Geotechnical
Engineering

UNIVERSITY OF
SOUTH FLORIDA

STABILIZATION OF MARGINAL SOILS
USING RECYCLED MATERIALS

Alaa Ashmawy

Rory McDonald

Delfin Carreon
Fikret Atalay

Final Report

Florida Department of Transportation
Contract Number BD-544-4
February 2006



Stabilization of Marginal Soils
Using Recycled Materials

Alaa Ashmawy

Rory McDonald

Delfin Carreon
Fikret Atalay

Final Report

Florida Department of Transportation
Contract Number BD-544-4

February 2006



Disclaimer

The opinions, findings, and conclusions expressed in this publication are those of the
authors and not necessarily those of the State of Florida Department of Transportation.

The contents of this report do not constitute a standard, regulation, or specification.

il



Metric Conversion Table

Symbol When you know Multiply by To find Symbol
LENGTH

in inches 25.4 millimeters mm

ft feet 0.305 meters m
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Symbol When you know Multiply by To find Symbol
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0z ounces 28.35 grams g
Ib pounds 0.454 kilograms kg
megagrams (or wan

T short tons (2000 Ib)  [0.907 "metric ton") Mg (or "t")

Symbol When you know Multiply by To find Symbol
FORCE and PRESSURE or STRESS

Ibf poundforce 4.45 newtons N

Ibf/in? poundforce per square 6.89 kilopascals kPa

inch

il




Technical Report Documentation Page

1. Report No. 2. Government Accession No. 3. Recipient's Catalog No.
BD-544-4

4. Title and Subtitle 5. Report Date
Stabilization of Marginal Soils February 19, 2006

Using Recycled Materials

6. Performing Organization Code

7. Author(s) 8. Performing Organization Report No.

Alaa Ashmawy, Rory McDonald, Delfin Carreon, Fikret Atalay

9. Performing Organization Name and Address 10. Work Unit No. (TRAIS)

University of South Florida — Civil & Environmental Engineering

4202 E. Fowler Avenue, ENB 118 11. Contract or Grant No.

Tampa, FL 33620-5350 BD-544-4

12. Sponsoring Agency Name and Address 13. Type of Report and Period Covered
. . Final Report

Florida Department of Transportation 7/29/2003 — 10/31/2005

605 Suwannee St. MS 30

Tallahassee, Florida 32399 14. Sponsoring Agency Code

(850)414-4615

15. Supplementary Notes

16. Abstract

Loose sand, soft clays, and organic deposits are often unsuitable for use in construction due to their
less-than-desirable engineering properties. Traditional methods of stabilizing these soils through in-situ
ground improvement or replacement techniques are costly. Recycled materials such as scrap tires,
plastics, ash, slag, and construction debris provide a viable alternative both for their relatively lower
cost and desirable engineering properties. Furthermore, use of recycled materials prevents their
disposal into landfills, which are approaching capacity in Florida and across the nation. This report
provides a comprehensive assessment of various recycled materials that can be used to stabilize
marginal soils in Florida. Particular attention is given to material availability and environmental
properties in addition to engineering properties. A methodology is proposed to guide FDOT personnel
in evaluating, testing, and approving any new material for use as a highway construction material.

17. Key Word 18. Distribution Statement
Recycled materials. Soil reinforcement. Soil |No Restriction
improvement This report is available to the public through

the NTIS, Springfield, VA 22161

19. Security Classif. (of this report) 20. Security Classif. (of this page) 21. No. of Pages | 22. Price
Unclassified Unclassified 169
Form DOT F 1700.7 (8-72) Reproduction of completed page authorized

v




Acknowledgements

The authors would like to express their sincere appreciation to the State Materials Office
personnel in Gainseville for their assistance throughout the course of the project. In specific, the
help of Dr. David Horhota, Mr. John Shoucair, and Ms. Renée Murch is gratefully
acknowledged. The assistance of various indivuduals in collecting the data and obtaining
samples for testing has been valuable. These include technical personnel in Hillsborough
County, Lee County, Pasco County, Waste Management, Inc., the City of St. Petersburg, and the
City of Tampa, as well as Mr.Rupert Bodden and Mr. Denzil Bailey. Testing and information
collection was also conducted with the assistance of Whitney Allen, Julia Clarke, Mark

Velasquez, Melody Nocon, Brian Runkles, Jeremy Runkle, Newel White, and Dr. Amr Sallam.



Executive Summary

The use of recycled materials to stabilize marginal soils offers a viable alternative from
economical, technical, and environmental standpoints. Recycled materials provide an attractive
alternative to traditional engineering construction materials such as asphalt, concrete, natural
aggregate and others. This is due in part to their suitable engineering properties, which allow
them to be used as substitute materials in several transportation and geotechnical applications.
Equally important, recycled materials offer both economic and environmental incentives. In
addition to a lower cost in comparison to traditional materials, their use has the potential to

alleviate landfill problems as well as avert costs typically associated with their disposal.

While extensive research has been conducted to investigate the use of recycled materials in
engineering applications, the dissemination of the findings is often limited. The problem is
compounded by the lack of a single resource containing relevant engineering and environmental
characteristics of each material; the tendency of the researchers to publish their findings in
technical reports rather than archived publications; and the wide discrepancies among local and
state environmental regulations and acceptability. In addition, rapid implementation of recycled
materials in highway construction is hindered by the lack of a rational procedure for selecting
and approving the use of new recycled materials. Among the problems encountered when a new
material is proposed are 1) material availability in terms of quantity and price; 2) environmental
impact of the proposed material; 3) consistent mixing and construction methods; 4) quality
control in terms of spatial and temporal variability of the properties of the material; and 5)
consistent design methods. Although this project does not present new standards, regulations, or
specifications, it provides a large body of valuable information and a rational procedure to be
followed to assist FDOT personnel in selecting, approving, and implementing the use of recycled

materials in roadway construction.

The main objective of this project is to investigate the use of a broad range of recycled materials
in geotechnical and transportation applications, and to classify these materials according to
relevant factors such as availability, application, environmental impact, and cost. Specifically, it

is concerned with the use of such recycled materials to improve the engineering properties of

Vi



marginal soils, while maintaining conformance with regulations and practice in terms of the

environmental, economical, and practical limitations of such use.

The project involved several components. First, a comprehensive literature review was
conducted in order to gather availability information, technical specifications, and parameter data
for several recycled materials. Then, through feedback from the FDOT State Materials Office
and District Offices, and based on earlier work by other researchers nationwide, a procedure was
followed to categorize the types of marginal soils encountered and current solutions, and to
classify them according to the appropriate stabilizing mechanism. Next, information was
collected on the availability, cost, and earlier performance of all the materials in order to narrow
down the list of potential materials which could be implemented for the purposes of stabilizing
marginal soils in roadway construction. The following step involved the performance of
experiments to investigate the properties of those particular stabilized soils that demonstrated a
potential for applicability in Florida or where data in the literature was not adequate. A
relational database was developed to compile the data. Mixing methods and other construction-
related processes and practical issues were also reviewed as part of the project. Data from large-

scale field evaluations and other case histories in the literature were also compiled.
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1. Introduction

1.1. Background

Marginal and weak soils, including soft clays, muck, organic deposits, and loose sand, are often
unsuitable for construction due to their poor engineering properties. Site conditions can be
enhanced through a number of in-situ ground improvement or replacement techniques, but these
alternatives are sometimes costly. Recycled materials, such as plastics, carpet waste,
construction debris and wood, are often processed, at the source, into products that can be
adapted for a broad range of earth stabilization functions. Examples include recycled plastic
lumber, shredded tires, and waste-to-energy ash, which can be used to improve soil conditions
in-situ, stabilize weak or failing earth embankments, steepen existing slopes, or modify

otherwise marginal soils for use as earth fill.

The use of recycled materials to stabilize marginal soils offers a viable alternative from
economical, technical, and environmental standpoints. Recycled materials provide an attractive
alternative to traditional engineering construction materials such as asphalt, concrete, natural
aggregate and others. This is due in part to their suitable engineering properties, which allow
them to be used as substitute materials in several transportation and geotechnical applications.
Equally important, recycled materials offer both economic and environmental incentives. In
addition to a lower cost in comparison to traditional materials, their use has the potential to

alleviate landfill problems as well as avert costs typically associated with their disposal.

1.2. Current State of Knowledge

While extensive research has been conducted to investigate the use of recycled materials in
engineering applications, the dissemination of the findings is often limited. The problem is
compounded by the lack of a single resource containing relevant engineering and environmental

characteristics of each material; the tendency of the researchers to publish their findings in



technical reports rather than archived publications; and the wide discrepancies among local and

state environmental regulations and acceptability.

In addition, rapid implementation of recycled materials in highway construction is hindered by
the lack of a rational procedure for selecting and approving the use of new recycled materials.
Among the problems encountered when a new material is proposed are 1) material availability in
terms of quantity and price; 2) environmental impact of the proposed material; 3) consistent
mixing and construction methods; 4) quality control in terms of spatial and temporal variability
of the properties of the material; and 5) consistent design methods. Although this report does not
constitute a standard, regulation, or specification, it provides a large body of valuable
information and a rational procedure to be followed to assist FDOT personnel in selecting,

approving, and implementing the use of recycled materials in roadway construction.

1.3. Project Objectives and Work Plan

The main purpose of this project is to investigate the use of a broad range of recycled materials
in geotechnical and transportation applications, and to classify these materials according to
relevant factors such as availability, application, environmental impact, and cost. Specifically, it
is concerned with the use of such recycled materials to improve the engineering properties of
marginal soils, while maintaining conformance with regulations and practice in terms of the

environmental, economical, and practical limitations of such use.

The project involves several components. First, a comprehensive literature review was
conducted in order to gather availability information, technical specifications, and parameter data
for several recycled materials. Then, through feedback from the FDOT State Materials Office
and District Offices, and based on earlier work by other researchers nationwide, a procedure was
followed to categorize the types of marginal soils encountered and current solutions, and to
classify them according to the appropriate stabilizing mechanism. Next, information was
collected on the availability, cost, and earlier performance of all the materials in order to narrow
down the list of potential materials which could be implemented for the purposes of stabilizing

marginal soils in roadway construction. The following step involved the performance of



experiments to investigate the properties of those particular stabilized soils that demonstrated a
potential for applicability in Florida or where data in the literature was not adequate. A
relational database was developed to compile the data using Microsoft Access”. Mixing
methods and other construction-related processes and practical issues were also reviewed as part
of the project. Data from large-scale field evaluations and other case histories in the literature

were also compiled.

1.4. Organization of the Report

This report is organized in eight chapters, a list of references, and appendices. The second
chapter includes a review of earlier studies through relevant published literature as well as
personal communications. Chapter 3 presents a general physical description of the materials as
well as information on the availability and main properties of these materials. Chapter 4 contains
a description of processing methods and potential applications for each of the materials based on
the information collected. Chapter 5 provides an in-depth description of the engineering
(mechanical) and environmental properties of each of the materials, together with
recommendations regarding the suitability of the material for improving the properties of
marginal soils. Chapter 6 touches on the main economic and cost-related aspects of the
materials, and Chapter 7 describes the design and features of the database management system
(DBMS). Conclusions and recommendations for implementation of recycled materials in soil
improvement programs are found in Chapter 8. The appendices include additional information
of direct relevance, which was found in the literature or through the data collection process

associated with the project.



2. Literature Review

During the first stages of the project, it was found that a large body of knowledge already exists
on recycled material research — spanning some twenty years. The majority of early studies dealt
with new material identification and laboratory testing to determine material properties (Collins
and Ciesielski, 1994; Edil and Benson, 1998). More recent research has included large-scale
field tests, predominantly environmental studies, and processing technique characterization
(O’Shaughnessy and Garga, 1999; Liu et al., 2000; Consoli et al., 2002). Perhaps the most
surprising finding was the relative lack of documented implementation programs. With so much
quality research in recycled materials, it is clear that implementation has not kept pace. This
point was tested and reinforced by means of a brief survey sent to the seven Florida Department
of Transportation (FDOT) District Offices. When personnel from each District were asked to
document the use of recycled materials in their district, very few had had any experience to
share. This reinforces the notion that a large gap exists between academic research on recycled

materials and engineering practice and implementation.

Despite the presence of research efforts, many tons of potentially useful industrial and domestic
by-products are still being discarded each year. Implementation of recycled material programs at
the state level has not kept pace with research. This phenomenon can be explained by several
factors. Firstly, the lack of a single resource containing relevant engineering and environmental
characteristics of each material limits the dissemination of findings. This makes it difficult to
adequately compare several materials before deciding to adopt one into practice. Secondly,
researchers tend to publish data in technical reports, online sources, and special publications as
opposed to archived publications. Sorting through and finding pertinent information can be
time-consuming and tedious. Thirdly, the zeal of waste material suppliers to find alternative to
landfill disposal, with little attention to quality control and methodical processing, has often
resulted in bad experiences with the local and state agencies. As a result, wide discrepancies
exist among local and state environmental regulations in terms of material acceptability, which
makes it difficult to establish consistent practices among various states and regions. Lastly, the

rapid generation of new research exacerbates the existing logistics problem of data organization.



In general, the use of recycled materials can be categorized by stabilizing mechanism,
application, marginal soil type, or recycled material type. Two stabilizing mechanisms are
identified: discrete and homogenous. In discrete stabilizing, individual elements such as
recycled plastic piles (RPPs) are driven into the soil to prevent slope failure and improve global
stability. Homogeneous stabilizing, on the other hand, refers to mixing much smaller particles of
recycled materials such as plastic strips, shredded tires, ash, or carpet fibers with marginal soils
to improve their strength. While classifying the use of recycled materials based on stabilizing
mechanism may be attractive when dealing with a specific material or application, such
classification becomes impractical when dealing with a substantial variety of materials and
applications such as in the present study. Therefore, the most common classifications in the

literature have been based on the recycled material itself.

2.1. Comprehensive Resources

A small number of the comprehensive resources available in the literature address the use of
recycled materials in highway applications, in general, and their relevant properties, in specific.
The main advantage of such resources is that they provide the end user with the basic
information needed for initial decision making purposes. However, these resources often lack in
detail, and can become rapidly outdated. Based on the information reviewed in the course of the
present project, it was deemed reasonable to assume that information that is older than five years,
in the field of recycled materials use in highway applications, is either obsolete or needs some
updating. The main reason behind this is that manufacturing processes and chemical
compositions of recycled material and industrial by-products are governed by the cycle of
technology. For instance, the type and properties of plastics that are available for recycling can
change significantly over a time span of five to seven years. In addition, new technologies
become available over the same time span to provide more efficient and environmentally cleaner
means of recycling these materials. Tighter environmental regulations can also render the use of
a particular material more difficult in terms of implementation and permitting, which calls for
new or modified design methods. Nevertheless, the comprehensive resources available in the

literature, albeit outdated, can provide basic material information and useful historic data.



2.1.1. NCHRP Synthesis of Highway Practice - 1994

In conjunction with the National Cooperative Highway Research Program (NCHRP) and the
American Association of State Highway and Transportation Officials (AASHTO), a study was
undertaken by Collins and Ciesielski (1994) to synthesize the information available on the use of
waste materials in highway construction. The report sought to systematically compile useful
information before disseminating it to the public. Primarily targeted at “administrators, policy
makers, engineers, and others involved in highway construction,” the resource contains useful
information regarding everything from design considerations and environmental aspects to the
economics, availability, and actual highway construction use of waste materials. Organized
according to four source identifications — agricultural, domestic, industrial, and mineral wastes —
the report addresses the gap between research and practice by admitting that “what has been
learned about a problem frequently is not assembled, costly research findings may go unused,
valuable experience may be overlooked, and full consideration may not be given to available

practices for solving or alleviating the problem” (Collins and Ciesielski, 1994).

Although somewhat lacking in detail, their findings are nonetheless more comprehensive than
previous work. Information is provided on at least 38 materials. In addition, several processes
and applications as well as environmental issues are mentioned for each material. Actual uses in
field construction are documented according to the state in which they took place. In general, the
source is a very good summary of research and practice in recycled materials before 1994.
Excellent data on material availability and detailed state-by-state use of recycled materials in
several applications are perhaps the best contributions. Unfortunately, the report lacks detail.
Virtually no specific information is available on engineering and environmental properties.
Finally, as a printed report, the reader must still search manually for the information of interest.

The only way to update the report is to produce a new one.

2.1.2. Recycled Materials Information Database - 1998

Sponsored by the American Association of State Highway and Transportation Officials
(AASHTO) and in connection with the Federal Highway Administration, the “Recycled



Materials Information Database” (Chesner et al., 1998) was designed as a single source. Its
stated purpose was to provide “a tool that could be used to access from a database, information
on recycled material properties, applications, and testing procedures” (Chesner et al., 2003). The
database is organized according to twenty waste materials and six applications. After choosing a
material, nine primary tabs provide easily navigable access to 28 subcategories. The primary
tabs are: General Information, Production and Use, Engineering Properties, Environmental
Properties, Applications, Laboratory Testing, Field Testing, References, and contacts. The
subcategories range from availability by region and chemical composition by material to
construction procedures and bibliographical references. Figure 2-1 shows one screen from the
database. The primary tab “Production and Use” and the secondary tab “USA Production” have
been chosen for “Coal Fly Ash.” Availability or production data is presented in a state-by-state
breakdown. Features also allow users to edit and delete both the text and existing tables or create

new data tables and figures as new information becomes available.

Perhaps the most important features of the database are its attention to detail, its rigid
organization and its facilitation of moving rapidly from one area of interest to another. With a
click of the mouse, a user can browse trace metal concentration data for a particular material or
view the availability of a different material state-by-state. Another helpful addition is the ability
to update the existing resources. A user can add new data as it becomes available. There are
however, several drawbacks to this approach. First, the database has a hierarchical relationship
structure. Similar to a pyramid, this type of relationship is top down. A user must start the
search by first choosing a material, and then progressing to a subcategory involving that material.
In order to compare data, it is necessary to go back to the beginning and choose a different
material. A hierarchical model has two main deficiencies: 1) the user has to know something
either about the subject or about the way in which the data is organized and related and 2) the
user cannot easily link information from different branches down the hierarchy or generate
queries that span across different subcategories. As a result of these limitations, the database can

best be used by an individual with intimate knowledge of recycled material research.
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Figure 2-1: “Recycled Materials Information Database” (Chesner et al., 1998)

2.1.3. “User Guidelines” Resource Online - 2003

As a result of recent federal initiatives for recycled material use in highway construction in the
U.S., a project was undertaken to provide information on waste materials in specific applications.
In addition, the project sought to address issues of suitability for relatively unknown materials
and identify areas in need of future research (Chesner et al., 2003). The result, “User Guidelines
for Waste and Byproduct Materials in Pavement Construction,” is an online resource organized
through twenty-one recycled materials and six applications. It is primarily an online version of a
technical report, providing users with access to information such as material origin, processing
requirements, market sources, management options, and material properties. Many of the tables
and other general information in the User Guidelines are borrowed directly from its predecessor,

the “Recycled Materials Information Database.” Currently, no features exist that allow the user



to edit or add to existing information. However, the sheer volume of information available

makes it a valuable single, comprehensive resource.

The advantages of the user guidelines are threefold. First, they are very well-organized and
detailed. Unlike the printed technical report by Collins and Cielieski (1994), material properties
are available in the form of data tables. The second advantage is that the user interface is simple
in terms of design and display, thereby allowing the user to move between categories. Finally,
by making it available online, users are not required to download the database. However, the
system has certain drawbacks. Like the database described previously, the User Guidelines are
set up as a hierarchical model. The user may only choose a material or a material/application
combination to view the information appertaining to it. This feature requires the user to be
familiar with the way the information is organized. The user cannot search and sort by property,
availability, or any other subcategory. Similarly, the user has no ability to add, update, or delete

information. In Figure 2-2, the User Guidelines page for scrap tires is reproduced.
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Figure 2-2: “User Guidelines for Waste and Byproduct Materials in Pavement Construction”
(Chesner et al., 2003)



2.2. Specific Resources

A very large number of material-specific and application-specific references are available in the
literature, and span a broad range of applications and materials. A largely comprehensive
bibliography is provided together with the list of references. The majority of the work is case- or
location-specific, and a summary or an annotated bibliography is beyond the scope of a single
written report. To address this problem, a relational database, described in Chapter 7, was
developed to compile relevant information on the use of recycled materials in highway
construction applications. This database provides FDOT with a valuable resource that
encompasses previous information published on the subject. The database, in its current form,
contains basic information from various key references, but its strength lies in its robust design

which allows it to be expanded and updated with more data in the future.

The relational database was selected because of its ability to organize data, simplify the user
interface, and ultimately improve implementation of recycled material research. Essentially a
collection of interconnected tables, attributes and data, a relational database provides several
advantages to traditional methods of organization. For example, such a database stores
information in the form of related tables — allowing the same data to be viewed in different ways.
The user need not be proficient in database management system structures and does not have to
understand the hidden data relations in order to meaningfully interact with it. Through forms,
queries, and reports — the fundamental elements of any database management system, the user
can rapidly sort through a vast amount of current, relevant data. Furthermore, the database
management system is updatable and the design is amendable to account for future expansion.

The result is an effective tool to aid in the implementation of recycled material research.
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3. Materials and Availability

3.1. Introduction

Although several additional, equally-important parameters exist in the realm of recycled material
research, the majority of studies that have been conducted typically begin with specifying the
materials that are to be studied. In most cases, researchers select a material about which research
has already been conducted in one form or another and test it to determine its predicted
performance for a particular real-world application. Usually, there is some type of laboratory
program that includes tests for grain-size distribution, plasticity limits, direct shear, triaxial, and
many others. Researchers might also conduct mid-size experiments using testing apparatuses
and procedures of their own design. For example, Bosscher et al. (1997) performed tests on
model embankments in the laboratory so as to generate deformation response data. Other studies
have included full-size field testing programs. When used in conjunction with laboratory
procedures, these studies have attempted to quantify the performance of recycled materials in

various geotechnical and transportation applications.

Most of the more recent recycled material research has focused on one of two aspects: 1) new
ways of using existing materials and 2) completely new materials or old materials processed in
new ways. A study by Reid et al. (1998) examined the use of rubber tire chips as a method to
reduce the bumps at the ends of bridges. This illustrates the specialized nature of some of these
new ways to use existing recycled materials. Fahoum (1998) capitalized on local conditions by
constructing a road-supporting embankment out of lime taken from the lagoon that the road was

to cross. Cleary, these two projects are considered original.

Unfortunately, a portion of the recycled material research available is not quite as original.
Certain widely available materials are clearly given preference over more obscure materials.
This is not necessarily because the former are more promising, but mostly because of the
established track record in terms of quality and consistency of the material properties. As a

result, a vast amount of data is available for materials such as recycled tire shreds and fly ash,
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while a relatively limited amount exists for mill tailings and phosphogypsum. Research is
sometimes repeated because of the difficulty in tracking down previous efforts. The tendency of
researchers to publish their findings in technical reports, online sources, and in other special

publications rather than archived publications exacerbates the problem.

There are various resources that have classified the materials typically used in recycled materials
research, including Collins and Ciesielski (1994), Chesner et al. (1998) and Chesner et al.
(2003). As described earlier, the first summarizes information on 38 recycled materials, the
second contains 20 materials, and the third presents 21 materials. The first study is a
comprehensive technical report and the other two are online databases. The full extent of these
efforts was outlined in Chapter 2. For the purpose of the current study, it is sufficient to present
the materials and provide some rationale for selecting those that will be part of this study. In
Table 3-1, the materials included in each of the three earlier studies are marked. Notice the close
overlap of materials between the second two studies. This is no surprise as both have the same

principal author.

Table 3-1: Comprehensive Material Studies

Collins/Ciesielski Chesner et al. Chesner et al.
Recycled Material (1994) (1998) (2002)

Crop Wastes
Logging/Wood Waste
Miscellaneous Organics
Paper/Paperboard
Yard Waste

Plastics

Incinerator Ash (MSW)
Sewage Sludge

Scrap Tires

Compost

Used Ol

Coal Fly Ash

Bottom Ash

Boiler Slag

Demolition Debris
Blast-Furnace Slag
Steel Mill Slag
Non-Ferrous Slags
Cement/Lime Kiln Dust
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Collins/Ciesielski Chesner et al. Chesner et al.
Recycled Material (1994) (1998) (2002)

Reclaimed Asphalt Pavement
Reclaimed Concrete Pavement
Foundry Wastes

Silica Fume

Roofing Shingle Waste
Sulfate Waste

Lime Waste

Ceramic Wastes

Paper Mill Sludge
Contaminated Soils

Quarry Waste

Mill Tailings

Coal Refuse

Washery Rejects
Phosphogypsum

Baghouse Fines

Carpet Waste

Waste Glass

Flue Gas Scrubber

3.2. Material Listing

There were several criteria by which materials were included or discarded in the classification
system used in the current project. First, and perhaps most importantly, the material must be
available in usable quantities in Florida, and must have the potential of being implemented in
highway construction. Reliable data must be available about each material selected. With all the
parameters used to describe the various materials still to be developed, it was deemed a dubious
idea to include an exciting new material about which there is little research available, and which
had no potential for implementation. Second, care was taken not to duplicate any material. This
could be a problem for certain materials, which can be processed in two or more drastically
different ways. Another potential material redundancy problem occurs when one material can be
referred to by more than one name. As a brief example, consider incinerator ash, which is also
referred to as municipal solid waste combustor ash and waste-to-energy ash. With this in mind,
care was taken not only in the selection of materials stage but also during the data collection and

synthesis stage. At any rate, the data is updatable and the design is amendable. Any omitted
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materials may be added immediately and the future discovery of new materials may be added as

the research becomes available.

Though by no means a comprehensive list, twenty four (24) materials were selected for further
consideration in the present study. These 24 materials provide a robust framework from which
to start researching and launch a database. Moreover, they are, by and large, representative of

the recycled material research as a whole. Table 3-2 lists these 24 materials.

Table 3-2: Recycled Materials for Current Research

Paper Demolition Debris Paper Mill Sludge
Plastics Blast-Furnace Slag Wood Waste
Incinerator Ash (MSW) | Steel Mill Slag Carpet Fibers
Scrap Tires Non-Ferrous Slag Mine Tailings
Roof Shingles Cement/Lime Kiln Dust Phosphogypsum
Fly Ash (Coal Ash) Reclaimed Asphalt Pavement Quarry Waste
Bottom Ash (Coal) Reclaimed Concrete Pavement | Glass

Scrubber Base (Coal) Foundry Wastes Boiler Slag

3.3. General Description of Materials

For the purposes of this project, the 24 recycled materials are divided into three categories based
on general origin — domestic waste materials, industrial waste materials, and mineral waste
materials. Although some literature features additional categories and subcategories to allow for
a more detailed breakdown, the chosen categories are adequate for the current project.
Additional subcategories would only serve to complicate user interaction with the database, and
are not of use to FDOT applications. It is conceivable that several of the materials could fit into
multiple categories (i.e. roof shingles, scrap tires, plastic etc.), but they are included in only one

here.

Collins and Ciesielski (1994) suggest dividing the materials into four categories: agricultural,

domestic, industrial, and mineral. However, research of “agricultural” materials is extremely
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limited, and the one material of interest from that category, wood waste, also fits into the
industrial byproducts category. Again, it must be emphasized that this list of materials is by no
means comprehensive. Other waste materials exist and certainly a range of variations can occur

from different processing techniques and can be added later to the database.

3.3.1. Domestic Waste

Domestic waste materials comprise waste generated in the form of post-consumer commercial
and household waste. Domestic waste materials include paper waste, plastics, scrap tires,

glass/ceramics, and carpet waste.

Waste paper refers to discarded forms of newspaper, magazines, office paper and other paper
products of various grades and fibers. According to Tchobanoglous et al. (1993) Waste paper
constitutes the largest component of municipal solid waste by weight. The types of paper that
are recyclable include newspaper, corrugated cardboard, high-grade paper, and mixed paper.
The process of waste paper recycling begins at the community level where it is sorted and left for
collection. After collection it is sorted further at the waste collection facility and finally baled or
shredded. Although the vast majority of this waste paper is recycled to produce other paper
products, its use has been extremely limited in highway applications, mainly in aesthetic

applications (Collins and Ciesielski, 1994).

Plastics are much more varied in terms of origin and properties. Trash bags, plastic pipes, milk
jugs, battery casings, plastic cups/plates, and plastic soda bottles all are potential sources for
waste plastic. These sources are composed of various types of polymers among them
polyethylene terephthalate (PETE) in soda bottles, high-density polyethylene (HDPE) in milk
bottles, polyvinyl chloride (PVC) in piping, low-density polyethylene (LDPE) in thin film
packaging, polypropylene(PP) in crates, and polystyrene (PS) in cups/plates. The properties of
the recycled plastic rest mainly on the type of resin or polymer used in the product, as are
recycling options and processing. For example, reclaimed HDPE and PETE bottles are
granulated into small flakes and separated by floatation. The flakes are then melted and turned

into pellets or formed into plastic lumber.
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For the purpose of utilizing recycled plastics for marginal soil stabilization, researchers have
taken two very different approaches. As a result, they make use of two very different forms of
the same material depending on the stabilizing mechanism desired: discrete or homogeneous.
Discrete stabilizing incorporates individual elements such as plastic lumber or plastic piles for
the purpose of interfering with a failure surface (e.g., Loehr and Bowders, 2000). Homogeneous
stabilization on the other hand denotes mixing small pieces or strips of the plastic, usually PET
fibers from plastic bottles with soil, pavement, or concrete for the purpose of improving

engineering properties such as strength or stiffness (e.g., Consoli et al. 2002).

Scrap tires perhaps rank among the most extensively researched and implemented recycled
materials in recent years. Potentially usable forms include whole tires, sliced tires, tire chips, tire
shreds, and smaller, soil-like particles referred to collectively as crumb rubber. A typical whole
scrap automobile tire weighs about 20 lbs, while a typical truck tire weighs about 40 Ibs.
However not all of the rubber is recoverable. The size of the tire chips is a function the
shredding machine itself. To produce a smaller sized chip, it is often necessary to employ more
than one processing machine (Bosscher et al., 1997). Slit tires are basically whole tires spit in
half or have had the sidewalls separated from the tread. Shredded or chipped tires undergo two
stages of shredding. Primary shredding produces strips 12 to 18 inches in length. Secondary
shredding produces lengths of 4 to 6 inches. Ground rubber is produced as regularly shaped and
cubical particles as large as % of an inch. Crumb rubber exhibits fine particles ranging in size
from passing No. 4 to No. 200 sieves. Composed primarily of various types of rubber, recycled

tire shreds also contain carbon black, polymers, and fabrics as well as steel wire or belt materials.

Waste glass typically refers to any recycled, post-consumer glass products. Such products
include soda containers as well as windows and similar materials. The majority of recycled glass
is used as feedstock for the production of other glass containers, but it is also used in engineering
applications. As a product of supercooling, it is composed primarily of silicon dioxide (sand)
and sodium carbonate. Crushed waste glass typically exhibits angular particles. Further
crushing can cause a decrease in the angularity and produce a material similar in properties to
natural sand. Other physical properties of crushed waste glass are variable due to the presence of

undesirable materials in the MSW stream such as labels and adhesives. Glass recovery efforts
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have been centered on recycling facilities. In contrast, ceramic waste is usually produced in the
form of materials rejected by factories such as porcelain and china but could also be waste from
the home in the form of toilets and sinks. Similar to glass, ceramics waste is crushed to resemble

a fine aggregate.

Carpet waste, also referred to as carpet fibers, consists of waste from industrial production and
discarded consumer carpet. Essentially, the material is made up of two layers. Yarn-like fabrics
are connected by an adhesive SBR, styrene-butadiene latex rubber (Wang, 1999). Nylon face
fibers are clumped into the first layer. Before application of the adhesive, a “soft waste” can be
produced, which is usually reused in various non-engineering applications (Wang, 1999).
However, the post-adhesive carpet waste, or “hard waste” is of interest in this study. Randomly
inserted discrete fibers are mixed with soil in small dosages. The properties of these mixtures

will follow in this report.

3.3.2. Industrial Waste

Industrial waste materials are byproducts of industrial processes, as opposed to consumer-related
domestic waste. Industrial waste materials specified in this study are roof shingles, incinerator
ash, fly ash, bottom ash, boiler slag, scrubber base, wood waste, demolition debris, blast-furnace
slag, steel mill slag, non-ferrous slag, cement and lime kiln dust, reclaimed asphalt pavement,

reclaimed concrete pavement, foundry waste, and paper mill sludge.

Incinerator ash, also referred to as waste-to-energy (WTE) ash, is produced from the burning of

municipal solid waste (MSW) at mass incineration facilities to reduce its volume. There are two
types of combustors used in burning MSW: mass burn and refuse derived fuel (RDF). In a mass
burn combustor, minimal processing is given to the MSW before incineration. This implies that
incombustible and/or hazardous wastes that may be incorporated in the MSW stream, are fed
into the combustor. Facilities utilizing RDF combustors handle MSW that has been sorted and
processed. The processing of MSW prior to combustion includes shredding and sorting in order
to remove incombustible and potentially hazardous metals. The majority of incinerator facilities

in Florida are mass burn facilities.
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The residue from the incineration process consists of combined ash, which is made up of two
components — bottom ash in larger proportion and fly ash in smaller proportion. Bottom ash is
lighter in color and because it is usually moist, it produces little dust. Overall, it resembles a
porous, gray, sitly sand containing gravel. It may also contain very small amounts of organic
material that has not combusted as well as pieces of metal. Fly ash is collected from the air
pollution control system and consists of darker, finer, particles similar to a powder. Usually,
both bottom and fly ash from incinerator facilities are combined for disposal. Incinerator ash has
been approved for limited use in highway construction by FDEP, but reservations still persist due
to its tendency to leach marginally hazardous concentrations of heavy metals. For each proposed
use, a beneficial use demonstration (BUD) is required before FDEP approval is secured.
Moreover, county and local environmental regulation agencies may have stricter rules on the use

of such material than FDEP.

Fly ash is a byproduct that results from the combustion of coal at energy producing facilities.
During the combustion process, the ash is carried off and collected from the flue gas produced.
The amount of fly ash produced is dependent upon the type of boiler and also the form of coal.
Pulverized coal combusted in a dry bottom boiler will yield 80 percent of total ash produced as
fly ash. Pulverized coal in a wet bottom burner will yield 50 percent fly ash. Crushed coal in a
cyclone furnace will yield 30 percent fly ash (Chesner et. al. 2002). Predominantly a fine-
grained, powdery material, fly ash boasts a variety of appearances, chemical compositions, and
material properties. These variations are due to discrepancies in parent coal properties, burning
mechanisms, and material handling (Vipulanandan et al., 1998). Even so, constant constituents
include silica, alumina, iron oxide, lime, and carbon (Vipulanandan et al. 1998). Four types of
coal are burned to produce fly ash: anthracite, bituminous, lignite, and sub-bituminous.
Individually, they produce two types of fly ash, which are characterized by calcium oxide
content. Class-F fly ash contains less than 10 percent CaO, and it comes from anthracitic or
bituminous coal. Class-C fly ash contains more than 10 percent CaO, and it comes from lignite
or sub-bituminous coal (Vipulanandan et al. 1998). For facility of data interaction, this study

lumps both types of fly ash into a single material.
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Bottom ash, another coal burning byproduct, consists of a dark gray, coarse, well-graded
material that is produced in combination with coal combustion processes. The ash is collected in
water filled hopper at the bottom of the furnace. Once an adequate amount has been produced
and collected into the hopper, water at high pressures is applied to remove the material. Once
removed, it is transported to disposal ponds or basins, dewatered and crushed, then stockpiled for
disposal. Bottom ash exhibits a dark gray color, with angular particles and a porous texture. The
size of the particles can vary from fine gravel to fine sand. The ash is typically well-graded,
however there may be differences in the particle size distribution among ashes from different
facilities. In addition, particle agglomerates can break down into smaller size particles during

handling.

Boiler slag and bottom ash are very similar materials. First, they both are byproducts of the coal
burning process. Second, they exhibit very similar physical and mechanical properties. In fact,
the two are often combined by researchers and considered as a single material. However, the
production of either bottom ash or boiler slag depends on the type of coal-burning furnace.
Boiler slag is produced by collecting the coal ash in a hopper containing quenching water. When
the molten ash comes into contact with the water it crystallizes and forms black glassy angular
pellets when crushed. The material is poorly-graded and smooth in texture, and it is generated in
much lower quantities than both fly ash and bottom ash. Because of the difference in physical
appearance, gradation, and particle size from bottom ash, boiler slag is listed separately for the

purposes of this research project.

Scrubber base is the term given to a composite recycled material that is a by-product of coal
combustion. Also referred to as general sulfate waste or as FGD scrubber material, it is an equal
parts mixture of flue gas desulfurization sludge (FGD) and fly ash (Vipulanandan and Basheer,
1998). The former compound originates from a method to reduce SO, emissions during the
burning of coal in electric power plants. The process consists of introducing alkali (primarily
limestone), in spray form, into the exhaust system of the boiler. The alkali reacts with the sulfur
dioxide gas and is then collected as a calcium sulfate slurry or a calcium sulfite liquid. As the
solid material settles out before reuse, the leftover sludge is termed the scrubber base. This

scrubber system, as it is termed, yields a whitish calcium sulfite or calcium sulfate slurry.
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Calcium sulfite slurries are thixotropic (i.e., they harden with time) and are generally more

difficult to handle and treat than calcium sulfate slurries (Collins and Ciesielski, 1994).

The scrubber base sludge may then be treated by fixation and stabilization. Stabilization
involves adding dry materials to the dewatered sludge, such as fly ash, in order to ease the
handling of the material and to prevent seepage. Fixation involves the addition of chemical
reagents such as Portland cement or lime to convert the already stabilized material into a
solidified mass. Dewatered scrubber base is generally collected as calcium sulfite, although
some coal combustion facilities produce the waste as calcium sulfate (gypsum). The particle

sizes of dewatered and unstabilized material range from sand to silty-clay.

Blast furnace slag is a waste by-product of the iron production process. Iron ore is charged into a

blast furnace along with limestone that will serve as a flux in the process. The fuel used in the
blast furnace is a mixture of coal that has been crushed into a powder and cooked prior to use.
The combustion of the fuel, termed coke, produces carbon monoxide, which in turn transforms
the iron ore to liquid iron. Blast furnace slag is produced in a molten liquid form during the
combustion process (Chesner et. al. 2002). Different types of blast furnace slag can form
depending upon the method used to cool the slag after it leaves the furnace. The different types
that may be produced include air cooled blast furnace slag, expanded or foamed slag, pelletized,
and granulated blast furnace slag. Air cooled slag is produced as the liquid slag is allowed to
slowly cool at around room temperature. The end result is a crystalline, hard, substance formed
in lumps that may be crushed and screened. When the cooling process is accelerated by the
addition of water or air to the molten slag, expanded or foamed slag is produced. Pelletized slag
is produced when the molten slag is cooled in a spinning drum with the addition of air and water.
The slag may be granulated by a rapid quenching process where minimal crystallization is

allowed to occur.

The chemical composition of blast furnace slag is primarily alumina-silicates, and calcium-
alumina-silicates. Each type of slag will exhibit different properties. Air cooled slag when
crushed, consist of angular particles with textures ranging from rough and porous to smooth and

glassy. Crushed expanded slag particles are also angular but the texture is rougher in comparison
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to air cooled. Pelletized blast furnace slag exhibits smooth texture and rounded particles.

Granulated slag is a glassy granular material that can vary from large and coarse to dense sand.

Foundry sand is a major by-product of the metal casting industry. Sand is used as molds and
cores in metal casting because of its thermal conductivity properties. Typically, most sand cast
molds use green sand, which consists of high quality silica, with small quantities of bentonite,
water, and carbonaceous additive (Abichou et al., 1998). The bentonite is added to the sand to
act as a binder, and the carbonaceous additive to enhance the finish of the cast. Chemically
bonded sands with organic binders are also used in the sand casting industry, although its use is
small in comparison to green sand. Waste foundry sand (WFS) exhibits highly uniform
properties in grain size distribution, but can also include some foundry dust (Edil and Benson,
1998). The particles are evidently in the sand size range and can be sub-angular to rounded in
shape. After its use in metal casting, WFS may contain contaminants such as heavy metals,
which are introduced to the sand during the casting process while the sand mold is in contact

with molten metal.

Steel mill slag is a by-product of steel production when separating molten steel from the furnace.
During the process of steel making, liquid blast furnace metal, scrap, and fluxes are charged into
a furnace. Oxygen is then injected into the furnace at high pressures. The oxygen reacts with
impurities to separate them from the product. At the end of the process, the liquid steel is poured

out and the steel slag is retained and eventually tapped out.

Different grades of steel will yield varying properties in the slag that is produced because of the
variation in carbon content. Different types of slag are also produced at different stages in the
steel making process. These can be referred to as furnace, raker, ladle, and pit slags. Furnace
slag is the material initially tapped out of the furnace. When the steel is transferred by ladle for
additional refining, more flux is added to further melt the steel. The material left over is called
raker and ladle slag. The material that falls onto the floor during the process or that is removed
from the ladle is referred to pit slag. Furnace slag is the main source for a reusable aggregate
material since the addition of fluxes is minimal. Steel slag aggregate exhibits high angularity

and rough surface texture.
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Non-ferrous slag, as the name implies, is generated from the recovery and processing of natural

ores other than iron. Primarily, this includes copper, phosphate, lead, nickel, and zinc (Chesner
et al., 2002). Copper and phosphate slags are the most prevalent. Like steel slags, the initial
molten byproduct evolves into a hard, aggregate material as it is cooled. Obviously, non-ferrous
slags are really the name given to several different materials that exhibit similar albeit unequal
properties. Because non-ferrous slag data is limited, the materials will all be included under the

generic non-ferrous slag material heading.

Non-ferrous slag can be dark black to brown or red and either glassy or dull depending on the
metal from which it was processed and the method used. Nickel slag can be reddish brown,
brown, or black in color. The particles when granulated, are angular but smooth, and exhibit a
glassy texture. Copper slag is black and glassy in appearance with smaller particles than nickel
slag when granulated. Phosphorous slag appears black to dark gray in color. The particles are
uniform and angular when granulated. Lead and zinc slag are similar in appearance. Their color

can range from black to red and have a glassy look.

Kiln dust is the by-product of rotary kiln operations such as in the production of Portland
cement. During such operations dust is collected via an air pollution control system. Portland
cement production yields two types of kiln dust, cement and lime. Both cement and lime kiln
dusts are fine, dry, powdery substances, but they exhibit very different chemical properties.
While cement kiln dust can contain reactive calcium oxide, lime kiln dust is potentially more
reactive due to its free lime composition (Collins and Ciesielski, 1994). Both dusts may contain

hazardous substances.

Construction and demolition waste, or C&D as it is referred to, is the general term for a host of

waste materials generated from the construction industry. Consisting of building materials such
as concrete, glass, brick, metal, wood, and plaster, C&D waste must be processed, mainly by
separation, before it can be incorporated into engineering uses. Because C&D waste is a highly
heterogeneous material, a comprehensive characterization is difficult to achieve. The processing
of demolition debris involves a series of separations and screenings, starting with the larger

materials (lumber, concrete) down to the sand and gravel sized material. Upon arrival to the
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processing facility the incoming material is separated into concrete and non-concrete materials.
The non-concrete material passes through several screens and conveyors in order to remove
harmful materials such as asbestos. The concrete material is crushed and a magnet is used to

remove any metal and rebar present (McMahon, 1997).

Some researchers have considered construction and demolition debris as a parent category for
roof shingles, reclaimed asphalt pavement, and reclaimed concrete pavement. However, the
latter three materials are separated in this study because of their distinct properties and large
quantities. Some of the remaining C&D waste raises the question of possible contamination
from asbestos and other hazardous materials. In addition, variability and quality control of
properties remains one of the main issues; once the waste is separated and sorted, the quality of
each of the sub-components needs to be verified. The quality of the leachate from C&D waste
containing gypsum and other building materials has also been questioned by FDEP. While
certain components of C&D waste may be useful for improving marginal soils, the lack of
consistency in what remains of the material after separating the useful components (concrete,

wood, etc.) makes is less attractive than other alternatives.

Reclaimed asphalt pavement, also known as RAP, is generated as roads are repaired or replaced.

RAP consists of asphalt and aggregate and must be processed to become a usable recycled
material. Once the asphalt is removed, it is typically transported to a processing facility where
screening and crushing of the material takes place. Before processing, the material resembles
non-uniform over-sized aggregate that is black to gray-black in color. Since RAP is either milled
or crushed during removal, there are noticeable differences in the gradation of the aggregates;
Milled RAP typically exhibits fine particles while crushed RAP contains larger particles. Other
factors also affect the particle size distribution of RAP, including the equipment used in removal

and production and the type of aggregate in the pavement.

Reclaimed concrete aggregate (RCA) and reclaimed concrete pavement (RCP), also referred to

as recycled concrete, is another by-product of roadway demolition, but it varies in composition
more than RAP (Papp et al., 1998). Cement structures such as roads, bridges, sidewalks,

buildings, foundations, and retaining walls can generate reclaimed concrete pavement material.
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Because the method of installation, exposure to environments, and concrete type and quality can
all vary dramatically among these structures, uniformity in type and quality of reclaimed
concrete pavement is difficult to achieve (Collins and Ciesielski, 1994). The processed material
is typically a well-graded gray aggregate. The particles are rough in texture and high in water

absorption compared to natural aggregates of the same size.

Roof shingles waste consists of both discarded industrial waste shingles and surplus domestic

shingles used on houses. Two distinct types of byproducts are normally considered. The first
type is “prompt roofing shingle scrap” or “roofing shingle tabs” (Chesner, 1998). This type is a
by-product of the manufacturing process as is generated at the factory as new shingles are
formed to their specified dimensions. The second type, “tear-off roof shingles,” is a by-product

of building repair or demolition and is thus generated as existing roofs are replaced or removed.

Discarded roofing shingles are shredded and processed into different sizes, varying from well-
graded lumps to poorly-graded fines (Chesner et. al. 2002). Consisting of asphalt, fiberglass,
aggregate and other additives in various concentrations, roof shingles waste is non-uniform.
Similar to tire shreds, the type and size of roof shingles waste varies dramatically depending on
the processing mechanism. The waste can range from a well-graded, irregularly-shaped, coal-
like byproduct to poorly-graded, black, sand-sized fines. The composition of discarded roofing
shingle tabs is essentially equivalent to the virgin shingles; however the quality and composition
of tear-off roofing shingle scrap can be quite variable. Discarded tear-off roofing shingles may
also contain other materials such as nails, metal flashings, wood, and other materials

accumulated over its lifecycle.

Paper mill sludge is a by-product of the pulp and paper industry. Edil and Benson (1998) cite

residues from wastewater treatment plants at paper mills as the primary source for this material.
The material is also mixed with sand to produce a more uniform aggregate-type material. The
sludge has a physical appearance similar to muck. In addition to organic material and water, the
sludge is also comprised of mineral fines, typically kaolinite or calcite. Compared to clay, paper

mill sludge can be characterized as having a high water content, low specific gravity, and high
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organic content (Moo-Young and Zimmie, 1997). Another by-product of the industry is spent

sulfite liquor, which can be used as a roadway binder.

Wood waste can be categorized according to its source of generation. Harvested wood waste is
generated by land clearing and forest management activities. Mill residue is waste generated
primarily by pulp, paper, and lumber mills, and secondarily by manufacturers of furniture,
cabinets, etc. Other sources include pallet and container waste, construction and demolition

waste, and yard wastes (Tchobanoglous, 1993).

Recycling options are dependent upon the source of generation. For example, when waste wood
from C&D waste is initially brought into the recycling facility, it is inspected for contaminated
members (pressure treated, painted) and other undesirable material (dirt, rocks). Upon
separating the unwanted material, the wood waste is typically shredded into chips. The chips can
then be grinded further to produce a finer material if so desired. The few researchers who have
examined this waste material have categorically limited it to mulching applications and some
lightweight fill applications. The material can also be used in temporary stabilization of access

roads.

3.3.3. Mineral Waste

Finally, mineral wastes result from mining activities or more specifically, the extraction of ores
and minerals. Mineral waste materials: quarry waste, mill tailings, and phosphogypsum. Again,
it must be emphasized that this list of materials is by no means comprehensive. Other waste
materials exist and certainly a range of variations can occur from different processing techniques.

However, the list is adequate for the intended use.

Quarry waste is a general term for any material that is generated from the processing of stone at
quarries. A series of processes produces different types of quarry waste: screenings, setting pond
fines, and baghouse fines. Screenings are the fine fractions of crushed stone produced after the
stone is initially crushed and separated with a No. 4 sieve. Settling pond fines are produced as

the stone is washed after crushing in order to separate coarser aggregate. The fines in the wash

25



are discharged to settling ponds where settlement occurs by gravity. Baghouse fines can be
describes as the dust collected at dry plants. At dry plants, dust collection systems such as a
baghouses or cyclones are used to collect dust generated from the crushing of stone (Chesner et.
al. 2002). For the purpose of the current research project, they will be treated as one material.
Both the consistency and composition of this waste varies with the geographic location of the

quarry, but the product is usually characterized by small pieces of chipped rock and fines.

Mine tailings, also known as mill tailings, are a byproduct of the ore concentration and extraction
processes. They consist of the fine particles rejected from the processing of raw ore and are
produced initially in slurry form before being allowed to settle and consolidate in containment
ponds. Mill tailings range in size from sand to silty-clay, but the particles are generally
characterized as hard, angular, aggregate-type material composed of significantly large fractions
of fines. Like many of the other materials, mill tailings vary greatly in terms of particle size,
physical and chemical properties. This is due to a variety of factors such as processing, disposal,

and type of ore.

Phosphogypsum, sometimes included in the more general category, sulfate waste, is another

mineral waste material. It is generated from the production of phosphoric acid from phosphate
rock. Composed of calcium sulfate hydrate, the final by-product is a wet, gray, silt-sized
substance. There are concerns as to its impact on the environment as expressed by the EPA and
FDEP over radon contamination. However, the sheer volume of phosphogypsum produced in
Florida makes it an interesting material to investigate and include separately from other mine

wastes.

3.4. Material Availability

Availability data is widely scattered and difficult to concretize. This is due mainly to two
factors. First, availability of materials changes each year, and there is currently no resource
available that tracks these changes. Second, researchers tend to publish their findings on
individual materials in technical reports and online sources rather than archived publications.

This makes the process of comparing availability data supplied by researchers tedious and time-
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consuming. Appendix I contains a summary of material providers around the State. The list is

by no means comprehensive, but it provides a good starting point for industry contacts if needed.

The comprehensive relational database approach is envisioned as a way to not only organize
availability data from a variety of sources, but also track annual changes in the data. A brief
attempt is made here in Table 3-3 to present published availability data at the national level to

provide a robust framework for the purpose of comparison.

Table 3-3: Material availability at the national level (Million tons per year)

Collines/Ciesielski | Chesner et al. Chesner et al.
Recycled Material Name (1994) (1998) (2002)
Paper 71.8
Plastics 14.4
Incinerator Ash (MSW) 8.6 9 9
Scrap Tires 2.5 2.6 2.6
Roof Shingles 10 11
Fly Ash (Coal Ash) 48 54.8 59.4
Bottom Ash (Coal) 14 16.1 16.1
Scrubber Base (Coal) 18 23.8 23.8
Demolition Debris 25
Blast-Furnace Slag 16 15.5
Steel Mill Slag 8 8.3 8.3
Non-Ferrous Slag 10 9 9
Cement/Lime Kiln Dust 24 18.2 18.2
Reclaimed Asphalt Pavement 50 45 45
Reclaimed Concrete Pavement | 3
Foundry Wastes 10 15 15
Paper Mill Sludge
Wood Waste 70
Carpet Fibers 2
Mine Tailings 520 500 500
Phosphogypsum 35 35 35
Quarry Waste 175 175 175
Glass 12.5 10.1 10.2
Boiler Slag 4 2.6 2.6
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3.4.1. General Observations

There are several interpretations that can be made from Table 3-3. The oldest source contains
availability data for the greatest number of materials. This fact makes it impossible to do a
comprehensive comparison of availability data for all materials over time. Even so, the
availability data for materials considered in each of the three sources shows a slight increase,
generally speaking. There are however, a few noticeable exceptions. The availabilities of non-
ferrous slags, kiln dusts, reclaimed asphalt pavement, and glass all seem to have decreased
slightly in recent years. Perhaps these decreases are a result of increased industrial efficiency
and conscious internal reuse of byproducts or perhaps they are a result of less-than-efficient data

collection.

3.4.2. Availability in Florida

In the state of Florida, waste paper constitutes approximately one fourth (25%) of the Municipal
Solid Waste (MSW) stream, which equates to roughly 6.4 million tons per year (FDEP, 2003).
Out of these 6.4 million tons, approximately 1.9 million tons were recycled, leaving
approximately 4.5 million tons unused or landfilled. This is a significant quantity; however, the
poor engineering characteristics, such as low tensile strength, sensitivity to moisture, and
biodegradability of paper make it unsuitable for geotechnical engineering applications. As such,
it was envisioned that paper is not a suitable candidate for use in soil stabilization applications,

and further testing on the material was not performed.

Waste plastics constitute approximately 5 percent of Florida’s MSW stream, which equals to

approximately 1.3 million tons per year. Approximately 55,000 tons out of these 1.3 millions
tons are recycled each year, which leaves 1.25 million tons land-filled each year. One of the
beneficial reuse applications of plastics includes the production of plastic piles or plastic lumber,
which can be used in place of concrete or timber piles in soil stabilization applications such as
erosion control and slope stability. Other beneficial uses include mixing the plastic strips with
loose sand to add to its shearing resistance, although earlier research has suggested that this

option is not cost-effective (Coulet et al., 1990; Benson and Khire, 1994).
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In Florida, approximately 200,000 tons of scrap tires are collected each year. Current beneficial
uses of tires include tire derived fuel (TDF), which eliminates some 70,000 tons of the total
supply of waste tires, and other recycling applications which accounts for 60,000 tons. In
addition, close to 20,000 tons are currently used in beneficial roadway applications in the form of
crumb rubber for asphalt. This leaves 50,000 tons which could be used for beneficial roadway

applications. Potential applications include lightweight fill, filters, and drains.

Glass makes up approximately 3 percent of Florida’s entire MSW stream, equaling
approximately 740,000 tons per year. Out of this amount, approximately 170,000 get recycled,
leaving 570,000 tons per year for possible beneficial re-use applications. While possible
applications include the use of glass in place of crushed aggregate, questions still remain

regarding the presence of trace toxic materials in glass bottles and containers.

Carpet waste accounts for approximately 300,000 tons of the annual waste in Florida. While
most of the carpet waste is still being landfilled, and the quantities generated seem adequate for
consideration in roadway construction purposes, past experience with this material (e.g., Wang,
1999), as well as additional testing conducted in conjunction with the current project, indicate a
degradation in the properties of base and subgrade materials when mixed with carpet fibers. An
alternative use of recycled carpet fibers may be in the field of rigid pavement, to act as a

reinforcement fiber in concrete to reduce shrinkage and increase toughness (Wang 1999).

In Florida, there are 14 waste incineration or waste-to-energy (WTE) facilities with a combined
largest capacity of any state in the nation. Florida’s WTE facilities have the capacity to generate

over 500 megawatts of electricity daily. Approximately 1.5 million tons of incinerator ash is

produced annually as a result of the incineration activities. Currently, almost 100 percent of the
1.5 million tons is stockpiled or land-filled either on-site or at remote locations. Therefore,
incinerator ash is a very good candidate for a beneficial reuse application in soil stabilization;
provided that this material proves to not have any harmful effects on the environment and that it
actually improves the characteristics of the soil. Results of environmental properties and

geotechnical tests for incinerator ash can be found in Chapter 5 of this report.
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Approximately 2 million tons of fly ash is produced each year by the major coal-burning power
plant facilities in the state of Florida. With advances in recycling technologies over the past few
years, more than 99% of the fly ash produced by power plants in Florida is reused in applications
such as cement and concrete production, and rigid pavement construction. As a result, fly ash
availability for the purpose of improving soil properties is insignificant. The current
implementation of fly ash in concrete production is approved by FDEP, and the process is well

established.

Bottom ash from coal combustion is produced in very small quantities in Florida (less than
50,000 tons per year), and all of it is beneficially reused in concrete and roadway base
applications. As such, no addition material is available for the purposes of improving the

properties of marginal soils in Florida.

Approximately 75,000 tons of boiler slag is produced by coal-burning facilities equipped with
boilers in the state of Florida. Out of these, approximately 98% gets beneficially re-used in
applications such as roofing granules and blasting grit, structural fill and mineral filler. Once
again, since this material currently has many beneficial re-use applications in place, availability

for other applications such as soil stabilization is scarce in the state of Florida.

Scrubber_base is produced in Florida at coal combustion facilities and incinerators in large

quantities - approximately 800,000 tons annually. However, the vast majority of scrubber base
(close to 95%) is beneficially re-used in applications including gypsum and wallboard
production, and cement and concrete production. As such, the material is not a strong candidate

for further investigation regarding its engineering properties for roadway applications.

There are no significant quantities of blast-furnace slag produced in the state of Florida. An

exact quantity of blast-furnace slag produced could not be obtained since there aren’t many
companies that operate blast furnaces in Florida and those that do operate them do not keep track
of amount of slag produced. Based on personal communications with the producing facilities,
the amount produced does not warrant the need for additional testing to be performed on the

material due to availability issues.
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While the majority of waste foundry sand is sent to landfills, the production of such materials is

very limited in Florida. There are no documented statistics of waste foundry sand in Florida, but
the quantity produced nationally is around 10 million tons, the vast majority of which is
produced in the Great Lakes and Midwest states, where foundries for the heavy industries such
as automotive engines are located. Based on personal communications, it is assessed that less
than 50,000 tons of the material is produced annually in Florida, which does not warrant the need

for further consideration due to the limited availability.

Approximately 100,000 tons of steel mill slag is produced in the state of Florida annually,

mainly by Gerdau-Ameristeel Corporation who is the only major steel mill operator in the state
of Florida. Currently, 100 percent of the steel mill slag produced by Gerdau-Ameristeel is
already being beneficially reused as granular base or as an aggregate material in construction

applications.

Nonferrous slag is available in smaller quantity than steel mill slag in Florida. The exact

numbers for each type of ore were not of interest because 1) the majority of nonferrous slag is
being recycled or beneficially reused, 2) the remaining quantity is too small to warrant any
additional evaluation for beneficial use, 3) the chemical composition and environmental safety of
each type of slag are different depends on the parent ore, so a general guideline could not

possibly be developed for such material.

Cement producers in the state of Florida have almost entirely switched over to self-contained dry
kiln systems, where the cement/lime kiln dust produced during the process gets reintroduced into
the system which prevents the production of any waste material. Therefore, currently there is

little or no cement/lime Kiln dust available for beneficial re-use in Florida. The little amount of

cement/lime kiln dust that is left over from the old kiln systems is still available in stockpiles,
however, issues such as limited availability, the high pH content of this waste material and the
high transport costs associated with hauling the material from its original source onto the actual

job sites make this material undesirable for beneficial re-use purposes.

31



Construction and demolition waste (C&D) makes up a significant portion of the municipal

solid waste produced in Florida — around 30%. The total amount of C&D debris generated in the
state of Florida annually is estimated to be 10 million tons. Out of the 10 million tons of C&D
debris generated, approximately 3.3 million tons, or 33 percent, is recovered for reuse or
recycling. The remaining 6.7 million tons, which are landfilled, exhibit highly variable
properties in terms of composition and hazardous substance content. An evaluation of such
material for use in soil stabilization can not be conducted due to the lack in quality control of the

material.

Although exact quantities of reclaimed asphalt pavement (RAP) and recycled concrete

pavement and aggregates (RCA) are not available, almost 100% of these materials is currently
being used in roadway applications and other beneficial uses. As such, no additional quantities
are available for new uses in marginal soil stabilization. Detailed information on each of these
materials of relevance to FDOT is provided in Cosentino and Kalajian (2001), Cosentino et al.

(2003), and Kuo et al. (2001).

In Florida, the roof shingles market amounts to more than $1 billion annually, with
approximately 1 million tons of recyclable roof shingles material generated each year.
Currently, the Florida Department of Environmental Protection (FDEP) has reservations on the
beneficial re-use of tear-off roof shingles due to concerns about variability and quality control
vis-a-vis the potential presence of asbestos in the shingles that are collected. However, it has
also been shown that roofing shingle tabs — resulting from discarded roof shingles during the
manufacturing process — can be safely be used in asphalt mixes (Klemens, 1991; Newcomb et
al., 1993). Examples of successful implementation of roof shingles recycling programs include
the States of Minnesota, Indiana, and New Jersey. In addition, scrap shingle tabs have been
successfully used by the private sector in Florida to pave parking lots and to fix potholes. The
performance of the material is similar to that of regular asphalt. Soil stabilization characteristics
of this material are limited to erosion control. Additional data on the engineering properties of

roof shingles can be found in Chapter 5 of this report.
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Paper mills in Florida are all located in the northern part of the state, around the Panhandle and
Jacksonville areas. There are ten permitted facilities, mostly in Panama City, Jacksonville, and
Fernandina, in addition to other smaller mills. There is very little data in the literature on the

quantity of paper mill sludge generated, but an approximate of the quantity available nationally

is estimates at 2 million tons. The quantity generated in Florida is less than 200,000 tons
annually. Personal communications also indicate that some amounts of paper mill sludge are
burned to generate energy, with the ash generated being landfilled. Paper mill sludge is also
being used as a soil fertilizer and compost. While the composition and properties of paper mill
sludge may warrant further investigation for use as a binder for base and subbase materials, the
geographic distribution and relatively small quantities generated may not warrant widespread

uses.

Wood waste in Florida is generally included in the construction and demolition (C&D) waste
quantities. Approximately 8% of C&D waste is wood, which amounts to 800,000 tons. The
majority of wood waste is either recycled or combusted in WTE facilities. The remaining
material can be used where locally available as a temporary lightweight fill material, or for
stabilization of temporary access roads. However, the long-term poor engineering properties of
untreated wood waste, such as concerns involving decaying of wood, makes it unsuitable for

permanent soil stabilization applications.

Large quantities of quarry waste are generated in Florida, but the exact quantity is not known.
McClellan et al (2002) estimates that the State of Florida will generate 300 million tons of
limestone waste between the years 2002 and 2012. The exact breakdown and geographic
distribution of all quarry activities is difficult to document because 1) the majority of the waste is
re-used in various products such as tile and ceramic production, 2) a large portion goes into
roadway base and subbase use (crushed limestone), and 3) there is no single source that identifies
the quantity and availability of this type of waste. However, a variety of uses are already taking

place in roadway and highway construction.

Other than phosphate, mining activities in Florida are centered around various titanium and iron

oxides, and aluminum ores. Two companies based in Starke and Green Cove Springs are
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responsible for these mining activities and the associated mine tailings byproducts. Presently,
active mines are located in Bradford, Clay, and Putnam Counties, and small areas in Baker and
Duval Counties. Exact quantities of mine tailings in relation to these activities could not be

quantified, but the quantities are too small to warrant further study.

Florida’s colossal phosphate industry is responsible for the production of 25% of the worldwide
production and 75% of the national needs. There are more than 1 billion tons of

phosphogypsum stored in 25 Florida stacks and 30 million new tons are produced each year.

However, phosphogypsum is considered to be a slightly radioactive material by the Florida
Department of Environmental Protection, and this has been a major hindrance on finding
beneficial reuses for phosphogypsum up to date. If more research is conducted to alleviate or

remedy the radiation concerns, the material