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Abstract

The objective of this research was to examine the effects that different methods of RAP
stockpile fractionation had on the volumetric mix design properties for high-RAP content surface
mixes. The processing of RAP materials resulted in the degradation of the aggregate structure of
the original pavement. The increased presence of fine RAP materials in the stockpile could be
attributed to the amount of crushing done on the RAP millings. Fractionation methods were
designed to separate the stockpile at certain sizes to isolate the fine RAP materials which
contained higher amounts of fine aggregate and negatively impacted the volumetric properties of
the mix design. These isolated RAP materials were used in reduced proportions or completely

eliminated, thereby decreasing the amount of fine aggregate material introduced to the mix.
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Chapter 1 Introduction

Reclaimed asphalt pavement (RAP) materials have been used widely in the U.S. and are
the world’s most recycled product. In 2008, the National Asphalt Pavement Association (NAPA)
set a goal to double the national average RAP content from 12% to 24% in five years (1).
McDaniel et al. recommended that, based on the results from this regional study, mixes with
higher RAP contents of up to 50% can be designed under the Superpave mix design system (2).

The most difficult aspect of high-RAP mix design is meeting the volumetric mix design
criteria specifications, namely the film thickness and dust-binder ratio limits, due to the large
amount of fine aggregate material introduced to the hot mix asphalt (HMA) mix by the RAP
materials. The increased amount of fine aggregate in the RAP materials, compared to the original
mix design gradation, is attributed to aggregate degradation during the milling and processing
operations (3). The lowa Department of Transportation currently limits the maximum RAP use
for the surface course to 15% (4). More than 15% RAP material can only be used when there is
quality control sampling and testing of the RAP material; however, at least 70% of the total
asphalt binder must be from a virgin source (4).

High-RAP contents also require changes in the performance grade of the virgin binder
used because of the increased stiffness of the aged RAP binder. McDaniel et al. reported that,
based on indirect tensile strength, the stiffness of mixtures with a high RAP content (>20%) were
so high that they may be susceptible to low temperature cracking (5). Beeson et al. (6) concluded
that up to 22% RAP can be added to the mixture before changing the low temperature grade of a
-22 binder and up to 40% RAP can be added to a mixture as long as the virgin binder grade is
one grade lower than what is expected. It was also concluded that it was more helpful to evaluate

high-RAP content mixtures in terms of percent virgin binder replacement of the RAP material,



rather than the percent of the weight added. If the amount of recycled binder from the RAP
material exceeds 20% of the total asphalt binder, the lowa DOT requires that the designated
virgin binder grade for the mix must be reduced by one temperature grade (4; 7).

1.1 Research Objective

The objective of this research is to analyze the material composition of different RAP
stockpiles in order to better understand the source of the increased fine aggregate material
contributed by the RAP. This material analysis allows for the design of improved fractionation
methods that are effective at reducing the fine aggregate composition of the recovered aggregates
from that RAP material. Fractionation methods were designed to separate the stockpile at
predetermined sizes to isolate RAP materials within the stockpile that contained higher amounts
of fine aggregate and negatively impacted the volumetric properties of the HMA mix design.
These isolated materials were then used in reduced proportions or completely eliminated from
the total RAP included in the mixture, thereby decreasing the amount of fine aggregate material
introduced by the RAP.

1.2 Benefits of the Study

Increasing the amount of RAP materials used in low-volume, surface course mixtures
will substantially improve the long-term sustainability of the transportation network in the state
of lowa. The 300,000 equivalent single axle loads (ESAL) mixture designed in this study is
applicable to the overwhelming majority of the local, city road network, as well as a significant
portion of the rural, farm-to-market road networks. High-RAP content mix designs provide a
great opportunity to decrease the cost of maintaining and resurfacing these networks to the local
municipality and county agencies. The increased use of RAP materials significantly reduces the

amount and cost of virgin aggregate and asphalt binder needed by the contractor to produce the



asphalt mixture, thereby decreasing the amount of aggregate that must be quarried and the
amount of oil that must be purchased. The percentage of savings in material cost is relatively
equal to the amount of RAP material used in the mixture (i.e. 40% RAP usage results in 40%

material cost savings of HMA mixture).



Chapter 2 High-RAP Usage in Practice

Reclaimed asphalt pavement (RAP) materials consist solely of the components used to
create the original pavement’s mix design; therefore the material composition of the individual
RAP particles is a collection of the original mixture’s aggregate materials held together by a
certain amount of recoverable asphalt binder. These original pavements have been constructed
under a specified mix design procedure (i.e. Hveem, Marshall or Superpave mix design) that
established requirements for material properties such as the aggregate gradation, aggregate
source and binder quality, as well as for the volumetric properties of the mixture at the optimum
asphalt binder content. Inspection of the materials at the top of figure 2.1 shows that these large
pieces of recycled asphalt pavement contain a range of aggregate sizes similar to what would be
expected from an original HMA mix design.

These larger sections of removed pavements exhibit material composition very similar
to the homogeneous mixture of the original HMA mix design because the material is largely
undisturbed during recycling. RAP materials with recovered aggregate gradation and asphalt
content equivalent to the original mix design are ideal for use in high-RAP content mixtures
because they can be combined with a common virgin HMA mixture and still meet all mix design
criteria. However, in construction practice these large RAP “chunks” will not break apart
sufficiently when heated in the asphalt plant to allow for proper blending with virgin material. As
a result, the pavement material milled from the roadway must be processed further (see bottom

right of fig. 2.1) and the material composition reanalyzed to account for material degradation (3).
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Figure 2.1 Recycled Asphalt Pavement Material Composition

2.1 RAP Usage and Requlation in 10 Midwestern States

The procedures involving the processing/stockpiling of RAP materials and how they are
to be used in HMA surface mixtures vary considerably around the nation. The allowable amount
of RAP material that can be included in surface course is generally limited by the state DOTSs to
reduce the negative impacts that high-RAP contents have on the volumetric mix design, asphalt
binder properties and long-term performance of the pavement. Additional specifications are often
included to ensure that the asphalt binder and aggregate properties of the combined mixture are
equivalent to HMA mixtures without RAP materials. Table 2.1 summarizes the specifications
regarding RAP usage from the 10 Midwestern states of Illinois, Indiana, lowa, Kansas, Michigan,
Minnesota, Missouri, Nebraska, South Dakota and Wisconsin.

2.2 RAP Stockpile Categorization and Processing Methods

Table 2.1 shows that, while all the Midwestern states allow RAP materials to be used in



the surface course, certain states have adopted specifications intended to more strictly control the
amount and manner in which these materials are introduced to the mixture. A unique requirement
of the lowa DOT is the three-tier categorization system it uses to identify the stockpiled RAP
materials. This categorization system, which is similar to the system utilized by the state of
Illinois, is intended to separate materials by source so that recycled pavements with high-quality
aggregate properties (friction classification, angularity, bulk specific gravity, etc.) can be
identified for usage in higher percentages of surface course mixtures. Table 2.2 outlines the
criteria for the three RAP categories established by the lowa DOT and their allowable usage in
different pavement layers. None of the other Midwestern states specify any procedures for the

stockpiling of RAP materials other than to “prevent segregation and foreign material.”

Table 2.1 lowa DOT RAP Stockpile Categorization Criteria & Allowable Usage

Classified RAP Certified RAP Unclassified RAP
Requirements Requirements Requirements
- Documented source - Undocumented Source - Undocumented source
- High Aggregate Quality - Lower Aggregate Quality - Unknown/Poor Aggregate
- Stockpiled Separately - Poor Stockpiling - Poor Stockpiling
- Meets Quality Control - Meets Quality Control - No Quality Control
Allowable Usage Allowable Usage Allowable Usage
-15% weight in surface -10% surface < 300K ESAL - 0% surface for all ESAL
-Min. 70% virgin AC -20% Interm. < 1M ESAL - 10% Interm. < 1M ESAL
-No limit in other layers -20% Base for all ESAL - 10% Base for all ESAL

Source: Section 2303. Hot Mix Asphalt Mixtures. lowa DOT Standard Specifications (4)
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The Midwestern states also have varying specifications regarding how the RAP material
must be processed prior to stockpiling, namely the maximum ‘top size’ of material that can be
introduced to the asphalt plant. Table 2.1 shows that, with respect to the top size criterion, the
state of lowa is among the most conservative states in the region by requiring that all RAP
material be processed to a maximum of 1.5 inches. The top size is controlled to allow for the
materials to break apart and blend with the virgin material when heated and mixed in the asphalt
plant. Reducing the top size of the processed RAP material can also improve the consistency of
the stockpiled material and increase the frictional properties of the recovered aggregate (as
intended by the state of Illinois’ ‘Conglomerate’ material requirement and the state of Indiana’s
requirement for high-ESAL mixtures) (8; 9; 18). However, the increased processing required to
achieve a smaller top size will increase the dust content (minus No. 200 material) of the RAP
leading to problems meeting required mix design criteria (such as combined gradation, VMA,
film thickness and dust-binder ratio) at high-RAP content mixes (18).

The increased dust content created during processing is mostly caused by the crushing
operation used to break down the RAP material in the recycling plant. Certain crushing
operations, such as impact crushers or hammer mills, will create more dust out of the processed
materials because their mechanical processes result in many aggregates being broken and
crushed as the RAP is processed (18). The Astec Prosizer™™ recycling plant used by many local
contractors (shown in fig. 2.2) utilizes a horizontal impact crusher to break apart the RAP
materials that are fed into the system (see fig. 2.3). This system uses a 6-inch screen at the point
where material is fed into the plant to remove very large chunks. All materials that enter the plant
(regardless of size) then pass through the crushing operation before they are screened to the

required top size. This process can allow for smaller RAP materials, which already meet the top



size requirement, to be unnecessarily crushed resulting in a higher amount of the dust material.
Other states in the Midwestern region (Indiana, Kansas and Nebraska) have larger
allowable top size requirements for their processed RAP material, which would reduce the
amount of processing that is required and result in lower amount of dust content material created
(18). Also, the state of Illinois allows its highest category of RAP material (‘Homogenous RAP’)
to be used directly from “single-pass millings” without any processing, crushing or screening
required. Fractionation of RAP materials (defined in table 2.1 by the lowa and Wisconsin DOT
specifications) has also been identified as a processing method that can improve the properties of
the RAP material and allow for increased allowable usage (17). Fractionation methods have been
applied by contractors for many years and for many different purposes; however, this generally

involves splitting the RAP materials into coarse and fine stockpiles (18).

Figure 2.2 Recycled Asphalt Pavement Processing Equipment - Astec Prosizer ™
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Figure 2.3 RAP Processing Equipment - Hammer Mill Crusher

2.3 High-RAP Mix Design Requirements

The maximum RAP percentage allowed in surface course mixtures is more controlled
than other pavement lift courses due to the increased exposure to traffic loading and
environmental conditions. The maximum allowable surface usage is therefore reduced for higher
ESAL pavement designs. The lowa DOT specifications are on the conservative side of the
Midwestern region by only allowing a maximum of 15% Classified RAP usage in the surface
course for any ESAL category and only 10% Certified RAP in the surface course for pavements
with less than or equal to 300,000 ESALSs.

A primary concern with high-RAP content mixtures is the resultant performance grade of
the blended asphalt binder. Assuming that all volumetric mix design criteria are met, many of the
state DOT specifications require the use of a ‘softer’ virgin asphalt binder (i.e. lower PG grade)

when the RAP materials account for a certain percentage of virgin binder replacement or mixture

11



weight. The state of lowa’s specifications for this criterion are similar to other Midwestern states
and follow the suggestions of recent research studies (5; 6). The ultimate intent of modification
of the virgin binder PG grade is to ensure that the blended asphalt mixture meets the specified
binder grade of the project’s contract specifications.

All high-RAP content mixtures that reach these binder grade change thresholds must still
meet all volumetric mix design criteria associated with virgin HMA mixtures. The required mix
design properties pertaining to high-RAP content mixtures are consistent throughout the region
(i.e. maximum dust content, dust-binder ratio, voids in mineral aggregates, voids filled with
asphalt); however the numerical tolerances for each property vary slightly for each state. Due to
the high amount of fine aggregate material in the RAP, these volumetric mix design properties
are usually the controlling criteria for the amount of RAP material that is actually used by the
contractors in HMA mixtures. This increased dust content of the RAP material, attributed to the
removal and processing operations, impacts the combined aggregate structure to the point that
these criteria cannot be met for high-RAP content mixtures.

The states of lowa and Minnesota have an additional specification for the volumetric mix
design criteria of HMA mix designs by setting a requirement for the asphalt film thickness of the
combined mixture. This property accounts for the total aggregate surface area that must be
coated with the available asphalt binder in the mixture. The dust content increases the combined
aggregate surface area which leads to problems meeting the film thickness requirement for high-
RAP content mixtures (19). Heitzman et al. described that the generation of film thickness and
voids in mineral aggregate (VMA) criteria evolved from 1950°s research to improve HMA mix
durability (20). The film thickness requirement is intended to ensure that HMA mixtures contain

sufficient asphalt binder for a given aggregate structure; however, this criterion also has the
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effect of limiting the total amount of RAP that can be used in the mixture due to the increased
dust content coming from the RAP materials.

2.4 Methods to Improve High-RAP Mix Design

The state DOT’s specifications are intended to ensure that all HMA mixtures perform
well throughout their design life. It is important to evaluate the effectiveness of these
specifications on limiting the negative impacts of the volumetric properties associated with high-
RAP contents on the HMA mixture (increased dust content and decreased low-temperature
binder performance). Also, new procedures that can mitigate the negative impacts of those high-
RAP properties should be explored so that contractors have options available in order to use the
maximum percentage of RAP materials allowed under the current DOT specifications.

The properties of the existing pavement (before removal) should be very similar to the
mix design criteria requirements of the new pavement to be constructed. If the composition of
the original mixture could be maintained throughout the removal and processing operations,
most of those RAP materials could be reused without any negative impact on the volumetric
properties of the new mixture. However; the reality of the current state of practice is that the
properties of the original mix design, namely the aggregate gradation, are significantly modified
as the pavement is milled from the roadway and processed into stockpiles. As a result, the extent
to which these stockpiled RAP materials can be reused in new mix designs is limited.

The focus of this research is to investigate methods of addressing the negative impacts of
the recycled asphalt pavement materials and thereby increase the amount of RAP material that
can be used in the target mix design (300K ESAL 2 HMA surface mixture). As stated in the
state of Wisconsin’s DOT specifications, the fractionation of RAP materials can improve the

properties of the RAP material and allow for increased allowable usage (17). The purpose of
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fractionation for this research is to decrease the amount of fine aggregate material that would be
introduced to the HMA mixture by the RAP material. To effectively design these fractionation
methods, all RAP materials used in the study were extensively analyzed to determine the

appropriate size thresholds for separation of the original RAP stockpiles.
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Chapter 3 Detailed RAP Material Composition Analysis

Samples of three different RAP materials were obtained from stockpiles at a local, eastern
Iowa contractor’s asphalt plant facility and brought to the University of lowa Asphalt Research
Laboratory to analyze their material composition. All three materials had already been analyzed
by the lowa DOT’s Central Materials Laboratory for chemical binder extraction testing,
recovered aggregate gradation analysis, aggregate testing and stockpile categorization. A detailed
analysis was conducted on each RAP material to investigate the material composition of the three
RAP stockpiles.

3.1 Composition Analysis of Classified RAP from Airport

The first RAP stockpile used in the study (referred to herein as Stockpile A) is composed
solely of millings from the removal of an eastern lowa airport runway in June 2010. The
pavement was designed in the early 1990s as a 3/4” FAA P401 mix design. The stockpiled
material met the criteria of ‘Classified RAP.” Figure 3.1 shows the recovered aggregate gradation
after extraction, the allowable gradation range for the original mix design and the gradation of
the stockpiled RAP materials. The recovered aggregate gradation from the RAP material shows
an extremely fine gradation (16% dust content) that is completely outside the control points for
the original mix design due to the aggregate degradation that occurred during the removal and
processing operations (3). The chemical binder extraction and aggregate testing results are

attached in Appendix A.

15



100

’ ;“/
P
90 7’ -

80 0
- Y
4 s
70 r s > «’. z
/ 4 /" , —m— Stockpile A - Recovered Aggregate
, L
. g

—r— Stockpile A - RAP Material

= #= Original Mix Design Max. Control Points

Percent Passing

— @ Qriginal Mix Design Min. Control Points

....... Max. Density

#200 #100 #50 #30 #16 #8 #4 3/8" 1/2" 3/4" " 11/2"
Sieve Size

Figure 3.1 Recovered Aggregate & RAP Material Gradation Comparison - Stockpile A

The stockpiled RAP materials are milled and processed pieces of the original pavement;
therefore each RAP particle consists of a collection of the original mixture’s aggregate particles.
RAP gradation analysis results are summarized in Appendix B. As expected, the RAP materials
exhibited a coarser gradation because each RAP particle contains a range of aggregate sizes still
held together by the asphalt binder; however, after binder extraction these particles are separated
to show the extremely fine aggregate structure seen in figure 3.1. It was necessary to develop a
relationship between the gradation of the stockpiled RAP materials and that of the recovered
aggregates. The Stockpile A RAP material was separated by sieve sizes ranging from 1’2" down
to No. 200 and an ignition-oven binder burn-off test was conducted on the sample of each RAP
material size. Next, a gradation analysis was done on the recovered aggregates from each RAP-
size sample.

Table 3.1 shows a summary of the material composition of each RAP particle size (i.e.

recovered aggregate composition and binder content) as well as the distribution of those RAP
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material sizes in the overall stockpile. Figure 3.2 shows that the recovered aggregate gradation
after chemical binder extraction (as seen in fig. 3.1) is nearly identical to the estimated recovered
aggregate gradation calculated using the normalized data from table 3.1. The overall recovered
aggregate gradation of Stockpile A can therefore be considered as a composite of the recovered
aggregate distributions of each size of RAP material normalized by the percentage of that RAP
material size contained in the stockpile.

Table 3.1 also shows two distinctly identifiable categories of RAP material within
Stockpile A based on the recovered aggregate composition of each RAP material size. The
‘Coarse RAP’ material sizes (RAP materials retained on No. 4 sieve or larger) have a much lower
composition of the very fine aggregate materials (particles retained on the No. 50, No. 100, No.
200 and minus No. 200 sieves) than the smaller ‘Fine RAP’ sizes (RAP materials passing No. 4
sieve). These ‘Fine RAP’ materials (dark-shaded in table 3.1) make up 56% of the mass of
Stockpile A and contain 63% of the total dust content from the recovered aggregate. Some of
these ‘Fine RAP’ materials also contain significant percentages of recoverable asphalt binder (No.
16 and No. 30 size RAP materials have the largest asphalt contents of the stockpile), but some of
these same materials are also clearly the main sources for the total dust content of the recovered
aggregates from Stockpile A. The No. 8 and No. 16 size RAP materials contribute 41% of the
total dust content due to the fact that these materials contain a higher portion of minus No. 200
material and make up a significant portion of the RAP stockpile.

The RAP-size categories established for Stockpile A show a successfully developed
relationship between the size of the RAP particle and the proportion of fine aggregate contained
in that material. Fractionation of the RAP stockpile for the purpose of fine aggregate reduction

would suggest that the Fine RAP materials be targeted for removal; however, there are some
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negative impacts associated with the loss of this material. The Fine RAP category represents over
half of the total stockpile, where the No. 16 and No. 30 RAP sizes have the largest asphalt
contents and each comprises a significant portion of the stockpile. Removal of this entire
category could dramatically reduce the amount of usable material and the total asphalt content of

the stockpile.
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Figure 3.2 Recovered Aggregate Gradation vs. Estimated Gradation - Stockpile A

3.2 Composition Analysis of Certified RAP from Airport

The second RAP stockpile used in the study (referred to herein as Stockpile B) is
composed primarily of millings from the same eastern lowa airport runway as the Classified
RAP material of Stockpile A. However, while the material was stockpiled at the contractor’s
facility there were small amounts of another RAP material added to the stockpile. As a result, the
stockpile underwent further quality control testing to become ‘Certified RAP’ (see Appendix A
for DOT extraction testing report). Figure 3.3 shows the recovered aggregate gradation for the
Certified RAP of Stockpile B, the original airport runway mix design gradation range and the
recovered aggregate gradation for the Stockpile A Classified RAP material (makes up an
overwhelming majority of Stockpile B).

The recovered aggregate gradation of the Certified RAP material from Stockpile B is
very similar to the Classified RAP material from Stockpile A due to the fact that the vast majority

of material in Stockpile B is from the same source as Stockpile A. There is a reduced amount of
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fine aggregate material, as is evident by the downward shift of the gradation curve with respect
to Stockpile A. The gradation curve was close to falling within the maximum control points of
the original mix design; however, this Certified RAP material still has excessive amounts of fine
aggregate with 14% dust content.

The results of the composition analysis for the Stockpile B Certified RAP materials are
shown in table 3.2. The same RAP categorization system used for the Stockpile A Classified
RAP material is applicable to Stockpile B, with the Coarse RAP materials being those retained
on a No. 4 sieve and larger and the Fine RAP materials being smaller than the No. 4 sieve. Figure
3.4 shows that the normalized composite gradation of all RAP material sizes contained in
Stockpile B is also accurate at representing the reported recovered aggregate gradation after

chemical binder extraction.
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These RAP materials continue to show that the recovered aggregate composition of the
very fine material sizes from each Coarse RAP material is much lower than the Fine RAP
material sizes. For Stockpile B the Fine RAP materials make up 50% of the material (compared
to 56% of Stockpile A) and contain 61% of the dust content from the recovered aggregate (63%
for Stockpile A). Similar to Stockpile A, the No.16 and No.30 size RAP materials have the two
largest asphalt contents of Stockpile B; and the No. 8 and No. 16 size RAP materials are again
the main sources of the total dust content.

Comparing tables 3.1 and 3.2 shows that the distribution of RAP sizes within Stockpile A
and B is different, even though the RAP materials are from the same runway millings source.
Stockpile B contains a lower percentage of Fine RAP material (50% compared to 56% of
Stockpile A) and also has a coarser recovered aggregate gradation than Stockpile A (fig. 3.3).
Therefore, decreasing the amount of Fine RAP material in the stockpile results in the recovered
aggregate gradation being controlled more by the aggregate distribution of the larger Coarse
RAP that have lower dust contents.

The material composition of the larger RAP pieces more closely reflect the properties of
the original mix design because they have not been as heavily processed into smaller RAP
materials. Figure 3.5 shows the normalized composite gradation of the Coarse RAP materials
from Stockpile A and B compared to the gradation range for the original runway mix design. The
recovered aggregate gradations of the Coarse RAP materials is much more representative of the
original mix design gradation than the entire RAP stockpile. Increasing the amount of Coarse
RAP materials added to the HMA mixture will result in a reduction of fine aggregate contributed

by the RAP.
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Figure 3.5 Estimated Coarse RAP Gradation vs. Original Mix Design -
Stockpile A& B

3.3 Composition Analysis of Certified RAP from Unknown Source

The third RAP material used in the study (referred to herein as Stockpile C) was a
stockpile that contained a combination of RAP materials from multiple sources and was therefore
initially categorized as ‘Unclassified RAP.” The material then underwent extensive quality
control testing to accurately determine the necessary properties of the material within specified
levels of certainty to become ‘Certified RAP’ (21) (see Appendix A for DOT extraction testing
report). Figure 3.6 shows the recovered aggregate gradation for the Certified RAP of Stockpile C
compared to Stockpiles A and B. The Certified RAP material of Stockpile C showed the best
recovered aggregate gradation with 10% dust content. The significant downward shift in the
gradation curve means that there is much less fine aggregate material contained in this RAP

stockpile.
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Figure 3.6 Recovered Aggregate Gradation Comparison - Stockpile A, B and C

The results of the composition analysis for the Stockpile C Certified RAP materials,
detailed in table 3.3, show that the RAP categorization system used for Stockpiles A and B
remains applicable for differentiation between the size of RAP material based on fine aggregate
composition. Figure 3.7 shows that the normalized composite gradation of all RAP material sizes
contained in Stockpile C is not as accurate as Stockpiles A and B at representing the reported
recovered aggregate gradation for the coarse aggregate sizes; however, the very fine aggregate
material composition is still very similar. Ultimately, it was the ‘Sieve-Size-Separated RAP
Material Composition Analysis’ that effectively showed that each RAP stockpile used in this
study can be described in terms of its fine aggregate composition by the proportions of Coarse

and Fine RAP material (split at the No. 4 sieve size) contained in that stockpile.
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Figure 3.7 Recovered Aggregate Gradation vs. Estimated Gradation - Stockpile C

The Fine RAP materials make up only 35% of Stockpile C (compared to 56% of

Stockpile A and 50% of Stockpile B) and the dust content is significantly lower than the other

RAP materials. Figure 3.8 shows that the normalized composite gradation of the Coarse RAP

from Stockpile C is very representative of a ¥2” mix size gradation because the recovered

aggregate gradation is dominated by the properties of the Coarse RAP materials (65% of the

stockpile). The high amount of Coarse RAP material in Stockpile C also suggests that this

material may not have been processed as extensively.
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Figure 3.8 Estimated Coarse RAP Gradation vs. %2 Mix Size - Stockpile C

3.4 Summary of RAP Material Composition Analysis

The following three different RAP material stockpiles were analyzed:

1. Stockpile A — Classified RAP material solely from airport runway millings

2. Stockpile B — Certified RAP material primarily from airport runway millings

3. Stockpile C — Certified RAP from unknown combination of pavement millings

The RAP Material Composition Analysis was conducted on all three stockpiles. The

Coarse RAP category was defined as RAP materials retained on a No. 4 sieve. The recovered
fine aggregate distribution from each Coarse RAP size was very consistent and the dust content
was lower than the overall stockpile. The Fine RAP category was defined as RAP materials that
pass through a No. 4 sieve. The recovered aggregate distribution from each Fine RAP size was
very highly variable and the dust contents were significantly higher than the Coarse RAP

material. The Fine RAP materials exhibited higher recovered asphalt binder content.

29



The Coarse and Fine RAP aggregate distributions of the Stockpile A and B materials
showed consistent patterns, as was expected for materials from the same source; therefore these
stockpiles were compared to determine why Stockpile B had reduced dust content. The main
difference between these two materials is the percentage of Coarse and Fine RAP materials
contained in each stockpile. Stockpile B was 50% Fine RAP material (smaller than No. 4 sieve)
resulting in a total dust content of 14%, while Stockpile A was 56% Fine RAP material
resulting in a total dust content of 16%. Stockpile C contained a much higher percentage of
Coarse RAP material (65% of the stockpile) and a much lower dust content of 10%.

The combined recovered aggregate gradation of the Coarse RAP material from each
stockpile was developed by normalizing the aggregate distribution of each Coarse RAP material
size by its percentage of the stockpile. Extracted aggregates from the Coarse RAP materials were
similar to the original mix design gradation, whereas those from the Fine RAP materials were
significantly different from the original mix design gradation with a higher amount of fine
aggregate material. As a result, the use of a smaller RAP top size will increase the dust content
because this will increase the percentage of Fine RAP material in the stockpile.

The amount of dust created during the processing of the RAP depends on both the
crushing system and the top size selected (18). Certain crushing operations will create excessive
amounts of dust out of the RAP materials. Hammer mill impact crushers, like the one included
on the Astec ProSizer™, result in many aggregates being broken and crushed as the RAP is
processed; while jaw crusher operations allow the chunks of RAP material to be separated and
reduced to the desired top size without breaking and crushing the aggregates. Since it may not be
practical for a contractor to change their crushing operation, the focus for limiting the impact of

the crushing operation should be to reduce the amount of materials that go through this process,
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while still achieving the required top size of the RAP material.

RAP materials thought to be suitable for high-RAP mix design (i.e. original pavement
with high-quality aggregate, binder and strictly controlled gradation) should be identified as they
come into the contractor’s possession and screened at the required top size prior to crushing,
sampling and categorization. This preliminary material fractionation allows RAP materials that
were already broken up sufficiently during the milling operation to bypass the crusher and avoid
further material degradation. The screened RAP materials larger than the allowable top size can
then be run through the RAP processing equipment and then sampled and categorized separately.
This change for the RAP processing operation would result in RAP stockpiles containing
significantly higher proportions of Coarse RAP material. Also, an increase in the top size

requirement could further improve the properties of these RAP stockpiles.
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Chapter 4 Design of Fractionation Methods

The RAP material composition analysis of all three stockpiles used in this study
determined that significant aggregate degradation had occurred during the milling and processing
of the RAP materials. The excessive amounts of fine aggregate material (namely the dust
content) created during these procedures caused a difficulty for high-RAP content mixes in
meeting specified volumetric mix design criteria, such as the combined aggregate gradation,
dust-binder ratio and film thickness. The purpose of RAP fractionation for this research was to
create new stockpiles with reduced fine aggregate composition to mitigate the impact of this
material on the high-RAP mix design.

For each stockpile, it was determined that the RAP materials could be divided into
Coarse RAP and Fine RAP categories (split at the No. 4 sieve size), and that the Fine RAP
materials contained significantly higher proportions of the fine aggregate material. Fractionation
methods were designed to mechanically split the original stockpile at a certain RAP size in order
to isolate the Fine RAP materials so their inclusion in the mixture could be limited. The impacts
of the Fine RAP material’s reduction/removal should be addressed for these methods to be used
in practice. First, the fractionation method should allow for the highest amount of usable material
in the new stockpile. Second, the binder content of the original stockpile should not be
significantly reduced. Finally, the method must be mechanically practical for contractors to use
with equipment available at their facilities. These considerations led to the following two
methods:

1. ‘Fractionated RAP’ method
2. ‘Optimum FRAP’ method

4.1 Analysis of ‘Fractionated RAP’ Method

The first fractionation method directly targets the Fine RAP materials by physically
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removing the smallest of these RAP sizes from the stockpile during the processing operation.
The Astec Prosizer™ processing equipment with a high-frequency vibration screening
mechanism can be used to effectively separate the RAP materials at very small particle sizes.
Figure 4.1 shows how the crushed RAP material is conveyed to the top of the screening system
where it passes over the top size screen to retain any materials that must be sent for re-crushing
(insert of fig. 4.1). The smaller, processed materials pass through the top size screen and over a
second, stacked screen which fractionates the material based on the size of the lower screen’s
openings.

Initial attempts with this fractionation method set the removal threshold at the No. 4 RAP
size (i.e. all RAP material passing No. 4 sieve was removed from the original stockpile), which
removed the entire Fine RAP category. When this threshold was applied to the Stockpile A
Classified RAP a very significant amount of material was being removed from the original
stockpile (56% passed No. 4 sieve). This was considered unacceptable for maintaining the

amount of usable material; therefore, smaller RAP size removal thresholds were explored.
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Figure 4.1 High-Frequency, Stacked-Screening Operation for Fine RAP Removal

Removal of all RAP materials smaller than the No. 16 sieve removed 19% from the
stockpile; however, the No. 30-size RAP material (10% of stockpile’s material) contains the
second-highest asphalt content of Stockpile A. In order to maintain the size and asphalt content
of the new ‘Fractionated RAP-A’ stockpile it was decided that the No. 30 sieve size should be set
as the removal threshold (all RAP passing No. 30 sieve removed from stockpile). This method
resulted in only 9% of the original Stockpile A material being discarded.

In order to determine the effectiveness of fine aggregate reduction, an ignition-oven
binder burn-off was conducted on a sample from the lab-produced, Fractionated RAP stockpile

and a gradation analysis was done on the recovered aggregates. Testing results from this
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Fractionated RAP-A stockpile sample showed that the asphalt content increased to 5.70% and the
dust content was reduced to 14.1%. Figure 4.2 shows the improved gradation of the Fractionated
RAP-A stockpile compared to the original Stockpile A by a downward shift of the gradation
curve. Table 4.1 summarizes the reduction of very fine aggregate material (smaller than No. 30

sieve size) in the Fractionated RAP-A stockpile.
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Figure 4.2 Gradation Improvement of ‘Fractionated RAP” Method - Stockpile A

Table 4.1 Fine Aggregate Reduction of Fine RAP Removal - Fractionated RAP-A

RAP Stockpile Fine Aggregate Composition — (% Retained) % of
Analysis No. 50 No. 100 No. 200 Pan Stockpile
Original Stockpile
DOT Extraction 11.0 5.0 3.0 16.0 35.0%
‘Fractionated RAP’
Binder Burn-Off 9.0 3.6 2.6 14.1 29.3%
Fine Aggregate Mat’l. | ;g 55 -28.0% -13.3% -11.9% -16.3%

Percent Reduction
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The No. 30 RAP removal threshold used for Stockpile A was also applied to Stockpiles B
and C for comparing the impact that the ‘Fractionated RAP’ method would have on the mix
design results. Application of this method resulted in an expected RAP material loss of 5.8% and
5.0% from Stockpile B and C, respectively. Tables 4.2 and 4.3 summarize the reduction of very
fine aggregate material (smaller than No. 30 sieve size) observed from the Fractionated RAP-B

and Fractionated RAP-C stockpiles, respectively.

Table 4.2 Fine Aggregate Reduction of Fine RAP Removal - Fractionated RAP-B

RAP Stockpile Fine Aggregate Composition — (% Retained) % of
Analysis No. 50 No. 100 No. 200 Pan Stockpile
Original Stockpile 12.0 5.0 3.0 14.0 34.0%
Tractionated RAY 9.2 4.2 2.8 13.6 29.8%
Fine Aggregale Macl 1 -23.3% -16.0% -6.7% -2.9% 12.4%

Table 4.3 Fine Aggregate Reduction of Fine RAP Removal - Fractionated RAP-C

RAP Stockpile Fine Aggregate Composition — (% Retained) % of
Analysis No. 50 No. 100 No. 200 Pan Stockpile

Do Extraction. | 109 50 17 103 | 27.0%

Fractionated RAY” 10.2 5.2 18 8.5 25.7%

Fi;eeréegngtrlgge?jtjclri[g:l. +2.0% +4.0% +5.9% -17.5% -4.8%

Both Fractionated RAP-B and Fractionated RAP-C stockpiles contained less fine

aggregates and dust contents while losing a very small amount of RAP material from the original
stockpile. The Fractionated RAP-B stockpile did not show as large of a dust content reduction as

the Fractionated RAP-A and Fractionated RAP-C stockpiles; however, there was still significant
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reduction of the No. 50 and No. 100 aggregate materials. The Fractionated RAP-C stockpile
actually exhibited slight increases in the amount of No. 50, No. 100 and No. 200 aggregate
materials, but the very large dust content reduction was still achieved. The recovered asphalt
content from the Fractionated RAP-B sample increased from 5.11% for the original stockpile to
5.34%, similar to the Stockpile A materials; and the recovered asphalt content from the
Fractionated RAP-C stockpile remained relatively constant, from 4.82% to 4.83%. All testing
results from the ignition-oven binder burn-off and recovered aggregate gradation analyses that
were conducted on samples from each of these new ‘Fractionated RAP’ stockpiles are
summarized in Appendix C.

The resulting volumetric properties of high-RAP mix designs using these materials were
compared to the ‘Traditional RAP’ inclusion method (material randomly added from original
stockpile) to determine the impact that this fine aggregate reduction had on meeting the specified
mix design criteria. The effect of the Fractionated RAP method on the mix design properties was
analyzed to determine if the No. 30 RAP removal threshold was applicable for all three original
RAP materials used in the study or if different removal thresholds should be applied to each
original stockpile.

4.2 Analysis of ‘Optimum FRAP’ Method

The second fractionation method followed more traditional practices by splitting the
original RAP material into two separate stockpiles during processing (see fig. 4.3). The No. 4
sieve size threshold best split each RAP stockpile into two distinct Coarse RAP and Fine RAP
categories based on their fine aggregate composition (namely their dust contents). Therefore, the
recovered aggregate gradation of the original stockpile is affected by the cumulative percentage

of Fine RAP material sizes it contains (i.e. more Fine RAP yields more fine aggregates in the
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stockpile). Once the original RAP stockpile has been fractionated into ‘Coarse FRAP’ and ‘Fine
FRAP’ stockpiles (split at the No. 4 sieve), these materials can be re-proportioned to reduce the
percentage of Fine FRAP included in the total RAP added to the mixture. This method more
effectively targeted the No. 8 and No. 16 RAP sizes which were the main contributers to the

overall dust content.

Figure 4.3 RAP Fractionation into Coarse FRAP (right) and Fine FRAP (left)

An ignition-oven binder burn-off was conducted on a sample from the lab-produced,
Coarse and Fine FRAP stockpiles to determine the asphalt content of each material. Also, a sieve
analysis was done on the recovered aggregates from each sample to determine the differences of
fine aggregate distribution between the Coarse and Fine FRAP materials from each original
stockpile. Table 4.4 shows a comparison of the recovered aggregate gradation of the Coarse and

Fine FRAP materials from Stockpile A, B and C. The Fine RAP category has a significantly
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higher proportion of very fine aggregate than the Coarse RAP materials. The dust contents of all
the Coarse FRAP materials are much lower than their respective original stockpile, and the
Coarse FRAP-A and Coarse FRAP-C materials meet the maximum gradation control point of 10%

passing the No. 200 screen.

Table 4.4 Recovered Aggregate Composition of Coarse and Fine FRAP Stockpiles

RAP Recovered Aggregate Composition — (% Retained) % of
Stockpile 127 3/8” No.4 No.8 No.16 No.30 No.50 No.100 No.200 Pan | Stockpile

Coarse FRAP-A|] 55 85 326 139 90 7.6 8.1 3.6 2.1 9.1 44.0%

Fine FRAP-A 00 00 00 173 219 159 140 76 49 184] 56.0%

Coarse FRAP-B] 56 78 292 169 84 7.3 7.9 3.6 22 11.1] 50.6%

Fine FRAP-B 00 00 00 196 210 163 143 5.9 3.8 19.1) 49.4%

Coarse FRAP-C| 89 9.7 306 168 64 5.8 8.4 4.7 15 7.2 65.2%

Fine FRAP-C 00 00 00 220 200 159 185 738 27 131] 34.8%

Figure 4.4 shows the recovered aggregate gradation differences between the Coarse
FRAP and Fine FRAP materials from Stockpile A compared to the original mix design’s
gradation tolerances. The recovered aggregate distributions of all Coarse FRAP materials follow
very closely to the original pavement’s mix design control points, while the Fine FRAP
recovered aggregates are not at all representative of the original pavement material. The Coarse
FRAP-A recovered aggregate gradation also shows a very similar pattern to the estimated Coarse
RAP composite gradation. A summary of the testing results from the ignition-oven binder burn-

off and recovered aggregate gradation analyses are summarized in Appendix C.
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Figure 4.4 Gradation Comparison of Coarse FRAP and Fine FRAP - Stockpile A

The composite aggregate gradation of the re-proportioned RAP material is dominated by
the properties of the Coarse FRAP stockpile, which are much more representative of the original
pavement’s mix design. During the mix design process an ‘Optimum FRAP’ blend of Coarse and
Fine FRAP materials was created for each original stockpile so that the combined aggregate
gradation (virgin and recovered aggregates) of the High-RAP content mixture would fall as close
as possible to the middle of the fine aggregate gradation control point ranges.

4.3 Summary of Fractionation Methods

The purpose of these RAP fractionation methods was to create new stockpiles with
reduced fine aggregate composition. The Fine RAP materials (RAP material smaller than No. 4
sieve size) were targeted for removal due to their increased composition of very fine aggregate
material.

The ‘Fractionated RAP’ method removes all of RAP material smaller than the No. 30

sieve size from the stockpile during the processing operation. This method and size threshold
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(remove all RAP passing No. 30 sieve size) was applied to all three RAP stockpiles used in this
study and resulted in fairly significant fine aggregate reduction, increased asphalt content and
minimal material discarded from each original stockpile.

The ‘Optimum FRAP’ method splits each original RAP stockpile at the No. 4 sieve size
during the processing operation to create a ‘Coarse FRAP’ stockpile (RAP material not smaller
than No. 4 sieve size) and a ‘Fine FRAP’ stockpile (RAP material smaller than No. 4 sieve size).
During the mix design process the percentages of ‘Coarse FRAP’ material used in the total
amount of RAP added to the mixture was higher than the amount naturally present in the original
stockpile. The percentage of ‘Coarse FRAP’ will be increased in order to bring the combined
aggregate gradation as close as possible to the middle of the fine aggregate gradation control

points of the mix design size for all high-RAP mixes.
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Chapter 5 High-RAP Content Mix Design Procedure

The lowa DOT’s “Method of Design of Hot Mix Asphalt Mixes” (7) procedure describes
the entire process of aggregate and binder selection, material preparation and HMA mixture
batching, curing and testing. Typically the SHADES spreadsheet program provided by the lowa
DOT is used by contractors to determine the weights of materials to be added to the trial
mixtures to achieve the target asphalt content of each sample. When RAP materials are included
in the mixture this program uses formulae from Materials IM 501 (see Appendix E) to account
for the binder and aggregate contributed by the RAP (19). The problem with using the SHADES
program for this research was that the percent of RAP material input into the system was taken as
the percentage of dry material weight of the total mixture (%RAPignt), rather than the
percentage of virgin binder replacement (%RAPyinger). The program then calculates the necessary
amount of virgin binder to add to the mixture (ACaqq)), In addition to the binder contributed by
the asphalt content of the RAP material (Pyrar)), to achieve the target asphalt content of the

mixture (ACotar)) as shown below:

i B (Ac(toml) * 100) - (%RAPweight * Pb(RAP)) (5.1)
(add) 100 — (%RAPeigne * Po(rap) * 0.01)

Example:
_ (5.50 % 100) — (50.0 * 5.00)

= 3.08% ADD AC
100 — (50.0 * 5.00 = 0.01) o

To produce a mixture with total asphalt content of 5.50% where 50% of the mixture’s dry weight is
from RAP material, which has a recovered asphalt content of 5.00%, it would require a virgin
asphalt content addition of 3.08% of the total mixture’s dry weight.

5.1 Mix Design Modification for Binder Replacement Method

Due to the fact that this research was to be based on the fixed percentage of virgin binder

replaced by the RAP material (%RAPpinger), @ modified spreadsheet program was created that
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calculates the percentage weight of RAP material (%RAPeignt) to add to the mixture to account
for the specified percentage of virgin binder replacement of the total target asphalt content. The

above equation was modified to solve for the weight of RAP material (%0RAPeignt) as follows:

(AC¢otar — AC(aaay)

wetg t (Pb(RAP) * 001) - (AC(add) * Pb(RAP) * 00001)

(5.2)

This new equation gives the desired output; however, further modification was necessary
to calculate this value for a fixed percentage of virgin binder replacement. The numerator of this
new equation is equivalent to the amount of RAP binder present in the total mixture (ACrar))

and the amount of virgin binder replaced (%RAPyinger) as shown below:

ACotary — AC(aaa) = ACrap) = AC(totar) * YoRAPpinger * 0.01 (5.3)

ACaay = ACotar * (1 — %RAPy;p4er * 0.01)

Substitution of these expressions into the %RAP.igh formula gives the following
equation to calculate the amount of RAP material required to achieve the target binder
replacement for a given trial mixture:

(5.4)
(AC(total) * %RAPbinder)

(Pb(RAP)) - (Pb(RAP) * AC(totar) * (1 — %RAPyiger * 0.01) * 0-01)

%RAPweight =

Example:
(5.50 * 50)

" (5.00) — [5.00 % 5.50 * (1 — (50 * 0.01)) * 0.01]

= 566% RAPWEight

A mixture with total asphalt content of 5.50% where 50% of the mixture’s asphalt binder is from
RAP material would require that 56.6% of the mixture’s dry weight be from RAP.
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This equation and other formulae in IM 501 (Appendix E) can be used to determine the
weights of virgin and RAP material to be included in high-RAP trial mixtures during the mix
design process when the RAP % by binder replacement method is desired.

5.2 Leftover Material from RAP Stockpile Fractionation

For the ‘Optimum FRAP’ method, the amount of material added from the ‘Coarse FRAP’
stockpile was increased (as a proportion of the total RAP weight added to the mixture) to
improve the combined gradation. The criteria for this new proportion selection were as follows:

1. The dust content of the combined aggregate gradation should fall in the middle of

the control point range for the 1/2” mix (~6.0% passing No. 200)

2. The combined aggregate surface area and fine aggregate composition should be

less than those of the original and ‘Fractionated RAP’ stockpile

The modified mix design spreadsheet program was used to determine these expected
gradation properties for increasing the proportion of Coarse FRAP material in the total RAP
weight added to the mixture. To achieve the desired combined gradation properties, the Coarse
FRAP proportion for the Stockpile A material was increased to 75% of the total RAP weight
added to the mixture for the ‘Optimum FRAP-A’ blend (the original stockpile was composed of
44% Coarse RAP and 56% Fine RAP). The Coarse FRAP from Stockpile B was selected to be
80% of the ‘Optimum FRAP-B’ blend (increased from 50% of original stockpile), and the
Coarse FRAP from Stockpile C was increased to 90% of the ‘Optimum FRAP-C’ blend (65% of
original stockpile).

The large increase in Coarse FRAP percentage included in the total RAP material
resulted in much higher amounts of material being ‘discarded’ from the original stockpile (41.3%

of Stockpile A original material, 37.5% from Stockpile B and 27.8% from Stockpile C). The
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following equation calculates the expected amount of leftover material (%RAP ynused), aS a
percentage of the original stockpile, based on the original proportion of Coarse and Fine RAP

material and the new, increased Coarse FRAP percentage:

0 0 % Finegrig
0 (A) Coarsenew— % Coarseon-g)* 1+W (55)
%o RAPynuseq = erta] 4100
1+(% Coarsenew—% Coarseorig)*<l+W>
orig
Example:

~ (075 -0.44) * (1 + (0.56/0.44))
© 1+4(0.75 - 0.44) * (1 + (0.56/0.44))

* 100 = 41.3% RAP, yseq

Increasing Coarse FRAP proportion from 44% to 75% leaves 41.3% of original stockpile unused.

In contrast to the Fractionated RAP method, the unused percentages are not removed
from the new stockpile; but rather, the Fine FRAP stockpile materials are used less for the
Optimum FRAP blend resulting in a build-up of this material. The analyses of the calculation of

build-up material from each stockpile are summarized in Appendix E.
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Chapter 6 Summary and Conclusions

While reclaimed asphalt pavement (RAP) materials are widely used around the country,
their usage has been limited due to a difficulty in meeting the required volumetric properties for
high-RAP content mixtures. The larger pieces of RAP exhibit a material composition very
similar to the original mix design; however, these materials must be processed further to allow
for sufficient blending with virgin materials in the asphalt plant. The current state of practice of
RAP processing, where the original pavement is broken down with a crushing operation,
produces an aggregate structure that is no longer representative of the original pavement’s mix
design.

The original aggregate structure of the existing pavement is changed during the milling
and processing operations resulting in the creation of excessive amounts of fine aggregate. Also,
the asphalt binder of the RAP materials is aged during the pavements service life causing the
blended binder of the new high-RAP mixture to be less flexible than the virgin asphalt binder. In
order for RAP materials to be used in higher amounts these properties need to be modified or
compensated for during the mix design process. This research investigates fractionation methods
that change the gradations of RAP stockpiles before they are included in the mixture to help
produce high-RAP content mix designs that meet all specified volumetric criteria.

The analysis of three different RAP stockpiles used in this study revealed that each
processed RAP material could be separated into two categories: Coarse RAP and Fine RAP,
based on the recovered aggregate composition of the different sizes of RAP material. This
categorization system showed that within each stockpile the Coarse RAP materials (retained on
the No. 4 sieve size) contained lower amounts of fine aggregate material and dust content than

the Fine RAP materials (passing the No. 4 sieve size). The main constraint for increasing the
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amount of RAP used in HMA mixtures is the negative impact that the increased fine aggregate
composition of the RAP materials has on the combined mixture. The results of this research
showed that fractionation methods, designed to increase the percentage of Coarse RAP material
added to the mixture, were effective in reducing the fine aggregate composition of the new
stockpile.
This research project successfully completed the following tasks:
1. Performed a detailed analysis of the composition of the stockpiled RAP materials
2. Designed two effective fractionation methods for RAP materials to reduce fine aggregate
composition
3. Developed a modified mix design procedure to account for binder replacement of RAP
materials
6.1 Findings
Findings from the research project are summarized below:
1. Coarse RAP materials (retained on the No. 4 sieve) contain lower proportions of fine
aggregate material (dust content)
2. Their material composition is much more representative of the original pavement’s mix
design
3. Increased presence of Coarse RAP material in the original stockpile resulted in lower fine
aggregate composition of the recovered aggregate
4. Fractionation methods designed to increase the amount of Coarse RAP material in the
new stockpile are effective in reducing the fine aggregate composition of the RAP

material and decreasing the aggregate surface area of the HMA mixture
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6.2 Recommendations

To increase the amount of RAP materials in the HMA mixtures, the following
recommendations are proposed:

1. The top-size requirement for stockpiled RAP materials should be increased in order to
reduce the amount of processing done to the pavement millings and allow for the RAP
materials to better maintain the gradation of the original pavement

2. RAP materials should be screened to the required top size before crushing to avoid
unnecessary material degradation

3. RAP stockpiles should be divided into Coarse RAP and Fine RAP categories by splitting
at the No. 4 sieve size to allow for increased use of Coarse RAP materials

4. A detailed gradation analysis of the stockpiled RAP materials should be performed to
identify the amount of fine RAP material in the stockpile and the amount expected to be
discarded after application of fractionation methods

6.3 Future Research

A further characterization of high-RAP content HMA surface mixtures should be
performed by measuring the dynamic modulus, flow numbers, beam fatigue and semi-circular
bending. A field-constructible mix design should be developed using local, batch-mixed
aggregates combined with high-RAP material milled from Interstate-80 in eastern lowa. These
materials should be used to construct field test sections with up to 50% RAP by binder

replacement using the 300,000 ESAL 5" surface mix design.
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Appendix A lowa DOT Stockpile Categorization Reports

ABCO-0111 MIX DESIGN
BC IOWA DEFPARTMENT OF TRANSPORTATION
OFFICE OF MATERTIALS
TEST REPORT - ASPHALT CONCRETE
LAB LOCATION - AMES

LAB NO....:ABCL0)-0111

MATERTAL . o s 4. sRAP CLASSIFIED

INTENDED USE....:VARIOUS MIX DESIGNS

PRODUCER. ... ....:PELLING

COUNTY . o s vusunsssLINN CONTRACTOR : PELLING

UNIT OF MATERIAL:40 LBS

SAMPLED BY......:T.DUNLAY/G.NETSER SENDER NO. :CE10VS-670

DATE SAMPLED: 07/24/10 DATE RECEIVED: 08/30/10 DATE REPORTED: 09/17/10

LOCATION OF PRODUCING PLANT- MILLINGS FROM EASTERM IOWA AIRPORT
SAMPLED AT BEVERLY QUARRY STOCKPILE

SIEVE ANALYSIS FERCENT PASSING - °

SIEVE IGNITION REFLUX COLD-FEED TARGET SPEC LOW SPEC HIGH
y GRADATION GSADATION GRADATION GRADATION LIMIT LIMIT
3/4 .

1/2 98.0

3/8 95.0

4 79.0

8 62.0

16 47.0

30 35.0

50 24.0

100 19.0

200 16.0

% AC REFLUX METHOD 5.41

Gsa 2.712

Gsb 2.614

% Abs 1.38

RECOVERED AGGREGATE ANGULARITY 43.0

COPIES TO: o f
CENTRAL LAB TERRY DUNLAY L.L. PELLING
DISTG
DISPOSITION:
SIGNED: KEVIN B. JONES
s TESTING ENGINEER

Figure A.1 lowa DOT Binder Extraction Testing Report — Stockpile A
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g'—_.-"

April 18, 2006

Supers

edes April 20, 2004

Matls. IM 505

Appendix A

0008

CLASSIFIED

RAP STOCKPILE REPORT

{16
Ceriified RAP Stockpile Report

Stockpile Owner: _L.L.Pelling Co el :
SOURCE QF RAP | Project No, #iP#1#-18-0012- 39 | Dates of Ramovalﬂfzww ]
Route No. | From FAA 3 | To

Eastern lowa Airport Runwa}r

Removal Depth

JMF No(s)

Mix Type/Size | Crushed Particle %

13"

“P401

W' AT blow | 85%

LOCATION OF RAP STOCKPILE:
Wendiing Quarries, Beverly

| County

| Section | Township [ Range

Description of Stockpile Base: Limestone Agot Base

Processing Remarks: ) - ’
J STOCKPILE QUANTITY INVENTORY LOG |

Date Quantity

D|spo5|t|on (Project No. & Use)

6/2010

9000 tons

- =

TEST RESULTS

Gmﬁan Lab Report nos. Aggregate Charagtenflsug:s_:_.__ )
34 .
173 Aggregate Type e
a8 - :
“No. 4 Pb= Crushed Particles %
No. 8 - N
T Gsb = Agar Friction Type 2 %
No. 30 - — Gk
No. 50 Abs% = Aggr Friction Type 3 %
No. 100 ) - =
No. 200 FAM = Aggr Friction Type 4 %
— Shaded hoxes to be completed by the District Materials ERginesr il
Stockplle Owner Representative | Gary Netser Date 8/24/10
District Materials Representative Date

Figure A.2 LL Pelling RAP Stockpile Report — Stockpile A
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woas Hbloe-o 73

ABCO-0079 MIX DESIGN
BC I0WA DEPARTMENT OF TRANSPORTATION
OFFICE OF MATERIALS
TEST REPORT - ASPHALT CONCRETE
LAE LOCATION - AMES

LAB NO....:ABC10-0079

MATERTAL........:RAP CERTIFIED
INTENDED USE....:!VARTOUS MIX DESIGNS
PRODUCER. ..... woil.l. PELLING
COUNTY. ....uuuu. iLINN CONTRACTOR:L.L. PELLING
UNIT OF MATERIAL:40 LBS
SAMPLED BY......:TERRY DUNLAY SENDER NO.:CRI1OVS-635
DATE SAMPLED; 06/03/10 DATE RECEIVED: 06,/15/10 DATE REPORTED: 08/05/10
rig“clﬁ‘rmn OF PRODUCING PLANT- STOCKPILE @ J-STREET FROM EASTERN
AIRPORT

SIEVE AMALYSIS PERCENT PASSING
SIEVE IGNITION REFLUX COLD-FEED TARGET SPEC LOW SPEC HIGH
GRADATION GE.SD.S'I'ION GRADATION GRADATION LIMIT LIMIT

1.0 .
3/4 99.0
1/2 95.0
3/8 91.0
4 : 76.0
8 60.0
16 47.0
30 36.0
50 24,0
100 19.0
200 16.5
% AC REFLUX METHOD 5.11
Gsa 2.737
Gsb 2.580
% abs 2.22
RECOVERED AGGREGATE ANGULARITY 43.4
COPIES TO: [N P-_:JI -7
CENTRAL LAB TERRY DUNCay ™" L.L. PELLING
DISTE
DISPOSITION:
. SIGNED: KEVIN B, JONES
e TESTING ENGINEER

Figure A.3 lowa DOT Binder Extraction Testing Report — Stockpile B
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April 18, 2006 ) Matls. IM 505
Supersades April 20, 2004 Appendix A

Certified
RAP STOCKPILE REPORT

Cer‘t{lmd RAP > Stockpile Raport

Stockpile Owner-L.L Pelling Co ] L
SOURCE OF RAP Project Mo. FAA 3-19-0012-33 | Dates of Remo\raiﬁﬁﬂ-ﬁfﬂﬁ

 RouteNo. [From [To
| TEIA Runway 927 Taxiway C 1

@
=
T
w
g
-
5
o
o
=
i
o -
o
ol e
e =
=¢b

Removal Depth | JMF No(s) | Mix Type/Size | Crushed Particie %
687 __|PiOt w A | 70% _

LOCATION OF RAP STOCKPILE: Wendlmg Quarries, Four County Quarry
Being transferred to Jst, Base 15, Cedar Rapids

County ['section Township | Range

Description of Stockpile Base: Limestone Agg Base

Processing Remarks:

STOGKF"IL__E QUANTITY TITY INVENTORY LOG o .
_Date | Quantily __Bisposition (Project No. & Use)
17000 tons | Total initial stockpile quantity

"Average EXTRACTION TEST RESULTS - TR
G?ai!géznn Lab Egpn Tt hos. Aggregate Characterlstl_cﬂ_'
12 CZ?_ Aggregate T':l"pB
i"‘: ) 3’;’ Pb = Cmshed Pamclcs
: b — . L
i : N: 16 fﬂ:; —1 Gsh = Aggr Friction Type 2 %
5D : e — ] f—_ - e
N: 50 ?2‘5.; Absth = Agar Friction Type 3 %
No. 10 - - <~
Nz 203 ;3/ FAA = Aggr Friction Type 4 %
i Shaded bokes to be compieted by the Dlstrlct Materials Engineer R
Etockplle Owner Representative | Gary Netser JI Date 8310
District Materials Representalive | Dale

Figure A.4 LL Pelling RAP Stockpile Report — Stockpile B
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HiAY-26-2011 WED 03:05 A DOT MATERIALS LAB

FAX WO, 51852381092

P, 01/0] C,

A ERT g pnitn § Pﬁm

C’i P FT Ry
ABC1- 70 County Johnson
Project# | Mix Dasigns Date Raceived 18-May-11
Senders # | CR11V5-605 Dats Reporied
% A.C. Intandad District &
SIEVE ANALYSIS EXTRACTION TESTS
' % Passing : Aggregate Contant (%)
Sieve Size| Ignition | Reflux | Celd Fead| Rasaarch % AC Refiix Method 4.82
15 | Water (36)
1.000" Volatile (%)
34" 100 % AC lgnition Method
0.500° Ba -
38" i BO - RECOVERY TESTS
No.4 §1 61 Pan of Rec. AC @ 25 ¢
No. B 48 OSR& 70¢
Nao, 18 28 Rec. Agg Anguiarity 41.0
No. 30 27
MNo.50 | . - 17 MARSHALL STABILITY TESTS
Mo, 100 | 12 Pounds
Ne. 200 | | 10.3 Flow - 0.01 In.
ll MISCELLANEQUS TESTS
i 6
6
3]
] Gsa ' 2703
% Abs. 1,50
Gsb 2507
Comments

Figure A.5 lowa DOT Binder Extraction Testing Report — Stockpile C
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Appendix B RAP Stockpile Gradation Analysis
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Appendix D Volumetric Equations and RAP Formulas

t&‘lowa Department of Transportation

April 17, 2012 - Office of Materiale Matls. IM 501
Supersedes October 19, 2010

ASPHALTIC EQUATIONS
& EXAMPLE CALCULATIONS

SCOPE

This IM describes the equations associated with asphaltic materials. In addition, there are a
number of example calculations showing how to determine various properties.

NAMING CONVENTION
/ Gfb ‘\
Volumetric Material Type
Property b = bulk
s = stone e = effective

G = Specific Gravity b = binder m = maximum theoretical

V = Volume m = mix a = apparent (for G) or

P = Percent a = air a = absorbed {for V and P)
DEFINITIONS

P, = % of air voids in compacted hot mix asphalt mixture (percent of total

volume) Lab Voids for gyratory specimens or Field Voids for cores

Py = % of asphalt binder in the hot mix asphalt mixture
Purary = % of asphait binder in RAP material
Phiadq) = % of virgin asphalt binder needed to add to the mix to achieve the total

intended binder content

Poaddesy = % of virgin asphalt binder in the hot mix asphalt mixture. Does not include
the asphalt binder from the RAP

Py = % of combined aggregate in the hot mix asphalt mixture
= 100~Py
Psa = % of asphalt binder absorbed by aggregate, aggregate basis
Poe = effective asphalt binder, %, mixture basis
% Abs = % water absorption of the individual or combined aggregate
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ABS

nou

Gsa
Gse -
Gsp =

Gspissp) =

Gb =
Gum =

Gmh =
Gmb(measuwd] =

Gumblcorrected) =

Gmbifield core)™
VMA =
Vi =
VFA =
Nini =

Ndes -

Nimax =

Ny =

d( =

fraction of water absorption of the individual or combined aggregate
% Abs/100

ABS is always used in the calculations rather than % Abs.

apparent specific gravity of the aggregate

effective specific gravity of the combined aggregate

bulk specific gravity of the aggregate (dry basis)

bulk specific gravity of the aggregate (SSD basis)
Used for Portland Cement Concrete NOT ASPHALTI!!

specific gravity of the asphalt binder at 25°C (77°F)

maximum specific gravity of the hot mix asphalt mixture. Often referred to
as the Rice specific gravity, solid specific gravity or solid density.

bulk specific gravity of compacted hot mix asphalt mixture
G Of gyratory specimen as determined from test procedure in IM 321
corrected G, of gyratory specimen at Ng.s, also called Lab Density.

G and G, will be the same when compacting to Nges S0 N0
correction is necessary.

bulk specific gravity of pavement cores (also Guuieis) OF Field Density)
% voids in mineral aggregate, (percent of bulk volume), compacted mix
design target air voids, %

% voids filled with asphalt binder

Number of gyrations used to measure initial compaction.

Number of gyrations used to measure design compaction. Gy, for Lab
Density is determined at Nges.

Number of gyrations used to measure maximum compaction.
Level of compaction, where x is the number of gyrations.
temperature correction multiplier obtained from IM 350 Table 2 App. A

density of water at test temperature, g/cc
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Nmax = the height of the specimen at Npa,, mm
hees = the height of the specimen at Nges, mm
hy = the height of the specimen at any gyration ievel N,, mm
Cy = percent of compaction expressed as a percentage of G
Where x is the number of gyrations (this is normally Niy or Neax)
S = slope of the compaction curve
FT = Film Thickness, microns
SA = Surface Area, m’kg
FIB = Filler/Bitumen Ratio also called Fines/Bitumen Ratio
Tp = Sample Standard Deviation
X = sample average
FORMULAS

All calculations shown have been rounded for ease of presentation. Normally caiculations will
involve maintaining more significant figures throughout the intermediate calculations and only
rounding the final result. The values generated by the software specified by the DOT will be the
accepted results for reporting purposes.

Al specific gravity calculations will be reported to 3 decimal places. Binder content is reported to
2 decimal places. Percent voids, VMA and VFA are reported to 1 decimal place.

Unless noted as otherwise, the following information is given to perform the calculations. Any
additional needed information witl be provided with the sample calculation.

Py = 5.75% Gy = 2.667 Gop ety = 2.215
Ps=100-575=94.25%  Ge =2.659 Ginb measuredy = 2.310
% Abs = 1.39 Ggp = 2.572 Gumb (correcteq = 2.273
ABS = 1.39/100=0.0138  Ggpysspy= 2.608 % RAP =10.0%
Gy =1.031 G = 2.438 Pogasy = 5.00%

% minus #200 (75 ym) sieve = 5.0%
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VOLUMETRIC EQUATIONS

To convert the specific gravity of asphalt binder from one temperature to another, the following
two equations are used.

G. (at 60°F) _Gp at77°F) LI
b 0.9961 0.9961
Gh (at 77°F}) =0.9981x G, (at 60°F) =0.9961 % (1.035) =1.031
% Abs Wt W - We s 100
<
:131 57+ 690.32000.0“00:0.30%
2000.0
Where: W, = Saturated-Surface-Dry {(SSD) weight of coarse portion, 1315.7 g
W, = Saturated-Surface-Dry (SSD) weight of fine portion, 690.3 ¢
W, = Combined dry weight of coarse and fine portion, 2000.0 g
% ADS combind) ~[o% Abs, x(P, )]+ [% Abs, x(P,,)] + [%6 Abs, x(P,)]+ ..
=0.67(0.50) +1.23(0.05) + 2.21(0.45) = 1.39%
Where: % Abs; = 0.67% Ps = 50%
% Abs; = 1.23% P2 =5%
% Abs; =2.21% Py = 45%
G, _ WxR _ (2000.0){1.0000) 2867
W +W, -W, 2000.0 + 6048.0-7298.1
Where: W = Weight of dry sample, 2000.0 g
W; = Sample weight of pycnometer filled with water at test temperature,
6048.0 g 7
W, = Sample weight of pycnometer filled with water and sample, 7298.1 g
R = Muitiplier to correct temperature to 77°F = 1.0000 @ 77°F
G
G SE— T = _12,5_6.7__ =2.572
1+ (ABS)x(G,,) 1+(0.0139){2.687)
4
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100 100
Gsh (combined) — = =2.649
P N P " Py n 50.0 " 5.0 % 45.0
Gt Cux Gus 2.657 2.642 2640
Where: Ps; = 50.0% Gep1 = 2.657
Ps2 =5.0% Ggpz = 2.642
Pa= 45.0% Gsbg =2.640
P 100-5.75
— —5 ===
e 100 P, 100 575 - 2%
G,.. G, 2.438 1.031
o N W xR = (2020.0)(1.0000) _2438
W +W,-W, 2020.0 +6048.0-7239.5

Where: W = Sample weight of sample, 2020.0 g
W; = Sample weight of pycnometer filled w/water at test temperature, 6048.0 g
W, = Sample weight of pycnometer filled w/water and sample, 7239.5 g
R = Multiplier to correct temperature to 77°F = 1.0000 @ 77°F

To correct the density of water to 77°F the R muiltiplier is used. The value of R is given in the
tables in IM’s 350 and 380 for temperatures from 60 to 130°F. R is calculated as follows:

5 __ 4 _ 080707 _; o600
0.99707 0.99707
Where: dy = density of water at temperature t = 0.99707 g/cc at 77°F.
W. 4800.0
G or G asure e =— =2310
(T G W, - W, 48056 - 2727.7
Where: W, = Sample Dry weight, 4800.0 g
W, = Sample weight in water, 2727.7 g
W, = Sample weight in air, SSD, 4805.6 g
G -G -
P. (lab voids) =_—mm__"mb y 400 :M x100=5.3%
G 2.438
mm
5
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G .
%Gy (field core) = milfedeor) o 00

mmilotavg.}

2215
2438

x100 = 90.9%

P. (field voids) =100-%G,,, =100-90.9=9.1%
G  xP
VMA =100-] s _100- Z31004.29) 0 4o
G, 2572
VFA YMA-P, 100 15453 100-65.6%
VMA 15.4
Poa :MxGbx'iOD _ 2889-2572 1 31x100=1.31%
(G, x Gy, (2.659)(2572)
P XP, (1.31)(94.25)
Poe :pb_[ b:oo ] =576-—— " 4 52%
. . .
FIB  (fines/bitumen) - Total % of mlm;)s #200 material :%:1“
3 .

Where:
when used.

Total % of minus #200 (75 am) includes both virgin aggregate and RAP
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RAP FORMULAS

To determine the percent of asphalt binder to add to a mix containing RAP (Pyuqy) to achieve
the total intended P, shown on the JMF (this the value to which the plant controls are set):

_ [{100) x total intended P, )1 - [(% RAP) x (P, )
h 100 - [(% RAP) x (P, ., )% (0.01)]

Phgaday
{RAP}

~ (100)(5.75)- (10.0)(5.00)
" 7100 -(10.0(5.00)0.01)

5.28%

To determine the percent of aggregate contributed by the RAP in the total aggregate blend:

(% RAP)x[1.00- (B, gy X0.01)]
% virginagg. + [(% RAP)x (1.00 - (P,

% RAP 4qreqate) 100

X
ey X001
(10.0)(1.00- (5.00)(0.01))

- x100 =9.55%
90.0 + (10.0)(1.00 - (5.00)(0.01))

To determine the actual percent virgin aggregate in the total aggregate blend containing RAP:

% virgin agg.

% virgin agg. e r— ~ x 100
% virgin agg. +[{% RAP) x(1.00 - (Pb‘w} x 0.01))]
90.0
= x 100 =90.45%
90.0 +(10.0)(1.00- (5.00)(0.01)) °
To determine the total percent asphalt binder in a mix containing RAP:
Total P, = Praadeey + 1% RAPYX (P 0 )% (0.01)] = [(Pyypggeq) )% (% RAP)X (P )(0.0001)]
=5.28 + (10.0)(5.00)(0.01) - (5.28)(10.0)(5.00)(0.0001) = 5.75%
Where: Puiaddeq)_is the actuai percent of virgin asphait binder added to the mix

from the tank stick, flow meter or batch weights - not the Pugaga)
determined above which is the original determination on the JMF.
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[600- (62 + 50 +37 + 26+ 17 + 6.9)) B
FMrypez = 100 x0.35=1.40
FILM THICKNESS EXAMPLE:
STEVE ANALY SIS % PASIING — ~
Sove W] T ] 34| W2] o8] # | % | #6 | %0 | #0100 | 200
fmm) 1 (250)| 19.0| (125 | (95) | @75 | .36 | (1.98) | (0600)] (0300} {0.150}| {0.675)
Combined
Ceading 100 00| 95 || e8| 4] 3| 28| 10| 54] a0
35”;?;;’:{? 0.0041 | 0.0082 | 0.0164 | 0.0287 | 0.0614 | 0.1220 | 0.3277] TOTAL
Surface Area | (miikg) 041 028 | 039 | 062 | 075 | 061 | 066 | 128 | 500

The surface area (SA) is found by taking the % Passing times the Surface Area Coefficient. The
Surface Area for the material above the #4 sieve is a constant 0.41. The total surface area is
found by adding ali of the individual surface area values.

SA  (for each sieve) = (% Passing) x (Surface Area Coefficient)

=(38)(0.0164)=0.62 (for the #16 sieve above)

Where: The Surface Area Coefficients are constants.
FT (Film Thickness) = E'E- x10 _452 x10=9.0
s 5000
1
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Table E.1 Optimum FRAP Proportion Selection — Stockpile A

RAP Stockpile Extracted Aggregate Gradation
3/4" 1/2" 3/8" No. 4 No. 8 No.16 | No.30 | No.50 [ No.100 | No.200| AC %
Traditional 100.0 98.0 95.0 79.0 62.0 47.0 35.0 24.0 19.0 16.0 5.41
Coarse FRAP 1000 | 945 86.0 53.4 395 305 22.9 14.8 112 0.1 557
Fine FRAP 100.0 | 1000 | 100.0 100.0 82.7 60.8 44.9 30.9 23.3 18.4 6.01
Frac. (- No. 30) 1000 | 973 027 76.8 57.9 42.3 29.3 203 167 141 5.70
Virgin Aggregate Gradation
1000 | 914 | 800 | 600 | 433 321 | 205 | 119 | 44 | 35
30% Classified RAP
FRAP Properties Effects on 6.00% AC Mix Design |
Split % Coarse | Fine | AC% |RAP%Wt [Ags. % Wt.| No.50 [% Change| No.200 [% Change[surf. Area] % Change] stockpile
Traditional 541 3473%  65.27% | 1610  9.77%  7.84  1211% 712 9.13%
Frac. (Minus #30 Removed) 5.70 32.96%  67.04% | 1467  000% 699  0.00% 652 0.00%  9.1%
Original 44% 56% 5816 3230%  67.70% | 1575 737% 699 -0.04% 673 3.12% __ 0.0%
1to1 50% 50% 5790  3245%  67.55% | 1545  535% | 6.8  -240% 660  114%  12.0%
3t02 60% 40% 5746 3270%  67.30% | 1495  194% | 655  -638% | 638 | -221% | 26.7%
37102 65% 35% 5724 3283%  67.17% | 1470  022% | 641  -840% 627  -390%  32.3%
2to1 67% 33% 5715 3288%  67.12% | 1460 | -047% 635  -921% 622  -A57%  34.3%
7t03 70% 30% 5702 32.95%  67.05% | 1445  -151% 626  -1043% 616  -560%  37.1%
% Left Over
split% | 34 ] U2 ]| a/8 | No.4 | No.8 ] No.16 ] No.30 | No.50 ] No. 100 ] No. 200 ] Stockpile [Fine FRAP
Traditional 100 937 85.2 66.6 49.8 373 255 1610  9.47 7.84
Frac (Minus #30) 100 933 84.2 65.5 481 355 2.4 1467 845 6.99 9.1%
Original 100 93.4 84.5 663 49.9 37.1 253 15.75 8.79 6.99 0.0% 0.0%
1to1 100 33 84.2 65.4 49.1 365 2.8 15.45 8.57 6.83 120%  21.4%
3t02 100 9.1 83.8 63.9 47.7 355 22 14.95 821 655 | 267%  47.6%
3.7t02 100 3.0 83.6 632 47.0 35.1 2338 1470 802 641 | 323%  57.7%
2to1 100 9.0 835 62.9 467 349 37 1460  7.95 635 | 343%  613%

7t03 46.3 37.1% 66.3%

40% Classified RAP

| FRAP Properties Effects on 6.00% AC Mix Design
Split % | Coarse | Fine | AC % RAP % Wt. [Agg. % Wt.| No.50 |% Change[ No.200 |% Change [Surf. Area| % Change [ Stockpile
Traditional 5.41 46.02% 53.98% 17.47 12.20% 9.25 13.81% 7.96 11.00%
Frac. (Minus #30 Removed) 5.70 43.68% 56.32% 15.57 0.00% 8.13 0.00% 7.17 0.00% 9.1%
Original 44% 56% 5.816 42.80% 57.20% 17.00 9.19% 8.13 -0.04% 7.44 3.76% 0.0%
1tol 50% 50% 5.790 43.00% 57.00% 16.61 6.68% 7.91 -2.74% 7.27 1.37% 12.0%
3to2 60% 40% 5.746 43.33% 56.67% 15.95 2.43% 7.54 -7.28% 6.98 -2.66% 26.7%
3.7t02 65% 35% 5.724 43.49% 56.51% 15.61 0.28% 7.35 -9.57% 6.84 -4.69% 32.3%
2tol 67% 33% 5.715 43.56% 56.44% 15.48 -0.59% 7.28 -10.50% 6.78 -5.51% 34.3%
7to3 70% 30% 5.702 43.66% 56.34% 15.28 -1.89% 7.16 -11.89% 6.69 . 75% 37.1%
% Left Over
split% | 34" | 12* | 38" | No.4 | No.8 | No.16 | No.30 | No.50 | No. 100 | No. 200 | stockpile [Fine FRAP
Traditional 100 94.4 86.9 68.7 51.9 39.0 27.2 17.47 11.12 9.25
Frac (Minus #30) 100 94.0 85.5 67.3 49.7 36.6 243 15.57 9.77 8.13
Original 100 94.0 85.9 68.3 52.0 38.7 26.8 17.00 10.21 8.13
1tol 100 93.9 85.6 67.2 51.0 37.9 26.3 16.61 9.93 7.91 12.0% 21.4%
3to2 100 93.7 85.0 65.2 49.1 36.7 25.4 15.95 9.44 7.54 26.7% 47.6%
3.7t02 100 93.6 84.7 64.2 48.2 36.0 24.9 15.61 9.20 7.35 32.3% 57.7%
2tol 100 93.5 84.6 63.8 47.9 35.8 24.7 15.48 9.10 7.28 34.3% 61.3%

7t03

50% Classified RAP

FRAP Properties Effects on 6.00% AC Mix Design |
Split% | Coarse | Fine | AC% [RAP%Wt [Age. % Wt.| No.50 [% Change[ No.200 [% Change[surf. Area] % Change] stockpile
Traditional 5.41 57.17%  42.83% | 1882  14.34% 1065  1507% 879  12.54%
Frac. (Minus #30 Removed) 5.70 54.26%  45.74% | 1646 0.00% 9.25 0.00% 7.81 0.00%  9.1%
Original 24% 56% 5816 53.17%  46.83% | 1824  10.81% 925  -005% 815 4.28%  0.0%
1to1l 50% 50% 5790  53.42%  4658% | 17.75  7.85% 898  -299%  7.93 156%  12.0%
3t02 60% 20% 5746 53.82%  46.18% | 1693  2.85% 852  -7.94% 758  -3.03%  26.7%
3.7t02 65% 35% 5724 54.03%  4597% | 1651  0.33% 828  -1045% 739  -535%  32.3%
2to1 67% 33% 5715  54.12%  45.838% | 1634  -0.69% 819  -11.46% 732  -6.29%  34.3%
7t03 70% 30% 5702 5424%  4576% | 16.09  -2.22% 805  -12.98% 721  -7.69%  37.1%
% Left Over
split%e | 34" | 12" | 38" | No.4 | No.8 | No.16 | No.30 | No.50 | No. 100 | No. 200 | stockpile [Fine FRAP
Traditional 100 95.2 83.6 70.9 54.0 40.6 28.8 1882 1275 1065

Frac (Minus #30) 100 9.6 86.9 69.1 51.2 37.6 25.3 1646  11.07 9.25 9.1%
Original 100 94.7 87.4 70.4 54.1 403 28.3 1824 1162 9.25 0.0% 0.0%
1to1 100 94.5 86.9 68.9 52.8 39.3 27.7 17.75  11.26 8.98 120%  21.4%
3t02 100 94.3 86.2 66.5 50.6 37.8 26.5 1693  10.67 8.52 26.7%  47.6%
3.7t02 100 94.1 85.9 65.2 49.4 37.0 26.0 1651 1036 8.28 323%  57.7%
2to1 100 94.1 85.7 64.8 49.0 36.6 25.7 1634  10.24 8.19 343%  613%

66.3%

7to3
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Table E.2 Optimum FRAP Proportion Selection — Stockpile B

RAP Stockpile Extracted Aggregate Gradation
3/4" 1/2" 3/8" No. 4 No. 8 No.16 | No.30 | No.50 [ No.100 | No.200| AC %
Traditional 100.0 95.0 91.0 74.0 57.0 44.0 34.0 22.0 17.0 14.0 511
Coarse FRAP 1000 | 944 86.6 57.4 405 32.1 24.8 16.9 133 111 492
Fine FRAP 100.0 | 1000 | 100.0 100.0 80.4 59.4 43.1 28.8 22.9 19.1 5.85
Frac. (- No. 30) 1000 | 97.0 935 77.0 57.9 42.8 20.8 206 16.4 13.6 534
Virgin Aggregate Gradation
1000 | 914 | 800 | 600 | 433 321 | 205 | 119 | 44 | 35
30% Certified B RAP
FRAP Properties Effects on 6.00% AC Mix Design |
Split % Coarse | Fine | AC% |RAP%Wt [Ags. % Wt.| No.50 [% Change| No.200 [% Change[surf. Area] % Change|[ stockpile
Traditional 511 36.77%  63.23% | 1561  436% 736  435% 685  3.69% _
Frac. (Minus #30 Removed) 534 35.19%  64.81% | 1496 0.00%  7.05 _ 0.00% 660 _ 0.00%  58%
Original 50% 50% 539 3480%  6511% | 1572  508% 755 7.00% 694 _ 516% __ 0.0%
3t02 60% 40% 529  3550%  64.50% | 1537  270%  7.33  3.98% 677  260%  16.7%
37102 65% 35% 525  35.8%  64.18% | 1518  148%  7.23  243% 669  128%  23.1%
2to1 67% 33% 523 3595%  6405% | 1511  099% 7.8  180% 665  075%  254%
7t03 70% 30% 520  36.14%  63.86% | 1500  0.24% 7.1  0.85% | 660  -0.06%  28.6%
3to1 75% 25% 515  3647%  63.53% | 1481 -1.02% 700  -0.75% 651  -143%  333%
% Left Over
split% | 34 ] U2 ]| a/8 | No.4 | No.8 ] No.16 ] No.30 | No.50 ] No. 100 ] No. 200 ] Stockpile [Fine FRAP

Traditional 100 92.7 84.0 65.1 483 36.5 25.5 15.61 9.03 7.36
Frac (Minus #30) 100 93.4 84.8 66.0 48.4 359 23.8 14.96 8.62 7.05 5.8%
Original 100 93.4 84.6 66.5 49.3 36.9 25.2 15.72 9.18 7.55 0.0% 0.0%
3to2 100 93.3 84.2 65.1 48.0 36.0 24.6 15.37 8.92 7.33 16.7% 33.3%
3.7t02 100 93.2 84.0 64.4 473 355 24.3 15.18 8.79 7.23 23.1% 46.2%
2tol 100 93.1 84.0 64.1 47.0 353 24.2 15.11 8.74 7.18 25.4% 50.7%
7t03 100 93.1 83.8 63.7 46.6 351 24.0 15.00 8.66 711 28.6% 57.1%

3tol 33.3% 66.7%

40% Certified B RAP

| FRAP Properties Effects on 6.00% AC Mix Design
Split % | Coarse | Fine | AC % RAP % Wt. [Agg. % Wt.| No.50 |% Change[ No.200 |% Change [Surf. Area| % Change [ Stockpile
Traditional 5.11 48.72% 51.28% 16.82 5.42% 8.62 4.96% 7.60 4.44%
Frac. (Minus #30 Removed) 5.34 46.62% 53.38% 15.96 0.00% 8.21 0.00% 7.28 0.00% 5.8%
Original 50% 50% 5.39 46.23% 53.77% 16.96 6.31% 8.86 7.97% 7.73 6.21% 0.0%
3to2 60% 40% 5.29 47.05% 52.95% 16.49 3.36% 8.58 4.53% 7.50 3.12% 16.7%
3.7t02 65% 35% 5.25 47.46% 52.54% 16.25 1.84% 8.44 2.77% 7.39 1.54% 23.1%
2tol 67% 33% 5.23 47.63% 52.37% 16.15 1.23% 8.38 2.05% 7.34 0.90% 25.4%
7to3 70% 30% 5.20 47.89% 52.11% 16.00 0.30% 8.29 0.97% 7.27 -0.07% 28.6%
3tol 75% 25% 5.15 48.32% 51.68% 15.75 -1.27% 8.14 -0.86% 7.15 -1.71% 33.3%
% Left Over
split% | 34" | 12* | 38" | No.4 | No.8 | No.16 | No.30 | No.50 | No. 100 | No. 200 | stockpile [Fine FRAP

Traditional 100 93.2 85.4 66.8 50.0 379 271 16.82 10.54 8.62
Frac (Minus #30) 100 94.0 86.3 67.9 50.1 371 24.8 15.96 9.99 8.21 5.8%
Original 100 94.1 86.1 68.6 51.2 38.4 26.7 16.96 10.73 8.86 0.0% 0.0%
3to2 100 93.9 85.6 66.8 49.5 37.2 26.0 16.49 10.39 8.58 16.7% 33.3%
3.7t02 100 93.8 85.4 65.8 48.6 36.6 25.6 16.25 10.22 8.44 23.1% 46.2%
2tol 100 93.7 85.2 65.5 48.2 36.4 25.4 16.15 10.15 8.38 25.4% 50.7%
7t03 100 93.6 85.1 64.9 47.7 36.0 25.2 16.00 10.04 8.29 28.6% 57.1%

3tol 33.3% 66.7%

50% Certified B RAP

FRAP Properties Effects on 6.00% AC Mix Design |
Split% | Coarse | Fine | AC% [RAP%Wt [Age. % Wt.| No.50 [% Change[ No.200 [% Change[surf. Area] % Change] stockpile
Traditional 5.11 60.52%  39.48% | 1801  6.34% 9.86 5.41% 8.35 5.05%
Frac. (Minus #30 Removed) 534 57.92%  42.08% | 1694  0.00% 9.35 0.00% 7.94 0.00%  5.8%
Original 50% 50% 5.39 5743%  42.57% | 1819  7.38% 1016 8.69% 8.50 7.06%  0.0%
3t02 60% 20% 5.29 58.44%  4156% | 17.60  3.93% 9.81 4.94% 8.23 355%  16.7%
3.7t02 65% 35% 5.25 58.96%  41.04% | 17.30  2.15% 9.63 3.02% 8.08 175%  231%
2tol 67% 33% 5.23 50.17%  40.83% | 17.18  1.44% 9.56 2.24% 8.02 1.02%  25.4%
7t03 70% 30% 5.20 50.49%  40.51% | 17.00  0.35% 9.45 1.06% 7.94  -0.08%  28.6%
3tol 75% 25% 5.15 60.02%  39.98% | 1669  -149% 926  -093% 779  -195%  333%
% Left Over
split% | 34" | 12" | 38" | No.4 No.8 | No.16 | No.30 | No.50 [ No.100 | No. 200 | stockpile [Fine FRAP

Traditional 100 93.6 86.7 68.5 516 39.3 28.7 18.01 12.03 9.86

Frac (Minus #30) 100 94.6 87.8 69.8 518 383 25.9 16.94 11.35 9.35 5.8%

Original 100 94.7 87.6 70.7 53.1 39.9 28.2 18.19 12.27 10.16 0.0% 0.0%
3to2 100 94.5 87.0 68.4 51.0 385 27.3 17.60 11.85 9.81 16.7% 33.3%
3.7t02 100 94.3 86.7 67.3 49.9 37.7 26.8 17.30 11.63 9.63 23.1% 46.2%
2tol 100 94.3 86.5 66.8 49.4 37.4 26.6 17.18 11.54 9.56 25.4% 50.7%
7t03 100 94.2 86.3 66.1 48.8 37.0 26.3 17.00 1141 9.45 28.6% 57.1%

36.2 11.18 66.7%

25.8 16.69

3tol
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Table E.3 Optimum FRAP Proportion Selection — Stockpile C

RAP Stockpile Extracted Aggregate Gradation
3/4" 1/2" 3/8" No. 4 No. 8 No.16 | No.30 | No.50 [ No.100 | No.200| AC %
Traditional 100.0 | 880 0.0 61.0 46.0 36.0 27.0 17.0 12.0 10.3 482
Coarse FRAP 1000 | 911 814 50.8 34.0 27.6 218 13.4 8.7 7.2 4.41
Fine FRAP 100.0 | 1000 | 100.0 100.0 78.0 58.0 2.1 23.6 15.8 13.1 5.81
Frac. (- No. 30) 1000 | 97.0 017 67.3 476 35.7 25.7 155 103 85 483
Virgin Aggregate Gradation
1000 | 914 | 800 | 600 | 433 321 | 205 | 119 | 44 | 35
30% Certified C RAP
FRAP Properties Effects on 6.00% AC Mix Design |
Split % Coarse | Fine | AC% |RAP%Wt [Ags. % Wt.| No.50 [% Change| No.200 [% Change[surf. Area] % Change|[ stockpile
Traditional 482 38.98%  61.02% | 1389  442% 615  12.96% 598  6.17% _
Frac. (Minus #30 Removed) 4.83 38.90%  6110% | 1330  0.00% 545  0.00% 563 0.00% _ 5.0%
Original 65% 35% 4900 3835%  6165% | 13.84  409% 571 _ 488% 584 379% __ 0.0%
2to1 67% 33% 4872 3857%  6143% | 1378  3.58% 568  4.27% 581  323%  3.0%
7t03 70% 30% 4830  3890%  61.10% | 1367  281% 563  3.36% 576  238%  7.1%
3tol 75% 25% 4760  39.47%  6053% | 1350  149% 554  179% 568  094%  13.3%
4to1 80% 20% 4690  40.06%  59.94% | 1332  013% 546  0.18% | 560  -055%  18.8%
100 100% 0% 4410  4261%  57.39% | 1254  -572% 508  -677% 524  -698%  350%
% Left Over
split% | 34 ] U2 ]| a/8 | No.4 | No.8 ] No.16 ] No.30 | No.50 ] No. 100 ] No. 200 ] Stockpile [Fine FRAP

Traditional 100 90.1 80.0 60.4 44.4 33.6 23.0 13.89 7.36 6.15
Frac (Minus #30) 100 93.6 84.6 62.8 45.0 335 22,5 13.30 6.70 5.45 5.0%
Original 100 92.5 83.0 63.1 45.6 34.5 23.7 13.84 7.00 571 0.0% 0.0%
2to1 100 92.4 82.9 62.7 453 34.2 236 13.78 6.96 5.68 3.0% 8.5%
7t03 100 92.3 82.7 62.2 44.8 339 23.4 13.67 6.90 5.63 7.1% 20.4%
3tol 100 92.2 82.4 61.2 44.0 333 23.0 13.50 6.80 5.54 13.3% 38.1%

53.6%

4to1 60.3

211 6.23

5.08

100 100 913 12.54

40% Certified C RAP

80.6

| FRAP Properties Effects on 6.00% AC Mix Design |
Split % | Coarse | Fine | AC % RAP % Wt. [Agg. % Wt.| No.50 |% Change[ No.200 |% Change [Surf. Area| % Change [ Stockpile
Traditional 4.82 51.65% 48.35% 14.53 5.66% 7.01 15.39% 6.45 7.69%
Frac. (Minus #30 Removed) 4.83 51.55% 48.45% 13.76 0.00% 6.08 0.00% 5.99 0.00% 5.0%
Original 65% 35% 4.900 50.81% 49.19% 14.48 5.24% 6.43 5.79% 6.27 4.72% 0.0%
2tol 67% 33% 4.872 51.10% 48.90% 14.39 4.59% 6.39 5.07% 6.23 4.03% 3.0%
7to3 70% 30% 4.830 51.55% 48.45% 14.25 3.60% 6.32 3.99% 6.16 2.97% 7.1%
3tol 75% 25% 4.760 52.30% 47.70% 14.02 1.91% 6.21 2.13% 6.06 1.17% 13.3%
4tol 80% 20% 4.690 53.08% 46.92% 13.78 0.17% 6.09 0.22% 5.95 -0.69% 18.8%
100 100% 0% 4.410 56.45% 43.55% 12.75 -7.33% 5.59 -8.04% 5.47 -8.70% 35.0%
% Left Over
split% | 34" | 12* | 38" | No.4 | No.8 | No.16 | No.30 | No.50 | No. 100 | No. 200 | stockpile [Fine FRAP
Traditional 100 89.6 80.0 60.5 44.7 34.1 239 14.53 833 7.01
Frac (Minus #30) 100 94.3 86.0 63.8 45.5 34.0 23.2 13.76 7.44 6.08
Original 100 92.8 84.0 64.1 46.4 35.2 24.8 14.48 7.85 6.43
2tol 100 92.7 83.9 63.6 46.0 34.9 24.6 14.39 7.79 6.39 3.0% 8.5%
7to3 100 92.6 83.6 62.9 45.3 345 243 14.25 7.71 6.32 7.1% 20.4%
3tol 100 92.4 83.2 61.6 44.2 337 23.8 14.02 7.58 6.21 13.3% 38.1%

60.3

4to1

21.2 6.83

5.59

100 100 91.2 12.75

50% Certified C RAP

80.8

FRAP Properties Effects on 6.00% AC Mix Design |
Split% | Coarse | Fine | AC% [RAP%Wt [Age. % Wt.| No.50 [% Change[ No.200 [% Change[surf. Area] % Change] stockpile
Traditional 4.82 64.17%  35.83% | 1517  6.81% 786  17.33% 691 9,02%
Frac. (Minus #30 Removed) 4.83 64.03%  35.97% | 1421 0.00% 6.70 0.00% 6.34 0.00%  5.0%
Original 65% 35% 4900 63.12%  36.88% | 1510  6.30% 7.14 6.52% 6.69 554%  0.0%
2to1 67% 33% 4872 63.48%  3652% | 1499  552% 7.08 5.72% 6.64 472%  3.0%
7t03 70% 30% 4830  64.03%  3597% | 1482  4.33% 7.00 4.49% 6.56 3.48%  7.1%
3tol 75% 25% 4760  64.97%  35.03% | 1453  2.30% 6.86 2.40% 6.43 137%  13.3%
4t01 80% 20% 4690  65.94%  34.06% | 1423  021% 6.72 0.25% 629  -081%  18.8%
100 100% 0% 4410  70.13%  29.87% | 1295  -8.82% 609  -905% 569  -1020% 35.0%
% Left Over
split% | 34" | 12" | 38" | No.4 No.8 | No.16 | No.30 | No.50 [ No.100 | No. 200 | stockpile [Fine FRAP
Traditional 100 89.2 80.0 60.6 45.0 34.6 24.7 15.17 9.28 7.86
Frac (Minus #30) 100 9.0 87.5 64.7 261 34.4 23.8 14.21 8.18 6.70
Original 100 93.2 85.0 65.1 47.2 36.0 25.8 15.10 8.68 7.14
2to1 100 93.1 84.8 64.5 46.6 35.6 25.6 14.99 8.62 7.08 3.0% 8.5%
7t03 100 92.9 84.5 63.6 45.8 35.1 25.2 14.82 8.52 7.00 7.1%  20.4%
3tol 100 927 83.9 62.0 44.4 34.1 24.6 14.53 835 6.86 133%  38.1%

24.0 8.17

43.0 14.23

60.4

4tol
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