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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 Iowa 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, 
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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 Iowa 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 Iowa. 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 
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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).  
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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 Regulation 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 DOTs 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, Iowa, 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 

Internal 

Aggregate 

Structure of 

Original 

Mixture 

Processed 

RAP Material 

Particles 
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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 Iowa 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 Iowa 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 Iowa 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. Iowa 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 Iowa 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
TM

 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 
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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 Iowa 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
TM 
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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 Iowa 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 ESALs. 

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 
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weight. The state of Iowa‟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 Iowa 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 



13 

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 ½” 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 Iowa Asphalt Research 

Laboratory to analyze their material composition. All three materials had already been analyzed 

by the Iowa 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 Iowa 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. 
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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 1½” 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 Iowa 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. 

 

 
 

Figure 3.3 Recovered Aggregate Gradation vs. Original Mix Design -  

Stockpile A & B 
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Figure 3.4 Recovered Aggregate Gradation vs. Estimated Gradation - Stockpile B 
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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 ½” 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. ½” 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.   
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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
TM

, 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
TM

 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 

High-

Frequency 

Vibration 

Screening 

Operation 

Top-Size Screen  
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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.  

 

 
 

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. 

Percent Reduction 
-18.2% -28.0% -13.3% -11.9% -16.3% 

 

 

 



    

  

36 

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  

DOT Extraction 
12.0 5.0 3.0 14.0 34.0% 

‘Fractionated RAP’ 

Binder Burn-Off 
9.2 4.2 2.8 13.6 29.8% 

Fine Aggregate Mat’l. 

Percent Reduction 
-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 

Original Stockpile  

DOT Extraction 
10.0 5.0 1.7 10.3 27.0% 

‘Fractionated RAP’ 

Binder Burn-Off 
10.2 5.2 1.8 8.5 25.7% 

Fine Aggregate Mat’l. 

Percent Reduction 
+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 1/2” 3/8” No. 4 No. 8 No. 16 No. 30 No. 50 No. 100 No. 200 Pan Stockpile 

Coarse FRAP-A 5.5 8.5 32.6 13.9 9.0 7.6 8.1 3.6 2.1 9.1 44.0% 

Fine FRAP-A 0.0 0.0 0.0 17.3 21.9 15.9 14.0 7.6 4.9 18.4 56.0% 

Coarse FRAP-B 5.6 7.8 29.2 16.9 8.4 7.3 7.9 3.6 2.2 11.1 50.6% 

Fine FRAP-B 0.0 0.0 0.0 19.6 21.0 16.3 14.3 5.9 3.8 19.1 49.4% 

Coarse FRAP-C 8.9 9.7 30.6 16.8 6.4 5.8 8.4 4.7 1.5 7.2 65.2% 

Fine FRAP-C 0.0 0.0 0.0 22.0 20.0 15.9 18.5 7.8 2.7 13.1 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. 

 



    

  

40 

 
 

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 Iowa 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 Iowa 

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 (%RAPweight), rather than the 

percentage of virgin binder replacement (%RAPbinder). The program then calculates the necessary 

amount of virgin binder to add to the mixture (AC(add)), in addition to the binder contributed by 

the asphalt content of the RAP material (Pb(RAP)), to achieve the target asphalt content of the 

mixture (AC(total)) as shown below: 

 

 

𝐴𝐶(𝑎𝑑𝑑) =  
(𝐴𝐶(𝑡𝑜𝑡𝑎𝑙) ∗ 100) − (%𝑅𝐴𝑃𝑤𝑒𝑖𝑔ℎ𝑡 ∗ 𝑃𝑏(𝑅𝐴𝑃))

100 − (%𝑅𝐴𝑃𝑤𝑒𝑖𝑔ℎ𝑡 ∗ 𝑃𝑏(𝑅𝐴𝑃) ∗ 0.01)
 

 

Example: 

=  
(5.50 ∗ 100) − (50.0 ∗ 5.00)

100 − (50.0 ∗ 5.00 ∗ 0.01)
= 3.08% 𝐴𝐷𝐷 𝐴𝐶 

 
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 (%RAPbinder), a modified spreadsheet program was created that 

(5.1) 
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calculates the percentage weight of RAP material (%RAPweight) 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 (%RAPweight) as follows: 

 

%𝑅𝐴𝑃𝑤𝑒𝑖𝑔ℎ𝑡 =
(𝐴𝐶(𝑡𝑜𝑡𝑎𝑙) − 𝐴𝐶(𝑎𝑑𝑑))

(𝑃𝑏(𝑅𝐴𝑃) ∗ 0.01) − (𝐴𝐶(𝑎𝑑𝑑) ∗ 𝑃𝑏(𝑅𝐴𝑃) ∗ 0.0001)
 

 

 

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 (AC(RAP)) 

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

 

 

 

𝐴𝐶(𝑡𝑜𝑡𝑎𝑙) − 𝐴𝐶(𝑎𝑑𝑑) = 𝐴𝐶(𝑅𝐴𝑃) = 𝐴𝐶(𝑡𝑜𝑡𝑎𝑙) ∗ %𝑅𝐴𝑃𝑏𝑖𝑛𝑑𝑒𝑟 ∗ 0.01 

 

𝐴𝐶(𝑎𝑑𝑑) = 𝐴𝐶(𝑡𝑜𝑡𝑎𝑙) ∗ (1 − %𝑅𝐴𝑃𝑏𝑖𝑛𝑑𝑒𝑟 ∗ 0.01) 

 

 

 

Substitution of these expressions into the %RAPweight formula gives the following 

equation to calculate the amount of RAP material required to achieve the target binder 

replacement for a given trial mixture:  

 

%𝑅𝐴𝑃𝑤𝑒𝑖𝑔ℎ𝑡 =
(𝐴𝐶(𝑡𝑜𝑡𝑎𝑙)  ∗  %𝑅𝐴𝑃𝑏𝑖𝑛𝑑𝑒𝑟)

(𝑃𝑏(𝑅𝐴𝑃)) − (𝑃𝑏(𝑅𝐴𝑃) ∗ 𝐴𝐶(𝑡𝑜𝑡𝑎𝑙) ∗ (1 −  %𝑅𝐴𝑃𝑏𝑖𝑛𝑑𝑒𝑟 ∗ 0.01) ∗ 0.01)
 

 

Example: 

=  
(5.50 ∗ 50)

(5.00) − [5.00 ∗ 5.50 ∗ (1 − (50 ∗ 0.01)) ∗ 0.01]
= 56.6% 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.  

 

(5.2) 

(5.3) 

(5.4) 
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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 (%RAPunused), 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: 

 

 

% 𝑅𝐴𝑃𝑢𝑛𝑢𝑠𝑒𝑑 =
(% 𝐶𝑜𝑎𝑟𝑠𝑒𝑛𝑒𝑤−% 𝐶𝑜𝑎𝑟𝑠𝑒𝑜𝑟𝑖𝑔)∗(1+

% 𝐹𝑖𝑛𝑒𝑜𝑟𝑖𝑔

% 𝐶𝑜𝑎𝑟𝑠𝑒𝑜𝑟𝑖𝑔
)

1+(% 𝐶𝑜𝑎𝑟𝑠𝑒𝑛𝑒𝑤−% 𝐶𝑜𝑎𝑟𝑠𝑒𝑜𝑟𝑖𝑔)∗(1+
% 𝐹𝑖𝑛𝑒𝑜𝑟𝑖𝑔

% 𝐶𝑜𝑎𝑟𝑠𝑒𝑜𝑟𝑖𝑔
)

∗ 100 

Example: 

=  
(0.75 − 0.44) ∗ (1 + (0.56 0.44⁄ ))

1 + (0.75 − 0.44) ∗ (1 + (0.56 0.44⁄ ))
∗ 100 = 41.3% 𝑅𝐴𝑃𝑢𝑛𝑢𝑠𝑒𝑑 

 
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.  

 

 

   

  

 

 

 

 

 

 

 

 

 

  

(5.5) 
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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 Iowa. These 

materials should be used to construct field test sections with up to 50% RAP by binder 

replacement using the 300,000 ESAL ½” surface mix design.  
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Appendix A Iowa DOT Stockpile Categorization Reports 
 

 

 
 

Figure A.1 Iowa DOT Binder Extraction Testing Report – Stockpile A 
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Figure A.2 LL Pelling RAP Stockpile Report – Stockpile A  
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Figure A.3 Iowa DOT Binder Extraction Testing Report – Stockpile B 
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Figure A.4 LL Pelling RAP Stockpile Report – Stockpile B 
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Figure A.5 Iowa 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 
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Appendix E Optimum FRAP Proportion Selection 
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Table E.1 Optimum FRAP Proportion Selection – Stockpile A 

 

 

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 100.0 94.5 86.0 53.4 39.5 30.5 22.9 14.8 11.2 9.1 5.57

Fine FRAP 100.0 100.0 100.0 100.0 82.7 60.8 44.9 30.9 23.3 18.4 6.01

Frac. (- No. 30) 100.0 97.3 92.7 76.8 57.9 42.3 29.3 20.3 16.7 14.1 5.70

100.0 91.4 80.0 60.0 43.3 32.1 20.5 11.9 4.4 3.5

Split % Coarse Fine AC % RAP % Wt. Agg. % Wt. No. 50 % Change No. 200 % Change Surf. Area % Change Stockpile

5.41 34.73% 65.27% 16.10 9.77% 7.84 12.11% 7.12 9.13%

5.70 32.96% 67.04% 14.67 0.00% 6.99 0.00% 6.52 0.00% 9.1%

Original 44% 56% 5.816 32.30% 67.70% 15.75 7.37% 6.99 -0.04% 6.73 3.12% 0.0%

1 to 1 50% 50% 5.790 32.45% 67.55% 15.45 5.35% 6.83 -2.40% 6.60 1.14% 12.0%

3 to 2 60% 40% 5.746 32.70% 67.30% 14.95 1.94% 6.55 -6.38% 6.38 -2.21% 26.7%

3.7 to 2 65% 35% 5.724 32.83% 67.17% 14.70 0.22% 6.41 -8.40% 6.27 -3.90% 32.3%

2 to 1 67% 33% 5.715 32.88% 67.12% 14.60 -0.47% 6.35 -9.21% 6.22 -4.57% 34.3%

7 to 3 70% 30% 5.702 32.95% 67.05% 14.45 -1.51% 6.26 -10.43% 6.16 -5.60% 37.1%

3 to 1 75% 25% 5.680 33.08% 66.92% 14.19 -3.26% 6.12 -12.48% 6.05 -7.31% 41.3%

Split % 3/4" 1/2" 3/8" No. 4 No. 8 No. 16 No. 30 No. 50 No. 100 No. 200 Stockpile Fine FRAP

Traditional 100 93.7 85.2 66.6 49.8 37.3 25.5 16.10 9.47 7.84

Frac (Minus #30) 100 93.3 84.2 65.5 48.1 35.5 23.4 14.67 8.45 6.99 9.1%

Original 100 93.4 84.5 66.3 49.9 37.1 25.3 15.75 8.79 6.99 0.0% 0.0%

1 to 1 100 93.3 84.2 65.4 49.1 36.5 24.8 15.45 8.57 6.83 12.0% 21.4%

3 to 2 100 93.1 83.8 63.9 47.7 35.5 24.2 14.95 8.21 6.55 26.7% 47.6%

3.7 to 2 100 93.0 83.6 63.2 47.0 35.1 23.8 14.70 8.02 6.41 32.3% 57.7%

2 to 1 100 93.0 83.5 62.9 46.7 34.9 23.7 14.60 7.95 6.35 34.3% 61.3%

7 to 3 100 93.0 83.4 62.4 46.3 34.6 23.5 14.45 7.84 6.26 37.1% 66.3%

3 to 1 100 92.9 83.1 61.7 45.6 34.1 23.1 14.19 7.65 6.12 41.3% 73.8%

Split % Coarse Fine AC % RAP % Wt. Agg. % Wt. No. 50 % Change No. 200 % Change Surf. Area % Change Stockpile

5.41 46.02% 53.98% 17.47 12.20% 9.25 13.81% 7.96 11.00%

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%

1 to 1 50% 50% 5.790 43.00% 57.00% 16.61 6.68% 7.91 -2.74% 7.27 1.37% 12.0%

3 to 2 60% 40% 5.746 43.33% 56.67% 15.95 2.43% 7.54 -7.28% 6.98 -2.66% 26.7%

3.7 to 2 65% 35% 5.724 43.49% 56.51% 15.61 0.28% 7.35 -9.57% 6.84 -4.69% 32.3%

2 to 1 67% 33% 5.715 43.56% 56.44% 15.48 -0.59% 7.28 -10.50% 6.78 -5.51% 34.3%

7 to 3 70% 30% 5.702 43.66% 56.34% 15.28 -1.89% 7.16 -11.89% 6.69 -6.75% 37.1%

3 to 1 75% 25% 5.680 43.83% 56.17% 14.94 -4.07% 6.97 -14.22% 6.54 -8.81% 41.3%

Split % 3/4" 1/2" 3/8" 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 24.3 15.57 9.77 8.13 9.1%

Original 100 94.0 85.9 68.3 52.0 38.7 26.8 17.00 10.21 8.13 0.0% 0.0%

1 to 1 100 93.9 85.6 67.2 51.0 37.9 26.3 16.61 9.93 7.91 12.0% 21.4%

3 to 2 100 93.7 85.0 65.2 49.1 36.7 25.4 15.95 9.44 7.54 26.7% 47.6%

3.7 to 2 100 93.6 84.7 64.2 48.2 36.0 24.9 15.61 9.20 7.35 32.3% 57.7%

2 to 1 100 93.5 84.6 63.8 47.9 35.8 24.7 15.48 9.10 7.28 34.3% 61.3%

7 to 3 100 93.5 84.5 63.2 47.3 35.4 24.4 15.28 8.95 7.16 37.1% 66.3%

3 to 1 100 93.4 84.2 62.2 46.4 34.7 24.0 14.94 8.71 6.97 41.3% 73.8%

Split % Coarse Fine AC % RAP % Wt. Agg. % Wt. No. 50 % Change No. 200 % Change Surf. Area % Change Stockpile

5.41 57.17% 42.83% 18.82 14.34% 10.65 15.07% 8.79 12.54%

5.70 54.26% 45.74% 16.46 0.00% 9.25 0.00% 7.81 0.00% 9.1%

Original 44% 56% 5.816 53.17% 46.83% 18.24 10.81% 9.25 -0.05% 8.15 4.28% 0.0%

1 to 1 50% 50% 5.790 53.42% 46.58% 17.75 7.85% 8.98 -2.99% 7.93 1.56% 12.0%

3 to 2 60% 40% 5.746 53.82% 46.18% 16.93 2.85% 8.52 -7.94% 7.58 -3.03% 26.7%

3.7 to 2 65% 35% 5.724 54.03% 45.97% 16.51 0.33% 8.28 -10.45% 7.39 -5.35% 32.3%

2 to 1 67% 33% 5.715 54.12% 45.88% 16.34 -0.69% 8.19 -11.46% 7.32 -6.29% 34.3%

7 to 3 70% 30% 5.702 54.24% 45.76% 16.09 -2.22% 8.05 -12.98% 7.21 -7.69% 37.1%

3 to 1 75% 25% 5.680 54.45% 45.55% 15.67 -4.78% 7.82 -15.53% 7.03 -10.05% 41.3%

Split % 3/4" 1/2" 3/8" No. 4 No. 8 No. 16 No. 30 No. 50 No. 100 No. 200 Stockpile Fine FRAP

Traditional 100 95.2 88.6 70.9 54.0 40.6 28.8 18.82 12.75 10.65

Frac (Minus #30) 100 94.6 86.9 69.1 51.2 37.6 25.3 16.46 11.07 9.25 9.1%

Original 100 94.7 87.4 70.4 54.1 40.3 28.3 18.24 11.62 9.25 0.0% 0.0%

1 to 1 100 94.5 86.9 68.9 52.8 39.3 27.7 17.75 11.26 8.98 12.0% 21.4%

3 to 2 100 94.3 86.2 66.5 50.6 37.8 26.5 16.93 10.67 8.52 26.7% 47.6%

3.7 to 2 100 94.1 85.9 65.2 49.4 37.0 26.0 16.51 10.36 8.28 32.3% 57.7%

2 to 1 100 94.1 85.7 64.8 49.0 36.6 25.7 16.34 10.24 8.19 34.3% 61.3%

7 to 3 100 94.0 85.5 64.0 48.3 36.2 25.4 16.09 10.06 8.05 37.1% 66.3%

3 to 1 100 93.8 85.2 62.7 47.1 35.4 24.8 15.67 9.75 7.82 41.3% 73.8%

RAP Stockpile Extracted Aggregate Gradation 

Virgin Aggregate Gradation

FRAP Properties Effects on 6.00% AC Mix Design

50% Classified RAP

30% Classified RAP

Traditional

Traditional

FRAP Properties Effects on 6.00% AC Mix Design

% Left Over

Frac. (Minus #30 Removed)

% Left Over

40% Classified RAP

Frac. (Minus #30 Removed)

% Left Over

Effects on 6.00% AC Mix Design

Frac. (Minus #30 Removed)

Traditional

FRAP Properties
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Table E.2 Optimum FRAP Proportion Selection – Stockpile B 

 

 

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 5.11

Coarse FRAP 100.0 94.4 86.6 57.4 40.5 32.1 24.8 16.9 13.3 11.1 4.92

Fine FRAP 100.0 100.0 100.0 100.0 80.4 59.4 43.1 28.8 22.9 19.1 5.85

Frac. (- No. 30) 100.0 97.0 93.5 77.0 57.9 42.8 29.8 20.6 16.4 13.6 5.34

100.0 91.4 80.0 60.0 43.3 32.1 20.5 11.9 4.4 3.5

Split % Coarse Fine AC % RAP % Wt. Agg. % Wt. No. 50 % Change No. 200 % Change Surf. Area % Change Stockpile

5.11 36.77% 63.23% 15.61 4.36% 7.36 4.35% 6.85 3.69%

5.34 35.19% 64.81% 14.96 0.00% 7.05 0.00% 6.60 0.00% 5.8%

Original 50% 50% 5.39 34.89% 65.11% 15.72 5.08% 7.55 7.00% 6.94 5.16% 0.0%

3 to 2 60% 40% 5.29 35.50% 64.50% 15.37 2.70% 7.33 3.98% 6.77 2.60% 16.7%

3.7 to 2 65% 35% 5.25 35.82% 64.18% 15.18 1.48% 7.23 2.43% 6.69 1.28% 23.1%

2 to 1 67% 33% 5.23 35.95% 64.05% 15.11 0.99% 7.18 1.80% 6.65 0.75% 25.4%

7 to 3 70% 30% 5.20 36.14% 63.86% 15.00 0.24% 7.11 0.85% 6.60 -0.06% 28.6%

3 to 1 75% 25% 5.15 36.47% 63.53% 14.81 -1.02% 7.00 -0.75% 6.51 -1.43% 33.3%

4 to 1 80% 20% 5.106 36.80% 63.20% 14.62 -2.31% 6.89 -2.39% 6.42 -2.81% 37.5%

Split % 3/4" 1/2" 3/8" 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 48.3 36.5 25.5 15.61 9.03 7.36

Frac (Minus #30) 100 93.4 84.8 66.0 48.4 35.9 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%

3 to 2 100 93.3 84.2 65.1 48.0 36.0 24.6 15.37 8.92 7.33 16.7% 33.3%

3.7 to 2 100 93.2 84.0 64.4 47.3 35.5 24.3 15.18 8.79 7.23 23.1% 46.2%

2 to 1 100 93.1 84.0 64.1 47.0 35.3 24.2 15.11 8.74 7.18 25.4% 50.7%

7 to 3 100 93.1 83.8 63.7 46.6 35.1 24.0 15.00 8.66 7.11 28.6% 57.1%

3 to 1 100 93.0 83.6 62.9 45.9 34.6 23.7 14.81 8.52 7.00 33.3% 66.7%

4 to 1 100 92.9 83.4 62.2 45.2 34.1 23.4 14.62 8.38 6.89 37.5% 75.0%

Split % Coarse Fine AC % RAP % Wt. Agg. % Wt. No. 50 % Change No. 200 % Change Surf. Area % Change Stockpile

5.11 48.72% 51.28% 16.82 5.42% 8.62 4.96% 7.60 4.44%

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%

3 to 2 60% 40% 5.29 47.05% 52.95% 16.49 3.36% 8.58 4.53% 7.50 3.12% 16.7%

3.7 to 2 65% 35% 5.25 47.46% 52.54% 16.25 1.84% 8.44 2.77% 7.39 1.54% 23.1%

2 to 1 67% 33% 5.23 47.63% 52.37% 16.15 1.23% 8.38 2.05% 7.34 0.90% 25.4%

7 to 3 70% 30% 5.20 47.89% 52.11% 16.00 0.30% 8.29 0.97% 7.27 -0.07% 28.6%

3 to 1 75% 25% 5.15 48.32% 51.68% 15.75 -1.27% 8.14 -0.86% 7.15 -1.71% 33.3%

4 to 1 80% 20% 5.11 48.76% 51.24% 15.50 -2.87% 7.99 -2.72% 7.03 -3.38% 37.5%

Split % 3/4" 1/2" 3/8" 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 37.9 27.1 16.82 10.54 8.62

Frac (Minus #30) 100 94.0 86.3 67.9 50.1 37.1 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%

3 to 2 100 93.9 85.6 66.8 49.5 37.2 26.0 16.49 10.39 8.58 16.7% 33.3%

3.7 to 2 100 93.8 85.4 65.8 48.6 36.6 25.6 16.25 10.22 8.44 23.1% 46.2%

2 to 1 100 93.7 85.2 65.5 48.2 36.4 25.4 16.15 10.15 8.38 25.4% 50.7%

7 to 3 100 93.6 85.1 64.9 47.7 36.0 25.2 16.00 10.04 8.29 28.6% 57.1%

3 to 1 100 93.5 84.8 63.9 46.8 35.4 24.8 15.75 9.86 8.14 33.3% 66.7%

4 to 1 100 93.4 84.5 62.9 45.8 34.8 24.4 15.50 9.68 7.99 37.5% 75.0%

Split % Coarse Fine AC % RAP % Wt. Agg. % Wt. No. 50 % Change No. 200 % Change Surf. Area % Change Stockpile

5.11 60.52% 39.48% 18.01 6.34% 9.86 5.41% 8.35 5.05%

5.34 57.92% 42.08% 16.94 0.00% 9.35 0.00% 7.94 0.00% 5.8%

Original 50% 50% 5.39 57.43% 42.57% 18.19 7.38% 10.16 8.69% 8.50 7.06% 0.0%

3 to 2 60% 40% 5.29 58.44% 41.56% 17.60 3.93% 9.81 4.94% 8.23 3.55% 16.7%

3.7 to 2 65% 35% 5.25 58.96% 41.04% 17.30 2.15% 9.63 3.02% 8.08 1.75% 23.1%

2 to 1 67% 33% 5.23 59.17% 40.83% 17.18 1.44% 9.56 2.24% 8.02 1.02% 25.4%

7 to 3 70% 30% 5.20 59.49% 40.51% 17.00 0.35% 9.45 1.06% 7.94 -0.08% 28.6%

3 to 1 75% 25% 5.15 60.02% 39.98% 16.69 -1.49% 9.26 -0.93% 7.79 -1.95% 33.3%

4 to 1 80% 20% 5.11 60.57% 39.43% 16.37 -3.36% 9.07 -2.96% 7.64 -3.85% 37.5%

Split % 3/4" 1/2" 3/8" 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 51.6 39.3 28.7 18.01 12.03 9.86

Frac (Minus #30) 100 94.6 87.8 69.8 51.8 38.3 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%

3 to 2 100 94.5 87.0 68.4 51.0 38.5 27.3 17.60 11.85 9.81 16.7% 33.3%

3.7 to 2 100 94.3 86.7 67.3 49.9 37.7 26.8 17.30 11.63 9.63 23.1% 46.2%

2 to 1 100 94.3 86.5 66.8 49.4 37.4 26.6 17.18 11.54 9.56 25.4% 50.7%

7 to 3 100 94.2 86.3 66.1 48.8 37.0 26.3 17.00 11.41 9.45 28.6% 57.1%

3 to 1 100 94.0 86.0 64.8 47.6 36.2 25.8 16.69 11.18 9.26 33.3% 66.7%

4 to 1 100 93.9 85.6 63.6 46.4 35.4 25.3 16.37 10.95 9.07 37.5% 75.0%

Traditional

Traditional

FRAP Properties Effects on 6.00% AC Mix Design

% Left Over

50% Certified B RAP

FRAP Properties Effects on 6.00% AC Mix Design

Frac. (Minus #30 Removed)

Frac. (Minus #30 Removed)

% Left Over

40% Certified B RAP

% Left Over

Frac. (Minus #30 Removed)

Traditional

30% Certified B RAP
FRAP Properties Effects on 6.00% AC Mix Design

RAP Stockpile Extracted Aggregate Gradation 

Virgin Aggregate Gradation
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Table E.3 Optimum FRAP Proportion Selection – Stockpile C 

 

 

3/4" 1/2" 3/8" No. 4 No. 8 No. 16 No. 30 No. 50 No. 100 No. 200 AC %

Traditional 100.0 88.0 80.0 61.0 46.0 36.0 27.0 17.0 12.0 10.3 4.82

Coarse FRAP 100.0 91.1 81.4 50.8 34.0 27.6 21.8 13.4 8.7 7.2 4.41

Fine FRAP 100.0 100.0 100.0 100.0 78.0 58.0 42.1 23.6 15.8 13.1 5.81

Frac. (- No. 30) 100.0 97.0 91.7 67.3 47.6 35.7 25.7 15.5 10.3 8.5 4.83

100.0 91.4 80.0 60.0 43.3 32.1 20.5 11.9 4.4 3.5

Split % Coarse Fine AC % RAP % Wt. Agg. % Wt. No. 50 % Change No. 200 % Change Surf. Area % Change Stockpile

4.82 38.98% 61.02% 13.89 4.42% 6.15 12.96% 5.98 6.17%

4.83 38.90% 61.10% 13.30 0.00% 5.45 0.00% 5.63 0.00% 5.0%

Original 65% 35% 4.900 38.35% 61.65% 13.84 4.09% 5.71 4.88% 5.84 3.79% 0.0%

2 to 1 67% 33% 4.872 38.57% 61.43% 13.78 3.58% 5.68 4.27% 5.81 3.23% 3.0%

7 to 3 70% 30% 4.830 38.90% 61.10% 13.67 2.81% 5.63 3.36% 5.76 2.38% 7.1%

3 to 1 75% 25% 4.760 39.47% 60.53% 13.50 1.49% 5.54 1.79% 5.68 0.94% 13.3%

4 to 1 80% 20% 4.690 40.06% 59.94% 13.32 0.13% 5.46 0.18% 5.60 -0.55% 18.8%

9 to 1 90% 10% 4.550 41.29% 58.71% 12.94 -2.71% 5.27 -3.19% 5.42 -3.67% 27.8%

100 100% 0% 4.410 42.61% 57.39% 12.54 -5.72% 5.08 -6.77% 5.24 -6.98% 35.0%

Split % 3/4" 1/2" 3/8" 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 33.5 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 5.71 0.0% 0.0%

2 to 1 100 92.4 82.9 62.7 45.3 34.2 23.6 13.78 6.96 5.68 3.0% 8.5%

7 to 3 100 92.3 82.7 62.2 44.8 33.9 23.4 13.67 6.90 5.63 7.1% 20.4%

3 to 1 100 92.2 82.4 61.2 44.0 33.3 23.0 13.50 6.80 5.54 13.3% 38.1%

4 to 1 100 92.0 82.1 60.3 43.1 32.7 22.6 13.32 6.69 5.46 18.8% 53.6%

9 to 1 100 91.6 81.3 58.2 41.3 31.5 21.9 12.94 6.47 5.27 27.8% 79.4%

100 100 91.3 80.6 56.1 39.3 30.2 21.1 12.54 6.23 5.08 35.0% 100.0%

Split % Coarse Fine AC % RAP % Wt. Agg. % Wt. No. 50 % Change No. 200 % Change Surf. Area % Change Stockpile

4.82 51.65% 48.35% 14.53 5.66% 7.01 15.39% 6.45 7.69%

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%

2 to 1 67% 33% 4.872 51.10% 48.90% 14.39 4.59% 6.39 5.07% 6.23 4.03% 3.0%

7 to 3 70% 30% 4.830 51.55% 48.45% 14.25 3.60% 6.32 3.99% 6.16 2.97% 7.1%

3 to 1 75% 25% 4.760 52.30% 47.70% 14.02 1.91% 6.21 2.13% 6.06 1.17% 13.3%

4 to 1 80% 20% 4.690 53.08% 46.92% 13.78 0.17% 6.09 0.22% 5.95 -0.69% 18.8%

9 to 1 90% 10% 4.550 54.72% 45.28% 13.28 -3.47% 5.85 -3.78% 5.71 -4.57% 27.8%

100 100% 0% 4.410 56.45% 43.55% 12.75 -7.33% 5.59 -8.04% 5.47 -8.70% 35.0%

Split % 3/4" 1/2" 3/8" 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 23.9 14.53 8.33 7.01

Frac (Minus #30) 100 94.3 86.0 63.8 45.5 34.0 23.2 13.76 7.44 6.08 5.0%

Original 100 92.8 84.0 64.1 46.4 35.2 24.8 14.48 7.85 6.43 0.0% 0.0%

2 to 1 100 92.7 83.9 63.6 46.0 34.9 24.6 14.39 7.79 6.39 3.0% 8.5%

7 to 3 100 92.6 83.6 62.9 45.3 34.5 24.3 14.25 7.71 6.32 7.1% 20.4%

3 to 1 100 92.4 83.2 61.6 44.2 33.7 23.8 14.02 7.58 6.21 13.3% 38.1%

4 to 1 100 92.2 82.7 60.3 43.0 32.9 23.3 13.78 7.44 6.09 18.8% 53.6%

9 to 1 100 91.7 81.8 57.7 40.6 31.3 22.3 13.28 7.14 5.85 27.8% 79.4%

100 100 91.2 80.8 54.8 38.0 29.6 21.2 12.75 6.83 5.59 35.0% 100.0%

Split % Coarse Fine AC % RAP % Wt. Agg. % Wt. No. 50 % Change No. 200 % Change Surf. Area % Change Stockpile

4.82 64.17% 35.83% 15.17 6.81% 7.86 17.33% 6.91 9.02%

4.83 64.03% 35.97% 14.21 0.00% 6.70 0.00% 6.34 0.00% 5.0%

Original 65% 35% 4.900 63.12% 36.88% 15.10 6.30% 7.14 6.52% 6.69 5.54% 0.0%

2 to 1 67% 33% 4.872 63.48% 36.52% 14.99 5.52% 7.08 5.72% 6.64 4.72% 3.0%

7 to 3 70% 30% 4.830 64.03% 35.97% 14.82 4.33% 7.00 4.49% 6.56 3.48% 7.1%

3 to 1 75% 25% 4.760 64.97% 35.03% 14.53 2.30% 6.86 2.40% 6.43 1.37% 13.3%

4 to 1 80% 20% 4.690 65.94% 34.06% 14.23 0.21% 6.72 0.25% 6.29 -0.81% 18.8%

9 to 1 90% 10% 4.550 67.97% 32.03% 13.61 -4.17% 6.42 -4.26% 6.00 -5.36% 27.8%

100 100% 0% 4.410 70.13% 29.87% 12.95 -8.82% 6.09 -9.05% 5.69 -10.20% 35.0%

Split % 3/4" 1/2" 3/8" 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 95.0 87.5 64.7 46.1 34.4 23.8 14.21 8.18 6.70 5.0%

Original 100 93.2 85.0 65.1 47.2 36.0 25.8 15.10 8.68 7.14 0.0% 0.0%

2 to 1 100 93.1 84.8 64.5 46.6 35.6 25.6 14.99 8.62 7.08 3.0% 8.5%

7 to 3 100 92.9 84.5 63.6 45.8 35.1 25.2 14.82 8.52 7.00 7.1% 20.4%

3 to 1 100 92.7 83.9 62.0 44.4 34.1 24.6 14.53 8.35 6.86 13.3% 38.1%

4 to 1 100 92.4 83.4 60.4 43.0 33.1 24.0 14.23 8.17 6.72 18.8% 53.6%

9 to 1 100 91.8 82.2 57.1 40.0 31.1 22.8 13.61 7.81 6.42 27.8% 79.4%

100 100 91.2 81.0 53.5 36.8 28.9 21.4 12.95 7.42 6.09 35.0% 100.0%

RAP Stockpile Extracted Aggregate Gradation 

Virgin Aggregate Gradation

FRAP Properties Effects on 6.00% AC Mix Design

30% Certified C RAP

% Left Over

Effects on 6.00% AC Mix Design

Traditional

Traditional

Traditional

Frac. (Minus #30 Removed)

Frac. (Minus #30 Removed)

Frac. (Minus #30 Removed)

50% Certified C RAP

40% Certified C RAP

% Left Over

Effects on 6.00% AC Mix Design

FRAP Properties

% Left Over

FRAP Properties
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