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It’s a given… 
Must consider recycled materials: 
• Control costs 
• Remain competitive 
• Mitigate material cost variability 

High RAP is defined as more than 
25% RAP by weight of mix. 
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Asphalt Production Cost Categories 
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Greatest Potential for Cost Savings is 
in the Materials Category 

Presenter
Presentation Notes
There are four major asphalt production cost categories, materials, plant production, trucking and laydown.  Materials are the expensive production cost category, comprising about 70% of the cost to produce asphalt cement.  There is a potential to realize cost savings by substituting a less expensive, but quality material such as RAP for more expensive virgin material.



Top Barriers to High RAP Use 

1. FEAR - Overly Conservative Specifications 
 

2. Insuring Performance 
 

3. Using high RAP/RAS with Superpave mix 
design – meeting volumetric requirements 
 

4. Concerns about quality of the RAP 
 
 
 
 

Presenter
Presentation Notes
FEAR – Making a mistake when making changes/trying something new, Agencies typically have no reward for taking a risk & succeeding; however there is large repercussions for failure.  Performance – Inability to predict performance, cracking due to stiffening of mix by RAP, durability especially for surface layers,Mix Design Requirements – Superpave volumetric mix design requirements such as dust, RAP guidance for binder grade changes.Quality of RAP – lack of quality control by contractor, variability of RAP, detriment to polymer modified asphalt binders.
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Common Barriers 
Agency/Specifications 
• Quality Concerns 
• Consistency of RAP/RAS 
• Binder Grade and 

Blending 
• Mix Design Procedures 
• Meeting Volumetric 

Requirements 
• Durability 
• Use with Polymers 

Industry 
• State Specifications 
• Control of RAP/RAS 
• Dust and Moisture 

Content 
• Increased QC 

 



Conservative 
Agency 
Specifications 
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Current Guidelines 

• AASHTO M 323 Standard Specification for SuperpaveTM Volumetric 
Mix Design 
 
 
 
 
 
 
 

• Calls for virgin binders that may be more expensive, hard to get 
• Blending chart analysis is time-consuming!  

Recommended Virgin Asphalt Binder Grade Percent (%) RAP 
No change in binder selection < 15 
Select virgin binder grade one grade softer than normal 15 – 25 
Follow recommendations from blending charts > 25 

Presenter
Presentation Notes
Current issues with spec:Does the RAP binder always blend? What about higher RAP content mixes?Guidelines call for virgin binders that may be more expensive, harder to get, harder to work with.Effects of plant/production largely unknown.Don’t account for fractionated RAP.Testing RAP binder is a lot of work!The mix design process for HMA with RAP is similar to mix design for virgin HMA except in the case where high percentages of RAP (greater than 25%) are used.  Despite similarities between producing virgin asphalt mixtures and RAP asphalt mixtures, there are still some remaining challenges for maximizing RAP use and routinely using high RAP.  First, the current binder selection guidelines for RAP mixtures according to AASHTO M 323 Standard Specification for Superpave Volumetric Mix Design, shown in Table 1, were formulated based on the assumption that substantial mixing occurs between the virgin binder and RAP binder.  Unfortunately, there is no method available to accurately determine the amount of blending that occurs between virgin and RAP binder.  In order to estimate the blending between the virgin and RAP binder for high RAP mixtures, blending charts are specified.  The blending charts are used to optimize the amount of RAP to use if the virgin binder grade is known.  Blending charts require expensive, time-consuming binder extraction and recovery tests that use hazardous solvents.  Many highway agencies are reluctant to specify amounts of RAP that require this additional testing and, further, many contractors are not equipped to perform binder extraction and recovery tests that involve hazardous solvents. The Superpave PG binder and volumetric mix design system is the most widely accepted design system for asphalt pavements in the US. Superpave is also the most common method of mixture design when designing asphalt mixtures which contain RAP, including mixtures that contain greater than twenty percent RAP or high RAP mixes.5  	The majority of DOTs require mixtures that incorporate RAP to meet all usual mix design requirements and there are no special means of determining High RAP acceptability beyond normal mix design procedures.The current Superpave specification for selecting the virgin asphalt binder grade based on a given RAP percentage is given in Table 2 of AASHTO M 323 shown on the slide.  For percentages of RAP less than 15%, no change in the binder grade is required.  For RAP percentages between 15 and 25%, it is recommended that a softer binder grade is chosen.  Finally for high RAP or RAP percentages greater than 25%, blending charts should be used to determine the virgin binder grade.  Andrea will be going into more detail about high RAP mix design in her presentation.   It should be noted that Some State DOTs have decided to raise the lower percent RAP limit (15%) for selecting a softer virgin binder grade to twenty percent or higher.



RAP/RAS/WMA Survey 
Reclaimed Asphalt Pavement 
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• The amount of RAP used in HMA/WMA increased by 18%.  
–  Assuming 5% liquid asphalt in RAP, this represents over  

   3.3 million tons of asphalt binder conserved. 
• RAS use increased about 50% (0.7 – 1.2 MT) 

–  Assuming 20% liquid asphalt in RAP, this represents over 0.4 MT 
 

• The average percent RAP used in mixes has increased from 
about 16% to 19%. 
 

• 98% of the contractors/branches reported using RAP and over 
88% of these contractors reported excess RAP.  
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How far have we come? 
The Industry from 2009 to 2011 



Room to Grow… 
• Our comfort level with RAP is less than 20% by weight of 

mix. 
 

• Still 5 to 10% RAP that can be used under existing specs. 
We can go further! 
 

• Based on research*, Indiana found they could increase 
specification to allow up to 20% RAP with no binder grade 
change. 
–  Cost savings of about $1.25 per ton of asphalt mixture.   
–  Based on the amount of asphalt mixtures produced in 

 2010, this can result in savings of $125 million. 
 

 
 *McDaniel, et al. Investigation of Low- and High-Temperature Properties of Plant-Produced RAP Mixtures. Publication No. FHWA-

HRT-11-058, Federal Highway Administration, Washington, DC, 2011. 
http://www.fhwa.dot.gov/publications/research/infrastructure/pavements/11058/11058.pdf 
  

Presenter
Presentation Notes
In 2010, at least nine States considering binder replacement.RAP has less impact than expected.Higher RAP contents not significantly stiffer than virgin mix.Critical cracking temperatures are mixed bag, but also indicate that binder grade changes may not be necessary.Need to work with agencies to increase allowable RAP, especially where it is not allowed.Two biggest obstacles in mix design:Binder characteristicsNo. 200Mix design procedure not too different.



Long-Term 
Performance 

1
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Primary Performance Concerns 

• Fatigue Cracking 
– Aging characteristics – virgin vs. RAP binder 

 

• Low Temperature Cracking 
 

• Durability (Raveling) 
– Moisture content 
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Evaluating RAP Performance 

• Long Term Pavement Performance SPS-5 
sections 
– Virgin 
– 30% RAP 
– Milled and non-milled surface 
– 50 and 125 mm thick 
– Oldest is over 17 years 

at Auburn University 

Presenter
Presentation Notes
LTPP resulting from brittleness and fatigue of higher RAP contents.  This is also accelerated depending on where/how the RAP is introduced into the mix (i.e. avoid direct contact with flame from drum dryer plants)



SPS-5 Project Locations 



at Auburn 
University 
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Fatigue Cracking 

29%

10%
61%

Virgin performed
significantly better
than RAP

RAP performed
significantly better
than Virgin

Difference
between Virgin
and RAP
insignificant

Longitudinal Cracking 

15%

10%

75%

Virgin performed
significantly better
than RAP

RAP performed
significantly better
than Virgin

Difference
between Virgin
and RAP
insignificant

Block Cracking 

3% 1%

96%

Virgin performed
significantly better
than RAP

RAP performed
significantly better
than Virgin

Difference
between Virgin
and RAP
insignificant

Raveling

7%

15%

78%

Virgin performed
significantly better
than RAP

RAP performed
significantly better
than Virgin

Difference
between Virgin
and RAP
insignificant

RAP Mix Performed As Well As or Significantly  
Better than Virgin Mix 
 
Fatigue Cracking – 71% 
 

Longitudinal Cracking – 85 % 
 

Block Cracking – 97 % 
 

Raveling – 93 % 

LTPP Study Results 

Presenter
Presentation Notes
71% RAP fatigue cracking was equivalent or less than virgin



Long-Term Performance of RAP in HMA 
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No significant difference in 
performance of virgin and 
recycled pavement sections. 

Well-designed pavement 
with high RAP (35%) can 
perform well during life span. 

Average age of virgin mixes is 11 years. 
For 30–50% RAP content, the average 
age ranges from 10–13 years. 

“…in all 3 environmental 
zones, long term 
performance of RAP likely to 
be comparable to other 
treatments.” 

Presenter
Presentation Notes
Georgia (1-3 years)No significant difference in performance of virgin and recycled pavement sections (rutting, raveling, and fatigue cracking).Louisiana (6-9 years)No significant difference in pavement conditions and serviceability ratings (condition serviceability and structure analysis).California (2-9 years)“…in all 3 environmental zones, long term performance of RAP likely to be comparable to other treatments.”Florida (pavements constructed over 8 year period)Average age of virgin mixes is 11 yearsFor 30% to 50% RAP, the average age ranges from 10 to 13 years.Texas (16 years)Pavement constructed with high RAP (35%) can perform well during normal life span if well designed (transverse cracking, rut depth, and ride quality, IRI)* NCAT, LTPP Data Shows Mixes Perform as well as Virgin Mixes Asphalt Technology 	News, Vol. 21, No. 2, 2009.* Ayers, M., et al. Impact of Design Features on Pavement Response and Performance in 	Rehabilitated Flexible and Rigid Pavements, FHWA, Washington, DC, 2009.** Musselman, J. High RAP Performance in Florida, Presented to HMA Recycling Expert	Task Group, www.morerap.us, December 2009.



NCAT Test Track High RAP Sections 
• 2006 – 4 Sections with 45% RAP 

– PG 67-22 
– PG 76-22 
– PG 76-22s (Sasobit) 
– PG 52-28 (blending chart) 

• 20 MESAL 
– Less than 5 mm rutting 
– Very minor cracking after 4 years 

• 52-28 least amount 
– 45% RAP PG52-28 lowest texture change (least 

raveling) 
 



NCAT 2006 High RAP Sections 
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45% RAP PG 52-28 Crack 

45% RAP PG 76-22s Crack 



NCAT 2006 High RAP Sections 

 

45% RAP PG 76-22s 
45% RAP PG 76-22 
45% RAP PG 67-22 

20% RAP PG 67-22 
45% RAP PG 52-28 

20% RAP PG 76-22 



2009 NCAT High RAP Sections 
• One Mill & Fill (Mississippi) 
• Two Structural Sections (50% RAP) 

– HMA & WMA – 7” thick 
– Compare structural response & short term 

performance 
– Laboratory performance tests 
– Virgin control – PG 76-22 surface & intermediate. 

PG 67-22 base 
– 50% RAP – PG 67-22 all layers 
– RAP binder replacement 

• 37% surface, 50% intermediate & base 
 

 



2009 NCAT High RAP Structural Experiment 

• Performance 
– Rutting 

• RAP less than 5 mm 
• Control 7.1 mm 

– No cracking 
– Steady IRI  
– Very small changes in texture  

• Will remain until threshold distresses 
reached 



2009 NCAT High RAP Structural Experiment 
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2009 NCAT High RAP Structural Experiment 

Presenter
Presentation Notes
Strains ranged from 7 to 31% lower than the control



2009 NCAT High RAP Structural Experiment 

 

Presenter
Presentation Notes
pressures were between 14 and 55% lower than the control 



2009 NCAT High RAP Structural Experiment 

Presenter
Presentation Notes
Overall, the high RAP sections had higher moduli than the control (between 16 and 43% higher), with the largest differences observed at the higher reference temperatures. 



2009 NCAT High RAP Structural Experiment 



Balanced Mix 
Design 



Balanced RAP Mix Design 

Air 
voids 

Asphalt binder Aggregates 

Gradation 

Mold specimens at 
93% density 

Performance Test 
HWTT 

OT 

Balanced asphalt content 

Pass 

Fail 

3 trial asphalt contents 
HWTT 

OT 

TGC/SGC 

Volumetric 
information 

RAP 



Field Test Sections to Demonstrate 
Balanced Design for High RAP Mixes 
 RAP test sections on IH40, Amarillo, Texas 

 4-inch overlay 
 Very cold weather 
 Extremely high traffic 
 Severe transverse cracking before overlay 

 RAP test sections on FM1017, Pharr, Texas 
 1.5 inch surface HMA layer and new construction 
 Hot weather 
 Low volume road 



Four Test Sections on IH40, Amarillo 

 Section 0: 20% RAP section designed by contractor 

 Section 1: 0% RAP section designed by contractor 

 Section 2: 35% RAP section designed by TTI 

 Section 3: 20% RAP section designed by TTI 

severe transverse cracks even after 4 inch milling 



Balanced RAP Mix Design for 
Section 2: 35% RAP+PG58-28 

 

5.6% 
Upper limit for AC@98% Density 
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Balanced RAP Mix Design: 35% RAP
Hamburg@20000passes OT

Balanced RAP Mix Design for 
Section 2: 35% RAP+PG58-28 

 Upper AC 
limit: 5.6% 

 Hamburg: no 
problem 

 OT: min. 100 

 Final AC: 
5.5% 



Summary: RAP mix design on IH40 

Section RAP 
(%) 

Virgin 
binder 

Mix design 
approach 

AC 
(%) 

Hamburg  rut 
depth @20000 

OT 
cycles 

0 20 PG64-28 Item 340-
Type C 

5.0 3.7 mm 10 

1 0 PG64-28 Item 340-
Type C 

4.8 4.4 mm 50 

2 35 PG58-28 Balanced 
mix design 

5.5 8.0 mm 200 

3 20 PG64-28 Balanced 
mix design 

5.3 7.4 mm 125 



Performance of 4 Sections on IH40 

 Construction 
 August 11, 2009 

 1st survey 
 April 22, 2010 

 2nd survey 
 September 8, 2010 

 3rd survey 
 April 5, 2011 

April 5, 2011 
No rutting but cracking 



Performance of 4 Sections on IH40 

Sections 
Reflective Cracking Rate (%) 

OT cycles 
8/11/2009 4/22/2010 9/8/2010 4/5/2011 

20% RAP-contractor 0 0 34 87 10 

0% RAP-contractor 0 0 18 55 50 

35% RAP-TTI 0 0 0 27 200 

20% RAP-TTI 0 0 4 54 125 

y = -0.2678x + 81.501
R² = 0.84
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Three Test Sections on FM1017, Pharr 

 0% RAP: contractor designed 
 20% RAP: contractor designed 
 35% RAP: TTI designed 
 Mix Design Summary 

Section RAP 
(%) 

Virgin 
binder 

Mix design 
approach 

AC 
(%) 

Hamburg  rut 
depth @20000 

OT cycles 

1 20 PG64-22 Item 340-
Type D 

5.0 3.4 mm 2 

2 35 PG64-22 Balanced 
mix design 

6.4 9.3 mm 16 

3 0 PG76-22 Item 340-
Type D 

4.9 2.2 mm 4 



Performance of 3 Sections on FM1017  

 Construction:       
April 6, 2010 
 

 Latest survey:   
March 1, 2012 
 No rutting 
 Minor raveling on  

35% RAP section 

 



Lessons from Field Test Sections 

 High RAP mixes can be designed with better 
performance than virgin mixes, but it must be 
engineered (i.e. balanced mix design approach). 
 

 Mix cracking requirement should vary, depending 
 Traffic level 
 Weather 
 Overlay vs. new construction 
 Location within pavement structure 



Summary and Conclusions 

 Texas’ RAPs, in terms of aggregate gradation and 
asphalt content, have low variability. 

 Use of RAP improves rutting/moisture damage 
resistance, but decreases cracking resistance. 

 High RAP mixes can be designed with better 
performance using balanced mix design approach. 

 Mix cracking requirement should vary, depending on 
application scenarios.  



University of Massachussetts 

 



University of Massachussetts 
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NCHRP Report 752 
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High RAP Content Mix Design 
 Aggregates properties – meet Superpave criteria 
 Virgin Binder Selection: based on RAP Binder Ratio  
 
RAP Binder Ratio: RBR = (PbRAP×RAP%)/Total Pb 

 
 RBR < 0.25 - use the virgin binder grade required for the 

environment, traffic, and structural layer (i.e. may include 
polymer modified binder) 
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 Virgin Binder Selection:  
 RBR ≥ 0.25 - determine the virgin binder grade using the 

formula: 
                           

 

Tcrit (virgin) = critical temperature (high, intermediate, or low) of the virgin 
asphalt binder  
Tcrit (need) = critical temperature (high, intermediate, or low) needed for the 
climate and pavement layer. 
Tcrit (RAP Binder) = critical temperature (high, intermediate, or low) of the 
RAP binder determined from extraction, recovery, and PG grading. 
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Recommendations for Performance 
Testing for Mixes with RBR ≥ 0.25 
 Moisture Susceptibility (always) 
 TSR or Hamburg 

 Permanent Deformation (mixes within top 50 mm) 
 AMPT Flow Number, APA, or Hamburg 

 Fatigue (surface or base mixes) for information 
purposes only 
 No cracking test or criteria recommended at this time 

 Low Temperature (for cold climates) 
 IDT Creep Compliance & Strength, SCB, or DCT 

 



RAP Publications from FHWA 

http://www.fhwa.dot.gov/publications/research/infrastructure/pavements/11057/11057.pdf 
 

http://www.fhwa.dot.gov/publications/research/infrastructure/pavements/11021/11021.pdf 
 

http://www.fhwa.dot.gov/publications/research/infrastructure/pavements/11057/11057.pdf
http://www.fhwa.dot.gov/publications/research/infrastructure/pavements/11021/11021.pdf


RAP Publications 
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High RAP Mixes 

• High RAP mixes can perform as well as or better 
than virgin mixes. 

• Changing binder grade at 15% too conservative. 
• Performance testing of mixes can move us to 

higher RAP content. 
• View RAP as a valuable resource. 
• Treat RAP as you would other ingredients. 
• Offer yourself maximum flexibility in using RAP. 



February 2-5, 2014 
 
Boca Raton, Florida 
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