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F O R E W O R D

By Edward T. Harrigan
Staff Officer
Transportation Research Board

This report describes proposed revisions to AASHTO R 35, Superpave Volumetric Design 
for Hot Mix Asphalt (HMA), and AASHTO M 323, Superpave Volumetric Mix Design, to 
accommodate the design of asphalt mixtures with high reclaimed asphalt pavement (RAP) 
contents. Thus, the report will be of immediate interest to materials engineers in state highway 
agencies and industry with responsibility for the design and evaluation of asphalt mixtures.

NCHRP Project 9-46, “Improved Mix Design, Evaluation, and Materials Management 
Practices for Hot Mix Asphalt with High Reclaimed Asphalt Pavement Content,” was con-
ducted by the National Center for Asphalt Technology, Auburn, Alabama, with participa-
tion by the University of Minnesota, Minneapolis, Minnesota.

The objectives of the project were to (1) develop a mix design and evaluation procedure 
that provides satisfactory long-term performance for asphalt mixtures containing high RAP 
contents—in the range of 25 to 50 percent or greater—and (2) propose changes to existing 
AASHTO standards to adapt them to the design of high RAP content mixtures.

The project team conducted a comprehensive laboratory experiment to answer basic 
questions about preparing and characterizing RAP materials for mix designs. A series of 
mix designs was then prepared with materials from four different parts of the United States 
with different RAP contents and different virgin binders. Those mix designs were evaluated 
against standard Superpave criteria and a set of performance-related tests to further assess 
the mix designs for their susceptibility to common forms of distress, particularly fatigue 
cracking, low-temperature cracking, and moisture damage. A concurrent effort developed a 
set of best practices for RAP management in field production and construction from infor-
mation obtained through a literature review, surveys of current practices in the industry, 
discussions with numerous contractor QC personnel, and analysis of contractor stockpile 
QC data from across the United States

The research found that only minor, though important, revisions to the current AASHTO 
standards for asphalt mix design, AASHTO R 35 and M 323, were needed to adapt them 
for the successful design of high RAP content asphalt mixtures. As expected, high RAP 
contents substantially increased the dynamic modulus of the asphalt mixtures as well as 
their rutting resistance as measured by the confined flow number test. Tensile strength 
ratios of high RAP content mixtures as measured by AASHTO T 283 were comparable to 
those of control mixtures without RAP, indicating similar moisture damage susceptibilities. 
As might be expected, compared to control mixtures without RAP, the high RAP content 
mixtures generally had lower fracture energies at test temperatures used to evaluate suscep-
tibility to fatigue and low-temperature cracking. This finding suggests that careful attention 
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should be given to the selection of the performance grade of the virgin binder used in high 
RAP content mixtures to minimize any long-term risk of cracking distress.

The contractor’s final report fully documents the research and includes Appendix A, 
which is not provided herein but is available on the TRB website and can be found by 
searching for NCHRP Report 752. Appendixes B through D are included herein as well as 
on the website as part of NCHRP Report 752.

Improved Mix Design, Evaluation, and Materials Management Practices for Hot Mix Asphalt with High Reclaimed Asphalt Pavement Content

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/22554


C O N T E N T S

Note: Many of the photographs, figures, and tables in this report have been converted from color to grayscale 
for printing. The electronic version of the report (posted on the Web at www.trb.org) retains the color versions.

  1 Summary 

 5 Chapter 1 Background
 5 Introduction
 5 Project Objectives
 5 Literature Review

 28 Chapter 2 Research Plan 
 28 Part II: Preliminary Experiments
 29 Part III: High RAP Content Mix Design and Performance Testing

 42 Chapter 3 Results and Analyses
 42 RAP Drying Experiment
 42 RAP Heating Experiment
 43 RAP Aggregate Specific Gravity Experiment
 44 Volumetric Properties of the Mix Designs
 48 Effect of Binder Grade and Binder Source
 51 Estimated Effective Binder Grades
 52 Dynamic Modulus Results
 58 Effects of Mix Design Factors on Dynamic Modulus
 60 Backcalculated Effective Binder Grade from Dynamic Modulus Tests
 65 Moisture Damage Susceptibility Results
 68 Flow Number Results
 70 Statistical Analysis of Flow Number Results
 71 Summary of Flow Number Results
 71 Fatigue Cracking
 74 Low-Temperature Cracking

 92 Chapter 4 Findings
 92 RAP Management
 92 Characterizing RAP Materials for Mix Design
 94 Field Performance of High RAP Content Mixes
 94 Mix Designs Using High RAP Contents
 95 Proposed Recommendations

 98 References

 101 Appendix A Draft Standard for Semi-Circular Bend Test

 102 Appendix B  Proposed Standard Practice for Superpave  
Volumetric Design for Hot Mix Asphalt

 120 Appendix C  Proposed Standard Specification for  
Superpave Volumetric Mix Design

 132 Appendix D Best Practices for RAP Management

Improved Mix Design, Evaluation, and Materials Management Practices for Hot Mix Asphalt with High Reclaimed Asphalt Pavement Content

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/22554


1   

Improved Mix Design, Evaluation, and 
Materials Management Practices for  
Hot Mix Asphalt with High Reclaimed  
Asphalt Pavement Content

Recycling of asphalt pavements is one of the great success stories of the highway building 
industry. Although the use of recycled asphalt in new pavements dates back almost 100 years, 
it did not become a common practice until the late 1970s when asphalt binder prices sky-
rocketed as a result of the Arab oil embargo. Highway agencies and the asphalt paving indus-
try worked together to develop recycling methods that became part of routine operations for 
pavement construction and rehabilitation. Motivations for asphalt pavement recycling have 
always included economic savings and environmental benefits. Economic benefits include 
materials cost savings from reducing the amount of virgin aggregates and binders in new 
mixtures, as well as reduced costs associated with transporting virgin materials to plant sites. 
Environmental benefits include reduced emissions and fuel usage associated with extraction 
and transportation of virgin materials, reduced demands on non-renewable resources, and 
reduced landfill space for disposal of used pavement materials.

In recent years, highway agencies and the paving industry have again focused attention on 
increasing the amount of reclaimed asphalt pavement (RAP) materials used in asphalt pav-
ing mixtures to offset rising costs of asphalt binder. Industry experts identified several issues 
that needed to be addressed to successfully use higher RAP contents. A key limitation was 
believed to be a lack of guidelines for processing, handling, and characterizing RAP prior to 
mix design. It was also felt that the Superpave mix design process needed to be improved to 
better handle “high RAP” content mixes, defined as mixes containing 25 percent or more RAP.

The first part of this study was to develop clear guidelines for RAP management to ensure 
that high RAP content asphalt mixes can be produced with the same uniformity and quality 
as virgin asphalt mixes. Information on good RAP management practices was obtained from 
a literature review, surveys of current practices in the industry, discussions with numerous 
contractor quality control (QC) personnel, and analysis of contractor stockpile QC data 
from across the United States. Based on that information, “Best Practices for RAP Manage-
ment” was prepared and is included as Appendix D to this report.

The second part of this study was to develop recommendations to improve mix design 
standards to better handle RAP contents between 25 and 55 percent. The current Superpave 
mix design standards only briefly address RAP as a mixture component. A laboratory test-
ing plan was executed to answer basic questions about preparing and characterizing RAP 
materials for mix designs. A series of mix designs were then prepared with materials from 
four different parts of the United States with different RAP contents and different virgin 
binders. Those mix designs were evaluated with standard Superpave criteria and a set of 
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performance-related tests to further evaluate the mix designs for their susceptibility to com-
mon forms of distress.

Appendix D presents several important findings and recommendations. RAP stockpile data 
collected in this study and numerous others have shown that processed RAP from multiple 
sources is typically more consistent than virgin aggregate. This indicates that requirements to 
limit RAP to single-source materials are not justified. Using the document’s recommended 
sampling and testing plan and variability guidelines will ensure that RAP materials are consis-
tent and suitable for use, regardless of how RAP is collected or processed.

Properties of RAP needed for mix design include its asphalt content, basic RAP aggregate 
properties, and, when a high RAP content is desired, the true or continuous grade of the recov-
ered RAP binder. The ignition method is more accurate than solvent extraction methods for 
determining asphalt contents, except for certain aggregate types with high mass losses when 
heated to the high temperatures used in the ignition method. Recovering RAP aggregates using 
either the ignition method or a solvent extraction procedure is suitable for determining the 
gradation, specific gravities, and Superpave consensus properties. Estimating the RAP aggregate 
Gsb by determining its Gse and estimating an asphalt absorption value is not recommended for 
high RAP contents because this will typically lead to a significant and unconservative error in 
voids in mineral aggregate (VMA) that will likely be detrimental to mixture performance.

For high RAP content mixes, the current practice requires that the RAP binder be graded 
following a solvent extraction and recovery procedure. The recovered RAP binder’s true 
grade is determined using standard Superpave binder grading procedures and then used 
to calculate either the appropriate grade of virgin binder to use in the mix design or the 
maximum amount of RAP that can be used for a given virgin binder grade. This is still con-
sidered the best approach at this time. However, in the end, this study proposes to redefine 
“high RAP” content mixes as asphalt mixes in which 25 percent or more of the total binder 
is from RAP materials. The term “RAP binder ratio” is introduced as the ratio of the RAP 
binder in the mixture divided by the mixture’s total binder content, expressed as a decimal 
to minimize confusion with the traditional RAP content expressed as a percentage.

The experimental phase of the study began with a couple of small lab experiments to 
determine appropriate methods for drying and heating RAP samples for mix design work. 
Heating batched samples of RAP to the mixing temperature for 1.5 to 3 hours was found to 
be satisfactory. Heating more than 3 hours caused additional aging of the RAP binder, which 
may not be apparent in volumetric mix designs but will likely impact performance-related 
test results.

The main experimental plan was designed to assess the effects of several factors on mix 
design properties. Thirty mix designs were prepared using materials from different parts of 
the United States with different RAP contents and different virgin binders. The raw materials 
were obtained from contractors in New Hampshire, Utah, Minnesota, and Florida. Fraction-
ated RAP was necessary to meet standard Superpave criteria in AASHTO R 35 for all mix 
designs with 55 percent RAP. Subsets of the mix designs were further evaluated with a set 
of performance-related tests to determine their susceptibility to common forms of distress.

One of the experiments was set up to assess whether changing the binder grade or binder 
source affects mix volumetric properties and, therefore, the optimum binder content. The 
results of that experiment were not conclusive. This issue is only important if a mix designer 
completes a mix design with one binder, then wants to change to another binder source 
because of supply or cost reasons, or to change binder grades to try to improve mix perfor-
mance properties.

A limited experiment was performed to assess the effect of using a warm mix asphalt 
(WMA) technology and decreasing the mixing and compaction temperatures by 19°C 
(35°F) on a mix design with 55 percent RAP. The concern addressed by this experiment was 

Improved Mix Design, Evaluation, and Materials Management Practices for Hot Mix Asphalt with High Reclaimed Asphalt Pavement Content

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/22554


3   

whether or not the lower temperature might affect the activation of the RAP binder. The 
results showed that the WMA additive and lower temperatures had a negligible effect on the 
mix’s volumetric properties and tensile strength ratio (TSR) results. Results of rutting tests 
and fatigue tests on the mixture with and without WMA were also similar. The dynamic 
modulus of the WMA was 6 to 15 percent lower than the HMA, with the larger difference 
observed at the higher temperature range.

Dynamic modulus tests were conducted on each of the 30 mix designs for two purposes. 
The first purpose was to evaluate how binder grade, binder source, and RAP content affected 
mix stiffness. Results showed that the 25 percent RAP mixes were 30 percent to 43 percent 
stiffer than companion virgin mixes, with the greatest differences occurring at the interme-
diate temperature ranges. The 55 percent RAP mixes were about 25 percent to 60 percent 
stiffer than the virgin mixes with the greatest difference occurring at an intermediate tem-
perature, 21.1°C. The source of the virgin binder was significant only at 21.1°C, and virgin 
binder grade was significant at 37.8°C and at the lowest test frequency.

The second purpose of dynamic modulus testing was to try to backcalculate the proper-
ties of the “effective” or composite RAP and virgin binder using the Hirsch model. This 
experiment attempted to answer questions about the degree of blending between the virgin 
and recycled binders. The analyses clearly showed that this process did not provide useful 
results. Backcalculated intermediate and high true critical temperatures deviated from mea-
sured critical intermediate and high temperatures of binders by as much as 13.1 and 27.8°C, 
respectively.

Moisture damage susceptibility of the mix designs was evaluated using AASHTO T 283. 
Although some of the high RAP content mixes did not initially meet the standard 0.80 TSR 
criteria, adding an anti-stripping additive generally improved the TSRs above 0.80. In all 
cases, the tensile strengths of the high RAP content mixes exceeded those of the virgin mixes 
from the same materials source. This could indicate that some consideration should also be 
given to minimum tensile strength values to help assess moisture-damage potential.

The confined flow number test was performed on the mix designs to assess their resistance 
to permanent deformation. None of the samples exhibited tertiary deformation using this 
method. Therefore, analysis of rutting resistance was based on the total accumulated strain. 
All the mixes had less than 5 percent accumulated strain at 20,000 load cycles. Analysis indi-
cated that the total strain was significantly affected by the source of the materials and the 
high performance grade of the virgin binder, but not by RAP contents.

Mix designs were evaluated for resistance to fatigue cracking based on fracture energy 
determined from indirect tensile strength tests. The analysis of this property showed that 
high RAP content mixes had significantly lower fracture energies than corresponding 
virgin mixes. Results also showed that mixes with smaller nominal maximum aggregate 
size (NMAS) mixes also had better fracture energy than larger NMAS mixes. Other studies 
have shown that fracture properties and cracking performance of high RAP content mixes 
can be improved by either using a softer grade of virgin binder or by using a rejuvenating 
agent in conjunction with the standard binder grade such that the theoretically blended 
binders have properties that are appropriate for the specific project climate and traffic.

Potential for thermal cracking was evaluated with two tests: the low-temperature semi-
circular bend (SCB) test and the bending beam rheometer (BBR) test on small mix beams 
cut from gyratory-compacted specimens. Two properties were obtained from the SCB tests: 
fracture toughness and fracture energy. Ideally, mixes with higher fracture toughness and 
fracture energy would be expected to perform better than mixes with low fracture properties. 
The results from the two SCB test properties were conflicting. Compared to the correspond-
ing virgin mixes, the high RAP content mixes generally had higher fracture toughness, but 
similar or lower fracture energy results. For the BBR results, mixes containing RAP generally 
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had higher stiffness and lower m-values, which theoretically should result in more cracking. 
However, analysis of the critical cracking temperatures for the climates where the materials 
were obtained indicated that the high RAP content mixes would perform similarly to the 
corresponding virgin mixes with regard to thermal cracking.

The report recommends several minor but important revisions to AASHTO R 35 and 
M 323 aimed at improving mix design with high RAP contents and suggests additional 
tests for further evaluating the mix designs as appropriate for their proposed use.
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Introduction

The economic and environmental advantages of using 
reclaimed asphalt pavement (RAP) in asphalt mixes have been 
recognized for decades. Using RAP reduces the cost of pur-
chasing and transporting new aggregate and binder for asphalt 
mixtures and reduces the energy associated with extracting and 
processing of those non-renewable natural resources for pave-
ment construction, rehabilitation, and maintenance. How-
ever, recent surveys of state highway agencies show that few 
allow RAP contents above 25 percent in the surface pavement 
layer (1). In 2007, the Reclaimed Asphalt Pavement Expert 
Task Group (RAP ETG) identified a list of obstacles that may 
deter highway agencies or contractors from using higher per-
centages of RAP in asphalt mixtures. Several obstacles were 
related to a lack of guidelines for RAP processing and mix 
design and scarce performance information for “high RAP” 
content mixes, defined as mixes with 25 percent or more 
RAP. The current Superpave mix design procedure, AASHTO 
R 35-04, briefly addresses RAP as a mixture component. It is 
believed that one of the issues affecting the use of RAP is a lack 
of guidance for developing mix designs that contain RAP and 
best practices for handling RAP management. Therefore, this 
study was developed to improve AASHTO R 35-04 with regard 
to instructions for designing high RAP content mixtures and 
to develop clear guidelines for RAP management. The RAP 
management guideline covers best practices for obtaining and 
processing RAP as well as testing RAP for mix designs.

Project Objectives

The NCHRP Project 9-46 research panel identified the fol-
lowing two primary objectives for this study:

1. Adapt AASHTO R 35, Superpave Volumetric Design for Hot-
Mix Asphalt, and propose changes to the affiliated specifi-
cation AASHTO M 323, Superpave Volumetric Mix Design 
for mixtures containing high RAP contents (defined as 
greater than 25 percent and possibly exceeding 50 percent) 

to include characterization of reclaimed aggregates, char-
acterization of blended binder, and recommended perfor-
mance tests to ensure quality mixes.

2. Develop practical guidelines for proper RAP management 
practices.

This research was conducted in three parts. Part I focused 
on gathering information on best practices for management 
of RAP materials. This effort resulted in the development of 
a companion document, Best Practices for RAP Management 
(included as Appendix D) and an associated webinar, avail-
able on the FHWA RAP ETG website, www.moreRAP.us. 
Part II of this study focused on answering questions about 
testing methods and preparation of materials for mix designs 
containing RAP. This effort led to recommended refinements 
for mix designs containing 25 percent or more RAP. Part III 
focused on conducting an experimental plan to evaluate the 
proposed mix design refinements and to test hypotheses or 
assumptions made in the development of those refinements.

This final report is organized into four chapters. In addition 
to the introduction and objectives of the project, this chapter 
includes a literature review on RAP management and char-
acterization, mix design, laboratory mix performance testing, 
and field performance of asphalt mixtures containing RAP. 
Chapter 2 describes the experimental plan and materials. The 
test results and discussions are covered in Chapter 3. Conclu-
sions and recommendations are provided in Chapter 4.

Literature Review

In recent years, there has been a substantial increase of 
papers published on high RAP content mixtures. This chap-
ter presents a summary of relevant research and is organized 
by the following topics:

•	 Field management of RAP materials,
•	 Characterizing RAP materials for mix designs,
•	 Blending of RAP binders and virgin asphalt binders,

C H A P T E R  1

Background
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•	 Mix design for mixtures containing RAP,
•	 Mechanical properties of mixtures containing RAP, and
•	 Field performance of mixes containing high RAP contents.

Field Management of RAP Materials

RAP management practices vary greatly among HMA pro-
ducers and from state to state. Decisions in RAP management 
practices at a plant include choices regarding milling and col-
lecting RAP, segregating RAP from different sources, stock-
piling, crushing, fractionation, testing, and mix design. Each 
of these decisions should be examined with regard to both 
economics and quality. Best practices for RAP management 
that enable high percentages of RAP and ensure high-quality 
asphalt mixtures provide the best long-term value.

Information Series 123, Recycling Hot Mix Asphalt Pave-
ments (2) is a practical guide from the National Asphalt Pave-
ment Association (NAPA) that addresses sources of RAP, 
processing, stockpiling, and mix production for HMA con-
taining RAP for various plant configurations. With regard 
to management and processing RAP, the guide states that 
RAP millings from a single project are typically consistent 
in composition. These materials are often kept in separate 
stockpiles and used without further processing other than 
scalping of particles larger than two inches during the trans-
fer of the materials from the RAP cold feed bin to the transfer 
belt feeding the mixer during mix production. Many contrac-
tors use in-line “lump breakers” to break down the oversize 
particles or agglomerations of RAP during the RAP feeding 
process. The guide also states that RAP materials from dif-
ferent sources with different particle sizes and compositions 
can be made into a very consistent RAP product through 
careful blending and crushing operations. The key to achiev-
ing a homogeneous RAP product from a multiple-source or 
“composite” pile is to first blend the composite materials with 
a front-end loader or bulldozer and then to crush the blended 
material so that the top size is smaller than the maximum 
aggregate size for the mixes in which the RAP will be used. 
Advantages of processing small quantities of RAP include 
that the stockpile can be easily sampled and tested to ensure 
consistency and it can be used before it accumulates moisture 
from rain.

Moisture contents in RAP often range from 7 to 8 percent, 
which can be a limiting factor in the plant’s production rate 
and control how much RAP can be efficiently used. The guide 
also recommends using large conical stockpiles rather than 
wide horizontal stockpiles. RAP stockpiles often form an 8- to 
10-inch crust that helps seal the surface and reduce penetra-
tion of moisture. The crust is easily broken with the plant’s 
front-end loader, and the RAP under the crust is easy to man-
age. Sheltering RAP stockpiles is also noted as a way to mini-
mize moisture in RAP.

In 1998, the National Center for Asphalt Technology (NCAT) 
prepared Pavement Recycling Guidelines for State and Local Gov-
ernments (3). This document and training guide provides good 
information regarding processing of RAP that is consistent with 
the recommendations from the NAPA guide. Often, the maxi-
mum particle sizes in RAP limit the amount of RAP that can 
be used in some mixes. Prior to crushing RAP from multiple-
source RAP piles, a front-end loader should be used to blend 
the materials. Various crusher types have been used to pro-
cess RAP into particle sizes that can be used in HMA. Smaller 
stockpiles are recommended to reduce issues with moisture. 
The stockpiles should be conical shaped to better shed pre-
cipitation and placed on a solid surface to aid drainage from 
the stockpile. The crust that forms on the outside of the stock-
piles also reduces moisture from entering the stockpile.

One of the deliverables from NCHRP Project 9-12A was a 
RAP mix design guide for technicians (4). This guide recom-
mends sampling RAP from multiple locations around a RAP 
stockpile to determine the variability of the RAP material 
properties. Stockpiling techniques used for virgin aggregates, 
such as maintaining non-contaminated stockpiles, should 
be followed for RAP stockpiles. The guide also suggests that 
single-source RAP stockpiles are preferred because they will 
have more consistent properties.

NAPA’s Quality Improvement Series 124, Designing HMA 
Mixtures with High RAP Content: A Practical Guide (5) also 
contains guidance on sampling RAP stockpiles and analysis 
of variability. It recommends 5 to 10 samples be collected and 
tested from each RAP stockpile to characterize the RAP. At a 
minimum, the asphalt content and gradation of each sam-
ple should be checked. When high percentages of RAP are 
to be used in mix designs, the aggregate and asphalt proper-
ties should be determined. A coefficient of variability of less 
than 15 percent on key control sieves is considered good. The 
guide suggests that when the coefficient of variability exceeds 
20 percent, the percentage of the RAP stockpile used in mixes 
should be limited or the RAP stockpile should be reblended to 
improve uniformity and retested. The benefits of fractionating 
RAP stockpiles are also discussed in the guide. If a RAP source 
is separated into fine and coarse stockpiles, then multiple sam-
ples should be collected from each stockpile even though it is 
the same RAP source. Each stockpile should be characterized 
since the gradations and asphalt contents will differ between 
fine and coarse stockpiles. The guide states that using a blend 
of multiple RAP stockpiles should result in a more consistent 
mix by averaging out variations in RAP properties.

NCAT conducted a survey on current RAP management 
practices and RAP variability in 2007 and 2008 (6). The sur-
vey, which was available online to NAPA’s membership of 
approximately 1,200 companies, collected responses from 
81 operations across the United States in 2008. Half of the 
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respondents combine all RAP sources into a single stock-
pile while the other half keep separate stockpiles for each 
RAP source. Contractors who maintain multiple stockpiles 
often do so because either the state specifications allow only 
DOT RAP to be used in mixes for DOT projects, or they do 
so to better control fines by separating millings from other 
RAP material, or to improve consistency. RAP processing 
responses were divided into three categories; crushing to one 
size, fractionating, or no processing. Seventy-four percent 
of the respondents only crush to one size. When the RAP is 
crushed, 52 percent crush RAP to a maximum particle size of 
one-half inch. The next most common maximum sizes used 
for RAP crushing were 5⁄8-inch and ¾-inch, at 16 percent and 
11 percent, respectively. At the time of the survey, only 4 per-
cent of the respondents were fractionating RAP into two or 
more sizes. The most common separation is between fine and 
coarse RAP. The screen that separates the fine and coarse RAP 
also varies by contractor. Fractionation has been suggested as 
a method to provide better control of gradations and asphalt 
content (7). Some states require fractionated RAP for higher 
RAP content mixtures (8). Stockpiling practices of RAP did 
not differ from those used for virgin aggregate for 53 percent 
of the respondents. Thirty-three percent of the respondents 
promote moisture drainage by placing RAP stockpile(s) on 
a slope. Seventeen percent of the respondents stockpile on a 
paved surface to minimize contamination. Only 9 percent of 
the respondents cover their RAP stockpiles to reduce issues 
with moisture. Forty-three percent of the respondents sample 
RAP stockpiles to determine gradation and asphalt content 
once for every 500 tons or less.

Several studies have examined the variability in RAP stock-
piles. Table 1-1 shows data reported by Kallas in 1984 (9). 
Kandhal et al. (10) provided similar data from various loca-
tions in Georgia, as shown in Table 1-2.

A more comprehensive study of RAP variability conducted 
in Florida by the International Center for Aggregate Research 
(ICAR) (11) analyzed RAP and aggregate stockpiles from 13 
asphalt plant locations. A summary of stockpile statistics from 
that study is shown in Table 1-3. Its analysis found that RAP 
stockpiles were less variable than virgin aggregates and that 
increasing the percentage of RAP did not increase the vari-
ability of the produced mixtures.

Nady (12) analyzed RAP stockpiles from two Iowa contrac-
tors over a 4-year period and found that processed “chunk” 
RAP from multiple sources was just as consistent as millings 
from single DOT projects. That seems to be supported with 
the Florida data. Nady also stated that virgin aggregates from 
local sources were more variable than RAP stockpiles over the 
4-year period.

The Texas Transportation Institute (TTI) completed a 
study in 2009 that documented RAP management practices 
in Texas and recommended guidelines to control RAP qual-
ity and consistency (13). The study found that most Texas 
contractors combine RAP from multiple sources into a sin-
gle large stockpile and later process the materials as needed. 
Processing methods differed greatly among the contractor 
sites visited; some crushed all RAP to a single top size, and 
some fractionated the RAP into different sizes. Since millings 
from large projects are primarily composed of surface lay-
ers, screening the material over a ½-inch screen will typically 

Location n 
% Passing 2.36 mm % Passing 0.075 mm Asphalt Content 

Avg. Std. Dev. Avg. Std. Dev. Avg. Std. Dev. 

California 5 69 6.5 11.8 0.34 5.2 0.04 

North Carolina 5 72 0.9 8.0 0.11 5.7 0.11 

Utah 10 58 2.8 9.9 1.15 6.2 0.44 

Virginia 6 52 1.1 13.0 0.30 5.2 0.12 

Table 1-1. RAP variability data from 1984 FHWA report (9).

Location n 
% Passing 2.36 mm % Passing 0.075 mm Asphalt Content 

Avg. Std. Dev. Avg. Std. Dev. Avg. Std. Dev. 

Newton County 10 47.5 4.95 7.14 0.74 5.52 0.23 

Forrest Park 5 3.60a 3.41 7.02 1.08 5.46 0.31 

Resaca 10 36.4 2.20 8.72 1.36 5.08 0.21 

Bryan County 10 42.9 4.63 4.75 0.71 4.83 0.42 

Lowndes County 10 49.3 4.82 7.36 0.75 5.60 0.48 

Spartan Asphalt  70 58.1 3.5 9.0 0.82 3.80 0.30 

a This is most likely a typo in the original table and should be 36.0. 

Table 1-2. RAP Variability data from NCAT study in Georgia (10).
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yield 70 to 80 percent passing the ½-inch screen. The report 
notes that most contractors were doing a good job of process-
ing, managing, and testing RAP, but some operations were 
observed digging into multiple source piles at one location 
during processing. These operations were not following good 
practices of blending portions of the multiple-source stock-
pile together during the crushing and screening processes. 
Table 1-4 summarizes the test data obtained from the RAP 
stockpiles analyzed in the study.

The TTI study included the following recommendations 
for RAP management:

•	 Eliminate contamination,
•	 Separate RAP from different sources when feasible,

•	 Avoid over-processing to minimize generating additional 
fines,

•	 Minimize moisture in RAP stockpiles, and
•	 Thoroughly blend RAP from multiple sources prior to 

processing.

Characterizing RAP Materials for Mix Designs

Aggregates in RAP materials can be recovered for testing 
either using solvent extraction procedures or the ignition fur-
nace method. The NCAT survey mentioned previously found 
that the vast majority of contractors use the ignition method 
to determine RAP asphalt contents and recover the aggregates 
for sieve analyses. Several studies have examined how to best 

Stockpile  
Number 

Description n 
% Passing 2.36 mm % Passing 0.075 mm Asphalt Content 

Avg. Std. Dev. Avg. Std. Dev. Avg. Std. Dev. 

TxDOT 1 unfractionated 7 45.0 4.3 7.6 1.1 5.4 0.2 

TxDOT 2 unfractionated 7 46.8 3.3 7.5 0.7 7.9 0.4 

Contr. 1 crushed RAP 7 56.3 3.0 11.6 1.1 5.1 0.3 

Contr. 2 crushed RAP 7 46.5 5.0 8.1 0.8 4.4 0.2 

Contr. 4 coarse RAP 6 15.8 3.1 3.8 0.9 2.4 0.2 

Contr. 5 coarse RAP 7 37.0 4.0 3.6 0.5 2.8 0.3 

Contr. 5 fine RAP 7 67.8 3.1 6.1 2.1 4.8 0.3 

RAP ID & 
Description 

n 
% Passing 2.00 mm % Passing 0.075 mm Asphalt Content 

Avg. Std. Dev. Avg. Std. Dev. Avg. Std. Dev. 

A2 Millings 18 51.0 3.23 12.6 1.24 5.7 0.32 

B3 Crushed 22 63.2 6.25 8.3 0.87 4.7 0.39 

C7 Crushed 28 63.4 5.51 8.9 0.95 5.6 0.55 

D8 Crushed 32 63.0 5.36 7.7 1.03 5.2 0.27 

D12 Crushed 9 60.5 2.64 7.7 0.48 5.1 0.40 

D19 Millings 10 49.9 3.58 9.7 1.63 5.7 0.27 

E8 Crushed 9 60.9 4.26 8.8 0.96 5.1 0.44 

E13 Crushed 22 64.5 4.68 11.0 1.33 5.1 0.27 

E16 Crushed 7 62.1 1.95 11.6 0.45 5.7 0.18 

E19 Crushed 11 56.4 5.66 9.5 0.68 5.2 0.50 

F3 Crushed 7 72.2 2.81 7.2 0.73 5.8 0.13 

G5 Crushed 20 69.7 3.81 8.2 0.69 5.2 0.40 

H5 Crushed 12 53.3 1.29 10.6 0.64 5.5 0.12 

H7 Crushed 12 56.4 1.62 10.2 0.82 5.8 0.23 

I7 Crushed 29 50.1 1.66 9.9 1.36 5.1 0.26 

J4 Crushed 51 57.2 5.09 7.8 0.50 5.0 0.34 

L6 Crushed 7 70.0 2.08 8.0 0.52 5.2 0.10 

M5 Millings 11 51.6 4.59 5.5 1.15 6.1 0.37 

M16 Millings 4 59.3 0.50 6.6 0.54 5.7 0.26 

Table 1-3. RAP variability data from ICAR study in Florida.

Table 1-4. Summary of RAP variability data from TTI study.
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recover and test aggregates from RAP and how to recover and 
characterize RAP binder.

Prowell and Carter conducted a study in Virginia to evalu-
ate how aggregate properties were affected by testing materials 
in an ignition furnace (14). The aggregate properties evaluated 
were coarse aggregate angularity, fine aggregate angularity, flat 
and elongated, sand equivalent, aggregate bulk specific grav-
ity (Gsb), and gradation. Nine virgin aggregates with varying 
properties were used to produce a lab-simulated RAP. Only 
two of the aggregate properties significantly changed after the 
ignition furnace: sand equivalent and aggregate Gsb. Compari-
sons were made between effective specific gravity values, as 
commonly used for RAP materials in Virginia, and the mea-
sured aggregate Gsb values following the ignition furnace. No 
attempt was made to adjust the effective specific gravity values 
using assumed asphalt absorption values. Significant differ-
ences were found between the before and after Gsb results for 
six of the coarse aggregate bulk specific gravities and five of 
the fine aggregate specific gravities. Despite the changes in the 
aggregate Gsb results after the ignition furnace, the values were 
closer to the original (true) values than the effective specific 
gravity values. This indicated that bulk specific gravity values 
determined on materials recovered from the ignition furnace 
may provide more accurate VMA values than using effective 
specific gravity values for RAP materials.

A study in Arkansas (15) also examined changes in grada-
tion and coarse aggregate Gsb caused from using the ignition 
method. Results showed there was little change in gradation 
and the changes in coarse aggregate Gsb could be attributed 
to testing variability.

A joint study conducted by NCAT and the University of 
Nevada-Reno (UNR) investigated the influence of centrifuge, 
reflux, and ignition method on recovered aggregate proper-
ties (16, 17). Laboratory-produced (simulated) RAP materi-
als were prepared with aggregates from four different sources. 
Properties (gradation, specific gravities, Superpave consen-
sus properties, and others) of the virgin aggregates were 
compared to those from the recovered aggregates. Based on 
results with a limited set of aggregates, the researchers made 
the following recommendations:

•	 The ignition method provides the most accurate results for 
the asphalt content of RAP. No aggregate correction factors 
were used in this study for the ignition method results. The 
solvent extraction methods do not appear to remove all of 
the aged binder from RAP, and consequently, RAP asphalt 
contents using these methods tend to be lower than they 
actually are.

•	 The solvent extraction or ignition method may be used to 
recover the RAP aggregate for gradation analyses. However, 
the solvent extraction using the centrifuge is recommended 
for asphalt mixtures with more than 25 percent RAP.

•	 The solvent extraction or ignition furnace method may be 
used to recover aggregates for determining coarse aggre-
gate fractured faces and the fine aggregate sand equivalent 
of RAP material.

•	 The solvent extraction or ignition furnace method may be 
used to recover RAP aggregates for LA abrasion tests. How-
ever, the solvent extraction using the reflux and the igni-
tion furnace are recommended for asphalt mixtures with 
more than 25 percent RAP.

•	 The solvent extraction or ignition furnace method may be 
used to recover RAP aggregates for soundness testing. How-
ever, the solvent extraction using the centrifuge is recom-
mended for asphalt mixtures with more than 25 percent RAP.

•	 One of the most important properties that must be deter-
mined for the RAP is the specific gravity of the RAP aggre-
gate. The RAP aggregate Gsb is critical to an accurate 
determination of VMA, which is a key mix property used 
in mix design and quality assurance. For high RAP content 
mix designs, the best method to recover the aggregate for 
determining the RAP aggregate specific gravities is to use a 
solvent extraction method and then test the coarse and fine 
parts of the recovered aggregate using AASHTO T 85 and 
T 84, respectively. The ignition method may also be used 
to recover the RAP aggregate with the exception of some 
aggregate types that undergo significant changes in specific 
gravity when subjected to the extreme temperatures used 
in the ignition method. In this study, soft Florida limestone 
was an example of this problem. Note that all methods used 
to recover the RAP aggregate are likely to cause small errors 
in the Gsb results. As RAP contents approach 50 percent, 
the net effect of the small Gsb error could cause the VMA 
to be off by ± 0.4 percent. This magnitude of uncertainty 
is one reason why it may be appropriate to perform addi-
tional performance-related tests on high RAP mix designs 
to ensure resistance to rutting, moisture damage, fatigue 
cracking, and low-temperature cracking.

•	 Another method for estimating the RAP aggregate spe-
cific gravity is the approach recommended in NCHRP 
Report 452. This method was also evaluated in this study 
and involves determining the maximum theoretical spe-
cific gravity (Gmm) of the RAP material using AASHTO 
T 209. From the Gmm and the asphalt content of the RAP, 
the effective specific gravity (Gse) of the RAP aggregate can 
be determined. Although some agencies use the Gse for 
the RAP aggregate in the calculation of VMA, the authors 
strongly advise against this practice. Other agencies try 
to correct the Gse to an estimated Gsb using an assumed 
value for asphalt absorption. This correction is only reli-
able when the asphalt absorption can be assumed with 
confidence. The correction is very sensitive to the assumed 
asphalt absorption value and can lead to errors in VMA 
that are 0.5 percent or more.
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Another basic property that must be determined for RAP 
materials is the binder content. The common methods for 
determining asphalt contents of asphalt paving mixtures, 
AASHTO T 164 and AASHTO T 308, commonly known as 
solvent extraction methods and the ignition method, respec-
tively, may be used for RAP. The NCAT-UNR study noted 
above also evaluated the accuracy and variability of asphalt 
contents using the centrifuge extraction method, the reflux 
extraction method, and the ignition method. Laboratory-
produced (simulated) RAP materials were prepared with 
aggregates from four different sources. Trichloroethylene (TCE)  
was the solvent used for both the centrifuge and reflux methods, 
and no correction factor was used in the ignition method. All 
results were significantly lower than the known asphalt contents. 
The ignition method results were closest to the true asphalt 
content compared to the two solvent extraction methods.

AASHTO M 323, the current standard for mix designs, 
requires a blending chart analysis to select the virgin binder 
when RAP contents exceed 25 percent. In order to complete 
the blending analysis, the RAP binder properties must be 
determined. In current practice across the United States, RAP 
binder properties are not routinely determined because either 
RAP contents are kept below 25 percent or because the addi-
tional costs of determining the RAP binder properties and the 
softer grade of virgin binder resulting from the blending analy-
sis diminish the feasibility of using RAP contents above the 
25 percent threshold. The process of determining RAP binder 
properties includes multiple steps. Some labs prefer to use 
AASHTO T 319, which was developed in the SHRP program 
and includes the removal of the binder from the RAP aggregate 
using a solvent extraction in the first step, followed by recovery 
of the binder from the solvent. Some labs found the extraction 
process in AASHTO T 319 to be cumbersome and alternatively 
use the centrifuge method, AASHTO T 164, Method A, fol-
lowed by recovery of the binder from a solvent solution using 
a rotary evaporator, ASTM D5404. Some labs still use the 

Abson method, AASHTO T 170, for binder recovery. How-
ever, it has been criticized for causing additional aging of the 
binder (18). In addition to various extraction and recovery 
methods, debate also continues about what solvent should be  
used. Regardless, dealing with solvents like TCE, toluene, or 
n-Propyl bromide, and the additional equipment required 
for recovery of RAP binder have been significant deterrents 
to using higher RAP contents. The final step in the process 
is to grade the recovered binder using the Superpave binder 
performance grading process, AASHTO R 29. NCHRP Proj-
ect 9-12 concluded that the recovered RAP binder should be 
graded after conditioning the recovered binder in the roll-
ing thin-film oven (RTFO). Aging the recovered binder in the 
pressure-aging vessel (PAV) is not necessary. This significantly 
reduces the amount of RAP binder needed for the testing and 
the time to complete the grading of the RAP binder.

Table 1-5 summarizes some data on PG grades for recovered 
RAP binders from several recent studies and data collected 
by a few states. Data like this may be useful in establishing 
appropriate virgin binder grades for different RAP contents 
within a region that has similar RAP binder properties.

Blending of RAP Binders and Virgin Binders

One of the key issues with regard to RAP mix designs is 
how much blending occurs between the RAP binder and the 
virgin binder. The following studies have examined this issue.

One of the experimental objectives of NCHRP Project 9-12, 
“Incorporation of Reclaimed Asphalt Pavement in the Super-
pave System” (19), dealt specifically with the blending issue. 
One view of RAP blending has been that RAP simply acts as a 
black rock and the RAP binder does not blend with the virgin 
binder, therefore not contributing to bonding the aggregates 
together. The opposite view is that RAP binder completely 
blends with the virgin binder and that the composite binder 
has properties that can be estimated by proportionally com-

Location of 
Study 

No. of Stockpile 
Samples Analyzed 

Parameter 
Critical Temperature, °C 

Avg. Std. Dev. Range 

Alabama 36 

Tcrit High 91.7 5.2 84.4 to 105.5 

Tcrit Intermediate 34.1 4.9 25.2 to 42.9 

Tcrit Low -12.5 3.7 +0.4 to -21.6 

Florida 21 

Tcrit High 94.8 4.6 87.1 to 106.1 

Tcrit Intermediate 32.3 3.3 24.5 to 38.5 

Tcrit Low -15.8 3.2 -9.8 to -23.2 

Indiana 33 
Tcrit High 90 5.0 83 to 103 

Tcrit Low -11 3.1 0 to -21 

Wisconsin 13 

Tcrit High 82.8 3.7 73.5 to 87.1 

Tcrit Intermediate 26.9 2.3 20.9 to 29.4 

Tcrit Low -21.8 2.3 -18.8 to -27.9 

Table 1-5. RAP binder critical temperatures from regional testing and analyses.
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bining properties of the RAP binder and the virgin binder. 
NCHRP Project 9-12 evaluated the RAP-virgin binder blend-
ing issue with an experiment that considered three scenarios 
of blending. In the first scenario, the black rock scenario, no 
contribution of the RAP binder was simulated by recovering 
RAP aggregate and blending it with virgin asphalt and aggre-
gates. By using the reclaimed aggregate in lieu of the RAP, there 
was no RAP binder to co-mingle with the virgin binder. In 
the second scenario, RAP was mixed with virgin asphalt and  
aggregate. This scenario was referred to as the actual practice. In 
the third scenario, RAP asphalt and aggregate were reclaimed. 
The reclaimed asphalt was blended with the virgin binder. 
Completely blending the reclaimed and virgin binders forced 
total blending of the binders during the mix design process. The 
specimens made for all three scenarios used the same gradation 
and total asphalt content. Three RAP materials with different 
recovered PG grades, two RAP percentages per RAP stiffness, 
and two virgin binders were used in the experiment. Five mix 
tests were used to evaluate the mixes for each scenario: fre-
quency sweep at constant height, simple shear at constant height 
(SSCH), repeated shear at constant height (RSCH), indirect 
tensile (IDT) creep, and indirect tensile strength. A comparison 
of the mix test results revealed that the actual practice and the 
total blending scenarios were the most similar, thus indicating 
that there is blending of the reclaimed and virgin binder.

The study also examined linearity of the blending between 
virgin and RAP binder. Multiple RAP percentages and sources 
of different stiffnesses were used in the evaluation, as well as two 
virgin binders. The RAP percentages evaluated were 0, 10, 20, 
40, and 100 percent. Three RAP sources varying in PG grades 
were used; one each from Florida, Connecticut, and Arizona. 
The two virgin binders used were PG 52-34 and PG 64-22. The 
blended binders were graded in accordance with Superpave 
performance grading standards and the results of the different 
blends were compared. The results were also used to develop 
blending charts using linear blending equations. The results 
of the evaluation of the linear blending equations indicated 
that blending charts could be used successfully when deter-
mining the appropriate RAP percentage or virgin binder. This 
became the basis of the blending procedure in the appendix 
of AASHTO M 323.

Huang et al. (20) took a different approach to evaluate the 
extent to which RAP binder is active in a new mix. In the first 
phase of the study, fine RAP material (passing No. 4 sieve) 
was blended at 10 percent, 20 percent, and 30 percent with 
coarse virgin aggregate (retained on No. 4 sieve) to determine 
the extent of RAP binder transferred to the coarse aggregate. 
The virgin aggregate was heated to 190°C and the RAP was 
added at ambient temperature. The results indicated that 
approximately 11 percent of the RAP binder transferred to 
virgin aggregate during the mixing process. The research-
ers conceded that in a real mix that included virgin binder, 

some diffusion has been shown to occur between the RAP 
binder and virgin binder; thus suggesting that the percentage 
of RAP binder that will transfer will increase from 11 percent 
with time. The second phase of the study evaluated the loss 
of binder from RAP particles using a staged extraction with 
trichloroethylene (TCE). The RAP was soaked in the TCE 
for three periods of 3 minutes. Each soak/wash period was 
assumed to remove two layers of asphalt film from the surface 
of the particles. The results showed that the film thickness 
removed changed with each successive soak/wash period. The 
greatest amount of RAP binder was removed after the first 
soaking period, and the least amount was removed following 
the second soaking period. Based on both experiments, the 
authors concluded that the percentage of RAP binder that 
initially blends with virgin binder is low.

In an early RAP-virgin binder blending study using the 
Superpave binder grading system, Kennedy et al. (21) exam-
ined the properties of binders made by blending laboratory-
simulated RAP binder and virgin binder. The study used 
laboratory-made RAP binder by aging thin layers of virgin 
binder in pans. Two laboratory RAP binders were produced 
and blended with four different virgin binders. Results for 
one RAP binder indicated that the parameter G*/sin(d) on 
RTFO-aged blends was not affected until the RAP binder per-
centage exceeded 25 percent. The parameter G*/sin(d) of the 
RTFO+PAV-aged binder exhibited differences with 15 per-
cent or more RAP. The other lab-aged RAP binder resulted 
in changes in unaged, RTFO, and RTFO+PAV aged proper-
ties with as low as 15 percent RAP (the lowest RAP percent-
age). The bending beam rheometer (BBR) creep stiffness 
results confirmed that the binder stiffness increased with 
RAP percentage. Performance grading of the blends at the 
various percentages showed that some of the grades did not 
change until as much as 55 percent RAP binder was added 
while others changed with as little as 15 percent. Based on the 
binder tests, a method for determining the optimum amount 
of RAP was developed. The method consisted of conduct-
ing standard Superpave performance grade testing on four 
binder blends made with different RAP binder percentages. 
The RAP percentage that meets all criteria will be the selected 
optimum RAP percentage.

Bonaquist (22) developed a technique to evaluate blending 
of virgin and recycled binders in mixtures containing RAP  
and recycled asphalt shingles (RAS) by comparing laboratory- 
measured dynamic shear moduli of binders recovered from 
mixtures to predicted shear moduli using the Hirsch model. 
Plant-produced mixtures containing RAP and RAS were 
sampled, and then specimens were fabricated and tested 
in a simple performance tester to determine the mixtures’ 
dynamic moduli over a range of temperatures and fre-
quencies. Using the Hirsch model, with inputs of the mix-
ture dynamic moduli, VMA, and VFA from the compacted 
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specimens, the predicted shear moduli, |G*|, of the effective 
binder in the specimens were calculated. These results were 
plotted on a shear modulus master curve. Next, the binders 
were extracted and recovered from the specimens. The recov-
ered binders were tested in a DSR using a frequency sweep 
to determine the binder shear moduli, |G*|. The process of 
extraction and recovery ensures that the recycled binder and 
virgin binder are completely blended. The measured shear 
moduli of the recovered (fully blended) binders were plotted 
with the predicted moduli from the Hirsch model. When pre-
dicted and measured master curves overlap, it can be inferred 
that the recycled and virgin binders in the plant mix are com-
pletely blended. Figures 1-1 and 1-2 show the |G*| curves 
calculated from the mix and measured from the recovered 
binder for a 5 percent RAS mixture and a 35 percent RAP 
mixture, respectively. The |G*| backcalculated from the RAS 
mix is lower than the recovered |G*|, indicating that there is 
not much blending between the RAS binder and the virgin 
binder. On the contrary, the RAP mixture data shows that the 
RAP and virgin binders are well blended.

Mogawer et al. (23) used Bonaquist’s technique to evalu-
ate 18 plant-produced mixtures from several northeastern 
states. This approach indicated that good blending occurred 
between the RAP and virgin binders in most cases. They com-
mented that plant production parameters affected the degree 
of blending and the mix properties. McDaniel et al. (24) also 
used Bonaquist’s technique to assess the degree of blending 
for 25 plant mixes containing 15 to 40 percent RAP from four 
Indiana contractors and one Michigan contractor. They also 

found significant blending was evident for the majority of the 
mixtures containing RAP.

Swiertz et al. (25) conducted a study to evaluate a proposed 
method of estimating the low-temperature properties of hot-
mix asphalt blends containing reclaimed asphalt pavement 
(RAP) and shingles (RAS). The proposed method consisted 
of testing three sets of bending beam rheometer (BBR) test 
specimens prepared as follows:

1. Virgin binder tested using standard BBR procedure as 
described in AASHTO T 313,

2. Mortar made from RAP passing the No. 50 sieve and 
retained on the No. 100 sieve (designated SRAP), and

3. Mortar made from RAP aggregate of the same size as 
SRAP recovered from the ignition oven, blended with roll-
ing thin-film oven (RTFO) aged virgin binder at a binder 
content equal to that of the SRAP (designated RRAP).

The two sets of mortar samples were tested at temperatures 
corresponding to the low-temperature grade of the virgin 
binder. The differences between the SRAP and RRAP proper-
ties from BBR testing (stiffness [S] and m-value) were calcu-
lated. Since the aggregate and binder content are the same for 
both sets of specimens, the difference between the test results 
was theorized to be due solely to the increased stiffness of the 
RAP binder. This difference was used to shift the virgin binder 
test results to provide an estimate of the RAP binder prop-
erties. The estimated RAP binder properties were then used 
along with the virgin binder properties to create blending 
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charts for estimating the properties of virgin and RAP binder 
blends at any proportion.

Additional work was done to determine if the same shift-
ing procedure could be applied to testing low-temperature 
fracture energy properties using the single-edge notched 
beam (SENB) test. For this test, specimens were created in a 
similar manner as before with the addition of a 3-mm notch 
in the width of the BBR side mold. Materials tested included 
one RAP source blended with two virgin binders and one 
RAS source blended with one virgin binder. Samples were 
tested at -6, -12, and -18°C to measure stress intensity fac-
tor KIC and fracture energy, with the load and displacement at 
failure also reported. Artificially created RAP (virgin binder 
aged through two cycles of long-term aging in the pressure-
aging vessel [PAV] blended with aggregate recovered from 
RAP burned in the ignition furnace) was used to verify the 
proposed method for identifying the low-temperature binder 
properties of HMA containing RAP. The artificial RAP was 
blended with two virgin binders (PG 64-22 and PG 58-28) 
at 15 and 25 percent. The blends were tested using the pro-
posed procedure and the estimated low-temperature proper-
ties were compared to BBR test results on binders created by 
blending the virgin and artificially aged RAP binder. It was 
found that the proposed procedure could estimate the low-
temperature properties of the artificial RAP blends within 
1°C of the tested values. When the proposed procedure was 
used to estimate the low-temperature properties using com-
binations of actual RAP materials (four sources) and virgin 

binder (PG 64-22 and PG 58-28), it was shown that the inter-
action of RAP and virgin binders was different for different 
combinations of materials. This implied that the current 
tiered approach to RAP blends may not be valid for all mate-
rials. It also implied that current recommendations for an 
assumed continuous grade rate of change of 0.06°C per per-
cent of RAP binder replacement may not be valid for every 
RAP and virgin binder combination. The procedure was 
found to work for RAS materials as well as RAP binders and 
allowed for the estimation of the low-temperature properties 
of blends containing both RAP and RAS materials. Single-
edge Notched Bending (SENB) testing could detect changes 
in the mixture fracture energy of the asphalt mixtures due 
to the addition of RAP and RAS materials, but more work is 
needed to define what the differences mean.

Researchers at the University of Connecticut (26) used 
the indirect tensile strength test to estimate the effective PG 
binder grade of mixes containing 15 to 25 percent RAP. Gra-
dation and total asphalt contents were kept the same for the 
lab virgin and virgin-RAP mixes. Two grades of binder were 
mixed with the samples before mixing, curing, and com-
pacting specimens. The hypothesis for the experiment was 
that indirect tensile strength is directly proportional to the 
PG grade of the composite binder in the mixture. Tensile 
strengths were determined for the virgin mixes with the two 
PG binders plotted versus the PG temperature and connected 
with a straight line. The intersection of tensile strength of the 
mix with RAP was then used to determine the effective binder 
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grade of the blended binder, as illustrated in Figure 1-3. Ten-
sile strengths at 3°C were used to estimate low PG tempera-
tures, and tensile strengths at 38°C were used to estimate the 
effective high performance grades of the blended binder. The 
results followed logical trends, but indicated that at low RAP 
contents, the RAP binder had a negligible effect on the result-
ing binder grade.

Research at the University of Minnesota (27–29) used the 
bending beam rheometer (BBR) to test thin beams (127 mm 
× 12.7 mm x 6.35mm) of asphalt mixtures to determine their 
low-temperature creep compliance. The mix samples used 
in the study contained 0, 20, and 40 percent RAP, but the 
hypothesis was that the method could be used on mixes with 
any RAP content to determine the critical properties of the 
RAP-virgin composite binder. This approach would elimi-
nate the need for extraction and recovery of RAP binder. A 
modified Hirsch model was applied to the BBR results using a 
simple inverse prediction scheme to estimate the component 
binder creep compliance. A procedure using new blending 
charts to obtain the critical low temperatures of the binder 
was proposed. This was considered the more important tem-
perature range for mixes containing RAP since the stiff RAP 
binder typically increases the low-temperature properties of 
composite binders. The research concluded that additional 
work was needed to further refine the Hirsch model to obtain 
reasonable stiffness values and binder m-values.

A similar study funded by the Alabama Department of 
Transportation was conducted by NCAT (30, 31). Four mix 
tests were evaluated for backcalculating effective binder 
properties using the Hirsch model. The four mix tests investi-
gated were dynamic modulus, dynamic shear rheometer with 
torsion bars, bending beam rheometer with mix beams, and 
the indirect tension relaxation modulus test. Testing included 
specimens fabricated with 100 percent virgin aggregates 
and binders and specimens fabricated with 100 percent RAP 
materi als from several locations in Alabama. The initial results 
for backcalculating binder high- and intermediate-grade 

properties from dynamic moduli of 100 percent unmodi-
fied virgin mixes or 100 percent RAP specimens were prom-
ising. Relaxation modulus test results were highly variable 
due primarily to challenges in setting the seating load. Back-
calculated high and intermediate temperature binder proper-
ties from torsion bar tests did not compare well to measured 
binder properties for virgin mixes; better match was obtained 
from samples fabricated with 100 percent RAP. A sensitiv-
ity analysis of dynamic modulus was performed using lab-
oratory-produced mixtures. Experimental factors included 
asphalt binder grade, RAP source, and RAP content (20, 35, 
and 50 percent). The results of this analysis indicated that the 
dynamic modulus and backcalculated binder properties were 
insensitive to both binder grade and RAP percentage. Test-
ing was also conducted using plant-produced mixtures con-
taining up to 25 percent recycled materials. For these mixes, 
the backcalculated effective binder properties did not match 
well with the properties measured on extracted binders from 
those mixtures. Michael attributed the differences between 
backcalculated and measured binder properties to differences 
in aging conditions and the use of confined dynamic modu-
lus tests (30). Other researchers using the Hirsch model for 
back calculation of binder properties had used unconfined 
dynamic modulus tests.

Mix Design for Mixtures Containing RAP

Prior to Superpave, guidelines for mix designs using RAP 
were included in the appendix of the Asphalt Institute’s 
MS-2, Mix Design Methods for Asphalt Concrete and Other 
Mix Types, Sixth Edition (32). This manual established many 
of the principles still used today for designing mixes with 
RAP. Characteristics of the RAP needed for mix design were 
the aggregate gradation, the asphalt content, and the viscos-
ity of the recovered binder. The grade (viscosity) of the new 
asphalt binder was selected based on the asphalt viscosity 
blending chart. The manual suggests that no change in the 
new binder is needed for up to 20 percent RAP and that no 
more than one grade (i.e., from AC-20 to AC-10) be used 
when the RAP content is over 21 percent. Formulas were 
provided to estimate the percent of new binder to use in the 
mix design trials.

The current standard for Superpave mix design is AASHTO 
M 323-07 and the affiliated specification is AASHTO R 35-07. 
AASHTO M 323 includes guidance on using RAP in Super-
pave mixes. Most of that guidance was based on NCHRP 
Project 9-12, “Incorporation of Reclaimed Asphalt Pave-
ment in the Superpave System.” As previously noted, one of 
the products from NCHRP Project 9-12 was NCHRP Report 
452: Recommended Use of Reclaimed Asphalt Pavement in the 
Superpave Mix Design Method: Technician’s Guide (4). This 
guide provides step-by-step procedures for preparing and 
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designing mixes containing RAP. In general, it recommends 
that standard Superpave mix design procedures should be fol-
lowed with a few added details:

•	 In laboratory mix designs, it is common to fractionate vir-
gin aggregate to individual sieve sizes down to about the 
No. 8 (2.36-mm) sieve. However, RAP materials are not 
often sieved in the lab for mix design like virgin aggregate, 
which can lead to inconsistency among specimens.

•	 For the determination of the specific gravity of the RAP 
aggregate, the guide recommends running AASHTO T 209 
(maximum theoretical specific gravity test) on the as-
received RAP, then using the asphalt content of the RAP 
and calculating the effective specific gravity of the RAP 
aggregate. The aggregate bulk specific gravity can then be 
estimated from the effective specific gravity based on an 
assumed asphalt absorption.

•	 In batching materials for mix designs, the mass of the RAP 
binder asphalt must be accounted for using a simple cal-
culation if the asphalt content of the RAP is accurately 
known.

•	 Heating RAP should be kept to a minimum to avoid chang-
ing the RAP binder properties. This recommendation was 
based on an experiment to evaluate the effects of heating 
on RAP. Two RAP sources were used for the evaluation, a 
very stiff RAP and a low-stiffness RAP. Three heating times 
(2, 4, and 16 hours) were evaluated at two temperatures 
(110°C and 150°C). After heating, RAP binder was recov-
ered and tested with a dynamic shear rheometer to obtain 
complex shear modulus values. The change in stiffness of 
these recovered binders was evaluated. Results showed that 
the time and temperature that caused significant changes 
in the RAP binder depended on the RAP. Heating stiff 
RAP for less than 4 hours at 150°C did not significantly 
change the RAP binder stiffness, but heating soft RAP at 
either 110°C or 150°C for more than 2 hours significantly 
increased the RAP binder stiffness.

•	 Recommendations for selecting virgin binders are out-
lined in the guide based on RAP content. For RAP contents 
below 15 percent, the virgin binder grade should be the 
same as for a virgin mix. For intermediate RAP contents 
between 15 and 25 percent, the virgin binder should be one 
full grade lower than for a virgin mix. For RAP contents 
above 25 percent, blending charts or equations should be 
used to determine the appropriate virgin binder grade. 
These practical recommendations were primarily based 
on the binder blending study previously discussed.

Several other researchers have recommended modifica-
tions to the mix design procedure for mixtures containing 
RAP. In some cases, research has identified aspects of mix 

design and handling of RAP that need to be used but have 
not become part of test standards or guidelines. This sec-
tion of the report summarizes the relevant studies and their 
findings.

One of the most current documents on mix design with 
high RAP contents is NAPA’s Quality Improvement Series 124, 
Designing HMA Mixtures with High RAP Content: A Practi-
cal Guide (5). Many of the guidelines in this document are 
consistent with the requirements in AASHTO M 323 for 
RAP mixes. Some additional recommendations are provided 
regarding characterizing RAP materials, sample preparation, 
mechanical property testing, and making mix adjustments for 
plant production. One suggestion for RAP contents greater 
than 25 percent is to characterize RAP binder properties on a 
regional basis, such as shown in Table 1-5 of this report, and 
to develop guidelines or blending charts for selecting virgin 
binders based on those regional characteristics. The docu-
ment suggests that mix design for high RAP contents gener-
ally follow the conventional process for checking aggregate 
and volumetric properties but that additional “performance 
tests” be used to verify that the design has adequate resistance 
to permanent deformation, thermal cracking, fatigue, and 
moisture damage. However, the guide acknowledges that few 
standards or criteria exist for assessing the acceptability of 
high RAP content mixtures by the performance tests and sug-
gests more research be devoted to this need.

Wu et al. (72) conducted a study to evaluate how tem-
perature affects blends of RAP and virgin materials. The first 
phase evaluated the effects of temperature on the viscosity of 
blended binders. RAP binder was recovered and mechanically 
blended with an AH-70 virgin binder. The RAP binder per-
centages evaluated were 0, 25, 50, 75, and 100 percent. Results 
of rotational viscosity testing were compared to the varying 
RAP percentages and temperatures. The test temperatures 
ranged from 125°C to 185°C. As expected, increasing the 
amount of RAP binder increased the viscosity at the same 
test temperature. Results were used to develop the following 
equation, which could be used to determine the mixing and 
compaction temperatures for any RAP mixture.

ln ln ln. .T W T W Tb r f= + −( )0 5 0 51 [1-1]

where
Tb = Optimum relevant temperature of blended binder
 Tr = Optimum relevant temperature of RAP binder
 Tf = Optimum relevant temperature of virgin binder
 W = Weight percentage of RAP binder

In the second phase of the study, properties of 30 percent 
and 50 percent RAP mixes were compared to virgin mixes. 
Storage stability data were used to compare the effects of differ-
ent mixing temperatures. Storage stability consisted of moni-
toring temperature readings at the time of mixing and then 
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after 1 hour of storage. The results indicated that the virgin 
aggregate preheating temperatures needed to be increased 
when RAP preheating temperatures were decreased to allow 
for proper mixing and compaction.

A study at Ohio University (33) evaluated several loose mix  
aging conditions and proposed a new method to assess dura-
bility of mixtures containing RAP. The first part of the study 
evaluated different temperatures and times for loose mix con-
ditioning to find the conditions that provided aged binders 
most similar to binders aged in the rolling thin-film oven and 
pressure-aging vessel. Conditioning of all loose mix began with 
2 hours at 135°C. Additional conditioning scenarios included 
4 and 6 hours at 100°C, and 3 and 5 hours at 120°C. After con-
ditioning, the binders were recovered using the Abson method 
with trichloroethylene. Standard Superpave binder testing 
was conducted on recovered binders. The results indicated 
that aging for 2 hours at 135°C followed by 5 hours at 100°C 
resulted in binder properties most similar to RTFO- and PAV- 
aged binders. That conditioning process was then used to pre-
pare mixtures for the second part of the study.

Part two of the study involved conducting moisture damage 
susceptibility tests in accordance with AASHTO T 283 on RAP 
mixes, except a new parameter, absorbed energy, was used as 
the key test parameter instead of tensile strength. Absorbed 
energy was calculated using the load and deformation of the 
specimens at failure. The ratio of the average absorbed energy 
of conditioned specimens to the average absorbed energy of 
unconditioned specimens was then calculated. A criterion for 
the acceptable absorbed energy ratio was not established in 
the report. However, it was recommended that an absorbed 
energy value of 70 or greater for unaged specimens be consid-
ered acceptable and a value of 55 or higher for aged specimens 
be considered acceptable for determining an appropriate 
amount of RAP.

NCHRP Project 9-33 was a project to develop a new HMA 
mix design guide, which was published as NCHRP Report 
673: A Manual for Design of Hot Mix Asphalt with Com-
mentary (34). Chapter 9 of that report deals specifically 
with RAP. With regard to selecting the virgin binder grade 
for RAP mixes, the guide follows the current recommenda-
tions in AASHTO M 323 and acknowledges the assumption 
that complete mixing occurs between the RAP binder and 
new binder. Therefore, the resulting blended binder in a mix 
containing RAP can be estimated from properties of the vir-
gin binder and the RAP binder. The report provides recom-
mendations on assessing the variability of RAP stockpiles 
and how to consider that variability in establishing feasible 
RAP contents for mix designs. A companion to the report 
is a spreadsheet mix design tool, called HMA Tools, for mix 
designers to use in blending, mix calculations, and for some 
guidance on mix performance tests.

Mechanical Properties of Mixtures 
Containing RAP

Several recent studies have evaluated lab-produced and 
plant-produced RAP mixtures with a variety of mechanical 
tests. Stroup-Gardiner and Wagner (35) conducted an early 
laboratory study to evaluate the effectiveness of fractionat-
ing RAP on mix designs and mechanical properties. RAP was 
obtained from Minnesota and Georgia and then screened/
fractionated over a No. 16 sieve. Mixes were designed above 
and below the restricted zone with different percentages of 
coarse and fine RAP. The above-restricted-zone mixes used 
only the fine fraction RAP at 15 percent RAP content. The 
below-restricted-zone mixes contained from 15 to 40 per-
cent total RAP (coarse and fine combined) depending on 
blend gradation and volumetric limitations. A PG 64-22 vir-
gin binder was used for all mixes. The above-restricted-zone 
mixtures were evaluated using low-temperature IDT creep 
compliance, resilient modulus, tensile strength and moisture 
damage susceptibility, and asphalt pavement analyzer (APA) 
rut tests. Results indicated that the mixes containing RAP 
had significantly lower rut depths in the APA tests. Tensile 
strengths and TSRs were not significantly different between 
the control mix and the RAP mixes. Compared to the control 
virgin mix, the RAP mixes were stiffer at all temperatures, 
but the difference increased at warmer temperatures. At low 
temperatures, RAP mixes were less compliant at 0 and -10°C, 
but similar to the control mix at -20°C.

One phase of NCHRP Project 9-12 investigated the effects 
of RAP content on mechanical properties of the mixes (19). 
The materials used in the black rock study were also used in 
the evaluation of the effects of RAP on HMA. Three RAP 
sources of varying stiffness and two virgin binders were used 
to produce mixes that contained 0, 10, 20, and 40 percent 
RAP. The mechanical property tests were frequency sweep 
at constant height, simple shear at constant height, repeated 
shear at constant height, indirect tensile creep and strength, 
and beam fatigue tests. The frequency sweep at constant 
height tests were conducted at 0.01 Hz to 10 Hz, inducing 
a horizontal strain of 0.005 percent. The test temperatures 
employed were 4, 20, and 40°C in accordance with AASHTO 
TP 7-94. The simple shear at constant height tests were also 
conducted in accordance with AASHTO TP 7-94 using tem-
peratures of 4, 20, and 40°C. The repeated shear at constant 
height was also run in accordance with AASHTO TP 7-94 
at a test temperature of 58°C. Beam fatigue tests were con-
ducted in accordance with AASHTO TP 8 at 400 and 800 
microstrains. The results showed that mix stiffness increases 
and fatigue life decreases as RAP content increases. Based on 
these results, it was recommended to use a softer virgin binder 
for high RAP contents to counteract the stiffening effect of 
the RAP binder. This became the basis of the tiered approach 
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to adjusting the grade of the virgin binder based on the RAP 
content. NCHRP Project 9-12 also included an experiment 
to assess differences between plant- and laboratory-produced 
mixes. Three tests were used to compare the plant and labora-
tory mixes: frequency sweep, simple shear, and repeated shear 
at constant height. The evaluation of the mix tests performed 
on the laboratory-prepared mix and the plant mix indicated 
that the samples prepared in the laboratory are representative 
of plant conditions.

McDaniel et al. conducted a follow-up study (36) to verify 
the conclusions from NCHRP Project 9-12 for materials in 
the northern Midwest. RAP from three states was used in the 
study. Laboratory-prepared mixes were designed to yield a 
gradation similar to a plant sampled from each state. The per-
centages of RAP used varied by source. The Michigan RAP 
percentages were 0, 25, and 40 percent. The Missouri RAP per-
centages were 0, 20, and 50 percent. The Indiana RAP source 
percentages were 0, 15, and 50 percent. The intermediate RAP 
contents were selected based on the allowed RAP content for 
the given state. AASHTO TP 2-01 was followed when extract-
ing and recovering the RAP binder. Standard Superpave per-
formance grade testing was conducted on each recovered RAP 
binder. Asphalt contents and gradations were determined 
from aggregates recovered by both solvent extractions and the 
ignition method. The ignition method consistently resulted 
in higher asphalt contents; however, correction factors were 
not used. Three mix tests were used to evaluate the mixtures: 
frequency sweep, repeated shear, and simple shear at constant 
height. The frequency sweep at constant height test was con-
ducted at a range of frequencies from 0.01 Hz to 10 Hz at two 
test temperatures (20°C and 40°C). The simple shear at con-
stant height test was conducted at the same test temperatures 
as the frequency sweep at constant height test and on the same 
specimens used for the frequency sweep. The repeated shear at 
constant height test was run at 58°C for 5,000 cycles.

The linear binder blending charts recommended in NCHRP  
Project 9-12 were shown to be acceptable for the given materi als 
when the recovered RAP binder was RTFO aged. The three-
tiered binder recommendations from NCHRP Project 9-12 
were validated for the three RAP sources evaluated. The Super-
pave binder classifications for the RAP sources evaluated were 
PG 70-XX, PG 76-XX, and PG 76-28. A complete grading for 
two of the RAP sources could not be determined due to a lack 
of material. The results of the recovered blended binders indi-
cated that the high PG grade increased one grade for each of 
the three mixes containing RAP. The low PG grade changed 
to one grade warmer for Indiana RAP but did not change for 
the Michigan and Missouri RAP sources. The frequency sweep 
for the Indiana mixes resulted in stiffer G* values for the plant 
and 50 percent RAP mixes in comparison to the virgin and 
15 percent RAP mixes. The frequency sweep data trends for 

the Michigan mixes were not consistent. The 40 percent RAP 
mix was the stiffest at 40°C, but one of the least stiff mixes 
at 20°C. Of the Michigan mixes, the virgin mix was consis-
tently the least stiff mix at both temperatures. For the Missouri 
mixes, the 50 percent RAP mix was consistently the stiffest 
and the virgin mix was the least stiff at both temperatures for 
the frequency sweep data. In general, the same results seen 
for the frequency sweep tests were seen for the simple shear 
tests. For the repeated shear tests conducted for the Missouri 
RAP source, as the RAP percentage increased, the shear strain 
decreased. However, the reverse occurred for the Michigan 
and Indiana RAP sources. In general, the frequency sweep and 
simple shear at constant height tests indicated that the mix 
stiffness increases with higher percentages of RAP. Results of 
the simple shear at constant height test were highly variable. 
The results of the repeated shear test indicated the mixes were 
not prone to rutting. Overall, the results of the study showed 
that Superpave mixes containing 40 to 50 percent RAP are fea-
sible and can yield good performing mixes.

Lachance assessed the effects of RAP contents on volumet-
ric properties and several mechanical properties (37). The 
RAP contents were 0, 15, 25, and 40 percent. A 19.0-mm mix 
design was used for all mixes, and the gradations were kept as 
close as possible. All materials were from New Hampshire, and 
the virgin binder was a PG 58-28. The analysis of volumetric 
properties showed that VMA and VFA increased at RAP con-
tents of 25 and 40 percent. The 25 percent RAP mixture had 
a higher optimum asphalt content than the 40 percent RAP 
mix. The effect of RAP heating time on volumetric properties 
was also investigated. RAP for the 40 percent RAP mixes was 
heated for different lengths of time and then the volumet-
ric properties compared. The heating times were 2, 3.5, and 
8 hours at the mixing temperature (150°C to 157°C). The 
RAP was mixed with virgin materials and compacted using 
the same compactive effort. Both the air voids and VMA were 
affected by the different heating times. The air voids increased 
with heating time. Initially, the VMA decreased from 2 hours 
to 3.5 hours of heating but then increased from 3.5 to 8 hours 
of heating. The difference in the VMA was attributed to the 
RAP particles heating up enough to allow for the particles to 
break apart and distribute better throughout the mix after 
3.5 hours of heating.

The results within set variability of dynamic modulus 
increased for 25 and 40 percent RAP contents. The creep 
compliance test was conducted at the same five temperatures 
as the dynamic modulus test, and a creep compliance master 
curve was also constructed for each mix. The creep compli-
ance for 15 percent RAP resulted in expected values indicating 
that there was a decrease in compliance. The creep compli-
ance values for 25 percent and 40 percent did not result in 
typical trends. The researchers attributed the differences to 
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sample variability due to inconsistent RAP gradations since 
it was not fractionated. Uniaxial creep flow testing was con-
ducted at 45°C with a stress of 600 kPa. The results for the 
0 percent RAP specimens were variable. The variability may 
have been caused by specimens damaged during previous 
testing or by an improper load. The creep flow time (i.e., 
the time to reach the tertiary flow) increased for the 15 and 
40 percent RAP mixes. The 25 percent RAP, which had the 
highest asphalt content, had a lower creep flow time.

A study from Taiwan evaluated the effects of RAP on binder 
properties and moisture susceptibility (38). RAP was collected 
from pavements that were 4, 6, and 10 years old. Binder recov-
ered from these pavements was blended with a virgin binder 
(AC-10) at percentages of 10 to 100 percent. Binder test results 
indicated that up to 20 percent RAP could be used without 
appreciably altering the virgin binder properties. The blended 
binders were then used in 30 mixes. One aggregate gradation 
was used for all 30 mixes. The mixes were tested for mois-
ture susceptibility using AASHTO T 283. It was observed that 
increasing the RAP content negatively affected the indirect 
tensile strengths. The absorbed energy (area under the load-
displacement curve in the tensile strength test) of conditioned 
and unconditioned specimens was also determined. The rela-
tive energy loss (much like the tensile strength ratio) was found 
to increase linearly as the RAP binder content increased.

Li et al. (39) evaluated 10 mixes for low-temperature 
cracking resistance using the dynamic modulus test and the 
semi-circular bend (SCB) test. RAP was obtained from two 
Minnesota sources. Mixes were laboratory prepared with 0, 
20, and 40 percent RAP, meeting Minnesota DOT’s Superpave 
criteria. Results showed that the dynamic modulus values 
increased with increasing RAP percentages. RAP source was 
not a significant factor for the dynamic modulus at low tem-
peratures; however, it did significantly affect dynamic modu-
lus values at high temperatures. SCB testing was conducted 
in accordance with the procedure outlined in the literature 
(40). The fracture energy parameter was used to evaluate the 
effects of RAP content. The SCB results show that fracture 
energy decreased as RAP content increased. The control mix-
tures had the highest fracture energy. The 20 percent RAP 
mixtures had similar fracture resistance relative to the control 
mixtures. However, the mixes with 40 percent RAP content 
had significantly lower low-temperature fracture resistance.

Shu et al. (41) conducted a study to compare several tech-
niques for assessing fatigue properties of Marshall mixes that 
met Tennessee DOT specifications. Mixes containing 0, 10, 20, 
or 30 percent RAP were evaluated. A target asphalt content of 
5 percent was used for all mixes, and the virgin binder content 
was decreased based on the amount of binder contributed by 
the RAP. One binder was used, a PG 64-22. Testing included 
indirect tension (IDT) resilient modulus, IDT creep, IDT 
strength, and the beam fatigue test. All tests were conducted 

at 25°C. The IDT strength test was conducted to calculate the 
strength and toughness index. The minimum dissipated creep  
strain energy obtained from the IDT creep test and the dissi-
pated creep strain energy threshold obtained from the IDT 
strength test were used to calculate the energy ratio for each 
mix. The beam fatigue test was conducted in strain-controlled 
mode at 600 microstrains in accordance with AASHTO T 321. 
The ratio of dissipated energy change was used to evaluate 
the fatigue life of the mixes along with the traditional method 
of establishing failure at 50 percent reduction of the initial 
stiffness. It was found that the IDT strengths increased with 
RAP percentage, but toughness index decreased with increas-
ing RAP percentage, indicating that the mixes became more 
brittle with greater quantities of RAP. The IDT resilient mod-
ulus results indicated the elastic component increased with 
increasing RAP quantities. However, the dissipated creep 
strain energy threshold decreased with increasing RAP per-
centages, which indicates the fatigue life of mixes is negatively 
affected by the addition of RAP. The energy ratio results also 
decreased with increasing amounts of RAP. A lower energy 
ratio means a mix is more likely to crack. However, the beam 
fatigue results indicated that the higher RAP contents were 
more resistant to fatigue. Higher plateau values of the ratio of 
dissipated energy change were observed for mixes containing 
higher RAP contents. The number of cycles to attain a 50 per-
cent decrease in stiffness was also greater for the higher RAP 
percentage mixes than for the virgin mix.

A Virginia study evaluated the rutting resistance of 19 
plant-produced asphalt mixtures with up to 25 percent RAP 
(42). Dynamic modulus testing was used to characterize stiff-
ness over a range of temperatures. Flow number (FN) tests 
were conducted at 54°C. Mixtures with 25 percent RAP were 
generally found to have similar dynamic moduli with the vir-
gin mixtures. Virgin mixes and mixes with 25 percent RAP 
had lower flow number results. In general, mixtures contain-
ing moderate amounts of RAP (10 and 15 percent) had better 
FN results than virgin mixes and mixes with high RAP con-
tents. A statistical analysis showed RAP amount was the most 
significant factor affecting rutting resistance in the mixtures 
studied. A linear inverse relationship between RAP and FN fit 
the data well. The effect of RAP on FN in this study was con-
trary to the generally expected results, as it showed the rutting 
resistance to decrease with increased RAP content. Results also 
showed that as RAP amount increased, there was a downward 
trend in both effective binder content and rutting parameter 
(G*/sind). The authors suggested that the practice of using 
softer asphalt binders in mixtures with higher RAP contents 
and the observed decrease in effective asphalt content and G*/
sind with the higher RAP content mixtures as possible reasons 
for the observed effect of RAP on flow number.

Hajj et al., at the Western Regional Superpave Center, 
conducted a study using Nevada mix designs with 0, 15, and 
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30 percent RAP (43). Laboratory mixtures were prepared 
with three sources of RAP and two binders: a PG 64-22 
neat asphalt binder used in the bottom and middle lifts of 
pavements, and a PG 64-28NV polymer-modified binder 
used in the surface and underlying lifts of pavement. The 
“NV” indicated that the binder grading included the stan-
dard Superpave binder testing requirements plus additional 
properties of toughness, tenacity, and ductility on original 
and RTFO binder at 40°F. Beam fatigue tests were conducted 
according to AASHTO T 321 at 300, 500, and 700 microns 
(microstrain). Results showed that the fatigue resistances of 
polymer-modified mixes were significantly higher than mix-
tures with unmodified binders regardless of the RAP con-
tent. Polymer-modified mixes with 15 percent and 30 percent 
RAP had lower fatigue resistance compared to the virgin-
polymer-modified mixtures. However, the fatigue resistances 
of polymer-modified mixtures with 15 percent and 30 per-
cent RAP were significantly better than the virgin mixes with 
neat binder. The authors concluded that RAP can be used 
in polymer-modified mixtures to offset the additional cost 
of the polymer while achieving significantly higher fatigue 
resistance than neat mixtures without RAP.

Mogawer et al. (23) evaluated the characteristics of plant-
produced hot mix asphalt (HMA) containing up to 40 per-
cent RAP. Eighteen mixes (9.5 and 12.5-mm NMAS) were 
obtained from three contractors located in the northeastern 
United States. One contractor used a PG 64-22 for four of the 
mixes and then adjusted the virgin binder to a PG 58-28 for 
the two highest RAP content mixes (for a total of six mixes) 
to evaluate the effect of using a softer virgin binder. Another 
contractor used a PG 64-28 for four mixes and adjusted to a 
PG 52-34 for all RAP contents for a total of eight mixes. The 
third contractor only used a PG 64-28 for its mixes. As part 
of the mix sampling process, production data were collected, 
including mixing and discharge temperatures, storage time, 
and plant type. These data were used to determine if changes in 
these parameters affected the properties of the RAP mixes. Test 
specimens were compacted at the plant and in the laboratory 
to study the effect of reheating the RAP mixes. Testing included 
extraction and recovery of the RAP mixes using the centrifuge 
extraction method described in AASHTO T 164 Method A and 
the Abson recovery method described in AASHTO T 170. The 
recovered binders were tested to determine their PG grades. 
The recovered asphalt binders were also tested in the bending 
beam rheometer (BBR) and direct tension test (DTT) to deter-
mine their low critical cracking temperatures (Tcrit) according 
to AASHTO R 49. Finally, the recovered binders were tested 
before and after long-term aging in the pressure-aging vessel 
(PAV) using the asphalt binder cracking device (ABCD), which 
also gives a value of Tcrit.

Cracking resistance was measured using the overlay tester 
(OT) device at 15°C with a joint opening of 0.06 cm and fail-

ure criteria of 93 percent reduction from the initial load or 
1,200 cycles. The OT measures the ability of a mix to resist 
crack propagation from bottom to top due to a predeter-
mined displacement. The final result of the OT is a measure 
of cycles to failure. Moisture and rutting susceptibility were 
tested using the Hamburg wheel tracking device (HWTD) 
at 50°C. The stripping inflection point (SIP) determined by 
plotting rut depth versus the number of wheel passes indi-
cates when the mix specimen begins to experience stripping 
due to moisture damage. Workability of the mixes was mea-
sured using a device developed by the Massachusetts Dart-
mouth Highway Sustainability Research Center. The device 
measures the workability of an HMA mix using torque mea-
surement principles.

Results from this study showed that it was important 
to document how RAP mixes are produced and handled, 
because differences in the recorded production parameters 
were shown to affect the degree of blending between RAP 
and virgin binders. Production parameters were also found 
to affect workability and mixture performance. Reheating 
of the mixtures was found to impact mixture stiffness com-
pared to mixes that had test specimens compacted at the 
plant (i.e., not reheated). Reheated RAP mixes also showed 
decreased sensitivity to increasing RAP content when mea-
sured by |E*|. Both the recovered binder and mixture stiffness 
testing showed that stiffness increased with increasing RAP 
content and that changing to a softer virgin binder decreased 
the overall stiffness. Recovered binder testing indicated that 
differences in mix stiffness with increasing RAP content are 
more pronounced at high temperatures than at low tempera-
tures. At low temperatures, the ABCD gave lower Tcrit values 
for both the “as-extracted” and PAV-aged recovered binders 
than the AASHTO R 49 procedure. Results for both proce-
dures indicated that the use of a softer virgin binder may 
improve low temperature properties of the RAP mixes. The 
OT results showed decreased cracking resistance (lower num-
ber of cycles to failure) with increasing RAP content. This 
trend agrees with the results from both the low-temperature 
tests on the recovered asphalt binder, which also showed 
decreased Tcrit with increasing RAP content. For one of the 
contractors, the use of a softer PG grade virgin binder did 
not improve the OT results. The other contractor’s mixes did 
show improved cracking resistance using the softer PG virgin 
binder. Only one of the RAP mixes (30 percent) failed the 
moisture damage test in the HWTD. It was theorized that 
a low plant discharge temperature for this mix may have 
been the cause. Workability testing showed that the addition 
of RAP decreased mixture workability and that the use of a 
softer virgin binder could improve workability to levels com-
parable to the control mixes.

McDaniel et al. (24) studied the effect of RAP on the per-
formance characteristics of plant-produced HMA mixtures. 
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This study was a continuation of a previous, unpublished 
study and contained the results of that work as well. The goal 
of this research was to use the high- and low-temperature 
properties of plant-produced RAP to determine if the current 
tiered guidelines for RAP usage are valid. Plant-produced 
mixtures were used to include the effects of factors such as 
plant type, amount of mixing, mixing temperature, etc., all of 
which may affect the amount of blending between RAP and 
virgin binders. Additional research included a comparison 
of two methods of extracting and recovering RAP binders 
and an investigation into the amount of blending that occurs 
during virgin and RAP binders during production. Four con-
tractors supplied six HMA mixes designed to be as similar as 
possible (volumetrics, gradation, binder content, etc.). The 
mixes consisted of a control PG 64-22 mix with no RAP, three 
PG 64-22 mixes with increasing RAP contents (15, 25, and 
40 percent), and two PG 58-28 mixes with high RAP contents 
(25 and 40 percent). The locally available PG 64-22 binder 
was chosen, along with the PG 58-28, because that was the PG 
grade required by the current RAP usage guidelines for mixes 
containing 15 to 25 percent RAP.

Asphalt binder testing included verification of performance 
grade of the virgin binders. In addition, frequency sweeps of 
binder complex shear modulus |G*| were conducted in the DSR 
at multiple temperatures for master curve construction. A com-
parison between the centrifuge extraction method (AASHTO  
T 164) with Abson recovery (AASHTO T 170) and the com-
bined extraction/recovery procedure described in AASHTO  
T 319 was also conducted. The centrifuge extractions used 
methylene chloride (mCl) for the solvent, and the T 319 proce-
dure used an n-propyl bromide (nPB) solution. After recovery, 
the RAP binders were tested for PG grade and DSR frequency 
sweeps. Mix testing included a verification of the volumetric 
properties and mixture dynamic modulus |E*| using AASHTO 
TP 62. Low-temperature indirect tensile (IDT) creep (-20, -10, 
and 0°C) and strength (-10°C) testing was performed to mea-
sure the thermal cracking behavior of the mixes, and a proce-
dure developed by Christiansen used to calculate a low critical 
cracking temperature, Tcrit. Finally, samples from one contrac-
tor were sent to the FHWA Turner-Fairbank Highway Research 
Center (TFHRC) for testing utilizing a newly developed pull-
pull fatigue test to study the effect of RAP content and virgin 
binder on the fatigue life of the mixes.

As expected, the binder testing showed increasing RAP con-
tent increased the high-temperature properties of the recov-
ered asphalt binders. The low critical temperatures of the 
recovered binders also increased with increasing RAP binder, 
but not as much as for the high critical temperatures. Chang-
ing the virgin binder to a PG 58-28 caused both the high- and 
low-temperature grades of the recovered binders to decrease. 
Overall, the changes in PG grade with increasing RAP contents 
were less than expected, particularly for the low-temperature 

grade. The comparison of the extraction/recovery methods 
did not show any clear pattern as to which might be better. 
The different methods appeared to affect different binder/
RAP combinations differently. It was theorized that this may 
be due to the normal issues seen with solvent extractions.

Mixture stiffness |E*| increased with increasing RAP con-
tent in most cases, particularly at intermediate and high tem-
peratures. This increase was not always statistically significant 
for the PG 64-22 mixtures, except at the 40 percent RAP level 
(not all of the 40 percent RAP results were significantly dif-
ferent from the control mix either). Switching from PG 64-22 
to PG 58-28 resulted in a reduction in stiffness of the mixes. 
Also, in many cases, the |E*| values of the PG 58-28 mixtures 
were significantly higher at the higher RAP percentage than 
the lower, which indicated that the stiffening effect of the 
RAP binder was more significant for the softer virgin binder 
grade. The addition of RAP did not significantly change the 
cold-temperature properties for the PG 64-22 mixes contain-
ing up to 25 percent RAP. The 40 percent RAP PG 64-22 mix-
tures did show stiffer cold-temperature properties in some 
cases but were still determined to be acceptable compared to 
the control mixture. As with the high-temperature proper-
ties, using the softer virgin binder grade significantly lowered 
the low-temperature stiffness of the mixes.

Fatigue properties of the RAP mixes did not meet con-
ventional expectations. It was expected that increasing RAP 
content would decrease the fatigue life of the mixtures. The 
TFHRC testing did not show this. Mixtures with 40 percent 
RAP showed the greatest fatigue life in many cases. Changing 
to the softer virgin binder increased the fatigue life for the  
25 percent RAP mixtures but did not have as great an effect 
on the 40 percent mixtures. The researchers reasoned that 
since the procedure used for this analysis was fairly new, addi-
tional research was needed.

A study by Zhao et al. (44) used laboratory performance 
tests to evaluate the effect of high percentages of RAP on warm 
mix asphalt (WMA) mixtures. Rutting resistance, fatigue life, 
and moisture susceptibility were studied. Four WMA mixtures 
were designed using the Marshall mix design procedure with 
0, 30, 40, and 50 percent RAP and a PG 64-22 virgin binder. 
In addition, two HMA control mixtures were designed with 
0 and 30 percent RAP. Aggregate gradations and binder con-
tents were kept similar for all of the mixes. HMA and WMA 
were sampled at the plant, and the WMA specimens were 
compacted on site to avoid reheating and moisture loss. The 
HMA test specimens were compacted at a later time. Testing 
included rut depth in the asphalt pavement analyzer at 50°C 
and moisture susceptibility using the Hamburg wheel track-
ing device and AASHTO T 283 with one freeze-thaw cycle. 
Fatigue cracking resistance was measured using the indirect 
tension (IDT) resilient modulus, IDT creep, and IDT tensile 
strength at 25°C and beam fatigue test at 7°C. The minimum 
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dissipated creep strain energy (DCSEf) from the IDT creep 
test and the dissipated creep strain energy threshold from 
the IDT strength test were used to calculate the energy ratio 
for each mix. The beam fatigue test used a strain level of 300 
microstrains and a loading frequency of 10 Hz in accordance 
with AASHTO T 321. From the beam fatigue test, a ratio of 
dissipated energy change and the number of cycles to 50 per-
cent of initial stiffness were used to evaluate the fatigue life of 
the mixes. It was found that rutting resistance was improved 
by adding RAP to the mixes. The improvement for WMA was 
greater than that of the HMA mixes. DCSEf results from the 
IDT tests showed a slight reduction in the WMA fatigue life 
with the addition of RAP, but the dissipated energy ratio from 
the beam fatigue test indicated an improvement in fatigue life. 
Increasing the RAP content of the HMA mix did not show a 
significant effect on fatigue measured by either procedure. The 
number of cycles to 50 percent of initial stiffness in the beam 
fatigue device indicated that the addition of RAP increased the 
fatigue life of the WMA mixes but decreased the fatigue life of 
the HMA mixes.

Behnia et al. (45) conducted a study to assess the effect of 
RAP on the low-temperature fracture properties of HMA. 
In particular, the researchers wanted to evaluate the current 
practice of reducing the virgin binder grade to compensate 
for the increased stiffness of mixes with high RAP contents. 
The disk-shaped compact tension test, DC(T) as described 
in ASTM D7313-07b was chosen for this study because of 
its simple geometry and ease of specimen preparation. Four 
RAP sources from the State of Illinois were obtained and 
tested for binder properties and aggregate gradation using 
solvent extraction and recovery. A 19-mm NMAS mix was 
designed for each RAP source using 30 percent RAP by weight 
of total mixture and a target asphalt content of 5.9 percent. 
The mix designs used PG 64-22 and PG 58-28. In addition 
to the RAP mixes, virgin mix designs were also created using 
PG 58-28 and PG 64-22 binders. Fracture energy at -12°C 
was measured for each of the mixes. It was found that there 
was a significant decrease in fracture energy when 30 per-
cent RAP was added to the virgin PG 58-28 mix. The virgin 
PG 58-28 mix test specimens had fracture energy values of 
approximately 2,000 J/mm2 while the 30 percent RAP test 
specimens had fracture energy values ranging from 540 to 
680 J/mm2. When compared to the virgin PG 64-22 mix frac-
ture energy, the 30 percent RAP mixes with PG 58-28 were 
found to have an improvement in fracture energy of around 
50 percent. These findings indicated the RAP mixes with the 
softer virgin binder had acceptable low-temperature fracture 
properties compared to the PG 64-22 mix without RAP and 
that adjusting the virgin binder grade to one grade softer was 
adequate for these materials.

Daniel et al. (46) studied the effect of RAP on the extracted 
asphalt binder properties of plant-produced mixtures. A total 

of 28 plant-produced HMA mixes were sampled from 7 mix 
plants. The sampled mixes had RAP contents ranging from 0 
to 25 percent and virgin binder grades ranging from PG 58-34 
to PG 70-22. The percentage of RAP binder replacement (the 
percentage of the total binder content of the mix taken up 
by the RAP binder) was calculated for each mix based on the 
binder content of the RAP and the target total binder content 
for the mix. This value was referred to as the total reused binder 
(TRB) and served as a way to normalize the mixes with respect 
to the different binder contents of the RAP sources and mixes. 
Extraction and recovery testing was done on the HMA mixes 
and RAP materials at two separate laboratories. Both laborato-
ries used the centrifuge extraction procedure (AASHTO T 176 
Method A) and Abson recovery (AASHTO T 170) with tri-
chloroethylene as the solvent. Recovered binder samples were 
tested to determine their performance grade (PG) according 
to AASHTO M 320 and critical cracking temperatures using 
AASHTO PP-42. The PG grades of the virgin binders were also 
determined. The findings from the research showed the high-
temperature PG grade of the HMA mixes either remained the 
same or increased by one grade with the addition of up to 
25 percent RAP. The low-temperature PG grades also either 
stayed the same or changed only one grade. It was noted that 
even when the low PG grade changed, the actual continuous 
low-temperature grade only changed by a few degrees. Some 
of the mixes showed improved low-temperature grades while 
others showed a decrease in low-temperature grade. Critical 
cracking temperatures indicated an improvement in thermal 
cracking performance with increased RAP binder. It was rec-
ommended that the TRB value be used to normalize mixtures 
with respect to asphalt binder properties, as this was a more 
accurate representation of the amount of RAP binder in the 
mix than the bulk RAP percentage.

Hajj et al. (47) performed a study to evaluate the impact of 
high RAP content on moisture damage and thermal cracking 
using Marshall mixes sampled from a project in Manitoba, 
Canada. The mixes were designed using three RAP contents 
(0, 15, and 50 percent). A PG 58-28 binder was used for all of 
the mixes. An additional 50 percent RAP mix was made using 
a PG 52-34 virgin binder. All of the mixes were designed to 
have similar gradations and binder contents and were pro-
duced at the same plant. In addition to the plant-produced 
mix, raw materials were collected so that differences between 
plant mix and laboratory-compacted test specimens could be 
evaluated. Laboratory test specimens were aged for 4 hours 
at 275°C prior to compaction while the plant-produced 
specimens were compacted without additional aging. Testing 
included extraction and recovery on all of the mixes (plant 
and laboratory) using the centrifuge extraction method 
(AASHTO T 176 Method A) and rotary evaporator recovery 
(ASTM D5404). The solvent used was a toluene and ethanol 
blend. The virgin and recovered asphalt binders were tested 
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to determine their continuous grade temperatures and PG 
grades according to AASHTO M 320. Compacted mix speci-
mens were subjected to either 0, 1, or 3 freeze-thaw cycles and 
then tested to determine their resistance to moisture dam-
age using the tensile strength ratio (TSR) method described 
in AASHTO T 283. In addition to TSR, conditioned sam-
ples were also tested according to AASHTO TP 62 to assess 
changes in mixture dynamic modulus, |E*|, due to moisture 
conditioning. Finally, conditioned test specimens were tested 
using the Thermal Stress Restrained Specimen Test (TSRST) 
described in AASHTO TP 10. The TSRST cools a 2" ×	2" ×	10" 
restrained beam of mix at a rate of 10°C/hour and records the 
temperature and stress at which fracture occurs. The research-
ers found that at 0 and 15 percent RAP, the recovered binders 
met the project binder grade requirement of PG 58-28. The 
50 percent RAP met the high-temperature grade requirement 
but did not meet the low-temperature requirement, even with 
the softer virgin binder. Plant-produced test specimens were 
found to be stiffer in most cases than the laboratory-produced 
specimens, although overall moisture damage trends and 
ranking were similar for all of the tests performed. In general, 
the 50 percent RAP mixes had acceptable resistance to mois-
ture damage. Moisture damage resistance improved with the 
use of the softer virgin binder. Mix stiffness in the dynamic 
modulus test increased with increasing RAP content and 
decreased with decreasing virgin binder stiffness. Dynamic 
modulus values also decreased with increasing number of 
freeze-thaw cycles, with the no-freeze-thaw condition being 
the stiffest and the three freeze-thaw cycles being the least 
stiff. The TSRST results showed no further reduction in frac-
ture stress for the conditioned specimens with increasing 
RAP content. The TSRST fracture temperatures for the 0 and 
15 percent RAP content specimens were very similar to the 
virgin binder low critical temperature. The 50 percent RAP 
content specimens had TSRST fracture temperatures several 
degrees warmer than the virgin binder, indicating decreased 
thermal cracking resistance. Using a softer virgin binder 
improved the TSRST fracture temperature for the 50 percent 
RAP mix. Monitoring of the project site after 13 months of 
service showed no pavement distresses for any of the mixes 
evaluated at that time.

Two papers documented testing of moderate and high 
RAP content surface mixes constructed on the NCAT Test 
Track in 2009 (48). Laboratory tests included APA rutting 
tests, dynamic modulus, bending beam fatigue, and energy 
ratio. The APA results corresponded to the effective stiffness 
of the binder in the mixes. Master curves of dynamic moduli 
showed the expected effects of the virgin binder grade on the 
stiffness of the mixtures. Beam fatigue tests indicated that the 
45 percent RAP mixes had lower fatigue lives compared to 
the 20 percent RAP mixes, but the authors attributed this to 
lower effective volumes of asphalt in these mixes.

Two recent laboratory studies at NCAT (49, 50) examined 
several possible ways to improve the durability and cracking 
resistance of high RAP content mixes. Willis et al. (49) evalu-
ated two ways to improve durability of high RAP content 
mixes. The first approach was simply to increase the asphalt 
content of the mixes by 0.25 percent and 0.5 percent. The sec-
ond approach was to use a softer virgin binder grade. The study 
began with 9.5 mm NMAS Superpave mixes designed with 0, 
25, and 50 percent RAP. The initial designs were completed 
with a PG 67-22 binder. The 25 and 50 percent RAP mixes 
were both adjusted by increasing the design binder contents 
by 0.25 percent and 0.5 percent. The original mix designs were 
also changed by substituting the PG 67-22 virgin binder grade 
with a PG 58-28. The energy ratio test was used to evaluate 
the mix designs’ resistance to top-down cracking. The overlay 
tester was used to assess resistance to reflection cracking, but 
using a reduced displacement from the Texas standard. Rut-
ting potential was evaluated with the APA. Physically blended 
binders were evaluated for fatigue resistance using the Linear 
Amplitude Sweep (LAS test). Results showed that the energy 
ratio decreased (became worse) for the RAP mixes with added 
virgin binder and when the softer virgin binder grade was 
used. However, fracture energy did improve for the 25 percent 
and 50 percent RAP mixes when a PG 58-28 binder was used. 
Overlay tester results for the 25 percent RAP mixes significantly 
improved when the softer virgin binder was used. The average 
overlay tester results for the 50 percent RAP mixes with the PG 
58-28 virgin binder also improved by three times compared 
to those with the PG 67-22 binder, but the results were not 
statistically significant due to the high variability with this test. 
The APA results for the 25 percent RAP mix containing the PG 
58-28 were just above the criteria established for high-traffic 
mixes based on NCAT Test Track results. All other mixes met 
the NCAT’s recommended APA criteria. The LAS testing also 
indicated that the softer virgin binder improved the fatigue 
resistance of the composite binder.

The second NCAT study used a rejuvenating agent, Cyclo-
gen L, to restore the performance grade properties of recycled 
binders. The study evaluated the effect of the rejuvenator on 
two mixes, one containing 50 percent RAP, and the other 
containing 20 percent RAP and 5 percent recycled asphalt 
shingles. A virgin control mix was also included in the experi-
ment. The first part of the study determined that the opti-
mum amount of rejuvenator was 12 percent of the recycled 
binder content. This percentage of rejuvenator was needed to 
restore the properties of the recycled binder to those of the 
PG 67-22 binder used as the virgin binder for the mix designs. 
The mix designs with and without the rejuvenator were tested 
for resistance to moisture damage using AASHTO T 283, rut-
ting with the APA, dynamic modulus after short-term and 
long-term aging, resistance to top-down cracking using the 
energy ratio procedure, resistance to reflection cracking using  
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the modified Overlay Tester procedure, and resistance to ther-
mal cracking using the IDT creep compliance and strength 
tests. The results of the mix tests showed that the rejuvenator 
reduced the mix stiffness, improved all four fracture proper-
ties included in the energy ratio computation, and improved 
the low-temperature critical cracking temperature. Overlay 
tester results also improved for the mixes that included the 
rejuvenator, but the improvement was not statistically signifi-
cant due to the poor repeatability of the test. All mixes passed 
the APA criteria for high-traffic pavements. A cost analysis 
indicated that using the rejuvenator with high recycled binder 
content mixes is beneficial.

Field Performance of Mixes Containing RAP

This section summarizes studies that have documented 
and analyzed the field performance of asphalt pavements 
containing RAP.

Paul (51) conducted a study to examine the performance of 
five early projects containing up to 50 percent RAP in Louisiana 
built between 1978 and 1981. The report noted that variations 
of the recycled mixes during production were similar to those 
of conventional HMA for all acceptance testing, including gra-
dation, asphalt content, Marshall properties, and roadway den-
sity. At the time of the report, the oldest project was 9 years old 
and the other four projects were 6 years old. Analysis included 
assessment of structural integrity, serviceability index, and 
a distress type and severity rating. Also, materials from each 
roadway were sampled to determine mix densification and the 
asphalt binder quality as measured by absolute viscosity, pen-
etration, and ductility. The study concluded that there was no 
significant difference between the recycled and control pave-
ments evaluated. The recycled pavements did exhibit slightly 
more distress with respect to longitudinal cracking.

In 1981, the Arizona Department of Transportation con-
structed an experimental asphalt concrete overlay project on 
Interstate 8 in Arizona. The project consisted of eight test 
sections comparing long-term performance of recycled and 
virgin asphalt concrete overlays in an arid climate (52). The 
recycled overlays contained 50 percent RAP and used a softer 
grade of virgin binder compared to the virgin mix sections. 
Roughness, skid number, and cracking data were collected on 
the test sections over the service life of the project. A visual 
distress survey was conducted on each section at the end of 
service life. Performance data through 9 years of service indi-
cated that the recycled and virgin asphalt concrete overlays 
performed similarly.

Five Georgia pavements containing between 10 and 25 per-
cent RAP were evaluated for up to 2.25 years and compared to 
virgin HMA sections by Kandhal et al. (10). At the end of the 
monitoring period, the RAP sections were performing as well 
as the virgin mix sections. Binder and mix properties at the 

time of construction were determined. Superpave binder test-
ing and the penetration test were conducted to evaluate the 
binder properties. The mix properties obtained were air void 
content, resilient modulus, indirect tensile strength, and con-
fined dynamic creep modulus. The confined dynamic creep 
modulus results for the RAP and virgin mixes were not statis-
tically significant. The indirect tensile strengths for the virgin 
mixes were typically greater than those for the RAP mixes.

Eighteen test projects were built across North America as 
part of Specific Pavement Study 5 (SPS-5) in the Long Term 
Pavement Performance (LTPP) program. One of the main 
experimental variables in this study was virgin mix versus 
mixes containing 30 percent RAP. The projects were built 
between 1989 and 1998. West et al. (53) examined seven dis-
tress parameters from these test pavements, including Inter-
national Roughness Index (IRI), rutting, fatigue cracking, 
longitudinal cracking, transverse cracking, block cracking, 
and raveling. Statistical analyses compared the performance 
of the virgin mix sections directly to companion test sections 
containing 30 percent RAP. Overlays using mixes containing 
30 percent RAP were found to perform as well as overlays 
with virgin mixes in terms of IRI, rutting, block cracking, and 
raveling. About a third of the projects had more longitudi-
nal cracking or transverse cracking in the overlays containing 
RAP compared to the virgin mix overlays.

Carvalho et al. (54) analyzed the data from the same LTPP 
SPS-5 projects using analysis of variance and concluded that 
in the majority of scenarios, RAP mixes performed statisti-
cally equivalent to virgin HMA mixes. Analysis of deflections 
from falling-weight deflectometer tests also indicated that the 
RAP overlays provide structural improvement equivalent to 
virgin HMA overlays.

Another study used the data from the SPS-5 projects to 
conduct a parametric survival analysis to determine the influ-
ence of different factors on the initiation of cracking (55).  
The initiation time for four types of cracks—alligator (fatigue) 
cracks, longitudinal wheel path cracks, non-wheel path longi-
tudinal cracks, and transverse cracks—were evaluated. Ana-
lyzed factors include overlay thickness, traffic volume, freeze 
index, mixture type (RAP or virgin) and mill (or no mill) 
before the overlay. Traffic level was a significant factor for 
all of the four types of cracks. High traffic levels accelerated 
the initiation of cracking. Incorporating 30 percent RAP in 
the overlay accelerated the initiation of longitudinal cracks 
in the wheel path, but did not influence the initiation of the 
other three types of cracking.

Performance of the Texas SPS-5 experimental sections from 
the LTPP program were analyzed by Hong et al. (56) based on 
about 16 years of data. The test sections containing 35 percent 
RAP were compared to the virgin sections in the Texas field 
project. Comparisons were made with regard to ride quality, 
transverse cracking, and rutting. The test sections containing 
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RAP had a higher amount of cracking, less rutting, and similar 
roughness change over time. The overall evaluation revealed 
that a well-designed mix with 35 percent RAP could perform 
as satisfactorily as that produced with virgin materials.

Aguiar-Moya et al. (57) also examined the LTPP SPS-5 data 
from Texas and developed simple performance models for 
rutting and cracking. The models were used to statistically 
quantify the effect of RAP on each type of distress and to esti-
mate the expected pavement life of a given overlay. The analy-
ses indicated that there was better rutting resistance when 
the mixes contained RAP. However, pavements containing 
RAP developed cracking earlier and at a faster rate. LCCA 
analysis was performed to compare the economic advan-
tages or disadvantages of using RAP in HMA. The interim 
results indicated that under particular scenarios, the use of 
RAP may not be the most economical choice. The authors 
recommended that the use of RAP and the percentage of RAP 
should be determined through a case-by-case analysis.

Maupin et al. (58) documented the construction and perfor-
mance of 10 Virginia projects that used mixes containing more 
than 20 percent RAP constructed in 2007. A PG 64-22 grade was 
used for all 10 mixes. When possible, control mixes that con-
tained low to no RAP were collected for comparison. No issues 
were encountered during construction of the projects with the 
RAP mixes. Beam fatigue tests were conducted in accordance 
with AASHTO T 321 using a range of strains to determine 
the fatigue endurance limit. An asphalt pavement analyzer 
was used to evaluate the rutting susceptibility of the mixes, 
and moisture susceptibility was evaluated using AASHTO  
T 283. The results of the mix tests indicated no significant dif-
ference between the RAP mixes and the control mixes.

Anderson (59) examined the long-term performance data 
for high RAP content pavement sections from eight states and 
one Canadian province. The pavements had been in service for 
more than 10 years and contained at least 20 percent RAP and, 
in some cases, contained much higher RAP contents. In each 
of the case studies, the sections containing RAP were com-
pared to similar pavements built with virgin materials using 
data obtained by the state highway agency. A field project in  
Wyoming included sections with 0 to 45 percent RAP moni-
tored over 12 years. The virgin section started out with a better 
ride quality and serviceability index and generally maintained a  
slight edge on performance throughout the evaluation period. 
Rates of change for pavement condition and ride quality 
were similar for the different sections. Two high RAP projects  
in Washington State had comparable performance ratings with 
other pavements in the state. Pavement maintenance infor-
mation in Colorado was used to compare a 21-year-old high 
RAP project to other projects with similar climate and traffic. 
Anderson summarized that pavements using high RAP con-
tents perform at a comparable level to pavements with virgin 
materials. On average, the high RAP content sections tended 

to have more cracking and rutting, but the differences were 
generally not great enough to substantially affect long-term 
performance.

Zaghloul and Holland (60) evaluated the long-term per-
formance of 47 pavement sections containing up to 15 per-
cent RAP in three California environmental zones: desert, 
mountain, and north coast. Comparisons were made between 
the performance of the RAP sections and other treatments 
located within a reasonable distance on the same route. Dete-
rioration models were developed and used to estimate the 
in situ structural capacity, distress condition, and roughness 
condition for all sections at 5 years of age to normalize com-
parisons. Service lives were estimated for all treatments based 
on the field-observed conditions. The results of the analyses 
indicated that in all three environmental zones, the long-
term performance of sections containing RAP appeared to be 
comparable to other treatments located within a reasonable 
distance on the same route.

NCAT reported on the construction and performance of test 
sections containing moderate and high RAP contents at the 
NCAT Test Track (48). Two test sections built in 2006 included 
mixes with 20 percent RAP and four sections used mixes con-
taining 45 percent RAP. Each mixture contained the same com-
ponent aggregates and RAP. One of the 20 percent RAP mixes 
contained PG 67-22 binder, and the other contained PG 76-22 
binder. Different binders in the 45 percent RAP mixes included 
PG 52-28, PG 67-22, PG 76-22, and PG 76-22 plus 1.5 percent 
Sasobit. All the mixes were placed 2 inches thick as surface lay-
ers. Performance of the test sections has been very good. After 
5 years of heavy traffic (over 20 million ESALs), all sections had 
less than 5 mm of rutting. Changes in surface texture of the test 
sections were generally consistent with normal wear, but there 
was a discernible difference with slightly more texture change 
(an indicator of raveling) associated with stiffer virgin binders. 
Low-severity cracking was documented in all of the sections 
except for the section containing 20 percent RAP and PG 67-22 
binder. The amount of cracking was also consistent with the 
virgin binder grade in the RAP sections. The 45 percent RAP 
section containing the softest virgin binder had only 3.5 feet 
of very-low-severity cracking. The 45 percent RAP section 
with PG 67-22 binder had a total of 13.9 feet of cracking, 
the 45 percent RAP section with PG 76-22 had 53.9 feet of 
crack length, and the 45 percent RAP section with PG 76-22 
and Sasobit had 145.5 feet of total crack length. This led the 
authors to recommend using a softer virgin binder grade for 
high RAP content mixes.

In 2009, additional high RAP content test sections were 
constructed and tested on the NCAT facility. The Mississippi 
DOT sponsored a section using 45 percent RAP in the surface 
and binder layer. The RAP, gravel, and sand used in the mix 
designs were from Mississippi. At the end of the 25-month 
trafficking cycle, the Mississippi test section had only 3 mm of  
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rutting and 61 feet of low-severity cracking. That was slightly 
better than the performance of the polymer-modified, 15 per-
cent RAP mix sponsored by the Mississippi DOT in the previ-
ous cycle of the NCAT Test Track.

Another pair of test sections built in 2009 contained 50 per-
cent RAP in each of the three layers of the 7-inch asphalt pave-
ment structure. One of the 50 percent RAP sections used a 
water-injection asphalt foaming process to produce the mixes 
as WMA. The 50 percent RAP-HMA and 50 percent RAP-
WMA sections were compared to a virgin mix control section 
built to the same thickness. Both sections used unmodified 
PG 67-22 binder, whereas the control section contained all-
virgin materials and polymer-modified PG 76-22 binder in 
the top two layers. These three sections were instrumented 
with strain gauges at the bottom of the asphalt layers. Pres-
sure plates and temperature probes were also installed in the 
sections to measure how the sections responded to loads and 
environmental conditions throughout the cycle. At the end 
of the cycle, with more than 10 million ESALs applied, all 
sections had no distresses. The 50 percent RAP sections had 
less rutting than the control section. The increased stiffness 
of the high-RAP mixes resulted in significantly lower critical 
tensile strains and subgrade pressures relative to the control.

Summary of the Literature Review

RAP Management

RAP management practices vary considerably among 
asphalt mix producers. Some differences are due to differ-
ent policies and requirements established by state DOTs. For 
example, a few states tend to have restrictive RAP practices, 
such as allowing only RAP from single DOT projects to be 

used in state mix designs. Some agencies often take ownership 
of milled materials from rehabilitation projects and then tend 
to use the material in low-value applications such as equip-
ment yards. Most state highway agencies, however, use a more 
contractor-friendly approach to RAP by including ownership 
of the reclaimed pavement as part of the milling operation.

Many contractors collect RAP from a variety of sources  
into a large stockpile that must be processed to make a RAP 
material suitable for use in new mix designs. Numerous studies 
have shown that processing of such multi-source RAP can 
be made into a consistent material. However, some refer-
ences recommend that RAP from different sources not be 
combined.

One common problem with RAP stockpiles is contami-
nation. Contaminants can include dirt, plant material, road 
debris (tires, crack sealant), paving fabric, tar-sealed pavement, 
fuel-contaminated mix, and general construction waste. Con-
tamination can occur with single-source RAP stockpiles, but 
tends to be more prevalent with multiple-source stockpiles.

General methods of RAP processing are shown in Table 1-6. 
A common mistake in RAP processing is to crush all RAP 
to pass a single screen size (e.g., minus ½ inch) so that the 
RAP can be used in mixes with a range of nominal maximum 
aggregate sizes. This single-size crushing approach often leads 
to generating high dust contents, which can limit the amount 
of the RAP that can be successfully used in mix designs.

Regardless of the method of processing, the RAP stockpile 
should be sampled and tested on a routine basis to verify uni-
formity. A sampling and testing frequency of 1 per 1,000 tons 
is recommended.

RAP should be stockpiled such that its moisture content 
and segregation are minimized. Large conical stockpiles are 

Type Description Suitable Conditions  Possible Concerns 
Minimal 
Processing 

Screening only to remove oversized 
particles (may be accomplished in line 
during feed of RAP to the plant) 

RAP is from a single 
source 

Single-source RAP 
piles are a finite 
quantity.  When a 
stockpile is depleted, 
new mix designs will be 
needed with another 
RAP stockpile  

Crushing Breaking of RAP chunks, 
agglomerations, and/or aggregate 
particles in order to avoid large 
particles that do not break apart during 
mixing or particles that exceed the 
mix’s NMAS 

RAP contains large chunks 
(anything larger than 2 
inches) or RAP aggregate 
NMAS exceeds the 
recycled mix’s NMAS 

Generating excess dust 
and uncoated surfaces 

Mixing Using a loader or excavator to blend 
RAP from different sources; usually 
done in combination with crushing or 
fractionating 

RAP stockpile contains 
materials from multiple 
sources 

Good consistency of 
RAP characteristics 
must be verified with a 
RAP QC plan. 

Fractionating Screening RAP into multiple size 
ranges 

High RAP content mixes 
(above 30 to 40%) are 
routine 

Highest cost, requires 
additional RAP bin(s) to 
simultaneously feed 
multiple fractions 

Table 1-6. General methods of RAP processing.
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commonly used for convenience, and they may tend to help 
shed precipitation, but they are more prone to segregation. 
Covering stockpiles and placing them on a sloped surface to 
drain water away from the side used to feed the plant can help 
reduce moisture contents. Bunkers (two- or three-walled par-
titions) can help reduce segregation.

The fundamental goal of RAP management should be to 
optimize the dollar value of the RAP, which suggests spending 
less money in order to use more RAP without sacrificing mix 
quality or consistency.

RAP Characterization

In order to use the RAP in a mix design, several basic prop-
erties must be determined. The RAP aggregate properties 
needed are gradation, consensus properties, and bulk specific 
gravity. Some highway agencies may also require that source 
properties such as soundness, abrasion resistance, or polishing 
or mineralogical characteristics be determined if the RAP is 
intended for use in certain mix types. Most references recom-
mend recovering RAP aggregates using either a solvent extrac-
tion procedure or the ignition method in order to determine 
the necessary properties.

For high RAP content mixes (more than 25 percent by 
weight of mix), most guidelines recommend recovering the 
RAP binder using a solvent extraction and recovery procedure, 
then determining the true or continuous grade of the binder 
in accordance with Superpave binder-grading procedures. 
However, since the RAP binder is already aged, it is not neces-
sary to age the recovered binder in the rolling thin-film oven 
or the pressure-aging vessel before determining intermediate-  
and low-temperature properties.

Several recent studies have explored methods to deter-
mine properties of RAP binders without having to use risky 
solvents to extract and recover the RAP binder. Most of the 
studies have evaluated advanced characterization tests on 
mixture samples to backcalculate or estimate the properties 
of the RAP binder. These methods do not appear to have been 
proven reliable at this time.

Mix Design

Highway agencies typically require mixes containing RAP 
to meet the same mix design standards as mixes with all vir-
gin materials. Maximum RAP contents allowed by specifi-
cation vary considerably from state to state. States typically 
allow higher RAP contents in non-surface layers. Consider-
ing the cost advantages of using RAP, it is assumed that mix 
designers will try to use as much RAP as possible given the 
constraints of specification limits, RAP availability, plant 
limitations, etc.

Although the methods for handling and batching RAP in 
the lab for mix designs should be slightly different than for 
mixes containing only virgin materials, clear guidance is not 
provided in current standards. Since RAP has been used in 
mix designs for decades, actual practices for handling RAP 
in the lab are most likely learned through experience. Dry-
ing and heating RAP materials for preparing samples to per-
form characterization tests and mix designs can affect the test 
results. Calculations associated with preparing RAP for lab 
tests, mix design batches, and determining volumetric prop-
erties should be documented and reviewed in mix design 
training classes.

One key issue still frequently debated is how much blend-
ing or comingling occurs between the RAP binder and the 
virgin binder. Most recent studies clearly indicate that sig-
nificant blending does occur in most cases. This issue impacts 
the selection of the virgin binder for high RAP content mixes. 
The current standard recommends using blending charts or 
blending equations to estimate the properties of the compos-
ite binder based on the proportions and critical temperature 
of recycled and virgin binders. This approach assumes com-
plete blending and can be used to either select the grade of 
virgin binder needed to meet the desired properties of the 
composite binder, or the percentage of recycled binder that 
can be used with a given virgin binder to meet the composite 
binder’s desired properties.

Mechanical Testing

In current practice, no additional testing is required for 
mixes containing RAP. Moisture damage susceptibility tests 
are generally required of most asphalt mix designs, regardless 
of RAP content. However, researchers have used a variety of 
tests to evaluate RAP mixtures for resistance to several other 
forms of pavement distress. Most research that has assessed 
the impact of RAP on rutting resistance has indicated 
improved properties for higher RAP content mixes. General 
measures of stiffness also increased for higher RAP contents. 
A few studies indicated that RAP had a greater impact on 
stiffness at high and intermediate temperatures and less of 
an impact at low temperatures. Most studies that evaluated 
resistance to cracking indicated RAP mixtures had reduced 
fatigue life or more brittle behavior. A few studies, however, 
yielded contradictory results and showed that moderate to 
high RAP content mixes had greater fatigue life. With regard 
to low-temperature properties and thermal cracking resis-
tance, mixes containing RAP were generally more susceptible 
to cracking. Several studies that also examined the effect of 
using a softer virgin binder with high RAP content mixes 
found that mix stiffness decreased and fatigue and thermal 
cracking resistance improved.
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In-Service Performance

Numerous studies of in-service pavements containing up 
to 50 percent RAP have shown that high RAP content mix-
tures can provide performance similar to virgin mixes. Good 
performance with high RAP content mixes has been reported 
in projects with diverse climates and traffic. Several research-
ers used the extensive Long-Term Pavement Performance 
data set to analyze experimental sections built across North 
America to evaluate RAP mixes compared to virgin mixes. 
These studies show that overlays containing approximately 
30 percent RAP were performing equal to, or better than, 
virgin mixes for most measures of pavement performance. 

Overall, the recycled mixes in the LTPP experiment did have 
more wheel path cracking. That was consistent with observa-
tions from other reports. However, in most cases, the extent 
of cracking for pavements containing high RAP content was 
acceptable.

Two important findings have emerged from research with 
high RAP content mixes at the NCAT Test Track. First, using 
a softer grade of virgin binder does appear to improve the 
durability of surface mixes, providing an advantage for bet-
ter cracking resistance and resistance to raveling. Second, 
the increased stiffness of high RAP content mixes can be an 
advantage in structural design by reducing the critical strains 
in the pavement structure.
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As described in Chapter 1, this project was conducted in 
three parts. Part I involved surveying current practices for 
RAP management, collecting data on RAP stockpile testing, 
and discussing lessons learned with contractors. Analysis of 
that information led to the development of Appendix D and 
an associated webinar. Part II focused on answering several  
questions about testing methods for characterizing RAP 
materials and preparation of materials for mix designs contain-
ing RAP. Preliminary laboratory experiments were conducted 
to evaluate optional methods for characterizing RAP or RAP 
components. Preliminary experiments were also conducted to 
evaluate different methods of drying and heating RAP as part 
of sample preparation. Part III involved evaluating a series of 
mix designs using sets of materials from four states. The mix 
designs generally were prepared in accordance with AASHTO 
R 35 and M 323. A series of performance tests were conducted 
on the mix designs to assess their resistance to the major forms 
of pavement distress.

Part II Preliminary Experiments

RAP Drying Experiment

The first preliminary experiment was conducted to deter-
mine the best method to dry samples of RAP obtained from 
stockpiles. It is common for field samples of RAP to have 
moisture contents of 5 percent or more. It is important for 
that moisture to be removed before characterization tests and 
before using the RAP in preparation of specimen batches for 
mix designs.

For the RAP drying experiment, a large sample of RAP 
from a local plant was obtained and fan-dried in the lab to 
a constant mass over several days. The sample was then split 
into four portions of about 24 kg each. Water was added to 
each portion to obtain a known moisture content of about 
5.3 percent. Two portions were then dried in an oven set at 
110°C (230°F), and two samples were fan-dried in the labora-

tory at ambient temperature. Each sample was weighed peri-
odically to develop a drying curve. After all the moisture was 
dried from the samples, the binder was recovered from the 
samples to determine if the drying procedures had affected 
its PG true grade.

RAP Heating Experiment

The first part of the RAP heating experiment was a simple 
test to determine how much time is needed for a sample of RAP 
to reach the set point temperature for mixing. In this experi-
ment, a typical forced-draft oven was set to 182°C (360°F). 
Ambient temperature RAP samples were placed in the oven and 
monitored to determine when the samples reached the oven set 
point temperature. Three samples, 2,500 grams each, were put 
in the oven at different times of the day. A heating curve was 
developed for the oven and sample size.

The second part of the heating experiment was conducted 
to evaluate how different methods of heating RAP may affect 
the characteristics of the RAP binder. A 50/50 blend of vir-
gin aggregate and RAP was prepared using the following four 
heating scenarios:

1. RAP and virgin aggregate were heated together for 3 hours 
at 179°C (355°F).

2. RAP and virgin aggregate were heated together for 16 hours 
at 179°C.

3. Virgin aggregate was heated in an oven at 179°C for  
3 hours, and the RAP was heated in an oven at 179°C for 
30 minutes.

4. Virgin aggregate was superheated to 260°C (500°F) for  
3 minutes, and the RAP was left unheated at ambient labo-
ratory temperature.

Immediately following each heating scenario, the virgin 
aggregate and RAP were combined and dry mixed, without 
additional binder, for 2 minutes. Following mixing, the materi-

C H A P T E R  2
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als were cooled, then the binder was extracted in accordance 
with AASHTO T 164 using trichloroethylene and recovered 
using the rotary evaporator apparatus in accordance with 
ASTM D6847. The recovered binder was then graded in 
accordance with AASHTO R 29 and compared to the perfor-
mance grade for the RAP binder before heating.

The RAP used in this experiment was obtained from a local 
contractor’s stockpile. Four samples taken from around the 
stockpile were tested to determine the asphalt content and 
PG grade of the RAP binder. The average asphalt content was 
4.9 percent, and the average true grade of the RAP binder was 
PG 85.1-15.7. The virgin aggregate used in this experiment 
was a hard limestone from Calera, Alabama.

RAP Aggregate Bulk Specific  
Gravity Experiment

The third experiment was conducted to determine which 
method should be used for determining the bulk specific 
gravity of the RAP aggregate. Concurrent with this NCHRP 
project, NCAT was participating in a joint study with the 
University of Nevada-Reno to evaluate different options for 
recovering RAP aggregate for determining a wide range of 
aggregate properties. A key part of that study involved assess-
ing different methods for determining the RAP aggregate 
bulk specific gravity.

In that experiment, the RAP aggregate bulk specific gravity 
values were determined using three approaches, as follows:

1. The RAP aggregate was recovered from the centrifuge 
extraction procedure using trichloroethylene then tested 
in accordance with AASHTO T 84 and/or T 85, for fine and 
coarse aggregate portions, respectively.

2. The RAP aggregate was recovered using the ignition method 
then tested in accordance with AASHTO T 84 and/or T 85, 
for fine and coarse aggregate portions, respectively.

3. The Gmm of the as-received RAP was determined in accor-
dance with AASHTO T 209, and the asphalt content of the 
RAP was determined by the ignition method without an 
aggregate correction factor. The Gmm value and the average 
asphalt content of the RAP were used calculate the effec-
tive specific gravity of the RAP aggregate, Gse. The RAP 
aggregate Gsb was then calculated using Equation 2-1.
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Since the absorbed asphalt content, Pba, for the RAP 
was unknown, it was estimated from virgin mix designs 
from the same locations as the RAP. This approach was 
described in NCHRP Report 452 (4).

Part III High RAP Content Mix 
Design and Performance Testing

An experimental plan was developed to try to answer the 
following five key questions regarding high RAP content mix 
designs:

1. Are volumetrics affected by a change in the virgin binder 
grade?

2. Can the compatibility of RAP and virgin binders be 
assessed in mix design?

3. Do lower mixing temperatures associated with warm mix 
asphalt technologies affect RAP and virgin binder blending?

4. Can the composite binder (blended or partially blended 
RAP and virgin binder) be characterized using an indirect 
method that is based on dynamic modulus of the mix?

5. What do laboratory performance test results tell us about 
the mix designs with high RAP contents?

Numerous studies have demonstrated that volumetric 
properties of asphalt mixtures compacted in a fixed-angle 
(and therefore, a fixed shear strain) Superpave gyratory com-
pactor are rather insensitive to compaction temperature or 
binder stiffness. Since high RAP content mixes often use a 
softer grade of virgin binder, it is important to know if the 
virgin binder grade affects volumetric properties and mix per-
formance test results.

The second question has to do with compatibility of the 
RAP and virgin binder. Some cases of poor performance of 
mixes containing RAP have been attributed to incompatibil-
ity of the RAP binder and the virgin binder and/or recycling 
agent. This issue was examined by conducting mix designs 
using binders of the same performance grade but from differ-
ent sources. It was assumed that if the RAP and virgin bind-
ers are not compatible, there would be little or no blending. 
Although binder incompatibility may not be apparent with 
volumetric properties, it should be evident in mixture per-
formance tests.

The use of warm mix asphalt has increased dramatically 
in the past few years and is expected to become the norm for 
mix production within 5 years. Some questions have been 
raised about the possibility that lower mixing temperatures 
for WMA may not sufficiently activate an aged RAP binder. 
To address this concern, a mix design with a high RAP con-
tent was designed with and without a popular WMA addi-
tive. The mixing temperature for the WMA was decreased by 
35°F. The differences in mix volumetric properties and per-
formance properties were examined to determine if the lower 
mixing temperature had an effect.

An important research need was to determine the valid-
ity of estimating composite binder properties from dynamic 
modulus tests. If this technique could be proven, then it would 
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help resolve issues about the degree of blending of virgin and 
recycled binders, compatibility of binders, and how to best 
select the appropriate grade of virgin binder. Accordingly, 
all the mix designs in this study were tested to determine 
the dynamic moduli in accordance with the recommended 
standards available at the time the project began. A consider-
able effort was devoted in this study to the process of back- 
calculating binder properties from the dynamic modulus data 
and to comparing those results to known binder properties.

Over the past decade it has become increasingly apparent that 
the process of designing asphalt mixes needs to move beyond 
analysis of basic volumetric properties and begin to utilize 
mechanical property tests that can aid in a better understanding 
of how materials (such as RAP, polymers, shingles, fibers, etc.) 
may impact field performance. A few performance tests, such 
as the asphalt pavement analyzer and Hamburg wheel track-
ing test, have recently moved out of the research arena and into 
more routine use for evaluating mix designs. The next genera-
tion of mechanical tests, which are more fundamentally sound 
in engineering principles, are quickly being vetted and refined. 
One of the challenges established by the panel for this project 
was to recommend mixture performance tests to use in evalu-
ating high RAP content mixes for resistance to major forms of 
pavement distress. This was a daunting task given the numerous 
tests that have been recommended by researchers for each pave-
ment distress. In the end, the primary factors in deciding which 
tests to use for this study were as follows:

•	 What tests appeared to be simple and practical for poten-
tial implementation?

•	 What tests/properties had some established relation to 
field performance?

•	 What methods did the research team have the capability 
of performing?

Materials

The experimental plan used materials from four locations 
in the United States. The materials from the four locations 
included a variety of aggregate types, binder grades, and 
sources, and RAP with different characteristics. Represen-
tative samples of RAP and virgin aggregates were obtained 
from contractors’ stockpiles in New Hampshire, Utah, Min-
nesota, and Florida. The contractors also provided samples of 
the virgin binders they typically use.

New Hampshire Materials

The materials from New Hampshire were obtained from 
Continental Paving Co. in Londonderry, New Hampshire. Vir-
gin binder grades were an unmodified PG 58-28 and a polymer-
modified PG 70-28 commonly used in New Hampshire. The 

virgin aggregates were granite. No anti-stripping agent was used 
with these mix designs since they are not commonly used with 
these materials in New Hampshire. The RAP stockpile received 
from this location was unfractionated RAP. However, difficul-
ties obtaining satisfactory mix designs with this material led to 
the need to screen the RAP into a coarse and fine fraction using 
a lab screening process. After this lab fractionation, the coarse 
RAP fraction was graded as PG 77.3-21.4, and the fine RAP 
fraction had a true grade of PG 81.3-18.8.

Utah Materials

The materials from Utah were obtained from Granite Con-
struction Company’s Cottonwood Heights plant near Salt 
Lake City, Utah. The virgin aggregate for this set of materi-
als was granite. Two binders used in this part of Utah were 
obtained: an unmodified PG 58-28 and a polymer-modified 
PG 64-34. A coarse RAP and a fine RAP sample were obtained 
from the contractor. The recovered RAP binder from the 
coarse RAP was true graded as PG 83.8-17.0, and the fine 
RAP was true graded as 89.0-32.7. Since this location com-
monly uses hydrated lime at 1.0 percent for an anti-stripping 
additive, all mixes designed with this set of materials included 
hydrated lime. Evotherm 3G from MeadWestvaco, Inc., was 
also used with one mix design using the Utah materials to 
evaluate mix properties and blending of RAP and virgin 
binders at a lower mixing temperature. Evotherm 3G (for-
mulation K1) was selected because it is easy to use in the labo-
ratory and was not expected to affect volumetric properties. 
The dosage of the Evotherm 3G was 0.50 percent of the total 
binder in the mixes. The additive was added to the binder 
prior to mixing. Mixing and compaction temperatures for 
the WMA samples were reduced by approximately 35°F from 
the respective temperatures for HMA.

Minnesota Materials

The materials from Minnesota were obtained from Hard-
drives, Inc., in the Minneapolis area. The virgin aggregates 
included a natural gravel and a granite. The typical virgin binder 
grade for this location is a PG 58-28. Samples of a coarse and 
a fine RAP were obtained. The coarse RAP was tested to have 
a true grade of 72.8-22.7, and the fine RAP had a much higher 
true grade of 89.2-9.3. Anti-stripping agents are not typically 
used by this contractor.

Florida Materials

Raw materials from Florida were obtained from Anderson-
Columbia, Inc., located in Lake City, Florida. Coarse and fine 
virgin aggregate was railed from a granite source in south 
Georgia. Coarse and fine RAP stockpiles were also sampled. 
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The binder recovered from coarse RAP was tested to have a 
true grade of 73.8-24.8, and the fine RAP had a true grade of 
71.1-26.3. The standard virgin binder for the area is a PG 67-22. 
ARMAZ LOF 6500 is the anti-stripping agent used in this area 
and was used in the mix designs with the Florida materials.

Materials Characterization

The materials were characterized as normally done for 
Superpave mix designs. Virgin aggregates were tested as 
received for gradation and Superpave aggregate consensus 
properties. RAP samples were tested to determine asphalt 
content in accordance with the ignition method, AASHTO  
T 308, and the centrifuge extraction method, AASHTO T 164. 
The RAP aggregates were retained following the extraction 
tests for gradations, consensus properties, and specific grav-
ity tests. The recovered aggregates from the ignition method 
were also retained for gradation and bulk specific gravity. 
AASHTO T 84 and T 85 were used to determine the specific 
gravity of the recovered RAP aggregate, split on the No. 4 
sieve for fine and coarse portions, respectively.

Trichloroethylene was used as the solvent for the extrac-
tions. RAP binders were recovered with a rotary evaporator 
in accordance with ASTM D5404 and performance graded in 
accordance with AASHTO M 320-05. A summary of the critical 

temperatures for the recovered binders is shown in Table 2-1. 
Some of the results for coarse and fine portions of RAP from 
the same source had greater differences than typically seen. 
The Minnesota fine RAP had much higher true grade results 
compared to the coarse RAP at all three critical temperatures. 
The coarse and fine RAP fractions from Utah were also some-
what different, with the recovered binder from the fine fraction 
grading lower than the coarse fraction counterpart. The critical 
temperatures for the coarse and fine Florida RAP binders were 
more similar, which is common with other fractionated RAP 
stockpiles tested by NCAT. However, the grade of Florida RAP 
materials indicates they were not a highly aged RAP since the 
standard binder grade now used in Florida is a PG 67-22.

The nine virgin asphalt binders received from the four 
locations were also graded in accordance with AASHTO  
M 320-05. Table 2-2 shows the results of that testing. All the 
binders met or exceeded the binder grade criteria for which 
they were identified. Two grades of binder were obtained from 
the New Hampshire and Utah locations. Ideally, one of the 
binder grades would have been a conventional binder and the 
second binder would have been a softer binder grade to assess 
whether using a softer binder grade, as is commonly required 
for moderate and high RAP content mixes, affects mix design 
and performance properties. However, since the contractors 
did not historically use softer binder grades and, therefore, such 

Source RAP Description Tcrit High Tcrit Int Tcrit Low PG 

NH 
Coarse 77.3 23.5 -21.4 76-16 

Fine 81.3 28.0 -18.8 76-16 

Non-Fractionated 80.2 28.1 -20.2 76-16 

UT 
Coarse 83.8 29.3 -17.0 82-16 

Fine 89.0 32.7 -12.6 88-10 

MN 
Coarse 72.8 23.7 -22.7 70-22 

Fine 89.2 38.1 -9.3 88-4 

FL 
Coarse 73.8 23.6 -24.8 70-22 

Fine 71.1 21.7 -26.3 70-22 

Table 2-1. Performance grade critical temperatures  
for the RAP binders.

Source ID Tcrit High Tcrit Int Tcrit Low PG 

NH 

70-28 A 71.3 19.3 -29.1 70-28 

70-28 B 71.4 15.6 -31.9 70-28 

58-28 A 61.5 17.4 -29.7 58-28 

UT 

64-34 A 68.2 9.3 -35.5 64-34 

64-34 B 70.6 13.9 -34.5 70-34 

58-34 A 63.0 11.7 -34.9 58-34 

58-34 B 61.2 9.9 -35.9 58-34 

MN 58-28 60.1 17.4 -29.5 58-28 

FL 67-22 72.5 21.7 -26.7 70-22 

Table 2-2. True grade critical temperatures  
for the virgin asphalt binders.
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binders were not locally available, they provided an alternate 
binder that was routinely used, which was one or two grades 
higher on the high temperature end. Thus, these stiffer binders 
are presumed to be polymer-modified binders. Also, for New 
Hampshire and Utah, binders of the same performance grade 
but from a different source/supplier were obtained. The pri-
mary binder source is identified with an “A” following the PG 
grade; the secondary source is identified with a “B.”

Mix Designs

The objective of the mix design effort was to meet the stan-
dard Superpave mix design criteria using the materials pro-
vided by contractors in four states. For two sets of materials, 
the goal was to develop 12.5 mm NMAS mix designs with 0, 25, 
and 55 percent RAP (by weight of aggregate). For the other two 
sets, the goal was to develop 9.5 mm and 19.0 mm NMAS mix 
designs using 0 and 40 percent RAP (by weight of aggregate). 
One laboratory compactive effort (75 gyrations) was used for 
all mixes to reduce experimental factors in the study. This Ndesign 
corresponds to a traffic level of 0.3 to 3 million design equiva-
lent single-axle loads in the current Superpave design proce-
dure. This compactive effort was considered representative of a 
large proportion of mix designs across the United States.

The approach to designing the high RAP content mixes in 
this study followed the familiar steps from the current Super-
pave approach with some additional testing of the component 
materials and performance testing. A total of 30 mixes were 
designed, tested, and evaluated in this study. Many more 
unsuccessful trial blends were evaluated. A warm mix asphalt 
technology was also used with one mix design to evaluate the 
effects of the lower mixing and compaction temperatures on 
mix properties. Mixes of different nominal maximum aggre-
gate sizes (NMAS) were used to assess the effects of RAP 
on base, intermediate, and surface mixes. Some of the mix 
designs were changed only by using a different binder source 
without changing the PG grade to determine if compatibility 
of binders would affect mix properties. Mix designs differ-
ing only by polymer modification of the virgin binder were 
also prepared and tested to determine how polymer-modified 
binders may affect mixes containing RAP.

Mix Performance Testing

A series of mix performance tests was conducted on the 
mix designs from the Phase III experimental plan to charac-
terize their dynamic moduli and assess the mix’s resistance to 
moisture damage, permanent deformation, fatigue cracking, 
and low-temperature cracking. Moisture damage susceptibil-
ity was evaluated using AASHTO T 283. The flow number 
test was selected to assess permanent deformation potential. 
The indirect tension fracture energy test was selected to assess 

fatigue cracking potential. Two tests, the semi-circular bend-
ing (SCB) and bending beam rheometer (BBR) tests on thin 
mix beams, were used to evaluate the low-temperature crack-
ing properties of the mixes.

Dynamic Modulus

Dynamic modulus testing was conducted on each of the 
mix designs for two purposes. The first purpose was to evalu-
ate how changing binder grade, binder source, and RAP con-
tent affects mix stiffness over a wide range of temperatures. 
The second purpose was to try to backcalculate the effec-
tive properties of the composite binder using the approach 
described by Bennert and Dongre (61). Dynamic modulus 
tests were conducted in accordance with AASHTO TP 62-07 
using an IPC Global asphalt mixture performance tester 
(AMPT), which is shown in Figure 2-1.

Prior to compaction of specimens, loose mixes were short-
term aged for 4 hours at 135°C in accordance with AASHTO  
R 30. Samples were compacted in a Superpave gyratory com-
pactor (SGC) to dimensions of 150 mm in diameter and 
170 mm tall. Once cooled, the compacted samples were cut 
and cored to yield specimens 100 mm in diameter by 150 mm 
tall. The air void content of the cut and cored specimens was 
then determined. Cut and cored specimens that had air void 
contents outside of the range of 7 ± 0.5 percent were discarded. 

Figure 2-1. IPC Global asphalt mixture  
performance tester.
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LVDT mounting studs were glued onto each specimen in 
120° intervals around the cut and cored specimens. Once the 
glue for the LVDT mounting studs dried, a membrane was 
pulled over the specimen and mounting studs. Specimens 
were placed in an environmental chamber set at the desired 
test temperature for a minimum of 3 hours. Four test tem-
peratures were used, starting with the lowest temperature. The 
four temperatures were 4, 21, 37, and 54°C (40, 70, 100, and 
130°F). At each test temperature, the specimens were tested 
at six frequencies: 0.1, 0.5, 1, 5, 10, and 25 Hz. For each test 
temperature, the highest frequency was tested first, and the 
lowest frequency was tested last. A confining pressure of 20 psi 
was used during testing at all temperatures and frequencies. 
Triplicate specimens were prepared and tested. To ensure data 
quality, a maximum coefficient of variation (COV) between 
replicates was established. If the results for a set exceeded that 
limit, additional specimens were prepared and tested.

Equations 2-2 and 2-3 were used to generate the dynamic 
modulus master curve for each mix design. Equation 2-2 is 
the dynamic modulus equation while Equation 2-3 shows 
how the reduced frequency is determined. The regression 
coefficients and shift factors, which are used to shift the 
modulus data at various test temperatures to the reference 
temperature of 21.1°C, are determined simultaneously dur-
ing the optimization process using the Solver function in a 
Microsoft Excel® spreadsheet.

= δ + α
+ )(β+γ γ

log *
1

[2-2]
log

E
e f

log log logf f a Tγ( ) = ( )+ ( )( ) [2-3]

where
 |E*| = dynamic modulus, psi
 f = loading frequency at the test temperature, Hz
 fg =  reduced frequency at the reference tempera-

ture, Hz
	a, d, b, g = regression coefficients
 a(T) = temperature shift factor

The procedure used to backcalculate the effective binder 
properties from the dynamic modulus data followed these 
steps.

Step 1: Mixture Dynamic Modulus Testing

Conduct frequency sweep testing with AMPT as described 
above.

Step 2: Binder Testing

Extract and recover the binder from the mixtures tested 
in Step 1. Perform dynamic shear rheometer (DSR) testing 

to develop the binder |G*| master curves. This is the mas-
ter curve associated with full blending of the virgin and RAP 
binders. Extract and recover the binder from the RAP and 
perform DSR testing to develop the RAP binder |G*| mas-
ter curve. Develop binder |G*| master curves for the virgin 
binder and typical binders one or two grades higher.

Step 3: Application of the Hirsch Model

Using the Hirsch model (Equation 2-5), predict the |G*| 
binder curve by inputting measured |E*| mix, VMA, and VFA 
for the mixture. This was accomplished using the Solver error 
minimization function in Microsoft Excel. An example of a 
measured dynamic modulus master curve and the associated 
|G*| binder curve backcalculated using the Hirsch model are 
shown in Figure 2-2.
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 |G*|b = binder shear modulus, psi
 |E*|mix =  mix dynamic modulus (psi) at the corresponding 

frequency to |G*|binder

 VMA = voids in the mineral aggregate, %
 VFA = voids filled with asphalt, %

Step 4: Estimate Phase Angle

The backcalculated |G*| values are fit to the Christensen-
Andersen (C-A) model, and then the relationship developed by 
Geoff Rowe (62) (Equation 2-6 is used to estimate the binder 
phase angle from the slope of the log:log |G*| versus frequency 
relationship. This is illustrated in Figure 2-3.

C-A Phase Angle Fit [2-6]δ ω
ω

( ) = 90
d G

d

ln *

ln
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Figure 2-3. Backcalculated |G*| with C-A model fit and predicted phase angle.

Step 5: Comparison of Master Curve Data

Compare the |G*| master curves backcalculated from the 
mixture testing to the |G*| master curves measured on the 
recovered binder from the mix and RAP and the virgin binder 
master curves to evaluate the amount of blending.

The dynamic modulus results were analyzed to determine if 
there are significant differences between the various mix types 
used in the study and to identify which mix component(s) 
significantly affect the dynamic modulus values.

Moisture Susceptibility Testing

AASHTO T 283-07, Resistance of Compacted Hot Mix 
Asphalt (HMA) to Moisture-Induced Damage, was used to 
evaluate moisture susceptibility of the mixtures. This test 
was selected because it is the most common moisture dam-
age susceptibility test in the United States and is part of the 
current Superpave mix design method. As required by this 
method, the loose mixtures were conditioned for 16 hours 
at 60°C followed by 2 hours at the compaction temperature. 
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Specimens were compacted to 7 ± 0.5 percent air voids with 
dimensions of 150 mm in diameter and 95 ± 5 mm tall. The 
conditioned set specimens were saturated to between 70 and 
80 percent and then subjected to one freeze-thaw cycle. Both 
conditioned and unconditioned specimens were placed in a 
25 ± 0.5°C water bath prior to testing. After conditioning, 
specimens were loaded diametrically at a rate of 50 mm/
min. The maximum compressive force was recorded and 
then the indirect tensile strength and tensile strength ratios 
were calculated. The ratio of the average tensile strengths of 
the conditioned specimens to the average tensile strengths 
of the unconditioned specimens is the tensile strength 
ratio (TSR). In addition to evaluating the AASHTO T 283 
results of each mix against the current AASHTO R 35 tensile 
strength ratio criterion (a minimum of 0.80), comparisons 
were made among each source set of the conditioned and 
unconditioned tensile strengths.

Permanent Deformation Testing

Many highway agencies currently use either the asphalt pave-
ment analyzer or the Hamburg wheel tracking test to evaluate 
the rutting potential of asphalt mix designs. The flow number 
test was selected for permanent deformation testing in this study 
based on recommendations from other recent national studies. 
At the time this study was initiated, a standard test procedure for 
flow number did not exist, so a test procedure based on recom-
mendations from NCHRP Project 9-30A and FHWA was used. 
This procedure used a confining pressure on the specimens 
during the test. During the time period this research was con-
ducted, an AASHTO standard was developed for the dynamic 
modulus test and the flow number test (AASHTO TP 79-09). 
The standard allows either test to be performed with or with-
out confinement. Some researchers have argued that confined 
tests better represent the stress state in pavements, particularly 
lower layers, and that unconfined test results do not accurately 
represent the field performance of some mix types such as SMA 
and asphalt-rubber mixes. However, in recent years, unconfined 
flow number and dynamic modulus tests have become more 
popular. Criteria have been recommended for evaluating the 
results of confined flow number tests, and unconfined dynamic 
modulus test results are used in mechanistic-empirical pave-
ment analysis programs.

After mixing, loose mix samples were aged for 4 hours at 
135°C in accordance with AASHTO R 30. Specimens were com-
pacted to 150 mm diameter by 170 mm in height. The cooled 
specimens were cut and cored to 100 mm diameter by 150 mm 
in height. Cut and cored specimens outside of the target air void 
content of 7 ± 0.5 percent were discarded. Prior to testing, speci-
mens were preheated to the target testing temperature. The flow 
number test temperature was 6°C lower than the 50 percent 
reliability high pavement temperature from LTPPBind 3.1 for 

the location of the respective materials. The deviator stress was 
70 psi, and the confining stress was 10 psi as recommended by 
NCHRP Project 9-30A. The tests were run for 20,000 cycles.

Statistical analysis of the flow number test results was con-
ducted to evaluate whether the mixes containing RAP yield 
results were similar to the virgin control mixes. Past research 
and experience indicates that, in most cases, mixes containing 
RAP perform equal to, or better than, mixes without RAP in 
terms of permanent deformation.

Fatigue Cracking Testing Procedure

Other researchers have used various tests to evaluate the 
resistance of asphalt mixtures to load-related cracking. There 
has not been agreement in the asphalt mixture testing com-
munity as to which method is best. The research team initially 
considered the bending beam fatigue test, the Texas Overlay 
Tester, and the simplified viscoelastic continuum damage 
(SVECD) test for this project. The bending beam test is widely 
used in research, but is impractical as a routine mix design 
test because of special equipment needed for sample fabrica-
tion and the length of time required to obtain test results. The 
Texas Overlay Tester and the SVECD test were relatively new 
procedures and other work using these methods at NCAT 
found the equipment to be unreliable and the test methods 
to need further development. Therefore, the indirect tensile 
(IDT) fracture energy test was selected for evaluating the mix 
designs for resistance to fatigue cracking.

Fracture energy is defined as the area under the stress-
strain curve to the point of fracture for the specimen. Physi-
cally, it represents the amount of strain energy and dissipated 
energy due to structural changes (such as micro-cracking) a 
pavement can absorb prior to failure (63). The magnitude of 
a mixture’s fracture energy has been successfully correlated 
to amount of fatigue cracking a pavement experienced in the 
field. Kim and Wen (63) conducted a study using the fracture 
energy of field cores obtained from the WesTrack acceler-
ated pavement testing facility. The calculated fracture energy 
showed a strong correlation to the amount of fatigue crack-
ing the sections exhibited on the track. For the conditions in 
the WesTrack study, their results indicated a fracture energy 
above 3 kPa provided excellent resistance to fatigue damage.

For this study, five samples of each mixture were prepared 
to a thickness between 38 and 50 mm with a target air void 
content of 7 ± 0.5 percent. Samples were both short-term 
aged (loose mix: 4 hours at 135°C) and long-term aged (com-
pacted specimens: 120 hours at 85°C) to represent in-service 
aging of a surface layer in the field. The fracture energy tests 
were conducted at 10°C and a loading ram speed of 50 mm per 
minute using a servo-hydraulic loading frame (Figure 2-4). 
Epsilon gauges were fixed to both faces of the specimens to 
record horizontal and vertical deformations.
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In the analysis of the data, the point of specimen fracture 
for the fracture energy test was defined using the methodol-
ogy developed for determining the Florida energy ratio (64). 
Specimen fracture is not defined at the peak load, but rather 
at the instant at which micro-cracks begin to develop on one 
of the specimen’s faces. This moment is determined by exam-
ining the difference in the vertical and horizontal deforma-
tions recorded during the strength test plotted versus testing 
time. As shown in Figure 2-5, fracture energy is highly depen-
dent on the strain tolerance of the specimen. Analysis was 
conducted using a software program (ITLT) developed at the 
University of Florida and Florida DOT. The details regarding 
the calculation of the fracture energy using this methodology 
are documented elsewhere (65).

Low-Temperature Cracking Testing

Testing and analysis of low-temperature properties of 
the mixes were conducted at the University of Minnesota 
under the direction of Mihai Marasteanu. Two test meth-
ods, the semi-circular bend (SCB) fracture test and bending 
beam rheometer (BBR) creep test, were used to obtain rel-
evant properties related to the fracture resistance, thermal 

stress accumulation, and critical low temperature for the 
asphalt mixtures evaluated in this project. Each mixture 
was tested at three different temperatures for the SCB test and 
at two temperatures for the BBR test, respectively. Three 
replicates were tested for each mixture at each test tem-
perature. The test temperatures were determined based on 
the Long Term Pavement Performance (LTPP) temperature 
database, as follows:

•	 LTPP pavement low temperature (SCB and BBR test),
•	 10°C below the LTPP pavement low temperature (SCB 

test), and
•	 10°C above the LTPP pavement low temperature (SCB and 

BBR test).

The LTPP low temperatures represent the pavement low tem-
perature (90 percent reliability) for the sites where the materials 
were obtained, and calculated as averages from four locations 
close to each site. The following temperatures were selected:

•	 For Minnesota: -24°C,
•	 For New Hampshire: -19°C, and
•	 For Utah: -15°C.

Figure 2-4. MTS load frame and specimen setup for indirect tension strength testing.
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Although Minnesota had the lowest temperature, the typi-
cal binder used was a PG -28, while for Utah, for which the 
temperature was the highest, the typical binder used had the 
lowest PG of -34.

The materials received for the project were used to pre-
pare four gyratory cylinders (115 mm tall by 150 mm diam-
eter) for each of the 16 different asphalt mixture designs. 
For the mixtures containing RAP, the RAP was preheated 
at the mixing temperature for 3 hours prior to mixing. The 
laboratory loose mix was then short-term aged for 4 hours  
at 135°C. After aging, all cylinders were compacted in a gyra-
tory compactor to 7 ± 0.5 percent air voids and then under-
went long-term aging (AASHTO R 30-02) for 120 hours 
at 85°C.

One of the four gyratory cylinders was used to fine-tune 
the preparation process of the three cylinders used for test-
ing. An SCB slice 25 mm in height and a thin BBR slice of 
approximately 5 mm height were cut from the remaining 
three cylindrical specimens, as shown in Figure 2-6. Cylinder 
1 was used to obtain Replicate #1 for both BBR and SCB test 
specimens, for each of the three test temperatures. Cylinder 2 

was used to obtain Replicate #2, and cylinder 3 was used to 
obtain Replicate #3. For all three cylinders, three slices (two 
for SCB, and one for BBR) were cut from the middle of each 
cylinder. The SCB slices cut from cylinders 1, 2, and 3 were 
symmetrically cut into two semi-circular bend samples with 
a notch of 15 mm in length and 2 mm in width.

Five BBR thin beams were cut out from the middle of each 
thin BBR slice. The most uniform three were used for test-
ing (one for each test temperature). Photos of the specimen 
preparation are shown in Figures 2-7 through 2-9.

Semi-Circular Bending (SCB) Test

An MTS servo-hydraulic testing system equipped with an 
environmental chamber was used to perform the SCB test. 
The half-moon shaped SCB specimens were 25 ± 2 mm thick. 
A15 ± 2 mm notch was cut in the center of the flat surface of 
the SCB specimens, leaving a ligament length (radius minus 
notch depth) of 135 ± 2 mm. As shown in Figure 2-10, the SCB 
samples were symmetrically supported by two fixed rollers with 
a span of 120 mm. Teflon tape was used to minimize friction 

Figure 2-5. Example fracture energy results.

Figure 2-6. SCB and BBR test specimen preparation.
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Figure 2-7. Specimen holder for saw cutting.

Figure 2-8. Cutting BBR mixture beams.

between the specimen and the rollers. The load line displace-
ment (LLD) was measured using a vertically mounted Epsilon 
extensometer.

The crack mouth opening displacement (CMOD) was 
measured by an Epsilon clip gage attached across the notch 
on the bottom of the specimen. Further details of the pro-
cedure and analysis are provided in the draft procedure for 
the SCB test included as Appendix A which is available on 
the TRB website. Considering the brittle behavior of asphalt 
mixtures at low temperatures, the CMOD signal was used as 
the control signal to maintain the test stability in the post-
peak region of the test. The post-peak region, which cannot 
be measured with other test methods, is critical in calculat-
ing the fracture energy and in providing information related 
to crack propagation. The load and load line displacement 
(LLD) data were used to calculate the fracture toughness 
and fracture energy. An example of the load versus LLD 
for specimens tested at three temperatures is shown in  
Figure 2-11. The mode one stress-intensity factor, KI, adjusts 
the stress at the crack tip to account for the stress concen-
tration. Fracture toughness is equal to the critical stress-
intensity factor, KIC, which is the KI when the load reaches 
the maximum value (peak load). Fracture toughness, KIC, 
quantifies the material’s resistance to brittle fracture. A mix-
ture with higher fracture toughness indicates that it is more 
likely to exhibit ductile failure. The work of fracture, Wf, is 

the area under the loading-deflection (P-u) curve. The frac-
ture energy, Gf , is obtained by dividing the work of fracture 
by the ligament area, which is the product of the ligament 
length and the thickness of the specimen.

Bending Beam Rheometer (BBR) Test

This test method follows the method developed at the 
University of Minnesota under an NCHRP IDEA project 
(66) to determine the creep stiffness of thin mixture beams 
with the BBR equipment commonly used to determine low- 
temperature properties of asphalt binders for performance 
grading. The load applied to all mixtures at all test tem-
peratures was approximately 4,000 mN. The creep stiffness, 
S(t), and the m-value, m(t), were obtained following the 
same equations described in the binder BBR test method 
(AASHTO T 313-06). Thermal stresses were also calculated 
from the BBR mixture creep compliance data, J(t), using 
the following steps:

1. Creep compliance, J(t), is obtained from BBR experiments 
as previously described.

2. Relaxation modulus, E(t), is calculated from BBR creep 
compliance using Hopkins and Hamming algorithm (67).

3. Relaxation modulus, E(t), master curve is generated with 
the C-A model (68) as follows:

E t E
t

t
g

c

v w v

( ) = + 













•

−

1 [2-7]

where
 Eg =  Glassy modulus (assumed 30 GPa for asphalt 

mixtures);
 tc, v, and w =   constant parameters in the fitting model.

The shift factor expression is as follows:

aT
C C T= + •10 1 2 [2-8]

where
 C1 and C2 = constant fitting parameters;
 T = reference temperature, °C
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Figure 2-9. BBR thin asphalt mixture beams.

Figure 2-10. Semi-circular bending test.

Figure 2-11. Typical plot of load versus load line displacement.
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4. Thermal stresses are calculated from the one-dimensional 
hereditary integral as shown in Equation 2-9:

σ ξ
ε ξ

ξ
ξ ξ ξ

α

ξ

( ) =
′( )

′
− ′( ) ′

=
( )

′

−∞

−∞

∫

∫

•
d

d
E d

d T

dt

t ∆
•• ( )− ′( )( ) ′E t t dtξ ξ [2-9]

The equation was solved numerically by using the Gaussian 
quadrature with 24 Gauss points, as described elsewhere 
(69, 70).

Thermal stresses can be further used to determine critical 
cracking temperature, TCR. Two methods are commonly used. 
In the Dual Instrument Method (DIM), TCR is obtained at 
the intersection of the thermal stress curve with the strength 
curves. Since strength tests were not performed in this proj-
ect, the Single Asymptote Procedure (SAP) was applied. In 
SAP, strength data is not required (71). A line is fitted to the 

lowest temperature part of the thermal stress curve, and the 
intersection with the temperature axis represents TCR, as 
shown in Figure 2-12.

Table 2-3 summarizes the mix variables and tests for the 
mixes using materials from New Hampshire. Mix variables 
with this set of mixtures included PG grade, source of the 
virgin binder, and RAP content. The testing plan for these 
mixes included dynamic modulus testing on all mixes and 
other performance tests on a subset of the mixes.

Table 2-4 lists the mix factors and tests for the materials 
from Utah. Variables within this set of mixtures included PG 
grade, source of the virgin binder, RAP content, and warm mix 
asphalt. Dynamic modulus testing was performed on all mix 
designs with this set of materials. Because of budget limitations, 
moisture damage susceptibility flow number, fatigue, and low-
temperature cracking testing were conducted on a subset of the 
mix designs.

The tests conducted on mixes using the Minnesota materi-
als are shown in Table 2-5. As with the mixes using the Florida 
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Figure 2-12. Single Asymptote Procedure (SAP) method.

Table 2-3. New Hampshire mixes and mix testing.

NMAS 
(mm) 

Virgin 
PG 

Binder 
Source 

RAP 
% 

Mix Testing 

Dynamic 
Modulus 

AASHTO 
T 283 

Flow 
Number 

Fatigue 
Low-

Temperature 
Cracking 

12.5 58-28 A 0 
12.5 58-28 B 0 
12.5 70-28 A 0 
12.5 70-28 B 0 
12.5 58-28 A 25 
12.5 70-28 A 25 
12.5 58-28 A 55 
12.5 58-28 B 55 
12.5 70-28 A 55 
12.5 70-28 B 55 
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Table 2-4. Utah mixes and mix testing.

Type 
of 

Mix 

NMAS 
(mm) 

PG 
Binder 
Source 

RAP 
% 

Mix Testing 

Dynamic 
Modulus 

AASHTO 
T 283 

Flow 
Number

Fatigue 
Low-

Temperature 
Cracking 

HMA 12.5 58-34 A 0 
HMA 12.5 58-34 B 0 
HMA 12.5 64-34 A 0 
HMA 12.5 64-34 B 0 
HMA 12.5 58-34 A 25 
HMA 12.5 64-34 A 25 
HMA 12.5 58-34 A 55 
HMA 12.5 58-34 B 55 
HMA 12.5 64-34 A 55 
HMA 12.5 64-34 B 55 
WMA 12.5 58-34 A 55 

Table 2-5. Minnesota mixes and mix tests.

NMAS 
(mm) 

Virgin 
PG 

Binder 
Source 

RAP 
% 

Mix Testing 

Dynamic 
Modulus 

AASHTO  
T 283 

Flow 
Number 

Fatigue 
Low-

Temperature 
Cracking 

9.5 58-28 A 0 
19.0 58-28 A 0 
9.5 58-28 A 40 

19.0 58-28 A 40 

Table 2-6. Florida mixes and mix testing.

NMAS 
(mm) 

Virgin 
PG 

Binder 
Source 

RAP 
% 

Mix Testing 

Dynamic 
Modulus 

AASHTO  
T 283 

Flow 
Number 

Fatigue 
Low-

Temperature 
Cracking 

9.5 67-22 A 0 
19.0 67-22 A 0 
9.5 67-22 A 40 

19.0 67-22 A 40 

materials, the mix variables included NMAS and RAP con-
tent. Performance testing included E*, T 283, fracture energy 
to assess fatigue cracking resistance, and two tests for assess-
ing low-temperature cracking resistance. Flow number tests 
were not conducted on the Minnesota material mixes due to 
budget limitations.

Table 2-6 summarizes the mixes and mix tests conducted 
using materials from Florida. Mix variables included NMAS 
and RAP content. Performance testing included E*, T 283, FN, 
and fracture energy to assess fatigue cracking resistance. Since 
thermal cracking is not a problem in Florida, low-temperature 
cracking tests were not conducted on the Florida mixes.
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RAP Drying Experiment

Figure 3-1 shows the drying curves from the RAP drying 
experiment. These plots show that about 6 hours were necessary 
to dry the approximately 24 kg samples using a conventional 
drying oven temperature of 110°C (230°F) from an initial 
moisture content of about 5.3 percent. Fan drying at ambient  
temperature took about 96 hours. The binders recovered from 
the RAP samples dried by the two methods had similar PG criti-
cal temperatures. The true grade of the RAP binder recovered 
from the oven dried sample was PG 103.7 (37.9) -12.1, and the 
true grade of the binder recovered from the oven dried sample 
was PG 102.1 (38.2) -13.1. This indicates that oven drying at 
110°C for about 6 hours did not further age the RAP binder.

RAP Heating Experiment

The RAP heating experiment was performed to determine 
appropriate heating conditions for RAP during laboratory 
mix designs. The first part of the heating experiment was to 
determine the minimum amount of time needed for a sample 
of RAP to reach the set point temperature of the oven. The 
sample size used in this experiment was 2,500 grams, which is 
representative of the sample size needed to make a Superpave 
gyratory sample with 50 percent RAP. Figure 3-2 shows the 
heating curve developed based on the average of three samples. 
From this plot, it can be seen that a RAP sample reaches the 
oven set point temperature in about 1½ hours. Other ovens 
may take a little more or less time.

The second heating experiment was to determine how 
different heating and mixing conditions may affect the prop-
erties of the RAP binder. The RAP used in this experiment 
had an asphalt content of 4.9 percent, and the average true 
grade of the RAP binder was PG 85.1-15.7. This was a differ-
ent RAP material from that used in the drying experiment. 
A 50/50 blend of RAP and virgin aggregate was prepared using 
the following four heating scenarios:

1. RAP and virgin aggregate were heated together for 3 hours 
at 179°C (355°F).

2. RAP and virgin aggregate were heated together for 16 hours 
at 179°C (355°F).

3. Virgin aggregate was heated in an oven at 179°C (355°F) 
for 3 hours, and the RAP was heated in an oven at 179°C 
(355°F) for 30 minutes.

4. Virgin aggregate was superheated to 260°C (500°F) for  
3 minutes, and the RAP was left unheated at ambient 
laboratory temperature.

Immediately following each heating scenario, the RAP and 
virgin aggregate were dry mixed, without additional binder, 
for 2 minutes. After mixing and after the materials were cooled, 
the binder was extracted, recovered, and graded. Since no new 
binder was added, the theoretical binder content of the mixed 
materials was 2.45 percent.

Results of the RAP heating experiment are shown in 
Table 3-1. Heating Scenario 1 appears to have aged the RAP 
binder such that the true grade increased a few degrees at 
the high and low critical temperatures. The extracted asphalt 
content from this scenario was a little below the theoretical 
asphalt content of 2.45 percent. The difference may be attrib-
uted to experimental error or to binder that was inadvertently 
transferred to the mixing bowl and whip. Heating Scenario 2 
apparently severely aged the RAP binder. Only about one-third 
of the binder could be extracted after soaking in solvent for  
1 hour because the binder had baked onto the RAP aggregate. 
A sufficient quantity of the binder could not be extracted 
and recovered to conduct the binder grading. Clearly, placing 
RAP batches in an oven overnight so mixing can begin first 
thing in the morning is not a good idea. Heating Scenario 3  
resulted in the least aging of the RAP binder. The critical high 
temperature of the recovered binder from this scenario is 
practically the same as for the original RAP. The critical low 
temperature was a few degrees lower than the original RAP. 
This difference is probably due to experimental error. Heating 

C H A P T E R  3

Results and Analyses
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Figure 3-1. Moisture content changes for RAP 
dried in an oven and fan drying.

Figure 3-2. Plot of time for RAP sample to reach 
temperature for mixing.

Scenario 4, which was intended to simulate plant heating 
conditions, also appeared to significantly age the RAP binder. 
The total binder content from the extraction test, however, 
was close to the expected total binder content of 2.45 percent. 
The effect this scenario had on the RAP binder was not expected 
since the RAP was not heated in an oven, but rather heated only 

by contact (conduction) from the superheated virgin aggregate. 
Perhaps this high conductive heat was sufficient to significantly 
age the binder.

Some plant experts have suggested that the moisture in RAP 
converted to steam upon contact with the superheated aggregate 
creates an inert atmosphere in the plant’s mixing zone that 
reduces further aging of the RAP and virgin binders. In this 
experiment, the RAP was thoroughly fan-dried before mixing, 
so that hypothesis was not tested. For RAP mix designs by the  
Louisiana Transportation Research Center, dampened ambi-
ent temperature RAP is mixed with superheated aggregate 
in the laboratory to simulate the conditions in the plant. It is 
unknown how this process affects aging of the binders.

The results of the two heating experiments indicate that 
an appropriate heating condition for RAP in preparation 
for making mix design samples is to place the batched RAP 
samples in an oven for 1½ to 3 hours.

RAP Aggregate Specific  
Gravity Experiment

Table 3-2 shows the RAP aggregate Gsb results determined 
from the three approaches described in Chapter 2. For the 
backcalculation method, the asphalt absorption values were 
obtained from the virgin mix designs with the materials from 
the same source. As can be seen in Table 3-2, the differences 
between the Gsb results using the first two approaches were 
very similar in most cases considering that the acceptable 
range of two results for AASHTO T 84 (fine aggregate Gsb) 
is 0.032 (single operator precision) and 0.025 for AASHTO 
T 85 (coarse aggregate Gsb). The backcalculated Gsb results, 
however, were much higher than the results from the tests on 
extraction or ignition recovered aggregates. In several cases, the 
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backcalculated Gsb values were about 0.10 higher, which would 
significantly affect VMA results for high RAP content mixes.

To illustrate the impact of these results, the three differ-
ent RAP aggregate Gsb results were used in the calculation 
of the total aggregate blend Gsb and VMA values for the mix 
designs that are presented in detail later in the report. The 
VMA results are shown in Table 3-3. It can be seen that the 
impacts of the different RAP aggregate Gsb results on VMA 
were minor if either the centrifuge extraction or the ignition 
method were used to recover the aggregate before testing the 
materials in AASHTO T 84 and T 85 for the fine and coarse 
portions, respectively. At moderate RAP contents (25 percent), 
using the backcalculation Gsb method inflated the VMA by 
about 0.4 percent. However, at higher RAP contents, the back-
calculation Gsb method resulted in extremely inflated VMA 
values for most mixes. Using these highly inflated VMAs would 

likely result in much lower asphalt contents for high RAP 
content mixes.

Based on this analysis, the research team decided to use the 
RAP aggregate Gsb values determined from the centrifuge –  
T 84/T85 approach in determining volumetric properties for 
the project mixes. The ignition – T 84/T85 approach would 
also have been acceptable based on these findings.

Volumetric Properties  
of the Mix Designs

New Hampshire Mix Designs

Eleven mixes were designed using the materials from 
New Hampshire. The New Hampshire mix designs included 
0, 25, and 55 percent RAP with a PG 58-28 and a PG 70-28 

Heating 
Scenario 

Virgin 
Heating 

Time 

Virgin 
Temperature 

RAP 
Heating 

Time 

RAP 
Temperature 

 
Asphalt 
Content 

Recovered 
Binder  

True Grade 
1 3 hours 179°C 3 hours 179°C  2.11% 89.3 -13.9 
2 16 hours 179°C  16 hours 179°C  0.79% n.a. 
3 3 hours 179°C  30 min 179°C  1.98% 85.0 -17.8 
4 3 min 260°C 0 Ambient 2.35% 95.0 -10.0 

Table 3-1. Results from RAP heating experiment.

RAP Source RAP Fraction 
Centrifuge – T 

84/85 
Ignition – T 84/85 Backcalculated 

New Hampshire Coarse 2.662 2.653 2.666 

Fine 2.636 2.629 2.680 

Utah Coarse 2.580 2.541 2.631 

Fine 2.583 2.579 2.629 

Minnesota Coarse 2.628 2.623 2.732 

Fine 2.618 2.606 2.739 

Florida Coarse 2.563 2.592 2.659 

Fine 2.565 2.574 2.669 

Table 3-2. RAP aggregate bulk specific gravity results  
determined by three approaches.

RAP Source 
RAP 

Content 
(%) 

NMAS 
(mm) 

Centrifuge  – T 
84/85 

Ignition – T 84/85 Backcalculated 

New Hampshire 25 12.5 16.1 16.1 16.5 

55 12.5 15.9 15.8 16.3 

Utah 25 12.5 14.0 13.9 14.4 

55 12.5 15.1 14.8 16.0 

Minnesota 40 
9.4 15.5 15.4 16.9 

19.0 13.3 13.3 14.7 

Florida 40 
9.5 15.0 15.2 16.2 

19.0 13.6 13.8 15.0 

Table 3-3. VMA results for the high RAP content mix designs  
based on the RAP Agg. Gsb Values in Table 3-1.
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binder. The 0 and 55 percent RAP content designs were also 
completed with a PG 58-28 and a PG 70-28 from a second 
binder source, noted with a “B” following the PG grade. 
Initially, some difficulty was encountered in obtaining a sat-
isfactory mix design containing 55 percent RAP because the 
as-received New Hampshire RAP material was not fractionated. 
When it was apparent that a successful 55 percent RAP content 
mix design could not be obtained with the unfractionated 
RAP, it was screened in the lab over a No. 4 sieve to create a 
coarse and fine fraction.

Table 3-4 shows the volumetric properties for the New 
Hampshire mixes with PG 58-28 binders. The 55 percent RAP 
content mix was redesigned for performance testing since the 
effective asphalt content of the original mix was 0.7 percent 
below the effective asphalt contents of the 0 and 25 percent 
RAP mixes.

Table 3-5 shows the volumetric properties for the New 
Hampshire mixes with the PG 70-28 binders. The optimum 
binder contents changed very little when the binder sources 
were changed. The percentage of RAP binder to total binder was 
26 percent for the mix containing 25 percent RAP by weight of 
aggregate. The redesigned 55 percent RAP mix, which was used 
in the performance testing evaluations, contained 40 percent 
RAP binder.

Utah Mix Designs

Eleven mixes were designed and tested using the Utah 
materials, including one warm mix asphalt (WMA). The Utah 
mixes contained 0, 25, and 55 percent RAP and were designed 
using PG 58-34 and PG 64-34 virgin binders. Summaries of the 
Utah mix designs are shown in Tables 3-6 and 3-7.

 
0% RAP 0% RAP 25% RAP 

55% RAP 
Original 

55% RAP 
Original 

55% RAP 
Redesign 

Nominal Max. Agg. Size, mm 12.5 12.5 12.5 12.5 12.5 12.5 

Virgin Binder Grade/Source 58-28A 58-28B 58-28A 58-28A 58-28B 58-28A 

Blend Used 2A 2B 4A 1A 1B 3A 

½” Stone, % 18 18 30 15 15 18 

3/8” Stone, % 37 37 30 0 0 0 

DSS, % 12 12 14 10 10 27 

WMS, % 20 20 0 10 10 0 

Litchfield, % 12 12 0 10 10 0 

+ #4 Scrnd RAP (Pb=3.2) % 0 0 0 55 55 31 

- #4 Scrnd RAP (Pb=6.05) % 0 0 25 0 0 24 

Baghouse Fines 1 1 1 0 0 0 

Blend Gsb 2.696 2.696 2.687 2.672 2.672 2.663 

Percent Passing 19.0 mm 100 100 100 100 100 100 

Percent Passing 12.5 mm 98.6 98.6 98.5 98.8 98.8 98.6 

Percent Passing 9.5 mm 89.0 89.0 88.0 89.7 89.7 88.3 

Percent Passing 4.75 mm 56.0 56.0 63.1 51.1 51.1 44.7 

Percent Passing 2.36 mm 37.5 37.5 46.8 37.5 37.5 28.6 

Percent Passing 1.18 mm 27.2 27.2 36.2 29.8 29.8 22.4 

Percent Passing 0.60 mm 18.9 18.9 27.4 22.1 22.1 17.1 

Percent Passing 0.30 mm 11.2 11.2 17.7 13.7 13.7 11.8 

Percent Passing 0.15 mm 5.6 5.6 8.6 7.4 7.4 7.9 

Percent Passing 0.075 mm 3.8 3.8 5.2 4.6 4.6 5.3 

Optimum AC, % 5.5 5.6 5.9 5.2 5.3 6.1 

AC from Virgin Binder, % 5.6 5.6 4.4 3.4 3.5 3.7 

AC from RAP, % 0 0 1.51 1.76 1.76 2.44 

RAP Binder/Total Binder, % 0 0 26 34 33 40 

Va, % 4.0 3.7 4.0 4.0 4.1 4.0 

VMA, % 15.7 15.5 16.1 14.4 14.4 15.5 

Vbe, % 11.7 11.8 12.1 10.4 10.3 11.1 

VFA, % 74.5 75.9 75.0 73.0 71.3 74.2 

Effective AC, % 5.2 5.0 5.2 4.5 4.4 4.9 

Dust/Asphalt Ratio 0.8 0.8 1.0 1.0 1.0 1.1 

TSR 0.85 -- 0.87 0.90 -- 0.81 

Table 3-4. Volumetric properties for the New Hampshire mixes  
with the PG 58-28 binders.
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0% RAP 0% RAP 25% RAP 

55% RAP 
Original  

55% RAP 
Original 

Nominal Max. Agg. Size, mm 12.5 12.5 12.5 12.5 12.5 

Virgin Binder Grade 70-28A 70-28B 70-28A 70-28A 70-28B 

Blend Used 2C 2A 4B 1C 1D 

½” Stone, % 18 18 30 15 15 

3/8” Stone, % 37 37 30 0 0 

DSS, % 12 12 14 10 10 

WMS, % 20 20 0 10 10 

Litchfield, % 12 12 0 10 10 

+ #4 Scrnd RAP (Pb=3.2) % 0 0 0 55 55 

- #4 Scrnd RAP (Pb=6.05) % 0 0 25 0 0 

Baghouse Fines 1 1 1 0 0 

Blend Gsb 2.696 2.696 2.687 2.672 2.672 

Percent Passing 19.0 mm 100 100 100 100 100 

Percent Passing 12.5 mm 98.6 98.6 98.5 98.8 98.8 

Percent Passing 9.5 mm 89.0 89.0 88.0 89.7 89.7 

Percent Passing 4.75 mm 56.0 56.0 63.1 51.1 51.1 

Percent Passing 2.36 mm 37.5 37.5 46.8 37.5 37.5 

Percent Passing 1.18 mm 27.2 27.2 36.2 29.8 29.8 

Percent Passing 0.60 mm 18.9 18.9 27.4 22.1 22.1 

Percent Passing 0.30 mm 11.2 11.2 17.7 13.7 13.7 

Percent Passing 0.15 mm 5.6 5.6 8.6 7.4 7.4 

Percent Passing 0.075 mm 3.8 3.8 5.2 4.6 4.6 

Optimum AC, % 5.6 5.6 5.9 5.2 5.2 

AC from Virgin Binder, % 5.6 5.6 4.4 3.4 3.4 

AC from RAP, % 0 0 1.51 1.76 1.76 

RAP Binder/Total Binder, % 0 0 26 34 34 

Va, % 3.8 3.7 4.0 4.0 4.0 

VMA, % 15.5 15.4 16.2 14.5 14.4 

Vbe, % 11.7 11.7 12.2 10.5 10.4 

VFA, % 75.7 75.9 75.0 72.7 73.0 

Effective AC, % 5.0 5.0 5.2 4.5 4.5 

Dust/Asphalt Ratio 0.8 0.8 1.0 1.0 1.0 

TSR 0.98 -- 0.84 0.79 -- 

Table 3-5. Volumetric properties for New Hampshire mixes  
with the PG 70-28 binders.

Table 3-6. Volumetric properties for Utah mixes with the PG 58-34 binders.

 
0% RAP 0% RAP 25% RAP 

55% RAP 
WMA 55% RAP 55% RAP 

Nominal Max. Agg. Size, mm 12.5 12.5 12.5 12.5 12.5 12.5 

Virgin Binder Grade 58-34A 58-34B 58-34A 58-34A 58-34A 58-34B 

Blend Used 2A 2B 1A 7 WMA 7A 7B 

¾” Rock, % 8 8 9 9 9 9 

7/16” Blend, % 32 32 29 15 15 15 

¼” Chip, % 20 20 14 10 10 10 

Type III Sand, % 25 25 9 0 0 0 

W. Sand, % 14 14 12 10 10 10 

Fine RAP (Pb=6.72), % 0 0 12 15.5 15.5 15.5 

Coarse RAP (Pb=5.32), % 0 0 13 39.5 39.5 39.5 

H. Lime 1 1 1 1 1 1 

Blend Gsb 2.610 2.610 2.614 2.603 2.603 2.603 

Percent Passing 19.0 mm 100 100 99.9 99.9 99.9 99.9 

Percent Passing 12.5 mm 96.2 96.2 95.6 95.4 95.4 95.4 

Percent Passing 9.5 mm 89.8 89.8 87.8 86.1 86.1 86.1 

Percent Passing 4.75 mm 48.5 48.5 44.9 43.5 43.5 43.5 
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0% RAP 0% RAP 25% RAP 

55% RAP 
WMA 55% RAP 55% RAP 

Percent Passing 2.36 mm 28.7 28.7 28.3 28.0 28.0 28.0 

Percent Passing 1.18 mm 20.3 20.3 20.3 20.3 20.3 20.3 

Percent Passing 0.60 mm 14.8 14.8 14.8 15.1 15.1 15.1 

Percent Passing 0.30 mm 10.3 10.3 10.5 11.2 11.2 11.2 

Percent Passing 0.15 mm 6.9 6.9 7.3 8.2 8.2 8.2 

Percent Passing 0.075 mm 5.2 5.2 5.6 6.1 6.1 6.1 

Optimum AC, % 5.5 6.0 5.7 6.5 6.5 6.1 

AC from Virgin Binder, % 5.5 6.0 4.2 3.5 3.5 3.1 

AC from RAP, % 0 0 1.54 3.0 3.0 3.0 

RAP Binder/Total Binder, % 0 0 27 46 46 49 

Va, % 3.9 4.1 3.7 4.1 3.7 3.7 

VMA, % 14.0 15.2 14.1 15.3 15.1 15.0 

Vbe, % 10.1 11.1 10.4 11.2 11.4 11.3 

VFA, % 72.2 73.4 73.8 73.4 75.4 75.1 

Effective AC, % 4.4 4.8 4.5 4.9 4.9 4.9 

Dust/Asphalt Ratio 1.2 1.1 1.2 1.2 1.2 1.2 

TSR 0.86 -- 0.75 0.67 0.71 -- 

Table 3-6. (Continued).

 
0% RAP 0% RAP 25% RAP 55% RAP  55% RAP 

Nominal Max. Agg. Size, mm 12.5 12.5 12.5 12.5 12.5 

Virgin Binder Grade 64-34A 64-34B 64-34A 64-34A 64-34B 

Blend Used 2C 2D 1B 7C 7D 

¾” Rock, % 8 8 9 9 9 

7/16” Blend, % 32 32 29 15 15 

¼” Chip, % 20 20 14 10 10 

Type III Sand, % 25 25 9 0 0 

W. Sand, % 14 14 12 10 10 

Fine RAP (Pb=6.72), % 0 0 12 15.5 15.5 

Coarse RAP (Pb=5.32), % 0 0 13 39.5 39.5 

H. Lime 1 1 1 1 1 

Blend Gsb 2.610 2.610 2.614 2.603 2.603 

Percent Passing 19.0 mm 100 100 99.9 99.9 99.9 

Percent Passing 12.5 mm 96.2 96.2 95.6 95.4 95.4 

Percent Passing 9.5 mm 89.8 89.8 87.8 86.1 86.1 

Percent Passing 4.75 mm 48.5 48.5 44.9 43.5 43.5 

Percent Passing 2.36 mm 28.7 28.7 28.3 28.0 28.0 

Percent Passing 1.18 mm 20.3 20.3 20.3 20.3 20.3 

Percent Passing 0.60 mm 14.8 14.8 14.8 15.1 15.1 

Percent Passing 0.30 mm 10.3 10.3 10.5 11.2 11.2 

Percent Passing 0.15 mm 6.9 6.9 7.3 8.2 8.2 

Percent Passing 0.075 mm 5.2 5.2 5.6 6.1 6.1 

Optimum AC, % 5.9 6.1 6.1 6.2 6.3 

AC from Virgin Binder, % 5.9 6.1 4.6 3.2 3.3 

AC from RAP, % 0 0 1.54 3.0 3.0 

RAP Binder/Total Binder, % 0 0 25 48 48 

Va, % 4.2 4.0 4.0 3.8 4.0 

VMA, % 15.2 15.1 15.3 15.4 15.4 

Vbe, % 11.0 11.1 11.3 11.6 10.6 

VFA, % 71.9 72.7 73.3 75.3 74.0 

Effective AC, % 4.8 4.8 4.9 5.1 5.0 

Dust/Asphalt Ratio 1.1 1.1 1.1 1.2 1.2 

TSR 0.82 -- 0.76 0.77 -- 

Table 3-7. Volumetric properties for Utah mixes  
with the PG 64-34 binders.
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Minnesota Mix Designs

Four mixes were designed with the Minnesota materials. 
Two of the mixes were 9.5-mm NMAS mixes, and the other 
two were 19.0-mm NMAS mixes. A PG 58-28 binder was used 
in all of the mixes. Table 3-8 lists the volumetric properties of  
the mix designs with the Minnesota materials. For the 9.5-mm  
NMAS mixes, the optimum asphalt contents were similar, 
within 0.2 percent. The RAP binder was 33 percent of the total 
binder content for the 9.5-mm 40 percent RAP mix. The opti-
mum asphalt contents for the 19.0-mm NMAS mixes were also 
similar. Although only the coarse RAP fraction was used in the 
19.0-mm mix, the RAP binder was 42 percent of the total binder.

Florida Mix Designs

Four mixes were also designed with the Florida materials. 
The mixes contained either 0 or 40 percent RAP and were either 

9.5-mm or 19.0-mm NMAS. A PG 67-22 binder was used for 
all of the Florida mixes. Table 3-9 lists the volumetric properties 
for the Florida mix designs.

For the 9.5-mm NMAS Florida mixes, the optimum asphalt 
contents were reasonably close, within 0.2 percent. The RAP 
binder was 38 percent of the total binder content. For the 
19.0-mm NMAS mixes, even though the gradations were very 
close, the optimum binder content for the 40 percent RAP 
mix was 0.6 percent higher than the virgin mix.

Effect of Binder Grade  
and Binder Source

The optimum asphalt contents of the Utah and New Hamp-
shire mixes are shown in Figure 3-3. The differences in opti-
mum asphalt contents between mixes using the two binder 
sources and two binder grades are listed in Table 3-10. The 

Table 3-8. Volumetric properties for the Minnesota mixes.

 0% RAP 40% RAP 0% RAP 40% RAP 

Nominal Max. Agg. Size, mm 9.5 9.5 19.0 19.0 

Virgin Binder Grade 58-28 58-28 58-28 58-28 

Blend Used 1 3 1 5 

ASTM 67s, % 0 0 30 25 

½” Chip, % 45 50 20 15 

W. Sand, % 0 10 0 20 

Pea Gravel, % 15 0 10 0 

BA Sand, % 15 0 20 0 

Man. Sand, % 25 0 20 0 

Coarse RAP (Pb=4.31), % 0 30 0 40 

Fine RAP (Pb=4.67), % 0 10 0 0 

Blend Gsb 2.631 2.650 2.637 2.651 

Percent Passing 25.0 mm 100 100 100 100 

Percent Passing 19.0 mm 100 100 98.0 98.2 

Percent Passing 12.5 mm 100 98.4 85.6 86.4 

Percent Passing 9.5 mm 98.1 92.9 76.6 75.9 

Percent Passing 4.75 mm 51.0 48.0 45.1 51.8 

Percent Passing 2.36 mm 31.0 34.5 30.8 40.7 

Percent Passing 1.18 mm 22.4 26.6 22.4 29.7 

Percent Passing 0.60 mm 13.9 19.2 13.2 19.7 

Percent Passing 0.30 mm 7.6 11.4 6.8 11.2 

Percent Passing 0.15 mm 5.1 6.0 4.4 6.0 

Percent Passing 0.075 mm 4.1 3.6 3.6 3.8 

Optimum AC, % 6.3 6.1 5.0 5.1 

AC from Virgin Binder, % 6.3 4.1 5.0 3.0 

AC from RAP, % 0 2.0 0 2.1 

RAP Binder/Total Binder, % 0 33 0 42 

Va, % 4.0 4.0 4.1 4.0 

VMA, % 16.1 15.5 13.6 13.4 

Vbe, % 12.1 11.5 9.5 9.4 

VFA, % 75.0 74.7 69.4 70.6 

Effective AC, % 5.3 5.0 4.1 4.0 

Dust/Asphalt Ratio 0.8 0.7 0.9 0.9 

TSR 0.78 1.00 0.85 1.01 
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 0% RAP 40% RAP 0% RAP 40% RAP 

Nominal Max. Agg. Size, mm 9.5 9.5 19.0 19.0 

Virgin Binder Grade 67-22 67-22 67-22 67-22

Blend Used 7 13 3 7 

Sand, % 20 19 17 8 

M10, % 15 0 17 0 

W10, % 15 0 14 10 

67, % 32 21 27 24 

78, % 0 0 15 11 

89, % 18 20 10 7 

Coarse RAP (Pb=5.27), % 0 35 0 20 

Fine RAP (Pb=5.95), % 0 5 0 20 

Blend Gsb 2.722 2.653 2.736 2.676 

Percent Passing 19.0 mm 100 100 96.9 97.3 

Percent Passing 12.5 mm 99.6 98.8 87.9 88.5 

Percent Passing 9.5 mm 94.3 94.7 73.8 74.3 

Percent Passing 4.75 mm 71.3 70.5 51.8 50.9 

Percent Passing 2.36 mm 55.8 59.0 41.0 41.8 

Percent Passing 1.18 mm 42.0 47.9 32.3 33.8 

Percent Passing 0.60 mm 31.7 37.0 25.2 25.8 

Percent Passing 0.30 mm 20.8 22.9 16.9 15.7 

Percent Passing 0.15 mm 9.4 9.4 7.8 7.2 

Percent Passing 0.075 mm 4.6 4.5 4.0 4.0 

AC from Virgin Binder, % 5.4 3.5 4.5 2.9 

Optimum AC, % 5.4 5.6 4.5 5.1 

AC from RAP, % 0.0 2.1 0.0 2.2 

RAP Binder/Total Binder, % 0 38 0 44 

Va, % 3.8 4.2 4.1 4.1 

VMA, % 15.1 15.0 13.5 13.6 

Vbe, % 11.3 10.8 9.4 9.5 

VFA, % 72.6 71.8 70.3 70.4 

Effective AC, % 4.6 4.6 4.0 4.0 

Dust/Asphalt Ratio 1.0 1.0 1.0 1.0 

TSR 0.93 0.77 0.91 0.76 

Table 3-9. Volumetric properties for the Florida mixes.

Figure 3-3. Optimum total binder contents for the Utah and  
New Hampshire mixes.
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PG 
Materials 
Source 

RAP 
(%) 

Difference 
between Soft 
Primary and 
Secondary 

Binders 

Difference 
between Stiff 
Primary and 
Secondary 

Binders 

Difference 
between Soft 

and Stiff 
Primary 
Binders 

Difference 
between Soft 

and Stiff 
Secondary  

Binders 

58-34 UT 

0 -0.5 -0.2 -0.4 -0.1 

25 -- -0.4 -- -- 

55 0.4 -0.1 0.3 -0.2 

58-28 NH 

0 0 0 0 0 

25 -- 0 -- -- 

55 -0.1 0 0 0.1 

Table 3-10. Optimum asphalt content differences.

optimum asphalt contents for the Utah mixes were appar-
ently affected by changes in binder source and binder grade. 
However, there was not a consistent trend for these effects. 
For example, the optimum asphalt content from the primary 
source increased when the stiffer binder was used compared 
to the soft binder for the 0 and 25 percent RAP mixes, but 
decreased for the 55 percent RAP mix. The optimum asphalt 
content for the virgin Utah mixes with two sources of PG 58-34 
binder differed by 0.5 percent, and with the PG 64-34 binders, 
differed by 0.2 percent. The difference between the primary 
and secondary binders overall for the virgin Utah mix was not 
substantial, except for the mix containing the soft primary 
binder compared to the other mixes. The two Utah mixes 
with 25 percent RAP used different virgin binder grades. 
The optimum asphalt content of the mix using the soft binder 
was 0.4 percent lower than that of the stiff binder. For the 
55 percent RAP Utah mix, the optimum binder content dif-
ference between the mixes containing binders from different 
sources was 0.4 percent. All other differences between binder 
sources and binder types for the Utah and New Hampshire 
mixes were less than 0.3 percent.

The effective asphalt contents of the New Hampshire and 
Utah mixes are shown in Figure 3-4. The greatest differences 
in effective asphalt content were observed for the 0 and 25 per-
cent RAP Utah mixes. All other mixes exhibited reasonable 
differences between the various binder sources and grades. 
The fact that the virgin mix designs were among those that had 
the greatest differences in asphalt contents with the different 
sources and grades of virgin binder indicates that the differ-
ences in optimum asphalt contents were not due to a compat-
ibility problem between virgin and RAP binders.

The voids in the mineral aggregate (VMA) for the New 
Hampshire and Utah mixes are illustrated in Figure 3-5. With 
the exception of the 0 and 25 percent RAP Utah mixes, the 
differences were reasonable between mixes with different 
binder sources and grades.

Overall, the results were not clear with regard to whether 
changing the binder source or binder grade have an effect on 
volumetric properties of mix designs. For the Utah materials,  
significant differences in optimum asphalt contents (up to  
0.5 percent) were obtained for the virgin and 25 percent RAP 
mix designs when different binder grades and different binder 

Figure 3-4. Effective asphalt contents of the New Hampshire and  
Utah mixes.
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sources were used. Since these differences in optimum asphalt 
contents included virgin mix designs, then a problem with com-
patibility of virgin and RAP binders can be ruled out as a pos-
sible cause. For the New Hampshire materials, the mix design 
results indicate that changing the virgin binder source or the 
virgin binder grade has little effect on the volumetric properties.

Estimated Effective Binder Grades

Although complete blending of virgin and RAP binders in 
recycled mixtures has not been proven, most recent research 
indicates that co-mingling of new and recycled binders does 
occur to a substantial degree (19, 22, 23, 24, 36). Following 
the assumption of complete blending, which is the basis for 
high RAP content mix designs in AASHTO M 323, calculations 
were conducted to predict the effective grade of the com-
posite binder for each mix design. In essence, the calculation 
is a weighted average of the critical temperatures where the 
weighting factors are the percentage contribution to the total 
binder. Results for the New Hampshire mix designs with the 
primary binder source are summarized in Table 3-11. Based 
on this analysis, the most significant impact is on the low crit-

ical temperature, where a 2- to 3-degree increase is predicted 
for the 25 percent RAP mixtures, and a 2.5- to 3.9-degree 
increase is predicted for the mixes containing 55 percent RAP. 
If virgin binder grades with lower critical temperature PG 
grades had been available, for example XX-34, the predicted 
low-temperature grades of the theoretical blends for the RAP 
mixes would have been very similar to the virgin mixes.

Results for the Utah mix designs with the primary binder 
source are summarized in Table 3-12. For these 55 percent RAP 
mixes, the percentages of RAP binder were much higher. Each 
of the predicted critical temperatures was substantially affected 
by RAP contents, even at 25 percent. The increase in the high 
critical temperatures is not a problem since that improves 
a mixture’s rutting resistance. An increase in the intermedi-
ate temperature could mean that the mixture is less fatigue-
resistant since the binder is less flexible (a higher temperature 
is necessary to meet the maximum G*sind of 5000 kPa). The 
substantial increase in low critical temperatures for the mixes 
containing RAP indicate that the mixtures would be susceptible 
to thermal cracking at warmer temperatures.

Predicted composite binder critical temperatures for the 
Minnesota and Florida mixtures are shown in Table 3-13. The 

Figure 3-5. VMA of the Utah and New Hampshire mixes.

Virgin PG RAP 
PbRAP/ 
PbTotal 

High Tc Int. Tc Low Tc 

58-28 

0 0 61.5 17.4 -29.7 

25 26 66.6 20.1 -26.9 

55 34 66.6 19.4 -25.8 

70-28 

0 0 71.3 19.3 -29.1 

25 26 73.2 20.9 -27.2 

55 34 73.2 20.6 -26.6 

Table 3-11. Predicted critical temperatures of 
composite binders for New Hampshire mixes.

Virgin PG RAP 
PbRAP/ 
PbTotal 

High Tc Int. Tc Low Tc 

58-34 

0 0 63.0 11.7 -34.9 

25 26 69.2 16.8 -29.6 

55 47 73.6 20.6 -25.8 

64-34 

0 0 68.2 9.3 -35.5 

25 25 72.7 14.7 -30.4 

55 49 76.8 19.8 -25.6 

Table 3-12. Predicted critical temperatures  
of composite binders for Utah mixes.
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RAP binder percentage for three of the four 40 percent RAP 
mixes was lower than the aggregate content because little 
or no fine fractionated RAP was used. For both Minnesota 
mixes, all the predicted composite binder critical temperatures 
increased by 2 to 5 degrees for the 40 percent RAP mixes  
compared to the virgin mixes. For the Florida mixes, the 
predicted critical temperatures increased slightly for the 
9.5-mm NMAS mix, but decreased slightly (improved) for 
the 19.0-mm NMAS mix. This apparent improvement was 
due to the relatively unaged binder in the fine fractionated 
RAP from Florida. The true grade for the recovered RAP 
binder was 71.1 (21.7) -26.3, which was very close to the virgin 
PG 67-22 binder from Florida.

Dynamic Modulus Results

Dynamic modulus testing involved laboratory E* testing 
at four temperatures and six frequencies to develop a mas-
ter curve for each of the 28 mix designs using the previously 
described methodology. Analysis of the E* data was con-
ducted separately on mixes from each of the four locations 
to avoid confounding factors such as RAP characteristics and 
aggregate mineralogy.

New Hampshire Mixtures

The set of 10 mixtures using New Hampshire materials 
included two binder grades (PG 58-28 and PG 70-28), two 
binder sources, three RAP contents (0, 25, and 55 percent), 
and one NMAS (12.5-mm). The following subsections assess 
how binder grade, source, and RAP content affected mixture 
stiffness.

Effect of RAP Content on Mixture Stiffness

Figures 3-6 through 3-8 show the master curves of the 
10 New Hampshire mixtures sorted by virgin binder grade. 
Figure 3-6 presents the master curves of the three mixtures 
using the PG 58-28A binder, while Figure 3-7 shows the master 

curves of the three mixtures using the PG 70-28A binder, and 
Figure 3-8 shows the virgin and 55 percent RAP mixtures using 
both the PG 58-28 and 70-28 binders from Source B. From a 
visual inspection of the master curves, it can be seen that a dis-
tinct separation exists between the virgin mix master curves and 
those of the RAP mixes in the intermediate reduced-frequency 
range (middle portion of the graphs). All the RAP mixtures 
were stiffer than their respective virgin mixtures in the inter-
mediate temperature portion of the master curve. The increase 
in stiffness in this portion of the curve, however, was not always 
proportional to the amount of RAP in the mixture. When the 
softer binder was used (Figure 3-6), the 55 percent RAP mix-
ture was stiffer than the 25 percent RAP mixture at intermediate 
temperatures; however, the converse was true when the stiffer 
binder was incorporated into the mixture (Figure 3-7).

Effect of Virgin Binder Grade on Mixture Stiffness

Figures 3-9 through 3-11 display the New Hampshire mix-
ture master curves by RAP content to assess how the virgin 
binder grade affects mixture stiffness. From each of these plots, 

Source 
Virgin 

PG 
NMAS RAP 

PbRAP/ 
PbTotal 

High Tc Int. Tc Low Tc 

MN 58-28 

9.5 
0 0 60.1 17.4 -29.5 

40 33 65.1 20.4 -26.4 

19.0 
0 0 60.1 17.4 -29.5 

40 42 64.3 19.5 -27.2 

FL 67-22 

9.5 
0 0 72.5 21.7 -26.7 

40 38 72.8 22.3 -26.1 

19.0 
0 0 72.5 21.7 -26.7 

40 44 72.5 22.1 -26.3 

Table 3-13. Predicted true grade critical temperatures  
for Minnesota and Florida mixes.

Figure 3-6. New Hampshire mixtures using PG 58-28A 
master curves.
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Figure 3-7. New Hampshire mixtures using PG 70-28A 
master curves.

Figure 3-8. New Hampshire mixtures using PG 58-28B 
and PG 70-28B master curves.

Figure 3-9. New Hampshire virgin mixtures master 
curves.

Figure 3-10. New Hampshire 25 percent RAP mixtures 
master curves.

the effect of the binder grade is most apparent at the inter-
mediate reduced-frequency range. Master curves appear to 
converge near the cold- and high-temperature regions of the 
master curves due to limits in the sigmoidal functions used to  
create the master curves. When visually examining the virgin  
mixtures in Figure 3-9, it can be seen that increasing the vir-
gin binder grade of the mixtures from both binder sources 
increases the stiffness of the mixtures by almost 100 percent. 
For the 25 percent RAP mixtures, shown in Figure 3-10, increas-
ing the virgin binder by two full grades at the high-temperature 
range increased the mix stiffness by about 40 percent. For the  
55 percent RAP mixtures, shown in Figure 3-11, increasing 
the virgin binder grade increased the mixture stiffness when 
using binder from Source B; however, it did not affect the mix-
ture stiffness when using binder from Source A. In addition, 
although the master curves for both 55 percent RAP mixtures 
using the PG 58-28 binder and the 55 percent RAP mix using 
the PG 70-28A binder converged, the 55 percent RAP mixture 

Figure 3-11. New Hampshire 55 percent RAP mixtures 
master curves.
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using the PG 70-28 binder from Source B was actually the least 
stiff at the high-temperature range of the master curve. Over-
all, the results suggest that as RAP content increases, the effect 
of the virgin binder grade becomes less influential as would be 
expected due to the higher proportion of reclaimed binder.

Effect of Binder Source on Mixture Stiffness

A final visual analysis of master curves was conducted 
by comparing the New Hampshire mixtures with similar 
binder grades from different sources. For the New Hampshire 
mixtures, the true grades of the binders did not vary by 
more than 4°C at either the high or low critical temperature. 
These comparisons are presented in Figures 3-12 through 3-15. 
The results for four virgin mixtures were compared in Fig-
ures 3-12 and 3-13 for the PG 58-28 binders and PG 70-28 
binders, respectively. In Figure 3-12, the results of the mixture 
with binder from Source B appear slightly higher than the  
E* results for the mixture with Source A. An inspection showed 
the average E* values from Source B were about 12 percent 
higher through the intermediate region of the master curve. 
At the low-temperature end of the master curves, this difference 
is reduced to between 5 and 9 percent. The two master curves 
converge to stiffnesses within 2 psi of each other at the high-
temperature region of the curve.

Figure 3-13 shows a different trend. Using the higher PG 
binders, the master curves of the two mixtures converged at the 
intermediate temperatures but deviated at the higher and lower 
temperatures. As with the virgin binder mixtures using the 
PG 58-28 binders, the maximum difference between mixture 
stiffness at any point on the master curve was approximately  
10 percent. Based on these results, changing virgin binder source 
may not significantly affect the stiffness of virgin mixtures.

The 55 percent RAP mixtures also were designed using 
PG 58-28 and PG 70-28 binders from two different sources. 

Figure 3-14 shows the master curves of the two 55 percent 
RAP mixtures using the PG 58-28 binders. As can be seen, at 
the cold-temperature, high-frequency portion of the master 
curve, the mixtures have similar stiffnesses but deviate as the 
master curves approach the intermediate and high tempera-
tures. The differences at the intermediate temperatures show 
that the mixture using binder from Source B is softer by 15 to 
20 percent. However, at the high-temperature, low-frequency 
section of the master curve, the mixture using binder from 
Source B is stiffer by about 20 percent.

Figure 3-15 shows the master curves for the two 55 percent 
RAP mixtures designed with the PG 70-28 binders. These two 
master curves are very similar at the high-temperature, low-
frequency portion of the curves and through the intermediate 
temperatures. Even when the mixtures deviate at the right 
side of the master curves (low-temperature, high-frequency), 
the differences are typically less than 10 percent.

Figure 3-12. New Hampshire master curves for  
virgin mixtures using PG 58-28 binder.

Figure 3-13. New Hampshire master curves for virgin 
mixtures using PG 70-28 binder.

Figure 3-14. New Hampshire master curves for  
55 percent RAP mixtures using PG 58-28 binder.
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As with the effect of the virgin binder grade, which showed 
less effect on the mixture as RAP content increased, the source 
of the virgin binder also appeared to make less difference on 
the mixture stiffness for the 55 percent RAP mixtures than it 
did for the virgin mixtures.

To statistically assess the effect of the mix factors on mixture 
stiffness, a general linear model (GLM) (a = 0.05) was con-
ducted on the E* data measured at 1 Hz. The frequency of 1 Hz  
was chosen simply because it was the middle frequency. For this 
analysis, the binder grade, binder source, and RAP content were 
chosen as factors for the GLM. The p-values for the three factors 
at the four test temperatures are given in Table 3-14. The sta-
tistical analyses confirm the RAP content is the most critical 
factor affecting the mixture stiffness for the New Hampshire 
mixtures at all four temperatures. Binder grade was statistically 
significant at the intermediate and high temperatures. At the 
low testing temperature, the binder grade did not significantly 
influence the mixture stiffness. The least important of the three 
mixture properties in determining mixture stiffness was binder 
source. Binder source was statistically significant only at the 
extreme testing temperatures.

Utah Mixtures

The 10 mixtures designed using the materials from Utah 
included two binder grades (PG 58-34 and PG 64-34), two 

binder sources, three RAP contents (0, 25, and 55 percent), and 
one NMAS (12.5-mm). A mix was developed using a WMA 
technology to determine how WMA affects mixture stiff-
ness. The following subsections assess how binder grade and 
source, as well as RAP content and WMA affected dynamic 
modulus results.

Effect of RAP Content on Mixture Stiffness

Figures 3-16 through 3-18 show the master curves of 10 
Utah mixtures sorted by binder grade. Figure 3-16 presents 
the master curves of the three mixtures using the PG 58-34A 
binder while Figure 3-17 shows the master curves of the 
three mixtures using the PG 64-34A binder, and Figure 3-18 
shows the virgin and 55 percent RAP mixtures using both 
the PG 58-34 and 64-34 binders from Source B. In general, 
mixes containing RAP had higher stiffness at the right end 

Figure 3-15. New Hampshire master curves for  
55 percent RAP mixtures using PG 70-28 binder.

Mix Factor 
Test Temperature (°C) 

4.4 21.1 37.8 54.4 

Binder Grade 0.124 0.000 0.000 0.000 

Binder Source 0.010 0.428 0.226 0.041 

% RAP 0.000 0.000 0.000 0.000 

Table 3-14. New Hampshire E* GLM 
results p-values.

Figure 3-16. Utah master curves for mixtures  
using PG 58-34A.

Figure 3-17. Utah master curves for mixtures  
using PG 64-34A.
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(low-temperature, high-frequency) and middle (intermediate 
temperatures) portions of the master curves. At the extreme 
high-temperature, low-frequency range, most of the mixtures 
were within approximately 20 percent of each other. However, 
the percent difference is not a good indicator of significance at 
this reduced-frequency range since the difference in stiffness 
between the mixtures was only 10 ksi. For the softer binder 
from Source A, comparing virgin mixture to 25 percent RAP 
showed an increase in stiffness; however, increasing the RAP 
content to 55 percent made little to no visual difference in the 
master curves of the two mixtures. For the stiffer binder from 
Source A, an opposite trend was evident. Changing from a 
virgin mixture to 25 percent RAP made little difference in 
the stiffness of the asphalt mixture; however, the 55 percent 
RAP content appeared to make a substantial upward shift in 
the master curve.

Although the same trends were not evident for the mixtures 
using binders from Source B, it can be seen in Figure 3-18 
that the master curves for the 55 percent RAP content mixes 
were stiffer at the intermediate and cold temperatures than 
the corresponding virgin mixtures. Overall, the trend was 
noticed that mixture stiffness increased for mixtures with 
higher RAP contents; however, the increase in stiffness was 
not always proportional or consistent with the amount of 
RAP used in the mixture.

Effect of Binder Grade on Mixture Stiffness

Two binder grades were used for the Utah mix designs 
(PG 58-34 and PG 64-34). Unlike the New Hampshire mixtures, 
where there was a difference of two performance grades in the 
critical high temperature of the virgin binders, the difference 
for Utah binders was only one performance grade. Figures 3-19 
through 3-21 show the master curves for the Utah mixtures 
comparing the effect of virgin binder grades. In Figure 3-19, 
it can be seen that the four virgin mixtures had similar master  

Figure 3-19. Utah master curves for virgin mixtures.

Figure 3-20. Utah master curves for 25 percent  
RAP mixtures.

curves at the low-temperature, high-frequency region. At the 
high-temperature, low-frequency portion of the curve, there 
is some deviation between the stiffnesses of the mixtures using 
different binder grades; however, these differences are less than 
12 percent. At the intermediate temperature and frequency por-
tion of the curves, the differences are not very drastic between 
binder grades, as they are typically less than 10 percent.

The master curves of the two 25 percent RAP mixtures with 
two binder grades are shown in Figure 3-20. At the extreme 
temperatures, there is little visual difference in the two master 
curves. However, at intermediate temperatures, the stiffness 
increases by over 60 percent when using a PG 64-34 binder 
compared to the PG 58-34 binder.

The master curves of the 55 percent RAP mixtures (Fig-
ure 3-21) presented conflicting results. The mixture using 
binder from Source A showed little difference in the stiffness of 
the mixtures using different binder grades (similar to the virgin 
mixtures). However, the mixtures using binders from Source 
B followed the trends seen for the 25 percent RAP mixtures. 
The extreme temperatures showed similar mixture stiffnesses; 

Figure 3-18. Utah master curves for mixtures  
using PG 58-34B and PG 64-34B.
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however, a 60 percent difference in mixture stiffness was seen 
through the intermediate range of temperatures.

Effect of Binder Source on Mixture Stiffness

Figures 3-22 and 3-23 show the master curves for the virgin 
and 55 percent RAP mixtures using different binder sources. 
For the mixtures containing PG 58-34 binders, it can be seen 
that the master curves of the mixtures from the different binder 
sources converge at the extreme cold-temperature range of the 
master curves. At the extreme hot-temperature, low-frequency 
side of the curves, a 6 to 7 psi difference in mixture stiffness was 
observed based on the binder source. The greatest deviations 
in mixture stiffness occur through the intermediate tempera-
ture range of the curves. For the virgin mixture, changing from 
binder Source A to B reduced the mixture stiffness by almost 
50 percent. Although the reduction in stiffness was not as great 
for the 55 percent RAP mixture, the stiffness reduction was 
still approximately 30 percent.

Although the binder source seemed to affect the mixture 
stiffness of the Utah mixtures containing PG 58-34 binders,  
little difference was noticed in the master curves of the mixtures 
containing PG 64-34 binders, as can be seen in Figure 3-23. 
It is unknown why this occurred for the mixtures using a softer 
virgin binder while the mixtures with the stiffer binder were 
not affected by changing binder source; however, these results 
emphasize that one must consider the source of the virgin 
binder when designing mixtures. This is especially critical if 
dynamic modulus data are to be used in a design methodology 
such as mechanistic-empirical pavement design.

Effect of WMA on Mixture Stiffness

A final comparison was conducted to determine how 
WMA affected the mixture stiffness of an asphalt mixture 
with 55 percent RAP (Figure 3-24). As can be seen, the high 
RAP mixture with WMA presents a similar master curve to 
the mixture designed and compacted as HMA. Through the 

Figure 3-21. Utah master curves for 55 percent  
RAP mixtures.

Figure 3-22. Utah master curves for mixtures  
with PG 58-34 binders. Figure 3-24. Effect of WMA on mixture stiffness.

Figure 3-23. Utah master curves for mixtures  
with PG 64-34 binders.
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intermediate temperatures, the average difference between 
the HMA and WMA mixtures is approximately 10 percent.  
A 15 percent difference in mixture stiffness was noticed at the 
hot end of the master curve while the difference at the cold 
end of the master curve is less than 6 percent.

To statistically assess how mix factors affected mixture stiff-
ness through the range of temperatures expected in service, a 
general linear model (GLM) (a = 0.05) was conducted on the 
E* data measured at 1 Hz. For this analysis, the binder grade, 
binder source, and RAP content were chosen as variables 
for the GLM. The p-values for the three mixture properties 
at all four temperatures are given in Table 3-15. RAP content 
was again the most critical factor affecting mixture stiffness. 
At all three test temperatures, this factor was statistically 
significant. The trends showed that increasing RAP content 
typically increased mixture stiffness. The virgin binder grade 
of the mixture was statistically significant only at the lowest 

testing temperature. This differs from the New Hampshire 
results; however, it is important to remember that the dif-
ference between the critical high temperatures of the Utah 
binders was not as great as the difference between the critical 
high temperatures of the New Hampshire binders. Addition-
ally, although there were differences in the master curves of the 
mixtures using the PG 58-34 binder from different sources, 
the differences in stiffness of the mixtures with the PG 58-34A 
and PG 58-34B binders were not great enough to make binder 
source a statistically significant mixture property in this sta-
tistical analysis.

Effects of Mix Design Factors  
on Dynamic Modulus

An ANOVA was also used to identify the mix factors that 
significantly affected the dynamic modulus results at each 
temperature and frequency using the combined data from 
New Hampshire and Utah. The factors included in the anal-
ysis were materials source, RAP percentage, virgin binder 
source, and virgin binder grade. Table 3-16 shows the results 
of the analysis. The cells with diamonds indicate which fac-
tors were significant for a given temperature and frequency. 
It can be seen that the materials source and RAP content were 
significant across nearly all temperatures and frequencies. 
The effects of materials source and RAP content are logical. 

Mix Factor 
Test Temperature (°C) 

4.4 21.1 37.8 54.4 

Binder Grade 0.047 0.759 0.160 0.445 

Binder Source 0.125 0.081 0.196 0.204 

% RAP 0.000 0.000 0.000 0.000 

Table 3-15. Utah E* GLM results p-values.

Frequency 
Temperature 

(°C) 
Material 
Source 

RAP 
Percentage 

Binder 
Source 

Virgin Binder 
Grade 

25 

4.4    
21.1     
37.8   
54.4  

10 

4.4   
21.1    
37.8    
54.4  

5 

4.4   
21.1    
37.8    
54.4  

1 

4.4   
21.1     
37.8    
54.4   

0.5 

4.4   
21.1     
37.8   
54.4    

0.1 

4.4   
21.1    
37.8    
54.4     

Table 3-16. ANOVA results for mixes with multiple binder sources.
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The materials from the two sources had different character-
istics, and the mix designs differed by gradations, volumetric 
properties, and virgin binder grades. Also as expected, mix 
designs with 55 percent RAP were significantly stiffer than 
virgin mixes. Virgin binder source typically was significant 
at the intermediate temperature of 21.1°C. Virgin binder 
grade significantly affected most of the dynamic moduli at 
37.8°C. The virgin binder grade also significantly affected the 
dynamic modulus results at the lowest frequency.

A better sense of the magnitude of the effects of the fac-
tors on mix stiffness can be seen in the main effects plots in 
Figure 3-25. It can be seen that RAP content had the largest 
impact at all temperatures. Compared to the virgin mixes, the 
stiffnesses of the 25 percent RAP mixes were about 30 percent 
to 43 percent higher, with the greatest differences occurring 
at the intermediate temperature ranges. The 50 percent RAP 
mixes were about 25 percent to 60 percent stiffer than the 
virgin mixes, with the greatest difference occurring at 21.1°C. 
The influence of the virgin binder grade was much more evi-
dent at higher temperatures, which is consistent with the fact 

that the different binder grades used in the mix designs only 
varied by the high PG number.

Minnesota Mixtures

Figure 3-26 shows the master curves for the four mixtures 
produced using Minnesota materials. It can be seen that the 
master curves for these four mixtures never really converge. 
At every point along the master curve, the mixtures with 
40 percent RAP were numerically stiffer than the virgin mix-
tures. It should also be noted that while the NMAS of the 
aggregate seemed to have little effect on the E* of the virgin 
mixtures, the 19.0-mm mixtures with 40 percent RAP were 
consistently stiffer than the 9.5-mm mixtures.

To assess how RAP content, virgin binder grade, and binder 
source affected mixture stiffness through the range of tem-
peratures expected in service, a general linear model (GLM) 
(a = 0.05) was completed on the E* data measured at a fre-
quency of 1 Hz. For this analysis, the only terms assessed were 
NMAS and RAP content. The p-values for both factors at 
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(c) Main effects plot for E* at 37.8°C.
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(d) Main effects plot for E* at 54.4°C.

Figure 3-25. Main effects plots of experimental factors on dynamic moduli.
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all four temperatures are given in Table 3-17. The statistical 
analyses confirm the RAP content is again the most critical 
factor that affects the mixture stiffness for the Minnesota mix-
tures at three of the four temperatures. The greater the percent 
RAP in the mixture, the greater the mixture stiffness. The 
NMAS of the aggregate structure was statistically significant 
at 4.4 and 37.8°C. However, it was not statistically significant 
at all four testing temperatures, showing the percent RAP in 
the mixture is consistently the most influential component 
of mixture stiffness.

Florida Mixtures

Figure 3-27 shows the master curves for the four mixtures 
designed using the materials from Florida. It can be seen that 
the four master curves tend to converge at the right side of 
the reduced-frequency range (representing low-temperature 
and high-frequency loading). The sigmoidal function used to 
develop the master curves had two asymptotes, causing the 
master curves to display at least a small degree of convergence 
at the intermediate temperatures. However, when the mixtures 
were tested at intermediate temperatures, clear separation exists 
between the mixtures produced using virgin aggregate and 
mixtures produced with 40 percent RAP. Both the 9.5- and 
19.0-mm mixtures with RAP were stiffer than the correspond-
ing virgin mixtures. When tested at the highest temperatures, 
all four mixtures have stiffness values within 20 percent psi of 
each other.

To assess how RAP content, virgin binder grade, and binder 
source affected mixture stiffness through the range of tem-
peratures expected in service, a general linear model (GLM) 
(a = 0.05) was conducted on the E* data measured at 1 Hz. For 
this analysis, the only terms assessed were NMAS and RAP con-
tent. The p-values for these factors at all four temperatures are 
given in Table 3-18. The statistical analyses confirm that RAP 
content is the most critical factor affecting the mixture stiffness 
for the Florida mixtures at all four temperatures. The greater the 
percent RAP in the mixture, the greater the mixture stiffness. 
For the low temperature (4.4°C) and the high-intermediate 
temperature (37.8°C), the NMAS of the aggregate statistically 
affected the mixture stiffness. However, the aggregate size did 
not statistically affect mixture stiffness at 21.1 and 54.4°C.

Backcalculated Effective Binder 
Grade from Dynamic Modulus Tests

The eight virgin mixtures designed in Phase III were used 
to initially assess the feasibility of using the backcalculation 
procedure to determine the effective binder properties of mix-
tures containing RAP. Virgin mixtures were selected for the 
initial assessment to avoid the confounding assumption that 
the extraction and recovery process causes blending of the RAP 
and virgin binders even though they may not be physically 
blended in the mixture.

Table 3-19 shows the measured and predicted critical high 
and intermediate temperatures as well as the percent error 

Figure 3-26. Minnesota mixture master curves.

Mix Factor 
Test Temperature (°C) 

4.4 21.1 37.8 54.4 

NMAS 0.000 0.755 0.018 0.122 

% RAP 0.000 0.097 0.001 0.000 

Table 3-17. Minnesota E* GLM results p-values.

Figure 3-27. Florida mixture master curves.

Mix Factor 
Test Temperature (°C) 

4.4 21.1 37.8 54.4 

NMAS 0.000 0.210 0.000 0.313 

% RAP 0.000 0.000 0.000 0.002 

Table 3-18. Florida E* GLM results p-values.
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between the measured and predicted values. The “actual” 
measured critical temperatures shown are from the tank 
sample virgin binders, so there was no extraction or recovery 
testing to confound the results. Paired t-tests (a = 0.05) were 
used to statistically compare the actual and predicted criti-
cal temperatures. The analyses showed the backcalculation 
statistically under-predicted the actual intermediate tem-
perature (p = 9.43 E-07) and statistically over-predicted the 
actual critical high-temperature grade of the asphalt binders 
(p = 0.018).

A second set containing 24 mixtures (Table 3-20) was also 
included in the analysis to further assess the backcalculation 
procedure. These mixtures were produced for the 2009 NCAT 

Pavement Test Track. Each mixture was sampled during 
construction and taken to the NCAT laboratory for testing. 
At the lab, each mixture was reheated for sample preparation 
in accordance with AASHTO PP 60-09 and then tested for 
dynamic modulus using AASHTO TP 79-09. These mixtures 
ranged from virgin mixtures to mixes with high RAP percent-
ages, ground tire rubber, and/or warm mix asphalt (WMA).

Figure 3-28 compares the backcalculated versus measured 
intermediate critical binder temperatures of the 24 test track 
mixtures. The backcalculation procedure under-predicts 
90.6 percent of the 32 mixtures. On average, the model devi-
ated from the measured critical temperature by 7.0°C with a 
maximum error of 13.1°C and minimum error of 0.4°C.

Mixture 
Critical Intermediate Temperature, °C Critical High Temperature, °C 

Actual Predicted % Error Actual Predicted % Error 
FL 19-mm 21.7 13.6 -37.3 72.5 74.7 3.0 
FL 9.5-mm 21.7 16.2 -25.3 72.5 83.3 14.9 

NH PG 58-28A 17.4 7.8 -55.2 61.5 80.2 30.4 
NH PG 58-28B 17.4 5.2 -70.1 60.1 65.2 8.5 
NH PG 70-28A 19.3 9.8 -49.2 71.3 73.7 3.4 
NH PG 70-28B 15.6 6.2 -60.3 71.4 79.7 11.6 

UT 58-34B 9.9 0.9 -90.9 61.2 89.0 45.4 
UT 64-34A 9.3 2 -78.5 68.2 63.4 -7.0 

Table 3-19. Actual and predicted binder properties of  
virgin NCHRP Project 9-46 mixtures.

Mixture 

Critical Intermediate 
Temperature, °C 

Critical High  
Temperature, °C 

Actual Predicted % Error Actual Predicted % Error 
9.5-mm PG 76-22 21.9 11.4 -47.0 81.7 65.9 -19.3 
19-mm PG 76-22 21.9 10.0 -56.7 85.1 69.3 -18.6 
19-mm PG 67-22 24.4 16.9 -30.7 77.4 76.4 -1.3 
12.5-mm PG 67-22 20.0 15.4 -23.0 69.4 68.3 -1.6 
9.5-mm PG 88-22 17.5 17.1 -2.3 93.5 80.6 -13.8 
19-mm PG 88-22 17.5 17.9 2.3 93.5 67.0 -28.3 
SMA PG 70-22 15.5 13.6 -12.3 71.8 66.0 -8.1 
12.5-mm PG 70-22 15.5 18.3 18.7 71.8 74.3 3.5 
9.5-mm 50% RAP 29.4 19.7 21.8 87.8 73.3 -16.5 
19.0-mm 50% RAP 32.4 25.3 -21.6 95.0 83.7 -11.9 
9.5-mm 50% RAP/WMA 29.4 35.8 21.8 83.8 90.3 7.8 
19-mm 50% RAP/WMA 32.1 24.3 -24.3 88.7 86.4 -2.6 
SMA PG 76-22 25.5 15.4 -39.6 78.6 69.3 -11.8 
12.5-mm 40% RAP 18.6 28.5 53.2 90.0 85.1 -5.4 
12.5-mm PG 76-22 19.1 16.6 -13.1 76.6 70.4 -8.1 
12.5-mm Rubber Modified 20.3 17.9 -11.8 81.7 71 -13.1 
9.5-mm PG 76-22 WMA Foaming 23.2 11.4 -50.9 82.9 63.8 -22.2 
19-mm PG 76-22 WMA Foaming 19.9 14.6 -26.6 86.6 67.5 -22.1 
19-mm PG 67-22 WMA Foaming 20.5 13.9 -32.2 75.6 68.4 -9.5 
9.5-mm PG 76-22 WMA Additive 22.6 11.1 -50.9 80.3 56.6 -29.5 
19-mm PG 76-22 WMA Additive 20.3 12.4 -38.9 82.5 66.1 -19.9 
19-mm PG 67-22 WMA Additive 21.8 15 -31.2 73.7 67.6 -8.3 
9.5-mm Natural Asphalt 20.3 15.1 -25.6 80.5 67.8 -15.8 
19-mm Natural Asphalt 20.7 19.5 -5.8 81.5 77.1 -5.4 

Table 3-20. Actual and predicted binder properties of  
2009 NCAT Test Track mixtures.
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Figure 3-29 compares the backcalculated and measured 
critical high temperatures for the 32 mixtures. Although the 
procedure typically over-predicts the critical high temperature 
for the laboratory mixtures (87.5 percent), the model under-
predicts 96 percent of the critical high temperatures when using 
plant-produced mixtures. The average absolute deviation for 
the backcalculation high-temperature procedure was 10.5°C. 
The minimum and maximum errors were 1°C and 27.8°C, 
respectively. These data suggest that the backcalculation pro-
cedure returns errors of at least 1.5 performance grades. These 
errors would either grossly underestimate or overestimate the 
high-temperature performance of each binder.

One possible explanation for this error is an extrapolation 
error. The maximum testing temperature using AASHTO  
TP 79-09 is 45°C to ensure data quality. However, the high tem-
perature assessed in these analyses was at least 15°C greater 
than the maximum testing temperature. The extrapolation 
procedure used to obtain binder stiffness at temperatures well 
above the measured mixture stiffness could influence the accu-
racy of the model.

Additional analyses were conducted to determine if the 
errors may have originated from either poor G* or d pre-
dictions by comparing the measured and predicted G* and d  
at the high performance grade temperature closest to the true 
high and intermediate temperature grades of the binder. 
The comparisons of measured and predicted G* and d for 
the high-temperature backcalculation procedure are shown in 
Figures 3-30 and 3-31. The figures revealed a few discernible 

trends in the data. The results suggest the backcalculation pro-
cedure over-predicts the G* value of laboratory mixtures while 
it under-predicts the G* of plant-produced mixtures. The aver-
age error for G* was 13.1 percent or approximately 0.22 kPa. 
Figure 3-31 shows that the backcalculation methodology 
consistently under-predicted (for 84 percent of the mixtures) 
the phase angle of the binders at high temperatures. The aver-
age percent error of the model was only 10.1 percent, but this 
resulted in under-predicting the phase angle on average by 8.5°.

Figures 3-32 and 3-33 graphically compare the backcalcu-
lated and measured G* and d at intermediate temperatures. 
Although the model typically over-predicted the laboratory 
mixtures G* at high temperatures, the models only over-
predicted G* for two plant mixtures and one RAP mix at inter-
mediate temperatures. The remainder of the mixtures had G* 
values that were under-predicted. The average G* error was 
-50.8 percent. The average difference in measured and back-
calculated G* values was 4033 kPa. Of the 32 mixtures, 29 had 
phase angles that were over-predicted at intermediate tem-
peratures. The average error was 14.3 percent or 5.8°.

The results of these analyses show that the process used for 
backcalculating the effective binder properties of asphalt bind-
ers from dynamic modulus test results is not suitable for use 
without significant improvements. The backcalculated critical 
intermediate and high temperatures deviated from the mea-
sured critical intermediate and high temperatures by as much 
as 13.1 and 27.8°C, respectively. These differences were due to 
errors in backcalculating the G* and phase angle of the asphalt 

Figure 3-28. Comparison of backcalculated and measured critical 
intermediate temperatures.
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Figure 3-29. Comparison of backcalculated and measured critical  
high temperatures.

Figure 3-30. Measured and backcalculated G* at high temperatures.
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Figure 3-31. Backcalculated and measured phase angles at  
high temperatures.

Figure 3-32. Backcalculated and measured G* at intermediate temperatures.
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binders from the dynamic modulus data using the Hirsch and 
C-A models. The errors at the high critical temperature prop-
erties could be due to extrapolating the model to at least 15°C 
beyond measured data. Due to the consistency and magni-
tude of these deviations, the backcalculation methodology for 
predicting effecting binder properties from asphalt mixture 
dynamic modulus testing is neither practical nor effective.

Moisture Damage  
Susceptibility Results

New Hampshire Mix Designs

Results of the moisture damage testing for the mixes with 
New Hampshire materials are illustrated in Figure 3-34. This 
bar graph shows average conditioned and unconditioned 
tensile strengths plotted against the y-axis on the left side, 
and tensile strength ratios (TSRs) shown as black diamonds 
plotted against the secondary y-axis on the right side of the 
chart. It can be seen that TSRs for some of the mix designs were 
less than the AASHTO R 35 minimum criteria of 0.80 when 
no anti-strip additive (ASA) was used. As noted previously, the 
contractor who provided these materials generally does not use 
anti-stripping additives. After adding 0.5 percent (by weight 
of virgin binder) AkzoNobel Wetfix 312, the TSRs improved 
to above 0.80. It can also be seen that the mixtures contain-

ing high RAP contents generally had higher tensile strengths, 
which is expected due to the contribution of stiffer RAP binder. 
In most cases, mixes with PG 70-28 virgin binder had higher 
unconditioned tensile strengths compared to the same design 
with the PG 58-28 virgin binder.

Figure 3-35 shows a similar bar chart for the Utah mix 
designs. All of these mixes contained 1 percent hydrated lime 
by weight of total aggregate, as typically used by the contractor 
who supplied these materials. No additional anti-strip addi-
tive was added to mixes and retested for this set when TSRs 
were below 0.80. Note that Utah DOT uses the Hamburg test 
to evaluate resistance to moisture damage. Although several 
of the high RAP content mixes did not meet the 0.80 TSR 
criteria, conditioned and unconditioned tensile strengths 
increased substantially as RAP contents increased. This is a 
good case to support the argument that TSR values should 
not be used solely to assess moisture damage potential. A few 
states allow lower TSR criteria if the tensile strengths are 
maintained above a certain threshold. For example, the Georgia 
DOT will allow TSRs as low as 0.70 as long as conditioned and 
unconditioned tensile strengths are above 689 kPa (100 psi). 
States that use a softer PG grade of binder should have lower 
tensile strength criteria.

Moisture damage susceptibility results for the Minnesota 
mixes are illustrated in Figure 3-36. The TSR for the virgin 
9.5-mm NMAS was 0.78. All other mixtures met the TSR 

Figure 3-33. Backcalculated and measured phase angles at intermediate 
temperatures.
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criteria. The contractor who supplied these materials does not 
use anti-stripping additives. The mixtures containing RAP had 
significantly higher tensile strengths and showed no strength 
losses due to the conditioning procedure in AASHTO T 283.

Figure 3-37 shows the bar graph of TSR results for the 
Florida mixes. The two virgin mixtures met the TSR criteria. 

In comparison, tensile strengths for the mixes with 40 percent 
RAP were higher than the virgin mix counterparts, but TSRs 
were lower, even when the anti-strip dosage was increased 
from 0.5 to 0.75 percent by weight of the virgin binder. The 
virgin binder for these two mix designs was 62 percent and 
56 percent of the total binder for the 9.5-mm and 19.0-mm 

Figure 3-34. Moisture damage susceptibility results for the  
New Hampshire mixes.

Figure 3-35. Moisture damage susceptibility results for Utah mixes.
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NMAS mixes, respectively. Therefore, as percentages of the total 
binder, the anti-strip dosages were 0.31 percent and 0.47 per-
cent for the 9.5-mm mix, and 0.28 percent and 0.42 percent 
for the 19.0-mm mixes. Mix designers should keep in mind 
that higher dosages of liquid anti-strip agents may be needed 
for high RAP content mixes when the anti-strip agent is 
added to the virgin binder in order to supplement the binder 
contributed by the RAP.

Overall, high RAP content mixes generally had higher 
conditioned and unconditioned tensile strengths than virgin 
mixes. The higher tensile strengths are due to the contribution 
of the stiffer aged RAP binder. In several cases, the TSRs of the 
high RAP content mixes were lower than those for the virgin 
mixes and even dropped below the criterion of 0.80 required 
in AASHTO M 323. Adding anti-stripping additive was usually 
sufficient to improve the TSRs above 0.80.

Figure 3-36. Moisture damage susceptibility results for  
Minnesota mixes.

Figure 3-37. Moisture damage susceptibility results for Florida mixes.
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Flow Number Results

Plots of total accumulated permanent strain versus test 
cycles were constructed for each mix to visually evaluate 
the flow number test results. Figure 3-38 shows the average 
results for the 55 percent RAP mixes from New Hampshire 
as an example. The initial region of deformation, up to about 
1,000 cycles, represents seating and densification (volume 
decrease). The second region of the deformation is character-
ized by a relatively constant rate of strain versus cycles. Lower 
slopes indicate that a mix is stable (i.e., there is not a sub-
stantial amount of shifting of particles in the mix after initial 
deformation). Permanent deformation failure is identified 
by a third region, which is also known as tertiary flow. The 
point where the third region begins is the flow number. None 
of the tests conducted in this study exhibited a third region, 
partially due to the use of a confining pressure in the tests.

Since none of the flow number test results exhibited tertiary 
flow, test results were evaluated based on the total accumulated 
strain at 20,000 cycles and the slope of the change in accumu-
lated strain between 10,000 and 20,000 cycles. These results are  
summarized in Table 3-21. The coefficients of variation for 
accumulated microstrain and slopes of secondary deforma-
tion are mostly below 15 percent, which indicate that the test 
results are reasonably repeatable. For the set that had the poor-
est repeatability (Utah 25 percent RAP with PG 64-34 binder), 
an additional specimen was tested, but including this data did 
not improve the coefficient of variation.

Figure 3-39 shows a plot of the total accumulated micro-
strain versus the slope of the deformation between 10,000 
and 20,000 cycles. It can be seen that the two parameters are 
closely related. In the interest of brevity, further analysis of 
flow number results was limited to the accumulated micro-
strain data.

Source NMAS 
RAP 

% 
Total 
Pb % 

Virgin 
High PG 

Microstrain @ 20,000 Cycles Slope 10k to 20k Cycles 

Avg. 
Std. 
Dev. CV % Avg. 

Std. 
Dev. CV % 

NH 12.5 

0 5.6 
58 

28,614 4,718 16 0.33 .066 20 
55 5.2 22,464 1,273 6 0.22 .025 11 
0 5.6 

70 
16,344 558 3 0.14 .007 5 

55 5.2 15,789 721 5 0.15 .022 15 

UT 12.5 

0 5.5 
58 

19,200 1,991 10 0.26 .028 11 
25 5.7 25,980 2,205 8 0.25 .030 12 
55 6.5 21,080 2,207 10 0.21 .018 9 
55  6.5 58 WMA 15,546 1,812 12 0.14 .011 8 
0 5.9 

64 
23,629 2,134 9 0.23 .022 10 

25 6.1 14,468 5,802 40 0.12 .066 55 
55 6.2 19,150 2,255 12 0.18 .020 11 

FL 
9.5 

0 5.4 

67 

35,823 4,663 13 0.57 .120 21 
40 5.6 43,011 1,142 3 0.79 .032 4 

19.0 
0 4.5 37,453 2,664 7 0.50 .048 10 

40 5.1 36,027 7,098 20 0.59 .016 3 

Table 3-21. Summary of flow number test results.

Figure 3-38. Comparison of average flow number results 
for New Hampshire mixes.
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New Hampshire Mix Designs

Figure 3-40 shows the accumulated strain at 20,000 cycles 
for the New Hampshire mixes. As can be seen, the mixes 
containing 50 percent RAP had lower accumulated strain than 
their virgin mix counterparts for each grade of virgin binder. 
The accumulated strain for the mix with the higher PG virgin 
binder was less than that for the mix with the lower PG binder, 
as expected. Virgin and high RAP mixes with unmodified vir-
gin binders had higher accumulated strain than the polymer-
modified binder mixes.

Utah Mix Designs

Figure 3-41 illustrates the total accumulated strain at 20,000 
cycles for the Utah mixes. Note that the flow number tests 
were conducted only using binders from the primary source. 
For the mixes with the PG 58-34 binder, some of the results 

seem a little odd. The mix containing 55 percent RAP had 
similar results to the virgin mix despite the high proportion 
of RAP binder. This is likely due to the higher total asphalt 
content of the 50 percent RAP mix compared to the virgin mix 
design. The 50 percent RAP mix had an optimum total asphalt 
content of 6.5 percent, whereas the virgin mix had 5.5 percent.  
The mix containing the WMA technology exhibited lower 
accumulated strain than the companion HMA. This is unusual 
since mixes with WMA typically have less resistance to per-
manent deformation due to less aging of the asphalt binder 
resulting from lower mixing and compaction temperatures. 
It is also not clear why the 25 percent RAP mix had greater 
deformation than the virgin mix.

For the mix designs with the PG 64-34 binder, the accumu-
lated strain for the 25 percent RAP mix was the lowest, but 
the results were more variable than those for other mix sets. 
The 55 percent RAP mix had less total deformation than the 

Figure 3-39. Correlation of confined flow number output 
parameters.

Figure 3-40. Comparison of total accumulated strain  
of New Hampshire mixes.
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virgin mix, even though its asphalt content was 0.3 percent 
higher.

Comparing the results of the mixes with the different binder 
grades shows that the virgin mix with the unmodified binder 
had less deformation than the corresponding mixes with 
the polymer binder. This seemingly unusual result may be 
explained by the lower asphalt content for the virgin mix with 
the PG 58-34 binder. The optimum asphalt content for the vir-
gin mix with PG 58-35 was 5.5 percent, compared to 5.9 percent 
for the same mix design with the PG 64-34 binder. For the 
25 percent and 55 percent RAP mixes, the total deformation 
decreased, as expected, when the higher PG binder was used.

Florida Mix Designs

The accumulated strain for the virgin and 40 percent 
RAP content mixes using the Florida materials is shown in 

Figure 3-42. The 9.5-mm NMAS 40 percent RAP content mix 
had greater accumulated strain than its virgin mix counter-
part. The accumulated strains for the 19.0-mm NMAS mixes 
were similar. It is important to recall that the Florida RAP was 
apparently from unaged material; the grade of the Florida 
RAP binder was very similar to the virgin binder. Therefore, 
in this case, the mixes with RAP would not be expected to be 
stiffer or more resistant to permanent deformation.

Statistical Analysis of  
Flow Number Results

Analysis of variance was conducted to determine which 
factors significantly affected the total accumulated strain at 
20,000 cycles. The factors that were considered were mix source 
(New Hampshire, Florida, and Utah), NMAS (9.5, 12.5, and 
19.0 mm), RAP percentage (0, 40, and 55 percent), and virgin 

Figure 3-41. Comparison of total accumulated strain for Utah mixes.

Figure 3-42. Total accumulated strain for Florida mixes.
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binder high performance grade (58, 64, and 70°C). A level of 
significance of 0.05 was used. The ANOVA identified materials 
source and high virgin binder grade as significant factors. 
An interaction plot of the factors affecting the flow number 
results is shown in Figure 3-43.

Summary of Flow Number Results

The confined flow number test was conducted to assess 
the resistance to permanent deformation of mix designs from 
three of the four locations. Analysis was based on the total 
accumulated strain at 20,000 cycles. All of the mixtures had 
less than 50,000 microstrain, or 5 percent strain. However, no 
criteria have been recommended for total accumulated strain 
from confined flow number test results. The ANOVA indi-
cated that both mix source and high performance grade of 
the virgin binder significantly affect the accumulated strain. 
This indicates that the selection of virgin binder can affect the 
permanent deformation of RAP mixtures.

Fatigue Cracking

Mixes from each of the four locations were evaluated for 
resistance to fatigue cracking using the IDT fracture energy 
property based on a testing temperature of 10°C. All samples 
were short-term and long-term aged prior to testing. The IDT 
fracture energy tests were performed only on mix designs 
using the primary binder sources. Research using mixes from 
Westrack indicated that very good fatigue performance was 
observed for mixes having an IDT fracture energy of 3.0 KJ/m3. 

However, the test temperature and specimen failure criteria 
used in that research differs from the conditions used in this 
project. Therefore, an assessment of the impact of the experi-
mental factors can only be made on a relative basis.

New Hampshire Mix Designs

A summary plot of the IDT fracture energy results for the 
mix designs using materials from New Hampshire is shown 
in Figure 3-44. Although the repeatability of the results was 
poor for several mix designs, as indicated by the one-standard 
deviation whisker bars, the average fracture energy results 
were higher for the virgin mixes than for the mix designs 
containing RAP. The mix designs with 55 percent RAP had 
slightly higher average fracture energy results compared to 
the mix designs containing 25 percent RAP. The mix designs 
with the unmodified virgin binder appear to have slightly 
higher fracture energy results compared to the corresponding 
mixes with the polymer-modified virgin binder. A statistical 
analysis of these factors was conducted by combining the data 
from the New Hampshire and Utah mixes.

Utah Mix Designs

Indirect tensile fracture energy results for the Utah mix 
designs are shown in Figure 3-45. As with the New Hampshire  
mix designs, the virgin mix designs had higher fracture energy 
results. The fracture energy of the 55 percent RAP mix with 
the PG 64-34 binder was much lower than other mixes. It is 
unclear if this result is anomalous or if it correctly represents 
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Figure 3-43. Interaction plot of accumulated microstrain for flow  
number tests.
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the cracking resistance of the mix design. The mix design 
with the softer, unmodified virgin binder has a much higher 
fracture energy. Other mix design properties, such as the effec-
tive asphalt content and the predicted effective binder grade, 
are not substantially different for these two mixes. The use of 
the Evotherm WMA appears to provide a slight improvement 
in fracture energy.

To examine the statistical significance of mix factors on 
fracture energy, an ANOVA was conducted with the combined 
data from New Hampshire and Utah. The factors in the analy-
sis were materials source (New Hampshire or Utah), virgin 
binder grades, and RAP content. The ANOVA results, shown 
in Table 3-22, indicate that RAP content was the most sig-
nificant factor, followed by the source of the materials. The 
p-value for virgin binder grade was just above the 0.05 level 

of significance. The interaction of materials source and RAP 
content was not significant. The main effects plot, shown in 
Figure 3-46, illustrates the magnitude of the effect of RAP 
content and source on fracture energy. As evident in the pre-
vious plots, the fracture energy of the virgin mixes was signi-
ficantly higher than the 25 percent and 55 percent RAP mixes. 
Although these data indicate that the high RAP content mixes 
are more susceptible to fracture than the virgin mixes, a critical 
value has not been established for fracture energy for the condi-
tions used in this study.

Minnesota Mix Designs

Figure 3-47 shows the fracture energy results for the mix 
designs with the materials from Minnesota. As with the 

Figure 3-44. IDT fracture energy results for mix designs  
using New Hampshire materials.

Figure 3-45. IDT fracture energy results for mix designs  
using Utah materials.
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Source DF Seq SS Adj SS Adj MS F P 
Material Source 1 0.8585 3.9621 3.9621 4.35 0.046 
Virgin Binder Grade 3 4.2818 7.5661 2.5220 2.77 0.059 
RAP % 2 31.0556 31.0556 15.5278 17.04 0.000 
Material Source*RAP % 2 3.7222 3.7222 1.8611 2.04 0.147 
Error 30 27.3378 27.3378 0.9113   
Total 38 67.2559     

Table 3-22. ANOVA output for IDT fracture energy of New Hampshire 
and Utah mixes.

55250
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Figure 3-46. Main effects plot of significant factors on IDT fracture 
energy results for New Hampshire and Utah mixes.

Figure 3-47. IDT fracture energy results for Minnesota  
mix designs.
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previous mix designs, the virgin mixes have higher fracture 
energies than the mixes containing RAP. It can also be seen 
that the 9.5-mm NMAS mixes have higher fracture ener-
gies than the 19.0-mm NMAS mixes. This is likely due to the 
higher effective asphalt contents for the smaller NMAS mixes.

Florida Mix Designs

IDT fracture energy results are shown in Figure 3-48. The 
mix designs containing 40 percent RAP had very low fracture 
energy results compared to the Florida virgin mixes and  
relative to all of the other mixes tested in this study. This is 
particularly surprising given that the Florida RAP was PG 
graded to be very similar to the virgin binder from Florida. 
Other properties, such as the tensile strengths from TSR tests 
and dynamic modulus tests of these mixes at low temperatures 
were not unusual. If there had been a problem with compatibil-
ity of the RAP and virgin binders, it should have been evident 
in the other tests.

ANOVA results for the mix factors that affected IDT frac-
ture energy for the Minnesota and Florida mixes are shown in 

Table 3-23. All factors and interactions were significant except 
for the interaction between RAP percentage and materials 
source. Based on the F value, RAP clearly had the greatest 
effect. That is consistent with the ANOVA on IDT fracture 
energy for the New Hampshire and Utah mix designs.

The interaction plot of the main factors for this experiment 
is shown in Figure 3-49. This plot also illustrates that the 
9.5-mm mixes had more fracture energy than the 19.0-mm 
mixes. If IDT fracture energy is a good indicator of fatigue 
resistance, then smaller NMAS mixes should be used in pave-
ment structures where high tensile strains occur.

Low-Temperature Cracking

The mix designs were evaluated for resistance to thermal 
cracking using two tests and four properties as follows:

•	 Fracture toughness, KIC, and fracture energy, Gf, were 
computed from SCB test data.

•	 Creep stiffness, S(t), and m-value, m(t), at 60 seconds were 
computed from BBR test data.

Figure 3-48. IDT fracture energy results for Florida mix designs.

Source DF Seq SS Adj SS Adj MS F P 
Material Source 1 37.750   37.750   37.750   147.32   0.000 
NMAS 1 24.200   24.200   24.200   94.44 0.000 
% RAP  1 76.684   76.684   76.684   299.25   0.000 
Material-Sou*NMAS 1 5.320    5.320    5.320    20.76 0.000 
Material-Sou*% RAP 1 0.400    0.400    0.400     1.56 0.229 
NMAS*% RAP  1 1.550    1.550    1.550     6.05   0.026 
Material-Sou*NMAS *% RAP 1 4.084    4.084    4.084    15.94   0.001 
Error 16 4.100    4.100    0.256   

Total   23 154.090     

Table 3-23. ANOVA output for IDT fracture energy of Florida and 
Minnesota mixes.
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The mix designs from the three sources were tested for 
low-temperature properties. The Florida mix designs were 
not evaluated for thermal cracking properties since this is 
not a distress that occurs in that state. For the mix designs 
from the other three locations, three replicates were tested. 
The primary analysis was to test the null hypothesis that 
low-temperature properties of high RAP content mixtures do 
not significantly differ from the corresponding virgin asphalt 
concrete mixture from the same source.

New Hampshire Mixtures

The experimental variables for the New Hampshire mixtures 
were as follows:

•	 Low temperature with three different levels in SCB test: 
-9°C (control), -19°C, and -29°C;

•	 Low temperature with two different levels in BBR test: 
-9°C (control) and -19°C; and

•	 RAP content with three different levels: 0 (control), 25, and 
55 percent.

SCB Test Results

The SCB test data were used to compute fracture tough-
ness, KIC and fracture energy, Gf according to the previously 
described methods. The results are reported in Table 3-24 
and presented in Figures 3-50 and 3-51. Most coefficient of  
variation (CV) values were less than 25, which is reasonable 
for fracture testing of asphalt mixtures. In most cases, KIC 

increased with increasing RAP contents and a decrease in 
temperature. On the contrary, Gf decreased at lower temper-
atures. Note that in these figures, the whiskers represent one 
standard deviation for the test results.

In the statistical analysis, KIC and Gf were set as dependent 
variables, and RAP content and temperature were set as 
independent variables. ANOVA was performed at 5 percent of 
significance level for each binder grade to reduce the number 
of terms and unexpected errors. Tables 3-25 and 3-26 show 
results of ANOVA from the SCB test.

For mixes with the PG 58-28A binder, no differences in KIC 
were found between intermediate temperature and control 
temperature and between 25 and 0 percent of RAP content. 
However, at the lowest temperature level and 55 percent RAP 
content, a significant increase was observed compared to the 
control mix. For Gf , significant differences were found at two 
different levels of temperature, but no differences were found 
for different RAP contents (0, 25, and 55 percent). Also, no 
significant interaction terms were observed for KIC and Gf.

For mixes with the PG 70-28A binder, significant increase 
in KIC was observed with temperature decrease. However, no 
differences were found among different RAP contents. For Gf , 
significant difference was found only at the lowest temperature 
level (temp-29).

BBR Test Results

Creep stiffness and m-value at 60 seconds were calculated 
from BBR experimental data. The data is reported in Table 3-27 
and plots are presented in Figures 3-52 and 3-53. As with the 

Figure 3-49. Interaction plot of main factors for fracture energy for Minnesota  
and Florida mixtures.
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Binder  
Temp 
(°C) 

RAP  
(%) 

KIC (MPa • m0.5) Gf (kJ/m2) 

Mean CV (%) Mean CV (%) 

PG 58-28A 

-9 
0 0.630 12 0.737 4 

25 0.755 15 0.689 37 
55 0.871 12 0.589 26 

-19 
0 0.773 7 0.449 9 

25 0.839 9 0.488 15 
55 0.834 14 0.417 11 

-29 
0 0.823 7 0.307 6 

25 0.928 9 0.300 23 
55 1.052 9 0.383 3 

PG 70-28A 

-9 
0 0.618 9 0.554 32 

25 0.639 2 0.441 28 
55 0.689 6 0.478 25 

-19 
0 0.825 13 0.502 17 

25 0.829 7 0.416 4 
55 0.786 6 0.413 18 

-29 
0 0.974 10 0.332 17 

25 1.016 13 0.345 6 
55 0.843 12 0.315 13 

Table 3-24. Mean and coefficient of variation of fracture parameters 
for NH mixtures.

Figure 3-50. Fracture toughness results for New Hampshire mixtures.
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Figure 3-51. Fracture energy results for New Hampshire mixtures.

Response: KIC 

Parameter Coefficient Std. Error t p-value Significance 
Intercept 0.630 0.051 12.353 0.000 Significant 

Temp-19 0.143 0.072 1.986 0.063  

Temp-29 0.193 0.072 2.681 0.015 Significant 

RAP 25% 0.125 0.072 1.736 0.100  
RAP 55% 0.241 0.072 3.347 0.004 Significant 

 
Response: Gf 

Parameter Coefficient Std. Error t p-value Significance 
Intercept 0.737 0.061 12.082 0.000 Significant 

Temp-19 -0.288 0.087 -3.310 0.004 Significant 

Temp-29 -0.430 0.087 -4.943 0.000 Significant 

RAP 25% -0.048 0.087 -0.552 0.584  

RAP 55% -0.149 0.087 -1.713 0.103  

Table 3-25. Results of ANOVA on SCB properties for New Hampshire 
binder PG 58-28A.

Response: KIC 

Parameter Coefficient Std. Error t p-value Significance 

Intercept 0.618 0.047 13.149 0.000 Significant 

Temp-19 0.207 0.066 3.136 0.006 Significant 

Temp-29 0.356 0.066 5.394 0.000 Significant 

RAP 25% 0.021 0.066 0.318 0.754  

RAP 55% 0.071 0.066 1.076 0.294  

Temp*RAP -0.202 0.093 -2.172 0.044 Significant 
 
Response: Gf 

Parameter Coefficient Std. Error t p-value Significance 

Intercept 0.554 0.054 10.259 0.000 Significant 

Temp-19 -0.052 0.076 -0.684 0.502  

Temp-29 -0.222 0.076 -2.921 0.009 Significant 

RAP 25% -0.114 0.076 -1.500 0.154  

RAP 55% -0.077 0.076 -1.013 0.329  

Table 3-26. Results of ANOVA on SCB properties for New Hampshire 
binder PG 70-28A.
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Binder Temp 
(°C) 

RAP  
(%) 

S(60s) (MPa) m(60s) 
Mean CV (%) Mean CV (%) 

PG 58-28A 

-9 

0 8,604 7 0.264 6 

25 12,133 6 0.214 4 

55 6,997 15 0.175 4 

-19 

0 10,129 14 0.115 16 

25 27,036 12 0.166 3 

55 10,315 16 0.091 7 

PG 70-28A 

-9 

0 11,960 21 0.211 3 

25 10,103 16 0.157 16 

55 11,388 15 0.201 14 

-19 

0 21,217 15 0.160 11 

25 22,942 11 0.169 3 

55 17,921 16 0.111 36 

Table 3-27. Results of BBR tests for New Hampshire mixtures.

Figure 3-52. BBR stiffness results for New Hampshire mixes.

Figure 3-53. BBR m-value results for New Hampshire mixes.
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SCB test results, most values of coefficient of variation were less 
than 25 percent, which is reasonable for creep testing of asphalt 
mixtures. Higher values of S(60s) and lower values of m(60s) 
were observed with decrease of temperature, respectively, 
which means asphalt mixtures become stiffer and less able to 
relax stresses as temperature decreases. A small number of 
test results were considered outliers and were removed from 
the analysis.

A similar ANOVA procedure was performed for S(60s) and 
m(60s). To reduce residual errors, Log S(60s) was used rather 
than S(60s). All the computed results are shown in Tables 3-28 
and 3-29, respectively.

For the New Hampshire mixes with PG 58-28 binders, a 
significant increase in S(60s) was found only for the 25 percent 
RAP content mix because of high S(60s) values at temperature 
-19°C. A significant decrease in m(60s) was observed for both 
levels of RAP content. However, no differences in S(60s) were 

observed in the different RAP contents for mixes using the 
PG 70-28A binder. Even though lower stress-relaxation ability 
was observed in the 25 percent RAP content mix, no significant 
difference in stress-relaxation ability was observed compared 
to the 55 percent RAP content mix.

Thermal stresses and the critical cracking temperature, TCR, 
using the SAP (Single Asymptote Procedure) method were 
computed from BBR mixture tests. In computing thermal 
stresses, two temperature drop rates of asphalt mixture were 
considered: 1°C/h and 10°C/h. The results are reported in 
Table 3-30 and plotted in Figure 3-54 and 3-55.

Figure 3-55 shows that the different RAP contents and binder 
grade do not have a significant effect on the critical cracking 
temperature for the New Hampshire mixes. In addition, for the 
1°C/h temperature drop rate, all the calculated TCR values were 
lower than the 98 percent reliability LTPP critical temperature 
(-19°C) for this location. However, only the 55 percent RAP 

Response: LogS(60) 
Parameter Coefficient Std. Error t p-value Significance 

Intercept 3.934 0.031 126.903 0.000 Significant 

Temp-19 0.068 0.044 1.545 0.147  

RAP 25% 0.149 0.044 3.386 0.005 Significant 

RAP 55% -0.092 0.044 -2.091 0.058  

Temp*RAP 0.278 0.062 4.484 0.001 Significant 
 

Response: m(60) 
Parameter Coefficient Std. Error t p-value Significance 

Intercept 0.264 0.007 37.714 0.000 Significant 

Temp-19 -0.149 0.009 -16.556 0.000 Significant 

RAP 25% -0.050 0.009 -5.556 0.000 Significant 

RAP 55% -0.089 0.009 -9.899 0.000 Significant 

Temp*RAP 0.065 0.013 5.000 0.000 Significant 

Table 3-28. Results of ANOVA on BBR parameters for New Hampshire 
binder PG 58-28A.

Response: LogS(60) 
Parameter Coefficient Std. Error t p-value Significance 

Intercept 4.072 0.040 101.800 0.000 Significant 

Temp-19 0.252 0.056 4.500 0.001 Significant 

RAP 25% -0.071 0.056 -1.268 0.232  

RAP 55% -0.019 0.056 -0.339 0.745  

Temp*RAP -0.054 0.084 -0.643 0.534  
 
Response: m(60) 

Parameter Coefficient Std. Error t p-value Significance 
Intercept 0.211 0.013 16.231 0.000 Significant 

Temp-19 -0.051 0.018 -2.833 0.015 Significant 

RAP 25% -0.054 0.018 -3.000 0.012 Significant 

RAP 55% -0.010 0.018 -0.556 0.574  

Temp*RAP 0.063 0.025 2.520 0.029 Significant 

Table 3-29. Results of ANOVA on BBR parameters for NH binder  
PG 70-28A.
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σ−19 (MPa)Binder 
Type 

RAP  
(%) 

TCR (˚C) 
1˚C/h 10˚C/h 1˚C/h 10˚C/h 

PG 58-28A 

0 1.1 2.4 -20.59 -17.33 

25 3.3 5.2 -20.48 -15.63 

55 1.7 2.9 -23.13 -20.67 

PG 70-28A 

0 3.1 4.9 -22.52 -18.58 

25 3.4 5.0 -20.67 -16.48 

55 3.0 4.9 -21.80 -18.53 

Table 3-30. Thermal stress at –19°C and critical cracking 
temperature for New Hampshire mixtures.

Figure 3-54. Thermal stresses at –15C for 1 and 10/hr cooling  
rates for the New Hampshire mixtures.

Figure 3-55. Critical cracking temperatures for the New Hampshire 
mixtures.
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content mix with PG 58-28A was lower than the LTPP tem-
perature for a 10°C/h temperature drop rate. For mixes with 
the PG 70-28 binder, thermal stresses were not affected by 
RAP content. Among the mixtures with PG 58-28 binder, 
the highest stresses were observed for the mixture with 25 per-
cent RAP.

Utah Mixes

The experimental variables for the Utah mixtures were as 
follows:

•	 Low temperature with three different levels in SCB test: 
-5°C (control), -15°C, and -25°C;

•	 Low temperature with two different levels in BBR test: 
-5°C (control) and -15°C; and

•	 RAP content with three different levels: 0 (control), 25, and 
55 percent.

SCB Test Results

The binder types (PG 58-34A and PG 64-34A) were different 
from the ones used for New Hampshire mixtures, thus, direct 
comparison was not possible. The means and CVs for the Utah 
mixtures’ fracture parameters are reported in Table 3-31. As 
with the New Hampshire results, repeatability of the results 
was reasonable. Average values of KIC and Gf are plotted in 
Figures 3-56 and 3-57. As before, the whiskers represent one 
standard deviation for the mixture set.

For both binders (PG 58-34A and PG 64-34A), as the RAP 
content increased, fracture toughness increased, except at the 

lowest temperature, -25°C. However, fracture energy gener-
ally decreased with increasing RAP contents and decreased at 
lower temperatures. In the case of binder PG 64-34A, fracture 
energy was highest for the 55 percent RAP content mixes at 
the warmest test temperature, -5°C.

Tables 3-32 and 3-33 present the results of the ANOVA for 
the mixtures with the two grades of virgin binder. For the mix-
tures containing the PG 58-34A virgin binder, a statistically 
significant increase in fracture toughness was observed at the 
two low temperatures and 55 percent of RAP content. However, 
no differences in KIC were observed between 25 per cent of RAP 
content and the control group. Contrary to KIC a significant 
decrease of Gf was observed as temperature decreased and RAP 
content increased. For mixes using the PG 64-34A binder, no 
differences of KIC and Gf were found between 0 and 25 percent 
RAP content. The two temperature levels significantly affected 
fracture toughness. However, fracture energy was negatively 
affected at -15°C, but was not significantly different at the lowest 
temperature. Significant interactions between temperature and 
RAP were observed in all test cases.

BBR Test Results

The results of S(60s) and m(60s) for the Utah mixes are 
reported in Table 3-34. Plots are presented in Figures 3-58 
and 3-59. The CVs were reasonable for most of the mix sets. 
In a few limited cases, outliers were removed to reduce errors 
in the statistical analysis. For each of the binder grades, S(60s) 
increased with higher RAP contents and at lower temperatures. 
For m(60s), higher RAP contents and lower temperatures also 
reduced the mixes’ abilities to relax under stress.

Binder  Temp 
(°C) 

RAP  
(%) 

KIC (MPa • m0.5) Gf (kJ/m2) 

Mean CV (%) Mean CV (%) 

PG 58-34A 

-5 
0 0.440 18 1.258 1 

25 0.458 5 0.778 16 
55 0.752 3 0.908 7 

-15 
0 0.800 10 1.110 9 

25 0.771 10 0.603 20 
55 0.956 7 0.491 2 

-25 
0 1.032 9 0.521 5 

25 0.921 6 0.488 10 
55 0.741 23 0.238 6 

PG 64-34A 

-5 
0 0.302 4 0.791 16 

25 0.458 5 0.980 3 
55 0.718 21 1.297 28 

-15 
0 0.604 5 1.117 23 

25 0.855 24 0.938 26 
55 0.871 18 0.468 36 

-25 
0 0.971 4 0.650 11 

25 1.022 4 0.718 7 
55 0.795 7 0.268 23 

Table 3-31. Mean and coefficient of variation (CV) of fracture 
parameters for Utah mixtures.
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Figure 3-56. SCB fracture toughness results for Utah mixtures.

Figure 3-57. SCB fracture energy results for Utah mixtures.
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Response: KIC 
Parameter Coefficient Std. Error t p-value Significance 

Intercept 0.440 0.049 8.980 0.000 Significant 

Temp-15 0.360 0.070 5.143 0.000 Significant 

Temp-25 0.592 0.070 8.457 0.000 Significant 

RAP 25% 0.018 0.070 0.257 0.803  

RAP 55% 0.311 0.070 4.443 0.000 Significant 

Temp*RAP -0.602 0.099 -6.081 0.000 Significant 

 

Response: Gf 

Parameter Coefficient Std. Error t p-value Significance 

Intercept 1.258 0.042 29.952 0.000 Significant 

Temp-15 -0.147 0.060 -2.450 0.025 Significant 

Temp-25 -0.737 0.060 -12.283 0.000 Significant 

RAP 25% -0.480 0.060 -8.000 0.000 Significant 

RAP 55% -0.350 0.060 -5.833 0.000 Significant 

Temp*RAP 0.448 0.085 5.271 0.000 Significant 

Table 3-32. Results of ANOVA on SCB properties for Utah binder PG 58-34A.

Response: KIC 

Parameter Coefficient Std. Error t p-value Significance 

Intercept 0.302 0.060 5.033 0.000 Significant 

Temp-15 0.302 0.084 3.595 0.002 Significant 

Temp-25 0.669 0.084 7.964 0.000 Significant 

RAP 25% 0.156 0.084 1.857 0..082  

RAP 55% 0.416 0.084 4.952 0.000 Significant 

Temp*RAP -0.592 0.126 -4.698 0.000 Significant 

 

Response: Gf 
Parameter Coefficient Std. Error t p-value Significance 

Intercept 0.791 0.102 7.755 0.000 Significant 

Temp-15 0.326 0.144 2.264 0.037 Significant 

Temp-25 -0.140 0.144 -0.972 0.344  

RAP 25% 0.190 0.144 1.319 0.204  

RAP 55% 0.507 0.161 3.149 0.006 Significant 

Temp*RAP -0.889 0.215 -4.135 0.001 Significant 

Table 3-33. Results of ANOVA on SCB properties for Utah binder PG 64-34A.

Improved Mix Design, Evaluation, and Materials Management Practices for Hot Mix Asphalt with High Reclaimed Asphalt Pavement Content

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/22554


84

Figure 3-58. BBR stiffness results for Utah mixes.

Figure 3-59. BBR m-values for the Utah mixes.

Binder 
Type 

Temp 
(°C) 

RAP  
(%) 

S(60s) (MPa) m(60s) 
Mean CV (%) Mean CV (%) 

PG 58-34A 

-5 

0 2720 15 0.384 9 

25 5636 23 0.317 7 

55 5687 11 0.238 3 

-15 

0 11604 0 0.267 9 

25 15184 13 0.237 9 

55 23561 15 0.210 6 

PG 64-34A 

-5 

0 1889 16 0.409 4 

25 3325 18 0.325 13 

55 7202 10 0.242 1 

-15 

0 7525 18 0.308 8 

25 12729 13 0.235 17 

55 14191 8 0.179 2 

Table 3-34. Mean and coefficient of variation (CV) of S(60s) and m(60s) 
for Utah mixtures.
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Similar to the previous section, S(60s) and m(60s) were set 
as dependent variables, and RAP and temperature were set 
as independent variables in the statistical analysis. Also, the 
original scale of S(60s) was converted into log scale similar to 
the previous section. ANOVA results are shown in Tables 3-35 
and 3-36. It can be seen that each parameter had a significant 
effect on S(60s) and m(60s). Lower temperatures and higher 
RAP content significantly increased S(60s) and decreased 
m(60s).

The results of computed thermal stress and TCR are shown 
in Table 3-37; plots are presented in Figures 3-60 and 3-61, 
respectively. Figure 3-60 shows that the buildup of stresses is 
significantly influenced by the rate of the temperature drop. 
Higher RAP contents also lead to greater stress accumulation. 
Surprisingly, the mixes with the softer high PG binder build 
up greater thermal stresses than the stiffer high PG binder.

The results shown in Figure 3-61 indicate that the esti-
mated critical cracking temperature for all mixtures, except 
the 55 percent RAP mix with PG 58-34 binder subjected to 
a fast cooling rate, are well below the 98 percent reliability 
LTPP low temperature for the climate at this location. This 
suggests that, despite the apparent negative impact that RAP 
has on thermal cracking properties, the mixtures may still be 
resistant to thermal cracking.

Minnesota Mixes

The experimental variables for the Minnesota mixtures 
were as follows:

•	 Low temperature with three different levels in SCB test: 
-14°C (control), -24°C, and -34°C;

Response: LogS(60) 
Parameter Coefficient Std. Error t p-value Significance 

Intercept 3.431 0.037 92.730 0.000 Significant 

Temp-15 0.633 0.052 12.173 0.000 Significant 

RAP 25% 0.311 0.052 5.981 0.000 Significant 

RAP 55% 0.322 0.052 6.192 0.000 Significant 

Temp*RAP -0.197 0.074 -2.662 0.021 Significant 

 
Response: m(60) 

Parameter Coefficient Std. Error t p-value Significance 

Intercept 0.384 0.013 29.538 0.000 Significant 

Temp-15 -0.117 0.018 -6.500 0.000 Significant 

RAP 25% -0.066 0.018 -3.667 0.003 Significant 

RAP 55% -0.146 0.018 -8.111 0.000 Significant 

Temp*RAP 0.089 0.026 3.423 0.005 Significant 

Table 3-35. Results of ANOVA on BBR parameters for Utah mixes  
with PG 58-34A.

Response: LogS(60) 
Parameter Coefficient Std. Error t p-value Significance 

Intercept 3.272 0.038 86.105 0.000 Significant 

Temp-15 0.599 0.053 11.302 0.000 Significant 

RAP 25% 0.245 0.053 4.623 0.001 Significant 

RAP 55% 0.584 0.053 11.019 0.000 Significant 

Temp*RAP -0.304 0.080 -3.800 0.003 Significant 

 
Response: m(60) 

Parameter Coefficient Std. Error t p-value Significance 

Intercept 0.409 0.016 25.563 0.000 Significant 

Temp-15 -0.101 0.023 -4.391 0.001 Significant 

RAP 25% -0.084 0.023 -3.652 0.003 Significant 

RAP 55% -0.167 0.023 -7.261 0.000 Significant 

Table 3-36. Results of ANOVA on BBR parameters for Utah mixes  
with PG 64-34A.
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Binder 
Type 

RAP  
(%) 

 (MPa) TCR (°C) 
1°C/h 10°C/h 1°C/h 10°C/h 

PG 58-34A 

0 0.32 

–15

0.86 -26.5 -22.1 

25 1.13 2.40 -25.7 -21.3 

55 1.28 2.57 -19.7 -15.2 

PG 64-34A 

0 0.15 0.48 -29.7 -26.0 

25 0.49 1.13 -25.4 -21.2 

55 1.18 2.36 -24.7 -21.0 

Table 3-37. Thermal stress at –15C and critical cracking 
temperature for Utah mixtures.

Figure 3-60. Thermal stresses at –15C for 1/hr and 10/hr 
cooling rates for Utah mixes.

Figure 3-61. Estimated critical cracking temperatures for Utah mixes.
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•	 Low temperature with two different levels in BBR test: 
-14°C (control) and -24°C;

•	 RAP content with two different levels: 0 (control) and 
40 percent; and

•	 NMAS: 9.5 mm (control) and 19.5 mm.

For the Minnesota mixture set, only one binder (58-28B) 
was used; therefore, binder effects were not evaluated. How-
ever, a new experimental variable was introduced: the nominal 
maximum aggregate size (NMAS) with two different levels 
(9.5-mm and 19.0-mm). The other experimental variables 
consisted of three temperature levels: high, intermediate, and 
low (-14, -24, and -34°C) for the SCB test, and two temperature 
levels (-14 and -24°C) for BBR test, as well as two different RAP 
content levels (0 and 40 percent) for the SCB and BBR test.

SCB Test Results

The fracture toughness and fracture energy results for the 
Minnesota mixes are shown in Table 3-38, and the plots are 
presented in Figures 3-62 and 3-63, respectively.

For the 9.5-mm mixes, similar values of KIC were observed 
among different test temperatures. The 40 percent RAP mix-
tures had slightly higher values of KIC than the virgin mixes. For 
the 19.0-mm mixes, virgin and 40 percent RAP mixtures had 
similar fracture toughness results. Fracture toughness values 
were highest at the intermediate test temperature.

As with the mixtures from New Hampshire and Utah, smaller 
fracture energy values were observed at lower test temperatures. 
However, virgin and 40 percent RAP content mixtures had 
similar results at each temperature for both NMAS.

NMAS Temp 
(°C) 

RAP  
(%) 

KIC (MPa • m0.5) Gf (kJ/m2) 

Mean CV (%) Mean CV (%) 

9.5 mm 

-14 
0 0.574 10 0.577 9 

40 0.742 7 0.554 18 

-24 
0 0.610 15 0.325 8 

40 0.816 8 0.318 19 

-34 
0 0.656 17 0.235 8 

40 0.711 2 0.216 22 

19.0 mm 

-14 
0 0.737 7 0.421 23 

40 0.715 6 0.458 23 

-24 
0 0.858 12 0.358 14 

40 0.896 11 0.400 20 

-34 
0 0.738 16 0.186 17 

40 0.692 11 0.200 26 

Table 3-38. Mean and coefficient of variation of fracture parameters 
for Minnesota mixtures.

Figure 3-62. SCB fracture toughness results for Minnesota mixes.
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Table 3-39 shows the results of ANOVA on fracture energy 
and fracture toughness for the Minnesota mixtures. It was 
observed that KIC for the 19.0-mm 40 percent RAP mixture was 
significantly higher compared to the virgin 9.5-mm mixture. 
The two lower temperatures resulted in an increase of KIC 
but only the intermediate temperature was significant. In addi-
tion, the interaction between RAP and NMAS was observed. 
For fracture energy comparisons, the two lower temperatures 
resulted in significant decrease of Gf ; however, no significant 
change in Gf was found between the mixtures with different 
RAP contents (0 and 40 percent). The larger NMAS mixture 
had significantly lower Gf compared to the smaller NMAS, 

and the interaction between temperature and NMAS was 
significant.

BBR Test Results

The test results of S(60s) and m(60s) for the Minnesota 
mixes are shown in Table 3-40 and in Figures 3-64 and 3-65, 
respectively. The CVs were reasonable and similar to the results 
for the mix designs using materials from the other two loca-
tions. Higher values of S(60s) and lower values of m(60s) were 
observed with a decrease in temperature. In the case of m(60s) 
comparisons, it can be seen in Figure 3-64 that stresses build up 

Figure 3-63. SCB fracture energy results for Minnesota mixes.

Response: KIC 

Parameter Coefficient Std. Error t p-value Significance 

Intercept 0.577 0.034 16.971 0.000 Significant 

Temp-24 0.103 0.034 3.029 0.005 Significant 

Temp-34 0.007 0.034 0.206 0.830  

RAP 40% 0.143 0.039 3.667 0.001 Significant 

NMAS 19.0 mm 0.164 0.039 4.205 0.000 Significant 

RAP*NMAS -0.152 0.055 -2.764 0.010 Significant 

 
Response: Gf 

Parameter Coefficient Std. Error t p-value Significance 

Intercept 0.562 0.027 20.815 0.000 Significant 

Temp-24 -0.244 0.036 -6.778 0.000 Significant 

Temp-34 -0.340 0.036 -9.444 0.000 Significant 

RAP 40% 0.007 0.021 0.333 0.720  

NMAS 19.0 mm -0.126 0.036 -3.500 0.001 Significant 

Temp*NMAS 0.183 0.050 3.660 0.001 Significant 

Table 3-39. Results of ANOVA on SCB properties for Minnesota mixtures.
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NMAS Temp 
(°C) 

RAP  
(%) 

S(60s) (MPa) m(60s) 
Mean CV (%) Mean CV (%) 

9.5 mm 

-14 
0 5949 13 0.231 7 

40 7892 4 0.172 8 

-24 
0 7656 7 0.060 16 

40 16751 7 0.098 15 

19.0 mm 

-14 
0 6525 10 0.179 17 

40 21955 16 0.186 9 

-24 
0 21438 18 0.115 17 

40 22514 4 0.112 8 

Table 3-40. Mean and coefficient of variation of S(60s) and M(60s)  
for Minnesota mixes.

Figure 3-64. BBR stiffness results for Minnesota mixes.

Figure 3-65. BBR m-value results for Minnesota mixes.
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in specimens as temperature decreases due to a reduced ability 
to creep. For NMAS 9.5 mm, lower values of m(60s) were 
observed with an increase of RAP content at -14°C; however, 
contrary to the previous case, higher or similar values of m(60s) 
were found with an increase of RAP content at -24°C.

A similar ANOVA procedure was performed; however, some 
S(60s) and m(60s) data were erased because they were consid-
ered outliers. ANOVA results are presented in Table 3-41. It 
can be observed that both temperature and RAP significantly 
affected S(60s) and m(60s) compared to the control group. 
S(60s) was significantly affected by NMAS, but m(60s) was not.

Comparison of Thermal Stress and Critical Cracking 
Temperature for Minnesota Mixes

The effect of RAP content on thermal stress during cool-
ing and the estimated critical cracking temperatures were also 
analyzed. Results are reported in Table 3-42 and presented 
in Figures 3-66 and 3-67, respectively. As expected, thermal 
stresses were higher for the faster cooling rate. For both NMAS, 
the mixes containing RAP also had higher thermal stresses 
than their virgin mix counterparts. The 40 percent RAP 
content mix had unusually high thermal stresses relative to 
all other mixes in this study. This result is not consistent with 
the properties from the SCB tests, which did not show any 
unusual trends for this mixture.

Summary of Low-Temperature Properties

A summary of the effect of RAP content on the low- 
temperature properties for each of the mix designs is shown 
in Table 3-43. It can be seen that the mixes with 55 percent RAP 
had significantly higher fracture toughness, KIC , than the cor-
responding virgin mixes, except when the mixes contained the 
polymer-modified binder. The SCB fracture energy was not 
significantly affected by RAP content except in the Utah mixes. 
For those mix designs, mixes with RAP often yielded lower frac-
ture energies. Therefore, the SCB properties do not provide a 
consistent effect for mixes with high RAP contents. In the BBR 
results, mixes with RAP generally had higher stiffness and lower 
m-values, which theoretically should result in more cracking.

However, estimates of the critical cracking temperatures 
of the mix designs based on the BBR results compared to the 
critical temperatures in the climates where the materials were 
obtained indicate that the all of the mix designs using Utah 
materials should perform well with respect to thermal cracking. 
The New Hampshire mixes would also be expected to do well 
except for a very rapid temperature drop. Even then, the high 
RAP content mixes would be expected to perform similarly to 
the virgin mixes. For the Minnesota mixes, the 9.5-mm mixes 
with or without RAP would be expected to perform similarly. 
However, the 19.0-mm mix with 40 percent RAP appears to 
be much more susceptible to thermal cracking.

Response: LogS(60) 
Parameter Coefficient Std. Error t p-value Significance 

Intercept 3.700 0.065 56.923 0.000 Significant 

Temp-24 0.290 0.094 3.085 0.009 Significant 

RAP 40% 0.268 0.087 3.080 0.009 Significant 

NMAS 19 0.184 0.087 2.115 0.053 Significant 

 
Response: m(60) 

Parameter Coefficient Std. Error t p-value Significance 

Intercept 0.220 0.013 16.923 0.000 Significant 

Temp-24 -0.144 0.019 -7.579 0.000 Significant 

RAP 40% -0.038 0.018 -2.111 0.052 Significant 

NMAS 19 -0.030 0.018 -1.667 0.109  

Temp*NMAS 0.053 0.022 2.409 0.031 Significant 

Table 3-41. Summary of ANOVA on BBR parameters for Minnesota mixtures.

NMAS RAP  
(%) 

 (MPa) TCR–24  (°C) 
1d/h 10d/h 1d/h 10d/h 

9.5 mm 
0 0.86 1.81 -26.7 -24.0 

40 2.14 3.52 -25.7 -23.0 

19.0 mm 
0 1.99 3.27 -22.0 -21.4 

40 10.72 13.16 -5.7 -5.3 

Table 3-42. Thermal stress at –24C and critical cracking 
temperature for Minnesota mixes.
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Figure 3-66. Thermal stresses at –15C for 1/hr and 10/hr 
cooling rates for Minnesota mixes.

Figure 3-67. Estimated critical cracking temperatures  
for Minnesota mixes.

Virgin Binder SCB KIC SCB Gf BBR S(60s) BBR m(60s) 
New Hampshire 

PG 58-28 55%  Not significant 25%  25 & 55%  

PG 70-28 Not significant Not significant Not significant 25%  

Utah 

PG 58-34 55%  25 & 55%  25 & 55%  25 & 55%  

PG 64-34 55%  55%  25 & 55%  25 & 55%  

Minnesota 

PG 58-28 40%  Not significant 40%  40%  

Table 3-43. Summary of the effect of RAP content on low-temperature properties.
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This chapter summarizes the findings from the literature 
review and the results of the experiments. It is organized by the 
logical progression in which RAP materials are obtained, tested, 
and used in the mix design, and in which the mix designs are 
evaluated. The chapter ends with proposed recommendations 
for revising the current AASHTO standards for Superpave 
mix design to better guide users on how to deal with high RAP 
content asphalt mixes.

RAP Management

Information on good RAP management practices was 
obtained from the literature review, surveys of current prac-
tices, discussions with numerous contractor QC personnel, 
and analysis of contractor stockpile QC data from across the 
United States. Based on that information, Appendix D was 
prepared. Some of the more important findings and recom-
mendations from Appendix D are summarized in this chapter.

Some references have recommended not combining RAP 
collected from different sources due to concerns that it will 
result in greater variability in the RAP stockpile. Milled RAP 
from a single project typically will have a consistent gradation 
and asphalt content. Such stockpiles of single-source RAP 
generally require only screening to remove oversized particles. 
It is generally accepted that RAP particles larger than 2 inches 
should be screened out because the larger particles (chunks 
of pavement or agglomerations) may not break apart during 
the mixing process.

Several previous studies and data collected from contractors 
during this project have shown that processing RAP collected 
from multiple sources can result in a material that is often more 
consistent than virgin aggregate. This information is evidence 
to dispute the requirement that RAP be limited to single-
source materials. A recommended RAP sampling and testing 
plan and variability criteria discussed in the following text 
should provide assurance that the RAP is consistent regardless 
of how it was collected or processed.

A summary of different processes used to produce a consis-
tent RAP product is shown in Table 4-1. It is often appropriate 
to combine different processes, such as mixing and crushing. 
A common mistake in RAP processing is to crush all RAP 
to pass a single screen size (e.g., minus ½-inch) so that the 
RAP can be used in mixes with a range of nominal maximum 
aggregate sizes. This single-size crushing approach often leads 
to generating high dust contents, which can limit the amount 
of the RAP that can be successfully used in mix designs.

Contamination of RAP stockpiles is a common complaint. 
Contaminants can include dirt, road debris (tires, crack 
sealant), paving fabric, plant material, tar-sealed pavement, 
fuel-contaminated mix, and general construction waste. 
Contamination can occur with single-source RAP stockpiles, 
but tends to be more prevalent with RAP collected from differ-
ent sources. Perhaps this is because the collection of RAP from 
multiple sources is not well monitored because it is known 
that the collected material will have to be extensively processed 
later. However, contamination is best avoided by inspecting 
the materials before they are unloaded on the unprocessed 
stockpile. Contaminated materials are better suited for use as 
shoulder fill or other non-asphalt mix applications.

Regardless of how the RAP is collected, processed, or stored, 
it should be sampled and tested on a routine basis to assess uni-
formity. A sampling and testing frequency of one per 1,000 tons 
is consistent with QC requirements for virgin aggregates and 
will provide sufficient information to determine whether a 
problem exists with the material’s consistency.

Characterizing RAP Materials  
for Mix Design

Once RAP stockpile samples are obtained, they must be 
dried before testing. A simple comparison of the amount of 
time necessary to dry typical samples of RAP with about  
5 percent moisture using an oven set at 110°C and fan drying 
at ambient temperature showed the oven drying took 6 hours, 

C H A P T E R  4
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and fan drying took about 96 hours. Oven drying at 110°C 
for 6 hours did not further age the RAP binder.

Properties of RAP materials that are needed for mix design 
include basic RAP aggregate properties, the asphalt content, 
and, if the RAP content is considered “high,” the true or con-
tinuous grade of the recovered RAP binder may be needed.

Most references recommend recovering RAP aggregates 
using either a solvent extraction procedure or the ignition 
method in order to determine the needed properties. Grada-
tion and consensus properties of the recovered aggregate may 
be affected to a minor degree by solvent extraction or the igni-
tion method, but generally not enough to appreciably affect 
the mix design or the amount of RAP that can be used. Some 
agencies may also require that aggregate source properties such 
as soundness, abrasion resistance, or polishing or mineralogi-
cal characteristics be determined if the RAP is to be used in 
surface mixes.

With regard to the bulk specific gravity of the RAP aggre-
gate, this is a key property since it is used in the calculation of 
VMA, the most important volumetric criteria to ensure mix 
durability. The current AASHTO standard for Superpave mix 
design suggests that the following three methods are acceptable 
for determining the RAP aggregate specific gravity:

1. Recovery of the RAP aggregate using the ignition method 
(AASHTO T 308) followed by conducting AASHTO T 84 
and T 85 for specific gravity of the fine and coarse aggregate 
portions, respectively.

2. Recovery of the RAP aggregate using the solvent extrac-
tion method (AASHTO T 164) followed by conducting 
AASHTO T 84 and T 85 for specific gravity of the fine and 
coarse aggregate portions, respectively.

3. Estimating the RAP aggregate bulk specific gravity using 
the following process:
a. Conduct the maximum theoretical specific gravity test 

(i.e., the Rice method) on samples of the RAP following 
AASHTO T 209.

b. Calculate the effective specific gravity of the RAP aggre-
gate from the asphalt content, Gmm of the RAP, and an 
assumed value for specific gravity of the binder, Gb.

G RAP
P

P

G G

se
b RAP

b RAP

mm RAP b

( ) =
−
−

×

( )

( )

( )

100

100

c. Calculate the RAP aggregate bulk specific gravity using 
the formula

G RAP
G

P G

G

sb
se RAP

ba se RAP

b

( ) =
×

×
+

( )

( )
100

1

where Pba (asphalt absorption) also has to be assumed 
based on historical records of mixes with the same raw 
materials.

These three options were evaluated in a joint study by the 
University of Nevada-Reno and NCAT, as well as in this project. 
Results from this study showed that Methods 1 and 2 provided 
similar Gsb values, but Method 3 provided substantially dif-
ferent Gsb values from a practical point of view. As shown 
in the UNR-NCAT study, the accuracy of Method 3 is highly 
dependent on how well the percentage of absorbed asphalt 
can be estimated. For the 25 percent RAP content mixes, 
using Method 3 inflated the VMA by about 0.4 percent. For the 

Type Description Suitable Conditions  Possible Concerns 
Minimal 
Processing 

Screening only to remove 
oversized particles (may be 
accomplished in line during feed 
of RAP in the plant) 

RAP from a single 
source 

Single-source RAP piles 
are a finite quantity—
when a stockpile is 
depleted, new mix 
designs will be needed 
with another RAP 
stockpile 

Crushing Breaking of RAP chunks, 
agglomerations, and/or aggregate 
particles in order to avoid large 
particles that may not break apart 
during mixing or particles that 
exceed the mix’s NMAS 

RAP contains large 
chunks (anything larger 
than 2”) or RAP 
aggregate NMAS 
exceeds the recycled 
mix’s NMAS 

Generating excess dust 
and uncoated surfaces 

Mixing Using a loader or excavator to 
blend RAP from different 
sources; usually done in 
combination with crushing and/or 
fractionating 

RAP stockpile contains 
materials from multiple 
sources 

Good consistency of RAP 
characteristics must be 
verified with a RAP QC 
plan 

Fractionating Screening RAP into multiple size 
ranges 

High RAP content 
mixes (above 30 to 
40%) are routine 

Highest cost, requires 
additional RAP bin(s) to 
simultaneously feed 
multiple fractions 

Table 4-1. Summary of RAP processing options.
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55 percent RAP content mixes, Method 3 resulted in extremely 
inflated VMA values for most mixes. Using inflated VMAs 
would likely result in low asphalt contents for high RAP 
content mixes and ultimately in significant pavement perfor-
mance problems. Based on these findings, Method 3 is not 
recommended. For consistency with other research at NCAT, 
Method 2 was used in this project.

The most popular method for determining the asphalt 
content of RAP is the ignition method. Several studies have 
shown that the ignition method provides more accurate results 
for asphalt content compared to solvent extraction methods 
from many aggregate types, even when no aggregate correc-
tion factor is used for RAP samples in the ignition method. 
However, regions that have not found the ignition method 
suitable for asphalt content determinations due to the reac-
tion of dolomitic aggregates at high temperatures should use 
solvent extractions for determining RAP asphalt contents.

For high RAP content mixes, most studies support the 
current standard that recommends recovering the RAP binder 
using a solvent extraction and recovery procedure, then deter-
mining the true or continuous grade of the binder in accor-
dance with Superpave binder grading procedures. There are 
several disadvantages to this method since it involves han-
dling potentially hazardous solvents. Many researchers have 
attempted to use properties of mix or mortar tests and to 
estimate properties of the RAP binder. At this time, these 
techniques have not been proven reliable.

Field Performance of  
High RAP Content Mixes

In-service performance of asphalt pavements containing 
up to 50 percent RAP in projects with diverse climates and 
traffic has been very positive. Several researchers examined 
data from experimental sections in the Long-Term Pavement 
Performance Program to compare overlays with RAP mixes 
and virgin mixes. Those studies have shown that the overlays 
containing 30 percent RAP have been performing equal to, 
or better than, virgin mixes for most measures of pavement 
performance. Overall, the overlays containing RAP had more 
wheel path cracking, but the extent of cracking was acceptable.

Recent findings from research with high RAP content mixes 
at the NCAT Test Track indicate that using a softer grade of 
virgin binder improves the cracking and raveling resistance of 
surface mixes. Pavement response measurements under heavy 
traffic also show that the increased stiffness of high RAP content 
mixes can be an advantage in structural design by reducing the 
critical tensile strains in the pavement structure.

Mix Designs Using High RAP Contents

Results of heating experiments showed that an appropriate 
method to heat batched samples of RAP in preparation for 
making mix design samples is to place the samples in an oven 

at the mixing temperature for 1½ to 3 hours. Heating RAP 
samples for more than 3 hours may cause excessive aging of 
the RAP binder. This finding is consistent with other studies. 
Although the effect of overheating RAP may not be apparent 
in the volumetric mix design process, the additional aging 
will likely impact performance-related test results.

The primary experimental plan was designed to answer the 
following five questions:

1. Are volumetrics affected by a change in the virgin binder 
grade?

2. Can the compatibility of RAP and virgin binders be assessed 
in mix design?

3. Do lower mixing temperatures associated with warm 
mix asphalt technologies affect RAP and virgin binder 
blending?

4. Can the composite binder (blended or partially blended 
RAP and virgin binder) be characterized using an indirect 
method that is based on dynamic modulus of the mix?

5. What do laboratory performance-related test results tell 
us about the mix designs with high RAP contents?

The materials for this study were obtained from four loca-
tions in the United States that included various aggregate 
types, binder grades, and sources, and RAP materials with 
different characteristics. Contractors from New Hampshire, 
Utah, Minnesota, and Florida provided materials and example 
mix designs. Thirty mix designs meeting the requirements 
of AASHTO R 35 were completed with the materials. Twelve 
of those mix designs were virgin mixes to provide a basis of 
comparison in the analyses. Fractionated RAP was provided 
by three of the four contractors. It was necessary to fractionate 
the fourth RAP material in order to obtain satisfactory mix 
designs with 55 percent RAP. In some cases, only the coarse 
RAP fractions were used for higher RAP content mixes in 
order to meet the Superpave mix design criteria. Many of the 
experiments used subsets of the mix designs in order to keep 
the project within budget constraints.

The experimental results to determine whether changing 
the binder grade or binder source affects mix design volumet-
ric properties were not conclusive. For one source of materials, 
significant differences in optimum asphalt contents (up to 
0.5 percent) were obtained for virgin and 25 percent RAP mix 
designs when different binder grades and different binder 
sources were used. However, it is unlikely that the binder source 
or grade change was responsible for the variations in the opti-
mum asphalt contents for this source of materials since the 
effects were not consistent for the mix designs with different 
RAP contents. Mix design results for the second set of materials  
in this experiment clearly indicate that changing the virgin 
binder source or the virgin binder grade had a negligible effect. 
This issue is only important if a mix designer completed a mix 
design with one binder, then wanted to change to another 
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binder source due to supply or economic reasons, or to change 
binder grades to try to improve mix performance properties.

The experiment to assess the impact of using WMA and 
a lower mixing temperature with a high RAP content mix 
was very limited since WMA was included as a variable with 
only one mix design containing 55 percent RAP. Including a 
WMA additive and decreasing the mixing and compaction 
temperatures by 19°C (35°F) had a negligible effect on the 
mix’s volumetric properties and TSR results. The WMA mix 
had slightly better rutting test results and the fatigue results 
were similar to that of the HMA. The dynamic modulus of the 
WMA was 6 to 15 percent lower than the HMA, with the larger 
difference observed at the higher temperature range.

Dynamic modulus tests were performed on all mix designs 
for two purposes. The first purpose was to evaluate how binder 
grade, binder source, and RAP content affected mix stiffness. 
The second purpose was to try to backcalculate effective 
binder properties using the Hirsch model. Results showed that 
dynamic modulus was significantly affected by RAP content 
and source. Compared to the virgin mixes, stiffnesses of the 
25 percent RAP mixes were about 30 to 43 percent higher, 
with the greatest differences occurring at the intermediate 
temperature ranges. The 55 percent RAP mixes were about 
25 to 60 percent stiffer than the virgin mixes with the great-
est difference occurring at 21.1°C. Virgin binder source was 
significant at 21.1°C. Virgin binder grade was significant at 
37.8°C and for results at the lowest frequency.

The analyses of backcalculated effective binder properties 
using dynamic modulus test results and the Hirsch model 
clearly show that this process did not provide useful results. 
The backcalculated intermediate and high true critical temper-
atures deviated from the measured critical intermediate and 
high temperatures by as much as 13.1 and 27.8°C, respectively.

The mix designs’ resistance to moisture damage was evalu-
ated by AASHTO T 283. Several of the high RAP content mixes 
did not meet the standard 0.80 TSR criteria. Adding an anti-
stripping additive was usually sufficient to improve the TSR 
above 0.80. In all cases, the conditioned and unconditioned 
tensile strengths of the high RAP content mixes exceeded those 
of the virgin mixes from the same materials source. This is a 
good argument to support the case that TSR values should 
not solely be used to assess moisture-damage potential. A few 
states allow a lower TSR criteria if the tensile strengths are main-
tained above a certain threshold. For example, the Georgia DOT  
allows TSRs as low as 0.70 if the conditioned and unconditioned 
tensile strengths are above 689 kPa (100 psi). States that use 
a softer PG grade of binder would need to use a lower tensile 
strength criterion.

The confined flow number test was performed on the mix 
designs to assess their resistance to permanent deformation. 
Using the confined test, none of the samples exhibited tertiary 
deformation. Therefore, analysis of rutting resistance was based 
on the total accumulated strain at 20,000 cycles. All of the mix-

tures had less than 50,000 microstrain, or 5 percent strain. An 
ANOVA indicated that the total strain was significantly affected 
by the source of the materials and the high performance grade 
of the virgin binder, but not RAP content.

Mix designs were evaluated for resistance to fatigue crack-
ing based on fracture energy determined from indirect tensile 
strength tests. Specimens were long-term oven-aged before 
testing. Fracture energy is the amount of strain energy and 
dissipated energy a mixture can absorb up to the point when 
cracking is initiated. The fracture energy results showed that 
the virgin mixes have significantly better fracture energy than 
high RAP content mixes. Smaller NMAS mixes also had better 
fracture energy than larger NMAS mixes.

Resistance to thermal cracking was evaluated with two tests: 
the low-temperature semi-circular bend (SCB) test and the 
bending beam rheometer (BBR) test on small mix beams cut 
from gyratory-compacted specimens. The SCB test yields two  
properties: fracture toughness and fracture energy. Ideally, 
mixes with high fracture toughness and fracture energy would 
be expected to perform better than mixes with low fracture 
properties. However, the experimental results from the SCB 
test were conflicting. Compared to the corresponding virgin 
mixes, the high RAP content mixes generally had higher frac-
ture toughness but similar, or lower, fracture energy results. 
For the BBR results, mixes with RAP generally had higher 
stiffness and lower m-values, which theoretically should result 
in more cracking. Yet further analysis of the critical cracking 
temperatures for the climates where the materials were obtained 
indicates that the high RAP content mixes would perform 
similarly to the corresponding virgin mixes with regard to 
thermal cracking.

It is important to note that other studies have shown that 
fracture properties and cracking performance of high RAP 
content mixes can be improved by either using a softer grade of 
virgin binder or by using a rejuvenating agent in conjunction 
with the standard binder grade such that the theoretically 
blended binders have properties that are appropriate for the 
specific project climate and traffic.

Proposed Recommendations

Based on the findings from the literature review and the 
results of the experimental work, the following recommenda-
tions are offered.

1. High RAP contents should be defined more clearly. This 
study has used the conventional practice of describing RAP 
contents as the percentage of RAP aggregate in the total 
aggregate blend. However, it seems that it would be more 
appropriate to distinguish mixes containing RAP by the 
proportion of RAP binder to the total binder. Some high-
way agencies now use the term “RAP binder replacement” 
to convey this idea. The research team prefers the term 
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“RAP binder ratio” because the word “replacement” infers 
that virgin binder is replaced with RAP binder. Replacing 
virgin asphalt with recycled binder is not what is really 
done in mix designs with RAP materials. Rather, what the 
research team wants to identify with this term is the por-
tion of the total binder content that comes from the RAP. 
The former RAP Expert Task Group defined “high RAP 
content mixes” as asphalt mixes containing 25 percent or 
more RAP. The research team proposes to redefine high 
RAP content mixes as asphalt mixes in which 25 percent or 
more of the total binder is from RAP materials or, in other 
words, asphalt mixes having a RAP binder ratio ≥ 0.25.

2. RAP stockpiles should be sampled for quality control 
testing and characterizing the RAP for mix designs with 
the aid of a loader or other power equipment to make 
miniature sampling stockpiles. The miniature sampling 
stockpiles shall be flattened using the equipment blade and 
a back-dragging technique. Each sample shall be obtained 
by taking at least three portions from the flattened surface 
with a square-ended shovel. The miniature stockpile sam-
pling method will minimize variations in samples due to 
segregation. This technique shall be repeated at different 
locations around the main RAP stockpile. Do not combine 
samples obtained from different locations around the main 
stockpile since they will be used to determine the amount 
of variability within the main stockpile. Reduce samples to 
appropriate test-size portions using the mechanical splitter 
method described in AASHTO R 47.

3. Figure 4-1 shows a flow chart for the proposed sampling 
and testing of RAP stockpiles for high RAP content mix 
designs. Table 4-2 provides the proposed test methods, 
sampling frequencies, and variability guidelines.

4. The study found that the current standards for Superpave 
mix design are applicable to high-RAP content mixes with 
a few minor but important changes, as discussed below. 

The proposed revisions to AASHTO R 35 and M 323 are 
shown in Appendixes B and C, respectively.

5. Selection of the grade of virgin binder for high RAP content 
mixes should be based on knowledge of the true grade 
of the RAP binder, the high and low critical temperatures 
for the project location and pavement layer, and one of the 
following:
a. The approximate ratio of RAP binder divided by the 

total binder content or
b. The high and low critical temperatures for the available 

virgin binder(s).

Figure 4-1. Flow chart for proposed sampling 
and testing RAP stockpiles.

Property Test Method(s) Frequency 

Minimum 
Number of Tests 

per Stockpile 

Maximum 
Standard 
Deviation 

Asphalt Content 
AASHTO T 164 or 
AASHTO T 308 

1 per 1,000 
tons 

10 0.5 

Recovered Aggregate 
Gradation* 

AASHTO T 30 1 per 1,000 
tons 

10 
5.0 all sieves 

1.5 on 75 micron 
Recovered Aggregate 
Bulk Specific Gravity 

AASHTO T 84 and 
T 85 

1 per 3,000 
tons 

3 0.030** 

Binder Recovery and 
PG Grading 

AASHTO T 319 or 
ASTM D5404 and 
AASHTO R 29 

1 per 5,000 
tons 

1 n.a. 

* Samples for Superpave aggregate consensus properties or other aggregate testing needs may be obtained by 
combining the tested aggregates following sieve analyses. 

**This is a preliminary value based on limited data and possible impacts to VMA for high RAP content mixes. 

Table 4-2. Proposed RAP sampling and testing guidelines for high RAP 
content mixes.
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Note that the high and low critical temperatures for a 
project location and pavement layer can be determined using 
LTPPBind version 3.1

If the RAP binder ratio (RBR) is known, determine the 
appropriate virgin binder grade using the following formula:

( ) ( ) ( )( )
( )

= − ×
−1 RBR

[4-1]T virgin
T need RBR T RAP Binder

c
c c

where
 Tc(virgin) =  critical temperature (high or low) of the 

virgin asphalt binder.
 Tc(need) =  critical temperature (high or low) needed 

for the climate and pavement layer.
 RBR =  RAP Binder Ratio - the ratio of the 

RAP binder in the mixture divided by 
the mixture’s total binder content. The 
mixture’s total binder content is an 
un known prior to mix design but can 
be estimated based on historical data for 
the aggregate type and NMAS.

 Tc(RAP Binder) =  Critical temperature (high or low) of the 
RAP binder determined from extrac-
tion, recovery, and PG grading.

If the virgin binder grade is known, determine the maximum 
RAP binder ratio using the following formula:

RBR
T need T virgin

T RAP Binder T v
max

c c

c c

=
( )− ( )

( )− iirgin( ) [4-2]

6. At the present time, agencies should require moisture-
damage testing of mix designs incorporating RAP, 
regard less of RAP content. Agencies should specify either 
AASHTO T 324 (Hamburg), AASHTO T 283 (TSR) or 
some variation thereof, as well as appropriate criteria based 
on historical performance. A rutting test for high RBR 
mixes seems un necessary unless a softer grade of virgin 
binder or rejuvenator is used. In that case, one of sev-
eral suitable tests could be required, including AASHTO 
TP 63-07 (Asphalt Pavement Analyzer), AASHTO T 324 
(Hamburg), or AASHTO TP 62-07 (Flow Number). If the 
flow number test is selected, the unconfined test and the 
criteria recommended in NCHRP Report 673 or NCHRP 
Report 691, for HMA or WMA, respectively, should be 
followed. For high RBR surface mixes to be used in climates 
prone to thermal cracking, agencies may consider either the 
SCB test, as used in this study, or the disc-shaped compact 
tension (DCT) test for assessing low-temperature proper-
ties. The national pooled-fund study Investigation of Low 
Temperature Cracking in Asphalt Pavements, Phase II (71) 
recommended these procedures and accompanying speci-
fication criteria as well as an improved thermal cracking 
model for asphalt pavements. Although no fatigue test can 
be recommended at this time, it is an important need and 
worthy of further research and development. The use of 
any test to assess load-related cracking potential of asphalt 
mixes, regardless of RAP content, should be done only to 
gather additional information on the resulting properties 
of mixes and not to accept or reject mixes until further 
research is able to establish how the property is related to 
field performance.
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A p p e n d i x  A

Appendix A is not provided herein but is available on the TRB website and can be found by 
searching for NCHRP Report 752.
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APPENDIX B 

Proposed Standard Practice for 

Superpave Volumetric Design
for Hot Mix Asphalt (HMA) 

AASHTO Designation: R 35-04 
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TS-2d R 35-1 AASHTO 

Standard Practice for 

Superpave Volumetric Design  
for Hot Mix Asphalt (HMA) 

AASHTO Designation: R 35-04 

1. SCOPE 

1.1. This standard for mix design evaluation uses aggregate and mixture properties to produce a hot 
mix asphalt (HMA) job-mix formula. The mix design is based on the volumetric properties of the 
HMA in terms of the air voids, voids in the mineral aggregate (VMA), and voids filled with 
asphalt (VFA). 

1.2. This standard may also be used to provide a preliminary selection of mix parameters as a starting 
point for mix analysis and performance prediction analyses. 

1.3. This standard may involve hazardous materials, operations, and equipment. This standard does 
not purport to address all of the safety concerns, if any, associated with its use. It is the 
responsibility of the user of this procedure to establish appropriate safety and health practices 
and determine the applicability of regulatory limitations prior to use. 

2. REFERENCED DOCUMENTS 

2.1. AASHTO Standards: 

 M 320, Performance-Graded Asphalt Binder 

 M 323, Superpave Volumetric Mix Design 

 R 30, Mixture Conditioning of Hot Mix Asphalt (HMA) 

 T 2, Sampling of Aggregates 

 T 11, Materials Finer Than 75-µm (No. 200) Sieve in Mineral Aggregates by Washing 

 T 27, Sieve Analysis of Fine and Coarse Aggregates 

 T 84, Specific Gravity and Absorption of Fine Aggregate 

 T 85, Specific Gravity and Absorption of Coarse Aggregate 

 T 100, Specific Gravity of Soils 

 T 166, Bulk Specific Gravity of Compacted Asphalt Mixtures Using Saturated Surface-Dry 
Specimens 

 T 209, Theoretical Maximum Specific Gravity and Density of Bituminous Paving Mixtures 

 T 228, Specific Gravity of Semi-Solid Bituminous Materials 

 T 248, Reducing Samples of Aggregate to Testing Size 

 T 275, Bulk Specific Gravity of Compacted Bituminous Mixtures Using Paraffin-Coated 
Specimens 

 T 283, Resistance of Compacted Asphalt Mixture to Moisture-Induced Damage 

 T 312, Preparing and Determining the Density of Hot Mix Asphalt (HMA) Specimens by 
Means of the Superpave Gyratory Compactor 
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2.2. Asphalt Institute Standards: 

 MS-2, Mix Design Methods for Asphalt Concrete and Other Hot Mix Types 

3. TERMINOLOGY 

3.1. HMA—Hot mix asphalt. 

3.2. design ESALs—Design equivalent (80 kN) single-axle loads. 

3.2.1. Discussion—Design ESALs are the anticipated project traffic level expected on the design lane 
over a 20-year period. For pavements designed for more or less than 20 years, determine the 
design ESALs for 20 years when using this standard. 

3.3. air voids (Va)—The total volume of the small pockets of air between the coated aggregate particles 
throughout a compacted paving mixture, expressed as a percent of the bulk volume of the 
compacted paving mixture (Note 1). 

Note 1—Term defined in Asphalt Institute Manual MS-2, Mix Design Methods for Asphalt 
Concrete and Other Hot Mix Types. 

3.4. voids in the mineral aggregate (VMA)—The volume of the intergranular void space between the 
aggregate particles of a compacted paving mixture that includes the air voids and the effective 
binder content, expressed as a percent of the total volume of the specimen (Note 1). 

3.5. absorbed binder volume (Vba)—The volume of binder absorbed into the aggregate (equal to the 
difference in aggregate volume when calculated with the bulk specific gravity and effective 
specific gravity). 

3.6. binder content (Pb)—The percent by mass of binder in the total mixture including binder and 
aggregate. 

3.7. effective binder volume (Vbe)—The volume of binder which is not absorbed into the aggregate. 

3.8. voids filled with asphalt (VFA)—The percentage of the VMA filled with binder (the effective 
binder volume divided by the VMA). 

3.9. dust-to-binder ratio (P0.075/Pbe)—By mass, the ratio between the percent passing the 75 µm (No. 
200) sieve (P0.075) and the effective binder content (Pbe). 

3.10. nominal maximum aggregate size—One size larger than the first sieve that retains more than 10 
percent aggregate (Note 2). 

3.11. maximum aggregate size—One size larger than the nominal maximum aggregate size (Note 2). 

Note 2—The definitions given in Sections 3.10 and 3.11 apply to Superpave mixes only and differ 
from the definitions published in other AASHTO standards. 

3.12. reclaimed asphalt pavement (RAP)—Removed and/or processed pavement materials containing 
asphalt binder and aggregate. 

3.13. primary control sieve (PCS)—The sieve defining the break point between fine- and coarse-graded 
mixtures for each nominal maximum aggregate size. 
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4. SUMMARY OF THE PRACTICE 

4.1. Materials Selection—Binder, aggregate, and RAP stockpiles are selected that meet the 
environmental and traffic requirements applicable to the paving project. The bulk specific gravity 
of all aggregates proposed for blending and the specific gravity of the binder are determined. 

Note 3—If RAP is used, the bulk specific gravity of the RAP aggregate may be estimated by 
determining the theoretical maximum specific gravity (Gmm) of the RAP mixture and using an 
assumed asphalt absorption for the RAP aggregate to back-calculate the RAP aggregate bulk 
specific gravity, if the absorption can be estimated with confidence. The RAP aggregate effective 
specific gravity may be used in lieu of the bulk specific gravity at the discretion of the agency. The 
use of the effective specific gravity may introduce an error into the combined aggregate bulk 
specific gravity and subsequent VMA calculations. The agency may choose to specify adjustments 
to the VMA requirements to account for this error based on experience with local aggregates. 

4.2. Design Aggregate Structure—It is recommended that at least three trial aggregate blend gradations 
from selected aggregate stockpiles are blended. For each trial gradation, an initial trial binder 
content is determined, and at least two specimens are compacted in accordance with T 312. A 
design aggregate structure and an estimated design binder content are selected on the basis of 
satisfactory conformance of a trial gradation meeting the requirements given in M 323 for Va, 
VMA, VFA, dust-to-binder ratio at Ndesign, and relative density at Ninitial. 

Note 4—Previous Superpave mix design experience with specific aggregate blends may eliminate 
the need for three trial blends. 

4.3. Design Binder Content Selection—Replicate specimens are compacted in accordance with T 312 
at the estimated design binder content and at the estimated design binder content 0.5 percent and 
+1.0 percent. The design binder content is selected on the basis of satisfactory conformance with 
the requirements of M 323 for Va, VMA, VFA, and dust-to-binder ratio at Ndesign, and the relative 
density at Ninitial and Nmax. 

4.4. Evaluating Moisture Susceptibility—The moisture susceptibility of the design aggregate structure 
is evaluated at the design binder content: the mixture is conditioned according to the mixture 
conditioning for the volumetric mixture design procedure in R 30, compacted to 7.0  0.5 percent 
air voids in accordance with T 312, and evaluated according to T 283. The design shall meet the 
tensile strength ratio requirement of M 323. 

4.5. Additional Evaluation of High RAP Content Mixes Using Performance-Related Tests—Additional 
mixture testing may be appropriate to assess the mix design for resistance to other forms of 
distress.  Preliminary guidance is provided for the appropriate selection of performance-related 
test methods and criteria for evaluating mixtures that contain 25 percent or more RAP binder by 
weight of the mixture’s total binder content.     

5. SIGNIFICANCE AND USE 

5.1. The procedure described in this practice is used to produce HMA that satisfies Superpave HMA 
volumetric mix design requirements. 

6. PREPARING AGGREGATE TRIAL BLEND GRADATIONS 

6.1. Select a binder in accordance with the requirements of M 323. 

6.2. Determine the specific gravity of the binder according to T 228. 
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6.3. Obtain samples of aggregates proposed to be used for the project from the aggregate stockpiles in 
accordance with T 2. Obtain samples of RAP, if proposed to be used, from RAP stockpiles in 
accordance with T 2 Section X.1.2.1,  

Note 5—Each stockpile usually contains a given size of an aggregate fraction. Most projects 
employ three to five stockpiles to generate a combined gradation conforming to the job-mix 
formula and M 323. 

6.4. Reduce the samples of aggregate fractions according to T 248 to samples of the size specified in 
T 27. 

6.5. Dry the RAP samples, if used, with a fan or in an oven at 110°C for the minimum amount of time 
to reach a constant mass.  Avoid exposing the RAP to high temperatures for extended periods of  
time to minimize further aging of the RAP binder.  Determine the asphalt content of the RAP 
using T 308 or T 164.  Retain the RAP aggregate following the ignition tests or extractions for 
gradation analyses, specific gravity determinations, and consensus property tests. 

6.6. Wash and grade each aggregate sample according to T 11 and T 27. 

6.7. Determine the bulk and apparent specific gravity for each coarse and fine aggregate fraction in 
accordance with T 85 and T 84, respectively, and determine the specific gravity of the mineral 
filler in accordance with T 100. 

6.8. Blend the aggregate fractions using Equation 1: 

P = Aa + Bb + Cc, etc. (1) 

where: 

P = Percentage of material passing a given sieve for the combined 
aggregates A, B, C, etc.; 

A, B, C, etc. = Percentage of material passing a given sieve for aggregates A, B, C, 
etc.; and 

a, b, c, etc. = Proportions of aggregates A, B, C, etc. used in the combination, and 
where the total = 1.00. 

6.9. Prepare a minimum of three trial aggregate blend gradations; plot the gradation of each trial blend 
on a 0.45-power gradation analysis chart, and confirm that each trial blend meets M 323 gradation 
controls (see Table 3 of M 323). Gradation control is based on four control sieve sizes: the sieve 
for the maximum aggregate size, the sieve for the nominal maximum aggregate size, the 4.75- or 
2.36-mm sieve, and the 0.075-mm sieve. An example of three acceptable trial blends in the form 
of a gradation plot is given in Figure 1. 

6.10. Obtain a test specimen from each of the trial blends according to T 248, and conduct the quality 
tests specified in Section 6 of M 323 to confirm that the aggregate in the trial blends meets the 
minimum quality requirements specified in M 323. 

Note 6—The designer has an option of performing the quality tests on each stockpile instead of 
the trial aggregate blend. The test results from each stockpile can be used to estimate the results 
for a given combination of materials. 
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Figure 1—Evaluation of the gradations of three trial blends (example). 
 

7. DETERMINING AN INITIAL TRIAL BINDER CONTENT FOR EACH 
TRIAL AGGREGATE GRADATION 

7.1. Designers can either use their experience with the materials or the procedure given in Appendix 
A1 to determine an initial trial binder content for each trial aggregate blend gradation. 

Note 7—When using RAP, the initial trial asphalt content should be reduced by an amount 
equal to that provided by the RAP. 

8. COMPACTING SPECIMENS OF EACH TRIAL GRADATION 

8.1. Prepare replicate mixtures (Note 8) at the initial trial binder content for each of the chosen trial 
aggregate trial blend gradations. From Table 1, determine the number of gyrations based on the 
design ESALs for the project. 

Note 8—At least two replicate specimens are required, but three or more may be prepared if 
desired. Generally, 4500 to 4700 g of aggregate is sufficient for each compacted specimen with 
a height of 110 to 120 mm for aggregates with combined bulk specific gravities of 2.55 to  
2.70, respectively. 

8.2. Condition the mixtures according to R 30, and compact the specimens to Ndesign gyrations in 
accordance with T 312. Record the specimen height to the nearest 0.1 mm after each revolution. 

8.3. Determine the bulk specific gravity (Gmb) of each of the compacted specimens in accordance with 
T 166 or T 275 as appropriate. 
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Table 1—Superpave gyratory compaction effort. 

Design ESALsa 
(million) 

Compaction Parameters 
Typical Roadway Applicationb 

Ninitial Ndesign Nmax 
< 0.3 6 50 75 Applications include roadways with very light 

traffic volumes such as local roads, county roads, 
and city streets where truck traffic is prohibited or 
at a very minimal level. Traffic on these roadways 
would be considered local in nature, not regional, 
intrastate, or interstate. Special purpose roadways 
serving recreational sites or areas may also be 
applicable to this level. 

0.3 to < 3 7 75 115 Applications include many collector roads or 
access streets. Medium-trafficked city streets and 
the majority of county roadways may be applicable 
to this level. 

3 to < 30 8 100 160 Applications include many two-lane, multilane, 
divided, and partially or completely controlled 
access roadways. Among these are medium-to-
highly trafficked city streets, many state routes, 
U.S. highways, and some rural interstates. 

 30 9 125 205 Applications include the vast majority of the U.S. 
Interstate System, both rural and urban in nature. 
Special applications such as truck-weighing 
stations or truck-climbing lanes on two-lane 
roadways may also be applicable to this level. 

a The anticipated project traffic level expected on the design lane over a 20-year period. Regardless of the actual design life of the roadway, determine the design  
ESALs for 20 years. 

b As defined by A Policy on Geometric Design of Highways and Streets, 1994, AASHTO. 

 

Note 9—When specified by the agency and the top of the design layer is 100 mm from the 
pavement surface and the estimated design traffic level is 0.3 million ESALs, decrease the 
estimated design traffic level by one, unless the mixture will be exposed to significant mainline 
construction traffic prior to being overlaid. If less than 25 percent of a construction lift is within  
100 mm of the surface, the lift may be considered to be below 100 mm for mixture design 
purposes. 

Note 10—When the estimated design traffic level is between 3 and <10 million ESALs, the 
agency may, at its discretion, specify Ninitial at 7, Ndesign at 75, and Nmax at 115. 

8.4. Determine the theoretical maximum specific gravity (Gmm) according to T 209 of separate samples 
representing each of these combinations that have been mixed and conditioned to the same extent 
as the compacted specimens. 

Note 11—The maximum specific gravity for each trial mixture shall be based on the average of at 
least two tests. 

9. EVALUATING COMPACTED TRIAL MIXTURES 

9.1. Determine the volumetric requirements for the trial mixtures in accordance with M 323. 

9.2. Calculate Va and VMA at Ndesign for each trial mixture using Equations 2 and 3: 

mm

mb
a G

G
V 1100  (2) 

VMA 100 1 mb s

sb

G P

G
 (3) 
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where: 

Gmb = bulk specific gravity of the extruded specimen; 
Gmm = theoretical maximum specific gravity of the mixture; 
Ps = percent of aggregate in the mix; and 
Gsb = bulk specific gravity of the combined aggregate. 
   

Note 12—Although the initial trial binder content was estimated for a design air void content of 
4.0 percent, the actual air void content of the compacted specimen is unlikely to be exactly 4.0 
percent. Therefore, the change in binder content needed to obtain a 4.0 percent air void content, 
and the change in VMA caused by this change in binder content, is estimated. These calculations 
permit the evaluation of VMA and VFA of each trial aggregate gradation at the same design air 
void content, 4.0 percent. 

9.3. Estimate the volumetric properties at 4.0 percent air voids for each compacted specimen. 

9.3.1. Determine the difference in average air void content at Ndesign ( Va) of each aggregate trial blend 
from the design level of 4.0 percent using Equation 4: 

aa VV 0.4  (4) 

where: 

Va = air void content of the aggregate trial blend at Ndesign gyrations. 

9.3.2. Estimate the change in binder content ( Pb) needed to change the air void content to 4.0 percent 
using Equation 5: 

ab VP 4.0  (5) 

9.3.3. Estimate the change in VMA ( VMA) caused by the change in the air void content ( Va) 
determined in Section 9.3.1 for each trial aggregate blend gradation, using Equation 6 or 7. 

0.2 if 4.0VMA V V
a a

 (6) 

0.1 if 4.0VMA V V
a a

 (7) 

Note 13—A change in binder content affects the VMA through a change in the bulk specific 
gravity of the compacted specimen (Gmb). 

9.3.4. Calculate the VMA for each aggregate trial blend at Ndesign gyrations and 4.0 percent air voids 
using Equation 8: 

VMAVMAVMA trialdesign  (8) 

where: 

VMAdesign = VMA estimated at a design air void content of 4.0 percent; and 
VMAtrial = VMA determined at the initial trial binder content. 

9.3.5. Using the values of Va determined in Section 9.3.1 and Equation 9, estimate the relative density 
of each specimen at Ninitial when the design air void content is adjusted to 4.0 percent at Ndesign: 

initial
% 100 mb d

mm a
mm i

G h
G V

G h
 (9) 

where: 

%
initialmmG  = relative density at Ninitial gyrations at the adjusted design binder content; 

hd = height of the specimen after Ndesign gyrations, from the Superpave 
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gyratory compactor, mm; and 
hi = height of the specimen after Ninitial gyrations, from the Superpave 

gyratory compactor, mm. 

9.3.6. Estimate the percent of effective binder (
estbeP ) and calculate the dust-to-binder ratio (P0.075/Pbe) for 

each trial blend using Equations 10 and 11: 

 

 est est

se sb
be s b b

se sb

G G
P P G P

G G
 (10) 

where: 

estbeP  = estimated effective binder content, 

Ps = aggregate content, 
Gb = specific gravity of the binder, 
Gse = effective specific gravity of the aggregate, 
Gsb = bulk specific gravity of the combined aggregate, and 

estbP  = estimated binder content. 

 

0.075
0.075

est

be
be

P
P P

P
 (11) 

where: 

P0.075 = percent passing the 0.075-mm sieve. 

9.3.7. Compare the estimated volumetric properties from each trial aggregate blend gradation at the 
adjusted design binder content with the criteria specified in M 323. Choose the trial aggregate 
blend gradation that best satisfies the volumetric criteria. 

Note 14—Table 2 presents an example of the selection of a design aggregate structure from three 
trial aggregate blend gradations. 

Note 15—Many trial aggregate blend gradations will fail the VMA criterion. Generally, the 
%

initialmmG criterion will be met if the VMA criterion is satisfied. Section 12.1 gives a procedure for 

the adjustment of VMA. 

Note 16—If the trial aggregate gradations have been chosen to cover the entire range of the 
gradation controls, then the only remaining solution is to make adjustments to the aggregate 
production or to introduce aggregates from a new source. The aggregates that fail to meet the 
required criteria will not produce a quality mix and should not be used. One or more of the 
aggregate stockpiles should be replaced with another material that produces a stronger structure. 
For example, a quarry stone can replace a crushed gravel or crushed fines can replace natural 
fines.  
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Table 2—Selection of a design aggregate structure (example). 

Volumetric 
Property 

Trial Mixture (19.0-mm Nominal Maximum Aggregate) 
20-Year Project Design ESALs = 5 million 

Criteria 

1 2 3 
At the Initial Trial Binder Content 

Pb (trial) 4.4 4.4 4.4  

%
initialmmG (trial) 88.3 88.0 87.3  

%
designmmG (trial) 95.6 94.9 94.5  

Va at Ndesign 4.4 5.1 5.5 4.0 

VMAtrial 13.0 13.6 14.1  

 Adjustments to Reach Design Binder Content (Va = 4.0% at Ndesign)  
Va  –0.4  –1.1 –1.5  

Pb 0.2 0.4 0.6  

VMA –0.1 –0.2 –0.3  

 At the Estimated Design Binder Content (Va = 4.0 % at Ndesign)  
Estimated Pb (design) 4.6 4.8 5.0  

VMA (design) 12.9 13.4 13.8  13.0 

%
initialmmG (design) 88.7 89.1 88.5  89.0 

Notes: 1. The top portion of this table presents measured densities and volumetric properties for specimens prepared for each aggregate trial blend  
     at the initial trial binder content. 

  2. None of the specimens had an air void content of exactly 4.0 percent. Therefore, the procedures described in Section 9 must be applied to: 
     (1) estimate the design binder content at which Va = 4.0 percent, and (2) obtain adjusted VMA and relative density values at this  
     estimated binder content. 

  3. The middle portion of this table presents the change in binder content ( Pb) and VMA ( VMA) that occurs when the air void content (Va)  
     is adjusted to 4.0 percent for each trial aggregate blend gradation. 

4. A comparison of the VMA and densities at the estimated design binder content to the criteria in the last column shows that trial aggregate 
     blend gradation No. 1 does not have sufficient VMA (12.9 percent versus a requirement of 13.0 percent). Trial blend No. 2 exceeds the  
     criterion for relative density at Ninitial gyrations (89.1 percent versus a requirement of 89.0 percent). Trial blend No. 3 meets the  
     requirement for relative density and VMA and, in this example, is selected as the design aggregate structure. 

 

10. SELECTING THE DESIGN BINDER CONTENT 

10.1. Prepare replicate mixtures (Note 8) containing the selected design aggregate structure at each of 
the following four binder contents: (1) the estimated design binder content, Pb (design); (2) 0.5 
percent below Pb (design); (3) 0.5 percent above Pb (design); and (4) 1.0 percent above Pb (design). 

10.1.1. Use the number of gyrations previously determined in Section 8.1. 

10.2. Condition the mixtures according to R 30, and compact the specimens to Ndesign gyrations 
according to T 312. Record the specimen height to the nearest 0.1 mm after each revolution. 

10.3. Determine the bulk specific gravity of each of the compacted specimens in accordance with T 166 
or T 275 as appropriate. 

10.4. Determine the theoretical maximum specific gravity (Gmm) according to T 209 of each of the four 
mixtures using companion samples that have been conditioned to the same extent as the 
compacted specimens (Note 11). 

10.5. Determine the design binder content that produces a target air void content (Va) of 4.0 percent at 
Ndesign gyrations using the following steps: 
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10.5.1. Calculate Va, VMA, and VFA at Ndesign using Equations 2, 3, and 12: 

VMA

VVMA
VFA a100  (12) 

10.5.2. Calculate the dust-to-binder ratio using Equation 13. 

be
be P

P
PP 075.0

075.0  (13) 

  

where: 

Pbe = effective binder content. 

10.5.3. For each of the four mixtures, determine the average corrected specimen relative densities at Ninitial 
(

initialmmG ), using Equation 14. 

 

initial
100 mb d

mm
mm i

G h
%G

G h
 (14) 

10.5.4. Plot the average Va, VMA, VFA, and relative density at Ndesign for replicate specimens versus 
binder content. 

Note 17—All plots are generated automatically by the Superpave software. Figure 2 presents a 
sample data set and the associated plots. 

10.5.5. By graphical or mathematical interpolation (Figure 2), determine the binder content to the nearest 
0.1 percent at which the target Va is equal to 4.0 percent. This is the design binder content (Pb) at 
Ndesign. 

10.5.6. By interpolation (Figure 2), verify that the volumetric requirements specified in M 323 are met at 
the design binder content. 

10.6. Compare the calculated percent of maximum relative density with the design criteria at Ninitial by 
interpolation, if necessary. This interpolation can be accomplished by the following procedure. 

10.6.1. Prepare a densification curve for each mixture by plotting the measured relative density at X 
gyrations, 

x
,mmG  versus the logarithm of the number of gyrations (see Figure 3). 

10.6.2. Examine a plot of air void content versus binder content. Determine the difference in air voids 
between 4.0 percent and the air void content at the nearest, lower binder content. Determine the air 
void content at the nearest, lower binder content at its data point, not on the line of best fit. 
Designate the difference in air void content as Va. 

10.6.3. Using Equation 14, determine the average corrected specimen relative densities at Ninitial 
(

initialmmG ). Confirm that 
initialmmG satisfies the design requirements in M 323 at the design binder 

content. 
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Average Va, VMA, VFA, and Relative Density at Ndesign 

Pb (%) Va (%) VMA (%) VFA (%) 
Density at Ndesign 

(kg/m3) 
4.3 9.5 15.9 40.3 2320 

4.8 7.0 14.7 52.4 2366 

5.3 6.0 14.9 59.5 2372 

5.8 3.7 13.9 73.5 2412 

Notes: 1. In this example, the estimated design binder content is 4.8 percent; the minimum VMA requirement for the design aggregate  
     structure (19.0-mm nominal maximum size) is 13.0 percent, and the VFA requirement is 65 to 75 percent. 

  2. Entering the plot of percent air voids versus percent binder content at 4.0 percent air voids, the design binder content is determined  
     as 5.7 percent. 

  3. Entering the plots of percent VMA versus percent binder content and percent VFA versus percent binder content at 5.7 percent  
     binder content, the mix meets the VMA and VFA requirements. 

 
Figure 2—Sample volumetric design data at Ndesign. 
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Figure 3—Sample densification curve. 

10.7. Prepare replicate (Note 8) specimens composed of the design aggregate structure at the design 
binder content to confirm that 

maxmmG satisfies the design requirements in M 323. 

10.7.1. Condition the mixtures according to R 30, and compact the specimens according to T 312 to the 
maximum number of gyrations, Nmax, from Table 1. 

10.7.2. Determine the average specimen relative density at Nmax, 
maxmmG , by using Equation 15, and 

confirm that 
maxmmG satisfies the volumetric requirement in M 323. 

max
% 100mm

mb

mm

G
G

G
 (15) 

 

where: 

maxmmG  = relative density at Nmax gyrations at the design binder content. 

11. EVALUATING MOISTURE SUSCEPTIBILITY 

11.1. Prepare six mixture specimens (nine are needed if freeze-thaw testing is required) composed of the 
design aggregate structure at the design binder content. Condition the mixtures in accordance with 
R 30, and compact the specimens to 7.0  0.5 percent air voids in accordance with T 312. 

11.2. Test the specimens and calculate the tensile strength ratio in accordance with T 283. 

11.3. If the tensile strength ratio is less than 0.80, as required in M 323, remedial action such as the use 
of anti-strip agents is required to improve the moisture susceptibility of the mix. When remedial 
agents are used to modify the binder, retest the mix to assure compliance with the 0.80 minimum 
requirement. 
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12. ADJUSTING THE MIXTURE TO MEET VOLUMETRIC PROPERTIES 

12.1. Adjusting VMA—If a change in the design aggregate skeleton is required to meet the specified 
VMA, there are three likely options: (1) change the gradation (Note 18); (2) reduce the minus 
0.075-mm fraction (Note 19); or (3) change the surface texture and/or shape of one or more of the 
aggregate fractions (Note 20). 

Note 18—Changing gradation may not be an option if the trial aggregate blend gradation analysis 
includes the full spectrum of the gradation control area. 

Note 19—Reducing the percent passing the 0.075-mm sieve of the mix will typically increase the 
VMA. If the percent passing the 0.075-mm sieve is already low, this is not a viable option. 

Note 20—This option will require further processing of existing materials or a change in aggregate 
sources. 

12.2. Adjusting VFA—The lower limit of the VFA range should always be met at 4.0 percent air voids if 
the VMA meets the requirements. If the upper limit of the VFA is exceeded, then the VMA is 
substantially above the minimum required. If so, redesign the mixture to reduce the VMA. Actions 
to consider for redesign include (1) changing to a gradation that is closer to the maximum density 
line; (2) increasing the minus 0.075-mm fraction, if room is available within the specification 
control points; or (3) changing the surface texture and shape of the aggregates by incorporating 
material with better packing characteristics (e.g., less thin, elongated aggregate particles). 

12.3. Adjusting the Tensile Strength Ratio—The tensile strength ratio can be increased by (1) adding 
chemical anti-strip agents to the binder to promote adhesion in the presence of water; or (2) adding 
hydrated lime to the mix. 

13. REPORT 

13.1. The report shall include the identification of the project number, traffic level, and mix design 
number. 

13.2. The report shall include information on the design aggregate structure including the source of 
aggregate, kind of aggregate, RAP materials (if used), required quality characteristics, and 
gradation. 

13.3. The report shall contain information about the design binder including the source of binder and the 
performance grade. 

13.4. The report shall contain information about the HMA including the percent of binder in the mix; 
the relative density; the number of initial, design, and maximum gyrations; and the VMA, VFA, 
Vbe, Vba, Va, and dust-to-binder ratio. 

14. KEYWORDS 

14.1. HMA mix design; Superpave; volumetric mix design. 
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APPENDIX 

(Nonmandatory Information) 

X1. CALCULATING AN INITIAL TRIAL BINDER CONTENT FOR EACH 
AGGREGATE TRIAL BLEND 

X1.1. Calculate the bulk and apparent specific gravities of the combined aggregate in each trial blend 
using the specific gravity data for the aggregate fractions obtained in Section 6.6 and Equations 
X1.1 and X1.2: 
 

n

n

n
sb

G

P

G

P

G

P
PPP

G

2

2

1

1

21  (X1.1) 

 

n

n

n
sa

G

P

G

P

G

P
PPP

G

2

2

1

1

21  (X1.2) 

where: 

Gsb = bulk specific gravity for the combined aggregate; 
Gsa = apparent specific gravity for the combined aggregate; 
P1, P2, Pn = percentages by mass of aggregates 1, 2, n; and 
   
G1, G2, Gn = bulk specific gravities (Equation X1.1) or apparent specific gravities 

(Equation X1.2) of aggregates 1, 2, n. 

X1.2. Estimate the effective specific gravity of the combined aggregate in the aggregate trial blend using 
Equation X1.3: 

 

sbsasbse GGGG 8.0  (X1.3) 

 
where: 

Gse = effective specific gravity of the combined aggregate; 
Gsb = bulk specific gravity of the combined aggregate; and 
Gsa = apparent specific gravity of the combined aggregate. 

 

Note X1—The multiplier, 0.8, can be changed at the discretion of the designer. Absorptive 
aggregates may require values closer to 0.6 or 0.5. 

Note X2—The Superpave mix design system includes a mixture conditioning step before the 
compaction of all specimens; this conditioning generally permits binder absorption to proceed to 
completion. Therefore, the effective specific gravity of Superpave mixtures will tend to be close to  
the apparent specific gravity in contrast to other design methods where the effective specific 
gravity generally will lie near the midpoint between the bulk and apparent specific gravities. 
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X1.3. Estimate the volume of binder absorbed into the aggregate, Vba, using Equations X1.4 and X1.5: 
 

sesb
sba GG

WV
11

 (X1.4) 

where: 

 
Ws, the mass of aggregate in 1 cm3 of mix, g, is calculated as: 

 

se

s

b

b

as
s

G

P

G

P
VP

W
)1(

 (X1.5) 

 
and where: 

Pb = mass percent of binder, in decimal equivalent, assumed to be 0.05; 
Ps = mass percent of aggregate, in decimal equivalent, assumed to be 0.95; 
Gb = specific gravity of the binder; and 
Va = volume of air voids, assumed to be 0.04 cm3 in 1 cm3 of mix. 

 

Note X3—This estimate calculates the volume of binder absorbed into the aggregate, Vba, and 
subsequently, the initial, trial binder content at a target air void content of 4.0 percent. 

X1.4. Estimate the volume of effective binder using Equation X1.6: 

nbe SV log0675.0176.0  (X1.6) 

where: 

Vbe = volume of effective binder, cm3; and 
Sn = nominal maximum sieve size of the largest aggregate in the aggregate trial 

blend, mm. 

 

Note X4—This regression equation is derived from an empirical relationship between (1) VMA 
and Vbe when the air void content, Va, is equal to 4.0 percent: Vbe = VMA – Va = VMA – 4.0; and 
(2) the relationship between VMA and the nominal maximum sieve size of the aggregate in M 
323. 

X1.5. Calculate the estimated initial trial binder (Pbi) content for the aggregate trial blend gradation 
using Equation X1.7: 

sbabeb

babeb
bi WVVG

VVG
P 100  (X1.7) 

 

where: 

Pbi = estimated initial trial binder content, percent by weight of total mix. 
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X2. ADDITIONAL EVALUATION OF HIGH RAP CONTENT MIXES USING 
PERFORMANCE-RELATED TESTS 

X2.1. Additional mixture testing may be appropriate to assess the mix design for resistance to other 
forms of distress.  Preliminary guidance is provided for the appropriate selection of performance-
related test methods and criteria for evaluating mixtures with high RAP Binder Ratios. RAP 
Binder Ratio is defined as the ratio of the RAP binder in the mixture divided by the mixture’s total 
binder content.  Furthermore, a high RAP content mixture refers to a mixture having an RBR  
0.25. 

X2.2. Assessment of the rutting potential of high RAP mixes is unnecessary except when a softer grade 
of virgin binder or rejuvenator is used and the mixture is to be placed in the upper 100 mm of the 
asphalt pavement structure. One of several suitable tests may be required, including TP 63-07 
(Asphalt Pavement Analyzer), T 324 (Hamburg), or TP 62-07 (Flow Number).  Proposed criteria 
for the rutting tests are given in Table X2.1.   

Table X2.1—Proposed criteria for rutting tests. 

Design 
 ESALs 
(million) 

APA  
Max. Rut Depth 

(mm) a 

Hamburg  
Max. Rut Depth 

(mm) b 

Min. Flow 
Number c 

< 3 d -- -- -- 
3 to < 10 5.5 10 53 

10 to < 30 5.0 8 190 

 30 4.5 6 740 

a. APA criteria for 3 to <10 million ESALs are based on studies at the NCAT Test Track.  APA criteria for higher traffic levels are based on engineering judgment. 

b. Hamburg rutting criteria for 3 to <10 million ESALs are based on studies at the NCAT Test Track.  Hamburg criteria for higher traffic levels are based on 
engineering judgment. 

c. Flow Number criteria are from NCHRP Report 673. 

d. Rutting tests are generally considered unnecessary for pavements subject to design traffic less than 3 million ESALs. 

X2.3. For climates prone to thermal cracking, agencies may consider requiring mix designs with a high 
RAP content to be tested for low-temperature cracking properties. The national pooled-fund study 
Investigation of Low Temperature Cracking in Asphalt Pavements, Phase II, recommended the 
disc-shaped compact tension (DCT) test or the semi-circular bend (SCB) test. The DCT procedure 
is standardized as ASTM D 7313-07. A draft procedure for the low-temperature SCB test is 
available from Mihai Marasteanu at the University of Minnesota.  Proposed criteria for these low-
temperature cracking tests are provided in Table X2.2. 

 Table X2.2—Proposed criteria for low temperature cracking tests. 

Project Tolerance of 
Thermal Cracking 

Disc-Shaped Compact 
Tension Test Semi-Circular Bend Test 

Min. Fracture Energy 
(J/m2) 

Min. Fracture Energy 
(J/m2) a 

Min. Fracture Toughness 
(kPa×m0.5) a 

Moderate 400 400 800 

Standard 460 400 800 

Low 690 400 800 
a. No variations in SCB test criteria were provided for different levels of thermal cracking tolerance.   

X2.4. Further research is needed to establish reliable test(s) and criteria for fatigue cracking, top-down 
cracking, and reflection cracking.  A list of possible candidate tests is given in Table X2.3 
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Table X2.3—Potential tests for evaluating load-related cracking of asphalt mixes. 

Cracking Mode Test Name Procedure(s)  
Preliminary Criteria 

Established 
Top Down Energy Ratio R. Roque, Univ. of FL Yes 

Reflection 
Overlay Tester Tex-248-F Yes 

DCT ASTM D 7313-07 No 

Fatigue 

Bending Beam Fatigue AASHTO T 321-07, ASTM D 7460 No 

Simplified Viscoelastic 
Continuum Damage 

R. Kim, NC State Univ. No 

IDT Fracture Energy 
R. Roque, Univ. of FL, R. Kim, NC State 
Univ. 

No 

Semi-Circular Bend L. Mohammad, LA State Univ. No 
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Proposed Standard Specification for 

Superpave Volumetric Mix Design 
 
 

AASHTO Designation: M 323-12 
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Standard Specification for 

Superpave Volumetric Mix Design 

AASHTO Designation: M 323-12 

1. SCOPE 

1.1. This specification for Superpave volumetric mix design uses aggregate and mixture properties to 
produce a hot mix asphalt (HMA) job-mix formula. 

1.2. This standard specifies minimum quality requirements for binder, aggregate, and HMA for 
Superpave volumetric mix designs. 

1.3. This standard may involve hazardous materials, operations, and equipment. This standard does 
not purport to address all of the safety concerns associated with its use. It is the responsibility of  
the user of this procedure to establish appropriate safety and health practices and determine the 
applicability of regulatory limitations prior to use. 

2. REFERENCED DOCUMENTS 

2.1. AASHTO Standards: 

 M 320, Performance-Graded Asphalt Binder 

 R 28, Accelerated Aging of Asphalt Binder Using a Pressurized Aging Vessel (PAV) 

 R 35, Superpave Volumetric Design for Hot Mix Asphalt (HMA) 

 R 59, Recovery of Asphalt Binder from Solution by Abson Method 

 T 11, Materials Finer Than 75-µm (No. 200) Sieve in Mineral Aggregates by Washing 

 T 27, Sieve Analysis of Fine and Coarse Aggregates 

 T 164, Quantitative Extraction of Asphalt Binder from Hot Mix Asphalt (HMA) 

 T 176, Plastic Fines in Graded Aggregates and Soils by Use of the Sand Equivalent Test 

 T 240, Effect of Heat and Air on a Moving Film of Asphalt Binder (Rolling Thin-Film Oven     
Test) 

 T 283, Resistance of Compacted Hot Mix Asphalt (HMA) to Moisture-Induced Damage 

 T 304, Uncompacted Void Content of Fine Aggregate 

 T 308, Determining the Asphalt Binder Content of Hot Mix Asphalt (HMA) by the Ignition 
Method  

 T 312, Preparing and Determining the Density of Hot Mix Asphalt (HMA) Specimens by 
Means of the Superpave Gyratory Compactor 

 T 319, Quantitative Extraction and Recovery of Asphalt Binder from Asphalt Mixtures 

2.2. ASTM Standards: 

 D 4791, Standard Test Method for Flat Particles, Elongated Particles, or Flat and Elongated 
Particles in Coarse Aggregate 

 D 5821, Standard Test Method for Determining the Percentage of Fractured Particles in 
Coarse Aggregate  

2.3. Asphalt Institute Publication: 
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 SP-2, Superpave Mix Design 

2.4. National Asphalt Pavement Association Publication: 

 IS 128, HMA Pavement Mix Type Selection Guide 

2.5. Other References: 

 LTPP Seasonal Asphalt Concrete Pavement Temperature Models. LTPPBind 3.1, http://ltpp-
products.com/OtherProducts.asp 

 NCHRP Report 452: Recommended Use of Reclaimed Asphalt Pavement in the Superpave 
Mix Design Method: Technician’s Manual. National Cooperative Highway Research Program 
Project D9-12, Transportation Research Board, Washington, D.C., 2001. 

3. TERMINOLOGY 

3.1. HMA—Hot mix asphalt. 

3.2. design ESALs—Design equivalent (80 kN) single-axle loads. 

3.2.1. Discussion—Design ESALs are the anticipated project traffic level expected on the design lane 
over a 20-year period. For pavements designed for more or less than 20 years, determine the 
design ESALs for 20 years when using this standard. 

3.3. air voids (Va)—The total volume of the small pockets of air between the coated aggregate particles 
throughout a compacted paving mixture, expressed as a percent of the bulk volume of the 
compacted paving mixture (Note 1). 

Note 1—Term defined in Asphalt Institute Manual MS-2, Mix Design Methods for Asphalt 
Concrete and Other Hot-Mix Types. 

3.4. voids in the mineral aggregate (VMA)—The volume of the intergranular void space between the 
aggregate particles of a compacted paving mixture that includes the air voids and the effective 
binder content, expressed as a percent of the total volume of the specimen (Note 1). 

3.5. voids filled with asphalt (VFA)—The percentage of the VMA filled with binder (the effective 
binder volume divided by the VMA). 

3.6. dust-to-binder ratio (P0.075/Pbe)—By mass, the ratio between the percent of aggregate passing the 
75-µm (No. 200) sieve (P0.075) and the effective binder content (Pbe). 

3.7. nominal maximum aggregate size—One size larger than the first sieve that retains more than 10 
percent aggregate (Note 2). 

3.8. maximum aggregate size—One size larger than the nominal maximum aggregate size (Note 2). 

Note 2—The definitions given in Sections 3.7 and 3.8 apply to Superpave mixes only and differ 
from the definitions published in other AASHTO standards. 

3.9. reclaimed asphalt pavement (RAP)—Removed and/or processed pavement materials containing 
asphalt binder and aggregate. 

3.10. primary control sieve (PCS)—The sieve defining the break point between fine- and coarse-graded 
mixtures for each nominal maximum aggregate size.  
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3.11. reagent-grade solvent—A solvent meeting the level of chemical purity as to conform to the 
specifications for “reagent grade” as established by the Committee on Analytical Reagents of the 
American Chemical Society and used to extract the asphalt binder from the mixture. 

4. SIGNIFICANCE AND USE 

4.1. This standard may be used to select and evaluate materials for Superpave volumetric mix designs. 

5. BINDER REQUIREMENTS 

5.1. The binder shall be a performance-graded (PG) binder, meeting the requirements of M 320, which 
is appropriate for the climate and traffic-loading conditions at the site of the paving project or as 
specified by the contract documents. 

5.1.1. Determine the mean and the standard deviation of the yearly, 7-day average, maximum pavement 
temperature, measured 20 mm below the pavement surface, and the mean and the standard 
deviation of the yearly, 1-day-minimum pavement temperature, measured at the pavement surface, 
at the site of the paving project. These temperatures can be determined by use of the LTPPBind 
3.1 software or can be supplied by the specifying agency. If the LTPPBind software is used, the 
LTPP high- and low-temperature models should be selected in the software when determining the 
binder grade. Often, actual site data are not available, and representative data from the nearest 
weather station will have to be used. 

5.1.2. Select the design reliability for the high- and low-temperature performance desired. The design  
reliability required is established by agency policy. 

Note 3—The selection of design reliability may be influenced by the initial cost of the materials 
and the subsequent maintenance costs. 

5.1.3. Using the pavement temperature data determined, select the minimum required PG binder that 
satisfies the required design reliability. 

5.2. If traffic speed or the design ESALs warrant, increase the high-temperature grade by the number 
of grade equivalents indicated in Table 1 to account for the anticipated traffic conditions at the 
project site. 

Table 1—Binder selection on the basis of traffic speed and traffic level. 

Design ESALsb (Million) 

Adjustment to the High-Temperature Grade of the Bindera 

Traffic Load Rate 

Standingc Slowd Standarde 
<0.3 — f — — 

0.3 to <3 2 1 — 

3 to <10 2 1 — 

10 to <30 2 1 — f 

30 2 1 1 

a. Increase the high-temperature grade by the number of grade equivalents indicated (one grade is equivalent to 6 C). Use the low-temperature grade as determined in 
Section 5. 

b. The anticipated project traffic level expected on the design lane over a 20-year period. Regardless of the actual design life of the roadway, determine the design
ESALs for 20 years. 

c. Standing Traffic—where the average traffic speed is less than 20 km/h. 

d. Slow Traffic—where the average traffic speed ranges from 20 to 70 km/h. 

e. Standard Traffic—where the average traffic speed is greater than 70 km/h. 

f. Consideration should be given to increasing the high-temperature grade by one grade equivalent. 

 

Note 4—Practically, PG binders stiffer than PG 82-xx should be avoided. In cases where the 
required adjustment to the high-temperature binder grade would result in a grade higher than a 
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PG 82, consideration should be given to specifying a PG 82-xx and increasing the design ESALs 
by one level (e.g., 10 to <30 million increased to 30 million). 

5.3. For mixtures containing RAP, select the appropriate grade of virgin binder using the guidelines in 
Table 2. RAP Binder Ratio is defined as the ratio of the RAP binder in the mixture divided by the 
mixture’s total binder content.  

 

Table 2—Binder selection guidelines for reclaimed asphalt pavement (RAP) mixtures. 

Recommended Virgin Asphalt Binder Grade RAP Binder Ratio 
No change in binder selection < 0.25 

  

Follow recommendations from X.1  0.25 

 

6. COMBINED AGGREGATE REQUIREMENTS 

6.1. Size Requirements 

6.1.1. Nominal Maximum Size—The combined aggregate shall have a nominal maximum aggregate size 
of 4.75 to 19.0 mm for HMA surface courses and no larger than 37.5 mm for HMA subsurface 
courses. 

Note 5—Additional guidance on selection of the appropriate nominal maximum size mixture can 
be found in the National Asphalt Pavement Association’s IS 128. 

6.1.2. Gradation Control Points—The combined aggregate shall conform to the gradation requirements 
specified in Table 3 when tested according to T 11 and T 27. 

 
Table 3—Aggregate gradation control points. 

 Nominal Maximum Aggregate Size—Control Points (Percent Passing) 

Sieve Size 
37.5 mm  25.0 mm  19.0 mm  12.5 mm  9.5 mm  4.75 mm 

Min Max  Min Max  Min Max  Min Max  Min Max  Min Max 
50.0 mm 100 — — — — — — — — — — — 

37.5 mm 90 100 100 — — — — — — — — — 

25.0 mm — 90 90 100 100 — — — — — — — 

19.0 mm — — — 90 90 100 100 — — — — — 

12.5 mm — — — — — 90 90 100 100 — 100 — 

  9.5 mm — — — — — — — 90 90 100 95 100 

   4.75 mm — — — — — — — — — 90 90 100 

   2.36 mm 15 41 19 45 23 49 28 58 32 67 — — 

   1.18 mm — — — — — — — — — — 30 55 

     0.075 mm 0 6 1 7 2 8 2 10 2 10 6 13 

 

6.1.3. Gradation Classification—The combined aggregate gradation shall be classified as coarse-graded 
when it passes below the primary control sieve (PCS) control point as defined in Table 4. All other 
gradations shall be classified as fine graded. 

 

Table 4—Gradation classification. 

PCS Control Point for Mixture Nominal Maximum Aggregate Size 
(% Passing) 

Nominal Maximum Aggregate Size 37.5 mm 25.0 mm 19.0 mm 12.5 mm   9.5 mm 
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6.2. Coarse Aggregate Angularity Requirements—The aggregate shall meet the percentage of fractured 
faces requirements, specified in Table 5, measured according to D 5821. 

6.3. Fine Aggregate Angularity Requirements—The aggregate shall meet the uncompacted void 
content of fine aggregate requirements, specified in Table 5, measured according to T 304, 
Method A. 

6.4. Sand Equivalent Requirements—The aggregate shall meet the sand equivalent (clay content) 
requirements, specified in Table 5, measured according to T 176. 

6.5. Flat and Elongated Requirements—The aggregate shall meet the flat and elongated requirements, 
specified in Table 5, measured according to D 4791, with the exception that the material passing
the 9.5-mm sieve and retained on the 4.75-mm sieve shall be included. The aggregate shall be 
measured using the ratio of 5:1, comparing the length (longest dimension) to the thickness 
(smallest dimension) of the aggregate particles. 

6.6. When RAP is used in the mixture, the RAP aggregate shall be extracted from the RAP using a 
solvent extraction (T 164) or ignition oven (T 308) as specified by the agency. The RAP aggregate 
shall be included in determinations of gradation, coarse aggregate angularity, fine aggregate 
angularity, and flat and elongated requirements. The sand equivalent requirements shall be waived
for the RAP aggregate but shall apply to the remainder of the aggregate blend. 

Table 5—Superpave aggregate consensus property requirements. 

Design ESALsa 

(Million) 

Fractured Faces, 
Coarse Aggregate,c 
Percent Minimum  

Uncompacted Void Content
of Fine Aggregate, 
Percent Minimum 

Sand  
Equivalent, 

Percent 
Minimum 

Flat and 
Elongated,c 

Percent 
Maximum 

Depth from Surface  Depth from Surface 

100 mm >100 mm  100 mm >100 mm 
<0.3 55/— —/— —d — 40 — 

0.3 to <3 75/— 50/— 40 e 40 40 10 

3 to <10 85/80b 60/— 45 40 45 10 

10 to <30 95/90 80/75 45 40 45 10 

30 100/100 100/100 45 45 50 10 

a. The anticipated project traffic level expected on the design lane over a 20-year period. Regardless of the actual design life of the roadway, determine the design 
ESALs for 20 years. 

b. 85/80 denotes that 85 percent of the coarse aggregate has one fractured face and 80 percent has two or more fractured faces. 

c. This criterion does not apply to 4.75-mm nominal maximum size mixtures. 

d.  

e.      
For 4.75-mm nominal maximum size mixtures designed for traffic levels below 0.3 million ESALs, the minimum uncompacted void content is 40. 

For 4.75-mm nominal maximum size mixtures designed for traffic levels equal to or above 0.3 million ESALs, the minimum uncompacted void content is 45.     

Note 6—If less than 25 percent of a construction lift is within 100 mm of the surface, the lift may 
be considered to be below 100 mm for mixture design purposes. 

7. HMA DESIGN REQUIREMENTS 

7.1. The binder and aggregate in the HMA shall conform to the requirements of Sections 5 and 6. 

7.2. The HMA design, when compacted in accordance with T 312, shall meet the relative density, 
VMA, VFA, and dust-to-binder ratio requirements specified in Table 6. The initial, design, and 
maximum number of gyrations are specified in R 35. 
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Table 6—Superpave HMA design requirements. 

Design ESALsa 

(Million) 

Required Relative 
Density, Percent of 

Theoretical Maximum 
Specific Gravity 

Voids in the Mineral Aggregate (VMA),
Percent Minimum 

Voids Filled 
with Asphalt 

(VFA) 

Range,b 
Percent 

Dust-to-
Binder  
Ratio 

Rangec Ninitial Ndesign Nmax 
Nominal Maximum Aggregate Size, mm 
37.5 25.0 19.0 12.5 9.5 4.75 

<0.3 91.5 96.0 98.0 11.0 12.0 13.0 14.0 15.0 16.0   70–80d,e 0.6–1.2 

0.3 to <3 90.5 96.0 98.0 11.0 12.0 13.0 14.0 15.0 16.0  65–78 f 0.6–1.2 

3 to <10 89.0 96.0 98.0 11.0 12.0 13.0 14.0 15.0 16.0     65–75e,f,g 0.6–1.2 

10 to <30 89.0 96.0 98.0 11.0 12.0 13.0 14.0 15.0 16.0     65–75e,f,g 0.6–1.2 

30 89.0 96.0 98.0 11.0 12.0 13.0 14.0 15.0 16.0     65–75g 0.6–1.2 

a. Design ESALs are the anticipated project traffic level expected on the design lane over a 20-year period. Regardless of the actual design life of the roadway, 
determine the design ESALs for 20 years. 

b. For 37.5-mm nominal maximum size mixtures, the specified lower limit of the VFA range shall be 64 percent for all design traffic levels. 

c. For 4.75-mm nominal maximum size mixtures, the dust-to-binder ratio shall be 1.0 to 2.0, for design traffic levels <3 million ESALs, and 1.5 to 2.0 for design 
traffic levels 3 million ESALs. 

d. For 4.75-mm nominal maximum size mixtures, the relative density (as a percent of the theoretical maximum specific gravity) shall be within the range of 94.0 to 
96.0 percent. 

e.   For design traffic levels <3 million ESALs, and for 25.0-mm nominal maximum size mixtures, the specified lower limit of the VFA range shall be 67 percent, and 
for 4.75-mm nominal maximum size mixtures, the specified VFA range shall be 67 to 79 percent. 

f.     For design traffic levels >3 million ESALs, and for 4.75-mm nominal maximum size mixtures, the specified VFA range shall be 66 to 77 percent. 

g. For design traffic levels 3 million ESALs, 9.5-mm nominal maximum size mixtures, the specified VFA range shall be 73 to 76 percent. 

 

Note 7—If the aggregate gradation passes beneath the PCS control point specified in Table 4, the 
dust-to-binder ratio range may be increased from 0.6–1.2 to 0.8–1.6 at the agency’s discretion. 

Note 8—Mixtures with VMA exceeding the minimum value by more than 2 percent may be 
prone to flushing and rutting. Unless satisfactory experience with high VMA mixtures is available, 
mixtures with VMA greater than 2 percent above the minimum should be avoided. 

7.3. The HMA design, when compacted according to T 312 at 7.0  0.5 percent air voids and tested in 
accordance with T 283, shall have a minimum tensile strength ratio of 0.80. 
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APPENDIX 

(Nonmandatory Information) 

X1. PROCEDURES FOR ESTIMATING THE PROPERTIES OF BLENDED 
RAP AND VIRGIN BINDERS 

X1.1. Selection of the appropriate grade of virgin binder for high RAP content mixes can be based on 
knowledge of the true grade of the RAP binder, the high and low critical temperatures for the 
project location and pavement layer, and either the approximate RAP binder ratio or the high and 
low critical temperatures for the available virgin binder(s). 

Note X1—The high and low critical temperatures for a project location and pavement layer can be 
determined using LTPPBind version 3.1. 

Note X2—Agencies may elect to establish typical RAP binder properties for specific geographic 
areas based on testing and analysis of RAP binders from numerous stockpiles with the area. 
Details on the geographic RAP evaluation process are contained in Appendix X2. 

X1.2. Determine the physical properties and critical temperatures of the RAP binder. 

X1.2.1. Recover the RAP binder using T 319 (Note X1) with an appropriate solvent. At least 50 g of 
recovered RAP binder are needed for testing. Perform binder classification testing using the tests 
in M 320. Rotational viscosity, flash point, and mass loss tests are not required. 

Note X3—While T 319 is the preferred method, at the discretion of the agency, R 59 may be used. 
Research conducted under NCHRP 9-12 indicated that R 59 might affect recovered binder 
properties. 

X1.2.2. Perform original dynamic shear rheometer (DSR) testing on the recovered RAP binder to  
determine the critical high temperature, Tc(High), based on original DSR values where G*/sin  = 
1.00 kPa. Calculate the critical high temperature as follows: 

X1.2.2.1. Determine the slope of the stiffness-temperature curve as follows: 

a = log(G*/sin )/ T (X1.1) 

X1.2.2.2. Determine Tc (High) to the nearest 0.1 C using the following equation: 

1
 1

(1.00) ( )
( )c

Log Log G
T High T

a
 (X1.2) 

where: 

G1 = the G*/sin  value at a specific temperature T1, and 

a = the slope as described in Equation X1.1. 

Note X4—Although any temperature (T1) and the corresponding stiffness (G1) can be 
selected, it is advisable to use the G*/sin  value closest to the criterion (1.00 kPa) to 
minimize extrapolation errors. 

X1.2.3. Perform rolling thin-film oven (RTFO) aging on the remaining binder. 

X1.2.4. Perform RTFO DSR testing on the RTFO-aged recovered binder to determine the critical 
high temperature (based on RTFO DSR). Calculate the critical high temperature (RTFO DSR). 
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X1.2.4.1. Determine the slope of the stiffness-temperature curve as follows: 

a = log(G*/sin )/ T (X1.3) 

X1.2.4.2. Determine Tc(High) based on RTFO DSR, to the nearest 0.1 C using the following equation: 

1
1

(2.20) ( )
( )c

Log Log G
T High T

a
 (X1.4) 

where: 

G1 = the G*/sin  value at a specific temperature T1, and 

a = the slope as described in Equation X1.3. 

Note X5—Although any temperature (T1) and the corresponding stiffness (G1) can be 
selected, it is advisable to use the G*/sin  value closest to the criterion (2.20 kPa) to 
minimize extrapolation errors. 

X1.2.5. Determine the critical high temperature of the recovered RAP binder as the lowest of the original 
DSR and RTFO DSR critical temperatures. Determine the high-temperature performance grade 
(PG) of the recovered RAP binder based on this single critical high temperature. 

X1.2.6. Perform intermediate temperature DSR testing on the RTFO-aged recovered RAP binder to 
determine the critical intermediate temperature Tc (Int), as if the RAP binder were pressure aging 
vessel (PAV) aged. 

X1.2.6.1. Determine the slope of the stiffness-temperature curve as follows: 

a = log(G*/sin )/ T (X1.5) 

X1.2.6.2. Determine Tc (Int) to the nearest 0.1 C using the following equation: 

1
1

(5000) ( )
( )c

Log Log G
T Int T

a
 (X1.6) 

where: 

G1 = the G*/sin  value at a specific temperature T1, and 

a = the slope as described in Equation X1.5. 

Note X6—Although any temperature (T1) and the corresponding stiffness (G1) can be 
selected, it is advisable to use the G*/sin  value closest to the criterion (5000 kPa) to 
minimize extrapolation errors. 

X1.2.7. Perform BBR testing on the RTFO-aged recovered RAP binder to determine the critical low 
temperature, Tc (S) or Tc (m), based on bending beam rheometer (BBR) stiffness or m-value. 

X1.2.7.1. Determine the slope of the stiffness-temperature curve as follows: 

a = log(S)/ T (X1.7) 

X1.2.7.2. Determine Tc(S) to the nearest 0.1 C using the following equation: 

1
1

(300) ( )
( )c

Log Log S
T S T

a
 (X1.8) 

where: 

S1 = the S-value at a specific temperature T1, and 

a = the slope as described in Equation X1.7. 
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Note X7—Although any temperature (T1) and the corresponding stiffness (S1) can be 
selected, it is advisable to use the S-value closest to the criterion (300 MPa) to 
minimize extrapolation errors. 

X1.2.7.3. Determine the slope of the m-value-temperature curve as follows: 

a = m-value/ T (X1.9) 

X1.2.7.4. Determine Tc(m) to the nearest 0.1 C using the following equation: 

1
1

0.300
( )c

m
T m T

a
 (X1.10) 

where: 

m1 = the m-value at a specific temperature T1, and 

a = the slope as described in Equation X1.9.  

Note X8—Although any temperature (T1) and the corresponding m-value (m1) can be 
selected, it is advisable to use the m-value closest to the criterion (0.300) to minimize 
extrapolation errors. 

X1.2.7.5. Select the higher of the two low critical temperatures, Tc(S) or Tc(m), to represent the low critical 
temperature for the recovered asphalt binder, Tc(Low). Determine the low-temperature PG of the 
recovered RAP binder based on this single critical low temperature. 

X1.2.8. Once the physical properties and critical temperatures of the recovered RAP binder are known, 
proceed with blending at a known RAP percentage or with a known virgin binder grade. 

X1.3. Determination of the appropriate virgin binder grade using an approximate RAP binder ratio. 

X1.3.1. If the desired composite binder grade, the desired percentage of RAP, and the recovered RAP 
binder properties are known, then the required properties of an appropriate virgin binder grade can 
be determined. 

X1.3.1.1. Determine the critical temperatures of the virgin asphalt binder at high, intermediate, and low 
properties using the following equation: 

(X1.11) 

where: 

Tc(virgin) = critical temperature of virgin asphalt binder (high, intermediate, or low); 

Tc(need)  = critical temperature needed for the climate and pavement layer (high, intermediate, or 
low); 

RBR = RAP binder ratio—the ratio of the RAP binder in the mixture divided by the mixture’s 
total binder content.  The mixture’s total binder content is an unknown prior to mix 
design but can be estimated based on historical data for the aggregate type and NMAS; 
and 

Tc(RAP binder) = critical temperature of recovered RAP binder (high, intermediate, or low). 

X1.3.1.2. Using Equation X1.11 for the high, intermediate, and low critical temperatures, respectively, the 
properties of the virgin asphalt binder needed can be determined. 

X1.4. Blending with a known virgin binder. 

X1.4.1. If the final blended binder grade, virgin asphalt binder grade, and recovered RAP properties are 
known, then the maximum RAP binder ratio can be determined. 
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X1.4.1.1. Determine the maximum RAP binder ratio using the following equation: 

(X1.12) 

X1.4.1.2. Using Equation X1.12 for the high, intermediate, and low critical temperatures, respectively, the 
maximum RAP binder ratio that will satisfy all temperatures can be determined. 

X2. PROCEDURE FOR ESTABLISHING TYPICAL RAP BINDER 
PROPERTIES FOR SPECIFIC GEOGRAPHIC AREAS  

X2.1. The purpose of this appendix is to determine representative properties of RAP asphalt binders 
within a geographical area to use in setting limiting percentages of RAP and/or appropriate grades 
of virgin binders for mixtures containing RAP in the designated area. 

X2.2. RAP stockpile locations should be selected throughout the geographical area.  Geographical areas 
should be selected with consideration to climatic zones and material sources.  The number of 
stockpile locations may depend upon size of the geographic area and variability of climate and 
other factors within the area. 

X2.3. Evaluation of the physical properties of the recovered RAP binder begins with the sampling and 
testing of the stockpiles within the geographical area. Samples should be large enough to provide 
sufficient asphalt binder for PG grading. 

X2.4. In locations where RAP containing polymer-modified binders is stockpiled separately, evaluation 
of the asphalt binder should be performed separately from other stockpiles. 

X2.5. Solvent extractions should be performed on the RAP samples to acquire recovered binder samples. 
Reagent-grade solvents should be used to reduce the potential of the extraction process changing 
the properties of the recovered binder. 

X2.6. Determine the physical properties and critical failure temperatures of the RAP binders as outlined 
in Appendix X1.  

X2.7. In some cases, the high temperature DSR grade of the recovered binder may be higher than the 
temperature range of the DSR equipment. For these cases, the binder should be tested at three 
temperatures: –3, –9, and –15°C from the high temperature limit of the equipment. Plot the log of 
the test temperature versus the log of the binder property to project the temperature at which the 
binder will meet the grade requirements. All binder grading should be performed to provide the 
actual continuous grades of the RAP binder. 

X2.8. Determine the distribution of RAP binder grades from stockpiles within the geographical area of 
study.  From the distribution of low temperature grades, calculate the average low temperature 
grade from the stockpiles.  The average low temperature grade plus two standard deviations will 
provide 96 percent reliability of the low temperature grade of the RAP binders in the geographic 
area.   

X2.9. Collect multiple representative samples of asphalt binder for each grade supplied in the 
geographical area.  Determine the continuous low temperature grade for each binder.  The average 
low temperature grade plus two standard deviations will provide 96 percent reliability of the low 
temperature grade of the virgin binders in the geographic area.  Use the highest or the 96 percent 
reliability continuous low temperature grade in the blending analysis.    
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X2.10. Evaluation. Perform blending analysis using Equation X1.12 to determine the maximum allowable    
percent of RAP binder to be added to a virgin asphalt binder to meet the needed low temperature  
grade according to LTPPBind version 3.1. 

Note X7—For example, PG-22 may be specified, however, a RAP blend that produces a PG xx-16 
may provide 98 percent reliability according to LTPPBind version 3.1. In most cases, the 
reliabilities of less than 98 percent are acceptable and will only provide minor temperature 
differences.  

X2.11. Evaluation of asphalt binder in RAP stockpiles in a typical geographic area allows asphalt binder 
replacement from RAP based on properties of both RAP and virgin binders.  This allows 
determination of maximum asphalt binder replacement limits without changing the virgin binder 
grade.  It also establishes the maximum amount of asphalt binder replacement that can be used 
with a virgin binder that is one low temperature grade lower.  This information can be used to 
establish design criteria within a specific geographical area. In areas where the recovered 
properties vary significantly, establishing a general RAP percentage use may not be appropriate.  
In these cases, the analysis should be on a project-by-project basis. 
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Best Practices for RAP Management

I. Purpose of this Guide

This document provides guidance for management of reclaimed asphalt pavement (RAP) 
materials from the time of collection through processing, mix design, and quality control prac-
tices during production of asphalt mixtures containing RAP. This document is intended pri-
marily as a guide for contractors, but contains some useful information for street and highway 
agencies. However, this guide is not intended to be used as a specification.

This document represents the current best practices for RAP management as of 2010 and, 
as such, may need periodic revision. This document was prepared by the National Center for 
Asphalt Technology and reviewed by numerous agency and industry experts. Feedback on this 
document should be addressed to the author at westran@auburn.edu.

The goal of this best management practices guide is to facilitate the most effective utilization 
of RAP. Good RAP management practices are important to ensure the greatest economic benefit 
for RAP and the highest quality of recycled asphalt mixtures.

Historical Perspective on Recycling

The asphalt paving industry has had great success with recycling asphalt pavements and other 
recycled materials such as shingles, glass, and ground tire rubber. Recycling of asphalt pavements 
dates back to 1915 (1), but it did not become a common practice until the early 1970s when 
asphalt binder prices skyrocketed as a result of the Arab oil embargo. Asphalt paving technolo-
gists reacted to this situation by developing recycling methods to reduce the demand on asphalt 
binder and, thereby, reduce the costs of asphalt paving mixtures. Many practices that were initially 
developed during that period are still in use today and have become part of routine operations for 
pavement construction and rehabilitation.

Motivations for recycling include economic savings and environmental benefits. Environmen-
tal benefits include reduced emissions and fuel usage due to reduced extraction and transporta-
tion of virgin materials, reduced demands on non-renewable resources, and reduced landfill 
space for disposal of used pavements. Economic benefits include materials cost savings from 
replacing a portion of virgin aggregates and binders with RAP as well as reduced costs associated 
with transporting virgin materials to a site.

For over three decades, two guiding principles of asphalt recycling have been (1) mixtures 
containing RAP should meet the same requirements as mixes with all virgin materials and  
(2) mixes containing RAP should perform equal to, or better than, virgin mixtures.

A P P E N D I X  D
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Recent surveys have reported that across the United States, the average RAP content in new 
asphalt mixes is around 12 to 15%. A goal established by the National Asphalt Pavement Associa-
tion (NAPA) is to increase the average RAP content to 25% by the end of 2013.

Although a few people in the pavement community have a negative perception about using 
reclaimed asphalt pavement materials in new asphalt mixes, mixes with moderate-to-high RAP 
contents are not inferior paving products. Quality recycled mixes have been successfully designed 
and produced for many years. The proof is in performance. A recent study comparing the per-
formance of recycled versus virgin mixes based on Long-Term Pavement Performance (LTPP) 
data from 18 U.S. states and Canadian provinces shows that mixes containing at least 30 percent 
RAP are equal to virgin mixtures in all measures of pavement performance.

Overview

This guide is organized to follow the sequence of handling and evaluating RAP materials from 
the point of reclaiming RAP through quality control practices during production of asphalt 
mixtures containing RAP. Section II provides guidance on the reclaiming processes. Section III 
covers decisions and practices for processing and inventory management of RAP materials. 
Section IV presents best practices for sampling and testing stockpiled RAP materials. 

II. Managing the Reclaiming Process

RAP may be obtained from several sources. The most common method is through milling oper-
ations, also known as cold planning. Two other common sources of RAP are full-depth pavement 
demolition and wasted asphalt plant mix. This section discusses the different types of RAP sources.

Milling

Milling is a beneficial part of pavement rehabilitation (see Figure 1). Advantages of milling 
include the following:

•	 Removes distressed pavement layers,
•	 Maintains clearances under bridges and avoids buildup of pavement weight on bridge,

Figure 1. Milling machine removes asphalt pavement  
layers as part of pavement rehabilitation. (Photo 
courtesy of Astec Industries.) 
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•	 Avoids filling up curbs and avoids drop-offs at drainage inlets in urban settings,
•	 Reduces the need for the costly addition of shoulder material along the edge of pavements on 

rural roadways,
•	 Restores pavement grades and profiles, which are important for smoothness,
•	 Leaves a rough texture on the remaining surface that creates a very good bond with an over-

lay, and
•	 Is an efficient removal process that can be done within a short lane-closure with the paving 

operations.

Selecting the Milling Depth

Selection of the milling depth is a critical agency decision in planning the rehabilitation of a 
pavement. Often, a milling depth is based on visual examination of cores to determine the depth 
of surface cracks and/or the location of weak layers or interfaces. Removal of these distressed or 
weak layers helps achieve long-term performance of the overlay. Cores should be taken at least 
once every lane mile on highways and one per lane per block on city streets. It is important to 
check the cross-section of pavement layers across lanes, since roads have often been widened in 
the past with a different buildup on the added roadway width. See Figure 2.

Inspecting the Milling Process

Milling processes should be closely examined to make sure the milled material is not contami-
nated with soil, base material, paving geotextiles, or other debris. This is particularly important 
for deep mills or milling on shoulders or widened roadways. Milled materials that become con-
taminated should be used only as shoulder material and should be stockpiled separately from 
RAP to be used in asphalt mix. A recommended maximum limit of 1 percent deleterious mate-
rial should be used to evaluate RAP contamination. This limit is consistent with requirements 
for virgin aggregates.

The milled surface should also be inspected for “scabbing,” where thin, weakly bonded layers 
are left in place. If this is observed, the milling depth should be adjusted to remove the scab layer. 
If such a weakly bonded layer is allowed to remain in place, the performance of the overlay will 
severely diminish.

Figure 2. Roadway cores showing distressed layers: top-down cracking on left, stripping damage on the right.
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Finally, the milled surface should be inspected for uniform texture. See Figure 3. A non-
uniform texture resulting from worn or broken tips on the milling drum can cause problems 
with compaction of thin overlays. It may also cause an unsafe surface for motorcycles if the 
milled surface is opened to traffic. Some agencies require a simple texture check and have a 
limit of ½-inch peak to valley on the milled surface.

Aggregate Breakdown During Milling

Milling machines consume a lot of energy in removing pavement layers by impacting the 
pavement with milling teeth mounted on a drum rotating at about 200 rpm. The impacts 
break up the pavement by ripping through the mastic and aggregate particles. Crushing of 
aggregate particles causes the gradation of the millings to be much finer than the gradation of 
the pavement layers in place. In the past, pavement cores were obtained before milling, and the 
layers to be milled were removed for extraction tests. Adjustment factors were then applied to 
the extracted gradation to estimate the gradation after milling. However, this technique is not 
reliable since the amount of aggregate degradation depends on the hardness and brittleness 
(impact resistance) of the aggregate, the stiffness of the asphalt (and, therefore, the tempera-
ture of the pavement at the time of milling), the speed of the milling machine, and the depth 
of the cut.

Milling for Removal of Specific Layers

In some cases, it may be advantageous to use special milling operations to remove specific 
pavement layers. One example is milling to remove an open-graded friction course (OGFC) layer 
that is raveling. If the pavement will be resurfaced with a new OGFC or other type of very thin 
wearing course, it may be beneficial to remove only the existing OGFC surface without milling 
much into the underlying layer and produce a fine-textured milled surface on which the new sur-
face course can be placed. In this case, a micro-milling drum, as shown in Figure 4, can provide a 
much smoother surface texture, which is better suited for achieving the desired smoothness with 
the new surface layer. Using a normal milling drum may result in deep and/or irregular groves 
that can lead to dragging when a thin layer is placed on top.

Figure 3. Milled pavement surface with thin scab 
layer which will likely lead to premature failure of 
the overlay.
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A special milling operation may also be beneficial when it is desirable to mill the surface layer 
in one pass and the underlying layer(s) in a second pass because the surface-course millings 
contain a high-value friction aggregate and/or a modified binder. Some contractors have found 
this type of milling operation to be economical when the cost of new friction aggregates is very 
high and the project specifications allow the surface-course RAP to be used in new surface layers.

Pavement Demolition

RAP may also be obtained from complete demolition of an existing pavement using a bull-
dozer or backhoe. This process is typically limited to small areas of pavement. It is slow and 
results in large chunks of pavement that may be more challenging to process into a useable 
recycled material. When pavement rubble is contaminated with underlying layers and soil, it is 
better for this material to be crushed and used as a shoulder or base material than used in an 
asphalt mixture. See Figure 5.

Plant Waste

All asphalt plant operations generate some waste during plant start-up, transition between 
mixes, and clean out. Generally, start-up and shut-down plant wastes have very low asphalt 

Figure 4.  Micro-milling drums have three times the 
number of teeth as a normal milling drum.

Figure 5. Pavement rubble from full-depth demolition 
of a roadway.
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contents. Another form of waste is mix rejected from a project due to incomplete coating or due 
to the mix temperature being too high or too low for the job. Other situations that may result in 
wasted mix include trucks loaded with too much mix to finish the job or mix that could not be 
placed due to inclement weather. These waste materials are often stockpiled for later processing 
into a recyclable material. Since these waste mixes have not been subjected to environmental 
aging from years of service, the asphalt binder is less aged than RAP recovered from the road. 
Waste materials also have fewer fines than other sources of RAP since it was not milled or broken 
up during demolition. However, waste materials must be thoroughly mixed and processed to 
make them into uniform, recyclable materials. Waste materials are often combined with other 
sources of RAP in multiple-source stockpiles. Processing RAP from multiple sources is discussed 
in greater detail in the next section.

Contamination

It is important that stockpiles be kept free of contaminants from the beginning. It is easy to 
understand how bad perceptions of RAP form when there is dirt, rubbish, or vegetation in RAP 
stockpiles (see Figure 6), or when trash is found in the mix when it shows up on the job site or 
pops out of the pavement a few days after paving. Treat RAP stockpiles as the most valuable 
material on the plant yard—because they are. Truck drivers bringing materials onto the plant 
yard must be clearly instructed where to dump their loads so that unwanted construction debris 
does not end up in the RAP stockpile and instructed that they should clean the truck beds before 
hauling millings or useable RAP. The plant QC personnel and the loader operator should also 
regularly inspect unprocessed and processed RAP stockpiles to make sure they do not contain 
deleterious materials. If contaminants are found, dig them out immediately so that they are not 
covered up with other RAP brought onto the yard.

III. Inventory Management and Processing RAP

Poor management of RAP stockpiles is commonly cited as one reason agencies are reluctant to 
increase allowable RAP contents in asphalt mixtures. This section provides guidance on inven-
tory management of RAP materials and options for stockpiling, crushing, and screening RAP. 
Good materials management practices should always be a part of the quality control program for 
any asphalt mix production operation. For production of quality mixes with high RAP contents, 
excellent materials management practices are essential.

Figure 6. Multiple-source RAP pile with dirt contami-
nation on the right side of the photo.
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Inventory Analysis

RAP management should begin with a basic inventory analysis of available RAP and mix pro-
duction. This analysis is important to establish realistic goals for how much RAP can be used at 
a particular plant. The analysis includes the following four simple steps:

1. An inventory of RAP on hand and RAP generated per year,
2. A summary of mixes produced per year by mix types and customers,
3. Determining the maximum amount of RAP that can be used, and
4. A comparison of the quantity of RAP available to the amount of RAP needed.

Note that in this context, RAP contents refer to the RAP material as a percentage of the total 
mixture. Some agencies now have specification limitations based on the percentage of RAP binder 
in the total binder content. Such specifications have merit when dealing with changing the grade 
of the virgin binder in the recycled mixture. However, for an inventory analysis, the more com-
mon expression of RAP content as a percentage of the total mixture is more appropriate.

Examples are the best way to illustrate the inventory analysis. Three cases are presented.

Case #1: Contractor A has an estimated 20,000 tons of RAP on his/her plant site and typically brings 
in about 30,000 tons per year from milling projects and other sources. The plant typically produces 
about 150,000 tons of HMA per year. Of that quantity, approximately 100,000 tons is produced for state 
projects, and the other 50,000 tons is produced for commercial work and local governments. However, 
the contractor generally follows DOT specifications for designing mixes for local and commercial work. 
It is estimated that 80 percent of the mix produced is surface mix. The state specifications currently allow 
up to 20 percent RAP in surface mixes and up to 30 percent in base and binder layer mixes. Contractor A 
currently uses the maximum allowable RAP by specification.

RAP available = 20,000 tons + 30,000 tons = 50,000 tons

Maximum RAP needed = 150,000 tons × [(80% surface × 20% RAP) + (20% base/binder mix ×  
30% RAP)] = 33,000 tons of RAP

Therefore, for Contractor A to increase RAP usage, she/he will have to either

1. Get the agency specifications changed,
2. Increase the plant’s annual production, or
3. Increase rap contents in local and commercial work.

If Contractor A does nothing different, she/he will have a large excess supply of RAP, which may 
become a storage problem.

Case #2: Contractor B has 10,000 tons of RAP on site and brings in about 25,000 tons of new RAP per 
year. The plant typically produces 200,000 tons of HMA per year of which 80 percent is surface mix and  
20 percent is non-surface mix. Production of mix for the state agency is about 120,000 tons, and the 
remainder is for the city, county, and private businesses. Contractor B currently uses 15 percent RAP in 
all DOT mixes even though the agency allows 20 percent RAP in surface mixes and 40 percent in base 
and leveling mixes. Mix designs are typically tweaked for local mixes to include 20 percent RAP although 
there is no provision on the maximum allowable RAP content for these mixes.

RAP available = 10,000 tons + 25,000 tons = 35,000 tons

Maximum RAP needed = 120,000 tons × [(80% surface × 20% RAP) + (20% non-surface mix ×  
40% RAP)] + (80,000 tons × 20% RAP) = 44,800 tons of RAP

RAP currently used = 120,000 tons × 15% RAP + 80,000 tons × 20% RAP = 34,000 tons of RAP

Therefore, Contractor B has about enough RAP on hand for an average year using historical RAP 
percentages. This contractor could increase RAP usage but will have to get more RAP. If the contractor 
begins to use higher RAP percentages but does not bring in additional RAP, he/she will run out of RAP 
before the year is over.

Case #3: Contractor C has 60,000 tons of unprocessed RAP in inventory and generates nearly 40,000 tons 
of RAP from milling and pavement demolition each year. The contractor recently replaced the old plant 
and expects annual tonnage to increase from about 170,000 tons per year to 200,000 tons per year. Histori-
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cally, the contractor was able to use only about 15 percent RAP with the old plant, but the new plant was 
advertised to handle up to 50 percent RAP. Annual tonnage for the city work has been about 30,000 tons, 
commercial work has been about 30,000 tons, and state work about 110,000 tons. All sectors are expected 
to grow by about 10,000 tons each. State DOT and city specs have recently changed to allow 30 percent 
RAP in surface mixes and 40 percent in base and binder mixes. Commercial work generally does not have 
limits on RAP percentages. Surface mixes generally are about 80 percent of the city and state mix produc-
tion but only about 50 percent of the commercial work.

RAP available = 60,000 tons + 40,000 tons = 100,000 tons

Maximum RAP needed:

City: 40,000 tons × [(80% surface × 30% RAP) + (20% base/binder mix × 40% RAP)] = 12,800 tons 
of RAP

Commercial: 40,000 tons × [(50% surface × 50% RAP) + (50% base/binder mix × 50% RAP)] = 
20,000 tons of RAP

State: 120,000 tons × [(80% surface × 30% RAP) + (20% base/binder mix × 40% RAP)] = 38,400 tons 
of RAP

Total: 71,200 tons of RAP

If Contractor C is able to use the maximum amount of RAP for each type of mix in all sectors, this 
contractor will have enough RAP for the first year but will run out of RAP in the second year if he/she 
continues to bring in the same amount of new RAP.

If Contractor C believes that 40,000 tons of new RAP is reasonable, then he/she may want to consider 
using 25 percent RAP in all mixes. That would consume 50,000 tons of RAP per year, which he/she would 
be able to sustain for 6 years.

In most cases, when a contractor has a limited supply of RAP, it is logical to try to use a relatively 
consistent amount of RAP in all mixes rather than to use a lot of RAP in some mixes and less in 
other mixes. For example, if a contractor has 40,000 tons of RAP and produces 200,000 tons of 
HMA per year, then it is better to run 40,000/200,000 = 20 percent in all mixes. If the contractor 
uses 40 percent RAP in some mixes, then he/she will have to use less than 20 percent other mixes 
to keep the RAP in balance with the total RAP used. Running higher RAP contents could be 
more competitive on certain jobs, but there may be additional costs associated with higher RAP 
contents, such as additional materials testing, higher RAP processing costs, plant modifications, 
and higher plant maintenance costs.

Single or Multiple Unprocessed RAP Stockpiles

One of the first decisions in inventory management of RAP should be whether to put all 
incoming RAP materials into a single pile or to create separate stockpiles for RAP obtained from 
different sources. This decision will likely depend on the following factors:

•	 Whether the state or primary local agency allows RAP from other sources in asphalt mixes 
produced for its agency specifications,

•	 Whether the state or other primary local agency requires captive stockpiles or allows continu-
ous replenishment of stockpiles,

•	 The space available at the plant site for RAP processing and stockpiling,
•	 The target RAP percentages in the asphalt mixes to be produced, and
•	 How much RAP comes from a single project.

Some agencies’ specifications allow only RAP from their projects to be used in their mixes. 
RAP from agency projects are often referred to as “classified RAP” since the origin of the materi-
als is known. This limitation is used to assure that the aggregate and binder in the RAP were of 
satisfactory quality in the original pavement.

Most agencies allow the use of RAP from multiple sources, including “unclassified RAP” that 
has been combined and processed into a single uniform RAP stockpile. Agencies typically allow 
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this practice with the stipulations that the combined blend of RAP and virgin aggregates meet 
the appropriate Superpave consensus aggregate requirements and the volumetric properties of 
the recycled mix design meet all of the standard asphalt mix specifications. When this approach 
is used, good processing practices of the multiple-source RAP material are necessary to create a 
uniform material. Since many contractors report that a substantial amount of their RAP comes 
from non-DOT sources, this approach enables them to best utilize RAP from different sources 
in a wide range of mix designs and requires the least amount of testing and mix design work. 
In other words, using just one RAP stockpile in many different mix designs is efficient from a 
testing point of view. Agencies that prohibit the use of RAP processed from multiple sources will 
suppress the use of RAP. In many cases, it is not cost effective to perform all the necessary tests 
and mix designs for small quantities of RAP.

Captive or Continuously Replenishing RAP Stockpiles

Another requirement some agencies impose on RAP stockpiles is that no additional material 
can be added to a RAP stockpile once it is built and tested. This is referred to as a “captive” RAP 
stockpile. A few agencies take this same approach with virgin aggregate stockpiles. The opposite 
and more common approach is to allow stockpiles to be continuously replenished with new 
material. Most agencies use this approach for virgin aggregates because there are other controls 
on aggregate testing at the source. This is appropriate for RAP as well if consistency can be estab-
lished through a RAP quality control plan.

The more conservative captive stockpile approach is based on the premise that the properties 
of the stockpile must be precisely known if it is to be used as a component in hot mix asphalt. 
However, some contractors have been able to develop RAP processing practices using continu-
ously replenished stockpiles that have very consistent gradations and asphalt contents over a 
long period of time. Determining if the RAP processing provides a consistent material over 
time requires regular testing and analysis of the RAP to document the RAP stockpile variability. 
Guidelines for a RAP quality control plan are provided in Section IV.

In some cases, limited stockpile space may constrain processing and stockpiling practices. 
Plant yards with limited space for stockpiles may not have sufficient room for multiple small 
RAP stockpiles. This has been one factor that affects how some contractors use RAP.

Processing and Crushing RAP

The basic goals of processing RAP are to

1. Create a uniform stockpile of material from a collection of different RAP materials from vari-
ous sources,

2. Separate or break apart large agglomerations of RAP particles to a size that can be efficiently 
heated and broken apart during mixing with the virgin aggregates,

3. Reduce the maximum aggregate particle size in the RAP so that the RAP can be used in sur-
face mixes (or other small nominal maximum aggregate size mixtures), and

4. Minimize the generation of additional P200 (i.e., dust).

Processing Millings

Millings from a single project are usually very consistent in gradation, asphalt content, aggre-
gate properties, and binder properties. Therefore, processing millings may only be necessary 
to achieve Goals 2 or 3. However, as noted previously, a common limitation to increasing RAP 
content in asphalt mixtures is the dust content in the RAP. Since milled RAPs already contain 
appreciable amounts of P200 (typically between 10 and 20 percent) due to the milling of the 
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material from the roadway, it is best to minimize further crushing of milled RAP whenever pos-
sible. Therefore, when a contractor obtains a large quantity of millings from a single project, it 
is considered a best practice not to further crush this material, but rather to use it “as-is” in mix 
designs or to screen the millings to remove large particles.

Millings: Recommended Processing Options

1. Receive millings from project.
2. Sample and test a few locations of the millings stockpile to determine the as-received grada-

tion and check the maximum aggregate size.
3. If the maximum aggregate size of the as-received millings is small enough to use in the desired 

mix design(s), do not further process the millings. Sample and test the millings as described 
in Section IV.

4. If maximum particle size is too large for desired mix(es), then either
a. Fractionate the RAP over a screen equal to or smaller than the NMAS of desired mix(es). 

Stockpile the fine RAP (portion passing through the screen) and test for properties, as 
described in Section IV. Stockpile the coarse RAP fraction(s) into separate stockpile(s) for 
use in other, larger NMAS mixes, or

b. Crush the millings so that they will pass the desired screen size. This is the least desir-
able option because it will result in more uncoated faces of RAP particles and generate 
additional dust, which can severely hamper how much of the crushed RAP can be used 
in mix designs. When a contractor wants to increase RAP contents but is often limited by 
VMA requirements or the dust-to-binder ratio during mix designs, Goal 4 must become 
a primary consideration in the contractor’s RAP processing plan.

Processing RAP from Multiple Sources

RAP materials from multiple sources that have different compositions must be processed to 
create a uniform material suitable for use in a new asphalt mixture. Around the world, contrac-
tors have found that they can make a uniform and high-quality RAP from a combination of 
pavement rubble, millings, and wasted mix. The key to achieving a consistent RAP from multiple 
sources is careful blending as part of the processing operations. A bulldozer, excavator, or similar 
equipment should be used to blend materials from different locations in the multiple-source 
RAP stockpile as it is fed into the screening and crushing operation. See Figure 7. This will tend 
to “average-out” variations in the RAP from different sources.

Figure 7. Excavator feeding material into a RAP 
crushing and screening process.
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Screening RAP during Processing

Since crushing RAP will create more aggregate fines, it is best to set up the crushing operation 
so that the RAP is screened before it enters the crusher. This will allow the finer RAP particles 
that pass through the screen to bypass the crusher. Figure 8 shows a portable RAP crushing unit 
that is equipped with a screen deck in line before the crusher. Only the RAP particles retained on 
the screen will pass through the crusher.

Some RAP crushing units are set up so that all of the RAP is conveyed from the feeder bin 
into the crusher, followed by a recirculation circuit after the crusher. The recirculation circuit 
is designed to return larger particles that do not pass through the screen back to the crusher. 
However, since all of the material must go through the crusher in the first pass, there is a good 
chance that breakdown will occur for some smaller particles that did not need to be reduced 
in size.

Crusher Types

A variety of crusher types are used for crushing RAP. Many contractors have found that 
the best type of RAP crushers are horizontal-shaft impactors (HSIs) and roller or mill-type 
breakers made specifically for processing RAP. These RAP crushers/breakers are designed to 
break up chunks of pavement or agglomerations of RAP rather than downsize the aggregate 
gradation. See Figure 9. Further information on RAP crushing equipment can be found in the 
National Asphalt Pavement Association’s Information Series 123, Recycling Hot-Mix Asphalt 
Pavements (2).

Compression-type crushers such as jaw crushers and cone crushers tend to clog due to pack-
ing (caking) of RAP when the RAP is warm or wet. Hammermill crushers tend to generate more 
fines due to the retention of the material in the chamber. The speed and clearance of Hammer-
mill crushers can be adjusted to reduce aggregate crushing.

Some contractors have used milling machines to crush stockpiled RAP. There may be a risk of 
the milling machine overturning since the stockpile is uneven and may not provide stable sup-
port for the heavy machine. No data are available regarding the effectiveness of this method of 
processing in terms of size reduction or consistency of the RAP.

Weather

Moisture and temperature can affect crushing and screening of RAP. When the RAP is wet 
and/or temperatures are hot, RAP will be stickier and tend to build up in feeders and crushers, 

RAP Crusher 

Figure 8. RAP processing unit with a screen before 
the crusher.

Figure 9. Illustration 
of HSI crusher.
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blind screens, and RAP fines will stick to belts and accumulate under conveyors. Not only does 
this require more maintenance of RAP processing units and RAP feeder systems for mix produc-
tion, it can also affect the gradation and asphalt content of the RAP.

Fractionating

Fractionating is a process gaining popularity in which RAP is screened into two or three sizes. 
The sizes are typically ¾″ × 3⁄8″, 3⁄8″ × 3⁄16″, and minus 3⁄16″. In some cases, the plus ¾″ size mate-
rial is returned to a crusher, and the crushed material is then returned to the screening unit. The 
primary advantage of fractionating RAP is that having stockpiles of different RAP sizes provides 
more flexibility in meeting mix design requirements (see Figures 10 and 11).

Producers that can answer “yes” to the following six questions should consider fractionat-
ing RAP:

1. Can your plant produce mixes containing 20 percent or more RAP without emissions prob-
lems or significant decline in production rate?

2. Does the market this plant supplies allow RAP contents above 20 percent (probably should 
be specific with a quantity of mix per year)?

Figure 10. Samples of fractionated RAP.

Figure 11. Portable RAP fractionation unit. This unit 
screens RAP into three sizes: 1¾” on right, 23⁄16” on 
left, and ¾”  3⁄16” in back.
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3. Does your plant have an excess amount of RAP (i.e., the quantity of RAP stockpiled exceeds 
RAP usage per year)?

4. Does your plant site have at least 10,000 sq. ft. available in the stockpile area for a RAP frac-
tionation plant?

5. Do you have difficulty meeting mix design requirements such as minimum VMA, dust pro-
portion, or P0.075 content for mixes with over 20 percent RAP?

6. Do you have trouble keeping RAP mixes within quality control and acceptance limits?

The decision of whether to fractionate RAP into different sizes should be the mix producer’s 
choice and not a specification. Some agencies have recently begun to require RAP fractionation 
for higher RAP contents. This type of method specification is not appropriate; a better approach 
to assure consistency of RAP is to set limits on the variability of the RAP stockpiles. This is dis-
cussed in further detail in Section IV.

Moving the Processed RAP Stockpiles

In most cases, processed RAP will be moved from the location where it is screened and/or 
crushed to another location that is more convenient for feeding into the asphalt plant. This is 
another opportunity to remix the material and improve its consistency. Using the loader to dig 
into the RAP stockpile at the processing unit at different locations around the pile and remixing 
loads while building the stockpile at the final location can again be used to average out variations.

Stockpiling to Minimize Segregation

As with virgin aggregates, there is a potential for RAP materials to become segregated in stock-
piles. This is a common problem when stockpiles are built using fixed conveyors that allow the 
RAP particles to drop long distances to the stockpile. Larger particles have more kinetic energy 
and will tend to roll down toward the bottom of the stockpile. This results in more coarse parti-
cles with a lower asphalt content at the base of the stockpile and finer, higher asphalt content RAP 
in the top of the stockpile. This problem can be minimized by using indexing-type conveyors 
that extend and raise the end of the conveyor as the size of the stockpile increases. If segregation 
is evident, a front-end loader can be used to remix the stockpile.

Stockpiling to Minimize Moisture

Moisture content of aggregates and RAP is a primary factor affecting an asphalt plant’s pro-
duction rate and drying costs. Some contractors have implemented creative approaches to 
reducing moisture content in stockpiles. The best practice to minimize the accumulation of 
moisture in stockpiles is to cover the stockpile with a shelter or building to prevent precipitation 
from getting to the RAP, as shown in Figure 12. Second to that, it is a good practice to use coni-
cal stockpiles to naturally shed rain or snow, and to place the stockpile on a paved and sloped 
surface to help water drain from the pile. Irregular-shaped stockpiles with surface depressions 
that will pond water should be corrected by shaping the pile as it is being built with the front-
end loader or a small dozer. However, the use of heavy equipment on the top of RAP stockpiles 
should be minimized to avoid compaction of the RAP. Likewise, it is also recommended that 
RAP stockpiles be limited to 20 feet in height to reduce the potential for self-consolidation of 
the stockpile.

In-Line RAP Crushers or Crusher Circuits

RAP crushers or crushing circuits that are built into the asphalt plant’s RAP feed line can 
change the gradation of the RAP material being fed into the mix. Gradation test results on 
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Figure 12. Covered stockpile to minimize moisture  
in RAP.

the stockpiled RAP then become meaningless, and the quality control technician will have to 
make unnecessary, and probably substantial, mix adjustments to get the mix gradation and 
volumetric properties in specification during production start-up. In many cases, this could 
result in the technician reducing the RAP content in order to meet the quality control toler-
ances for the mix.

In-line roller crushers (also known as lump breakers) and reduced-speed impact crushers 
designed to break up agglomerations of RAP rather than change the gradation are used by some 
contractors. It is recommended to conduct a simple extracted gradation check of RAP samples 
before and after the in-line crusher to determine if it is breaking down the RAP aggregate (see 
Figure 13).

Figure 13. When using in-line RAP crushers, check 
extracted gradations before and after the crusher  
to make sure the RAP aggregate gradation is not 
changing.
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IV. Sampling and Testing the RAP

This section provides guidance on the best methods and practices for sampling and testing 
RAP as part of a quality management program. A well-executed sampling and testing plan for 
RAP is necessary to assess the consistency of the RAP stockpiles and to obtain representative 
properties for use in mix designs.

RAP Variability

A common misconception exists that RAP stockpiles are highly variable and, thus, using 
higher RAP contents in new asphalt mixes will lead to more variability in the mixtures. How-
ever, well-managed RAP stockpiles have a more consistent gradation than virgin aggregates (3). 
See Figure 14. That was the finding of a 1988 study by the International Center for Aggregate 
Research (4), which has been confirmed with recent data gathered by NCAT (5). Considering 
that RAP obtained from a single milling project in which the pavement was constructed of mix-
tures subject to high quality assurance standards, it is no surprise that the millings would have 
a consistent gradation, asphalt content, and binder properties. Less expected is how consistent 
RAP processed from multiple sources can also be just as consistent in gradation and asphalt 
content as millings.

Sampling and Testing Frequency

Sampling at least one set of tests per 1,000 tons of RAP is considered a best practice. This is 
generally more frequent than is required for virgin aggregates, but is appropriate for a component 

Advantages and Disadvantages of Different RAP Processing Options

Process Possible Advantages Possible Disadvantages 

Use of Millings without 

Further Processing 

 Avoids further crushing of 
aggregate particles in RAP, 
which may allow higher   
RAP contents in mixes   

 Lowest cost of RAP 
processing options 

 Millings from large projects 
are likely to have a 
consistent gradation and 
asphalt content 

 Requires multiple RAP 
stockpiles at the plant 

 Millings from individual 
projects are different; 
therefore, when a 
particular millings stockpile
is depleted, new mix

 

designs must be
 

developed with other RAP

Screening RAP before 
Crushing 

 Limits crushing of 
aggregate particles in 
RAP, which reduces dust 
generation 

 Few RAP crushing and 
screening units are set up 
to pre-screen RAP 

Crushing all RAP to a 
Single Size 

 Allows the processed RAP 
to be used in many 
different mix types 

 Generally provides good 
uniformity from RAP 
materials obtained from 
multiple sources 

 Increases the dust content 
of RAP stockpiles, which 
will tend to limit how much 
RAP can be used in mix 
designs 

Fractionating RAP 

 Using different sized RAP 
stockpiles provides greater 
flexibility in developing mix 
designs 

Requires the most space 
for multiple smaller 
stockpiles 

 Most expensive 
processing option (cost of 
fractionation unit plus 
additional RAP cold feed 
bins) 

Table 1. Advantages and disadvantages of RAP processing options.
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that will comprise a large portion of an asphalt mixture. A minimum of 10 tests should be per-
formed on a RAP stockpile to yield good statistics for consistency analyses.

Sampling Method

It is recommended that RAP stockpiles be sampled as they are being built at the location 
where they will be fed into the asphalt plant. Samples from the different locations should not 
be combined since the results from the different locations will be used to calculate variability 
statistics. Sampling at the time the stockpile is built will be easier and more representative of the 
stockpile compared to samples taken later, after a crust forms on the RAP stockpile. When a RAP 
stockpile has been in place for a while, it is generally difficult to dig into with a shovel. The best 
way to sample existing RAP stockpiles is with the assistance of a front-end loader, as described 
in Section X1.2 of AASHTO T2 or ASTM D 75-03. This method is described here and illustrated 
in Figure 15.

1. Use a front-end loader to dig into the ready-to-use RAP stockpile.
2. Empty the bucket on a clean surface to form a miniature sampling stockpile.
3. Use the loader to back blade across the top of the mini stockpile to create a flat surface.
4. Mini stockpile ready to be shipped.
5. Use a square-ended shovel to obtain samples from the surface of the mini stockpile.
6. Sample from three locations over the surface of the mini stockpile.
7. Combine samples taken from the same mini stockpile. This sample will later be divided into 

test portions.
8. Repeat this process to obtain samples at other locations around the RAP stockpile. Do not 

combine samples from different locations.

Test Methods

For mix designs using RAP, the data needed from tests on the RAP are as follows:

1. Asphalt binder content of the RAP,
2. Gradation of the aggregate recovered from the RAP,
3. Bulk specific gravity of the RAP aggregate,
4. Consensus properties of the aggregate recovered from the RAP, and
5. The RAP asphalt binder properties (for high RAP contents).

In some cases, additional aggregate tests may be necessary. For example, if the RAP is to be 
used in a surface mix for high-speed traffic, some agencies may require tests to evaluate the 
polishing or mineralogical composition of the RAP aggregate. Typically, source properties such 
as LA abrasion and sulfate-soundness tests are not necessary since it is unlikely that the coarse 
aggregates in the RAP would have come from sources not originally approved by the state agency.

Figure 14. Processed RAP with a uniform appearance.
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1 2 

3 4 

5 6 

7 8 

Figure 15. Steps for the best method to sample RAP.
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A recent joint study by the University of Nevada-Reno and NCAT examined several options 
for testing RAP to determine the best methods for determining many of the properties noted 
above. Three methods were used to determine asphalt contents and recover the aggregates for 
aggregate property tests: the ignition method, the centrifuge extraction method, and the reflux 
extraction method. Trichloroethylene was used as the solvent in the centrifuge and reflux meth-
ods. The results of the study indicate that

•	 The ignition method yielded the most accurate asphalt contents for the RAP and provided the 
lowest testing variability compared to the solvent extraction methods.

•	 The centrifuge extraction method had the smallest affect on the gradations of the recovered 
aggregate.

•	 The combined bulk specific gravity of the aggregates recovered by the ignition method was 
closest to the original materials, except for the soft limestone aggregate. In that case, the aggre-
gate recovered from the centrifuge extraction was closest to the original material.

•	 The sand-equivalent and fine-aggregate angularity values for aggregates recovered from all 
three methods were different from the original materials. No consistent biases were evident to 
warrant making adjustments to the tested results.

•	 LA abrasion values for aggregates recovered from the centrifuge extraction were closest to the 
original values.

Additional tests on the extracted and recovered asphalt binder from the RAP may be required 
for mix designs that will contain more than 25 percent RAP. Current best practices for deter-
mining RAP binder properties are described in Chapter 3 of NCHRP Report 452 (6). Several 
research studies are currently in progress to develop alternative procedures for determining RAP 
binder properties and methods for selecting the grade of the virgin binder for high RAP content 
mixtures.

Methods for Determining RAP Asphalt Contents and  
Recovering Aggregates for Characterization

Two options are recommended for determining RAP asphalt content and recovering aggre-
gates: the ignition method and solvent extractions. Both methods have advantages and disad-
vantages as described in this section.

Ignition Method

The most popular method for determining RAP asphalt contents and recovering aggregates for 
other tests is the ignition method, AASHTO T 308 or ASTM D 6307. Advantages of the ignition 
method include quick results, little testing time, and the absence of a need for the use of solvents. 
One issue with this method is that in order to obtain an accurate asphalt content for a sample, it is 
necessary to know the aggregate-correction factor. For virgin materials, the aggregate-correction 
factor is determined by testing samples with a known asphalt content. The difference between the 
known asphalt content and the test result for the prepared samples is the aggregate-correction fac-
tor. However, for RAP, it is not possible to have a sample with a known asphalt content and, there-
fore, not possible to determine the aggregate-correction factor. Fortunately, aggregate-correction 
factors are typically consistent over time when the aggregate materials used at the location are 
from the same quarry or deposits. Therefore, a historical average aggregate-correction factor of 
the materials at a location can be used as the aggregate-correction factor for the RAP.

RAP aggregates recovered from the ignition method can be used for gradation analysis and 
many other aggregate property tests, but not all. Some aggregate types (e.g., dolomites) can have 
significant changes in mass when heated to 1000°F in an ignition oven. Small natural variations 
in the mineralogy of these aggregates create large variations in aggregate-correction factors in 
the ignition oven (as high as 1 to 2 percent). Some agencies have altered the test to reduce the 
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ignition oven temperature to minimize this problem. However, in some cases, agencies have 
elected simply to use other methods for determining asphalt contents and recovering aggregates 
for asphalt mixes in their jurisdiction. In these locations, the asphalt content for RAP samples 
should be determined using solvent extractions.

Solvent Extractions

Solvent extractions with trichloroethylene or other solvents have been used for many decades 
to determine asphalt contents of asphalt mixtures and as a method of recovering aggregates 
for additional tests. However, use of the method has declined due to health and environmental 
concerns with the chlorinated solvents. Normal propylene bromide and some non-halogenated 
(terpene or d-limonene based) solvents were found to be acceptable alternative solvents and are 
permitted in AASHTO T 164, but some problems have been reported with the effectiveness of 
these solvents to remove polymer-modified asphalt binders. However, some agencies and con-
tractors continue to use solvent extractions due to problems with highly variable ignition fur-
nace aggregate-correction factors or with the breakdown of certain aggregate types. Depending 
on aggregate absorption and texture, solvency power of the solvent, and hardness of the binder, 
solvent extractions may not remove all of the absorbed asphalt binder from the aggregate. Based 
on the published precision information, the repeatability and reproducibility of the ignition 
method are more than four times better than the solvent extraction method. It is prudent for 
agencies and contractors to cooperate in establishing the best method for the materials in their 
region or jurisdiction.

Aggregate Bulk Specific Gravity

Aggregate specific gravity of the RAP aggregate is a critical property for mix design because 
it is used in calculating VMA. Since VMA is the primary mix design parameter to assure good 
durability, accurately determining the RAP aggregate Gsb is essential, especially for high RAP 
contents.

Previous studies have recommended several options for determining the bulk specific gravity 
of the RAP aggregate, as follows:

1. Recovery of the RAP aggregate using the ignition method (AASHTO T 308) followed by con-
ducting AASHTO T84 and T85 for specific gravity of the fine and coarse aggregate portions, 
respectively.

2. Recovery of the RAP aggregate using the solvent extraction (AASHTO T 164) followed by 
conducting AASHTO T84 and T85 for specific gravity of the fine and coarse aggregate por-
tions, respectively.

3. Estimating the RAP aggregate bulk specific gravity using the following process:
a. Conduct the maximum theoretical specific gravity test (i.e., the Rice method) on samples 

of the RAP following AASHTO T 209.
b. Calculate the effective specific gravity of the RAP aggregate from the asphalt content, Gmm 

of the RAP, and an assumed value for specific gravity of the binder, Gb.
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where Pba (asphalt absorption) also has to be assumed based on historical records of mixes with 
the same raw materials.

These three options were evaluated in a joint study by the University of Nevada-Reno and NCAT 
and in NCHRP 9-46. These studies found that the accuracy of Method 3 was highly dependent on 
how well the percentage of absorbed asphalt could be estimated. Even small errors in the assumed 
asphalt absorption value caused significant errors in VMA for the mix designs. Therefore, the 
author does not recommend Method 3.

The flowchart shown in Figure 16 outlines the recommended process for sampling and test-
ing RAP.

All test results should be recorded in a spreadsheet or software program to organize and sum-
marize the data. The database should include stockpile name/description, date of samples, and 
for each sample, the results for asphalt content, gradation of recovered aggregate, and bulk spe-
cific gravity of the RAP aggregate. The spreadsheet should calculate the average and standard 
deviation of each property. An example spreadsheet is shown in Figure 17. It is necessary to col-
lect and analyze test results of at least 10 RAP samples to estimate the statistics for the stockpile.

If more RAP is added to the stockpile, sampling and testing should continue at a frequency 
of one set of tests per 1,000 tons of RAP. Table 2 shows guidelines for standard deviations of key 
properties of RAP. The standard deviation statistic is a basic measure of variability. The median 
sieve is the sieve closest to having an average of 50 percent passing. Typically, this is the sieve 
with the largest standard deviation. In the Figure 17 example spreadsheet, the median sieve is 
the 2.36 mm sieve.

These values are based on data gathered from contractors using many of the best practices in this 
document. Although excellent RAP management practices are necessary to have standard devia-
tions within these limits, published reports and recent surveys indicate that they are attainable. 

Figure 16. Recommended process for  
sampling and testing RAP samples.

RAP Property Maximum  
Std. Dev. (%) 

Asphalt Content  0.5 

% Passing Median Sieve  5.0 

% Passing 0.075 mm Sieve  1.5 

Table 2. Variability guidelines for  
RAP stockpiles.
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If the variability of one or more properties exceeds the values in Table 2, the stockpile manage-
ment guidelines in this document may be helpful in reducing the standard deviations. Also keep 
in mind that sampling practices can have a significant effect on variability results.
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Abbreviations and acronyms used without definitions in TRB publications:

A4A Airlines for America
AAAE American Association of Airport Executives
AASHO American Association of State Highway Officials
AASHTO American Association of State Highway and Transportation Officials
ACI–NA Airports Council International–North America
ACRP Airport Cooperative Research Program
ADA Americans with Disabilities Act
APTA American Public Transportation Association
ASCE American Society of Civil Engineers
ASME American Society of Mechanical Engineers
ASTM American Society for Testing and Materials
ATA American Trucking Associations
CTAA Community Transportation Association of America
CTBSSP Commercial Truck and Bus Safety Synthesis Program
DHS Department of Homeland Security
DOE Department of Energy
EPA Environmental Protection Agency
FAA Federal Aviation Administration
FHWA Federal Highway Administration
FMCSA Federal Motor Carrier Safety Administration
FRA Federal Railroad Administration
FTA Federal Transit Administration
HMCRP Hazardous Materials Cooperative Research Program
IEEE Institute of Electrical and Electronics Engineers
ISTEA Intermodal Surface Transportation Efficiency Act of 1991
ITE Institute of Transportation Engineers
MAP-21 Moving Ahead for Progress in the 21st Century Act (2012)
NASA National Aeronautics and Space Administration
NASAO National Association of State Aviation Officials
NCFRP National Cooperative Freight Research Program
NCHRP National Cooperative Highway Research Program
NHTSA National Highway Traffic Safety Administration
NTSB National Transportation Safety Board
PHMSA Pipeline and Hazardous Materials Safety Administration
RITA Research and Innovative Technology Administration
SAE Society of Automotive Engineers
SAFETEA-LU Safe, Accountable, Flexible, Efficient Transportation Equity Act: 
 A Legacy for Users (2005)
TCRP Transit Cooperative Research Program
TEA-21 Transportation Equity Act for the 21st Century (1998)
TRB Transportation Research Board
TSA Transportation Security Administration
U.S.DOT United States Department of Transportation
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