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This thesis documents the evaluation of the initial performance of pavement 

containing recycled asphalt shingles (RAS) in Oregon. The research was funded 

by the Oregon Department of Transportation (ODOT) and the Federal Highway 

Administration and was conducted at Oregon State University. The key 

objectives of this thesis are to document the state-of-the-practice for 

implementation of recycled asphalt shingles in hot mix asphalt (HMA) 

mixtures, and to evaluate the initial field and laboratory performance of 

mixtures containing RAS. 

Recent oil price increases, coupled with environmental impacts has 

encouraged industry to use materials containing asphalt binder, such as 

asphalt shingles as a partial replacement of virgin materials in the construction 

of bituminous pavement. Residential home reroofing projects generate RAS as 

does the asphalt shingle manufacturing industry as a waste product at a rate of 

approximately 11 million tons per year nationwide. Disposal of these materials 

ordinarily involves discarding the materials in landfills. However, since these 

shingles contain asphalt binder, many states and asphalt pavement contractors 

have made efforts to incorporate these materials into asphalt pavements.  



 

 

Asphalt shingles are produced with asphalt binders that have substantially 

higher stiffness than paving grade asphalt binders. With increased stiffness 

comes increased brittleness. Consequently, incorporating RAS into hot mix 

asphalt may expose the pavement to an increased likelihood of low 

temperature cracking and fatigue cracking unless modifications are made to 

the mixtures to compensate for increased stiffness due to the RAS binder. 

House Bill 2733, proposed before the Oregon Legislative Assembly in 2009, 

would have required ODOT to use up to 5% RAS in HMA.  However, inclusion 

of RAS in HMA raised concerns within the agency with regard to the potential 

for reduction in pavement performance ultimately leading to increased costs 

due to early failures. Consequently, considering these concerns the legislation 

on this bill was postponed pending completion of research to investigate the 

performance of pavement containing RAS in Oregon pavements. As a result, 

ODOT sponsored preliminary research on use of RAS in HMA in 2009 and 

subsequently through the research project described herein. 

The research work described herein was separated into three distinct but 

interconnected tasks. The first involved conducting a detailed literature review 

to gain an understanding of the state-of-the-practice for successful 

implementation of RAS in pavements. Emphasis during this effort was placed 

on selection of the virgin binder grade to offset the effects of increased stiffness 

due to incorporation of RAS binder, batching and mixing procedures for 

inclusion of RAS in HMA mixtures, ignition oven calibration factors for 

mixtures containing RAS, and quality control/quality assurance procedures for 

pavements built with RAS mixtures. There exists a substantial body of 

literature covering use of recycled asphalt pavement (RAP) as a partial 

replacement of virgin materials in HMA pavements. Due to many similarities of 

RAP and RAS, many of the documents reviewed covered only RAP, but with the 



 

 

aim of extending the technologies used for RAP mixtures to those containing 

RAS or RAS and RAP. The second task involved conducting laboratory 

investigations to verify the practicality and effectiveness of procedures found 

in the literature for batching and mixing materials containing RAS and/or RAP 

and RAS. Finally, the third task involved investigations of performance of two 

pavements containing RAP and RAS constructed as pilot projects. The 

investigations involved an assessment of field performance and laboratory 

tests on samples obtained from the two pavements. For comparison purposes, 

the same investigations were performed on pavements and samples from 

pavements that contained RAP but no RAS. These were constructed adjacent 

to, and at the same time as, the pavements with RAP and RAS. 

Based on the findings from the literature review, this thesis contains 

recommendations for: 1) selection of a virgin binder grade when RAP and/or 

RAS is used in an HMA mixture; 2) a procedure for effectively and efficiently 

extracting and recovering asphalt binder from RAS; 3) batching and mixing 

procedures for manufacturing laboratory test specimens containing RAS; 4) a 

method for determining ignition over calibration factors for mixtures 

containing RAS; and 5) quality control/quality assurance procedures for 

pavements built with RAS mixtures. The recommended batching and mixing 

procedure was verified through laboratory investigations while ongoing 

research is in the process of verifying the remaining procedures. 

Laboratory investigations involving dynamic modulus testing and comparative 

analyses of RAP-only mixtures (control mixtures) versus RAP and RAS 

mixtures indicated a trend of reduced dynamic modulus due to the addition of 

RAS in the mixture on both pilot projects. However, when the mixtures were 

compared at a 95 percent confidence level, a significant difference was found 

for only one of the two projects.  This reduction in dynamic modulus was likely 



 

 

due to the softening of blended binder and the increased air voids in the 

mixtures containing RAS. In addition, fatigue testing and comparative analyses 

using phenomenological and dissipated energy approaches indicated that 

there was no significant difference in fatigue resistance of the RAP-only 

mixture versus the RAP and RAS mixture at a 95 percent confidence level. 

Assessment of field performance through visual inspections of the pavements 

built with mixtures containing RAS revealed no low temperature cracking 

following the first winter season in service. Nor did the inspections reveal any 

fatigue cracking. Although these inspections occurred within 8 months of 

construction of the pavements, the findings provide encouraging early-life 

performance of the mixtures. 
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INITIAL PERFORMANCE ASSESSMENT FOR 

IMPLEMENTATION OF HOT MIX ASPHALT CONTAINING 

RECYCLED ASPHALT SHINGLES IN OREGON 

1.0 INTRODUCTION 
 

Research and development in the field of pavement materials has made it 

possible to reuse recycled asphalt materials in pavement construction as a 

partial replacement of virgin material, i.e. binder and aggregates. The need for 

reusing recycled materials in the transportation industry was realized 

following 1970’s oil embargo (Shah et al. 2007). Increasing oil prices, reducing 

the landfill, coupled with economical benefits are encouraging industry to use 

recycled asphalt materials in the pavement construction as a partial 

replacement of virgin materials (Mallick and Mogawer 2000; Sengoz and Topal 

2004; McGraw et al. 2007; McGarrah 2007). Oregon Department of 

Transportation started using reclaimed asphalt pavements (RAP) first in 1976 

and incorporated required procedures in the standard specifications (Dumler 

and Beecroft 1977). RAS are viable materials that are often used as a partial 

replacement of virgin materials in HMA. There are two main types of shingles 

used in the industry: manufacturer waste and tear-off (housing industry) 

shingles (Button et al. 1995). Every year approximately 11 million tons RAS 

are produced in the USA (McGraw et al. 2007; Sengoz et al. 2004; Cascione et 

al. 2010). The research of RAS in HMA mixtures as a partial replacement of 

virgin binder and aggregates was first started in early 1990’s by the Minnesota 

Department of Transportation (MnDOT) (Newcomb et al. 1993). RAS up to 5 

percent can be added in the HMA without significant negative effects on the 

mix design properties of HMA mixture; if it exceeds 5% it may 
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adversely impact the performance properties of the mixture (Newcomb et al. 

1993; Button et al. 1995; Janisch & Turgeon 1996; Mallick & Mogawer 2000). 

Currently fifteen state agencies are allowing RAS (either manufacturer and/or 

tear-off) with varying proportions in HMA mixture. Table1 summarizes the 

state agencies allowing RAS in HMA mixtures. 

Table 1: Agencies Allowing Recycled Asphalt Shingles in HMA 

 Agency Types of Shingles % RAS allowance in HMA 

1 Alabama DOT Both 5%-M*, 3%-T* 

2 Florida DOT Manufactured 5% 

3 Georgia DOT Both 5% 

4 Indiana DOT Manufactured 5% 

5 Maryland DOT Manufactured 5% 

6 Massach.DOT Manufactured 5% 

7 Minnesota DOT Manufactured 5% 

8  Missouri DOT Both 7% 

9 New Jersey DOT Manufactured 5% 

10  N. Carolina DOT Manufactured 6% 

11 Pennsylv. DOT Both 5% 

12 S. Carolina DOT Both 3% to 5% 

13 Texas DOT Both 5% 

14 Virginia DOT Both 5% 

15 Wisconsin DOT Both Varies 

 M* – Manufacturer waste 

 T* – Tear-off 

Specifications for incorporation of RAS in HMA by MnDOT were introduced in 

1996, on the basis of six years of extensive pilot studies and test results.  No 
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significant difference in performance of HMA at 5% RAS and without RAS was 

found (Janisch & Turgeon 1996).There are also other states including Nevada, 

Ohio, Michigan, and California where use of RAS materials are in the research 

phase. The detailed specifications of RAS in HMA developed by each state 

agency can be found in Appendix A.  

Two decades of experience in using RAS for pavement construction either with 

or without RAP has shown significantly encouraging results. These findings 

have encouraged many other state agencies in the USA to conduct research and 

study RAS as a partial replacement of virgin materials in HMA.  RAS contains 

20 to 30 percent of asphalt binder by weight (Button et al. 1995; Cascione et al. 

2010) which if used carefully in HMA could be very economically and 

environmentally friendly. But the concern for using RAP/RAS in HMA 

pavements is susceptibility to low temperature cracking due to increases in 

stiffness of the blended binder (Sengoz et al. 2004; McGraw et al. 2007; 

Cascione et al. 2010). A bituminous pavement is considered to be highly 

sensitive to fatigue distress at intermediate temperatures (approximately 

average of higher and lower critical temperature of design binder grade). 

Under repetitive loading, flexible pavements have a tendency to crack under 

fatigue distress, and could significantly reduce the life of the pavement. No 

research has been conducted to investigate the fatigue performance of 

pavement containing RAS at intermediate temperatures. House Bill 2733 was 

put forward before Oregon Assembly in 2009; it proposed that the Oregon 

Department of Transportation uses RAS up to 5% in HMA. But addition of RAS 

in HMA, raised concerns in the agency for potential reduction in pavement 

performance that may significantly increases cost due to early failures. 

Consequently, considering these concerns the legislation on this bill was 

postponed till the completion of research study to investigate the performance 



4 

 

of pavement containing RAS in Oregon pavements (Scholz 2009). As a result, 

this research project was conducted.  

This research project was carried out to: 1) develop and accommodate the 

procedures for incorporation of RAS in Oregon pavements and 2) investigate 

the field performance of the HMA mixtures containing RAP/RAS against low 

temperature and fatigue cracking. 

1.2 PROBLEM STATEMENT 

Incorporation of RAS in HMA may significantly affect the overall performance 

of the pavement. RAS binder is stiffer and may impact the blended mixture 

properties significantly if it exceeds a certain quantity in HMA. Efficient use of 

RAS in HMA mixtures requires proper use of the procedures to deal with the 

impacts caused by its addition. Previous research has shown that mixtures 

containing more than 5% RAS by weight does change the properties of the 

blended mixture significantly (Button et al. 1995; Janisch and Turgeon 1996). 

In addition, the quality and quantity of RAS in a particular region depends on 

the source of binder, aggregates, and environmental conditions of that region. 

Furthermore, the field performance of the pavement against different 

distresses needs to be evaluated if it is desired to use RAS in high performing 

pavements. Considering these factors, the effective and efficient use of RAS in 

Oregon requires detailed investigation 

1.3 OBJECTIVES  

The principal objective of this research work was to evaluate the performance 

of RAS in Oregon pavements. The task was achieved by dividing the principal 

objective into sub-objectives that can be summarized as: 
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1. To document the state-of-the-practice for implementation of RAS and 

to develop procedures based on the literature review findings. 

2. To verify the practicality and effectiveness of the procedures by 

conducting laboratory study. 

3. To investigate the field performance of HMA containing RAS against 

low temperature and fatigue cracking.  

Objective 1 consisted of conducting a literature review that included: selection 

procedures for virgin binder grades based on RAP and/or RAS proportions; 

methods for recovering binder from RAS; batching/mixing procedure; ignition 

oven calibration factor for RAS; QC/QA testing procedures for mixtures 

containing RAS; studying the quality impacts of fractionating the RAP 

stockpile; and tests for mixture evaluation. Based on the findings of the 

literature review additional development or modification of the current 

procedures for implementation of RAS in HMA was conducted. 

Objective 2 was to verify the effectiveness and practicality of the laboratory 

batching/mixing procedure that was developed in objective 1. Objective 3 was 

developed to assess the low temperature and the fatigue performance of the 

RAS and post-construction field performance of pilot projects of HMA mixtures 

containing RAP-only and RAP/RAS. 

1.4 SCOPE 

To address the principal objectives of the research, section 2 presents the 

literature review to document the state-of-the-practice. Section 3 uses the 

results from section 2 to develop and present preliminary procedural 

recommendations for implementation of RAS in this research. Section 4 

presents the experiment design used to perform the laboratory and pilot 

studies including methods and materials used in the research. Section 5 

summarizes the laboratory study and results that verify the laboratory 
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batching/mixing procedure. Section 6 summarizes the pilot study and test 

results to evaluate the field performance of RAS in pavement. Section 7 

discusses the analysis results of laboratory and field studies presented in 

sections 5 and 6. Section 8 presents the final conclusions based on the research 

findings and provides recommendations accordingly.  

  



7 

 

2.0 LITERATURE REVIEW 
 

The literature review was conducted to explore various research studies to 

assist in satisfying the objective of this research study. The research was based 

on various key objectives which addresses, design and quality control/quality 

assurance, procedures for HMA mixture containing RAP and/or RAS. Scholz 

(2010) proposed these recommendations for successful implementation of 

RAS in HMA during phase 1 study of this project. The recommendation 

includes: 

• Virgin binder grade selection procedures for mixtures containing RAS 

and/or RAP; 

• Procedures for recovering binder from RAS and RAP and HMA mixtures 

containing RAS and/or RAP 

• Mix design procedures for mixtures containing RAS and/or RAP 

• Procedures for calibrating ignition ovens for mixtures containing RAS 

and/or RAP 

• Quality control/quality assurance procedures for HMA containing RAS 

and/or RAP  

• Fractionating of RAP stockpiles 

• Tests for mixture evaluation 

� Dynamic modulus analysis 

� Fatigue analysis approaches 
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This literature review was carried out by searching various sources. These 

included: 

• Transportation Research Information Services (TRIS)  

• Transportation Research Board (TRB)  

• American Society of Civil Engineers (ASCE),  

• Federal Highway Administration (FHWA),  

• Center for Transportation Studies (CTS), 

•  Western Regional Super- Pave Center, 

• OSU library,  

• Shingle recycling web site hosted by the construction materials 

recycling associations, 

• King County (Washington) Solid Waste Division Linkup web site, and 

• Google search engine  

2.1 VIRGIN BINDER GRADE SELECTION PROCEDURES 

Several published documents investigated virgin binder selection procedures 

for HMA mixtures containing RAS and/or RAP were reviewed. The following 

sections summarize the finding from the most relevant documents. 

Bukowski (1997) developed the guidelines for inclusion of RAP in HMA 

mixture. The recommendations proposed for inclusion of RAP at various 

proportions for selecting virgin binder grade includes:  

1. Tier I: For 15 percent or less RAP, no change in the virgin binder 

required 

2. Tier II: For RAP between 16 to 25 percent, one degree softer grade of 

the virgin binder at upper and lower limits recommended 
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3. If greater than 25 percent, blending chart technique is recommended to 

compensate the high and low temperatures 

McDaniel et al. (2000) studied whether RAP acts like black rock or some 

blending occurs between the RAP binder and the added virgin binder. It was 

determined that blending occurs between virgin and RAP binder to a 

significant extent but not completely.  

McDaniel et al. (2001) proposed three recommendations (see Table 2) for 

selecting a virgin binder grade for mixtures incorporating RAP defined as:  

1. No change in the virgin binder grade is needed for mixtures containing 

between 10 and 20 percent RAP. The percentage depends on the low 

temperature grade of the grade binder, but for Oregon conditions up to 

20 percent RAP could be used without a change in virgin binder grade. 

2. For mixtures with 10 to 30 percent RAP (again percentage depends on 

the low temperature grade of the RAP binder) the high and low 

temperature virgin binder grades should be decreased by one grade. 

For Oregon conditions, this would apply to mixtures containing 20 to 30 

percent RAP. 

3. Above 15 to 30 percent RAP (percentage based on low temperature 

RAP binder grade), blending charts should be used to determine how 

much RAP can be used to maintain the physical properties of a 

particular virgin binder grade, or to determine the blending binder 

grade for a particular amount of added RAP.  

For Oregon conditions, uses of blending charts are recommended for HMA 

mixtures containing more than 30 percent RAP. 
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Table 2: Binder Selection Guidelines for RAP Mixtures (McDaniel et al. 2001) 

 

McDaniel et al. (2001) provided two procedures for developing blending charts 

as follows: 

1. Method A: If the RAP percentage in HMA is known and virgin binder 

grade needs to be determined  

2. Method B: If virgin binder is known and RAP percentage needs to be 

determined 

3. Method A is used for: 

• Materials from same source 

• RAP had economical impact 

• Gradation or specification constraints 

In Method A, RAP percentage, critical lower, intermediate and higher 

temperature of RAP and blending binder are known parameters. This 

information is used in blending charts to determine lower, higher and 

intermediate critical temperatures of virgin binder. Figure 1 illustrates the use 

of blending charts to determine lower, intermediate and higher critical 

temperatures for virgin binder grade.  
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Low Critical Temperature 

 
Intermediate Critical Temperature 

 
High Critical Temperature 

Figure 1: Lower, Intermediate and Higher Critical Temperature for Selection 

of Virgin Binder Grade Using Blending Charts for Known Percentage of RAP 

(McDaniel et al. 2001) 

Method B 

In Method B the known information required to determine percentage of RAP 

in HMA that meets the final blending binder requirement includes: critical 

temperatures of RAP, virgin binder and blended binder. Then using these 

critical temperatures, the percentage of RAP required for the final blending 

mixtures are determined. Equation 1 (McDaniel et al. 2001) summarizes the 

relationship among critical temperatures to determine the RAP percentage in 

HMA using blending chart technique. 
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Figure 2 illustrates the selection procedure for the percentage of RAP 

using blending charts.  

 

 

Lower Critical Temperature 

 

Intermediate Critical Temperature 

 

High Critical Temperature 

Figure 2: Blending Charts for Selection of RAP Percentage for Final Blending 

Mixture at Lower, Intermediate and Higher Critical Temperature (McDaniel et 

al. 2001) 

Hajj et al. (2007) assessed the feasibility for using RAP in HMA and developed 

the guidelines for mix designs containing RAP. In addition, research evaluated 

                               (1) 
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the applicability and effectiveness of the blending charts. To achieve this, two 

tasks were conducted 1) determine critical temperatures of blended binder 

and 2) determine critical temperature of the recovered binder of mixture (RAP 

and virgin material). 

Hajj et al. 2007 concluded that addition of RAP at a given percentage in the 

mixture improves the rutting resistance while deteriorates the resistance to 

fatigue and low temperature cracking. The information provided in Table 3 

was used for determining the target binder grades using blending charts. The 

target blended binder grades determined using blending charts are shown in 

the Table 4. Whereas the results for binder grades determined from the final 

blended mixtures are presented in the Table 5. Blended binders were found 

conservative because the determined performance grades (PG) of actual 

binders (Table 4) were greater than the recovered binders (Table5). 

Table 3 : Summary of RAP and Virgin Materials (Hajj et al. 2007) 
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Table 4: Summary of PG of Actual Blended Binders Using Blended Binder (Hajj 

et al. 2007) 

 

Table 5: Summary of PG of Final Blended Mixtures (Hajj et al. 2007)
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Haung et al. (2005) investigated blending of the RAP with virgin materials. A 

detailed laboratory experiment found that only portion of the binder from a 

RAP contributes in the blending process, whereas major portion of the binder 

remains inactive. 

Shah et al. (2007) performed research to study the impact of RAP on the 

properties of plant-mixed mixture. Virgin binders: PG 64-22 and PG 58-28 

were mixed with RAP of 15 percent, 25 percent, and 40 percent. The blending 

charts technique was used to blend these mixtures. It was concluded that 

inclusion of RAP increases the rutting resistance, decreases the resistance 

against fatigue and low temperature cracking. Results obtained from this study 

are shown in the Figures 3 and 4. Figure 3 shows that indirect tensile strength 

of the mixture increases as the percentage of RAP increases. Figure 4 presents 

the results of dynamic modulus of HMA containing RAP. An increase in the 

dynamic modulus with addition of RAP in HMA was observed. 

 

Figure 3: Summary of Indirect Test Results at Low Temperature Cracking 

(Shah et al. 2007) 
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Based on these finding, addition of RAP in HMA up to 40 percent was 

recommended. It was also concluded that the blending chart method with 

linear blending can reasonably be considered as applicable for selecting the 

virgin binder grade for higher RAP percentage in HMA mixtures. 

Figure 4: Average Complex Dynamic Modulus of Mixes at Higher Temperature 

(Shah et al. 2007) 

 Shrestha and Sebaaly (2008) studied to evaluate the performance of HMA 

containing RAP. The selection of the PG of the virgin binder was based on the 

rheological properties of extracted binder from the RAP. Results showed that 

final grades of extracted binders met the requirement of targeted binders. It 

was concluded that a targeted binder grade can be produced by mixing virgin 

and extracted RAP binder at any desired proportion without significantly 

losing rheological properties. The study recommended the guidelines of 

NCHRP Report-452 for selection of virgin binder grade for HMA containing 

RAP.  

McGraw et al. (2007) investigated the impact of the RAS (tear-off) in HMA 

mixture. The two research pilot studies in Minnesota and Missouri were 

conducted to compare the performance of HMA containing RAS (tear-off) with 
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HMA containing RAS (manufactured). McGraw et al. (2007) determined that 

tear-off shingles had less performance as compared to manufacturer scrap. It 

was further observed that addition of RAS slightly increases the stiffness and 

RAS binder had less performance against low temperature cracking. 

Al-Qadi et al. (2007) carried out research to study the contribution of the RAP 

binder in the HMA mixture. The results of the actual mixture with RAP had 

comparable results with the specimens prepared with varying percent of 

recovered RAP binder using blending charts. Based on research findings the 

blending chart technique was recommended for the selection of virgin binder 

grade for HMA containing RAP. 

Mehta (2009) investigated the properties of mixture at high percent of RAP in 

HMA mixture. The research was intended to develop the mixture design 

procedures for HMA mixture containing up to 50 percent RAP. The blending 

charts were found conservative for selection of the virgin binder grade (Mehta 

2009). Mehta (2009) concluded that despite widespread use of blending charts 

technique, there is a need to develop a simple and more efficient technique to 

select binder grade for practical purposes. 

Foo et al. (1999) carried out research to investigate the engineering properties 

of HMA mixtures containing RAS (tear-off). The properties of HMA without 

RAS and with RAS were compared. It was concluded that to compensate the 

stiffer binder of RAS in HMA softer virgin binder should be used. The research 

was carried out by preparing three HMA mixtures with one source of RAS at 

three different proportions of 0%, 5% and 10% and blended with three 

different gradations. Based on research findings, it was determined that 

percentage of RAS in HMA mixture is limited because of high percent of 

material passing the #200 sieve.  
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 Foo et al. (1999) concluded that high stiffness of RAS binder increases the 

overall stiffness of blended binder in HMA. That leads to potential low 

temperature problems. Therefore use of softer virgin binder was 

recommended to compensate the effect of stiff RAS binder, to overcome the 

fatigue cracking and lower temperature cracking problems. 

2.2 RECOVERY OF ASPHALT BINDER FROM RAS 

Summary of research studies reviewed for effective recovery of RAP/RAS 

binders are presented herein. 

Button et al. (1995) carried out investigation to study the performance of HMA 

mixture containing RAS. During this investigation, RAS binder was recovered 

using Abson recovery method. McDaniel et al. (2000) recommended two 

methods to recover RAP binder: 1) modified AASHTO TP2; and 2) the 

combination of centrifuge extraction (AASHOT 164) and rotavapor recovery 

(ASTM D5404). McDaniel et al. (2000) preferred modified AASHTO TP2 

method because of good repeatability and efficient filer system. Haung et al. 

(2005) used a combination of the AASHTO T 164 and the AASHTO T 170 to 

recover RAP binder. McGraw et al. (2007) used combination of AASHTO T-164 

Method A and ASTM D-5404 to extract and recover RAS binder respectively. 

Al-Qadi et al. (2009) recommended the recovery of the RAP binder using SHRP 

AASHTO TP2. Few modifications were proposed into the AASHTO TP2, for 

successful recovery of binder from recovery flask. The steps to recover binder 

from the flask include: 

• For easy movement  of the binder from flask into tin, place it in inverted 

position in oven  
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• Keep recovered binder at 302°F for 15 minutes then raise temperature 

to 347°F for another 10 minutes  

• Finally take out recovered binder from oven 

Mehta (2009) recommended combination AASHTO T164 and ASTM D5404 

methods to extract and recover RAP binder. A detailed literature review of 

methods to efficiently recovery of RAP binder was conducted. Summary of 

methods with advantages and disadvantage for extraction and recovery of RAP 

binder are presented in Tables 8 and 9 respectively. 

Table 6: Summary of Extraction Methods (Mehta 2009) 
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Table 7: Summary of Method Used to Recover Binder (Mehta 2009) 

 

 

Hajj et al. (2007) investigated the impact of RAP in HMA mixture and to 

develop guidelines for the mix design and the quality control specifications. 

The research used the extraction and the recovery of RAP binder using the 

AASHTO T164 (centrifuge method and trichloroethylene solvent) and ASTM 

D5404 (rotatory evaporator) respectively. 

Hajj et al. (2008) investigated the addition of RAP in HMA mixture for the 

airport pavements. The author recommended the combination of AASHTO 

T164 centrifuge (Method A) for extraction and ASTM D 5404 for recovery of 

RAP binder. 

Maupin et al. (2008) studied the impact of increasing RAP percentage in HMA. 

The detailed investigation showed no significant impact on the performance of 

the mixture due to increase of RAP percent in HMA. The RAP binder was 

recovered in accordance with the Abson recovery method (AASHTO T170).  
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2.3 BATCHING /MIXING PROCEDURES   

McDaniel et al. (2000) addressed batching/mixing procedure for addition of 

RAP in HMA. The proposed batching/mixing of HMA containing RAP includes: 

• Gently heat the RAP material 

• Determine volumetric properties of RAP aggregates 

• Account for RAP binder and aggregates correction, when determining 

the percent binder for HMA 

• Select the virgin binder as per guidelines recommended in (McDaniel et 

al. 2000) 

Hajj et al. (2007) introduced mix design process presented herein. 

• Identify bin percentages of materials (RAP and Virgin materials) 

• Determine volumetric properties of materials (RAP and Virgin) 

• Determine optimum binder content 

 

Tighe et al. (2008) recommended modifications in construction procedure of 

HMA containing RAS. These include: RAS handling, proper storage, mixing, 

placing and compaction. Tighe et al. (2008) described agglomeration in RAS as: 

“Agglomerated shingles result in poor shingle dispersion in the mix and can be 

avoided by either shredding shingles immediately prior to mixing; or combining 

RAS with fine aggregate; or blending with RAP (where permissible) if the RAS 

will not be used immediately”.  

Al-Qadi et al. (2009) also discussed mixing procedure of HMA containing RAP. 

Mixing, compaction and proper monitoring found to have significant impact on 

the properties of HMA containing RAP at high percentages. Research 

concluded that the variability in the HMA containing RAP was due to the 

batching process. But no modifications were supported in current mix design 

procedure for the HMA containing RAP. 
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Johnson et al. (2010) investigated the impacts on HMA properties due to 

addition of RAS.  Furthermore to evaluate environmental impacts and long 

term durability of pavement containing RAP/RAS without compromising the 

mix design properties. Johnson et al. (2010) conducted laboratory and field 

investigation and concluded that maximum 30 percent of recycled binder by 

weight should be used in HMA containing RAP/RAS to avoid any negative 

impacts on the performance of pavement. It was observed that HMA containing 

RAP/RAS can be improved by using softer binder grade. Johnson et al. (2010)  

also recommended a procedure for sample preparation and the batching 

procedure for the mixtures containing RAS. Summary of the procedure is 

presented herein: 

1) Gradation analysis was carried out on virgin and RAP material: 

• Use #8 sieve as a spliting sieve between coarse and fine virgin 

material 

• Further divided virgin material retained on #8 sieves between 3/4” 

and #8 sieves. 

• Fractionate RAP material between 3/4”and #4 sieves 

• No gradation analysis required on the RAS material 

2) Batching Procedure 

• Recombine virgin coarse and fine material as per design 

requirement 

• Adjust the weight of the RAP considering the percent of binder 

contributed from RAP to  total binder in the mixture 

• Add RAP to the virgin material 

• Preheat virgin aggregates and RAP material to 315 °F (157 °C) for 4 

to 5 hours. 
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• Combine Sand and RAS material together 

• Heat up combined sand and RAS material 

3) Batch mixer procedure  

Johenson et al. 2010 used a Lancaster batch mixer and mixture weight 

of 25 kg. 

• Virgin, RAP, and RAS were blended in the Lancaster batch mixer for 2 

to 3 minutes 

• Virgin oil was added while mixer still rotating 

• Virgin aggregates, RAP, RAS, and virgin asphalt were mixed for 

another 2 minutes. 

• Condition mixtures at least for two hours in oven at 275 °F (135 °C) 

and then performed laboratory testing. 

2.4 IGNITION OVEN CALIBRATION 

2.4.1 Introduction 

The binder content and aggregate gradations are used to monitor the 

performance of the pavement. HMA mixture contains designed binder content 

and aggregate gradation, which needs to be maintained for efficient 

performance of the pavements. Various methods are developed to determine 

binder content of the mixtures including: extraction method, nuclear asphalt 

content (NAC) gauge, and ignition oven method. ODOT recommends the use of 

ignition oven method to determine binder content for QC/QA testing. This 

section presents the ignition oven method, and its accuracy, in addition to 

RAP/RAS calibration factor procedure. 
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2.4.2 Development of Ignition Oven Method 

Antrim & Busching (1969) developed ignition method to determine the binder 

content. Research determined binder content by burning out sample at 843°C 

(1550°F) for 30 min. Research used HMA sample of 1000g. The burning fuel 

used was oxygen and butane. The research observed that the binder content 

can be determined at ±0.5 percent accuracy.  

Yu (1992) developed a new apparatus (electric small muffle furnace) and 

testing procedure to reduce the aggregate loss and increase testing precision. 

The research developed new temperature settings which reduced the 

aggregate loss and sample size to 600g. But testing time was increased to 4.5h. 

These developments reduced the aggregate mass loss significantly and hence 

increased the accuracy of the binder content determination. 

Brown and Murphy (1994) recommended modifications in sample size, 

apparatus, test time, binder content calibration using ignition oven. Brown and 

Murphy (1994) increased testing sample to 1200g. It was done to improve 

gradation of burned aggregates. To determine binder content, samples of 

1200g were burnt at 593°C. The furnace was programmable to provide control 

conditions to reduce testing error and increase the accuracy and efficiency of 

the testing procedure. The testing time for burning was reduced to 2 hours 

using this apparatus. The details of the apparatus methodology can be found in 

the original study (Brown and Murphy 1994). Brown and Murphy (1994) 

found that measured binder content using ignition oven deviates ±0.3 percent 

of true binder content.  

The National Center of Asphalt Technology (NCAT) introduced few 

modifications in Ignition furnace: easy air flow, ventilation to remove smoke, 

and built-in weighing scale (Brown et al. 1995; Prowell 1996). These 
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modifications reduced the testing temperature to 538°C (1000°F) and time to 

approximately 30 minutes for 1200g sample (Brown et al. 1995) 

2.4.3 Calibration Procedure and Accuracy of Ignition Oven  

Measured binder content using ignition oven are usually higher as compared 

to true binder content due to loss of aggregates (Zhang 1996). To compensate 

the loss off aggregates in ignition oven a calibration factor is applied. This 

section presents accuracy and procedure for determination of binder content 

in HMA using ignition oven method  

Antrim and Busching (1969) concluded that accuracy of measured binder 

content varies from ±0.5 to ± 0.25 percent compared to actual binder content. 

The research found that limestone had significant mass loss then granite gneiss 

during combustion that resulted in errors up to 1 percent in binder content 

value. In this study, the methodology for determination of binder content was 

based on a simple concept of the mixture weight before and after removal of 

the binder content.  

Yu (1992) determined the binder content and aggregate gradation using 

ignition oven. The developed methodology significantly reduced aggregate loss 

and increased accuracy to determine binder content. The research proposed 

Equation 2 (Yu 1992) to determine binder content of HMA sample. 

Pm= (Wm-Wt/Wm)*100                                                  (2) 

Where,                                           

Pm = the measured AC content (percent)  

Wm = the weight of the HMA mixture before burning, and 

Wt = the aggregate weight after burning 

 



26 

 

Brown and Murphy (1994) developed procedure to determine binder content 

using ignition oven method. This study modified Equation (2) for 

determination of binder content using ignition oven method. Equation (3) 

(Brown and Murphy 1994) is modified equation for determination of binder 

content. 

Pm= (Mm-Mt/Mm)*100                                               (3)  

Where, 

Pm = measured binder content  

Mm = mass of the HMA mixture before burning, and 

Mt = aggregate mass after burning 

 

To determine the calibration factor of the binder content, it was recommended 

that three samples at known binder content should be burnt in ignition oven. 

Then using Equation 3 determines binder content of the mixtures. Take the 

average of difference of the actual binder content and measured binder 

content of samples to determine the calibration factor. 

 Brown et al. 1995 reduced time and improved accuracy of the ignition oven 

method. To determine correction factor, three samples without binder were 

burnt in the ignition oven to calculate the mass loss of each sample. The 

average mass loss was used as a correction factor. 

Mckeen (1997) investigated the precision of the ignition oven method to 

determine the binder content of HMA. The results were found to be 

significantly comparable to reflux and nuclear gauge. Based upon these 

findings, ignition oven was recommended to determine the binder content of 

HMA mixtures. 

Prowell (1996) investigated the best method to determine binder content of 

the HMA mixtures. Four types of aggregates (Shadwell Greenstone, Grottoes 
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River Gravel, Boscobel Granite/Gneiss, and Bluefield Limestone) and at 

different binder contents were used to conduct testing (prowell 1996). Results 

are shown in Figures 8, 9 and 10. 

Table 8: Summary of Results by Test Method for Surface Mix Specimen 

(Prowell 1996) 

 

Table 9: Ignition Furnace calibration Factor by Aggregate Type for Base Mix 

Specimens (Prowell 1996) 

 
Note* 1 = Shadwell Greenstone, 2= Grottoes River Gravel, 3= Boscobel 

Granite/Gneiss and 4= Bluefield Limestone 

 

Table 10 shows positive calibration factor of lime stone which indicates gain in 

weight. Table 10 presents comparison of results using t-test and F-test of 

reflux extraction and ignition furnace. It indicates no significant difference 

between ignition oven and extraction method at 95% CI.  
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Table 10: Results of t-tests and F-test for Mean Difference between Ignition 

Methods and Reflux Extraction Method for Asphalt Content Determination 

(Prowell 1996) 

 

Prowell and Carter (2000) investigated the impact of aggregates properties to 

determine binder content using ignition oven. A number of controlled RAP 

mixtures with different type of aggregates were prepared with known binder 

content. No significant impact on the gradation of aggregates due to burning 

was observed at 95 percent confidence interval. 

Prowell (2002) investigated the impact of different types of ignition ovens 

(infrared and Standard Thermolyne) on the calibration factor of binder content 

due to aggregate loss. A number of mixtures were prepared with different 

sources of aggregates include: granite, crushed gravel, limestone and dolomite 

at two binder contents. Table 11 provides the summary of the correction factor 

determined using two types of ignition oven. It was concluded that each 

method needs its own calibration factor (Prowell 2002). 

Table 11 Correction Factors for Aggregate Loss (Prowell 2002) 
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Table 12 summarizes the effect of the two types of ignition oven in term of 

accuracy (bias) and variability (standard deviation). It was found that 

measured binder content using two ignition types were very close to the actual 

values. 

Table 12 Summary of Measured Asphalt Contents, Bias and Standard 

Deviations by Furnace (Prowell 2002) 

 

Prowell and Hurley (2005) investigated four methodologies of ignition ovens 

to assess the accuracy of binder content for mixture containing high loss 

aggregates. The binder content results of four types of Ignition ovens were 

compared with corrected measured binder content (Table 13). Binder content 

correction factor determined using Tempyrox method had least values for high 

loss aggregates. 
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Table 13 Correction Factors by Method (Prowell and Hurley 2005) 

 

Ontario method had least bias whereas troxler had highest bias to determine 

correction factor for the high loss aggregates (Figure 5). Based on the results of 

binder contents and gradation, Ontorio method was warranted to determine 

binder content of high loss aggregates.  

 

Figure 5 Summary of Correction Factors Bias (Prowell and Hurely 2005) 

Brown and Murphy (1994) developed procedure to determine binder content 

using ignition furnace method and its calibration procedure for mixtures 

containing RAP. Four RAP samples were used to determine binder content. The 

average of these four samples was taken as a contribution of binder from RAP 
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in the mixture.  In this research study it was concluded that binder content of 

mixtures containing RAP was approximately 0.5 percent higher as compared to 

extraction and nuclear gauge method. The results are shown in Table14: Based 

upon this finding, the research study proposed 0.5 percent calibration factor 

for RAP material. 

Table 14: Comparison of Binder Content of HMA Containing RAP Using Ignition 

Oven, Extraction and Nuclear Gauge Methods (Brown and Murphy 1994) 

 

In 1995 ignition oven method was adopted as a standard procedure to 

determine binder content and aggregate gradations of HMA mixtures. Zhang 

(1996) carried out research to investigate measured binder content using 

ignition oven method of HMA samples containing RAP. To achieve this task, the 

study was divided into two steps 1) to evaluate performance of ignition 

method for RAP and then 2) to develop combined correction factor for RAP 

mixtures. In this study the concept of combined aggregate loss factor was 

introduce for the mixtures with multiple aggregate types, or RAP. Zhang 

(1996) proposed Equation 4 (Zhang 1996) to determine binder content is 

presented herein. 

 pc = pm – r WAF/WT                                                                   (4)                      

where, 

Pc = corrected binder content 

Pm = measured binder ignition 

WAF = aggregate after ignition 
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WAL = aggregate lost during ignition 

Wagg = initial weight of aggregate 

Finally ignition oven calibration procedures of the states agencies allowing 

RAP and/or RAS were reviewed. Summary of calibration procedures can be 

found in Appendix C. 

2.5 QC/QA PROCEDURES FOR RAP AND/OR RAS 

McDaniel et al (2000) recommended no change in QC/QA tests and sampling 

process of mixtures with RAP. It illustrated that RAP effect the gradation of the 

HMA mixture. To monitor the design gradation, sample frequency needs to be 

increased to control variability. The careful processing and stockpiling of RAP 

should also be encouraged to reduce variability.  

Following conclusions and recommendation were proposed regarding the 

QC/QA of mixtures containing RAP 

• Increase frequency of sampling 

• Monitor variability; 

• Ensure consistency of HMA by enforcing exact procedure.  

• Ensure binder content and gradation of HMA containing RAP as per 

design  

• Reduced variability in stockpiling. 

Tighe et al. (2008) investigated the behavior of HMA mixture containing RAS at 

varying proportions. Various tests were performed to determine the 

engineering properties of HMA: binder content, binder stiffness, and gradation. 

It was recommended that comprehensive tests should be conducted on RAS 

and HMA containing RAS to ensure performance and engineering properties as 

per design requirement. 
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Buttlar et al. (2004) studied to develop methods for the quality assurance of 

HMA containing RAP. The areas of focus investigated were:  

• Variability control of RAP 

• Techniques to determine RAP binder content in HMA 

 Variability of RAP in HMA was found dependent on plant type, agency 

specifications and experience of contractor (Buttlar et al. 2004). The study 

investigated forensic tests required to monitor the quality of HMA containing 

RAP. Tests of rapid detection and quantification were placed in two categories 

(Buttlar et al. 2004):  

• Approximate test to detect RAP amount and;  

• Accurate test for RAP 

The partial extraction and the partial ignition method were used to determine 

RAP in a mixture. Based on the findings following conclusions were warranted 

for quality assurance tests of RAP detection in HMA (Buttlar et al. 2004). 

• Partial extraction test was found to be quicker and accurate and 

recommended for QC/QA for predicting RAP in HMA. 

• The partial ignition test was found to be inaccurate to detect the exact 

amount of RAP in HMA. 

Kings County Solid Waste Division (2008) developed quality control procedure 

for RAS in HMA. The quality control verification procedure includes: a testing 

procedure (see original reference for details), in which 6 random samples 

25lbs each from RAS stockpile needs to be taken randomly. These samples 

equally divided between agency and contractor as replicates. Sample collection 

procedure should be either AASHTO standard procedure or as proposed by the 

agency.  

The reviewed QC/QA procedures of agencies allowing RAS in HMA as a partial 

replacement of virgin binder can be found in Appendix A.  
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2.6 FRACTIONATED STOCKPILES 

Vavrik et al. (2008) studied to design, produce, and construct HMA pavements 

containing high fractionated RAP content. The significance of fractionated RAP 

was described as (Vavrik et al. 2008): 

“Fractionating RAP is becoming recognized as an efficient way to cut the cost of a 

new mix and reduce the inconsistencies of the high RAP mix properties without 

sacrificing quality”  

Various tests were performed on mixtures to verify the performance, and 

evaluate the material properties related to pavement design. The dynamic 

modulus tests were conducted to determine fatigue performance.  

The results indicated that addition of FRAP in HMA increases fatigue 

performance significantly. Except one all HMA mixture has higher fatigue 

performance for HMA containing FRAP as per design criteria. 

The detailed guidelines for fractionated stockpiles can be found in Alabama 

Department of Transportation testing manual (ALDOT 2009), the guidelines 

includes: handling and storage of RAP/RAS material. The guidelines for the 

RAP at varying percentage in the stockpiles can also be found in same 

documents.  

Al-Qadi et al. (2009) recommended fractioning of RAP stockpiles to address 

the issue of variability; hence to improve the gradation of RAP and therefore 

the proportion in HMA mixture. Research concluded that fractionation of RAP 

stockpile provides promising result for HMA containing RAP. Cascione et al. 

(2010) concluded that increasing the percentage of FRAP at 5 percent RAS 

increases dynamic modulus of the mixtures at upper and lower limits of the 

mixture temperatures. 
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2.7 MIXTURE EVALUATION TESTS 

The dynamic modulus and the fatigue performance test were performed on 

field specimen consisted of HMA mixtures containing RAP only and RAP/RAS. 

Discussion of each of these methods is presented herein. 

2.7.1 Dynamic Modulus 

The dynamic modulus (E*) is an important property of flexible pavements to 

evaluate its performance. Dynamic modulus is used as a material design 

property to evaluate pavement integrity; and is known for its sensitivity to 

temperature and loading frequency (Cross et al. 2007). This section presents 

the impact of dynamic modulus on the performance of the pavement 

containing RAP/RAS. 

Cascione et al. (2010) investigated the impact on dynamic modulus for 

addition of RAS in HMA. The study compared results of HMA containing RAP-

only and RAS mixes to develop master curve. It was observed that addition of 

5% RAS significantly improved the rutting resistance of the mixes without 

compromise the low temperature performance. Addition of RAS significantly 

increases the stiffness of HMA, as a result high performance against rutting 

increases. The study used AASHTO TP 62 to determine the dynamic modulus of 

HMA containing RAS. 

Johnson et al. (2010) investigated dynamic modulus of HMA containing RAS. 

Research observed strong correlations between dynamic modulus and virgin 

binder content at the high temperature. It was found that at low frequencies 

stiffness of the mixture containing RAS (tear-off) was higher as compared to 

the mixtures containing RAS (manufacturer) at high temperatures. Johnson et 

al 2010 performed dynamic shear rheometer test to determine the complex 
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dynamic modulus (G*) of the binder and AASHTO TP62 to determine the 

dynamic modulus of HMA mixtures containing RAP and/or RAS.  

Romanoschi et al. (2005) investigated the dynamic modulus and fatigue 

resistance of HMA mixes using third point bending test at constant strain. To 

develop the master curve of the mixes, tests were performed at various 

temperature and frequencies. The study concluded that: dynamic modulus is 

not good indicator of fatigue performance, binder modification improves 

fatigue resistance, and dynamic modulus is directly related to percent air 

voids. 

2.7.2 Fatigue Analysis 

Various approaches were developed for successful prediction of fatigue life of 

the pavement. Fatigue prediction approaches can be divided into three 

categories: 1) phenomenological approach 2) fracture mechanics based 

approach, and 3) damage-energy approach (Ghuzlan and Carpenter 2006). The 

damage-energy approach can further be divided into continuum damage 

mechanics approach (Kim’s Approach) and the dissipated energy approach 

(Carpenter approach) (Ghuzlan and Carpenter 2006). 

This section reviewed these approaches to evaluate the fatigue performance of 

pavement containing RAP-only and RAP/RAS mixtures. Discussions of these 

approaches are presented herein. 

2.7.2.1Phenomenological Approach 

Phenomenological approach is one of the first classical approaches that 

predicted the fatigue life. It is based on the concept of total repeated number of 

cycles contributed to the fatigue failure (Ghuzlan and Carpenter 2006). These 

repetitive numbers of cycles generate strains (cumulative damage) that 

ultimately lead to failure of the pavement (Ghzulan and Carpenter 2006). 



37 

 

Summary of research conducted to review phenomenological approach is 

presented herein. 

Research studies (Pell 1962; Pell and Cooper 1975) were carried out to study 

the behavior of bituminous pavements under fatigue loading. Pell (1962) 

established equipment to perform testing to predict the fatigue life of the 

pavement at two loading conditions: 1) constant stress amplitude and 2) 

constant strain amplitude. The controlled-stress loading condition is mostly 

suitable for studying the fatigue crack initiation; and the controlled-strain 

condition is best suited for the long fatigue life study of the pavement (Tangella 

et al. 1990). Fatigue tests performed at constant temperature and the rate of 

loading (frequency) provide a linear relationship between stress or strain and 

number of cycles to failure (Pell and Cooper 1975). This relationship was 

established using Equation 5 (Pell & Cooper 1975). 

Nf= C (1/ε) m                                                                                                        (5)                 

Where Nf , ε, C, and m are defined as fatigue life, flexural strain (micro strain) 

and fatigue coefficients respectively. 

Both studies (Pell 1962, Pell and Cooper 1975) correlated the numbers of 

cycles to failure to predict the fatigue life of the HMA pavements as illustrated 

in Figure 6. 
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Figure 6 Strain and Fatigue Life Relationship (Ghuzlan and Carpenter 2006) 

Phenomenological approach was also adopted in studies (Epps & Monismith 

1969; Van Dijk et al. 1972) to predict fatigue life of the pavement. Both studies 

performed tests at constant stress mode to determine the fatigue life of the 

pavement. Another research study SHRP (1994) was carried out by using 

diametral method at controlled-stress mode to predict the fatigue life of the 

pavement. Some of the drawbacks of the approach were summarized (Ghuzlan 

and Carpenter, 2006): 

• Does not explain any correlation of fatigue life and strain at the bottom 

of the pavement 

• Not good fatigue assessment at low strain  

• Requires predefine failure criterion 
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2.7.2.2 Fractured Mechanics Based Approach 

Fractured mechanics based approach uses concept of crack growth 

development due to repetitive traffic loadings that leads to the fatigue failure 

(Majidzadeh et al. 1971). Majidzadeh et al. (1971) investigated the crack 

growth mechanics under repetitive traffic loading. It explained the crack 

growth process that leads to determine the fatigue performance into three 

stages: 1) crack initiation, 2) growth of the crack and3) instability of the crack 

(failure). Equation 6 (Majidzadeh et al. 1971) was used to study the 

propagation of crack under repetitive loading. 

Nf = F [C0, (A, n, K), Kc]                                              (6)  

Where, 

C0 = explains the crack initiation 

(A, n, K)= parameters used in the Paris equation (Paris and Erodgan 1963) 

Majidzadeh et al. (1971) used Paris equation to explain the crack propagation 

in pavement due to repetitive loadings. Equation 7 (Majidzadeh et al. 1971) is 

presented herein. 

��

��
� ���                                                                           (7)  

Where, 

 A, n = material constant 

 K = stress intensity factor 

Majizadeh et al. (1971) further claimed that energy at the tip of the crack can 

best be used to explain the phenomenon of the crack propagation in HMA 

pavements. A few drawbacks of the approach concluded in the study Tangella 

et al. 1990) are enlisted herein. 

• High data required to perform this approach 

• Limited to explain crack propagation without addressing fatigue 

phenomenon 
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• K value is unreliable at high temperature 

2.7.2.3 Continuum Damage Mechanics Approach 

Continuum damage mechanics approach commonly known as Kim’s approach 

is a mathematical model that simulates the damage under repetitive traffic 

loading to predict the fatigue performance (Kim et al. 1997). Kim et al. (1997) 

proposed a constitutive model based on the elastic and viscoelastic concept 

originally developed by (Schapery 1984). Schapery (1984) established the 

crack propagation behavior to explain the energy generation at the tip of the 

crack growth using elastic and viscoelastic behavior of material. Kim et al. 

(1997) continuum model explained three mechanisms: 1) linear viscoelasticity 

2) fatigue damage, 3) and micro-damage healing. Kim’s model is consisted of 

three main components 1) pseudo strain density function 2) stress stain 

relationship and 3) damage evolution (Kim et al. 1997). Lee et al. (2000) 

modified the continuum damage model to predict the fatigue life of the 

pavement considering healing effect. Tensile Uniaxial fatigue test is required to 

determine the parameters in the continuum damage model to predict the 

fatigue life.  

The model has its limitation presented herein after Shen & Carpenter (2007): 

• Fails to explain crack behavior once fully developed. 

• Focuses only on micro cracks behavior 

• Assumes continuous crack growth that’s not the case in reality 

• Model requires large stress-strain data to full describe fatigue behavior 

2.7.2.4 Dissipated Energy Approach 

The dissipated energy approach commonly known as carpenter approach, 

explains that for each loading cycle some amount of energy is dissipated due to 

work done on the pavement (Ghuzlan and Carpenter 2006). The high 
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dissipation of energy means greater damage to the pavement, as a result 

shorter fatigue life; hysteresis loops are used to calculate the dissipated energy 

for each cycle (Shen and Carpenter 2007).  

Hysteresis is a key phenomenon in the visco-elastic materials that represents 

the behavior of the energy input into the material under the repetitive loadings 

(Shen and Carpenter 2007). Hysteresis loops are developed using stress-strain 

time dependent domain; and the area under loop is energy input due to cyclic 

loading (Shen and Carpenter 2006). Equation 10 (Shen and Carpenter 2007) is 

used to calculate the area under the curve. 

Wn = π σn   ϵn SinФn                                                  (10)  

Where, 

Wn  = Dissipated Energy at cycle n 

σn   = Stress at cycle n 

ϵn  = Strain at Cycle n 

Фn = Phase Angle at cycle n 

The hysteresis concept can successfully be used to analyze asphalt pavement 

due to its visco-elastic nature, and to understand and to explain fatigue damage 

caused by energy dissipation under repetitive loading (Ghuzlan 2001; Ghuzlan 

and Carpenter 2006). The hysteresis loop is shown in the Figure 7, which 

explains that if no damage was done to material, then loop created by the 

energy input and output (dissipated energy) would be identical, if not then 

some of the energy was used to damage the material (Ghuzlan 2001; Ghuzlan 

and Carpenter 2006 ;Shen and Carpenter 2007).  
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Figure 7: A Stress-Strain Hysteresis Loop for One Loading Cycle at Controlled-

Strain Testing (Shen and Carpenter 2007) 

 

Van Dijk et al. (1972) proposed that cumulative energy was responsible for the 

fatigue damage in the material. Ghuzlan (2001) proposed that damage was 

caused by change in the dissipated energy from one cycle to another. That 

change in dissipated energy was defined as the ratio of dissipated energy 

change (RDEC) (Ghuzlan 2001; Shen and Carpenter 2005, 2007) and can be 

calculated using Equation 11 (after Shen et al. 2007). 

�	
� �
	
�	
�

	
������
                                                     (11)  

Where, 

RDEC= Ratio of dissipated energy change 

DEa= Dissipated energy at cycle a 

DEb =Dissipated energy at cycle b 

Dissipated energy approach defines RDEC versus number of cycles into three 

distinct zones as shown in the Figure 8 (Shen and Carpenter 2005). Shen and 

Carpenter (2005) explained the first zone as a region where dissipated energy 

changes sharply from one cycle to another; this may be due to reorientation of 

the particles with respect to each other. The second zone is the region where 

constant change of energy input causing damage to the material. Zone II is 
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defined as the plateau zone. The dissipated energy approach explains a unique 

value known as plateau value (PV) corresponding to 50% initial stiffness as the 

failure criterion for the fatigue damage.  

 

Figure 8 Dissipated Energy Zones (Shen and Carpenter 2005) 

Consequently PV can be defined as a constant value of RDEC input causing 

damage to the material at 50% initial stiffness (Shen and Carpenter 2005, 

2007; Ghuzlan and Carpenter 2006). Plateau value is a function of mixture type 

and load-strain inputs (Shen and Carpenter 2005). Once the strain-load input 

parameters remain constant, each mixture will have its own unique PV 

therefore a unique function can be established for fatigue performance for 

each of the mixtures (Ghuzlan 2001). 

Four-point flexure beam test can be used to determine the various parameters 

required to predict the fatigue life of the mixture based on the dissipated 

energy approach. Equation 12 (after Shen & Carpenter 2005) proposed can be 

used to calculate the plateau value. 

�� �
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Some of the drawbacks of dissipated energy approach are enlisted herein 

(after Daniel, Bisrirri, and Kim 2004): 

1) Fails to explain complicated loading histories 

2) Requires advanced data acquisition system 

3) Requires large number of tests to accurately predict fatigue 

performance 

1.8 SUMMARY  

2.8.1 Virgin Binder Selection 

McDaniel et al. (2001) proposed guidelines are widely practiced in the industry 

to select virgin binder grade for HMA containing RAP. The blending chart 

method provides acceptable results to select virgin binder grade for HMA 

containing RAP greater than 30%. These guidelines were incorporated in 

NCHRP report 452. Research has shown that RAP added in HMA up to 40 % 

can be used without any significant impacts; in addition assumptions for linear 

blending were found reasonable (McDaniel et al. 2000, 2002; Li et al. 2004; 

Shah et al. 2007).  Furthermore, the blending chart approach was successfully 

used to select virgin binder grade of HMA containing RAS (McGraw et al. 2007; 

Tighe et al. 2008; Foo et al. 2009). Assumption of 100 percent blending of RAP 

binder with virgin materials in blending chart was found conservative and 

unreliable at higher percentage of RAP in HMA (Maupin et al. 2005; Hajj et al. 

2007 and Hajj et al. 2008,).   

2.8.2 Recovery of RAS Binder 

The literature review indicated two procedures for RAS binder recovery: 1) the 

combination of the AASHTO T 164 Method A (centrifuge) for extraction & 

ASTM D 5404 for recovery and 2) the modified SHRP AASHTO TP2. These 

methods were successfully used for RAP material. The results of the two 
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methods were found to be quite comparable (McDaniel et al. 2000; Mehta 

2009; Hajj et al. 2008). AASHTO TP2 is more accurate as compared to 

combination of AASHTO T 164 and ASTM D5404 (Mehta 2009; McDaniel et al. 

2000; Al-Qadi et al. 2009). Furthermore it operates at less temperature which 

reduces the chances of RAP binder to be hardened during recovery (McDaniel 

et al. 2001). On the other hand, combination of the AASHTO T 164 and ASTM D 

5404 is widely used in the industry, because it is easy to operate, and less 

expensive compared to AASHTO TP2 method. McGraw et al. (2007) 

determined binder content of RAS significantly accurate using combination of 

AASHTO T 164 and ASTM D 5404. 

2.8.3 Batching/Mixing Procedure  

RAP inclusion in the mixture impacts material handling, mixing and the 

compaction process (Chesner et al. 1998; McDaniel et al. 2000; Al-Qadi et al. 

2009). Mixture containing high RAP requires special attention to ensure 

minimum VMA (Al-Qadi et al. 2009). With few exceptions overall mix design 

process is same for mixture design containing RAP (McDaniel et al. 2001). But 

no change in the current mix design process was supported (Al-Qadi et al. 

2009). Johnson et al. (2010) recommended batching/mixing procedures for 

HMA containing RAS. 

2.8.4 Ignition Oven Calibration Factor Procedure 

AASHTO T 308 (ignition) is widely practiced to determine the binder content 

of HMA mixtures. The measured binder content using ignition oven is higher as 

compared to actual binder content due to loss of aggregates burnt at high 

temperatures (Antrim & Busching 1969; Yu 1992; Brown and Murphy 1994; 

Brown et al. 1995; Brown and Mager 1996; Prowell 1996). To compensate the 

higher measured binder content, calibration factor is applied. The value of 
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calibration factor of ignition oven depends on two main factors: type of 

ignition and type of aggregates (Brown and Mager 1996; and Prowell & Carter 

2000). Different types of ignition oven determines different binder content, 

therefore each type of ignition requires its own calibration factor (Prowell & 

Carter 2000; Brown and Mager 1996). Ignition ovens determine 0.5 percent 

higher binder content as compared to the extraction method and nuclear gauge 

method for RAP (Brown and Murphy 1994).  

Ignition oven calibration factor of 0.5 percent developed for mixture 

containing RAP (after Brown & Murphy 1994) is also being used for the 

mixtures containing RAS. The calibration procedure for HMA containing RAS 

for agencies allowing RAS can be found in Appendix C.  

2.8.5 QC/QA Procedure for HMA Containing RAS 

No change in the current QC/QA procedures is required for HMA containing 

RAP and/or RAS, except sampling frequency that needs to be increased 

(McDaniel et al. 2001; Al-Qadi et al. 2009; KCSWD 2009). The specifications of 

sample frequency of state agencies allowing RAS in HMA can be found in 

Appendix A.  

2.8.5.1 Stockpile Fractioning 

Fractionating RAP is becoming recognized as an efficient way to cut the cost of 

a new mix and reduce the inconsistencies of the high RAP mix properties 

without sacrificing quality (Vavrik et al. 2008, Al-Qadi et al. 2009). Overall 

properties of the mixture containing RAP can be improved by decreasing the 

variability in the RAP stockpiles (Vavrik et al. 2008). Guidelines of variability 

control for RAP/RAS stockpiles can be found in the state agency specifications 

(ALDOT, TxDOT , NCDOT, SCDOT). 



47 

 

3.0 PRELIMINARY PROCEDURE RECOMMENDATIONS 

This section presents preliminary procedures for incorporation of RAP/RAS in 

HMA. Based upon the literature review, the findings, recommendations, and the 

modification are presented herein. 

3.1 SELECTION OF VIRGIN BINDER 

The literature review presented blending charts as the most widely accepted 

procedure for selecting the virgin binder in HMA containing RAP and/or RAS. 

Various studies (McDaniel et al. 2000; McDaniel et al 2002; Shah et al. 2007; Li 

et al. 2004, 2008; and Al-Qadi et al. 2009) were carried out for the selection of 

the virgin binders and it was concluded that blending charts was best 

procedure. Despite reservations shown by few studies (Hajj et al. 2007,2008) 

regarding the blending charts reliability at a high percentages of RAP in HMA; 

blending charts are still the most widely practiced procedure for state agencies 

and industry practitioners.  

Final Recommendation:  

The guidelines proposed in NCHRP Report-452 to select virgin binder grade 

for HMA containing RAP are recommended. The blending chart technique is 

recommended for RAP greater than 30 percent in HMA for Oregon. 

3.2 EXTRACTION AND RECOVERY OF RAS BINDER 

Based upon literature review findings (Loh et al. 1999, McDaniel et al. 2001, 

McGraw et al. 2007, Hajj et al. 2008, Al-Qadi et al. 2009), it is concluded that 

the combination of AASHTO T 164 (Quantitative Extraction of Asphalt Binder 

from Hot Mix Asphalt) Method A (Centrifuge Extraction) and ASTM D5404 

(Recovery of Asphalt from Solution Using the Rotavapor Apparatus), is the most 

efficient and simple test procedure for recovery of RAP and/or RAS binder. 
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Tables 6 and 7 (Mehta 2009) summarized various extraction and recovery 

methods to recover RAP binder. Research studies (McDaniel’s 2000, Loh 

1999,) have shown results from two methods comparable; hence any of these 

two methods can be used for the recovery of the binder from RAP / RAS. The 

combination of the AASHTO T 164 and ASTM D 5404 is recommended based 

on its simplicity and being less labor intensive as compared to modified 

AASHTO TP2.  

Final Recommendation:  

Extraction -- AASHTO T164 (Quantitative Extraction of Asphalt Binder from 

Hot Mix Asphalt using Method A (Centrifuge Extraction) 

Recovery-- ASTM D5404 (Recovery of Asphalt from Solution Using Rotavapor 

Apparatus) 

Modifications recommended (for efficient removal of asphalt binder from 

rotavapor flask) 

The proposed modifications for successful recovery of the asphalt from the 

Rota vapory apparatus are based on the study (Al-Qadi et al. 2009). Summary 

of these steps are presented herein. 

• For easy movement  of the binder from flask into tin, place it in inverted 

position in oven  

• Maintain temperature of 302 °F for 15min of recovered binder and then 

raise temperature to 347 °F for another 10 min 

• Finally take out recovered binder from oven 
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3.3 BATCHING/MIXING PROCEDURE  

Batching/mixing procedure plays significant role for implementation of 

RAP/RAS with virgin materials. For efficient utilization of RAP/RAS binder, the 

sequencing and mixing procedures need to be elaborated. Based on the 

literature review and review of specifications of the state agencies allowing 

RAP/RAS in HMA, a step-by-step procedure is developed. Summary of 

specifications of the state agencies for batching/mixing procedure of HMA 

containing RAP/RAS can be found in Appendix B. 

Final Recommendation:  

Batching/mixing procedure for the HMA containing RAP/RAS is developed and 

can be found in section 4.5.4. 

3.4 IGNITION OVEN CALIBRATION FACTOR 

To determine the binder content calibration factor, most state agencies use 

standard procedure AASHTO T 308 for the mixture containing RAP/RAS. The 

calibration of 0.5 % by Brown & Murphy (1994) is used for HMA containing 

RAP. Currently, the same calibration factor is used for the RAS materials as 

well.  No study regarding the development of calibration factor for RAS was 

found. Ignition oven calibration procedures of states allowing RAS in HMA can 

be found in Appendix C. Based upon these findings, it was recommended that a 

laboratory study should be conducted to develop the calibration factor for RAS 

material. 

Final Recommendation:  

• To perform laboratory study to determine the calibration factor for 

RAS and HMA containing RAS using ignition oven 

Modifications: 

Furthermore following modification can be utilized in the ODOT TM 323. 
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• Develop worksheet for the combined aggregate gradation and 

binder content for mixture containing RAP/RAS to account for RAS 

material. 

3.5 QC/QA PROCEDURES 

Based on the literature review, no modifications in current QA/QC procedure 

were proposed for HMA containing RAP/RAS. But increase in sample 

frequency was recommended for HMA containing RAP/RAS. Furthermore, if 

the variability in RAP/RAS stockpiles is closely monitored, the performance of 

the mixture can be improved significantly. Summary of state specification 

allowing RAS can be found in Appendix A.  

Final Recommendation:  

No change in current ODOT QC/QA procedures is required, only increase of the 

sample frequency is recommended.  

Modifications: 

The following modifications for sampling are recommended for HMA 

containing RAS. 

• At least 1 random sample if less than 50 tons of RAS processed  

• At least 1 random sample  if less than 500 tons of JMF for each  

day of production 

• At least 3 random samples if greater than500 tons of JMF for 

each day of  production 

 

  



51 

 

4.0 EXPERIMENTAL DESIGN MATRICES 

 

This section presents the experiment design matrices developed for laboratory 

and pilot projects. In addition, it includes descriptions of material and methods 

used during this research work. 

4.1 EXPERIMENT DESIGNS 

The experiment design provides a detailed description of research study plan 

that was carried out in this project. The experimental design was developed to: 

1) conduct laboratory study for the verification of laboratory batching/mixing 

procedures developed based on the state-of-the-practice recommended 

procedures; and 2) conduct a pilot study to evaluate the fatigue performance of 

HMA containing RAS/RAP. 

4.1.1 Laboratory Study 

The laboratory study investigated the impact of RAP and/or RAS to meet the 

research objectives. Table 15 displays the basic experiment design for the 

laboratory study.  It consists of two factors, each with three levels, representing 

the percentage of virgin binder replacement in HMA derived from RAP and RAS.  

The percentages of binder replacement derived from RAP were 0%, 15%, and 

25%, and those derived from RAS were 0%, 15%, and 30%, resulting in nine 

mixtures.  The numbers in bold typeface represent the total binder replacement 

in the mixtures ranging from 0% to 55%.  The design allowed comparisons 

between RAP-only mixtures, RAS-only mixtures, RAP and RAS mixtures, and a 

virgin mixture. 
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Table 15: Basic Experiment Design for the Laboratory Study 

Total virgin binder 

replacement 

shown in bold 

typeface 

Percent Virgin Binder 

Replacement from RAP 

0 15 25 

P
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in

 B
in

d
e

r 

R
e

p
la

ce
m

e
n

t 
fr
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S
 

0 0 15 25 

15 15 30 40 

30 30 45 55 

 

The binder content of the RAP and RAS were determined (see section 4.3 and 

4.4) prior to batching and mixing HMA at various binder replacement 

percentages. As indicated in Table 16, this was accomplished using AASHTO T 

164 (quantitative extraction with solvent) and AASHTO T 308 (ignition oven 

test). Table 16 also summarizes the methods: AASHTO T 313, and T 315 that 

were used for grading the binder. In addition, the recovered aggregates from 

the RAP and RAS were sieved to determine the gradation (see section 4.3 and 

4.4.). In all cases, three tests were conducted to obtain an average value for 

each property. 
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Table 16: Characterization of As-Received Materials 

Tests 

Number of Tests 

Virgin Binder RAS RAP 

Binder Content (AASHTO T 308) --- 3 3 

Binder Extraction (AASHTO T 164) & Binder 

Recovery (ASTM D 5404) 
--- 3 3 

Flexure Stiffness (AASHTO T 313) 3 3 3 

Rheological Properties (AASHTO T 315) 3 3 3 

Sieve Analysis (AASHTO T 30) --- 3 3 

 

Pen-and-paper mix designs for each of the nine mixtures listed in Table 17 

were developed based on the mix designs for the RAP-only and RAP/RAS 

mixtures placed on the I-5 (see chapter 6). A detailed step-by-step batching 

and mixing procedure was developed for this study can be found in section 4.4. 

The various ingredients were then batched and mixed according to that 

procedure. This document includes the fatigue and dynamic modulus test on 

the field compacted specimen discussed in the section 4.1.2. 

Table 17: Test Matrix for the Laboratory Study Experiment Design 

Binder replacement from 

RAS, percent 0 0 0 15 15 15 30 30 30 

Binder replacement from 

RAP, percent 0 15 25  0 15 25    0 15 25 

Total binder replacement, 

percent 0 15 25 15 30 40 30 45 55 

4.1.2 Pilot Study 

The two pilot projects, I-5: Battle Creek- North Jefferson and US20: Purcell– 

Arnold Ice Caves (details of pilot projects can be found in section 6) were 

conducted to investigate the field evaluation of the recycled asphalt shingles. 
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Tables 18 and 19 include the experiment design for the pilot studies.  Portions 

of the I-5: Battle and US20: projects were used for these purposes. The 

materials collected for the laboratory studies: 1) as-received materials, 2) 

plant-mixed loose mixtures, and 3) field compacted sample from pavement 

containing RAP-only and RAP/RAS.  

As-received materials were characterized to determine the critical 

temperatures of virgin, RAP and RAS binders. Additionally, the binder contents 

of RAP and RAS materials were also determined. Table 18 illustrates 

experiment plan for characterization of the as-received materials. The 

experiment plan of plant-mixed mixtures containing RAP/RAS were 

characterized to determine the performance grade of blended binder of the 

mixtures as presented in Table 19. In addition, binder contents of plant-mixed 

loose mixture were determined using extraction and ignition oven methods. 

The fatigue performance and dynamic modulus of the field-compacted 

specimens from two pilot projects were conducted to evaluate the 

performance of HMA due to addition of RAP-only and RAP/RAS. Both tests 

were performed in OSU laboratory.  

Fatigue tests and dynamic modulus tests were performed on the beam 

specimens used in the four-point flexural equipment (details can be found in 

the section 4.2.1). A total of 24 beam specimens were collected for fatigue 

analysis of the two pilot projects, 12 specimen from each project that were 

further divided into 6 specimen from each lane paved of HMA containing RAP-

only and RAP/RAS materials. Before performing the fatigue and dynamic 

modulus tests, the bulk specific gravity of beam specimens was determined. 

Theoretical maximum specific gravity of beam was determined after 

completion of fatigue tests. The bulk and specific gravities were used to 

determine percent air voids of beam specimens. 
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Table 18: Pilot Studies Experiment Design/As-Received Material 

Characterization 

Material 

Extraction/Recovery 

for Binder Grade 

(T 164 & D 5404) 

Determine AC 

Content 

(T 164 & T 308) 

Determine Binder 

Grade 

(T 313, T 314, and T 

315) 

Virgin Binder --- --- 2 

RAP 2 2 ea. 2 

RAS 2 2 ea. 2 

 

Table 19: Pilot Studies Experiment Design/Plant-Mixed Material 

Characterization 

Material 

Extraction/Recovery 

for Binder Grade
1 

(T 164 & D 5404) 

Determine 

AC 

Content
1 

(T 164 & T 

308) 

Determine 

Binder 

Grade and 

Aggregate 

Gradation
1
 

Volu-

metrics
1
 

Dynamic 

Modulus, 

Fatigue
1, 2

 

RAP Mix 2 2 ea. 2 3 3 

RAP/RAS 

Mix 

2 2 ea. 2 3 3 

1 Number of tests determined for I-5: Battle Creek – North Jefferson and US20: 

Purcell – Arnold Ice Caves Project 

2
Testing to be performed by OSU. 

4.2MATERIALS 

After the development of the experiment design for the project, the next step 

was to collect the material from the two pilot projects for the laboratory and 



56 

 

pilot studies. The two types of material collected: as-received and plant-mixed 

mixtures to perform further analysis in laboratory.  

As-received materials for the I5 and US20 pilot projects were collected from 

the North Santiam Paving Co. and Hooker LLC contractors, respectively. As-

received materials included coarse and fine aggregates, RAP, RAS, filler 

material, and binder. The McCall supplied the virgin binders of PG70-22 and 

PG70-28 for I5 and US20 pilot projects, respectively. Later the binders were 

modified to PG70-22ER and PG70-28ER. For the laboratory study, the modified 

binders were received.  

4.2.1Virgin Aggregates 

The coarse and fine aggregates used for I5 and US20 project were collected for 

the laboratory study. Bin fractionated sizes were: 1/2”-#4, #4-#8 ,#8-0 for the 

I5 project and 1/2"-#4, #8-0 for the US20 project. Based on the experimental 

design of the laboratory study, quantities were estimated and collected for the 

laboratory study and can be found in Appendix D. In addition, the detailed 

physical properties of the virgin aggregates collected are summarized in 

Tables 20 and 21. The detailed physical properties of aggregates were 

collected from contractor’s HMA reports. Furthermore, plant-mixed mixtures 

were also collected for the mix verification study (see Appendix D). The details 

of plant-mixed mixture can be found in the section 4.2.7. Bag house fines (same 

source as virgin materials) and the graymont lime for both projects had bulk 

specific gravities of 2.785 and 2.150 respectively. 
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Table 20: I5 Project/ Virgin Aggregate Properties Collected from Contractor 

HMA Reports 
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Table 21: US20 Project/ Virgin Aggregate Properties Collected from Contractor 

HMA Reports 

 

4.2.2 Virgin Binder 

For the laboratory study, the quantities of virgin binders collected from the 

respective HMA producers of two projects are presented in Tables 22 and 23. 

Virgin binders were modified to address the anticipated low temperature 

cracking and fatigue cracking. The addition of aged binder from RAS stiffens 

the blended binder that may potentially expose the pavement to low 

temperature cracking and fatigue cracking. Therefore, performance grades 

were modified to meet the elastic recovery requirement. Table 30 summarized 

the characteristics of the two binders.  
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Table 22: Virgin Binder Grades Properties Provided by McCall (Asphalt 

Supplier) 

Pilot Projects   I5 US20  

Binder    PG70-22 ER PG70-28ER 

      Viscosity, cp   Viscosity, cp 

 Temperature 

275°F - 863 - 938 

329°F - 238 - 250 

Specific Gravity 60°F 1.034 - 1.0377 - 

Mixing Temperature, °F 

Min 340 - 342 - 

Max 353 - 355 - 

Compaction Temperature, °F 

Min 317 - 319 - 

Max 327 - 329 - 

4.2.3 Reclaimed Asphalt Pavement 

The collected RAP material for the laboratory study of the two projects had a 

fractionated size of 1/2"–0. The detailed properties of the RAP material used 

are summarized in Table 23.  The information of RAP gradation and volumetric 

properties were collected from HMA mixture producer’s final reports. 
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Table 23 Properties of RAP Material of I5 and US20 Pilot Project Provided by 

HMA Producer for Laboratory Study 

RAP I5 US20 

Stockpile size 1/2"-0 1/2" -0 

Stockpile source N/A Moon 

Combined RAP SG ODOT TM-319 

Bulk 2.591 2.75 

Apparent 2.773 2.884 

AASHTO T 308, Binder Asphalt Content % 5.45 4.76 

AASHTO T27/11 Sieve Analysis 

Sieve Passing 

3/4" 100%  100.0% 

1/2" 97.5%   98.0% 

3/8" 90.8 %  90.6% 

1/4"  77.9%  76.6% 

#4 70.4%   66.2% 

#8  56.0%  45.0% 

#16  42.7%  31.2% 

#30  31.6%  23.3% 

#50  25.0%  18.1% 

#100  20.3%  14.3% 

#200 15.1  10.10% 
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4.2.4 Recycled Asphalt Shingles 

The maximum fractionated size of RAS material was less than #1/2"and 90% 

of RAS passed #3/8" inches sieve as shown in Figure 24.  

Table 24: RAS Properties for I5 and US20 Projects Determined by ODOT  

RAS I5-Creek US20-Purcell 

Stockpile size 1/2"- 0 1/2" -0 

Stockpile source - - 

AASHTO T 308, Binder Asphalt Content % 19.85 18.47 

AASHTO T27/11 Sieve Analysis 

Sieve Passing 

3/4" 100%  100.0% 

1/2" 99% 99.0% 

3/8" 99% 99.0% 

1/4" 98% 98.0% 

#4 97% 96.0% 

#8 96% 93.0% 

#16 81% 77.0% 

#30 63% 59.0% 

#50 56% 51.0% 

#100 50% 44.0% 

#200 41% 35.70% 

Therefore, the information of gradation and binder content as well as specific 

gravities was not readily available in the HMA mixture summary reports. To 

determine the gradation and binder content of RAS, samples of RAS were sent 
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to ODOT laboratory for further analysis. The results of gradation and binder 

contents of RAS after burning in the ignition oven are presented in Table24. 

4.3.5 Plant-Mixed Mixtures 

The plant-mixed mixtures were collected from the HMA producers of the two 

pilot projects to perform tests as per the requirement of the design plan shown 

in Table 19. Two types of 1/2" dense mixtures (RAP-only mixture and 

RAP/RAS mixture) were produced for each I5 and US20 projects. The detailed 

discussion about the pilot project can be found in section 6. The total 

quantities of plant-mixed mixtures received from the HMA producer are 

presented Appendix D. The test results of the plant-mixed mixtures can be 

found in section 5.2. The Job-Mix-Formula (JMF) of the plant-mixes can be 

found in Appendix E. 

4.4 MIXTURE DESIGN 

The information of the JMF and mixture designs provided by the HMA 

producers of two pilot projects were utilized to develop mixtures for 

laboratory study with varying proportions of RAP and RAS as shown in Table 

17. Varying the proportion of RAP and RAS in the laboratory mixes required an 

adjustment of virgin binder contents due to addition of RAP/RAS binder to 

keep the total binder content weight constant. Batching sheets were used to 

compensate aggregate gradation of mixture to meet the target gradation. The 

efforts were made to adjust the batching gradation of each mixture within 

tolerance limits of the final target gradations. 

 4.5 METHODS 

Tests performed to conduct the laboratory and pilot project studies are 

presented in Tables 16, 18 and 19 (see sections 4.1.1 and 4.1.2). The laboratory 

tests were conducted to evaluate performance of as-received materials, virgin 
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binders and plant-mixed mixtures. This section has discussed methods as well 

as recommended batching and mixing procedure to accommodate the 

inclusion of RAS materials in HMA mixture. The following laboratory test 

methods were used to determine various properties of the materials. 

4.5.1 Gradation Analysis 

AASHTO T 27 (2009) is used to determine the individual distribution of the 

various particle sizes in the material to meet the desired mixtures gradation. 

Aggregates are sieved into fine and coarse aggregates using this procedure. A 

mechanically operated sieve shaker is usually used for the production of large 

quantities with sieve sizes 1", 3/4", 1/2", 3/8", 1/4", #4, #8, #16, #30, #50, 

#100, #200 (sieve sizes varies depending on the design gradation). Sieve 

analysis to separate materials in different sizes helps to achieve gradation of 

the mixes as per requirement of the design; e.g. gap graded, well-graded or 

uniformly-graded. 

AASHTO T 11 (2009) is used to determine the proportion of particles with size 

less than the #200 sieve. The dry sample size (accurately weigh at 0.01 gm 

scale) as required by the procedure is taken and washed thoroughly and sieved 

through the#200 sieve, oven dry the retained material (+#200 sieve) and 

weigh it. Difference of the originally taken sample weight and weight of the 

washed material divided by the original sample weight is used to determine 

the percentage of particles finer than the #200 sieve. One of the key 

advantages of the method is its tendency to determine accurately the material 

gradation to meet the gradation specifications and account for the material 

finer than #200 sieve.  
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4.5.2 Binder Content, Binder Recovery and Grading Tests 

AASHTO T 308 (2009) is generally used to determine binder content by 

burning the sample in the ignition oven. This method is widely used by state 

transportation agencies for quality control testing to determine the binder 

content of the RAP/RAS material and the plant mixed mixtures (with few 

modifications). A sample size as specified by the procedure is burnt to extract 

the binder content but without deteriorating the aggregates to measure the 

binder content. The binder content is determined by dividing the difference of 

original mass and burnt mass with the original mass. Generally, a correction 

factor of 0.5 percent is also used for the binder content of RAP materials or 

HMA containing RAP (after Brown and Murphy 1994) has shown that 

measured binder content determined using ignition oven measures 0.5 percent 

higher value compared to the true binder content. 

AASHTO T 319 (2009) is a method that serves two purposes: 1) to determine 

binder content; and 2) to recover binder. AASHTO T319 (2009) can be used to 

determine the binder grade of the RAP and RAS. To determine the binder 

content of the mixture, a sample size is taken and put into the solvent as 

required by the procedure. The extracted solution is then put into the 

centrifuge rotary evaporatory to recover binder. Leftover aggregates can be 

used for gradation analysis as per requirement. The gradation analysis of the 

extracted aggregates as a residual either from AASHTO T 308 or AASHTO T 

319 can be conducted using AASHTO T 30. 

AASHTO T 30 (2009) is used to perform gradation analysis of recovered 

aggregates. Contrary to AASHTO T 27 (2009), this method is used for relatively 

small scale samples. The arrangement of sieves are in the order as: 1", 3/4", 

1/2", 3/8", 1/4", #4, #8, #16, #30, #50, #100, #200 and pan (sieve sizes varies 

depending on the project requirement). 
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Furthermore, performance grade analysis on recovered binder is performed by 

determining the rheological properties at the lower and higher temperature 

levels using AASHTO T 313 and AASHTO T 315 respectively. Each of them is 

discussed herein. 

AASHTO T 313 (2009) is used to investigate thermal stresses by determining 

the response of binder at low-temperature under constant load over the 

specified time. The method uses a beam made of binder to determine 

deflection at the midpoint by applying load for a fixed time. The deflection in 

the beam and creep stiffness are plotted against time. The dimensions of beam, 

applied load and time duration to determine m-value are given in the 

procedure.   

AASHTO T 315(2009) is used to determine the performance of the asphalt at 

high temperatures by calculating the complex modulus and phase angle of the 

asphalt binder sample as prescribed by the procedure. This method involves 

testing of the asphalt binder that is placed between two circular plates; one 

plate is fixed, whereas other rotates. The frequency of rotation of movable 

plate is assigned based on the design speed of the pavement. Tests are 

performed at a temperature assigned by the design requirements. The 

computed complex modulus and phase angle are used to evaluate the 

performance of the binder at high temperatures. 

The parameters determined from all three methods: AASHTO T 313 and 

AASHTO T 315 are used to determine the binder grade by comparing and 

checking against the criteria prescribed in AASHTO M 320 (2009). 

4.5.3 HMA Field Performance Tests 

The research involves the field performance evaluation of HMA containing RAP 

and/or RAS. A number of samples were collected from the field to determine 
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various performance properties of HMA. This section involves the detailed 

discussion of the method used to determine volumetric and performance 

properties. 

AASHTO T 166 (2009) is used to determine the bulk specific gravity (Gmb) of 

the specimen. The assembly of the specimen is shown in Figure 9. The method 

uses an oven dry specimen by submerging it into water to determine Gmb. The 

weights of the specimen that are used to determine Gmb include: oven dried 

weight, weight of specimen submerged into water, and saturated surface dry 

(after taking out of the water). Hence Gmb is calculated as a ratio of oven dry 

specimen weight in air to the difference of weight of saturated surface dry 

specimen less then weight of the specimen in water. Once Gmb of specimen is 

computed, the density of the specimen can be calculated as a product of Gmb 

and the unit weight of water. The temperature of the water is maintained in 

accordance with the procedure. 

 

Figure 9: Assembly to Determine Gmb at OSU Laboratory 
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AASHTO T 209 (2009) is used to calculate the theoretical maximum specific 

gravity (Gmm) of the specimen. It is achieved by breaking the specimen into a 

loose state to determine ratio of the specimen weight in air to the weight of the 

specimen in water after removal of air. The assembly of this test is shown in 

Figure 10. There are two main objectives to determine the Gmm: 1) used to 

calculate the percent air voids; and 2) helps to compute the percentage of 

compaction of the HMA mixtures. 

 

Figure 10: Assembly to Determine Theoretical Maximum Specific Gravity at 

OSU Laboratory 

 

AASHTO T 321 (2009) is used to determine various parameters for the 

determination of fatigue distress. Figure 11 shows configuration of the four-

point flexural beam equipment. Tests are performed either in controlled-stress 
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or control-strain loading modes. Four-point flexure tests can also be used to 

determine the dynamic modulus by varying the frequency and temperature.  

 

Figure 11: Four-Point Flexural Bending Equipment at OSU Laboratory 

Maximum force is used to calculate the maximum stress as geometric 

properties of the beam are input parameters. The output parameters 

calculated during the test include: stiffness, phase angle, dissipated energy, 

cumulative dissipated energy. The discussion of the test input parameters used 

for this study can be found in section 6.2.3.3 

4.5.4 Batching and Mixing Procedure 

The step-by-step batching and mixing procedure developed for the addition of 

the RAS in the HMA is presented herein.  

1. Develop a batching plan that will result in the correct percentages 

passing each sieve as per the tolerances of subsections 6.13 and 11.1.1 
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of ODOT TM 330 (2010).  ODOT PTM 1(2009) provides two possible 

options for developing a batching plan.  Maintain virgin aggregates, 

RAP, and RAS as separate bins (stockpiles). 

2. Batch materials as follows: 

2.1. Tare an appropriate drying container (e.g., pan) and, beginning 

with the largest fraction, weigh into the container the planned 

mass of each fraction of virgin aggregate of size larger than the #4 

(4.75 mm) sieve (coarse virgin aggregate).  Add each fraction in 

separate piles to facilitate removal of a portion of the material in 

case the added mass exceeds the target mass. 

2.2. Add the fractions of RAP of size larger than the #4 (4.75 mm) sieve 

(coarse RAP) to the coarse virgin aggregate. 

2.3. Thoroughly dry mix the coarse virgin aggregate and coarse RAP to 

achieve a uniform blend of the materials. 

2.4. Tare a separate drying container (e.g., pan) and, beginning with 

the largest fraction, weigh into the container the planned mass of 

each fraction of virgin aggregate and RAP of size smaller than the 

#4 (4.75 mm) sieve (fine virgin aggregate and fine RAP).  Add the 

planned mass of RAS to the drying container containing the fine 

virgin aggregate and fine RAP. 

2.5. Thoroughly dry mix the fine virgin aggregate, fine RAP, and RAS to 

achieve a uniform blend of the materials. 

3. Place the asphalt binder in an oven set to the mixing temperature 

(NOTE 1).  As it heats, stir the binder periodically to ensure uniform 

heating. 

4. Place the two containers of batched materials in an oven and heat the 

materials to the mixing temperature (NOTE 1).  Stir the materials 

periodically to ensure uniform heating and check the temperature of 
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the materials.  When the materials reach the mixing temperature, 

continue heating for additional 15 minutes. 

NOTE 1—Need to add a note here similar to that in T 312 about the 

mixing temperature. 

5. At least one hour before mixing, place all miscellaneous mixing 

equipment (e.g., mixing bowl/bucket, metal spoons and spatulas, etc.) 

into an oven set to the mixing temperature. 

6. When all materials and equipment are at the correct mixing 

temperature, charge the mixing bowl with the heated, mix of coarse 

aggregate/RAP blend and aggregate/RAP/RAS blend.  Form a crater in 

the material and weigh the correct amount of binder into the crater.  

Immediately initiate mixing.    

7. Mix the materials as quickly and thoroughly as possible to yield a 

mixture having a uniform distribution of binder throughout. 

8. Immediately after mixing, place the mixture in a pan and condition it in 

accordance with AASHTO R 30. 
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5.0 LABORATORY STUDY 

 

This section presents a part of the laboratory test results conducted in 

accordance with the experimental plan. The experiment plan can be found in 

section 4.1.1 (Tables 15, 16 and 17). To perform the laboratory study, as-

received, were sieved into various fractions in accordance with AASHTO T 27 

(2009) (see section 4.5.1). All sieved materials were placed in separate buckets 

as shown in Figure 12 for further analysis. After sieving, gradation analysis of 

nine mixes with varying proportion of RAP and RAS was conducted. 

 
Figure 12: Sieved Material OSU Laboratory 

 

The targeted gradation of two mixes (RAP-only and RAP/RAS) designed for the 

I5 projects were taken from Contractor mix design report (see Appendix D). 

The final batching gradations for nine mixes are presented in Tables 25 and 26 

and Figures 13 and 14. The difference between batch gradation and target 

gradation for all mixes were within the tolerance limits in accordance with 

ODOT PTM 1 09. The correction for fines passing (#200 sieve) was made for all 

mixes in accordance with AASHTO T11 (discussed in section 4.5.1).  
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Table 25: Gradation of RAP-only Mixes for I5 Pilot Project 

 

 

Figure 13: 0.45 Power Gradation Chart for I5 Project RAP-only Mixes 
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Table 26: Gradation of RAP and RAS Mixes for I5 Pilot Project 

 

 

Figure 14: 0.45 Power Gradation Chart for I5 Project RAP/RAS Mixes 
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5.1 BATCHING PROCEDURE VERIFICATION  

After the completion of the gradation analysis for all nine mixtures, the next 

step was to verify the effectiveness and practicality of the laboratory 

batching/mixing procedure for HMA containing RAS. To investigate the best 

sequence for addition of the coarse and fine aggregates containing RAP and 

RAS, a trial study was conducted. 

In the trial study, three possible ways to combine the virgin and recycled 

materials were developed to visually verify the best way to blend these 

materials.  

The sequences are presented herein. 

1. Add binder (B) with fine aggregates (FA) and then add coarse 

aggregates (CA) 

2. Add B with CA and then add FA 

3. Combine CA and FA and then add B 

A mix (25% RAP and 30%RAS) was selected for trial verification of batching / 

mixing procedure. This mix was selected because it contained maximum 

replacement (55 percent) of virgin binder. It was anticipated that if a batching/ 

mixing sequence that satisfied this mix would be satisfactory for the rest of the 

mixes. 

In trial sequence 1, binder was directly added with fine aggregates (FA) and 

mixed for thirty seconds before adding coarse aggregates (CA). Sequence 1 (FA 

+ B, CA) provided mixture blend that left the bulk of the coarse aggregates 

uncoated as in Figure 15. All fines were coated with binder and turned into 

ball-shaped structures. It might be because of higher surface area of the fines 

aggregates that utilized virgin binder and there was not sufficient binder left to 

blend with coarse aggregates. The mixture obtained using this sequence was 

considered poor and unblended. 



75 

 

 
Figure 15: FA+B, CA Mixing Sequence 

 

In sequence 2, binder was added with coarse aggregates mixed for 30seconds 

before adding fine aggregates. This sequence left bulk of fine aggregates 

uncoated shown in Figure 16. This resulted in a very poorly blended mix as 

shown Figure 16.  

 
Figure 16: CA+B, FA Mixing Sequence 

Sequence 3 provided, relatively better mix blend as compared to the first two 

sequences. Though, there were still some quantity of coarse aggregates that 

was partially coated, it may be because of high replacement of virgin binder 
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(55percent). But using sequence 3 relatively a better blend was achieved as 

shown in Figure 17. Based on this finding, trial sequence 3 was selected and 

followed for the rest of the project.  

 
Figure 17: CA+FA, B Mixing Sequence 

 

After verification, the best sequence was used for rest of the project to prepare 

mixtures as per design. All mixtures were conditioned in accordance with the 

AASHTO T 30 (see section 4.5.4). 

Batching and Mixing Observations 

The following observations were noticed during mixing activity as shown in 

Figure 18 at OSU laboratory. 

• Mixtures (25% RAP and 15% RAS) and (25% RAP and 30% RAS) 

required more mixing time as compared to other mixture to achieve 

proper blending. 

• Both mixtures were difficult to blend, because of high replacement of 

virgin binder; therefore there was not sufficient low viscous binder to 

properly coat coarse aggregates. 

• Virgin binder should be heated properly to the mixing temperature as 

specified by supplier. Due to the low ratio of virgin to aged binders, it 
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was hard to blend the binder with aggregates if the viscosity was not as 

per design. 

  

Figure 18: Mixing Activity at OSU Laboratory 

5.2 GRADING OF VIRGIN, RAS AND RAP BINDER 

This section presents characterization of the as-received materials: RAP, RAS, 

and virgin binder. To verify the performance grades, virgin binders, RAP, RAS 

were sent to ODOT laboratory to determine high and low critical temperatures. 

The determined critical temperatures of virgin binder are presented in Table 

27. AASHTO T 313 and T 315 were used to determine rheological properties of 

binders. This information was used in accordance with AASHTO M 320 (2009) 

to select critical temperatures of binders. The recovered critical temperatures 

of virgin binder used in US20 Project were higher as compared to originally 

specified by supplier as shown in Table 27. The low temperatures of RAS, RAP 

binders for two pilot projects were not determined because of high stiffness of 

the extracted binder. 
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Table 27: Grading Analysis of Virgin, RAP and RAS binders 

    
Original critical Temperatures 

Recovered Critical 

Temperatures 

Project Materials 
Higher Critical 

Temperature °C 

Lower Critical 

Temperature °C 

Higher Critical 

Temperature 

°C 

Lower Critical 

Temperature 

°C 

I5 

Virgin binder 70 -22 71 -26 

RAP binder XX XX XX XX 

RAS binder XX XX 119 XX 

US20 

Virgin binder 70 -28 78 -31 

RAP binder XX XX 85 XX 

RAS binder XX XX 151 XX 
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6.0 PILOT STUDY 

 

Pilot projects were carried out to investigate the performance of pavements 

containing RAS/RAP under traffic and environmental extremes. Two key 

objectives were established for the pilot study: 1) conduct performance 

evaluation of field samples and 2) document post-construction performance of 

the pilot projects. 

6.1 DESCRIPTION 

To achieve these objectives two pilot projects, I5-Battle Creek-N Jefferson 

(Salem) and US20-Purcell–Arnold Ice Cave (Bend) were conducted. 

Furthermore, it was intended to study the practicality and quality of the HMA 

mixture containing RAS on a large scale. The locations of these two pilot 

projects were selected to study the performance of RAS in two potentially 

different weather and traffic conditions.  

6.1.1 I5-Pilot Project 

I5 project is located near Salem, Oregon. It consisted of two lanes. One lane 

contained RAP-only mixture and in the other RAP/RAS mixture was used. Both 

mixtures were 1/2” dense graded. This project was design high volume traffic. 

JMF details of the two mixes can be found in Appendix E. PG70-22ER was 

selected for this project. The details of the virgin binder can be found in section 

4.2.2. This site was chosen because of high traffic volume conditions so that an 

evaluation of pavement containing RAS could be conducted for its performance 

against fatigue cracking. Before paving the lanes, wearing surface of the old 

pavement was milled (removed). The detailed discussion of the pre-

construction pavement assessment can be found in section 6.7. The construction 
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activity at the project site is shown in Figure 19.  A few observations noticed 

during the construction activity are documented herein. 

• For compaction, three rollers: breakdown, intermediate, and finishing 

described as CAT CB 634 D DDV, Dynapac CC50 DDV, and Dynapac 

CC422 DDV, respectively were used. The placement temperature of the 

mixture varied from 310°C to 318°C throughout the paving length. 

• Material loading trucks that were transporting the mixture from the 

plant were at times not sufficient to maintain the pace of placement 

causing stoppage of the paving activity at regular times. This stoppage 

may potentially reduce the mixture placement temperature. 

• On visual inspection, a dense well-blended mixture was observed 

throughout the paving activity. 

  

Figure 19: Construction Activity at I5 Pilot Project 

6.1.2 US20 Pilot Project 

US20 pilot project was carried out in eastern Oregon. The project had two 

lanes. RAP-only mix was used for one lane and RAP/RAS (super-RAP) mix was 
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used for the other. Details of the JMF and mixture design can be found in 

Appendix E. The location of the site was selected to investigate the 

performance of the pavement containing RAS at low temperatures. The 

temperatures in Bend have a tendency to potentially fall well below the 

freezing point most of the year.  

The following observations were noticed during construction activity shown in 

Figure20. 

• For compaction three rollers: breakdown, intermediate, and finishing 

described as IR 13 ton DDV, IR 10 ton DDV, and IR 10 ton DDV, 

respectively were used. The placement temperature of the mixture 

varied from 311°C to 320°C throughout the paving length. 

•  Average minimum air temperature recorded at night of constructing 

RAP/RAS lane was 3.5°C. 

• It was noticed that the rollers had difficulty compacting the mixture 

containing RAS to specified level. Therefore, more effort was placed by 

rollers to achieve the specified density. 

Figure 20: Construction Activity at US20 Pilot Project 
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6.2 FIELD TESTING 

To investigate the field performance of pavement containing RAS, a number of 

samples were collected to perform tests. This section presents the results for 

each of the tests conducted during the construction activity. 

6.2.1 Field Sampling 

To evaluate the field performance of the HMA containing RAP-only and 

RAP/RAS materials, the samples were collected from field at the time of 

construction activity. The following samples were collected: plant-mixed 

mixtures, cores, and fatigue beam specimens.  The cores were taken at five 

random locations along the length of the pilot projects. Six fatigue specimens 

were collected from each lane of two pilot projects, hence a total of 24 

specimens were collected for the fatigue tests.  Figure 21 shows samples 

collected in the field. Specimens were stored into a controlled temperature 

room at the OSU laboratory prior to testing. Fatigue specimens and cores were 

later trimmed into the size as specified by the test standards in the OSU 

laboratory. The details for the specimens are further discussed in the later 

sections.  
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Field sampling Sampling storage 

Figure 21: Field Sampling and Storage at OSU laboratory  

6.2.2 Binder Properties of Plant-Mixed Mixtures 

To determine total blended binder content and performance grade of the 

plant-mixed mixtures, samples were sent to the ODOT laboratory. The results 

of total binder contents and critical temperatures of recovered blended 

binders are presented in Tables 28 and 29.  The test procedure used to 

determine binder properties can be found in section 4.5.2. Analysis of the 

results can be found in section 7.2.1. 
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Table 28: I5 Project Properties of the Recovered Binder from Plant-Mixed 

Mixture Determined by ODOT 

Project I5 

Mix RAP-only RAP/RAS 

Sample 1 2 3 1 2 

Recovered binder Critical 

Temperatures °C 
78-27 75-27 64-30 79-25 80-26 

Binder 

Content, 

percent 

AASHTO T 308 6.24 6.28 

- 

6.23 6.22 

AASHTO T 164 5.44 5.58 5.43 5.30 

Moist, percent 0.13 0.13 0.15 0.15 

 

Table 29: US20 Project Properties of the Recovered Binder from Plant-Mixed 

Mixture Determined by ODOT 

Project US20 

Mix RAP-Only RAP/RAS 

Sample 1 2 3 1 2 

Recovered Binder Critical 

Temperatures °C 
66-31 68-29 71-29 75-28 73-29 

Binder 

Content, 

percent 

 AASHTO T 308 6.78 6.66 6.77 6.73 6.67 

AASHTO T 164 5.53 5.71 5.42 6.04 5.73 

Moist, percent 0.13 0.13 0.33 0.20 - 
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6.2.3 Core and Fatigue Beam Density 

To determine volumetric properties of the mixtures as per experimental 

design, tests were performed on the cores and fatigue beam specimens. Cores 

were used to determine bulk specific gravities. Bulk specific gravity and 

theoretical maximum gravity for fatigue beam specimens were determined 

using AASHTO T 166 and AASHTO T 209, respectively. These parameters were 

used to determine percent air voids of fatigue specimens. The core densities 

determined of the two projects are summarized in Table 30. Table 31 

summarizes the bulk densities and theoretical maximum densities (TMD) for 

the beam specimens. It is also important to note here that specimens were 

grouped based on the percent air voids shown in Table 30 to perform fatigue 

analysis. It was done to reduce the variability in the fatigue testing. Theoretical 

maximum specific gravity of mixes provided by the contractor is also 

presented in Table 30. Analysis of these results has been discussed in section 7. 
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Table 30: Summary of Bulk Specific Gravity of Cores Determined at OSU   

laboratory for Two Pilot Projects 

Project 
Mixture 

Type 
Specimen Station 

Bulk Specific 

Gravity 

OSU Lab Results 

Core Density 

(lbs/ft3) 

US20 

RAP-only 

1 198+11 2.399 149.8 

2 195+85 2.354 147.0 

3 194+00 2.367 147.8 

4 191+87 2.325 145.1 

5 189+70 2.347 146.5 

RAP/RAS 

1 199+65 2.312 144.3 

2 197+85 2.276 142.1 

3 195+80 2.307 144.0 

4 193+70 2.268 141.6 

5 191+85 2.338 146.0 

I5 

RAP-only 

1   2.201 137.4 

2   2.322 145.0 

3   2.295 143.3 

4   2.291 143.0 

5   2.241 139.9 

RAP/RAS 

1 278+95 2.279 142.3 

2 272+48 2.269 141.6 

3 263+06 2.195 137.0 

4 243+53 2.269 141.6 

5 239+18 2.160 134.8 
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Table 31: Summary of Specific Gravity of Fatigue Beam Specimens and Rice 

Gravities Determined at OSU  

 

6.2.4 Nuclear Gauge Density 

Nuclear gauge density was used to evaluate the field density of the mixtures. 

Five random locations were selected to determine the nuclear gauge density. 

Cores were taken from the same locations to establish the correlation between 

two densities. For this research study, nuclear gauge densities received from 
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the ODOT and contractors are presented in Table 32.  The detailed analysis of 

the nuclear gauge densities and its comparative evaluation with cores are 

presented in section 7. 

Table 32 Summary of Nuclear Gauge Densities Determined at Two Pilot 

Projects 

Project 
Mixture 

Type 
Specimen  Station 

ODOT  results 

Nuclear Gauge 

Density 

(lbs/ft3)  

Contractor 

results Nuclear 

Gauge Density 

(lbs/ft3)  

US20-

Purcell 

RAP Only 

1 198+11 149.8 150.3 

2 195+85 146.4 146.6 

3 194+00 147.5 149.6 

4 191+87 145.5 146.4 

5 189+70 147.4 147.8 

RAP/RAS 

1 199+65 146.7 147.2 

2 197+85 144.3 144.3 

3 195+80 145.9 148.3 

4 193+70 143.8 144.6 

5 191+85 147.7 149.0 

  RAP/RAS 

1 278+95   141.6 

2 272+48   140.5 

3 263+06   136.9 

4 243+53   141.2 

5 239+18   133.8 
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6.2.6 Dynamic Modulus 

The four point flexural test was conducted to determine dynamic modulus (E*) 

using the beam specimens. The results of dynamic modulus results are 

presented in Tables 33 and 34. The dynamic modulus was determined at 

frequencies 15, 10, 5, 2, 1, 0.5, 0.2, and 0.1 Hz. All tests were performed at a 

20°C. Controlled initial strain as a loading criterion was set at 100μϵ. The 

detailed analysis of results can be found in section 7.  
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Table 33: Summary of Dynamic Modulus Results for US20 at 20°C Using Four-

Point Flexural Test 

RAP Only Mix          

    

Stiffness (MPa) 

Cycles 
Frequency, 

Hz S1 S2 S3 S4    S5     S6 

5 0.1 569 * 779 827 779 967 

5 0.2 710 691 1056 1124 1104 1306 

5 0.5 1199 1132 1633 1801 1579 1993 

25 1 1561 1414 2115 2324 2080 2651 

50 2 1975 1768 2715 2673 2665 3349 

50 5 2632 2356 3716 3481 3725 4511 

50 10 3519 3014 4525 4884 4760 5761 

50 15 3623 3510 5195 5223 5007 5977 

RAP/RAS Mix          

    
Stiffness (MPa) 

Cycles 
Frequency, 

Hz 
S1 S2 S3 S4 S5     S6 

5 0.1 489 530 531 * 694 * 

5 0.2 649 764 719 1150 954 953 

5 0.5 994 1141 1075 1777 1571 1339 

25 1 1279 1465 1406 2414 1952 1915 

50 2 1620 1836 1768 2976 2423 2263 

50 5 2200 2391 2369 4148 3385 2977 

50 10 2861 2887 2936 5033 4269 3775 

50 15 3193 3305 3417 5537 4881 4340 

* Specimen reduced to 150% of its original stiffness, therefore test stopped.  

                   S = Specimen 
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Table 34 Summary of Dynamic Modulus Results for I5 at 20°C  

Using Four-Point Flexural Test 

RAP-only Mix 
          

    

Stiffness (MPa) 

Cycles 
Frequency, 

Hz 
S1 S2 S3 S4 S5 S6 

5 0.1 1091 1073 1185 1193 1191 1537 

5 0.2 1599 1494 1656 1716 1560 2017 

5 0.5 2456 2412 2561 2682 2563 2669 

25 1 3023 3100 3270 3407 3283 3118 

50 2 3809 3771 3788 4213 4090 3692 

50 5 5141 5017 5253 5390 5650 4623 

50 10 6439 6443 6669 7154 7097 5676 

50 15 7580 7261 7131 7367 7819 6122 

RAP/RAS Mix            

    
Stiffness (MPa) 

Cycles 
Frequency, 

Hz 
S1 S2 S3 S4 S5 S6 

5 0.1 655 654 548 843 783 
865 

5 0.2 863 907 758 1118 1018 
1176 

5 0.5 1341 1308 1215 1796 1554 
1714 

25 1 1701 1759 1575 2182 2044 
2252 

50 2 2138 2183 1922 2760 2411 
2931 

50 5 2994 3080 2736 3665 3291 
3835 

50 10 3705 3880 3280 4580 3904 
4839 

50 15 4537 4257 3655 5130 4333 
5360 

S= Specimen 
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6.2.7 Fatigue Performance Analysis 

Fatigue performance analysis of specimens consisted of RAP-only and 

RAP/RAS mixtures were conducted to evaluate the field performance of 

pavement at intermediate temperatures. The test procedure and sample 

description of the fatigue test can be found in section 4.5.3 and 6.2.1. The 

samples were grouped based on the percent air voids in such a way that the 

average of three specimens had minimum average difference. The dimensions 

of the beam specimens were measured because it is an input parameter of four 

points flexural beam test as shown in Figure 22.  

 
Figure 22: Measuring Dimension of Four Point Flexural Beam  

 

The reason was to reduce the variability of the specimens for performing the 

fatigue test. Three specimen at each 200μϵ and 400μϵ controlled initial strain 

were performed to determine the number of cycled at 50% of initial stiffness. 

The averages of the number of cycles at 50% of initial stiffness are presented 

in Table 35. During the test, RAP-only specimens 1, 2 of US20-Purcell project 

conducted at 200μϵ strain were failed prematurely before reaching 50% of 

initial stiffness due the failure of the supply line and compressor, respectively.  
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Table 35: Summary of Number of Cycles @ 50% of Initial Stiffness for Fatigue 

Distress Analysis of HMA containing RAS for Two Pilot Projects 
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The regression analysis was performed on the recorded data to determine the 

number of cycles corresponding to 50% of initial stiffness. The numbers of 

cycles at 50% initial stiffness using the regression models were predicted. The 

predicted numbers of cycles at 50% of initial stiffness were used to determine 

the stiffness and dissipated energy using fitted model in regression analysis. 

All fatigue tests were performed at a frequency of 10 Hz and a temperature of 

20°C.  

The phenomenological and dissipated energy approaches (see sections 2.7.2.1 

and 2.7.2.4) were used to analyze the fatigue performance of RAP-only and 

RAP/RAS mixtures. The performance of two mixtures and a discussion of the 

results can be found in section 7. Furthermore, the details of both approaches 

can be found in section 2.7.2.1 and 2.7.2.4.  

Table 36 presents the calculated plateau values used to analyze the fatigue 

performance using the dissipated energy approach. Plateau values 

corresponding to number of cycles at 50% of initial stiffness were determined 

using Equation 11. The ratio of dissipated energy change (RDEC) at fixed 

interval was determined using Equation 12 (see section 2.7.2.4). The plots for 

determination of “f” regression slope used to determine plateau value can be 

found in Appendix F. 
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Table 36: Summary for Determination of Plateau Value for the Two Pilot 

Projects 
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6.3 FIELD PERFORMANCE ASSESSMENT 

To investigate the field performance of the pavement containing RAP/RAS, 

pilot studies were conducted in two steps: 1) a detailed pre-grinding field 

survey of pavement; and 2) field performance survey 8 months after pavement 

construction.  

A preconstruction survey was carried out to document the condition of 

pavement because it was anticipated that this documentation would provide 

better understanding to describe the performance of newly constructed 

pavements. It can further help to identify reflective cracks.  To achieve this, a 

detailed survey of the pavement was documented in the straight-line chart 

format. The line chart (see Appendix H) presents the description of cracks or 

other distresses observed during the survey. This will help THE Oregon 

Department of Transportation to better understand the performance of HMA 

containing RAS during later performance analysis. It is important to mention 

here that the preconstruction survey was carried out only at I5 project. 

The I5 project consisted of two lanes containing RAP-only mix and RAP/RAS 

mix. Two different mixes were used to compare the performance of pavement 

containing RAP-only mix to RAS/RAS mix. Virgin binder grade selected for this 

project was PG70-22ER. Construction activity at I5 project was carried out in 

august 2010. A post construction field performance evaluation survey for the 

I5 pilot project was conducted by ODOT personnel. No signs of cracking or any 

other distresses were observed. It is noted that the I5 project was critical to 

fatigue cracking because of the high traffic volume and intermediate 

temperature conditions. At the time of survey after approximately 8 months 

following construction, no indications of any cracking was observed.  

In the US20-Purcell pilot project, two lanes were constructed side by side. HMA 

in one lane contained RAP-only, and in other RAP/RAS as partial replacement 
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of virgin binder. Thermal cracking and fatigue cracking were assumed critical 

in for this project since the temperature in Bend area has a tendency to fall 

well below the freezing point. PG 70-28ER virgin binder was used to efficiently 

perform at low temperatures. The details of the recovered binder can be found 

in Table 37. The lowest daily temperature recorded in the area during the 

winter was collected to compare the performance grade of the mixture at 

lowest temperature. The lowest recorded air temperature in Bend during the 

first winter was -20.2°C (USBR 2011) (see Appendix G). The temperature was 

well above the critical temperature of blended binder (-28°C). Based on these 

findings, it was concluded that the mixtures containing RAS must have enough 

resistance against low temperature cracking.  

Table 37 Summary of Impact for Addition of RAP and/or RAS on Rheological 

Properties of Blended Binder 

Project Mix Sample 

As-Received 

Binder 

Critical Temp. 

°C 

Recovered 

Binder 

Critical 

Temp. °C  

Critical 

Temp. °C of 

Recovered 

binder from 

Plant Mixes 

Change 

in High 

Temp. °C 

Change in 

Lower 

Temp. °C 

US20 

RAP-

Only 

1 

70-28 78-31 

66-31 -12  0  

2 68-29 -10 +2 

3 71-29 -7 +2 

RAP/

RAS 

1 75-28 -3 +3 

2 73-29 -5 +2 

I5 

RAP-

Only 

1 

70-22 71-26 

78-27 +7 -1 

2 75-27 +4 -1 

3 64-30 -7 -4 

RAP/

RAS 

1 79-25 +7 +1 

2 80-26 +9   0  

 

To verify this finding, the detailed field survey was carried out to assess the 

field performance of the pavements. Figures 23 and 24 document the observed 
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condition of the pavements. During the survey no distresses or cracks were 

observed. Both pavements containing RAP-only and RAP/RAS mixtures were 

performing as expected. Though occasional spots of segregated mix were 

observed in the pavement containing RAS, no segregated spots were observed 

in pavement containing RAP-only mixture as shown in Figure 23. Figure 23 

shows the starting point of the pilot project. The difference between old and 

newly constructed pavement can easily be seen in Figure 23. Figure 24 shows 

different views of post-construction survey. 

Figure 23: Segregated Mix of Pavement Containing RAS 
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Figure 24: Performance Survey of US-20 Pilot Project  

Based on the findings from the post-construction field survey of the pilot 

projects, it was concluded that both pavement containing RAP-only and 

RAP/RAS were performing satisfactory. More field evaluation surveys for the 

two projects will be conducted on later dates to monitor their performance. 
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7.0 DISCUSSION OF RESULTS 

 

This section presents analysis of the results documented in sections 5 and 6. It 

includes: analysis of recovered blended binder from plant-mixed mixtures, 

volumetric analysis of field samples, dynamic modulus, and fatigue 

performance of field specimens.  

7.1 RECOVERED BINDER ANALYSIS 

The results of the recovered blended binder for the plant-mixed mixtures are 

summarized in Table 37 (see section 6.3). In the US20 pilot project, reduction 

in the higher critical temperature of the blended binder grade was observed 

due to the addition of RAP-only and RAP/RAS in HMA. These results were 

contrary to research studies (Newcomb et al. 1993; Button 1995; Janisch et al. 

1996, Mallick et al. 2000; McDaniel 2000, 2001; McGraw et al. 2007; Scholz 

2009; Johnson et al. 2010) findings that had shown that the addition of RAP 

and/or RAS increases the stiffness of blended binder at high critical 

temperatures. In the I5 project, recovered blended binder from the plant 

mixed mixtures showed an average increment of 6°C (1 grade) at higher and 

lower critical temperatures. The RAP-only mix showed reduction in a high 

critical temperature of blended binder due to addition of RAP.  

 It is important to note here that two types of mixes were used in the US20 

project: 1) RAP-only mixture containing 30% of RAP by weight in HMA; and 2) 

RAP/RAS mixture containing 21% of RAP/RAS by weight of HMA. In I5 project: 

RAP-only mixture contained 20% RAP by weight of HMA and RAP/RAS 

mixture contained 15 % of total mix. 

To investigate the softening behavior of the recovered blended binder from the 

plant-mixed mixtures samples were sent to Western Research Institute (WRI) 
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for further analysis. The principal objectives were to 1) investigate if the 

softening of blended binder was due the solvent used for extraction of the 

binder from the mixture; and/or 2) investigate if softening the effect of 

blended binder was due to increased compatibility of RAP/RAS with virgin 

binder.  

The samples sent to WRI included: extracted/recovered binder from RAP/RAS 

mix (US20), extracted/recovered binder from RAP-only mix (US20), virgin 

binder grade (US20), extracted/recovered binder from RAP-only mix 

represented in Figure 25.  

To address the first objective, WRI applied infrared spectroscopic (FTIR) 

analysis to search for toluene (residual solvent) used in extracting the binder 

from the mixture. FTIR is an analytical technique used to trace the absorbents 

using the infrared spectrum. It uses a doped sample with a known toluene 

content (see pink line) to compare with samples to trace the possible presence 

of absorbents. 

FTIR was conducted because toluene solvent has a tendency to affect the 

rheological properties of the binder if present in excessive quantity. Figure 25 

shows the results indicating a lack of toluene in the material when comparing 

the sample with a known quantity of toluene using FTIR. To verify the results 

more advance techniques (GC/MC) were used. GC/MC found trace amounts of 

toluene concentration of 0.05% by weight which was not sufficient enough to 

impact the rheological properties of the binder. Therefore, the researchers at 

WRI concluded that the softening effect observed in the recovered binder from 

HMA containing RAP/RAS mixture was not due to the toluene solvent.  
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Figure 25: FTIR Results Courtesy of Western Research Institute  
 

The second objective was to investigate if the softening of recovered binder 

was due to the compatibility of RAP/RAS with virgin binder. WRI performed 

extraction and automated flocculation titrimetry (AFT) to test the 

compatibility of materials. AFT is a technique that is used to determine 

parameters that indicates the compatibility of the binders.  Table 38 presents 

the AFT results indicating an increase in the compatibility of materials. The 

parameters used to define AFT (see Table 38) test were explained by WRI as 

follows: 

Pa: Indication of the extent of asphaltene content 

P0: Indicates the solvent strength of the maltene fractions 

P: State of dispersion of asphalt system 

δfloc: Solubility parameter of flocculation of the asphaltene 

δoil: Solubility parameter of the entire binder 

In an over simplified definition, the physical composition of the asphalt system can 

be divided into two main components: 1) asphaltene and 2) maltene. Asphaltene 

consist of carbon molecules with heavy molecular weight where as maltene 

consist of volatile molecules that can easily evaporates. Overtime binder loses 
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maltene within the binder system and increases the asphaltene as a result binder 

gets harder. Keeping this definition into consideration, each of these parameters 

determined using AFT is discussed herein. 

Pa indicates dispersion of asphaltene in the system, if the Pa value reduces it 

indicates that asphaltene increasing within a system. Addition of RAP-only and 

RAP/RAS binder in the mixture should increase asphaltene within binder system 

hence reduces the Pa value. Table 38 shows that due to addition of RAP-only and 

RAP/RAS, the Pa value has reducing trend. 

P0 indicates the solvent strength of the maltene in the system, if P0 value increases 

it shows higher solvent strength of maltene in the binder system. Table 38 shows 

increasing trend of P0 values due to addition of RAP-only and RAP/RAS binder with 

the virgin binder, hence increases the solvent strength of maltene in the mixture. 

P value indicates that due to addition of the aged binder with the virgin binder if P 

value increases, the compatibility of virgin binder and aged binder increases. Table 

38 shows increasing trend due to addition of RAP-only and RAP/RAS binder in the 

mixture, as a result the compatibility of the binders increases. 

δfloc and δoil are the solubility parameter of flocculated asphaltene and entire 

asphalt, respectively. These parameters are determined from the P values. The 

parameter indicates the compatibility of the binders, if the difference between 

theses to parameters increases, the compatibility increases. Table 38 shows that 

due to addition of RAP-only and RAP/RAS the difference between δfloc and δoil has 

increasing trend, hence the compatibility of materials increases. 

Based on AFT results, a strong evidence for the increased compatibility of RAP-

only and RAP/RAS binder with virgin binders was observed (at least in this 

case). Therefore WRI concluded that softening of blended binders was due to 

compatibility of RAP-only and RAP/RAS binders with virgin binders. 
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Table 38: AFT Results Courtesy of Western Research Institute 

 

7.2 VOLUMETRIC PROPERTIES ANALYSIS 

To study the volumetric properties of the samples collected from field, a 

comparison was made to investigate the performance of HMA containing 

RAP/RAS to RAP-only mixtures. Tables 26 and 27 (section7.2) displays the 

density comparison from the cores and nuclear gauge data of the two projects. 

The results of bulk specific gravity of cores were compared to beam specimens 

(see Table 31 in section 6.2.3) 

Figure 26 presents the comparison of the densities using nuclear gauge and 

cores collected at five different locations at the project. The average core 

density of the mixes containing RAP/RAS mixes was lower as compared to 

RAP-only mixes. The average percent air voids were found to be approximately 

twice in RAP/RAS cores/beams as compared to RAP-only core/beams (see 

Table 35 in section 6.2.7).  No significant differences at the 95 percent 

Confidence level were observed between densities of cores and nuclear gauge 

for RAP-only mix and RAP/RAS mix.  
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Figure 26: US20 Comparison of Core and Nuclear Gauge Density at 95% CI for 

RAP-only and RAP/RAS mix 

Figure 27 illustrates the comparison of the core and the nuclear gauge 

densities of RAP/RAS mix. No significant difference was observed between 

core and nuclear gauge densities at 95 percent confidence interval. The 

comparison between cores and nuclear gauge densities for RAP-only mixture 

was not carried out because of the unavailability of the nuclear gauged density 

data. 

 

Figure 27: I5 Comparison of Core and Nuclear Gauge Density at 95% CI for 

RAP/RAS mix 
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Figure 28 presents the comparison of the bulk specific gravity determined 

using cores and beams at the OSU laboratory, in order to study the general 

trend of the volumetric properties. Figure 31 illustrates that average bulk 

specific gravity determined for two projects using beams provided higher 

density as compared to cores. It was also concluded that percent air voids 

determined using cores were higher as compared to the beams. This 

comparison analysis was carried out to group beam samples based on the 

percent air voids to reduce the variability in fatigue analysis. 

 

Figure 28: Comparison of Bulk Specific Gravities of Cores and Beams for Two Pilot 

Projects 

 

Finally, based upon above analyses, no significant difference in density of cores 

and nuclear gauge of the RAP-only and RAP/RAS mixtures at a 95 percent 

confidence interval was found. Mixtures containing RAS had higher percent air 

voids as compared to RAP only mixtures, indicating it was harder to compact 

the mixtures containing RAS.  

In addition, when comparing the bulk specific gravity of the beams with the 

cores, it was found that the beams had higher bulk specific gravities as 

compared to the cores both in the RAP-only and RAP/RAS mixtures. This may 

be due to the trimmed and smooth surfaces of the beams compared to cores. 
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7.3 DYNAMIC MODULUS ANALYSIS 

Figure 29 and 30 illustrates the dynamic modulus (E*) of the beams using four-

point flexural test of US20-project specimen. Analyses of results are presented 

herein. The details of the test can be found in section 6.2.6. 

Figure 29 includes the dynamic moduli of all six specimens for the RAP-only 

and RAP/RAS mixtures at varying loading frequencies. Figure 30 presents the 

averages and 95 percent confidence intervals. Regression analyses were 

conducted at each loading frequencies to construct Figure 30. As indicated the 

average dynamic modulus of RAP-only mixture were higher compared to the 

RAP/RAS mixture. This may be due to the softening impact of the RAS binder 

on the rheological properties of the blended binder. Both mixtures were 

further compared at a 95 percent confidence level to determine if there were 

significant differences in the dynamic moduli of two mixtures. Due to the 

overlapping confidence interval in Figure 30, no significant differences in 

dynamic moduli were found between RAP-only and RAP/RAS mixtures at any 

loading frequency.  
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Figure 29: US20 Dynamic Modulus Plots for RAP-only and RAP/RAS Specimens 

at 20°C using the Four-Point Flexural Test 

Figure 30: Comparison of Average E* of RAP-only and RAP/RAS Specimens at 

95 percent Confidence Level 

 

Similar analyses were carried out for the I5 project as shown in Figures 31 and 

32. In this case, Figure 32 indicates that the dynamic moduli of the two mixes 

were significantly different at all loading frequencies. More specifically, the 

dynamic moduli of the RAP-only mixture were significantly higher than those 

of the RAP/RAS mixture at all loading frequencies. The higher dynamic 
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modulus of the RAP-only mixture was likely due to the high stiffness due to the 

of the mixture binder. Figure 32 has shown the comparison of RAP-only and 

RAP/RAS mixtures for the two pilot projects. 

 
Figure 31: I5 Dynamic Modulus Plots for RAP-only and RAP/RAS Specimens 

at 20°C using the Four-Point Flexural Test 

 
Figure 32: Comparison of Average E* of RAP-only and RAP/RAS Specimen at a 

95 percent Confidence Level 
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The specimens from the US20 project were nearly identical in appearance as 

shown in Figure33. For, the I5 project the appearance of the two mixtures 

wree quite different; it appeared that RAP-only specimen may be contained 

stiffer binder. This was also confirmed by the recovery of the RAP-only binder 

from the I5 project specimens, which showed the binder to be comparatively 

stiffer than that obtained from the RAP/RAS mix. Furthermore, the WRI study 

also confirmed that the RAP-only mix of the I5 project had the least 

compatibility compared to other mixtures (see Table 27 in section 5.2). 

 

US20-Purcell 

 

I5-Battle Creek 

Figure 33: Comparison of RAP-only and RAP/RAS Fatigue Beam Specimens for 

Two Projects 

7.4 FATIGUE ANALYSIS 

This section presents the analysis of fatigue test results of RAP-only and 

RAP/RAS mixture specimens collected from the two pilot projects. Based upon 

the literature review of the various approaches for fatigue analysis (see section 

2.7.2), the phenomenological and dissipated energy approaches were used to 

compare the fatigue performance of the two mixes. Figures 34 and 35 present 

the results of analysis using the phenomenological approach. In this approach 
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the number of loading cycles under controlled strain required to reduce the 

stiffness of the specimen to 50 percent of its initial stiffness is plotted against 

initial tensile strain. Using this plot a comparison was conducted to evaluate 

fatigue performance between RAP-only and RAP/RAS specimens at the 95 

percent confidence level.  

Figures 34 and 35 present the fatigue test results of the RAP-only and 

RAP/RAS mixture for the US20 and I5 pilot projects, respectively.  Each data 

point represents the average of three specimen and the vertical bars represent 

the 95 percent confidence intervals. For the US20 project, the RAP-only 

mixture indicated relatively better fatigue performance than the RAP/RAS 

mixture, whereas an opposite trend was observed for the mixture from the I5 

project. However, statistical analyses indicated no significant differences in 

fatigue performance for both projects independent of strain level at the 95 

percent confidence level as indicated by the overlapping confidence intervals. 

 

Figure 34: Comparison of Cycles to 50 percent of Initial Stiffness for the 

mixtures from the US20 Project 
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Figure 35: Cycles to 50 percent of Initial Stiffness for the Mixtures from the I5 

Project. 
 

Figures 36 and 37 present the results using the dissipated energy approach for 

the two mixtures from the US20 and I5 projects, respectively. Plateau values 

were plotted against number of cycles to 50 percent of initial stiffness 

(50percent of E0) on to compare the fatigue performance. Figure 36 indicates 

that the RAP/RAS mixture had a relatively higher plateau values than to RAP-

only mixtures at both strain levels. It is important to note that higher plateau 

values indicate a higher ratio of dissipated energy change (RDEC) between the 

loading cycles meaning that the specimens are dissipating higher energy under 

cyclic loading. This, in turn, indicates that more damage is taking place in the 

specimen resulting in less resistance to fatigue cracking. However, as shown in 

Figure 36, the overlapping 95 percent confidence intervals no significant 

difference in plateau value between the mixtures for the US20 project  
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Figure 36: Comparison of Plateau Values of Mixtures from the US20 Project 

 

For the I5 project, Figure 37 indicates that the RAP-only specimens dissipated 

higher energy. Therefore, fewer cycles to failure were observed as compared 

with the RAP/RAS mixture. This indicates that RAP-only mixtures suffered 

higher damage due to the higher dissipated energy. But when comparing the 

results at the 95 percent confidence level, no significant difference was 

observed between the two mixtures. 
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Figure 37: Comparison of Plateau Value of Mixtures from the I5 Project 

 

From the results, it would appear that the RAP-only mixture performed better 

on the US20 project but worse on the I5 project using both phenomenological 

and dissipated energy approaches. However, when comparing the fatigue 

results from the two approaches at the 95 percent confidence level, no 

significant difference were observed. Based on these findings, it was concluded 

that addition of RAS in HMA mix had no significant effect on the fatigue 

performance of the pavements investigated in this research work.  
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8.0 CONCLUSIONS AND RECOMMENDATIONS 

 

This section presents conclusions based on the findings from the literature 

review, laboratory study, and the pilot studies conducted to investigate how to 

efficiently utilize the RAS materials in HMA and to evaluate fatigue 

performance of HMA containing RAS in Oregon roads. 

8.1 CONCLUSIONS 

 

1. Based on the findings from literature review for the successful 

implementation of RAS in HMA, the recommended the state-of- the-

practice  consists of the following:  

• Virgin binder grade should be selected by using guidelines 

proposed in NCHRP Report 452. 

•  A combination of AASHTO T 164 and ASTM D 5404 should be 

used to efficiently extracted and recover binder from RAS. 

• The laboratory batching/mixing procedure developed and 

recommended during this research can successfully be used for 

addition of RAS in HMA and, 

• No changes in QC/QA methods are currently required when 

using RAS in HMA mixtures, but sampling and testing frequency 

for the addition of RAS is required, but only sampling frequency 

needs to be increased as recommended below.  

2. Addition of RAP/RAS in HMA had a softening effect on the rheological 

properties of the virgin binder. These results were contrary to previous 

studies that showed an increase in binder stiffness due to addition of 

RAP and/or RAS in HMA.  The cause of softening effect, investigated by 
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the Western Research Institute, was found to be due to the increased 

compatibility nature of RAP/RAS with the virgin binder.  

3. Inclusion of RAS in HMA investigated in this research study showed 

reduced density due to the difficulty to achieve required compaction. As 

a result, mixtures containing RAS had higher percent air voids as 

compared to RAP-only mixtures. 

4. Incorporation of RAS in HMA indicated a reduced trend in the dynamic 

modulus of the mixture as compared to HMA containing only RAP. 

However, when the mixtures were compared at a 95 percent confidence 

level, a significant difference was found for only one of the two projects. 

This reduction was likely due to the softening of virgin binder and 

increased in air voids. This observation was based on the limited 

number of field specimens. Additional dynamic modulus testing will be 

performed on laboratory prepared mixtures to verify this finding at a 

later date. 

5. Fatigue performance analysis on the RAP/RAS mixture and RAP-only 

mixture specimens collected from field indicated no significant 

difference at the 95 percent confidence level. The analysis provided 

significant evidence that there was no impact on the fatigue 

performance of the mixture due to the addition of RAS in HMA in this 

research. 

6. The field performance assessment of pilot projects for pavement 

containing RAS and/or RAP following 8 months of construction 

indicated no sign of cracking due to traffic or environmental conditions. 
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8.2 RECOMMENDATIONS 

The following recommendations were developed based on the research 

findings: 

1. The industry is currently using a 0.5 percent correction factor for HMA 

containing RAS. Since the correction factor was originally developed for 

RAP-only mixtures, it may be conservative to use the same calibration 

factor for RAS materials. The study plan of this research includes 

developing the ignition oven calibration factor of HMA mixtures 

containing RAS on a later date. It is recommended that this study should 

be carried out. 

2. A study should be carried out to investigate the impact of percent air 

voids on the fatigue performance of HMA containing RAP-only and 

RAP/RAS. 

3. The following modifications for sampling are recommended for HMA 

containing RAS: 

• At least 1 random sample if less than 50 tons of RAS processed  

• At least 1 random sample  if less than 500 tons for each  day of 

production of HMA 

• At least 3 random samples if greater than500 tons for each day of  

production of HMA 

4. The pilot projects containing RAP-only and RAP/RAS mixtures should 

be periodically monitored to evaluate the performance of the 

pavements over time. 
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Agency 
Tear-offs 

allowed? 

Maximum RAS 

content 

Maximum RAP/RAS 

content 

Max. binder 

replacement 
Virgin binder grade or adjustment Testing frequency 

AL Yes 

3% by wt. of aggr. for 

tear-offs; 5% by wt. of 

aggr. for manufacturer 

waste 

25% for Plant-Mix Bit. Base; 

20% for SMA/Superpave 

surface layers; 25% for 

other SMA/Superpave 

layers 

Not specified (but

specifies RAS shall 

contain approx. 20-30% 

binder) 

PG 76-22; no adjustment found in special 

provision 08-0378(9) 

First lot of mix production, 

and each 10,000 tons 

thereafter sampled; tested 

using T 319 (quant. 

extraction/recovery), T 202 

(abs. visc.), T 240 (RTFO), 

and T 315 (rheol. props via 

DSR after RTFO) 

FL 

Dev Spec 

(Dev334 

RAS) 

4/29/09 

No 5% by wt. of aggr. 

(considered RAP in 

determining total 

RAP content in mix) 

50% by wt. of aggr. for 

Traffic Levels A, B, and C 

mixtures (<10M ESALs); 

30% by wt. of aggr. for 

Traffic Levels D and E 

mixtures (>=10M ESALs); 

15% by wt. of aggr. when 

using PG 76-22 (see 

exception for max. binder 

replacement) 

15% RAP binder when 

>15% RAP by wt. of 

aggr. used with PG 76-

22 

 

Maintain the absolute viscosity of the 

recycled mixture within the range of 

5,000 to 15,000 poises 
 

One mixture sample during 

first 1,000 tons of 

production, and one per 

4,000 tons of production 

thereafter 

GA Yes 5% by wt. of total 

mixture 

40% (mainline and ramps) for 

drum plants, 25% for batch 

plants 

Not specified Recovered blended binder from mixture 

shall have an absolute viscosity between 

6,000 & 16,000 poises 

Tear-offs: One Polarized 

Light Microscopy test for 

asbestos per 1,000 tons of 

material stockpiled before 

mixing. Take a sample fom a 

lot of atleast 500 tons at 

beginning and one sample 

per week thereafter.  

Table 334-2 

Asphalt Binder Grade for 

Mixes Containing RAP 

Percent RAP 

Asphalt Binder 

Grade 

< 20 PG 67-22* 

20-29 PG 64-22 

>= 30 Recycling Agent 

*Used in all mixtures unless 

specified otherwise in contract 

Table 334-2 

Asphalt Binder Grade for 

Mixes Containing RAP 

Percent RAP 

Asphalt Binder 

Grade 

< 20 PG 67-22* 

20-29 PG 64-22 

>= 30 Recycling Agent 

*Used in all mixtures unless 

specified otherwise in contract 

APPENDIX A: Summary of Specifications for RAS used by State Agencies 
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IN No 5% by wt. of total 

mixture for RAS-only 

mixtures; 3% for ESAL 

Cats 3, 4, and 5 (>3M) 

25% RAP or 5% RAS by wt. of 

total mixture for ESALs < 3M (1% 

RAS = 5% RAP for substitutions); 

15% RAP or 3% RAS by wt. of 

total mixture for ESALs >= 3M 

(does not appear to allow 

RAP/RAS combo for this ESALs 

>= 3M) 

Not specified 15-25% RAP (ESALs < 3M), reduce by one 

grade; <15% RAP, use specified grade 

One sample per sublot (1000 tons) 

per source of Dolomite, if lot 

exceed 2000 tons, then take a 

sample afterwards for every 2000 

tons. 

IA 

Dev Spec 

DS-09059 

12/21/10 

Yes 5% by wt. of aggr. Up to 15% for surface courses; 

no limit for base and 

intermediate courses utilizing 

"Classified RAP", 20% for 

"Certified RAP", 10% for 

"Unclassified RAP" 

30% Not specified; mix design testing 

conducted by DOT, which indicates mix 

design adjustments may be required 

Test the samples of either three 

randomly selected samples or 1 

sample per 1000 ton lot whichever 

is greater. RAS Sample size should 

not be less than 20lbs. 

MA No 5% by wt. of total 

mixture for RAS-only 

mixtures 

Based on maximum binder 

replacement. 

40% for drum 

plants; 20% for 

mod. batch 

plants 

<=25% binder repl.: PG 64-28; >25% 

binder repl.: PG 52-34 

  

MN Yes 5% by total wt. of 

mixture 

30% (>1M ESALs); 30% for 

wearing surface and 40% for 

non-wearing surface when <1M 

ESALs 

30% 

(virgin/total >= 

0.70) 

Use specified grade for PG XX-28 and PG 

52-34 independent of RAP

content; Use specified grade for PG XX-34

with <=20% RAP; Use blending chart for 

PG XX-34 and >20%RAP.

Percentage of RAS considered part of max. 

allowable RAP percentage. 

1 sample per 500 tons for the 2000 

tons of mixture production, 1 

sample per 1000 tons afterwards. 

Extra test samples can be collected 

as requested by the project 

engineer while using RAP/RAS. 

MO Yes Not specified (see max. binder 

replacement criterion) 

Based on maximum binder 

replacement. 

30% w/o changing virgin grade PG64-22,PG 52-28 or PG 58-28 when 

virgin/total between 0.60 and 0.70 

1 sample per 1500 tons or 1 

sample per lot whichever is 

greater. 
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NH Yes Not specified (see max. 

binder replacement 

criterion) 

Based on maximum binder 

replacement. 

0.6% RAS binder 

content; up to 1.5% 

RAP/RAS binder content 

Shall meet specified grade in special 

provision for project (contractor 

responsible for determining virgin binder 

grade) 

RAS tested for 

gradation and binder 

content every 500 tons 

while stockpile is being 

built; RAP tested for 

gradation and binder 

content every 1,000 

tons while stockpile is 

being built 

NC No 6% by wt. of total 

mixture 

15% by wt. of total mixture 

(unless otherwise 

approved) 

Not directly specified PG76-22; one grade (high & low) below 

specified grade for 15-25% RAP/RAS; 

Engineer to determine grade when >25% 

RAP/RAS used 

For RAP/RAS one split 

sample is needed for a 

lot of 750 tons, that 

should be taken at the 

beginning of the 

building stockpile and 

on weekly basis 

thereafter. 

PA No 5% by wt. of total 

mixture mandated 

15% for wearing course Not specified Use specified grade for 5-15% RAP or 5% 

RAS; DOT to determine virigin binder grade 

if >15% RAP or >5% RAP plus 5% RAS 

JMF Production of 

mixture having 

RAP/RAS greater than 

140 tons, take 

minimum 1 sample per 

day . Determin 

AC,Gradation, 

theoretical max. 

specific gravity on 

collected sample. 

SC Not 

explicitly 

disallowed 

3-8% by wt. of aggr. 20% for surface courses, 

25% for intermediate 

course, and 30% for base 

courses. 

15% when using batch 

plants and RAP/RAS 

introduced in hot elevator 

Not specified Recovered blended binder from mixture 

shall have an absolute viscosity less than 

12,000 poises 

From the RAP Stock 

pile,1 sample per 1000 

tons, and minimum 3 

test per stockpile.  
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TX Yes 5% by wt. of total 

mixture 

Mixtures with 

fractionated RAP: 

20% for surface 

courses, 30% for 

other layers 

Mixtures with 

non-fractionated 

RAP: 10% for 

surface courses, 

20% for other 

layers 

35% for surface courses; 40% for other 

layers 

Grade appears to based on M 320; no 

mention of adjustments found 

Four lots would be 

built for the production 

of mixtures, first lot is 

of 1000 tons and 

remaining three ranges 

from 1000 to 4000 

tons depends to the 

discretion of engineer. 

1 sample per lot will be 

take for testing. 

VA Yes 5% by wt. of total 

mixture 

Based on 

maximum binder 

replacement. 

Combined RAP and RAS percentage 

shall not contribute more than 30% of 

the total asphalt content of the 

mixture. 

One PG grade lower (both 

temperatures) for mixtures with 20% or 

more RAP/RAS content (25% for 25-

mm base mixtures) 

Asbestos: One 

Polarized Light 

Microscopy test per 

100 tons. Contractor 

must take 1 sample per 

1000 tons of lot or 

greater per day. 

Testing does not apply 

for if production less 

than 300tons. 

WI Yes See max. binder 

replacement 

Based on 

maximum binder 

replacement.  

  

 

Designated in contract.  Contractor may 

replace virgin binder with recovered 

binder up to the maximum percentages 

shown under max. binder replacement.  

Greater replacement percentages 

allowed if the resultant binder meets 

grade specified in contract. 

  

King Co., 

WA 

Yes Not specified Not specified Not specified Not specified Stockpiled RAS: once 

for first 50 tons 

produced, once every 

250 tons thereafter 

Lower 

Layers

Upper 

Layer

RAS only 25% 20%

RAP/FRAP 40% 25%

RAS, RAP, 

and FRAP*

35% 25%

*5% max. RAS by tota l  wt. of 

aggr. blend

Recycled 

Asphalt 

Materia l

Max. binder 

replacement
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APPENDIX B: Batching Procedure for HMA Containing 

RAP and RAS of State Agencies Allowing RAS in HMA 

Agency Mixing procedure 

Alabama DOT • Preheat the virgin material but not more than 600F 

(315C) before adding recycled materials so to acquire the 

delivery temperature. 

• Before adding the virgin asphalt binder, combine the 

virgin aggregate with recycled materials, and allow 

minimum 15 cycles in the batching type plant. 

Florida DOT • Place aggregate including RAP in separate stock piles 

• Place all aggregates in the cold hoppers that to be 

proportioned or blended 

• Heat the aggregates at design mixing temperatures 

• Combined all the dried aggregate and put in mixer  

• Add asphalt binder in the mixer at the same. Mix them 

until mixture is uniform. 

 

Georgia DOT • Blend RAP and/or RAS homogenously with virgin 

materials 

•  RAP material should pass 100 percent at 2 inch (50 mm 

sieve). 

• Shred the RAS material (passing 100 percent through ½ 

inch sieve) before incorporating it into the mix. 

• In batching type plant, use Hooper to weigh the 

proportions of RAP and RAP. 

• Controlled gravimetrically should be used to maintain 

ratio of RAP and RAS 
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Indiana DOT • Blend the aggregate in the cold bins  

• Heat up the aggregates. 

• Add up the filler or other materials if needed. 

• Heat up the  binder to mixing temperature 

• Then combine add binder with aggregates in the mixer 

New Jersey DOT • Heat up the virgin aggregate 

• Add RAP in the heated virgin aggregate; ensure RAP 

passes 2-1/2-inch sieve shaker. 

• Finally add the virgin asphalt binder in the mixture of 

virgin aggregate and RAP in the batching plant, mix until 

mixture is uniform. 

North Carolina 

DOT 

• Heat up the virgin aggregates at high temperatures. 

• Add RAP/RAS with heated virgin aggregates in mixer 

• Mix RAP/RAS with heated virgin binder in mixer before 

adding binder heated at mixing temperature. 

Pennsylvania 

DOT 

• Weigh the RAP and/or RAP before mixer 

• Dry virgin aggregates and RAP/RAS 

• Heat the virgin aggregate to specified temperature. 

• Then add RAP and/or RAS, in the heated aggregated 

• Finally add the heated virgin binder in the mixture 

South Carolina 

DOT 

• Use grinded and processed RAS 

• RAS should pass ½ inch sieve and meet the mixed design 

gradation 

• Sequence of adding RAS as per consent of engineer 
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APPENDIX C: Summary of Ignition Oven Calibration Factor for 

Mixture Containing RAP and RAS 

Agency Ignition Oven Calibration “RAP/RAS”  

Alabama Recommends to determine asphalt content either using 

ALDOT-354 (Asphalt Content of Hot-Mix Asphalt by Nuclear 

Method or AASHTO T308 (Standard method for 

determination of Asphalt Content by Ignition Method) 

Florida DOT  FM5-563 has not incorporated the language for RAP/RAS, 

and described procedure is general. 

 Calibration factor for asphalt binder can be calculated as 

CF [AC] = (WL1+WL2)/2. 

 WL1,WL2, aggregate weight loss of the first & second 

calibration samples respectively, percent by weight of the 

total mix 

 CF [AC] = asphalt binder calibration factor, percent by total 

weight of mix.  

 WL1 & WL2 = AC actual- AC measured 

AC actual, AC measure=percent asphalt before and after the 

burning in the ignition oven respectively. 

Indiana DOT ITM586-08T has not incorporated the language for the 

RAP/RAS in its procedure, and follows the standard 

procedure. 
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Minnesota DOT  MnDOT uses forced air ignition furnace 

 Combined aggregate calibration factor for mixture 

containing RAP is determined as, 

Cf= (C1x P1)+ (C2 x P2)+ (….Cn x….Pn…) 

Cf = combined aggregate CF 

Pn = Percent of aggregate of RAP calibration proportion in 

mixture 

Cn = Calibration factor for aggregate (or RAP) proportion. 

 Determine the asphalt content calibration factor  for RAP 

using procedure as for virgin materials  

 

North 

Carolina DOT 

 Assume 0.5% calibration factor for RAP/RAS, and if 

combined calibration is less than 0.5 percent use the smaller 

one. 

 Determine the moisture content of RAP/RAS and virgin 

materials before calculating binder content. 

 Rest procedure is same as AASHTO T308 

South 

Carolina DOT 

 Calibration of RAP mixture for ignition oven is estimated 

from the average of the four sample (RAP only) burned in 

the oven 

 Remaining procedure is same as for virgin materials. 
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Texas DOT Sample preparation 

 For determination of the calibration factor for the mixture 

containing RAP/RAS, develop a work sheet of “Asphalt 

content and Combined aggregate” for sample preparation 

of recycled materials. 

 Prepare six sample containing RAP/RAS and virgin 

material, two as blank sample without binder or recycled 

materials, two samples with recycled materials at the 

design optimum binder content, and two sample each at 

±0.5% of the design optimum asphalt content  

Asphalt content correction Factor 

  Determine asphalt content of ignited using following 

equation 

             AC%= [(Ws-WA)/Ws]*100 

 Ws=Total Wt. of the HMA sample prior to ignition (g) 

 WA=Total Wt. of the aggregate remaining after ignition (g) 

Virginia DOT  Binder content CF for RAP is taken as the average of the 

four sample given as, 

MCA = (AC% Test1 +AC% test2 +AC% test3 +AC%test4)/4 

MCA = Mixture Calibration Average 

AC% = Difference between binder contents (including RAP 

AC %) and measured binder content. 
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APPENDIX D: Inventory of As-Received Materials for Laboratory 

Study 

I5 Project—Material quantities received for laboratory study from HMA producer 

Material Quantity Barrels 

Virgin Binder 

(PG70-22ER) 
20 gal --- 

RAP 900 lb 2 

RAS 300 lb 1 

1/2 - 4  1200 lb 2 

4 - 8 1200 lb 2 

8 - 0 800 lb 1 

BHF 100 lb --- 

Loose Mix 

(drum 

discharge) 

108 lbs --- 

 

US20 project-- Material quantities received for laboratory study from HMA 

producer 

Material Quantity Barrels 

Virgin Binder 

(PG70-28ER) 
10 gal --- 

RAP 322 lb - 

RAS 75 lb - 

1/2 - 4  420 lb - 

4 - 8 - - 

8 - 0 494 lb - 

Lime Graymont ? lb --- 

Loose Mix 

(drum 

discharge) 

123 lbs --- 
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APPENDIX E : Mix Design of Hot-Mix Asphalt and Job Mix Formula Details 

RAP-only Mixture Properties for I5 Project Provided by HMA Producer 
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RAP/RAS Mixture Properties of I5 Project Provided by HMA Producer 
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RAP-Only Mixture Properties of US20 Project Provided by HMA Producer 

 



140 

 

RAP/RAS Mixture Properties of US20 Project Provided by HMA Producer 
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APPENDIX F: Plots to Determine Plateau Values 

RAP-only, Specimen 1, Fatigue@200 
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RAP-only, Specimen 2, Fatigue@ 200μϵ 
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RAP-only, Specimen 3, Fatigue@ 400μϵ 
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RAP-only, Specimen 4, Fatigue@ 400μϵ 
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RAP-only, Specimen 5, Fatigue@ 400μϵ 
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RAP-only, Specimen 6, Fatigue @ 400μϵ 
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RAP/RAS, Specimen 1, Fatigue@ 200μϵ 
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RAP/RAS, Specimen 2, Fatigue@ 200μϵ 
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RAP/RAS, Specimen 3, Fatigue@ 200μϵ 
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RAP/RAS, Specimen 4, Fatigue @ 400μϵ 
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RAP/RAS, Specimen 5, Fatigue @ 400μϵ 
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RAP/RAS, Specimen 6, Fatigue @ 400μϵ 
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RAP-only, Specimen1, Fatigue @ 200μϵ 
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RAP-only, Specimen 2, Fatigue @ 200μϵ 

 

 

 



155 

 

RAP-only, Specimen 3, Fatigue @ 200μϵ 

 

 

 



156 

 

 

RAP-only, Specimen 4, Fatigue @ 400μϵ 
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RAP-only, Specimen 4, Fatigue @ 400 μϵ 
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RAP-only, Specimen 6, Fatigue @ 400μϵ 
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RAP/RAS, Specimen 1, Fatigue @ 200μϵ 
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RAP/RAS, Specimen 2, Fatigue @ 200μϵ 
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RAP/RAS, Specimen 3, Fatigue @ 400μϵ 
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RAP/RAS, Specimen 4, Fatigue @ 400 μϵ 
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RAP/RAS, Specimen 5, Fatigue @ 400μϵ 
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RAP/RAS, Specimen 6, Fatigue @ 400μϵ 
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10.7 G Lowest Temperatures Data for Bend (OR) Region 
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10.8 H Straight-line Chart to Document Pre-Grinding Survey (I5 Project) 
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