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fl oz

Metric Conversion Table

SI* (MODERN METRIC) Conversion Factors

APPROXIMATE CONVERSIONS TO SI UNITS

WHEN YOU
KNOW

inches
feet
yards

miles

WHEN YOU
KNOW

square inches

square feet

square yard
acres

square miles

WHEN YOU
KNOW

fluid ounces
gallons
cubic feet

cubic yards

MULTIPLY BY

LENGTH
25.4
0.305
0.914
1.61

MULTIPLY BY

AREA
645.2

0.093
0.836
0.405

2.59

MULTIPLY BY

VOLUME
29.57
3.785
0.028
0.765

TO FIND

millimeters
meters
meters

kilometers

TO FIND

square
millimeters

square meters
square meters
hectares

square kilometers

TO FIND

milliliters
liters
cubic meters

cubic meters

NOTE: volumes greater than 1000 L shall be shown in m*

SYMBOL

mm

km

SYMBOL

m2

ha

km?

SYMBOL



SYMBOL

0z

SYMBOL

°F

SYMBOL

fc
fl

SYMBOL

Ibf
Ibf/in?

WHEN YOU

KNOW

ounces

pounds

short tons (2000 Ib)

WHEN YOU

KNOW

WHEN YOU

KNOW

foot-candles

foot-Lamberts

WHEN YOU

KNOW

MULTIPLY BY

MASS
28.35
0.454
0.907

MULTIPLY BY

TEMPERATURE (exact degrees)
Fahrenheit

5 (F-32)/9
or (F-32)/1.8

MULTIPLY BY

ILLUMINATION

10.76
3.426

MULTIPLY BY

TO FIND

grams

kilograms

megagrams (or
"metric ton")

TO FIND

Celsius

TO FIND

lux

candela/m?

TO FIND

FORCE and PRESSURE or STRESS

poundforce
poundforce per square

inch

4.45
6.89

newtons

kilopascals

SYMBOL

kg
Mg (or "t")

SYMBOL

°Cc

SYMBOL

Ix

cd/m?

SYMBOL

kPa
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SYMBOL

APPROXIMATE CONVERSIONS FROM SI UNITS

WHEN YOU
KNOW

millimeters
meters
meters

kilometers

WHEN YOU
KNOW

square millimeters
square meters
square meters
hectares

square kilometers

WHEN YOU
KNOW

milliliters
liters
cubic meters

cubic meters

MULTIPLY BY

LENGTH
0.039
3.28
1.09
0.621

MULTIPLY BY

AREA
0.0016
10.764

1.195
2.47
0.386

MULTIPLY BY

VOLUME
0.034
0.264

35.314
1.307

TO FIND

inches
feet

yards

miles

TO FIND

square inches
square feet
square yards
acres

square miles

TO FIND

fluid ounces
gallons
cubic feet
cubic yards

SYMBOL

SYMBOL

SYMBOL

fl oz
gal
ft®
yd®



SYMBOL WHEN YOU MULTIPLY BY TO FIND
KNOW
MASS
g grams 0.035 ounces
kg kilograms 2.202 pounds
Mg (or "'t') megagrams (or 1.103 short tons (2000
"metric ton") Ib)
SYMBOL WHEN YOU MULTIPLY BY TO FIND
KNOW
TEMPERATURE (exact degrees)
°C Celsius 1.8C+32 Fahrenheit
SYMBOL |WHEN YOU KNOW MULTIPLY BY TO FIND

ILLUMINATION

Ix Lux 0.0929 foot-candles
cd/m? candela/m? 0.2919 foot-Lamberts
SYMBOL |WHEN YOU KNOW MULTIPLY BY TO FIND

FORCE and PRESSURE or STRESS
N newtons 0.225
kPa 0.145

Pound force

Pound force per
square inch

kilopascals

SYMBOL

0z

SYMBOL

°F

SYMBOL

fc
fl

SYMBOL

Ibf
Ibf/in?

*Sl is the symbol for the International System of Units. Appropriate rounding should be

made to comply with Section 4 of ASTM E380.
(Revised March 2003)
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Executive Summary

This research project was focused on developing strategies for improving opportunities for

recycling and reuse of materials in road and bridge construction on FDOT projects. The use of

recycled and reused materials reduces the consumption of the limited supply of non-renewable

resources. The project effort was organized into five tasks:

1.

2.

3.

Conduct a literature review and examine current industry practice

Develop a characterization of waste materials from FDOT construction projects

Identify and interview experienced industry professionals concerning reuse and recycling
Using an industry focus group, develop strategies to improve reuse and recycling of
waste materials from the FDOT construction program

Create a comprehensive Final Report of the research effort and findings

A comprehensive review of literature and industry practice was conducted to determine

current knowledge and practice in the subject area. This included a review of all relevant

research reports and published articles in the subject area. Additionally, each state highway

agency was contacted to obtain specific information on their recycling and reuse activities. The

results of that survey are provided in Appendix A of this report.

Developing a clear understanding of the engineering properties of candidate recycled

materials is a prerequisite to developing uses for recycled materials. Therefore, a comprehensive

analysis of laboratory testing reports concerning recycled materials was conducted. This

information is included in Section 3 of this report.



Structured interviews were conducted with industry professionals from the recycling
industry, construction contractors and FDOT construction engineers. The purpose of this activity
was to determine the current state of practice with regard to the recycling of construction
materials and gain insight into economic factors that influence the industry. The results of the

industry interviews are presented in Section 4 of this report.

A focus group of members from the recycling industry, construction contractors and FDOT
engineers was formed to develop specific strategies for improving recycling and reuse on FDOT
construction projects. The following strategies were ultimately recommended for

implementation:

On FDOT projects with structural demolition, require that demolished concrete be

delivered to a recycling facility

e Require that mix designs for non-structural concrete must utilize recycled concrete
aggregates

e In Design-Build Project RFP under the typical section “Evaluation Criteria”, subsection
“Design”, include in the list of elements to be considered “Design Considerations that
Improve Recycling and Reuse Opportunities”

e Provide a link to the current recycling web page on the home pages of the State Materials
Office, Construction Office and Design Office. Add additional content (recycling
updates, project show case, news)

e Implement a research initiative to develop an engineering specification for the use of

RAP material as a surfacing for low volume roads



e In Design Consultant Procurement under the “Evaluation Criteria”, subsection
“Approach”, include in the list of elements to be considered “Design Considerations that

Improve Recycling and Reuse Opportunities”

Implementation of these measures will improve opportunities for the use of recycled and

reuse materials in the FDOT construction program.

Xi
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1. Introduction

The Florida Department of Transportation (FDOT) is committed to protect and enhance a
sustainable human and natural environment while developing safe, cost effective, and efficient
transportation systems. Recycling and reuse of waste materials is widely recognized as an
essential component of environmental stewardship. The FDOT has engaged in a number of
technical research studies with the objective of developing sound methodologies for
incorporating recycled and reused materials. Technical solutions are necessary to assess the
efficacy of recycled materials in new construction, but technical solutions do not appear to be the
complete answer. A more complete understanding of the business considerations that influence
private sector participants is needed. The objective of this research study was to develop
recommendations for increasing the reuse and recycling of waste materials from the FDOT

construction program.

The work on this project was divided into the following five tasks:

1. Conduct a literature review and examine current industry practice

2. Develop a characterization of waste materials from FDOT construction projects

3. ldentify and interview experienced industry professionals concerning reuse and
recycling

4. Using an industry focus group, develop strategies to improve reuse and recycling of
waste materials from the FDOT construction program

5. Create a comprehensive Final Report of the research effort and findings



2. Review Literature and Current Practice

2.1 Literature Review

2.1.1 Introduction

This section of the report presents the results of narrowly focused literature review and
industry survey examining the state of recycling practices of other state transportation
departments in the United States. The literature review includes research reports, published
journal articles and other electronically published materials. Each state Department of
Transportation (DOT) was contacted to obtain current information concerning their reuse and

recycling efforts.

2.1.2 Reclaimed Asphalt Pavement (RAP)

The United States has over 2 million miles of paved roads with over 90% being surfaced
with asphalt pavement. Road maintenance requires the milling and replacing of these asphalt
surfaces. These millings create a binder coated aggregate known as reclaimed asphalt pavement
(RAP). A portion of the RAP can be added directly into the new hot mix asphalt to be installed
on roadways. However, there are limitations to how much RAP can be used in asphalt pavement
mixes. Consequently, RAP stockpiles are growing in Florida (Cosentino and Kalajian 2001)

(Cosentino et al 2008).

Currently all states have approved some level of RAP in their mixes, with varying
success rates in each state. Figures 1, 2 and 3, and Table 1 illustrate the current usage of RAP in

each state in the United States.
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Figure 1: States with increased RAP use since 2007

(Copeland 2011)
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Figure 2: States that permit more than 25% RAP in HMA pavement
(Copeland 2011)
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Figure 3: States with more than 20% RAP usage in HMA pavement
(Copeland 2011)

Currently the state of Florida has permissive specifications regarding RAP and has been
increasing the allowable use of RAP since 2007. In 2002, the FDOT published a report
evaluating two projects which were constructed using hot-in-place recycling technology. One
was constructed with in-place millings and the other required scarification. The in-place milling
project began to crack two weeks after completion, and 50% of the project had cracking and
delamination after several more weeks. The project which utilized scarification did not crack and
delaminate as quickly, but the ride quality was subpar to conventional hot-mix asphalt paving

(Sholar et al. 2002).



Table 1: Percentage of RAP Permitted by Each State DOT

(Stroup-Gardiner and Wattenberg-Komas 2013)
Lift
State Wear Binder Base
DE NS NS NS
Limited to 30% max binder
contribution from RAP, 10%
IA NS RAP mix for unknown RAP NS
source
IL Varies Varies Varies
LA NS NS NS
MO | NS; not allowed in SMA NS NS
ND NS NS NS
PA NS NS NS
SC Varies Varies Varies
Skid resistance
WV | requirements limit use in Varies Varies
wear course
% unl_imited unless RAP 9% unlimited unless RAP contains % unljmited unless RAP
KY | contains PG76-22 when ) i 201 contains PG76-22 when
max is 20% PG76-22 when max is 20% max is 20%
DC 0 NS NS
ID 0 Varies Varies
KS 0 NS NS
OK 0 15
. : 40% with drum mix
MA 10 40%.W'th drgr_n mix plant; 20% plant; 20% with modified
with modified batch plant b
atch plant
CT 15 15 15
FL 15 No restriction No restriction
IN 15 25 25
ME 15 25 25
NJ 15 25 25
NM 15 35 35
25%; 35% with warm mix 25%; 35% with warm
AL 20 .
technology mix technology
CO 20 25 25
HA 20 30 30
MD 20% With_ no change in 25% With_ no change in fresh 25% With_ no change in
fresh binder grade binder grade fresh binder grade

NS = RAP is used but amount not indicated in response; SMA = Stone mix asphalt; OGFC/PEM = open-graded friction
course/porous European mix




Table 1, continued

Lift
State Wear Binder Base
NY 20 20 30
OH 20; more if warm mix | 20; more if warm mix technology 50
technology is used used
OR 20 30 30
TX 20% fractiona_ted RAP 30% fractiona?ed RAP; 20% 40% fractiona@ed RAP;
10% unfractionated unfractionated 30% unfractionated
WS 20 20 20
MS 25 30 30
uT 25 20 20
MN 30 40 40
40; no RAP in SMA or
GA OGFC/PEM 40 40
NC | D07 max; IS%1025% | gh0 oy 1506 to 25% typical | 0070 MAX; 19%1025%
typical typical
VT 50% upon mix design 50% upon mix design approval 50% upon mix design
approval approval

NS = RAP is used but amount not indicated in response; SMA = Stone mix asphalt; OGFC/PEM = open-graded friction
course/porous European mix

In 2006, the FDOT funded a forensic investigation of State Road 471, a hot-in-place
recycled project constructed in Sumter County, Florida. This project evaluated a 5 mile stretch of
road which was constructed using hot-in-place recycling. Within 6-12 months of the road being
completed, rutting began to occur, and the FDOT funded the investigation to understand why.
The investigation was not able to irrefutably determine which layer of the pavement caused the

rutting (Hammonds and Greene 2006).

In 2007, a project report was published evaluating the use of high percentage of RAP.
Rutting and cracking testing was done for mixtures containing 0%, 25%, 35%, and 45% RAP.
This study found that generally rut depth decreases as the amount of RAP increases, but when

compared to the control mixture, RAP mixes showed more and/or similar rut depth from using

6




the lower high temperature PG grade virgin binder. The cracking performance of RAP mixtures

decreased even with softer binder as the amount of RAP increased (Kim et al. 2007).

In 2009, the FDOT published a report of laboratory evaluation of polymer modified
asphalt mixture with reclaimed asphalt pavement. This report analyzes rutting and cracking
performance of RAP mixtures with styrene-butadiene-styrene polymer modified binders as their
virgin binders with varying amounts of RAP. The rut test did not show significant differences in
the performance of the differing amounts of RAP with the polymer modified binder. Tensile
strength increased slightly but not significantly from the Superpave IDT test. All of the RAP

mixtures were found to perform well in the Superpave IDT test (Kim et al 2009).

In 2011, the FDOT examined high RAP asphalt performance again. A trend was found
showing decreased age to deficiency as the percent RAP increased, and with projects >5000 tons,
there was a trend of decreasing performance with increasing amounts of RAP. However, all

mixtures containing RAP performed better than those containing no RAP (Nash et al 2011).

2.1.3 Crushed Concrete

Crushed concrete is a commonly recycled construction waste material. In 2004 the
FHWA limited the definition of recycled concrete aggregate (RCA) to the byproduct of old
Portland cement concrete pavements, bridge structures/decks, sidewalks, curbs, and gutters and
that the steel is removed from the old concrete. The main reason for limiting the definition of
RCA is that state projects typically use high-quality aggregate, and have consistent properties
defined in state specifications. Figure 4 below provides the extent of use for recycled concrete

aggregate (FHWA 2004).
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Figure 4: Approved uses for RCA in each state
(Gallican 2011)

The FDOT has sponsored research testing blends of RAP with crushed concrete for
highway applications. Blends of 50% RAP/50% RCA and 25% RAP/75% RCA were tested for
stabilized subgrade. The 50% RAP/50% RCA blend produced an LBR slightly above the
specification for stabilized subgrade. The report suggested that 50%/50% blends would have to
be evaluated to determine if they are suitable for stabilized subgrade. The blends of 25%

RAP/75% RCA produced an unsoaked LBR of 76. This did not meet the requirement for base



course (100 LBR) but the report suggests that these blends may be suitable for subbase material

(Cosentino 2012).

Current FDOT specifications allow for crushed concrete from existing concrete
pavements to be recycled into new pavement as base or aggregate material. The specifications
also permit crushed concrete from general construction and demolition waste if the source is

approved by the FDOT (FDOT 2013 FAQ).

2.1.4 Recycled Tires

Tire waste is another reclaimable construction waste material. The NCHRP Synthesis 435
outlines many uses of recycled tires. It can be used as aggregate in Portland cement concrete
(PCC), asphalt cement, and also as an embankment material. The report stated that when using
crumb rubber in precast panels for PCC pavements, it improved thermal cycling resistance,
lowered weight, lowered cost, and increased sound resistance by 36%. Pavement surface binders
can be prepared with crumb rubber modified (CRM) mixes. These include chip or cape seals,
rubber emulsion asphalt slurry, and crack sealing. The FDOT has approved the use of recycled
tires in asphalt concrete friction courses and asphalt rubber membrane layers (Stroup-Gardiner

and Wattenberg-Komas 2013).

In 1996, the FDOT published Effect of Tire Rubber Grinding Method on Asphalt-Rubber
Binder Characteristics. This report examined the effects of different grinding processes on the
properties of asphalt-rubber binder. The research found that wet-ground rubber material has
lower bulk densities and larger surface areas. It also stated that ground tire rubber with greater

specific surface areas and more irregular shaped particles produces higher viscosities. Binders



with cryogenically ground rubber had the greatest amount of settlement and least resistance to

drain down (West et al., 1996).

In 2011, the Florida Department of Environmental Protection published Waste Tires in
Florida: State of the State. This paper states that in 2010, 192,500 tons, or 19,250,000 passenger
equivalent waste tires, were generated in the state of Florida. It also states that Florida is the only
state that specifies modified rubber asphalt in the friction course of all state-maintained roads.
However, polymers have been replacing the use of displaced crumb rubber in some road classes.
Crumb rubber is not the only market for recycled tires, and the report states that in 2008, almost
92% of the 19.5 million waste tires generated in Florida were constructively utilized in diverse
applications” (DEP 2011). Other applications for waste tires are fill material, energy generation,

and artificial reef creation (FDEP 2011).

2.1.5 Crushed Glass

Crushed glass can also be used as an aggregate in in Portland cement concrete mixtures.
In 2012, the United States Department of Transportation published Utilizing Coal Fly Ash and
Recycled Glass in Developing Green Concrete Materials. The “Glasscrete” was found to have a
lower compressive strength and inferior abrasion resistance than natural sand concrete. However,
Glasscrete mixtures require less plasticizer, set slightly faster, and show a lower coefficient of

thermal compression (Rajabipour et al. 2012).

The FHWA has published the report "User Guidelines for Waste and Byproduct
Materials in Pavement Construction.” This report suggests that hot mix asphalt pavements with
10-15% glass perform satisfactorily. Higher blends with up to 25% glass can potentially be used

for base or binder courses. Hot mix asphalt surface courses with more that 15% glass may
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deteriorate due to stripping of the asphalt cement binder from the glass. The FDOT has approved
the use of up to 15% recycled crushed glass by total aggregate weight in asphalt mixtures, except

in the final wear surface (FHWA 1997).

2.2 Survey of Current Practice

The research team contacted each state transportation department to obtain insight into
their specific approaches to promoting the use of recycled and reuse materials. A survey was sent
to each state DOT to inquire if the state has used mandates or offered incentives to use recycled
materials in their contracts. Correspondence was initiated by either personal email to the State
Highway Engineer or through the department’s website inquiry page. Inquiries were sent to each
of the 50 state DOTSs, and 36 states responded. The survey, as well as the initial responses, can be
found in Appendix A to this report. States which had either automated responses, contact
referrals, no response, or innovative practices were contacted further by phone to gather more

detailed information.

Survey results suggest there are four principal categories of initiatives that DOTs have

used in promoting recycling construction waste:

e Permissive Technical Specifications
e Construction Contract Incentives
e Construction Contract Mandates

e Statutory Requirements

Permissive specifications are the most common form of promoting the use of recycled
construction waste materials. Permissive specifications allow for the contractor to use his or her
own judgment on how much recycled material is to be used on the project, up to a specified

11



maximum. This allows the market to dictate how much recycled material is used. Because RAP
is cheaper than virgin materials it benefits the contractor to use as much as possible in their
mixes to save money. Every state which responded has permissive specifications for certain
types of recycled construction waste. For example, the FDOT permits the use of up to 20% of

RAP in mixes with polymer modified asphalt binders. *

There are other states which allow higher percentages of RAP in their mixes. Nebraska
indicated that they have been extremely successful with their RAP usage and believe they may
use the most RAP of any state. Nebraska averages 37% RAP in their mixes and have approved
up to 50% in all lifts. They believe that their success has come from giving the contractors full
ownership of all RAP millings. The example provided was in a two inch reclamation the top inch
of material would be milled, and then the RAP created would be used as half of the new design

mix aggregate.

Incentives have been used by various transportation departments to help alleviate
stockpiles of materials which have become burdensome. Three states have offered incentives in
their contracts for the use of recycled materials. In the late 1980’s through the early 1990’s the
New Jersey Department of Environmental Protection (NJDEP) was looking to help the container
glass recycling industry with their waste stream. Therefore, the NJDEP contributed $1/ton of
asphalt which contained recycled container glass. New York initiated a similar campaign to

reduce stockpiling of waste tires. State legislators passed a law providing funding to place tire

! For specific specifications on FDOT treatment of RAP see the FDOT January 2015 Standard
Specifications http://www.dot.state.fl.us/specificationsoffice/Implemented/SpecBooks/default.shtm
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derived aggregate in lieu of soil for embankments. It was stated that they were successful in this
project and that the waste tire stockpiles were remediated ahead of schedule. Texas also
previously had an incentive for using recycled materials. Contractors which used recycled
materials had a 4% retainer opposed to the normal 5%. However, the state of Texas no longer

requires a retainer on construction projects.

Mandates are another way in which transportation departments have promoted the use of
recycled materials. Of the responding states, 14 stated that they have required the use of recycled
materials on their project. The origin of many of these mandates was a research project by the
DOT to better understand the performance properties of the materials. Mandated materials have
included recycled tires, fly ash, and asphalt millings. The mandates specified either in the

specifications of the project or in construction notes on the plans.

Legislation is another solution that at least one state has used to help the distribution of
recycled construction waste materials throughout. In Texas the State is required to give each
county $6 million worth of material per year for construction. It was stated that much of this
material requirement is fulfilled by RAP. This gives counties the decision on what to do with

their own RAP as they see fit. This legislation is a rider in an Appropriations Bill of Texas.

Table 2 provides the results of the project survey and indicates the ways each DOT has
promoted the use of Recycled materials in their contracts. Appendix A contains complete
documentation of the response received from each DOT. Appendix B provides specific examples

of specification language and plan notes furnish to the research team by the DOT respondents.
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Table 2: Summary of Approaches Used by States to Promote the Use of Recycled Materials in
Their Construction Programs

State Permissive Specs Incentives | Mandates | Legislation
GA
AL
SC
NC
VA
WV
MD
DE
NJ
RI
CT
MA
ME
NH
VT
NY
PA
OH
KY
TN
Ml
IN
MS
WI
IL
LA
AR
MO
1A
MN
X
OK
KS
NE
SD
ND
MT
WY

XXX XXX X X X XXX XXX XX XXX XXX XXX X X XX XXX XXX X XX
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Table 2, continued

State Permissive Specs Incentives | Mandates | Legislation
CO X
NM
ID

uT
AZ
WA
OR
CA
AK
HI

NV

XXX XXX XX XX XX

2.3 Summary of Literature Review and Current Practice

The majority of research efforts appear to have focused on technical materials
engineering issues associated with using recycled waste materials as a component in
conventional construction materials such as asphalt pavement or Portland cement concrete. It
appears that most state DOTs have implemented permissive material specifications, which
permit the inclusion of varying percentages of recycled materials into new mixes. There are a
few examples of the implementation of incentives and mandatory requirements. Additionally,
there are examples of statutory recycling requirements. The next section of this report presents

an engineering characterization the materials which are reusable from FDOT construction waste.
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3. Physical Properties of Reclaimed Materials

3.1 Introduction

This section of the report provides a characterization of the physical properties of
recyclable construction material generated by the FDOT work program. This information is a
necessary prerequisite to developing reuse and recycling strategies. Appropriate material
property characteristics were determined based upon the current FDOT Standard Specifications
and other published research documents. An estimate of the quantity of potentially recyclable
and reusable materials generated from the FDOT work program was developed. Additionally a
preliminary analysis of the economic factors influencing the business operational considerations

was developed.

3.2 Recycled Asphalt Pavement (RAP)
The FHWA describes the physical characteristics of RAP in the “User Guidelines for

Waste and Byproduct Materials in Pavement Construction.” The constituent materials and the
type of asphalt concrete mix have a major effect on the physical properties of RAP. Aggregate in
the surface course generally has higher resistance to abrasion and wear to perform to the given
specifications. Because of this aggregates in the friction course may be of higher quality than

those found in binder courses where abrasion resistance is not of concern (FHWA 2012).

Milling and crushing can cause aggregate degradation. This causes the gradation of RAP
to be typically finer and denser than virgin aggregate. Crushing does not degrade the material as
much as milling, making the gradation of crushed RAP generally not as fine as milled RAP, but

finer than virgin material crushed with the same equipment (FHWA 2012).
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Most RAP is crushed or milled to 1.5 inches or less, with a maximum allowable top size
of either 2 or 2.5 inches. Table 3 presents the typical range of particle size distribution for

crushed or milled RAP. Table 4 presents the typical mechanical and physical properties of RAP.

There are two recent research reports published by the FDOT concerning the physical
properties of RAP: “Evaluation of Use of High Percentage of Reclaimed Asphalt Pavement
(RAP) for Superpave Mixtures” (FDOT 2007) and “Laboratory Evaluation of Polymer Modified
Asphalt Mixture with Reclaimed Asphalt Pavement (RAP)” (FDOT 2009) both analyze rutting
and cracking resistance for various RAP mixes. The 2007 FDOT report analyzed Superpave
mixes with varying amounts of rap. The testing evaluated rutting and cracking performance of

mixes containing 0%, 25%, 35%, and 45% RAP contents. (Kim et al. 2007)

An Asphalt Pavement Analyzer (APA) test was performed on the various mixes to
determine rutting performance. The control mixture (0%) demonstrated better performance than
the 25% RAP mixture, but the report found no significant difference between the control, 35%

RAP, and 45% RAP. Figure 5 presents the results of this test. (Kim et al. 2007).

A Servopac gyratory shear test was also performed on the mixtures. This test showed a
reasonable trend with regard to rutting performance of the four mixes in terms of vertical strain.
The results of this test can be seen in Figure 6 (FDOT 2007). The Superpave indirect tension test
(Superpave IDT) was performed on the mixtures to evaluate their resistance to cracking. This
test quantifies the resilient modulus, creep, tensile strength, fracture energy, and dissipated creep
strain energy (DCSE). Using these quantities ultimately allows for the calculation of the energy
ratio of the mix which is a ratio of the DCSE threshold of the material and the minimum DSCE

needed.
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The tensile strength decreased as the RAP content of the mix increased. The tensile

strength test results can be seen in Figure 7.

Table 3: Typical Range of Particle Size Distribution for RAP (Percent by Weight Passing,
FHWA, 2012)

Typical RAP Gradation
Screen Size Percent Finer After Processing or
(mesh) Milling
37.5mm
(15 in) 100
25 mm
(1.0in) 95 - 100
19 mm
(3/4 in) 84 - 100
12.5 mm
(1/2 in) 70 - 100
9.5 mm
(3/8 in) 58 - 95
75 mm
(No. 4) 38-75
2.36 mm
(No. 8) 25 - 60
1.18 mm
(No. 16) 17-40
0.60 mm a
(No. 30) 10-35
0.30 mm b
(No. 50) 5-25
0.15 mm c
(No. 100) 3-20
0.075 mm d
(No. 200) 2-15
a. Usually less than 30 percent
b. Usually less than 20 percent
c. Usually less than 15 percent
d. Usually less than 10 percent
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Table 4: Physical and Mechanical Properties of RAP (FHWA, 2012)

Typical Properties of RAP

Type of Property

RAP Property

Typical Range of Values

Unit Weight

1940 - 2300 kg/m®
(120-140 Ib/ft?

Moisture Content

Normal: up to 5%
Maximum: 7-8%

Physical Normal: 4.5-6%
Properties » 497070
Asphalt Content Maximum Range: 3-7%
Asphalt Penetration Normal: 10-80 at 25°C (77°F)
Absolute Viscosity or Recovered Asphalt | Normal: 4,000 - 25,000 poises at
Cement 60°C (140°F)
N 1600 - 2000 kg/m®
Compacted Unit Weight 39
Mechanical (100-125 Ib/ft')
California Bearing Ratio (CBR) 40% RAP and 60% Natural
Aggregate: 150% or higher
7
6
E 5
E
= 4
=1
a 3
Z 2
1
{' T T T

Control RAP 25% RAP 35% RAP 43%

Figure 5: APA test result for varying RAP mixes

(Kim et al. 2007)
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Figure 6: Servopac gyratory shear test results for varying RAP mixes

(Kim et al. 2007)
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Figure 7: Tensile strength test results for varying RAP mixes

(Kim et al. 2007)
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The fracture energy (FE) also decreased as the amount of RAP increased. The FE for the
45% RAP mixture had the same binder as the 35% RAP mixture, but demonstrated a lower FE.
The report suggested that this is the result of using more RAP with the same binder. To compare
this, the FE for the 35% mixture was only slightly lower than the 25% mixture. It was stated that
since the 35% mixture uses a softer binder than the 25% mixture, it compensated for the added

RAP content (FDOT 2007). The FE results can be seen in Figure 8.

Fracture energy, kd/m ?
L= - I~ I - R = = |

Control RAP 23% RAP 35% RAP 45%

Figure 8: Fracture energy results for varying RAP mixes

(Kim et al. 2007)

The creep compliance results are slightly more complex. The control mixture had a
higher compliance rate than the 25% RAP, even though the 25% RAP mixture had a softer
binder. The 35% RAP had the highest creep compliance of all the other mixtures. This was due
to the 35% mixture using a softer binder than both the 25% mixture and control. The 45% RAP
mixture had a reduced rate of creep compliance compared to the 35% since it contained more
RAP and the same binder. This result correlates with the APA test results. The results from this

test can be seen in Figures 9 and 10.
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The energy ratio results show that higher percentages of RAP may decrease cracking
resistance. The results of the energy ratio can be seen in Figure 11. In 2001, the FDOT published
the report for Developing Specifications for Using Recycled Asphalt Pavement as Base, Subbase,
or General Fill Material. This project examined the engineering properties of RAP for base,
subbase, and fill uses. This project tested if different milling and compaction methods will satisfy
the FDOT LBR requirement for base (LBR of 100), and subbase, (LBR of 40). Figures 12 and
13 present the relationship of moisture content, compaction method, and LBR for the two milling

methods (Cosentino and Kalajian 2001).

1.6E-08
1.4E-08
1.2E-08
1.0E-08
8.0E-09
6.0E-09 —
4.0E-09 —
2.0E-09 —

0.0E+D0 T T T
Control RAP 25% RAP 35% RAP 45%

Creep compliance rate

Figure 9: Creep compliance rate for varying RAP mixes

(Kim et al. 2007)
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Figure 10: Creep compliance rate for varying RAP mixes

(Kim et al. 2007)
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Figure 11: Energy ratio results for varying RAP mixes

(Kim et al. 2007)
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Figure 12: Moisture content LBR relationship for hammermill RAP

(Cosentino and Kalajian 2001)
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Figure 13: Moisture content LBR relationship for tubgrinder RAP
(Cosentino and Kalajian 2001)
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3.2.1 Tentatively Suggested Reuse Opportunities

RAP is commonly used as a component of hot mix asphalt pavements. Additionally,
laboratory tests from Cosentino and Kalajian (2001) suggested that RAP may be suitable for
base, subbase, and fill material. In field tests the subbase was able to sustain an LBR value over
40 in 80% of the tests, but RAP used as base course could not maintain an LBR over 100 during
warm months. This led to the conclusion that RAP is suitable for subbase, but not feasible as

pavement base course material due to low LBR values.

3.3 Recycled Concrete Aggregate (RCA)

Tables 5 and 6 present typical values for the physical properties of crushed concrete
provided by the FHWA. In 2001 the FDOT funded a research study to analyze the use of RCA
made with Florida limestone aggregate for base course in flexible pavements. This study tested
the performance of Florida RCA. The following figures present the results with regard to

gradation, LBR, LA abrasion loss from lab testing (Kuo et al. 2001).

The gradation testing determined that most samples collected throughout the state met the
gradation requirements established by FDOT Specification Section 204, except for Districts 5
and 6. These two districts did not have acceptable gradations due to large amounts of anomalies
and foreign material found in the RCA. Gradation test results are given in Figure 14 (Kuo et al.
2001). The LBR test results are given in Figure 15 (Kuo et al. 2001). The LBR was calculated
for each district to determine the stability of RCA. The arithmetic mean of the LBR values is
greater than the 100 LBR value required by the FDOT for base material, and the report suggests

that well processed RCA is an acceptable material for base course in pavement construction.
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An LA abrasion loss test found that RCA has an abrasion loss greater than natural
aggregate. The test produced a range of values from 41.1% to 47.6%, but the average was less

than the FDOT specified 45%. Figure 16 presents the results of LA abrasion testing of RCA.

Table 5: Typical Physical Properties of Processed Reclaimed Concrete Material (FHWA, 2012)
Typical Properties of Crushed Concrete

Property Value
Specific Gravity
- Coarse particles 221025
- Fine particles 2.0t0 2.3

Absorption, %
- Coarse particles 2106

- Fine particles 410 8@

(a) Absorption values as high as 11.8 percent have been
reported.

Los Angeles Abrasion Loss
(ASTM C131), (%)

- Coarse particles 20-45

Magnesium Sulfate Soundness Loss
ASTM C88), (%)
- Coarse particles 4 or less

- Fine particles less than 9

California Bearing Ratio (CBR), (%)* 94 to 148

* Typical CBR value for crushed limestone is 100 percent.
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Table 6: Six-year Study of RCA from Uncontrolled Stockpiles on Long Island, NY (FHWA,
2012)

Physical Property Test Results
Mean | Std. Dev. | Tests Performed
Magnesium Sulfate Soundness (%) 3.8 1.3 107
Los Angeles Abrasion (%) 36.5 3.6 112
Dry Density (Ib/ft?) 129 2.6 143
CBR (%) 148 28.7 157
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Figure 14: Gradation of Florida RCA by district
(Kuo et al. 2001)
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Figure 15: Average RCA limerock bearing ratio

(Kuo at al. 2001)

LA Abrasion vs. FDOT sect. 204

District 1 District 2 District 4 District 5 Dictrict & District 7

|3 %Loss ===FDOT Sect. 204

Figure 16: Average RCA LA abrasion loss compared to FDOT Specifications 204 for
natural aggregates

(Kuo et al. 2001)
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3.3.1 Tentatively Suggested Reuse Opportunities

Previous research has demonstrated the acceptable use of RCA in non-structural strength

concrete mixes (Lim 2003).

Additionally, the findings in (Kuo et al. 2001) suggest that RCA can be effectively used
as base course material with proper quality control. The report lists six recommendations for the
selection and processing of RCA for proper quality control. These recommendations are as

follows (Kuo et al. 2001):

e Before processing the contractor must carefully select the demolished building or
other structure and plan to have a separate storage area for the rubbles.

e Reinforcing steel must be removed by using an overhead magnetic separator, then
impact mills can be used to crush the rubble into various sizes, and finally air
classifiers should be used to remove lightweight debris such as wood and plastic.

e The RCA should be washed before using. Washing is also required to remove the
dust as a measure of reducing potential tufa (porous limestone formed from calcium
carbonate) formation. Additional quality control testing may be necessary to estimate
the tufa precipitate (leachate) potential of RCA aggregates for embankment
applications.

e The material must possess comparable compressive and shear strengths of natural
aggregate, meet gradation of particle size distribution, and provide proper
workability.

e RCA must not contain harmful impurities such as lead and asbestos, and it must not

react with either cement or reinforcement when it is used for concrete add mixtures.

29



e The output quality must be guaranteed by systematic and rigorous monitoring, as well
as intensive sampling and testing of the material characteristics (including
environmental properties). The basic requirement for producing high quality recycled
aggregate is the selection of the material entering the preparation process; this
presumes a well-organized acceptance and storage of the incoming material as well as

effective material management.

3.4 Recycled Tires

The physical properties of recycled rubber depend on the configuration of reclaimed
rubber being used. The types of rubber defined by the FHWA are shredded tires, tire chips,

ground rubber, and crumb rubber (FHWA 2012).

Shredded tires are relatively flat, irregularly shaped tire pieces with jagged edges that
may or may not have sharp pieces of metal protruding from them. The size of tire shreds can
range from 17-18”, with most particles in the 4”-8” range. The average loose density of tire
shreds varies depending on the size of the individual shreds, but typically ranges from 24 Ib/ft* to

33 Ib/ft>. The average compacted density ranges from 40 Ib/ft® to 52 Ib/ft* (FHWA 2012).

Tire chips are finer and more uniform than tire shreds. Their size ranges from 1/5”-3".
The size varies with the make of the tire and processing equipment. The loose density of tire
chips is typically between 20 Ib/ft* to 30 Ib/ft3, and the compacted density ranges from 35 Ib/ft*

to 45 Ib/ft>. The absorption value for tire chips ranges from 2.0% to 3.8% (FHWA 2012).

Ground rubber has particles which are intermediate in size between tire chips and crumb

rubber with sizing ranging from 3/8 inch to No. 20 sieve (FHWA 2012).
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Crumb rubber which is used in hot mix asphalt generally has 100% of the particles
passing the No. 4 sieve. The majority of crumb rubber particles are sized within the No. 16 sieve
to No. 40 sieve, though some particles may be as fine as No. 200 sieve. The specific gravity of
crumb rubber is approximately 1.15. Crumb rubber must be free of all fabric, wire, and other

contaminants (FHWA 2012).

3.5 Crushed Glass

Crushed glass particles are generally angular in shape and can contain some flat or
elongated particles. The amount of processing affects the degree of angularity. Extra crushing
will create smaller particles with somewhat less angularity and reduced amounts of flat and
elongated particles. Proper crushing methods can help eliminate sharp edges and corresponding

safety hazards associated with the handling of the product (FHWA 2012).

Uncontaminated glass exhibits consistent properties, but waste glass has more variable
properties due to the presence of non-glass debris. Table 7 presents typical properties of crushed

glass.

Table 7: Selected Physical Properties of Waste Glass (FHWA, 1997)

Glass Samples ASTM Test
Test h
Coarse Fine Method
Particle Shape
Angularity Angular Angular
ASTM D2488
Flat (%) 20-30 1
Flat/Elongated (%) 1-2 1
B _ ASTM D854
Specific Gravity 1.96 - 241 2.49 - 2.52
ASTM C127
Permeability N 1 N 2
(cm/sec) 2x10 6 x 10 ASTM D2434
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3.6 Preliminary Estimate of the Quantity of Reusable Materials from the

FDOT Construction Program

3.6.1 Required Diversion from Landfills

In 2008, the Florida Legislature passed House Bill 7135 which established a recycling
goal of 75% by the year 2020 (FDEP 2013). In 2009, 6.72 million tons of construction and
demolition waste was generated in the state of Florida. Figure 17 provided by Sullivan and
Ketchey (2011), presents the construction and demolition waste generated in 1998 in Florida by
material type. Concrete and asphalt accounted for 91% of the construction and demolition waste

generated. The remaining materials are wood and miscellaneous items.

Hize.
Asphalt Le
4%
Concrefe
iood =

Figure 17: C&D waste generated in Florida in 1998
(Sullivan and Ketchey 2011)

3.6.2 Crushed Concrete (RCA) and Recycled Asphalt Pavement (RAP) Estimated

Quantities

An estimate of the quantity of waste concrete generated from the FDOT construction
program was developed using the FDOT’s historical cost information. The FDOT historical cost
data includes the total quantity for each bid item. Bid item quantities from the calendar year 2012
were used to estimate the generated waste materials. Item number “0327 70 X Milling Existing

Asphalt Pavement, SY” was used to estimate the RAP quantity. Based upon the quantities for
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this item, the total estimated quantity of RAP produced in 2012 was estimated to be 1,790,758

Tons.

Two items were used to estimate the total amount of waste concrete generated from the
FDOT construction operations: Item “0110 3 Removal of Existing Structure, SF” and Item 0110
4 “Removal of Existing Concrete Pavement, SY”. With regard to the concrete pavement
removal, an average pavement depth of 9 inches was assumed. An analysis of a typical existing
bridge removal resulted in a conversion factor of 0.11 CY per SF of structure. The total
estimated quantity of waste concrete produced in 2012 was estimated to be 94,175 Tons. Details
of the calculations of the RAP and RCA quantities are included in Appendix D. It is reasonable
to believe that FDOT waste production in future years would be proportional to the work

program cost amount.

3.6.3 Preliminary Cost Models

In 2008, The Hinkley Center for Solid and Hazardous Waste Management published
“Cost Model for Diverting Construction and Demolition Waste in North Central Florida.” This
paper outlines the state of construction and demolition waste recycling in the state of Florida
(Sullivan and Ketchey 2011). It states that in 2007, 6.8 million tons of construction and
demolition waste were sent to Florida landfills, and that the goal for Florida is to reach 75%
recycling of Municipality Solid Waste by 2020. This report created models comparing the costs
incurred for sending waste C&D material to a landfill vs. diverting it. The Hinkley cost models
were used to estimate the savings incurred from diverting the materials generated by the FDOT
work program. The full cost models are provided in Appendix E. However, the Hinkley model

basically only addresses the savings resulting from avoiding landfill disposal costs.
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3.6.4 Crushed Concrete RCA

Concrete has a reported savings of $134/ton by diverting from the landfills. With an
estimated 94,175 tons of waste concrete being produced in 2012 from FDOT construction, there
is an estimated savings of $12,431,100 resulting from diverting all of the concrete waste from
landfills. Again it should be said that this does not take into account the value of recycling and/or

reusing the material.

From the perspective of the recycling production facility, the following general cost

model is indicative of the relationships influencing business profitability.

P=pn-(F+cn)

Where:

P = profit

p = sales price per unit

F = fixed operating cost per time period
¢ = manufacturing cost per unit

n = quantity produced per time period

At the break-even point, P = 0. The break-even sales volume is a function of the

operating cost variables.

3.6.5 RAP

Although FDOT specifications allow for up to 30% RAP in some cases in Florida, this is
rarely the case. The average, current estimated mix designs according to industry professionals is
around 15%. At this rate it is not possible to reuse the entire RAP generated by the state in new

asphalt mixes. However, RAP has been approved for embankment fill material. Given the
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quantity of Embankment required in the FDOT work program it would be possible to reuse all
generate RAP in embankment fill. The reality is that there are operational issues to be
considered. RAP is typically not transported to landfills. Rather it winds up generally in storage

at the contractor’s facilities, usually an asphalt batching plant.

The same general cost model presented under the previous concrete discussion is also
applicable to RAP materials. However, the cost factors are different. RAP is milled by the
contractor and then transported to a holding yard (generally an asphalt plant) where it is then
used in various mixes. Often the contractor owns the asphalt plant where the RAP is being stored
therefore, the costs for RAP operations are associated with the transportation and warehousing of

the material.

3.6.6 Other Materials

Opportunities for the use of recycled materials in lieu of virgin materials will be further
examined in the next section of this report to include input from industry professionals. The
economic viability of currently available recycled materials will be discussed with industry

professionals.

3.7 Summary

The engineering material properties of common waste materials from transportation
construction programs have been extensively researched. The typical engineering material
properties are reported in this section of the report within the context of a transportation
construction program. Knowledge of the material properties is a necessary prerequisite to

exploring reuse and recycle opportunities.
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Beginning in 2020 it will be necessary for 75% of the waste generated by the FDOT work
program to be diverted from the landfill. Crushed concrete RCA and RAP contribute to a large
portion of the waste produced. Reclaiming the majority of this material within the FDOT area
that it is generated, a large portion of the 75% goal can be achieved. The following section of
this report focuses on obtaining input from experienced professionals concerning the current

state of recycling and reuse in Florida.
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4. Structured Interviews with Experienced Industry Professionals

4.1 Introduction

This section of the report provides a summary of the information obtained from
interviews with experienced industry professionals directly involved in the recycling of
construction waste materials. Representatives from major aggregate recycling firms, HMA
producers, Portland cement concrete producers, and FDOT contractors were contacted.
Telephone conference call and face-to-face interviews were conducted using a structured format
to improve the completeness of the information obtained. A synthesis of the information is
included in this report and provides a better understanding of factors influencing the reuse and

recycling of materials related to construction and more specifically the FDOT work program.

4.2 Industry Interviews

Interviews were conducted with representatives of each the following organizations.
Note that the information obtained is summarized in this report. However, specific comments

attributable to specific individuals have not been reported as a courtesy to the interviewees.

4.2.1 Industry Profiles of Participants

Independence Recycling

Contact: Greg Moro, Florida Operations Manager/Punta Gorda Sales

Independence recycling has a number of operating facilities throughout the southeast
United States. They handle RAP, crushed concrete, sand, and rip-rap. Their Orlando office (the
most productive office) produced 165,000 tons last year. Other yards produce between 70,000

and 80,000 tons per year. Independence primarily gets their material from private demolition
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projects. About 15% of their material comes from FDOT projects. Independence’s materials are
mainly used for road base, subbase, material under brick pavers, nonstructural concrete, and

concrete block. http://www.indrec.com/

Crush-It, Inc.

Contact: John Wohlwend, Chief Financial Officer

Crush-1t recycles 60% asphalt and 40% concrete. Viable plant operating minimum
require 1,000 tons/day concrete or 2,000 tons/day of asphalt. Their concrete product is mostly
being used by private construction and road base. Their asphalt RAP is being used for FDOT
projects as well as private projects for road base or sold to asphalt batch plants. Some of their

RAP material is being sold to counties. http://www.crushitinc.com/

Figure 18: Crush-It portable concrete crusher
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Transcor Recycling

Contact: Candice Agosto, Aggregate Division Manager

Located in Tampa, Transcor recycles asphalt, concrete, as well as all other construction
waste. Their RAP material is mostly sold to asphalt plants and for use for parking lots. Their

crushed concrete is used mainly for road base. http://www.kccscraprock.com/default.asp

Figure 19: Recycled aggregate stockpile at Transcor Recycling?

Anderson Columbia Co., Inc.

Contact: Carl Dempsey, Materials Quality Manager

2 (http://www.kccscraprock.com/index.asp?content=Facilities&contentTitle=Facilities)
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Anderson Columbia operates throughout the complete material supply chain including
mining aggregates, producing both Portland cement concrete and HMAC, and as a transportation
construction contractor. This breath of experience gives them a unique insight into the subject of

recycling on FDOT projects. http://www.andersoncolumbia.com/

Figure 20: Anderson Columbia RAP stockpile at their Lake City plant

Strategic Materials

Contact: Tim Miller, Plant Manager

Strategic materials receive most of the curbside pickup recycled glass in the state of
Florida as well as some from South Georgia. Their Florida plant is located in Sarasota, Florida.
Strategic Materials crushes and cleans the glass to sell to industry customers. The furnace

industry is their primary customer for recycled glass which is supplied as cullet.
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Figure 21: Crushed glass stockpile at Strategic Materials

Waste Management Inc.

Contact: Shiraz Kashar, Community Outreach Manager

Waste Management Inc. is the largest waste management company in the United States.
The scope of their operations includes curb side pickup of waste and recycling, recycling

distribution and landfill operations. https://www.wm.com/about/index.jsp

Florida Concrete Recycling

Contact: Scott Renfroe, Operations Manager

Florida Concrete Recycling is located in Archer and in Gainesville, Florida. Their
Gainesville plant is located adjacent to the Argos Concrete batching plant. Last year they

processed approximately 260,000 cubic yards of concrete. Most of the crushed concrete product

is used for parking lots and concrete pavers. http://floridaconcreterecycling.com/

3 (http://www.strategicmaterials.com/index.php/divisions/smi-glass/what-we-take-3mix-single-stream-mrf-
glass)
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Figure 22: Concrete being crushed at Florida Concrete Recycling facility in Gainesville,
FL

Figure 23: Crushed concrete at Florida Concrete Recycling facility in Gainesville, FL
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Titan America

Contract: Yvon Gaudin, Branch Manager Tampa Plant

Titan America is a heavy building materials company located in the Eastern United
States. They mine aggregates and also produce ready mix concrete and related concrete

products. http://www.titanamerica.com/

Argos USA

Contact:Matt Carabaca, Manufacturing Executive, Gainesville Operations

Argos USA is a is a subsidiary of Cementos Argos S.A., a multi-regional firm with
headquarters in Colombia, S.A. Argos produces cement and concrete products including ready

mix concrete supplied from various batch plant locations. http://www.argos-us.com/About-

Argos/

SP Recycling Co.

Contact: Charlie Hobson, SP Recycling, Gainesville Operations

SP Recycling is a subsidiary of SP Recycling Southeast, LLC., a multi-regional firm with
headquarters in Dublin, GA. SP operates recycling centers throughout the Southeast with several
centers in Florida. They operate, under contract, the Alachua County Recovered Materials
Processing (RMPF) facility located at the Leveda Brown Environmental Park and Transfer
Station, Gainesville, Florida. The RMPF deals primarily with curb-side recycling products.

http://sprecycling.com/
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4.3 Results of Industry Interviews: What we have learned

The following preliminary findings are based upon a synthesis of the research team’s

discussions with industry.

4.3.1 Recycled Concrete

e A portion (but not all) of the waste concrete from FDOT and other construction
projects is being delivered to recycling facilities. Some is sent to landfills and some
winds up stock piled or dumped on private property.

e The industry market demand for recycled concrete exceeds the currently
available supply. Recyclers reported that the limiting factor for their operations was
the available supply of concrete to be recycled.

e Recyclers receive waste concrete with no tipping fee or only a small fee. The
related pricing factors are: the location and the character of the concrete waste
(amount of steel reinforcing).”

e The most common uses for crushed concrete are bedding stone, pavement or paver
base materials, and parking area surfacing.

e Use of crushed concrete for aggregate in concrete batching was an occasional
and uncommon occurrence. Most reported uses involved a customer request
relating to a LEED certified project goal. Reported limiting factors:

a) Concrete producers’ preference for their own mined materials®

* It should be noted that reinforcing steel is removed from the crushed concrete and is recycled; however,
the value of the steel does not offset the cost of removal.
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b) Inconsistent supply of crushed concrete aggregate

¢) Inconsistent market demand for ready mix containing recycled concrete

Most of the recyclers mistakenly believed that only concrete salvaged from a FDOT
project can be reused as concrete aggregate on a FDOT project.

Recyclers are reluctant to produce, stockpile and perform quality testing of crushed
concrete aggregates for FDOT use because there is not a consistent market demand

for the material.

4.3.2 Recycled Glass

Essentially all of the curb side and industry contributed recycling glass is being
recycled.

Currently the primary use (95%) is as glass cullet supplied to the furnace industry.
Ground glass has a relatively high economic value (over $100 per ton). However,
there are significant shipping costs to move the raw material from collection point to
processing facilities, for example from Gainesville, Florida to Sarasota, Florida.
Consequently, recycled glass remains a net loss for municipal recycling programs.
Local processing of glass to include the production of fine aggregate materials would

appear to be economically feasible because of the reduction in shipping cost.

> The cost for crushed concrete aggregate was reported to be in the range of $25 per ton which would
appear to be comparable to mined aggregate.
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e Ground glass has been tried successfully as a fine aggregate component in concrete

and HMAC mixes.®

4.3.3 Recycled Asphalt Pavement (RAP)

e The amount of RAP generated from roadway resurfacing operations currently
significantly exceeds the amount of RAP being recycled in new HMAC mixes.

e Only arelatively small portion of the total RAP generated can be used in some
instances: in new asphalt pavement, for shoulder base except on limited access
roadways, and used on shared use paths.

e Current stockpiles of RAP materials are large and are growing rapidly.’

e Some Florida counties have considered using RAP as a surfacing material for low

volume, previously unpaved roads.®

4.4 Tentatively Identified Barriers to Improving Recycling and Reuse of
Materials in FDOT Projects

Analysis of the information provided by industry experts indicates the existence of the

following barriers:

e A significant amount of demolition concrete is not being recycled

® Tire punctures have been reported and as a result glass is generally not permitted in the friction surface
courses.

7 See the photo provided in Figure 3 of the RAP stockpile at the Anderson Columbia plant, which is typical.

® Reportedly the application is successful if done properly (Adequate subgrade compaction, rolling of 5-6”
of RAP with plenty of water)
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e Given the absence of a project incentive, customers and producers utilize standard
concrete mixes, rather than utilizing a concrete mix including recycled crushed
concrete

e In general, the industry is not well informed with regard to recycling and reuse
opportunities with the FDOT

e The development of alternative uses for RAP materials is needed to reduce the

amount of excess RAP being produced

4.5 Update on Cost Information

Table 8 presents the latest cost information obtained by the research team for Florida
materials. Limerock remains the low cost choice for roadway base material with an average
market price of $7.50 per ton. The average market price for crushed concrete base material was
$12.21 per ton. However, contractors consistently indicated a preference for the use of crushed
concrete material for roadway base, citing crushed concrete’s tolerance for wet conditions. The
large volume of surplus RAP materials stock piled by contractors would seem to suggest a
relatively low market value for the material. However, that logic apparently does not apply.
Contractors view their RAP stockpiles as valuable inventory. The average market price for RAP
was $15.00 per ton. Sources for natural mined concrete course aggregates are limited, and the
commercial resale market is also limited. Most concrete producers obtain concrete aggregate
from their own mines. Natural aggregate costs depend significantly on the mine location and the

shipping distances. An average market price appears to be approximately $38.00 per ton.

Recyclers uniformly advised that the demand for their recycled concrete products
exceeds the available supply of salvaged concrete. In general, they simply do not have large

stockpiles of crushed concrete materials. This potential limited supply of material appears to be a
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significant consideration for potential users such as contractors and concrete producers. The
primary market for recycled crushed glass is the furnace industry. Given the relatively high cost
of shipping collected glass to processing facilities, local processing of collected glass into fine
aggregate may be economically feasible if a market for the ground glass existed with local ready

mix concrete producers.

Table 8: Comparative Cost of Alternative Materials in Florida
Roadway Base Materials (average price per ton)

Lime Rock Crushed Concrete RAP
Base
$7.50 $12.21 $15.00

Concrete Aggregate Materials (average price per ton)

Natural Quarry Stone (washed) Crushed Concrete (#57 washed)

$38.00 $19.20
Fine Aggregates (average price per ton)

Natural Sand (washed) Crushed Glass Product
$13.50 $110.00

Other Economic Factors:

e Delivery may add $1 to $3 per Ton to the cost for base
materials and sand. Delivery of quarry stone may be higher
depending on the quarry location and shipping destination.

e The design Structural Layer Coefficient for base materials
should be considered when comparing installed costs

¢ Inconsistent supply of crushed concrete materials at recycling
facilities significantly influences business decisions

concerning product selection

* Price given is the commercial price at the centralized recycling center. Processing locally,
would reduce shipping cost and result in significant cost reduction.
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4.6 Summary

It appears that essentially all waste concrete delivered to recycling facilities is being
recycled and reused in construction related products. True, only a small portion is being reused
in FDOT projects. Nevertheless, the construction industry and the environment in general are
benefitting. On the other hand, not all concrete construction waste is reaching recycling facilities
which is an environmental loss. There appears to be a significant non-construction industry
demand for recycled glass and as a consequence, collected glass waste is essentially all reused
for non-construction purposes at a relatively high market value of approximately $110 per ton.
However, there is a significant cost involved in shipping collected glass from local collection
centers to regional processing centers. This suggest that local processing of glass into fine
aggregates may be economically feasible if a market for the ground glass existed with local
ready mix concrete producers. Finding practical solutions for the growing surplus of RAP is a

more substantial challenge.

The following section of the report includes the results of a focus group effort to obtain
further industry input and to develop recommended strategies for improving recycling and reuse

opportunities.
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5. Conduct Focus Group Discussions and Develop

Recommendations

5.1 Introduction

This report section provides a summary of the input obtained from the research
discussions with experienced industry professionals and experienced FDOT personnel. The focus
of these discussions was to explore the feasibility of a number of suggested opportunities for
improving recycling and reuse of materials in the FDOT construction program. A listing of the
contributors is provided in Appendix A. Preliminary ideas were circulated for comments
including perceived advantages, disadvantages and barriers to implementation. The outcome of

the process was a group of strategies offered to the FDOT for its consideration.

5.2 Preliminary Ideas

5.2.1 Suqgested Strateqy A: Demolished Concrete Recycling

On FDOT projects with structural demolition, require that demolished concrete be

delivered to a licensed recycling facility.

Obijectives
e Increase the amount of recycled concrete from FDOT projects

e Reduction in the amount of Florida non-renewable resources being consumed for

construction materials
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Focus Group Input

e Specifying a single vendor for recycling will give that facility no competition and will
drive the price to process the material up.

e Recycled structural concrete has been approved for use as rip-rap or ditch lining
material onsite. This repurpose makes sense. This needs to be broadcast as a viable
solution.

e FDOT has a developmental specification for Recycled Crushed Concrete as Roadway
Base; Richard Hewitt is the man to talk about this. I can personally state crushed
concrete makes for great base material especially in high water table conditions.
Crushed Concrete loves water.

e As long as the recycled material meets specification, it shouldn’t matter where the
material is processed.

¢ Do not specify a sole source for processing. Contractors may want to process and size
material onsite.

e Recyclers may increase price for taking concrete

e Reasonable haul distances will have to be established

e This will definitely increase the amount of concrete that is recycled

e s there such athing as a “licensed” recycling facility for concrete?

¢ How many concrete recycling centers are there in the State? Depending on the haul
distance, the environmental benefit of recycling might be offset by the additional fuel

expenditure, roadway wear and tear, etc.
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Discussion

In a situation where there is only one viable recycler, the concerns about increased
tipping fees appear to be valid. Some contractors routinely haul their salvaged concrete to their
yard where it is stockpiled and crushed at a later date as needed. This would appear to be an
acceptable alternative to requiring delivery to a commercial recycler. It is also true that with
portable crushing equipment, salvaged concrete can be processed at the project site, which would
also be an acceptable alternative. The concern regarding fuel consumption for hauling offsetting
the benefit of recycling concrete is a valid consideration. The general consensus was that this

strategy would be successful if recycling facilities were available.

5.2.2 Suqgested Strategy B: Crushed Concrete Aggregate

Require that mix designs for non-str