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EXECUTIVE SUMMARY

Reclaiming and recycling certain industrial and building construction waste materials into the
construction of transportation infrastructure, specifically into paving projects, benefits the environment
and produces economic savings over the pavement life cycle. This Arizona Department of Transportation
(ADOT) study focused on using industrial waste — referred to as recycled, co-product, and waste
materials (RCWMs) — as the raw resources for constructing transportation infrastructure in Arizona.
Specific materials considered in this study included:

= Reclaimed asphalt pavement (RAP) as a partial replacement for asphalt binder and virgin
aggregate in asphalt concrete mixtures and for other applications.

e Recycled asphalt shingles (RAS), including tar paper, as a partial replacement for asphalt binder
in asphalt concrete mixtures.

e Ground tire rubber (GTR) as an addition in asphalt mixtures to create rubberized asphalt or as a
binder modifier to create asphalt-rubber.

e Recycled concrete aggregate (RCA) from existing structures (e.g. pavements, barrier walls, and
so on) for use as aggregate or as base/subbase material or as an aggregate in new concrete.

e Construction and demolition waste (CDW), including refuse concrete, bricks and masonry, to be
crushed and used as aggregate in asphalt mixtures, concrete, roadway base and subbase, or as
non-structural fill.

= Mine spoil as aggregate in asphalt mixtures, concrete, roadway base and subbase, or as non-
structural fill.
This study reviewed existing information and conducted surveys to assess the potential sources of
RCWMs for use in the construction of transportation structures in Arizona. The following summarizes
the results regarding the use of RCWMs as it pertains to Arizona.

Reclaimed Asphalt Pavement

RAP is used by most departments of transportation (DOTs) in asphalt mixtures, base, and subbase. High
RAP (25 percent or greater replacement) asphalt mixtures are currently of great interest as they provide
the opportunity to replace significant amounts of virgin binder and aggregate, resulting in significant
cost savings and the potential for increased sustainability. It is widely recognized that the risk of failure
increases as RAP content increases, and thus the average RAP usage rate in the United States remains
below 15 percent.



Keys to increasing RAP utilization in Arizona include:

= Providing specifications that specifically allow for increased RAP utilization.

e Training the local paving industry in methods that will allow for the successful incorporation of
higher levels of RAP into asphalt mixtures.

= Improved quality control throughout the mixture design and construction processes.

e Incorporation of incentives to encourage contractors to increase RAP utilization beyond 15
percent.

Key technologies that will assist in this implementation include the use of RAP fractionation, in which
RAP is separated by size into two or more fractions. Fractionation may result in greater stockpiles of
coarse RAP, which may provide opportunities for the use of coarse RAP in other applications.

Recycled Asphalt Shingles

RAS usage is on the rise in asphalt mixtures around the country. It is recognized that the risk of negative
impacts on asphalt mixture performance increases as RAS content increases, particularly with regards to

binder oxidation.
Keys to increasing RAS utilization in Arizona include:

= Demonstrating that a viable supply of consumer shingles exists. Shingles are most common in
alpine areas of the state.

e Cooperation between ADOT and industry to implement RAS usage.

* Maodification to existing specifications to allow the use of RAS, considering potential negative
effects of binder oxidation.

e Training to better understand how to successfully incorporate RAS into asphalt mixtures.

e Improved quality control throughout the mixture design and construction processes.

= The incorporation of incentives to encourage contractors to increase RAS utilization.

Once a viable source of refuse shingles is demonstrated in Arizona, RAS recycling facilities will need to
be incentivized to produce quality RAS material will increase supply.

Ground Tire Rubber

Arizona is a national leader on the use of GTR. Traditionally, asphalt-rubber was produced as a field
blend, being highly viscous and thus able to be used at relatively high binder contents. The increase in
availability of terminal blend asphalt-rubber binders has changed the market, the implications of which
are not yet fully understood. Concerns exist regarding the use of RAP containing high amounts of GTR,
as well as the moisture susceptibility of gap-graded mixtures containing GTR, and additional research
needs to be conducted to alleviate these concerns.



Recycled Concrete Aggregate

RCA has been used in highway applications for decades but has gained popularity as virgin aggregate
sources have become scarcer and hauling prices have increased. It is most common to find RCA used in
aggregate bases, but coarse RCA has also proven effective as an aggregate in new concrete.

The key to increasing RCA utilization in Arizona is to specifically allow it as an option in construction
specifications for both aggregate base and as a coarse aggregate in new PCC. ADOT’s 2008 Standard
Specifications are silent on the use of RCA. Increasing the use of RCA will require training to better
understand how to incorporate RCA into aggregate bases and new PCC, improved quality control, and
the incorporation of incentives to encourage contractors to increase RCA utilization.

Construction and Demolition Waste

The use of CDW in highway applications is feasible, but the market demand is not apparent.
Additionally, increased efforts are required to recycle CDW into quality material and there appears to be
a lack of recycling facilities. Thus there has been little use of CDW by highway agencies to date.

As virgin materials become less available and more sustainable or “green” efforts become more
accepted, the use of CDW in highway applications has the potential to increase. To increase utilization
of CDW in Arizona transportation infrastructure would require a concerted, long-term effort by ADOT to
study the material characteristics, encouragement of the recycling industry and contractors through
incentives, and adoption of specifications that allow its use.

Mine Spoil

Waste rock and mill tailings, or mine spoil, have been investigated for use in highway applications since
the 1970s, but there is a widespread lack of specifications specifically addressing their use. Further, the
mine spoil is often located far from where it is needed. That, coupled with potential hazards associated
with many sources of mine spoil, has made such waste materials more of a hindrance for most DOTs.

Increasing mine spoil utilization in Arizona will require a better understanding of the type and location of
available materials and the development of mine spoil stockpiles that possess acceptable characteristics.
Standards for incorporation of mine spoil into highway applications, along with improved quality
control, can increase mine spoil utilization.

BENEFIT-COST ANALYSIS AND OPPORTUNITIES

A benefit-cost analysis was conducted to determine those applications that offered the best
opportunities for ADOT. The applications discussed next represent opportunities that either are
immediately implementable with little need for additional research (i.e., the RCWMs can be utilized in
demonstration projects) or that may offer future potential after additional research is conducted.



Opportunities that could be implemented immediately include:

e Target slight increases in RAP replacement level (up to 25 percent or more) in asphalt concrete
(HMA/WMA) pavement, especially in asphalt concrete base and binder levels.

= Increased use of RAP in unbound roadway base and subbase, especially for in-place recycling.
* Increased use of GTR through the use of terminal blend binders.
e Increased use of RCA in roadway base and subbase (unbound layers) applications.

Potential opportunities for the future include:

e Investigate opportunities to significantly increase RAP replacement level (30 percent or greater)
in lower lifts of asphalt concrete (HMA/WMA) pavement.

e Investigate RCA as a partial replacement of coarse aggregate in highway concrete, especially for
non-structural applications and some pavements.

* Facilitate the use of CDW in transportation applications through a coordinated effort between
to establish source control and a market for the use of CDW.

e Conduct research to improve the performance of RCWMs identified as having comparable or
diminished performance to reduce risk and make them more cost-effective.

In closing, the use of RCWMs, provides an opportunity for the transportation construction industry
within Arizona to have an overall beneficial effect in terms of the environment, societal impacts, and
economic costs. However, with the inherent variability and reduced understanding that is introduced
with the inclusion and increased use of RCWMs, and the need to identify, mitigate and/or prevent
potential adverse effects as identified, a continued effort is needed to study and quantify the associated
benefits and costs so that the net benefit of using RCWMs can be better understood. In order to
capitalize on the use of RCWMs in the future, effort should be made now to ensure that their full
benefits are recognized and can be fully leveraged in future reconstruction projects.



CHAPTER 1. INTRODUCTION

Instead of being dumped or going to landfills, certain waste materials from industry and building
construction can be recycled into the construction of transportation infrastructure, specifically into
paving projects. Recycling waste materials into pavement benefits the environment and produces
economic savings over the pavement life cycle. This study focused on the broad consideration of waste
from construction and other industries for use as raw materials in Arizona transportation construction.

If fully implemented, the results of this study would help guide the Arizona Department of
Transportation (ADOT) in selecting those waste materials that are available and that show promise for
increased utilization in ADOT construction projects. This project considered materials that included
some common recycled materials currently used by ADOT in pavements (e.g. asphalt millings, tire
rubber), as well as less-commonly used waste materials, such as asphalt shingles and tar paper, refuse
concrete, masonry, and mine spoil. These materials have application in highway projects and are often
classified as recycled, co-product, and waste materials, or RCWMs (Van Dam et al. 2015):

e Recycled materials are those obtained from an old pavement or transportation structure that is
being demolished at the end of its life and are used back in the construction of a new pavement
or transportation structure; common recycled materials include: reclaimed asphalt pavement
(RAP) or recycled concrete aggregate (RCA). Depending on the regional market, these materials,
if not recycled, would end up in a landfill.

e Co-products are derived from other industrial or agricultural processes, yet add value to the
overall process. For pavement and other transportation applications, some common co-
products including slag cement and air-cooled iron blast furnace slag aggregate, both of which
result from the production of pig iron for steel making.

e Wastes are materials that normally would be sent to a landfill, for which the cost of transport
and processing is the only source of economic value. If the material has value beyond this, it is
no longer considered a waste, but instead a co-product. Recycled asphalt shingles (RAS) is an
example of a waste material as long as the economics stay consistent with the above
definition. The classification of fly ash or ground tire rubber (GTR) is more complex; in some
regional markets, these materials fit the definition of waste, whereas in other markets they have
value beyond the cost of transport and disposal and therefore would be classified as co-
products.

This study evaluated sources of RCWM that are available and provide a potential for use in the
construction of transportation structures in Arizona. Specific opportunities were identified and a
foundation laid for more detailed studies to examine specific applications. For this study, the following
RCWMs were considered:

e Reclaimed Asphalt Pavement (RAP) — In 2013, an estimated 67.8 million tons of RAP were
produced in the United States and almost all of them (over 99 percent) were recycled into
pavements (Hansen and Copeland 2014). RAP is universally accepted as a component in hot-mix
asphalt (HMA) and warm-mix asphalt (WMA) (generally referred to as asphalt mixtures), as well



as being used as base and subbase material and as surfacing in some low-volume traffic
applications. Efforts are focused on increasing the allowable limits for RAP in asphalt mixtures,
as RAP provides a reclaimed source of both binder and aggregate. This is a higher-value
application than using RAP simply as aggregate in base or subbase.

Recycled Asphalt Shingles (RAS) and Tar Paper — According to the NAHB Research Center (1998),
an estimated 7 to 10 million tons of asphalt roofing shingle tear-off waste and installation scrap,
along with another 0.75 to 1 million tons of manufacturing shingle scrap, are generated each
year in the United States, of which it is estimated that 1.6 million tons were beneficially used in
asphalt mixtures in 2013 (Hansen and Copeland 2014). In some markets, such as Chicago, the
use of RAS is commonplace (shingle Recycling 2016). The major benefit of RAS is that it has high
asphalt content (15 to 35 percent depending on type of shingle) and thus can effectively replace
virgin binder.

Ground Tire Rubber (GTR) — In 2013, approximately 233 million tires were discarded in the
United States, with roughly 96 percent being beneficially used (RMA 2014). Of these, almost 60
million were converted into GTR. GTR is used in asphalt mixtures, either as a substitute for fine
aggregate to create rubberized asphalt (dry process) or as an asphalt modifier in which 18 to 25
percent GTR is blended and chemically reacted with the asphalt binder to create asphalt-rubber
(known as a wet process). In some parts of the country, asphalt-rubber is commonly used in
HMA, pavement surface treatments, and various stress-absorbing pavement interlayers.
Recycled Concrete Aggregate (RCA) — According to the CDRA (2016), 140 million tons of concrete
are recycled in the United States each year, being derived from such sources as foundations,
curbs and gutters, highways, and airports. RCA is used in transportation applications as
aggregate for road base, soil stabilization, pipe bedding, and as aggregate in new concrete and
asphalt mixtures.

Construction and Demolition Waste (CDW) — Considerable waste is generated in the
construction of new buildings and demolition of existing buildings. This waste is often co-
mingled, producing a mix consisting of wood, brick, masonry, gypsum board, and other
materials, making it difficult to reuse. However, in many locales, active programs exist that
require this waste be separated on-site and transported and processed by certified construction
waste recyclers to ensure it is recycled. It is unclear how much of this type of waste is currently
being used for transportation applications.

Mine spoil — Non-hazardous mine spoil offers a potential source of aggregate for use in asphalt
mixtures, concrete, roadway base and subbase, or as non-structural fill. Its viability depends on
the properties of the mine spoil, its proximity to transportation, and its accessibility to markets.

This final report consists of five chapters. Chapter 2 presents a detailed literature review on the

utilization of RCWM in the construction of transportation infrastructure. As the amount of information

available on RCWMs is significant, the specific focus of the literature review was on the life-cycle

economic aspects of RCWM utilization, although environmental and societal aspects were also

considered.



Chapter 3 addresses the surveys that were conducted to ascertain the quantity of suitable RCWMs that
are available in Arizona and to what degree those materials are currently being used as construction
materials in ADOT and non-ADOT projects. The results of these surveys were used to establish levels of
current use, gauge availability, establish perceived barriers to increased use, and identify opportunities
for increasing use of RCWMs. This information was developed into the matrices used in the benefit-cost
analysis.

Chapter 4 describes the benefit-cost analysis that investigated the potential usability of the RCWMs in
various highway applications in Arizona. From this analysis, a number of opportunities were identified to
increase the use of RCWMs by ADOT, categorized as either being immediately implementable or having
a potential future after further study.

The final chapter, Chapter 5, summarizes the results of the study and provides recommendations
regarding future needs to support the continued use of RCWMs in Arizona.






CHAPTER 2. LITERATURE REVIEW

INTRODUCTION

This chapter provides a brief background regarding the following six RCWMs that are the focus of this
research:

e Reclaimed asphalt pavement (RAP)

e Recycled asphalt shingles (RAS)

e Ground tire rubber (GTR)

e Recycled concrete aggregate (RCA)

e Construction and demolition waste (CDW)
e Mine spoil

The approach taken in this review is to provide a brief summary of the national literature, a summary of
regional state/agency practices (with a focus on states within the region including California, Nevada,
Utah, Colorado, and Texas), and a review of ADOT’s past experience and current practice. The emphasis
is placed on the practical application of the materials in transportation infrastructure. Further, some
materials, such as GTR, are covered in greater detail than others, reflecting high regional use and
experience. Each section concludes by reviewing the challenges that exist in increasing the use of the
material in transportation infrastructure.

RECLAIMED ASPHALT PAVEMENT (RAP)
Review of National Practice

RAP is an important source of aggregate and asphalt binder that can be used in a variety of
transportation applications, from asphalt concrete and granular base/subbase, in embankments or as
fill, or as a surfacing for alleyways and pathways. In the last decade, the amount of RAP used in asphalt
concrete mixtures has increased significantly. For instance, in 2013, the amount of RAP used was 67.8
million tons, a 21 percent increase from 2009 (56 million tons). In the last few years (2011 to 2013), the
growth in the amount of RAP used has slowed reflecting a decrease in total HMA/WMA tonnage for the
industry, yet the average percent RAP used in mixes increased modestly over the same time period. Of
the RAP produced in the United States in 2013, almost all (over 99 percent) was recycled back into
pavements, and in 2012, the amount of RAP beneficially used exceeded the amount produced (Hansen
and Copeland 2014).

Recycling asphalt pavements became widespread in the United States during the 1973 oil embargo.
Since then, using RAP has not only been considered a beneficial strategy to reduce consumption of
virgin materials, but as a necessary strategy in asphalt concrete to reduce costs and support broader
sustainability goals. Over the last few decades, the equipment and procedures for processing RAP have
advanced significantly. Today, RAP is typically processed by cold-milling the existing asphalt pavement
surface, and then undergoing additional crushing and fractionation, with the fractionated RAP being
stockpiled into two or three size fractions for better control during production. Fractionated RAP,



combined with proper stockpiling management techniques, is less variable and thus can be used in
higher percentages in asphalt concrete without compromising quality. The higher quality RAP, combined
with asphalt plants that are more adept at handling higher quantities without detrimental effects
including those that use warm-mix asphalt (WMA) foaming technologies, has resulted in the ability to
consistently produce high-quality asphalt concrete containing 25 percent RAP or more.

A number of studies have been completed evaluating the performance and feasibility of high RAP
(beyond 25 percent) applications. In 2009, the National Center for Asphalt Technology (NCAT)
completed a study comparing virgin and recycled asphalt pavements using data from the Long-Term
Pavement Performance (LTPP) program (NCAT 2009). The data used were from the LTPP SPS-5 Strategic
Study of Rehabilitation of Asphalt Concrete Pavements, which compared thin (2-in thick) and thick (5-in
thick) overlays placed on milled and non-milled surfaces, with the asphalt concrete being made of 100
percent virgin material or with 30 percent RAP. The SPS-5 experimental design permitted direct
comparisons to be made for the unique combinations of surface preparation, overlay thicknesses, and
overlay material, without the confounding effects introduced by different in situ conditions. The study
determined that in most cases the same overall overlay performance was observed whether the asphalt
concrete was composed of 100 percent virgin material or with 30 percent RAP in the asphalt concrete.
In a separate analysis of data from Arizona’s own SPS-5 study located near Casa Grande, it was found
that performance was most greatly affected by overlay thickness with the use of a 5-in thick overlay
providing the best performance. This same analysis found that overlay performance was improved when
virgin materials were used compared to asphalt concrete containing 30 percent RAP, although the
relationship was not as strong as it was for overlay thickness. It is noted that these data represent test
sites constructed prior to the use of improved RAP processing, including fractionation, and the adoption
of WMA technologies in the United States.

One concern with using increased RAP content in asphalt concrete is the level of blending that occurs
between the aged residual binder in the RAP and the virgin asphalt binders added during mixing. The
two extremes in what could be occurring are as follows:

e The RAP is acting as a “black rock” in which the aged binder does not blend with the virgin
binder.

e The residual binder in the RAP blends completely with the virgin binder, creating a composite
binder.

If the RAP is acting as a “black rock” when it has been assumed that complete blending has occurred, the
added virgin binder will be too soft and insufficient binder will be present in the mixture. Conversely, if
the aged residual binder in the RAP is actually blending with the virgin binder when it is assumed that
the RAP is acting as “black rock,” the composite binder will be greater in volume and stiffer than
expected. In reality, the degree of blending that occurs between the aged residual binder in the RAP and
the virgin binder is somewhere between the two extremes. It has been determined that the effect of
RAP binder on the composite binder, and thus mix properties can become significant, and the grade of
the virgin binder added to the mixture often requires adjustment, especially as the percent RAP
increases (Al-Qadi et al. 2007). The current national guideline for determining the binder grade
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adjustment in asphalt concrete mixtures containing RAP has three levels depending on the RAP
percentage in the mixture by total weight of the mixture (AASHTO M 323). These recommendations are
summarized in Table 1.

Table 1. Binder Selection Guidelines for Mixtures Containing RAP (AASHTO M 323)

Recommend Virgin Binder Grade RAP Percentage
No change in binder Less Than 15
Select a binder one grade softer than standard (e.g., Select PG 15 to 25
58-28 if PG 64-22 is the original binder)
Follow recommendations from blending charts Greater than 25

Additional methods to address blending of the virgin and RAP aged residual binder have been
developed. These include a test protocol to estimate the low-temperature properties of the RAP aged
residual binder without extraction (Ma et al. 2010), as well as proposed approaches involving the
measurement of asphalt concrete dynamic modulus (Bonaquest 2005, Bennert and Dongre 2010). For
example, in the Southeast and mid-Atlantic regions researchers have proposed using the high-
temperature grade of the residual binder in 100 percent RAP and the high-temperature grade of virgin
binder as the model for 0 percent RAP to plot the high-temperature binder grade versus the RAP
content to estimate the effect of RAP on the asphalt concrete mixture stiffness. NAPA (2009)
recommends that in colder regions that the low-temperature binder grade also be checked when using
this method. NCHRP Report 752, which considers asphalt concrete mixtures with up to 55 percent RAP,
recommends the selection of the grade of virgin binder be based on the following (West et al. 2013):

= Knowledge of the true grade of the RAP binder.

e The high and low critical temperatures of the project.

e And one of the following additional specifications:
0 The approximate ratio of RAP binder divided by the total binder content.
0 The high and low critical temperatures for the available virgin binders.

States have also initiated and performed studies to improve the design methodologies and construction
specifications for high RAP content mixtures (high RAP content is defined as greater than 25 percent).
For example, the Texas Department of Transportation (TxDOT) conducted a study that initially
addressed the variability of RAP stockpiles within the state and determined that the materials were
consistent within individual stockpiles (Zhou et al. 2011). The study proposed a balanced mixture design
approach where the final asphalt content is selected after optimizing the mixture density, Hamburg
wheel tracking test (HWTT) results, and Overlay Test (OT) requirements. The authors of the study
recommend the use of the HWTT test to evaluate rutting/moisture resistance and OT to directly
measure cracking resistance of asphalt concrete mixtures containing RAP. Additionally a maximum
density requirement of 98 percent was included to avoid over-compaction and possible bleeding. The
final balanced asphalt content is selected after optimizing the HWTT, OT, and density results.
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The developed mixture design methodology was applied by TxDOT on two different field sites with
different climate, traffic levels, and construction (new versus rehabilitation). The study varied the RAP
percentage between 0, 20, and 35 percent. The performance observation of the RAP test sections
indicated that high RAP mixes (i.e., 35 percent) can have performance similar to or even exceeding that
of virgin mixtures as long as they are based on a mixture design methodology that incorporates
performance-related testing.

Researchers at the lllinois Center for Transportation (Al-Qadi et al. 2012) performed laboratory
experiments to characterize the performance of HMA with high amounts of RAP. The experimental
program was designed to determine the structural and durability characteristics of HMA with high RAP,
and to compare results to an HMA control without RAP. Two control HMAs and six RAP mixtures with
30, 40, and 50 percent RAP were developed using the Bailey method (Vavrik et al. 2002) of aggregate
packing. The performance of all the HMAs with RAP was determined using various performance tests,
including complex modulus, beam fatigue, fracture, wheel tracking, and moisture susceptibility. The
effect of softer binders on the performance of mixtures with RAP was also evaluated using two relatively
soft binders (PG 58-22 and PG 58-28). All properties were then compared with HMA made with virgin
material (control mixture). The results of the study showed that high RAP content HMAs outperformed
the control mixtures in most performance tests. The high RAP showed reduced rutting potential,
improved fatigue resistance, and resistance to moisture susceptibility. Additionally, mixtures made with
the softer PG 58-22 binder exhibited improved fatigue behavior. The study suggests that HMAs with
high RAP content (up to 50 percent) can be designed that possess the desired volumetrics and
performance criteria.

In a more recent study, Vargas-Nordcbeck and Timm (2013) performed laboratory and field evaluations
on various “sustainable” asphalt pavement sections constructed at NCAT’s facility in Opelika, Alabama to
characterize material properties and assess pavement performance. The mixtures evaluated were WMA,
with high RAP content and capped with a porous friction courses (PFC). The field operation applied a
total of 10 million ESALs to the closed loop track over a two year period. Based on observed field
performance, it was concluded that the high RAP and WMA-RAP mixtures (both containing 50 percent
RAP) had the least rutting and the smoothest profile as assessed by the International Roughness Index
(IRI). At the end of the research cycle, no cracking had been observed on any test section. An estimate of
predicted cycles to failure from beam fatigue tests determined that the high RAP mixture would have
slightly better performance than the control, and the WMA-RAP would carry close to six times the
expected cycles to failure than the control. Laboratory evaluation found high RAP mixtures to be stiffer
than the control, which would be expected to increase susceptibility to cracking but provide higher
rutting resistance. Also, high RAP mixtures were more resistant to moisture damage than the control
and WMA mixtures. The laboratory assessment also found that results from the Advanced Pavement
Analyzer (APA) and the flow number (FN) from the Asphalt Mixture Performance Tester (AMPT)
correlated poorly with field results, while the HWTT and properties of the extracted binder tests
appeared to be more predictive.
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State and Agency Practices

In addition to the national trend of increased RAP usage overall, Figure 1 shows that there is a trend
among states to permit a high percentages of RAP (25 percent or greater replacement) in mixtures used
in one or more asphalt concrete pavement layers (Copeland 2011). Yet, Figure 2 illustrates that fewer
than half the states actually use more that 20 percent RAP in asphalt concrete pavement layers,
although quite a few have experimented with or routinely use high RAP mixtures (Figure 3) (Copeland
2011). Figure 4, from a more recent report, shows the estimated percent RAP usage by state in 2013
(Hansen and Copeland 2014).
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Figure 1. States that Permit High RAP (25 Percent RAP or Greater) Content in Asphalt Concrete Layers
(Copeland 2011)
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Figure 2. States Using More Than 20 Percent RAP in Asphalt Concrete (Copeland 2011)
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Figure 3. States that Use, Have Experimented With, or Routinely Use High RAP (25 Percent RAP or
Greater) Asphalt Concrete Mixtures (Copeland 2011)
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Regional State-of-the-Practice

As seen in Figure 1, regional states (California, Colorado, New Mexico, Texas, and Utah) vary in whether
they use high RAP contents in their asphalt concrete; only Utah permits it in all layers and California and
Nevada restrict its use to the base layer. Arizona has specification limits similar to Texas, New Mexico,
and Colorado, allowing high RAP content in the base and intermediate layers, but not in the surface.
Below are summaries of the regional state specifications with regards to RAP use.

California. The California Department of Transportation (Caltrans) allows up to 25 percent RAP
in all layers, and up to 40 percent for Type A hot-mix in layers 0.2 feet below the surface, but the RAP
must be fractionated if substitution is greater than 15 percent as specified in Section 39, Asphalt
Concrete (Caltrans 2015).

Colorado. The Colorado Department of Transportation (CDOT) permits that up to 23 percent of
the effective binder can be recovered from RAP for all lifts provided all other specifications for asphalt
concrete are met. If the binder content of the RAP is the same as that of the new mixture, this
effectively limits the RAP content to 23 percent. CDOT’s RAP specification for asphalt concrete is
entitled, Revision of Section 401 — Reclaimed Asphalt Pavement (CDOT 2013A).
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CDOT also has a specification for RAP being used as an aggregate base, in which 100 percent of the RAP
can be recycled. That specification is Revision of Sections 304 and 703 — Aggregate Base Course (RAP)
(CDOT 2013b).

Nevada. The Nevada Department of Transportation (NDOT) allows the use of RAP under Section
404 - Cold Recycled Bituminous Surface and Premixed Bituminous Paving Material in their standard
specifications (NDOT 2014). RAP is not mentioned specifically for use in paving mixtures but it is known
that a maximum RAP content of 15 percent is allowed on most projects.

New Mexico. The New Mexico Department of Transportation (NMDOT) introduced new
specifications in 2014. The specifications for Section 423: Hot Mix Asphalt — Superpave and Section 424:
Warm Mix Asphalt state that a maximum of 15 percent RAP can be used without changing the asphalt
binder. For RAP quantities greater than 15 percent to 25 percent, the asphalt binder’s high and low
temperature grades should be lowered by one grade (e.g., lower a PG 76-22 to a PG 70-28).
Alternatively, the aged residual binder can be extracted, recovered, and combined with a virgin asphalt
binder per AASHTO M 323, Appendix A, to ensure the resultant binder meets the required Project PG
asphalt binder properties. For RAP quantities greater than 25 percent to 35 percent, the aged residual
binder must be extracted, recovered, and combined with a virgin asphalt binder per AASHTO M 323,
Appendix A. Testing is then conducted on the resulting binder to ensure that it meets the required
Project PG asphalt binder properties. The maximum allowable RAP content is 35 percent (NMDOT 2014).

Texas. TxDOT permits no more than 10 percent unfractionated RAP for dense-graded surface
asphalt concrete mixtures as cited in the TxDOT /tem 340 — Dense-Graded Hot-Mix Asphalt (Small
Quantity) and Item 341 — Dense-Graded Hot-Mix Asphalt (TxDOT 2014). If fractionated, the maximum
allowable RAP increase to 20 percent for surface, 30 percent for intermediate, and 40 percent for base
layers. Up to 5 percent of the RAP can be replaced with RAS (TxDOT 2014).

TxDOT permits up to 20 percent unfractionated RAP and up to 30 percent fractionated RAP in plant-
mixed base or foundation mixtures as found in Iltem 292 Asphalt Treatment (Plant-Mixed) (TxDOT 2014).

Up to 20 percent RAP is allowed in Item 247 Flexible Base. Item 346 Stone-Matrix Asphalt allows up to
15 percent fractionated RAP in the surface and 20 percent fractionated RAP in non-surface layers
(TxDOT 2014).

Utah. According to UDOT, RAP can be used up to 15 percent without requiring adjustment to
the asphalt binder. If the RAP content is between 15 to 25 percent, the asphalt binder grade must be
adjusted according to AASHTO M 323 by selecting one grade softer than the grade specified. Test
reports must be provided that indicate that the PG grade and quantity of the recovered asphalt binder is
consistent throughout the stockpile. The limit on RAP is 25 percent of the total weight of the hot mix
and RAP binder to 25 percent of the total binder. The UDOT specifications can be found in Section 02741
— Hot-Mix Asphalt (HMA) (UDOT 2012).

As illustrated in Figure 2, the implementation of high RAP contents allowed in state specifications is not
always reflected in practice (based on 2011 data). Only Texas used more than 20 percent RAP in all
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layers and only New Mexico had this level of utilization in base and intermediate layers. California and
Nevada managed to use more than 20 percent RAP in their base layers, but Arizona, Utah, and Colorado
do not use more than 20 percent RAP in any asphalt concrete pavement layer even though, according to
the survey, high RAP contents were permitted. Figure 4, which presents data from 2013, shows that
although there has been a significant increase in the number of states averaging more than 20 percent
RAP in asphalt concrete (from 9 states in 2009 to 25 states in 2013), of the regional states of interest,
Arizona has one of the lower RAP utilization rates at 16 percent (Hansen and Copeland 2014).

Use of RAP in Arizona

According to Figures 1 through 3, ADOT allows high RAP content (25 percent or above) mixtures in base
and intermediate layers but in practice does not exceed 20 percent RAP in any layer. Also, ADOT has
conducted only limited experimentation with using high RAP mixtures, although in 2016, ADOT will be
constructing some high RAP test sections with up to 30 percent RAP and warm-mix technology (McCarty
2015). These ADOT usage values were developed from data from 2010, and reflect the asphalt mixtures
described in ADOT’s Standard Specifications for Road and Bridge Construction 2008 (ADOT 2008).

Sections 416 and 417 in these specifications are for asphalt concrete. Although the words “RAP,”
“recycled,” or “reclaimed” do not appear in these specification sections, these terms appear in ADOT
2008 Stored Specifications (416 ACES & 417 SHRP). These stored specifications modify the 2008 ADOT
Standard Specifications (Section 416 and Section 417) to include RAP material in regular mix, and also,
introduce WMA technology.

During bidding, the contractor is provided these stored specifications as part of “Special Provisions”
along with the “Project Plans.” These stored specifications are available to be downloaded (ADOT
2016a). The following modifications are provided in these ADOT 2008 Stored Specifications that are of
relevance to this project:

e Section 416 ACES (07/16/13) — Asphaltic Concrete — End Product: This document allows up to a
maximum of 25 percent RAP in asphalt concrete mixtures used in a pavement layer placed a
minimum of 2 inches below the finished surface. A maximum of 20 percent RAP is allowed in
surface mixtures.

e Section 417 SHRP (7/16/13) — Asphaltic Concrete (End Product) SHRP Volumetric Mix: This
document allows up to a maximum of 25 percent RAP in asphalt concrete mixtures used in a
pavement layer placed a minimum of 2 inches below the finished surface. A maximum of 20
percent RAP is allowed in surface mixtures.

e Section 416d (09/13/13) — Asphaltic Concrete — End Product (Base Mix)(PCCP Base). This
modification is directed specifically at plant mixed asphalt mixtures for use as a base.

In each of these modifications, the following statement is made:

Reclaimed asphalt pavement (RAP), as defined in Subsection 416-3.04, may be used in
the mixture provided all requirements of the specifications are met; however, RAP will
not be allowed in the mixture when asphalt cement type PG 76-22 TR+ or PG 70-22 TR+
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is specified in Subsection 416-3.03(B). References to the use of RAP in this section apply
only if RAP is utilized as part of the mixture. ADOT Materials Policy and Procedure
Directive No. 20, “Guidance on the Use of Reclaimed Asphalt Pavement (RAP) in
Asphaltic Concrete”, shall be used in conjunction with the requirements of the
specifications.

The ADOT Materials Policy and Procedure Directive No. 20 (PP&D No. 20) is dated April 19, 2013, and
states that RAP may be used in asphalt concrete as long as it is allowed in the specification (ADOT 2010).
This suggests that, contrary to Item 416 in the 2008 specification, RAP was being used in some projects
and that this document was being issued to provide guidance for its use.

PP&D No. 20 stipulates that if less than or equal to 15 percent RAP is used, it must pass through the 1-
1/4 inch sieve, whereas if greater than 15 percent RAP is used, it must be fractionated into uniform
coarse and fine stockpiles meeting gradation requirements of the specifications. Further, if less than or
equal to 15 percent RAP binder is used by total binder in the mixture, no testing is required on the RAP
binder properties. However, when more than 15 percent RAP binder is used, the binder must be
extracted, recovered, and tested; then depending on the results, the grade of the virgin binder may
need to be different than what was specified in the bid documents.

In addition, the following is provided in ADOT 2008 Stored Specifications (303SALV, 9/07/11) that is
relevant to RAP for this project:

e Aggregate subbase and aggregate base material may be comprised in part of salvaged asphaltic
concrete, as approved by the Engineer.

e A maximum of 50 percent salvaged material will be allowed. The 50 percent maximum shall
include all salvaged materials, including any underlying base material recovered during full-
depth reclamation.

e Alayer of virgin aggregate must be placed immediately above the prepared underlying subgrade
and beneath the layer containing salvaged material.

Challenges to Increasing the Use of RAP

According to Copeland (2011), average RAP use as a percentage of total mixture is estimated at only 12
percent in the United States and less than half of State DOTs use more than 20 percent RAP even though
their specifications allow for significantly higher RAP contents. The barriers commonly cited by State
DOTs for not using more RAP include (Copeland 2011):

e Quality concerns.

= RAP consistency.

e Grade of resultant binder and degree of blending.

e Mix design procedures.

e Volumetric requirements.

= Durability and cracking performance due to binder stiffening.
e Use with polymers (or tire rubber).
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Contractors cite their own barriers to greater RAP usage which include (Copeland 2011):

= State DOT specifications.

e Control of RAP.

e Dust and moisture content.

e Increased quality control (QC).

It is interesting to note that specifications are considered a barrier by contractors even though it is
recognized that “specifications” often permit the use of high RAP content. This is because most
specifications require additional binder and mixture testing and increased material handling during
construction if more than 15 percent RAP is used. AASHTO M 323, for example, provides the
recommendations provided in Table 1. This de facto barrier is necessary as the risk of failure increases as
RAP content increases, but it is a disincentive to contractors to pursue the use of high RAP mixtures if
the burden for testing and stockpile management increases significantly (as would occur if the
development of a binder blending chart is required as presented in Table 1).

The variability of RAP is another barrier. As a reclaimed material, the RAP not only possesses the
variability inherent in the original pavement but also that associated with the processing, handling, and
stockpiling of the material. The in-situ variability is compounded by the fact that asphalt pavements are
composed of multiple lifts that may have been placed at various times with varying materials. A single
milling may reclaim three or more lifts, each of which has very different properties, and as lift thickness
varies over a project, so will the variability in the RAP. Further, although processing and stockpiling of
RAP on large projects can be done in a relatively uniform fashion, for smaller projects this is much more
difficult as multiple sources of RAP might be co-mingled.

Uncertainty also exists associated with the use of RAP containing polymer- or rubber-modified asphalt
or the effect RAP might have on the properties of polymer-modified virgin asphalt. Either way, this
uncertainty increases as RAP content increases, and thus additional guidance is needed on how best to
address the effects of polymer- and rubber-modified binders on the use of RAP in new asphalt concrete.

One of the biggest barriers to the use of high RAP mixtures is past experience, especially when that
experience has been bad. It is not uncommon to find state DOT personnel or contractors that may have
had a bad experience in using RAP, especially high content RAP, and this experience diminishes their
desire to try it again. But the industry’s understanding of RAP processing and behavior have advanced
considerably over the last decade, and this requires training and outreach to communicate to potential
users, along with well-designed demonstration projects.

It has been reported that an additional barrier restricting the use of high RAP mixtures by ADOT is
caused by insufficient funding for highway construction and as a result, pavements that might otherwise
be reconstructed (thereby allowing for high RAP mixtures to be used in base and intermediate mixtures)
are only milled to a depth of a few inches and overlaid with a single lift of AC (within 2 inches of the final
riding surface) for which, specifications do not permit the use of high RAP mixtures.
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Concluding Remarks on RAP Usage

RAP has been used in asphalt concrete mixtures since the early 1970s and has become an established
material for most DOTs. High RAP (25 percent or greater replacement) mixtures are of great interest to
the industry as they offer the replacement of significant amounts of virgin binder and aggregate,
resulting in significant cost savings and the potential for increased sustainability. Yet it is recognized that
the risk of failure increases as RAP content increases, and thus even though most State DOT
specifications allow for relatively high RAP contents, the average RAP usage as a percentage of total
asphalt concrete mixture in the United States remains below 15 percent.

Keys to increasing RAP utilization is training to better understand how to successfully incorporate higher
levels of RAP into asphalt mixtures, improved quality control throughout the mixture design and
construction processes, training and outreach, and the incorporation of incentives to encourage
contractors to increase RAP utilization.

RECYCLED ASPHALT SHINGLES (RAS)
Review of National Practice

The use of reclaimed asphalt shingles (RAS) from both manufacturers’ waste (pre-consumer) and tear-
off post-consumer waste is on the rise nationwide. From 2009 to 2013, the use of both pre- and post-
consumer asphalt shingles in asphalt mixtures increased 135 percent, to a level of nearly 1.6 million tons
in 2013 (Hansen and Copeland 2014). It is estimated that the 1.67 million tons of RAS utilized resulted in
approximately 320,000 tons (1.7 million barrels) of virgin asphalt binder being conserved. The estimated
savings (at $600 per ton for asphalt binder) is $192 million.

A diagram of the RAS production stream is shown in Figure 5 (IDOT 2013), whereas post-consumer
shingles and processed RAS are shown in Figure 6 (ARSR 2012).

As is true with RAP, the use of RAS reduces the amount of materials going to landfill while reducing the
amount of virgin binder used in new asphalt concrete mixtures. On average, RAS contains about 20
percent asphalt binder by weight compared with about 5 percent for RAP, along with aggregates,
mineral filler, and fibers. There are two sources of shingles used in RAS, manufacturer’s salvaged (pre-
consumer) shingles and tear-off (post-consumer) shingles. Pre-consumer shingles are either those
rejected by the manufacturer as being unsuitable for sale due to imperfections or are from the tabs
punched out of the three-tab shingle. Post-consumer shingles are obtained from roof tear-offs. One
potential problem with post-consumer shingles is that asbestos fiber was used by some shingle
manufacturers into the 1980s, and thus sources must be screened to ensure asbestos is not present.
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RECLAIMED ASPHALT SHINGLES PROCESS
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Figure 6. Unprocessed Post-Consumer Shingles (Left) and Processed RAS (Right) (ARSR 2012)

To create RAS, the shingles are shredded to a maximum size of 0.25 inch and sorted for use. Shingles
obtained post-consumer as part of a roof tear off require additional processing to remove nails and
other impurities. Typical use is limited to about 5 percent RAS by weight of the total mixture because of
potential for variability, the higher stiffness of roofing asphalt compared to asphalt used for pavements,
and the limited degree to which RAS blends with virgin and residual RAP asphalt. But because of its high
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binder content, even at such low replacement levels, a significant reduction in virgin asphalt binder can
be obtained.

A number of high profile projects have been constructed with asphalt concrete mixtures containing both
RAS and RAP, including an overlay of Michigan Avenue in Chicago (lllinois Interchange 2012). RAS/RAP
mixtures are also being used by the lllinois Tollway to lower costs and reduce the environmental impacts
of pavement materials (lllinois Tollway 2014). The EPA (2013a) recently performed a limited
environmental life cycle inventory (LCI) and life cycle assessment (LCA) on the use of RAS, evaluating
only GHG emissions, and concluded that there are environmental benefits to the use of RAS in asphalt
production for use in asphalt concrete, and that the addition of RAS to pavement mixtures containing
RAP helps further increase environmental reductions relative to the baseline of using virgin asphalt.

State and Agency Practices

Figure 7 presents the states where asphalt concrete plant-mix producers reported using RAS in 2009
through 2013 (Hansen and Copeland 2014). It is noted that a big swath of rocky mountain and
southwest states report no use of RAS, whereas the majority of the states reported RAS usage.

Reported Using RAS

I A5 Use Reported
I No RAS Use Reported
No Companies Reporting

-

Figure 7. States with Companies/Branches Reporting RAS Usage (Hansen and Copeland 2014)

Some states in the Great Lakes region have been using RAS in asphalt concrete mixtures since 2009. For
example, the lllinois DOT (IDOT) has been using RAS in asphalt mixtures since 2010. In January 2012,
[llinois Public Act 097-0314 became effective. It targeted the use of RAS as a material that had the
potential to promote environmental stewardship while reducing project costs (IDOT 2013). IDOT reports
that the use of RAS is rapidly increasing. Although the early performance of pavements constructed with
RAS has been satisfactory, concerns remain regarding the long-term performance. IDOT, which allows
up to 5 percent RAS by weight of total mix, uses a special provision to include RAS in asphalt concrete
mixtures. The intent is to include RAS in the Standard Specifications for Road and Bridge Construction
once the special provision becomes “stable” (IDOT 2013).
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In August 2013, the Institute for Transportation at lowa State University produced the findings of a
pooled fund study, a collaboration of seven state transportation agencies in the United States with the
goal of researching the effects of RAS on the performance of asphalt applications (Williams et al. 2013).
The study focused on evaluating different factors affecting asphalt mixtures containing RAS in both
laboratory and field demonstrations, and included:

e Utilizing WMA technology with RAS.

e Replacing RAP with RAS in HMA.

= Replacing fibers and virgin asphalt with RAS in HMA.

e Using various RAS grind sizes and modified asphalt binder.
e Using different RAS percentages.

e Comparing post-manufactured to post-consumer RAS.

Observations showed that RAS pavements can be successfully produced to meet state agency asphalt
mixture quality requirements for asphalt content, gradation, and volumetrics. Flow number and
dynamic modulus results from the mixtures studied show that using RAS, or a combination of RAS and
RAP in HMA, improves rutting resistance; pavement condition surveys performed on field pavements
confirmed the high rutting resistance of the mixtures as there was no measureable amount of wheel
path deformation. Four-point bending beam laboratory results concluded that HMA with RAS should
perform as well as HMA without RAS with respect to fatigue performance. Semi-circular bend test
results provided evidence that the addition of RAS materials to HMA is not detrimental to its fracture
resistance. Field pavement condition surveys observed differing cracking performance results between
the state sites. However the differences in cracking between RAS pavements and non-RAS pavements
were slight in all cases.

Regional State-of-the-Practice

As is seen in Figure 7, states within the region have little reported experience with the use of RAS, with
Arizona, New Mexico, and Utah reporting that RAS has never been used, Nevada indicating that RAS was
used in 2010, but not in 2012. Colorado, on the other hand has used RAS since 2009 and California
began using RAS in 2010.

California. Caltrans has recently finalizing standard specifications for use of RAS in HMA. This
specification includes consideration of the impacts both from the shingle provided aggregate and
binder. With regards to the aggregate, it is required that shingle asphalt binder be extracted in
accordance with AASHTO TP 2, the shingle fiber removed, and the aggregate gradation determined in
accordance with AASHTO T 30. The shingle aggregate is then considered as part of the overall aggregate
gradation that must meet required specifications.

For the binder, if the total available shingle asphalt binder content, expressed as a fraction or
percentage of the new hot mix asphalt content, is greater than 0.75 percent, the virgin asphalt binder
and shingle binder combination shall be further evaluated to ensure that the performance grade of the
final blended binder complies with the performance grade requirements of the specifying jurisdiction.
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The specification detailing the procedure is the Standard Specification for Use of Recycled Asphalt
Shingle as an Additive in Hot Mix Asphalt (Caltrans 2016a).

In addition, the Standard Recommended Practice for Design Considerations when using Recycled Asphalt
Shingles in New Hot Mix Asphalt are also available (Caltrans 2016b).

Colorado. CDOT permits up to 5 percent of the total weight of the mix can be from RAS in HMA,
provided all specifications for HMA are met. Only RAS as defined by AASHTO MP 15 is allowed. The total
binder replaced by the binder in RAS, or RAP cannot exceed 30 percent of the effective binder content
of either the mix design or produced mix. CDOT’s RAS specification are entitled, Revision of Section 401
— Reclaimed Asphalt Shingles (CDOT 2012).

Texas. TxDOT permits up to 3.0 percent of the weight of the total mixture can be from RAS in
mixtures meeting Item 292 — Asphalt Treatment (Plant-Mixed) dense-graded HMA; additionally 100
percent of the particles must pass the 3/8 inch sieve (TxDOT 2014). TxDOT Item 340 — Dense-Graded
Hot-Mix Asphalt (Small Quantities) and Item 341 — Dense-Graded Hot-Mix Asphalt both allow for up to 5
percent replacement with RAS, either alone or in combination with RAP (TxDOT 2014).

Use of RAS in Arizona

Currently, ADOT has no standard specification allowing the use of RAS in asphalt concrete mixtures in
any layer, nor has the department experimented with the use of RAS mixtures. ADOT’s Standard
Specifications for Road and Bridge Construction 2008 (ADOT 2008) only notes the use of roofing paper,
which is not RAS or shingle-related, and only twice:

e Section 501 — Pipe Culvert and Storm Drains — Slotted Pipe: This section states that prior to
backfilling and paving operations the slot shall be covered to prevent infiltration of material into
the pipe. Roofing paper, among other materials, may be used and the coverings shall be
removed when the paving operations have been completed.

e Section 708 — Permanent Pavement Marking — Road Service Rating: This section states that
roofing paper is allowed to aid in obtaining the correct film thickness of test stripes of paint
applied transversely across the road.

The ADOT Construction Manual, Chapter 4 (ADOT 2016b) states that roofing paper may be used in
placing asphalt concrete transverse joints whenever paving is stopped for long periods.

Challenges to Increasing the Use of RAS

From Figure 7, it appears that 13 states have never reported the use of RAS. Yet according to NAPA, the
number of states where plant-mix producers reported using RAS has increased from 22 in 2009 to 38 in
2013, with more than 130,000 tons of RAS used (Hansen and Copeland 2014). Although RAS use is
increasing, there are still barriers to overcome including (Bauman 2005):
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e Performance of post-consumer material (elasticity diminishes with time).
e Complexity of the material (differing asphalt, stone dust, backing, and adhesives).
= Predictability and availability of supply feedstock.

Additional barriers cited by contractors and State DOTs include (Stroup-Gardiner and Wattenberg-
Komas 2013):

e Lack of documented performance.

e Lack of material specifications.

= lLack of agency experience, particularly with RAS obtained from tear-offs.
e Asbestos and additional testing when using RAS from tear-offs.

e Increased testing for QC programs.

Specifications are considered one barrier, even though it is recognized that “specifications” often permit
the use of RAS. This is because most specifications require additional binder and mixture testing and
increased material handling during construction if RAS is used.

The variability of RAS is another barrier. As a reclaimed material, the RAS not only possesses the
variability inherent in the original product but also that associated with the handling and stockpiling of
the material. The stockpiling variability is compounded by the fact that shredded roofing shingle
material can agglomerate (Button et al. 1996). High temperatures and the stickier manufacturing waste
shingles can magnify this issue. This necessitates reprocessing and rescreening prior to introduction into
the asphalt concrete plant. To mitigate this problem, processed RAS may be blended with a small
amount of less adhesive carrier material, such as sand or RAP, to prevent the RAS particles from
clumping together.

The fact that RAS obtained from post-consumer shingles may contain asbestos is also a barrier. Due to
liability concerns, manufacturers are reluctant to divulge previous use of asbestos in production and
thus regional distribution of RAS from older shingles cannot be established (NAHB 1998). As a result,
asphalt shingle recycling facilities are required to meet NESHAP and Occupational Safety and Health Act
(OSHA) requirements (Williams et al. 2013). NESHAP requirements state that asbestos-containing
roofing materials may not be ground up for recycling and defines asbestos containing material (ACM) as
any material containing more than 1 percent asbestos as determined using polarized light microscopy.
To ensure that delivered loads of post-consumer shingle scrap do not contain asbestos, many state
agencies require the owner of the recycling facility to follow a specified sampling and testing plan.
Samples are required to be obtained and tested for ACM using the polarized light method by an
accredited laboratory. Typical sampling and testing frequencies require a sample to be obtained every
50 to 100 tons. In the event that a sample is found to contain greater than 1 percent ACM, the pile is
required to be stockpiled separately and disposed of in accordance with state environmental
regulations.

And in Arizona, although asphalt shingles exist (particularly in alpine areas), the majority of RAS that
could be made available would be post-consumer and consist of a highly oxidized binder. Additionally,
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industry within Arizona has not formerly opened a dialogue with ADOT to inquire as to the possibility of
using post-consumer RAS for highway construction (McCarty 2015).

Concluding Remarks Regarding RAS Usage

RAS usage is on the rise in asphalt concrete mixtures. As seen in Figure 7, RAS availability and
subsequent use is lower in the rocky mountain and southwest regions of the United States compared to
the Great Lakes region, however post-consumer recycling can provide these states with quality RAS for
use in asphalt mixtures if adequate supplies exist. Yet it is recognized that the risk of negative impacts
on asphalt concrete mixture performance increases as RAS content increases, and thus even though
most State DOT specifications allow for 5 to 7 percent RAS content, the amount of RAS used is
significantly lower. In addition, long-term performance of pavements made with mixtures containing
RAS is not available.

Keys to increasing RAS utilization is training to better understand how to successfully incorporate RAS
into asphalt mixtures, improved quality control throughout the mixture design and construction
processes, and the incorporation of incentives to encourage contractors to increase RAS utilization.
Similarly, incentivizing RAS recycling facilities to produce quality RAS material will increase supply.
Additionally, if transportation agencies receive more consistent and appropriate levels of funding for
transportation infrastructure, it is likely that full-depth reconstruction will become more common due to
the increased expense of performing frequent surface repairs and overlay operations to address
deficiencies caused by failures in underlying asphalt courses and/or poor subgrade. This will provide an
opportunity to increase the use of high RAP mixtures in base and intermediate pavement layers as
opposed to surface repairs and overlays of only the uppermost layer of pavement where specifications
often prohibit the use of high RAP mixtures.

GROUND TIRE RUBBER (GTR)
Review of National Practice

There are 280 million tires discarded each year by American motorists, approximately one tire for every
person in the United States (RMRC 2008). The three largest scrap tire markets are tire derived fuel, civil
engineering applications, and ground rubber applications/rubberized asphalt (EPA 2013b). For highway
uses, the FHWA (2012) lists embankment construction, aggregate substitute, asphalt modifier, and
retaining walls as applications of scrap tires.

For construction of embankments, shredded or chipped tires have been used as a lightweight fill
material. However embankments have been known to have spontaneous combustion issues, which have
led to ASTM standards. Ground rubber has been used as a fine aggregate substitute in asphalt
pavements. Crumb rubber can be used to modify the asphalt binder in a process in which the rubber is
blended with asphalt binder. The modified binder is commonly referred to as asphalt-rubber. Lastly,
although not a direct highway application, whole tires have been used to construct retaining walls. They
have also been used to stabilize roadside shoulder areas and to provide channel slope protection.
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One of the largest applications of scrap tires is the ground rubber applications and rubberized asphalt,
and from this application comes the use of crumb rubber in asphalt products. There are different
methodologies of incorporating crumb rubber into paving mixtures for paving applications. In the dry
process, crumb rubber is added to the aggregate prior to mixing with asphalt binder, whereas in the wet
process, the crumb rubber is added to the asphalt binder prior to mixing with aggregate. While this may
seem like a minor distinction, the process chosen greatly affects the interaction between the rubber and
asphalt, and has a significant effect on the properties of the final product. Due to construction and
performance issues, the dry process is rarely used any more, and thus, the focus is on the wet-process.

There are currently two distinct forms of wet-process crumb rubber-modified asphalt used in paving
applications in the United States. It is noted that in the literature different authors have used different
terminology for these two forms.

* Field Blend is also known as “Wet-Process, High Viscosity” and “Asphalt-Rubber.” This material
is typically manufactured by blending asphalt binder and crumb rubber at the asphalt concrete
plant (hence the term “Field Blend”). While chemical interactions occur between the crumb
rubber and asphalt binder, the material remains a mixture of discrete crumb rubber particles in
an asphalt matrix that must be continually agitated to prevent separation. This material has
significantly higher viscosity than typical paving asphalts (hence the term “High Viscosity”), and
cannot be graded using conventional procedures such as the performance grade (PG) grading
system, although there is ongoing work on developing a grading system for field blend
materials. When the term “asphalt-rubber” is used without further clarification, generally it is in
reference to field blend materials.

e Terminal Blend is also known as “Wet-Process, No Agitation.” This material is typically
manufactured by blending asphalt binder and crumb rubber at the refinery or distribution
terminal (hence the term “Terminal Blend”), and is usually delivered to the hot-mix plant in a
blended state similar to that of conventional and polymer modified binders. This process uses a
more finely-ground crumb rubber than field blend, and there is longer and more thorough
mixing, yielding a material with more continuous and homogeneous properties that does not
require agitation to prevent separation. This material has a lower viscosity than field blend, and
is graded using the PG grading system.

In general, terminal blend binders are similar to conventional and polymer-modified asphalt binders.
This means that the mix design methods, specifications, and construction procedures used for
conventional asphalt materials can largely be applied to terminal blend asphalt rubber materials. Supply
of terminal blend products in a given area depends on the asphalt producers that serve that area and on
their perception of market demand. Depending on the market, terminal blend asphalts are available in
the form of paving grade asphalts, emulsions, and cutbacks (liquid asphalts).

As previously described, field blend binders are produced by mixing conventional asphalt and crumb
rubber at or near the job site. Field blend binders have significantly higher viscosity than conventional
asphalt binders and thus mixture design methods, specifications, and construction procedures are
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different than for conventional asphalt materials. Field blend binders can be used with hot- and warm-
mix asphalt concrete, and hot chip seals, but not with cold mixes, conventional chip seals or slurry seals.
The availability of field blend binder is determined by the availability of the specialized mixing
equipment at the asphalt concrete plant, but is not dependent on the local asphalt producers.

It is commonly believed that the high viscosity of field blend binders allows higher binder contents to be
used without undue risk of rutting, bleeding, drain-down (in the case of gap graded or open graded
mixes) or runoff (in the case of chip seals). This higher binder content is generally considered to increase
resistance to cracking. The higher viscosity also decreases the compactability of field blend materials,
requiring either higher than normal placement and compaction temperatures or the use of a warm mix
additive. Similarly, the higher viscosity requires higher-than-normal application temperatures for hot-
applied chip seals.

For pavement applications, rubber-modified asphalt can be used in the production of asphalt concrete,
chip seals, and slurry seals/microsurfacing as described below.

Asphalt Concrete
There are three forms of asphalt concrete used with wet-process crumb rubber modified binders.

e Dense-graded mixtures are the most common form of asphalt concrete, and are usually what is
meant by the terms “asphalt concrete” (AC) or “hot-mix asphalt” (HMA) unless further
clarification is included. Dense-graded mixtures cannot be produced with field blended binders,
but are producible with terminal blended binders.

= Gap-graded mixtures have been specifically developed for use with field blended binders, and
are the most common form of crumb rubber modified (CRM) mixes used in many locales
including California (Caltrans 2006). Compared to dense-graded mixtures, gap-graded mixtures
have reduced quantities of aggregate in the intermediate size ranges to provide space for the
undigested crumb rubber particles that are present in the field blended binders. Gap-graded
mixtures are moderately permeable to water.

e Open-graded mixtures are used both with and without CRM binders. Compared to dense-
graded mixtures, open-graded mixtures have reduced quantities of aggregate in the
intermediate and fine size ranges. Further, open-graded mixtures are typically considered to
have no structural contribution to a pavement system. Instead, they are typically used to reduce
splash and spray, improve skid resistance, and reduce noise generated through tire-pavement
interaction on high-volume and high-speed roads such as limited access highways. A more
generic term for open-graded mixtures, with or without asphalt-rubber binder, is “open-graded
friction course” (OGFC).

Figure 8 shows a typical 0.45 gradation plot (for 0.5 inch maximum aggregate size mixtures) with target
value ranges for these materials (Caltrans 2010). The dense-graded mixture closely follows the
maximum density line, whereas both the gap-graded and open-graded mixtures dip below the
maximum density line.
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Chip Seals

A chip seal consists of asphalt binder sprayed on a pavement surface and covered by a thin, embedded
layer of aggregate. Chip seals are most commonly used for preventive and routine maintenance of an
existing pavement surface, but can be placed directly over an unsealed surface, such as aggregate base.
Chip seals, especially those using a CRM binder, are also used as a stress-absorbing membrane interlayer
(SAMI) between an existing pavement and an overlay to retard crack reflection.
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Figure 8. Typical Dense-Graded, Gap-Graded, and Open-Graded Asphalt Concrete Mixture Gradations
(Caltrans 2010)

The binder in a chip seal may be an emulsion, cutback or hot-applied asphalt binder, with emulsions
being the most common for conventional chip seals. Aggregates are typically a nearly one-size material
and the gradation plots as a steep line on a 0.45 power plot. Figure 9 shows the gradations for a typical
%-inch maximum aggregate size hot-applied CRM chip seal and a conventional emulsion chip seals
(Caltrans 2010). The emulsion chips are slightly finer and more well-graded.

When used with an emulsion, aggregates are typically applied damp and uncoated. In contrast, when
used with a hot-applied binder, the aggregates must be dry and are usually pre-heated and pre-coated
with asphalt. Hot, pre-coated chips are produced in an asphalt concrete plant.

Typical binder application temperatures for field-blend asphalt-rubber chip seals are approximately 400
°F. Chips are pre-heated to approximately 300 °F, and are pre-coated with asphalt (Caltrans 2006).
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Binder application rate is substantially higher for field-blend chip seals than with conventional emulsion
chip seals, typically 0.5 to 0.7 gallons per square yard for the former, and 0.15 to 0.4 gallons per square
yard for the latter. Note that as a significant portion (typically 40 percent) of an asphalt emulsion is
water, thus the effective application rate of binder is even lower.
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Figure 9. Gradation curves for ¥:-inch chip gradations (Caltrans 2010)

Terminal blend asphalt-rubber binders have been used with both emulsion and hot-applied chip seals.
Hot-applied terminal blend asphalt-rubber chip seal practices are similar to those for field blended
binders, although temperatures and application rates are slightly less. Construction practices for
emulsified terminal blend binders are similar to conventional emulsion chip seals.

Slurry Seals and Microsurfacing

A slurry seal is a