of mix). The toxicity
characteristic leaching tests showed, after mixing with asphalt
cement, that the concentrations of heavy metals and toxicity
levels were significantly reduced. It should be noted that no
assessment of cracking potential was included in the study.

Portland Cement Clinkers

A Japanese laboratory study used two types of processed
MSW prior to burning: raw MSW and washed MSW (Nabajyoti

et al. 2007). Both byproducts were evaluated for volatile
emissions from the MSW during the clinker production.
Results showed the production process generated consid-
erable amounts of sodium (Na), potassium (K), lead (Pb), zinc
(Zn), and cadmium (Cd). Researchers noted toxic elements
such as Pb and Cd remained captured in the clinker. The
evaluation of the cement produced from the raw MSW ash
was more reactive than the cement produced from the washed
MSW ash. The use of MSW in clinker reduced the demand
for CaCO; from 70% (conventional clinker) to 50% when
the byproduct was used.

Research conducted in Greece by Sikalidis et al. (2002)
investigated using MSW byproducts in the production of
clinkers. First, the MSW was separated into two fractions.
The heavy fraction consisted of mainly earthen materials,
stones, broken ceramics, glass, and other similar materials.
The light fraction consisted mainly of paper, wood, light plas-
tics, leather and cloth pieces, various fibers, and other similar
combustible materials. The dried and crushed heavy fraction
was introduced into the rotary kiln at approximately 1100°C,
which is about the location in the kiln where the other raw
materials are added. The light fraction was used with a mix-
ture of pet-coke to heat the rotary kiln (jets need to be designed
especially for this fuel source blend). An economic analysis
showed a modified kiln that could treat about 500 tons per
day of MSW and that producing about 433 tons per day of
mortar would be economically profitable for processing the
lightweight MSW.

Portland Cement Replacement

Italian researchers Polettini et al. (2001) investigated the
mechanical behavior (setting time, unconfined compressive
strength, shrinkage/expansion) of four different sources of
Italian MSW fly ash byproducts (i.e., combustion ashes from
air pollution control devices) used in portland cement mixes.
Authors noted that MSW bottom ash, generally composed
of aluminosilicate with small amounts of heavy metals, was
not considered a hazardous material in the European Waste
Catalogue. However, the MSW fly ash was considered haz-
ardous because of concentrations of heavy metals, chlorinated
organic compounds, and soluble salts.

Researchers found that the high concentrations of heavy
metals, chlorides, and sulfates significantly altered the hydra-
tion behavior (setting time, strength gain over time) of the
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portland cement. A suggestion for an upper limit on MSW
fly ash was 20% by weight maximum allowable content. It
was noted that even at low concentrations the inclusion of
the MSW fly ash significantly delayed the strength gain of
the composite cement.

Filipponi et al. (2003) noted that MSW bottom ash is
considered nonhazardous waste according to the European
Waste Catalogue and would be acceptable material to use in
concrete applications. These researchers evaluated different
portland cement concrete (PCC) mixes that were prepared
by blending MSW bottom ash with portland cement in vary-
ing proportions and with different water to cement ratios.
In general, the MSW bottom ash was not reactive (i.e., did
not contribute to cementitious properties); authors suggested
treatment of the byproduct to improve pozzolanic reactions.

Italian researchers Bertolini et al. (2004) evaluated both
MSW fly ash and MSW bottom ash in PCC. The MSW fly ash
was subjected to a washing treatment to reduce the chloride
content. The MSW bottom ash was ground with one of two
methods: dry or wet grinding in a ball mill. MSW byprod-
ucts were used as a cement substitute at 30% replacement by
weight. The chemical composition of the byproducts, cement,
and other additives were determined with inductively coupled
plasma and x-ray defraction. The workability of the fresh con-
crete was evaluated using both the standard slump test and the
VeBe test. Hardened properties were determined for compres-
sive strength (4-in. cubes), chloride by potentiometric titra-
tion after grinding penetration (6-in. cubes, 1.18-in. diameter
cores), and corrosion rate in solutions with pH from 11 to 13.5.

Various compounds found in MSW ash are reviewed in
Table 9. Although there was variation in the oxide percent-
age between the sources of MSW bottom ash, there were
significant differences between either of the bottom ashes
and the MSW fly ash. The particle size distribution after dry
ball mill grinding had a Ds, size of approximately 0.015 mm,

TABLE9
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which reduced to 0.003 mm after wet ball mill grinding. Fresh
concrete properties showed a significant reduction in slump
(almost zero) with 30% MSW fly ash. After compaction on a
vibratory table, the MSW fly ash 28-day compressive strength
was only slightly lower compared with a control PCC with
30% coal combustion fly ash.

Fresh concrete with the MSW dry grind bottom ash was
similar to that of the control mix. During setting, the MSW
bottom ash concrete showed significant expansion owing to
the development of hydrogen gas. The authors attributed this
to the presence of metallic traces of aluminum in the MSW
bottom ashes, which, when in contact with the high pH in
the solution, produces a high rate of corrosion. This reaction
produces hydrogen gas, which was entrapped in the concrete
before setting occurs. Experiments with just the MSW bottom
ash in a solution of 14 pH water showed that 1 g of MSW bot-
tom ash produced 0.15 liter of gas. Fresh mixes prepared with
the wet ground MSW did not show this expansion reaction.
The byproduct in this case was added to the mix in slurry form
(1:1 for the MSW-water ratio). The water in the slurry was
considered in overall volumetric mix design for the PCC. The
authors suggested that a few days of rest after grinding may be
sufficient to eliminate the expansive nature of the bottom ash.

Hardened PCC properties of the control and wet ground
MSW bottom ash had similar 28-day compressive strengths,
with the byproduct mix having the potential for a higher long-
term compressive strength than the control. In all cases there
was a significant loss of compressive strength when using
the MSW fly ash in the PCC (3190 psi and 8702 psi, respec-
tively). Resistivity of wet ground MSW bottom ash had a
higher electrical resistivity at 30 days than either the con-
trol PCC or the control PCC with 30% coal fly ash (300, 80,
and 160 um, respectively). Chloride penetration was slightly
lower for the wet ground MSW bottom ash than either the
control or control with 30% coal fly ash at a depth of 10 mm
(0.04%, 0.1%, and 0.15% by concrete mass, respectively,

PERCENT OF MAJOR ELEMENTS, NOT INCLUDING CHLORIDE,

CALCULATED IN TERMS OF OXIDES

Oxides (%)
Compounds Cement Fine MSW Fly MSW Bottom Ash MSW Bottom Ash
Aggregate Ash (Source 1) (Source 2)

Al,Oq 4.71 6.15 10.72 10.29 6.36
Na,0 0.32 0.19 11.34 2.46 1.72
K0 0.85 0.19 6.94 0.71 0.40
SOg 3.48 0.79 8.49 1.21 3.43
Cao 62.7 6.53 37.32 13.25 15.89
Fe,0, 1.93 4.49 2.6 14.17 6.53
MgO 1.99 1.7 3.3 2.02 1.99
MnO, 1.07 0.05 0.05 0.06 0.16
P,0s 0.15 1.07 1.55 1.08 1.77
TiO, 0.19 0.39 — 0.38 0.85
SO, 23.74 78.45 14.71 5341 61.9

After Bertolini et a. (2004).

— = date not reported.
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after 6 months, 1-day cycles). The authors concluded that the
wet ground MSW bottom ash could be expected to behave
like a pozzolanic reaction.

Research in Slovenia by Juric et al. (2006) evaluated the
influence of MSW bottom ash on the physical properties of
the paste (i.e., binder) and PCC. The workability (slump) of
the PCC was reduced by about 50% when 15% MSW bottom
ash was included in the paste. The density (unit weight) of the
fresh concrete increased when the byproduct was included in
the PCC. The hardened concrete properties showed a decrease
in the 28-day flexural and compressive strength of the mortar
by 4.35 to 2.9 psi (0.03 to 0.02 MPa) per percent of MSW
bottom ash used in the mix (percent by weight). The authors
recommended that the amount of byproduct in the cement be
limited to 15% for use in low-strength concrete mixtures.

Mortars

French researchers evaluated the mechanical strength of mor-
tars with MSW fly ash, as well as the environmental impact
of these mortars (Aubert et al. 2006). Two proprietary treat-
ments of the MSW fly ash were used to minimize problems
with swelling of the mortar when MSW fly ash is used. The
first treatment, REVASOL™, was based on a wash, phospha-
tion, and calcinations of the MSW fly ash. The second treat-
ment was a variation of the first and added sodium carbonate
(Na,CO;) to the wash water to dissolve the metallic aluminum
and sulfates. Both processes reduced swell; however, a poor
stabilization of antimony and chromium is achieved.

Portland Cement Concrete

French researchers, Pera et al. (1997), evaluated the use of
MSW bottom ash as an alternative aggregate in PCC. The
MSW bottom ash material used passed the 20 mm sieve and
was retained on the 4 mm sieve. The authors noted the MSW
bottom ash properties showed lower, but still acceptable,
density and strength characteristics. They also noted that
the water absorption capacity was higher than typical con-
struction aggregates. When used in PCC mixtures, the MSW
bottom ash aggregate substitution resulted in swelling and
cracking of the samples, which was attributed to a reaction
between the cement and the metallic aluminum. A treatment
with sodium hydroxide was proposed to avoid this problem.
Experimentation with this approach showed that a substitu-
tion of MSW bottom ash at up to 50% of the gravel content
could be obtained while minimizing swelling.

Berg and Neal (1998), U.S. researchers, found that MSW
bottom ash could be considered a marginal aggregate for PCC
applications. The MSW byproduct met most of the PCC-related
ASTM standards such as aggregate gradation. However, the
high angularity and brittle nature of the byproduct was thought
to generate problems with use in PCC. They also found the
sulfate and chloride concentrations to be high enough to cre-
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ate potential sulfate attack issues and problems if used with
reinforcing steel.

French researchers, Aubert et al. (2004) evaluated the
development of a physio-chemical treatment for MSW fly ash,
referred to as the REVASOL™ process. The process allowed
for the reduction of the soluble fraction, fixes heavy metals, and
eliminates dioxins. These researchers evaluated both engineer-
ing properties (compressive strength, durability) and leaching
potential of conventional concrete prepared with treated MSW
fly ash. Mixes that were investigated in this study were a con-
trol mix, two mixes with treated MSW fly ash (12% and 50%)
substituted for cement, and two mixes with sand substituted
for cement (12% and 50%) for comparison.

Workability decreased with the increasing percentage of
substitution of the treated MSW for cement. The workabil-
ity of the 12% treated MSW and 12% sand fresh concrete
were similar, with slumps of about 2.5 in. At the 50% levels,
the treated MSW and sand mixes had slumps of 2 and 3 in.,
respectively; the control mix had a slump of 4.5 in.

Porosity of the hardened concrete was measured using
three methods:

1. Gas permeability: Hardened concrete (28 days, 68°F,
100% relative humidity) specimens are sawed to elimi-
nate surface defects and skinning, then tested dry once
steady-state conditions are established according to
the French AFPC-AFREM recommendations using a
Cembureau permeameter.

2. Water accessibility: Uses the difference between the
mass of a specimen dry to the mass after saturation
with water.

3. Total porosity: Uses the bulk and absolute densities of
the concrete to determine the percentage of potentially
permeable voids.

The results are included in Table 10. At either 50% of
sand or 50% MSW bottom ash, the permeability, porosity,
and total porosity increased substantially.

Leaching tests were conducted on monolithic PPC samples
(Figure 2). When the MSW is encapsulated in hardened con-
crete, only the chromium, copper, lead, and tin show a slight
increase in the concentration in the leachate. As expected, the
concentrations increased with the increasing percentage of
MSW bottom ash in the mix. All concentrations were below
the threshold values for the monolithic concrete samples.

Aubert et al. (2004) also evaluated the potential environ-
mental impact when the PCC is recycled. These researchers
crushed concrete to simulate recycling PCC and then re-
assessed the leaching potential (Figure 3). Once the concrete
was crushed, all elemental concentrations increased substan-
tially in both the crushed control and crushed MSW PCC
materials. The concentrations of chromium, lead, and arsenic
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TABLE 10

PERMEABILITY OF PCC MIXES

Gas Permeability Water Porosity Total Porosity
Mix (10"°m? (%) (%)
Control 3.34.6 14.2-15.1 14.2-16.7
Sand, 12% 1.9-5.1 12.7-14.2 14.5-16.2
MSW, 12% 1.6-4.6 13.4-16.9 15.9-17.2
Sand, 50% 35.8-68.0 18.5-20.7 21.5-254
MSW, 50% 17.9-35.6 18.1-22.5 22.7-25.0

After Aubert et al. (2004).
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FIGURE 2 Elements leached from monolithic concrete samples (after Aubert et al. 2004).
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increased significantly over those in the control crushed PCC
materials. Only the chromium exceeded the legal thresholds
in the case of the crushed concrete. As with the monolithic
samples, the concentrations in the leachate increased with
the increasing percentage of MSW in the PCC.

Japanese researchers Horiguchi and Saeki (2004) evaluated
the use of a MSW ash in the preparation of a special cement
(Eco-cement) for use in controlled low strength materials
(CLSM) mixes. The authors reported that acceptable leaching,
strengths and flowability properties could be achieved with
this specialty cement.

Stabilized Base

Danish researchers Cai et al. (2004) used MSW bottom
ash and treated flue gas cleaning products and mixed each
byproduct with 2.5% cement to determine the compressive
strength and leaching potential over a 64-day period. The
byproduct mixes had lower but acceptable strength charac-
teristics. Heavy metal leaching results showed that the MSW
bottom ash mixes had up to 100 times that of the reference
(control) mixes. The results also showed Cl and Na were
increased by a factor of from 20 to 100; from 2 to 10 times for
K, calcium (Ca), and sulfate (SO,); and from 5 to 50 times for
copper (Cu) (50 times), Cd, Ph, and Zn (5 times). The results
from Cr and nickel (Ni) were similar to the control mix.

UNBOUND APPLICATIONS
For Florida Department of Transportation (FDOT) research

for MSW use in highway applications the byproducts, in
general, were classified as either a well-graded or poorly

TABLE 11
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graded sand (SW or SP by Unified Soil Classification Sys-
tem) (Cosentino et al. 1995a, b, c). Cosentino et al. (1995 a,
b, ¢) noted that the MSW combined ash met FDOT criteria
for use as highway subgrade materials. A demonstration proj-
ect was constructed to evaluate engineering properties and
leachate characteristics. Results for this project showed that
moisture—density compaction properties, permeability, and
unconfined compressive strength were a function of the com-
paction energy and moisture content with similar behavior of
conventional fill materials. The stress—strain characteristics
were similar to those for sand.

Leachate testing showed initial increases in concentra-
tions of silver (Ag), arsenic (As), Ca, Cr, and Pb decreased
over time. Although the concentrations were higher than in
the control materials, none of the values exceeded the drink-
ing water standards.

Aggregates

Researchers in Spain, l1zquierdo et al. (2008) evaluated the use
of MSW bottom ash as an aggregate substitute in unbound
pavement layers under both laboratory and field conditions
(Table 11). Although the mechanical properties of the MSW
aggregates were found to be acceptable, the environmen-
tal issues were considered the most important factor to be
addressed. These researchers used two leaching tests that
were the single-batch Dutch availability test, NEN 7341, and
the two-batch European method EN 1247. The pH from the
field evaluation of the MSW byproduct increased from 7.3
to 9.2 and was slightly lower than the laboratory values pre-
dicted. The leachate also had high initial conductivity values
indicating the release of elements occurring in salts. Trace

SUMMARY OF SPANISH REQUIREMENTS AND MSW BOTTOM ASH PROPERTIES

Spanish Requirement for Bottom Ash for Various Applications

Property Embankment and Landfill

Base and Subbase Gravel-Cement

Tolerable: <25% passing

Particle Size, 0.08 Adequate: <35% passing 0.08 mm% (2/3)(0.4 mm%) 5.4% max
Select: <25% passing
Gradation Curve Shape — Granulometric curves ranging from S1 and S6 S3
Tolerable: at least 75% passing 15 cm
Maximum Size Adequate: 100% passing 10 cm Less than one-half of the compacted thickness 12.5 mm
Select: 100% passing 8 cm
LA Abrasion — <50% 45%

Tolerable: > 1.45 g/cm®
Adequate: > 1.75 g/cm®
Select: —

Proctor Values

No requirement Opt. moist. 12.3% at 1.8 g/cm3

Tolerable: > 3
CBR Adequate: > 5 with less than 2% swell
Select: > 10 and no swell

90% 30
>20 95% 56
100% 97

Sand Equivalent —

>30% for medium and heavy traffic

0,
>25% for light traffic 52%

Tolerable: LL <40o0rLL <65andPI<0.6
LL9
Adequate: LL < 40
Select: LL <30 and PI <10

Plasticity

Non-plastic Non-plastic

Tolerable: <2%
Adequate: <1%
Select: —

Organic Matter by
Potassium
Permanganate Method

—_ 1%

After Forteza et al. (2004).
— =data not reported; CBR = California bearing ratio.
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metals showed very low release and the researchers con-
cluded the trace metals in MSW were not a concern.

Base and Subbase

Cosentino et al. (1995 a, b, ¢) noted that the MSW com-
bined ash met the FDOT criteria for use as highway sub-
grade materials. A demonstration project was constructed
to evaluate engineering properties and leachate charac-
teristics. The project showed that MSW combination ash
provided high strength and was relatively free draining.
The environmental analysis showed concentrations of As,
barium (Ba), Cd, Cr, Pb, mercury (Hg), selenium (Se), and
Ag concentrations were below surface water and drinking
water standards with the exception of Se. This was a con-
cern for stockpiling or using the byproducts in unbound
applications.

Research in the Netherlands by Comans et al. (2000) studied
the potential of a new technique to reduce the leaching poten-
tial of Cu and molybdenum (Mo). The technique was designed
to increase adsorption properties of the MSW bottom ash
matrix by the inclusion of sorbent minerals added to the
MSW byproduct. The most likely candidates for reducing
leaching potential were found to be Fe(111) and AI(I11) salts
and in situ precipitation of the metal(hydr)oxides. A dura-
ble reduction in the pH to near neutral of the MSW bottom
ash was also found to be a major factor in controlling the
leaching of Cu and Mo.

A U.S. literature review by Chesner et al. (2000) noted
that one or more of the following states were exploring the
use of MSW byproducts as partial aggregate replacements
in stabilized and granular bases as of 2000: Connecticut,
Florida, Massachusetts, Minnesota, New Hampshire, New
Jersey, and New York. International use of MSW combustion
ash was limited to MSW bottom ash in these applications in
the Netherlands, Denmark, Germany, and France.

French research by Bruder-Hubscher et al. (2001) evalu-
ated the environmental impact of MSW bottom ash in two
field test sections. Results monitored over three years showed
minimal impact when compared with test sections constructed
with natural materials.

In Spain, Forteza et al. (2004) evaluated the use of MSW
byproducts in road base applications. These researchers eval-
uated the physical and engineering properties of the MSW
byproducts to determine if they could be substituted for aggre-
gates in bases. The MSW bottom ash had acceptable aggre-
gate and soil-related properties (see previous section). The
environmental parameters evaluated were pH, conductivity,
chloride content, sulfates, aluminum (Al), As, Ca, Cd, Cr,
Cu, Fe, Hg, K, magnesium (Mg), manganese (Mn), Na, Ni,
Pb, tin (Sn), and Zn. The authors concluded that trace metals
did not pose an environmental problem.

pyRecycled Materials and Byproducts in Highway Applications Non-Coal Combustion Byproducts, Volume 3

13

By Spanish standards, MSW bottom ash met all require-
ments for soils classified as adequate. The Spanish embank-
ment and landfill classification system had requirements for
tolerable, adequate, and select soils. Table 3 provides the engi-
neering properties of the bottom ash and the Spanish require-
ments for embankments and landfills as well as for base and
subbase materials.

Swedish research by Aberg et al. (2006) evaluated the
leaching potential trace metals and chlorides when MSW
bottom ash is used as a base material under asphalt con-
crete pavements. One full-scale field section was constructed
using MSW bottom ash and another section using gravel
(control section). The highest mobility metals and anions in
the leachate were CI, Cu, and Cr; the Cl and Cu concentra-
tions decreased with time (over 12 months). The mobility
of the Cr decreased over time. The concentrations of lead
were very low over the 12-month monitoring period, and
the authors attributed this to iron oxides. Prediction models
(regression equations) were useful in predicting Ni, Pb, Zn,
and Cu concentrations, but were less reliable for predicting
Cd and Cr. The lack of accuracy was attributed to changes
in pH and liquid to solid ratio values between the laboratory
and field testing conditions. The regression equations used
in the analysis were:

Logl0 Cd) =4.2-0.22x — 0.04y — 0.004xy — 0.03x?

Logl0(Cr)=7.7-1.9x + 0.11x?

(
(Cr)
Logl0(Cu)=10.8—1.9x — 0.02y + 0.11x?
Log10(Pb)=11.0 — 2.3x + 0.12x2
Logl0(Zn) = 6.9 - 0.23x — 0.03x2
Ni%5 =126 -21.4x-1.2y+0.12xy + 0.87x2

Where:

X=pH
y = liquid/solid ratio

Another Swedish research project was conducted by
Lidelow and Lagerkvist (2006) that evaluated full-scale
field test sections; these were monitored for three years. The
main elements in the leachate included Al (12.8-85.3 mg/l),
Cr (2-125 ug/l), and Cu (0.15-1.9 mg/I) from the MSW bot-
tom ash sections. The crushed rock sections showed concen-
trations of Zn (1-780 ug/l). The initial release of compounds
from the MSW bottom ash sections included CI- (about
20 g/l). After three years, the Cu and CI-were similar in con-
centration to the crushed rock sections. However, the Al and
Cr was still more than one order of magnitude higher in the
MSW bottom ash sections compared with the crushed rock
sections after three years. During rain events, diluted salt
compound concentrations increased. Researchers noted that
the laboratory results for evaluating the leachate from the
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crushed rock materials did not agree with the field results.
However, the results agreed fairly well for the MSW bottom
ash materials.

French researchers Bouvet et al. (2007) specifically evalu-
ated the leaching of Pb from MSW bottom ash when used in
roadway base applications. Findings from this study indicated
that the release of lead when water conditions have a neu-
tral pH (about 7) was very low (<2%). The release percentage
increased with a water pH of 4 and ranged from 4% to 47%.

In Denmark, Hjelmar et al. (2007) placed and evaluated
six large-scale field test sections placed in October 2002.
Three of the sections used different MSW bottom ashes as
sub-base materials under asphalt concrete test sections. Com-
parisons between the water quality from the field sections
and laboratory studies showed good agreement in results for
salts but less agreement for some trace elements. The differ-
ences between the laboratory and field results were attributed
to differences in the pH of the water between laboratory and
field experiments.

In Spain, Vegas et al. (2008) conducted a detailed char-
acterization of material properties for three byproducts: con-
struction and demolition waste, slag, and MSW bottom ash.
The findings indicated that fresh MSW bottom ash could be
suitable for roadway base material as long as it does not con-
tain high concentrations of soluble salts. The authors noted
fresh MSW bottom ash had higher concentrations of soluble
salts than weathered MSW bottom ash.

Other Spanish researchers, lzquierdo et al. (2008), also
compared the results of leaching evaluations (NEN 7341,
EN 12457) and found reasonable agreement between the lab
and field. In addition, these researchers developed estimates
of depletion periods of extractable fractions for a number
of elements in field conditions. Compounds that were read-
ily depleted included Na, K, or CI- salts with more than 50%
of the compounds leaching out in the early stages of testing.
The elements lead and vanadium (V) also followed this trend.
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Other elements that showed delayed depletion (i.e., needing
additional extractions) including Al, titanium (Ti), Cu, cobalt
(Co), Ni, Zn, Cr, As, and Se. The authors related this delayed
leaching to the ionic strength of the initial leachate. Slightly
soluble salts of Ca, Mg, and rubidium (Rb) were found to have
progressive depletion. Other elements with progressive deple-
tion behavior included tungsten (W) and antimony (Sb). Slow
(delayed) depletion behavior was noted for SO,%, strontium
(Sr), Ba, bromine (B), Mo, and silicon (Si).

Embankments and Flowable Fill

The RMRC website (2008) indicated that European expe-
rience in MSW use in embankments encompassed more
than 20 years, whereas the United States has only evalu-
ated use in fills as demonstration projects. Internationally,
the Netherlands, Denmark, France, and Sweden have used
MSW bottom ash in a limited number of embankment appli-
cations. Only Denmark was identified as having some expe-
rience with this byproduct in either backfills or flowable fills
(Chesner et al. 2000).

Life-Cycle Cost Assessment

Life-cycle cost assessment programs differ from life-cycle cost
analysis programs in that they consider both financial costs as
well as resource, energy consumption, environmental impact,
construction, operation, and maintenance (including the use
of roadway salts) over the life of the pavement. Birgisdottir
et al. (2005, 2006) used the ROAD-RES (Denmark) program
for life-cycle cost assessment, developed at the Technical Uni-
versity of Denmark, to evaluate two different scenarios. The
first scenario was the control with only natural materials and
the second scenario used MSW bottom ash as a replacement
for gravel in the sub-base layers. This evaluation showed only
marginal differences in the environmental impacts (primarily
emissions from fuel consumption) and resource consumption.
Ground-water contamination leaching potential was linked to
the use of road salt rather than the MSW bottom ash.
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CHAPTER FOUR

DOCUMENT ASSESSMENT SURVEY

Most of the recent literature on the use of MSW byproducts in
highway applications was found in international reports and
papers. The NCHRP 4-21 report in 2000 indicated that the
Netherlands, Denmark, Germany, France, and Sweden had
some experimentation work in progress. These countries have o

also consistently been publishing research over the past decade. 'A# *
In addition, the Netherlands, Spain, Greece, Italy, and Japan * *

have begun to report MSW byproduct research in highway
application. Figure 4 shows the general locations for world-
wide research found in the literature. Figure 5 summarizes the
highway applications using MSW byproducts contained in the
literature. A number of documents were found that considered
uses in unbound applications, especially base and soil stabiliza-
tion applications. Bound applications evaluated by researchers
included asphalt concrete and PCC. The assessment of the
type and quantity of information in the literature included
documents referenced in the body of this chapter as well as
addition documents listed at the end of the reference section.

MSW Research

FIGURE 4 Geographical locations of MSW in highway application
research.
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FIGURE 5 Highway application information available in the MSW byproduct literature.
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CHAPTER FIVE
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SEWAGE SLUDGE ASH BYPRODUCTS

Sewage sludge ash is the byproduct generated by the com-
bustion of dewatered water treatment plant sewage sludge in
one of two types of incinerator facilities. One type of facility
is the multiple hearth; approximately 80% of the systems in
the United States are this type. The second type of system,
which is less frequently used in the United States, is a fluid-
ized bed configuration (RMRC 2008). The multiple hearth
facility is typically comprised of a circular steel furnace with
a number of solid refractory hearths and a central rotating
shaft. The dewatered sludge, usually with about 20% solids,
is introduced into the furnace. Cooling air is used to prevent
overheating; spent air is recirculated (i.e., combustion air;
see Figure 6). The flue gases are scrubbed (air pollution con-
trol system) and particles removed.

The fluidized bed facility configuration consists of a ver-
tical cylindrical vessel with a grid in the lower portion to
support a bed of sand. The dewatered sludge is introduced
into the vessel above the sand bed, and combustion air flows
upward and fluidizes the mixture of hot sand and sludge
(RMRC 2008).

PHYSICAL AND CHEMICAL PROPERTIES

Sewage sludge ash is mostly silty with some sand-like material,
with most of the particles less than the 0.075 mm sieve.
Sewage sludge ash has a low percentage of organic com-
pounds. Table 12 shows some estimates found for oxide
compound percentages reported by Chesner et al. (2000)
and on the RMRC website (2008). As with other combus-
tion ash byproducts, there is a wide range of concentra-
tions in sewage sludge ash. Tab