
ABSTRACT

SENTHIL PRABU, NIVAS PRABU. Determining Recycled Asphalt Binder Limits 
Contributed by Recycled Asphalt Pavement. (Under the direction of Dr. Paul Khosla.)

  As pavement materials and construction costs continue to increase, there is a strong interest 

from the agencies and industries to develop ways to include more recyclable materials in 

asphalt pavements. With both cost savings and sustainability in mind, the NCDOT has 

increased allowances for recycled materials in hot mix asphalt (HMA) in the past few years. 

Recycled asphalt pavement (RAP) is one of the most abundantly used recycled materials in 

North Carolina. 

  In this project, NCDOT’s current specification for designing recycled HMA mixes will be 

compared to other agencies’ specifications and/or research practices. The specific objective 

of this research project will be to investigate the recycled binder extracted from recycled 

asphalt pavement (RAP) and determine the allowable limits of recycled material that can be 

used in a mix.  This objective will be met by recovering the binder from the recycled material 

and performing performance grade (PG) testing on the recovered binders with the help of a 

dynamic shear rheometer (DSR). The extracted binders will be used for determining the 

limits for the allowable amounts of RAP that can be used in a mix. These binder limits will 

be used accordingly in the mix design procedure with suitable aggregate gradation structure 

to develop mixes that meet the required superpave volumetric specifications for 9.5 B mixes.  

The performance of HMA mixes containing the recycled materials will be later evaluated 

using dynamic modulus tests and their performance would be analyzed for their performance 

against distresses such as thermal cracking, fatigue cracking and rutting during their service 

life. A draft specification for pavement mixtures will be developed utilizing the limits of 



recycled materials based on recycled binder percentages that would be contributed by the 

recycled material.
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CHAPTER ONE

Introduction

1.1 Introduction and Problem Statement

As pavement materials and construction costs continue to increase, there is a strong interest 

from both the agencies and industries to develop ways to include more recyclable materials 

in asphalt pavements. With both cost savings and sustainability in mind, the NCDOT has 

increased allowances for recycled materials in hot mix asphalt (HMA) in the past few years. 

The recyclable material that receives the most use in North Carolina is the recycled asphalt 

pavement (RAP). 

The current state of practice in HMA mix design containing recycled materials is to place 

limits on the percentage by weight of total mixture that has been replaced by the recycled 

material. The binder content contributed by the recycled material is then computed and it is 

shown as a replacement for a percentage of virgin asphalt binder added to the mix. However 

this procedure does not guarantee that an optimum amount of recycled materials would be 

used since the percentage binder contributed by the recycled material is not considered. 

Hence there exists a need to determine if changes in specifications are warranted to limit 

recycled materials based on the percent recycled binder they contribute to the total binder 

percentage instead of the percent by total weight of mixture. Changing the specification to 

emphasize the percentage of allowable recyclable material based on the percent binder they 

contribute will allow for the optimal amount of recycled materials to be used since the binder 
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content of recycled material is considered.

Paul Khosla at NCSU has recently submitted a draft research report to the NCDOT after 

completing the project “Effect of the use of Higher Percentages of RAP in NCDOT Hot Mix 

Asphalt”. In this report, it is concluded that using one binder grade lower than the original 

binder grade with 40% RAP provided the most economical pavement with a life cycle cost of 

roughly 33% less than that of the control virgin pavement. This was determined by using the 

limits of RAP based on the weight of total mixture that they replaced. The effect of RAP on 

the life cycle costs of pavements when using limits based on the percentage binder 

contributed by the RAP, remains to be seen.

1.2 Research Objectives

As different waste materials provide distinctly different types, grades and qualities of binders 

for recycled mixtures, it is prudent to develop a separate set of specifications for the 

allowable limits of RAP that can be used in a mix. With this in mind, this research was set 

out with the following objectives. 

 Compare NCDOT’s current specifications to other agencies’ specifications and/or 

research practices for design of recycled HMA mixes.

 Investigate the asphalt binder extracted from RAP for to determine its performance 

grade (PG) and the allowable binder limits in the mix. This should be done using 

standard binder recovery methods (extraction, Abson, rotary evaporator), PG binder 

grading test methods and development of blending charts.
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 Using limits defined by PG grading and HMA mix with various allowable 

percentages of RAP binder will be prepared while also ensuring that they meet the

superpave volumetric specifications. 

 Standard tests for performance evaluation will be done using dynamic modulus tests 

on each mixture samples.

 Develop a draft specification utilizing limits for RAP based on recycled binder 

percentage in the mix.

1.3 Research Methodology and Tasks

1.3.1 Task 1-Materials Acquisition and Characterization

This research task will select and procure the materials needed to complete this study, 

including the selection and procurement of RAP samples and virgin materials. Once the 

recycled material samples are obtained, testing will be conducted to characterize the recycled 

materials in order for their properties to be determined for the purpose of design of mixtures 

containing the recycled materials later on.

1.3.1.1 Task 1.1 RAP Stockpile Site Selection and Sample Procurement

For this research subtask, the recycled material stockpile from which samples are to be 

obtained will be selected. Once a suitable stockpile is selected, RAP aggregate samples that 

will be later used for ignition oven method tests and determining the RAP gradation, are 

obtained using AASHTO T248 “Reducing Samples of Aggregate to Testing Size” by means 
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of quartering and splitting of RAP materials.

1.3.1.2 Task 1.2 Determining Asphalt Binder Content by Ignition Oven Method

In this research subtask AASHTO TP 53-95 “Test Method for Determining the Asphalt 

Content of Hot Mix Asphalt (HMA) by Ignition Method” will be used to determine the 

amount of asphalt cement binder that RAP contains. This value will be needed during the 

design of mixtures containing RAP. This method will also yield the aggregate from the RAP 

materials that will be used to determine their aggregate gradation also needed in the design of 

mixtures containing RAP in Task 3.

1.3.1.3 Task 1.3 Aggregate Gradation

In order to design asphalt concrete mixtures containing RAP in research Task 3, the 

aggregate gradation of the recycled material needs to be determined. This will be completed 

using the clean aggregate by-product of the ignition method using AASHTO T27-88 “Sieve 

Analysis of Fine and Coarse Aggregates” and AASHTO T11-90 “Materials Finer than 75µm 

(No.200) Sieve in Mineral Aggregates by Washing”

1.3.1.4 Task 1.4 Virgin Material Selection and Sample Procurement

In order to develop applicable results for the NCDOT, the virgin materials selected for use 

should be an actual representation of materials used in asphalt concrete pavements in North 

Carolina. Since manufactured aggregates are less variable than natural aggregates in both 

specific gravity and particle size distribution, manufactured aggregates will be used for this 

research. The types of manufactured aggregate most commonly used in North Carolina are 
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granites and limestone. Availability of aggregate in close proximity to North Carolina State 

University will be another element that will have a deciding factor in the selection of virgin 

aggregate type as it is more convenient and less costly.

Again, in order to produce the most applicable results for NCDOT, the virgin binder selected 

will be an actual representation of binders used for asphalt concrete pavements in North 

Carolina. The two asphalt binder grades most commonly used in North Carolina are PG 64-

22 and PG 70-22.

Since the binder recovered from the recycled materials will have an increased stiffness from 

aging, a softer virgin binder grade will be necessary so that the blended binder’s performance 

grade is not altered due to the stiffness of RAP. For this reason, this research will include 

virgin binder grades of PG 58-28 and PG 64-22 

1.3.2 Task 2 Performance Grade Testing

This research task will investigate the rheological properties of various proportions of 

recycled binder with virgin binders using Performance Grade (PG) binder testing. The binder 

recovered from recycled materials can vary greatly and have a wide range of rheological 

properties. The amount of recycled materials in mixes can greatly affect the pavement 

performance, especially fatigue life and thermal cracking due to the increased stiffness from 

the recycled binder. Hence it is not advisable to arbitrarily set specifications for the allowable 

amount of recycled materials.

The binders will be reclaimed from the recycled material samples using AASHTO T 319 
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“Quantitative Extraction and Recovery of Asphalt Binder from Hot Mix Asphalt”. The 

recycled binder will be dissolved and washed from the aggregate using Abson, a strong 

solvent. The binder will then be reclaimed by heating the mixture and distilling the solvent.

AASHTO TP5-93 “Test Method for Determining the Rheological Properties of Asphalt 

Binder Using a Dynamic Shear Rheometer” will be used to determine the rheological 

properties and Superpave performance grade of both the virgin binders and the binders 

extracted from RAP. This will allow the binders to be characterized completely at high and 

intermediate temperatures.

As a result of the increased stiffness of the binder from the recycled material, intermediate 

and low temperature pavement performance will most likely be the limiting factor for the 

amount of allowable recycled material in the mix. These maximum and minimum limiting 

factors of allowable binders from recycled material in a mix will be determined by 

developing blending charts using the rheological binder properties such as shear modulus 

(G*) and phase angle (δ) obtained from the DSR. 

1.3.3 Task 3 Mix Design

In this research task, mixtures will be designed using superpave mix design methodology for 

HMA. Based on the results from Task 1.3.2, mixtures will be designed using the allowable 

amounts of recycled materials. These mixtures will be used in Task 4 for determining the 

effects of the RAP limits on the complex modulus of mixtures.
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1.3.3.1 Task 3.1 Design of Mixtures Containing 100% Virgin Material

In this subtask, the design of mixtures containing 100% virgin materials will be discussed. 

The mixture designs will be governed by AASHTO R 35-04 “Superpave Volumetric Design 

for Hot Mix Asphalt (HMA)”. In this methodology the first step is the selection of the design 

aggregate structure. The design aggregate structure is generally chosen from three trial 

gradations. The trial gradations must pass through the control points for the respective 

nominal maximum size and superpave specifications. An estimated optimum asphalt content 

is used for fabrication of each trial gradation. After the mixing and compaction of each 

specimen the volumetric properties such as the bulk specific gravity (AASHTO T166) and 

maximum theoretical specific gravity (AASHTO T209) will be measured. The required 

superpave specifications are compared to the obtained values of air voids, voids in mineral 

aggregate, voids filled with asphalt, compaction indices and dust proportion for all 

specimens. The design aggregate structure is selected as the trial gradation that best meets all 

these specifications. Once the design aggregate structure is selected the optimum asphalt 

content will be determined. The design aggregates structure will be used to fabricate 

specimens with varying asphalt contents. The bulk specific gravity and maximum theoretical 

specific gravity will be calculated using the same procedure to determine the volumetric 

properties. The optimum asphalt content will be selected as the asphalt content that best 

meets the superpave specifications.
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1.3.3.2 Task 3.2 Design of Mixtures Containing Various Percentages of Recycled 

Materials

In this subtask, specimens containing various percentages of recycled materials will be 

fabricated for use in analysis during Task 4 and 5. The percentages of RAP to be used in the 

mix design process will be evaluated using the allowable limits of RAP binder that was 

earlier determined using the blending charts in Task 2. Since the mixtures containing 

recycled materials will be compared to the mixture containing 100% virgin materials the 

aggregate gradations used in the recycled material mixtures should resemble the aggregate 

gradations used in the virgin mixtures. To accomplish this, a gapped gradation of the virgin 

aggregate will be used in order to account for the gradation of the recycled materials 

aggregate so as to produce a combined gradation similar to that used in the 100% virgin 

material mixture. The amount of virgin asphalt binder used for the virgin material mixtures 

will be modified in order to account for the stiff binder contributed by the recycled materials 

so that similar optimum asphalt contents can be used in the mix. 

1.3.4 Task 4 Performance Testing

In research Task 4, mixtures will be characterized for their performance with the help of

Dynamic Modulus Test. Virgin mixtures will be compared to mixtures containing the 

allowable amounts of recycled materials. The Dynamic Modulus test will be used to predict 

the strength and load resistance of the mixtures. 
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1.3.4.1 Task 4.1 Dynamic Modulus Test

In this subtask, the Dynamic Modulus Test will be performed according to AASHTO TP 62-

03 “Standard Method of Test for Determining Dynamic Modulus of Hot-Mix Asphalt 

Concrete Mixtures”. The Dynamic Modulus Test applies a repeated axial cyclic load of fixed 

magnitude and cycle duration. The testing will be performed under three temperature ranges 

of 4°C, 20°C & 40°C at load frequencies of 0.1 Hz, 1 Hz & 10 Hz at each temperature. The 

dynamic modulus test measures a specimen’s stress-strain relationship under a continuous 

sinusoidal loading. The Complex Modulus (E*) and Dynamic Modulus (|E*|) values for each 

mixtures will be calculated.

1.3.5 Task 5 Mixture Characterization

In this research task, the mixture and binder properties obtained from performance testing 

and binder testing will be used to predict pavement performance of the mixtures. From the 

cost analysis, the cost savings resulting from use of higher percentages of recycled materials 

will be determined.

1.3.5.1 Task 5.1 Pavement Performance Prediction

This subtask will predict the performance of pavements against fatigue cracking and rutting 

using the software known as Darwin ME. This analysis is used to determine the fatigue and 

rutting life of the pavements. The more conservative of these two distress life cycle will be 

considered as the actual predicted life of the pavement and it will be used for the economic 

analysis. 
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1.3.6 Task 6 Economic Analysis

In this research subtask, an economic analysis will be performed as a basis for comparison 

between mixtures containing various amounts of recycled materials to mixtures containing 

100% virgin materials. This economic analysis of the life cycle cost of pavement sections 

will aid in the decision making concerning the use of recycled materials in pavements.

An economic analysis for the life cycle cost of the pavements will be conducted in order to 

take into account more than the initial difference in cost between pavements containing 

recycled materials versus pavements containing 100% virgin materials. Although using 

recycled materials for pavement construction will decrease the initial cost of construction, 

pavements containing recycled materials might require more maintenance throughout their 

service life or they tend to have a shorter service life than pavements containing 100% virgin 

materials, thereby reducing the initial construction savings or even resulting in being more 

expensive than pavements containing 100% virgin materials. For this reason the life cycle 

analysis is utilized.

In order to conduct a life cycle cost analysis, it is recommended that either the present worth 

method or annual cost method be implemented. Both of these methods will take into account 

initial costs of the pavement construction and all future year costs as well as salvage values. 

The present worth method converts all costs or returns to the present value for analysis. The 

annual cost method converts all costs and returns to a uniform annual cost for analysis. Both 

of these methods should result in similar conclusions and the pavement with the lowest life 
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cycle cost would be selected. The following relationships are used for the present worth 

method and the annual cost method, respectively. 

The present worth of a future sum can be found by

ni

F
PW

)1( 


Where,

PW = present worth of a sum of money that takes place N years from the base year,

F = future sum of an improvement at the end of year N, and 

i = discount rate.

The present worth for several equal costs can be found by
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Where,

PW = present worth of an annual uniform expenditure,

A = the uniform annual cost for N years,

N = the number of years in which the annual cost is experienced, and

i = discount rate.

The present worth of a gradient annual cost or an annual cost that is expected to increase at a 

constant rate over time can be calculated by
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Where,

PW = present worth of a gradient annual cost,

A0 = value of the first expenditure at the end of the first year,

G = amount of the uniform increase per year,
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N = number of years the gradient expenditure is encountered, and

i = discount rate.

The annual cost of a present worth can be calculated by

A = PW * 
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Where,

A = annual uniform cost,

PW = present worth of a capital investment,

N = number of years in the analysis period, and

i = discount rate.

The annual cost of a future investment can be calculated by

A = F * 
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Where,

A = annual uniform cost,

F = future value of a discrete expenditure,

N = number of years from the baseline year the expenditures will take place, and

i = discount rate.

If an annual cost is expected in increase at a constant rate over a period, the uniform annual 

cost can by calculated by
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Where,

A = uniform annual cost,
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A0 = value of the expenditure at the end of the first year,

G = annual increase in the expenditure,

N = number of years in the analysis period, and 

i = discount rate.
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CHAPTER TWO

Literature Review

The following literature review will focus on the past research studies that were conducted to 

determine the effects of using RAP in hot mix asphalt mixtures and to obtain a suitable 

method to determine the optimum RAP limits that would best enhance the performance of 

road pavements.

The research conducted by Beth Visintine “An investigation of various percentages of 

Reclaimed Asphalt Pavement on the performance of Asphalt pavements” focused on

determining the effects of RAP on the pavement performance. The PG grades of asphalt 

binders blended with various percentages of binders recovered from RAP were analyzed by

conducting superpave binder tests. Performance tests were later conducted on the mixtures to 

analyze the performance of the pavement mixes fabricated with binders blended with RAP 

and the data collected from these tests were used to perform economic analysis to determine

the economic impact of using higher percentages of RAP in pavements.

Two sources of RAP were selected with varying RAP aggregate gradations and binder 

contents, so that the results of this project could be applied for a much wider scope of RAP 

properties.

RAP material properties such as binder content, aggregate gradation, aggregate specific 

gravity and binder rheology were determined by superpave testing for both sources of RAP.

Virgin binders were selected such that they closely resembled the binder that was practically 
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used in design of pavements in North Carolina. Superpave tests were conducted on the virgin 

binders to verify the the PG grades and rheological properties of the selected binders.

Aggregate sources with a maximum nominal size of 9.5mm and 19mm were selected from 

Westgate and Pineville respectively. Properties of the virgin aggregates such as their specific 

gravities and gradations were determined for further design.

Virgin binders were blended with varying proportions of binders recovered from RAP and 

they were subjected to superpave tests to determine their rheological properties such as shear 

modulus (G*) and phase angle (δ). Blend charts were developed using these rheological 

properties to determine the limits of RAP binder that can be used in the pavement mixtures.

The blended binders were subjected to rolling thin film oven (RTFO) aging and pressure 

aging vessel (PAV) aging to simulate aging due to mixing, construction process and aging of 

pavement during its service life in the field respectively. Similar binder tests were conducted

on these aged binder samples and blend charts were generated. Figures 2.1-2.3 below are the 

blend charts developed using the rheological properties of PG64-22 blended with RAP from 

both sources at various aged conditions.
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Figure 2.1 Blend Chart of Original Aged PG 64-22 Containing RAP

Figure 2.2 Blend Chart of RTFO Aged PG64-22 Containing RAP
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Figure 2.3 Blend Chart of PAV Aged PG64-22 Containing RAP

These blend charts were used to determine the minimum and maximum limits of RAP to be 

blended with the virgin binders using the specifications G*/sinδ ≥ 1.0 kPa, G*/sinδ ≥ 2.2 kPa 

and G*sinδ ≤ 5000 kPa for each of the original aged, RTFO aged and PAV aged binder 

samples respectively. These conditions were used to determine the high and intermediate 

temperature characteristics of the binders.

Similarly superpave bending beam rheometer tests were conducted to determine the low 

temperature characteristics of the binders. Blending charts were developed for all the binder 

mixes to determine the maximum limits of RAP. From the limits established through these 

binder tests the following conclusion as shown in Table 2.1 was reached with respect to the 

allowable percentages of RAP to satisfy all PG 64-22 specifications.
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Table 2.1 Minimum and Maximum Percentage of RAP Binder Required to Satisfy all 
PG 64-22 Specifications

Virgin 
Binder 
Grade

RAP 
Source

Minimum 
Original 

DSR

Minimum 
RTFO 

DSR

Maximum 
PAV 

DSR

Maximum 
BBR S

Maximum 
BBR 

m-value

PG 52-28
Pineville 24 30 57 91 67

Westgate 20 20 55 100 71

PG 58-22
Pineville 8 - 53 92 64

Westgate 6 - 52 100 69

PG 64-22
Pineville - - 27 91 41

Westgate - - 24 100 50

These limits were used accordingly in the mix design process by choosing the suitable trial 

gradation and asphalt binder content for each mixes. The design aggregate and design binder 

content were chosen by ensuring that the volumetric properties of the mixes were within the 

superpave volumetric criteria as specified by the NCDOT.

The performance of the pavements incorporating higher percentages of RAP was analyzed 

using superpave simple shear Tester (SST) by conducting frequency sweep test at constant 

height (FSTCH) and repeated simple shear test at constant height (RSSTCH). 

The FSTCH was conducted at varying frequencies at 20°C to calculate the complex modulus 

and phase angle which were later used to perform comparative studies between virgin 
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mixtures and mixtures blended with varying proportions of RAP. The complex modulus 

values were used to predict the pavement’s fatigue life cycle. The fatigue life cycles of the 

pavements constructed using mixtures with different proportions of RAP were compared to 

perform economic analysis during the later stages of the research. 

The RSSTCH was used to measure the plastic strains of the test specimens which were later 

used to evaluate the rutting resistance characteristics of the pavement.

The results from FSTCH and RSSTCH tests were used to carry out performance analysis 

based on models as cited by strategic highway research program (SHRP) and asphalt institute 

(AI). Fatigue and rutting life cycles of the pavements were determined using these models. 

Table 2.2 shows the results of fatigue life cycle analysis. The results show an increasing trend 

in fatigue life performance with increase in the percentage of RAP in the blended mix. This is 

expected as RAP is stiffer and contributes to increased stiffness resulting in smaller strains 

and thus increasing fatigue life cycles.

Similarly rutting analysis was conducted using both SHRP and AI models, the results of 

which are tabulated as shown in Table 2.3. The results showed an increasing trend in life 

cycle of the pavement with respect to rutting with increase in RAP percentage which is 

expected as the stiff RAP contributes to reduced shear plastic strains providing resistance to

rutting.



20

Table 2.2 Fatigue Life of Simulated Pavements by Asphalt Institute

Source 
of RAP

Pavement
Systems

Surface
Mix

Base
Mix

Base
E1=So’

(psi)

Critical
Strain
(x10-5)

Nf

ESALs
(x106)

- 1 9.5 B 64 0 19.0 C 64 0 894102 4.55E-05 12.8

Westgate

2 9.5 B 64 15 19.0 C 64 15 920847 4.55E-05 12.5

3 9.5 B 64 30 19.0 C 64 30 1156171 3.97E-05 16.2

4 9.5 B 64 40 19.0 C 64 40 1625296 3.16E-05 25.5

5 9.5 B 58 15 19.0 C 58 15 692410 5.63E-05 7.9

6 9.5 B 58 30 19.0 C 58 30 755161 5.29E-05 9.0

7 9.5 B 58 40 19.0 C 58 40 990707 4.44E-05 12.7

8 9.5 B 52 15 19.0 C 52 15 579416 6.33E-05 6.3

9 9.5 B 52 30 19.0 C 58 30 627678 6.06E-05 6.8

10 9.5 B 52 40 19.0 C 58 40 757395 5.36E-05 8.6

Pineville

11 9.5 B 64 15 19.0 C 64 15 848854 4.80E-05 11.2

12 9.5 B 64 30 19.0 C 64 30 1088549 4.13E-05 14.9

13 9.5 B 64 40 19.0 C 64 40 1572658 3.32E-05 22.4

14 9.5 B 58 15 19.0 C 58 15 665257 5.78E-05 7.5

15 9.5 B 58 30 19.0 C 58 30 742383 5.38E-05 8.7

16 9.5 B 58 40 19.0 C 58 40 898214 4.77E-05 10.9

17 9.5 B 52 15 19.0 C 52 15 576797 6.44E-05 5.9

18 9.5 B 52 30 19.0 C 58 30 661379 5.82E-05 7.4

19 9.5 B 52 40 19.0 C 58 40 732146 5.44E-05 8.5
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Table 2.3 Loading Cycles to Rutting Failure for Simulated Pavements Using Asphalt 
Institute Model

Source 
of RAP

Pavement
Systems

Surface
Mix

Base
Mix

εc at sub-base
layer(x10-5)

Nf

ESALs
(x109)

- 1 9.5 B 64 0 19.0 C 64 0 1.63E-04 0.12

Westgate

2 9.5 B 64 15 19.0 C 64 15 1.66E-04 0.11

3 9.5 B 64 30 19.0 C 64 30 1.51E-04 0.18

4 9.5 B 64 40 19.0 C 64 40 1.26E-04 0.39

5 9.5 B 58 15 19.0 C 58 15 2.02E-04 0.05

6 9.5 B 58 30 19.0 C 58 30 1.90E-04 0.06

7 9.5 B 58 40 19.0 C 58 40 1.66E-04 0.11

8 9.5 B 52 15 19.0 C 52 15 2.22E-04 0.03

9 9.5 B 52 30 19.0 C 58 30 2.16E-04 0.04

10 9.5 B 52 40 19.0 C 58 40 1.95E-04 0.06

Pineville

11 9.5 B 64 15 19.0 C 64 15 1.73E-04 0.10

12 9.5 B 64 30 19.0 C 64 30 1.56E-04 0.15

13 9.5 B 64 40 19.0 C 64 40 1.34E-04 0.30

14 9.5 B 58 15 19.0 C 58 15 2.05E-04 0.04

15 9.5 B 58 30 19.0 C 58 30 1.94E-04 0.06

16 9.5 B 58 40 19.0 C 58 40 1.77E-04 0.09

17 9.5 B 52 15 19.0 C 52 15 2.28E-04 0.03

18 9.5 B 52 30 19.0 C 58 30 2.07E-04 0.04

19 9.5 B 52 40 19.0 C 58 40 1.96E-04 0.05
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Based on the life cycles determined from the above models, life time economic analysis of 

the pavements constructed using various percentages of RAP was performed. The analysis 

predicted that total life time cost savings of around 26-28% and 35-37% can be achieved for 

pavements that were constructed using 30% and 40% RAP by weight of total mixture 

respectively.

The study conducted by Soleymani, Mcdaniel and Rebecca on “Recommended use of 

reclaimed asphalt pavement in the Superpave mix design method” initially focused on the 

binder extraction and recovery procedures of RAP in order to recommend an appropriate 

method for use in the superpave system.  Suitable virgin and RAP samples were chosen with 

a view of analyzing materials with different properties. Two virgin binders were chosen such 

that, one was soft base asphalt that could be used in cold places and the other was a medium 

graded asphalt binder that could be used in areas of warm climate. Three RAP samples were 

selected from different regions with a property of low, medium and high stiffness values 

respectively. The critical temperatures for each of the virgin asphalt were found out by 

developing blend charts after performing rheological binder testing. The viscosities of the 

RAP samples were also determined using a rotational viscometer. The chosen virgin samples

and RAP binders were subjected to short term and long term aging. Virgin binders containing 

RAP binder content ranging from 10% to 40% were blended. Both 100% virgin binders and 

100% binders extracted from RAP were also considered for binder testing.

This study also carried out a study known as “black rock study” to investigate the behavior of 

the RAP materials when mixed with the virgin aggregate and binder. It verifies whether the 



23

RAP actually blends with the virgin binder in a mix. In order to evaluate the significance of 

the blending of RAP with virgin binders, three concepts were studied in this project. They 

were black rock, actual practice and total blending. In the black rock concept no RAP binder 

was used in the mix. The actual practice samples had RAP aggregates containing recycled 

binder that were used in the mix. In the case of total blending, the RAP and virgin binders 

were blended before being used in the mix design procedure. These three concepts will be 

compared using various performance testing procedures to determine whether actual 

blending of RAP and virgin binders take place and whether the blending effect is significant. 

A binder effect study was performed to evaluate the effect of RAP content and it’s stiffness 

on the property of the blend mix. This study also discussed the selection of virgin asphalt 

binder to achieve the target blended mix grade. The study ultimately revealed that RAP does

not behave as a black rock since the black rock samples were found to provide performance 

test results that were completely different from the standard results obtained from mixtures 

containing RAP. Thus this concept ensured that the use of blending charts is appropriate. 

For the mix design procedure the virgin aggregates were heated to 150°C while the virgin 

binders were heated to their respective mixing temperature based on their binder grade. 

Mixing temperatures of 155-160°C for PG 64-22 and 134-140°C for PG 52-34 were used. 

The RAP material was heated to 110°C for a period of 2 hours prior mixing. After mixing the 

materials were subjected to four hours of short term aging and they were compacted at 

suitable compaction temperature depending on the binder grades. Compaction temperatures 

of 143-148°C for PG 64-22 and 122-130°C for PG 52-34 were used. The compacted samples 
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were subjected to long term aging by keeping them at 85°C for 5 days with the view of 

improving the degree of blending of RAP binder with virgin binder. After the period of long 

term aging the compacted sample were cut into half to get two samples of size 100 mm in 

diameter and 50 mm in height.    

Superpave tests were conducted on the selected levels of blend mixes. Frequency sweep 

(FS), Simple shear (SS) and Repeated shear at constant height (RSCH) were conducted to 

characterize the mixtures at high and intermediate temperatures. 

Frequency sweep test was performed to determine the complex shear modulus (G*) and 

phase angle (δ) at a wide range of frequencies from 0.01 Hz to 10 Hz and at temperatures of

4°C, 20°C & 40°C. As expected the stiffness values were found to increase with the increase 

in RAP content except in the samples prepared using black rock concept. This was due to the 

absence of RAP binder in the mix. Similarly simple shear tests were conducted on the 

samples at 4°C, 20°C & 40°C by applying shear loads at 70 kPa/sec. The maximum shear 

deformation for each sample was measured. As expected the shear deformation was found to 

reduce with increase in RAP content except in the case of black rock concept. Repeated 

simple shear tests yielded similar conclusions where the black rock samples showed higher 

shear strains at 40% RAP when compared with actual practice and total blending concepts. 

The effect of aging on the three cases was studied by testing the samples at 4°C & 20°C 

using frequency sweep test and simple shear tests after subjecting them to long term aging. 

This procedure almost yielded similar results that were obtained from original aged samples 

where actual practice and total blending samples were indistinguishable while they were 
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different from black rock samples. All these results indicate that the RAP blends effectively 

with the virgin binders and it has a significant effect on the performance tests of the mixtures, 

which would indicate significant effects on the performance of the pavements.

    
Table 2.4 Mixtures ETG Guidelines for RAP

Rap Percentage Recommended Virgin Asphalt Binder
Less than 15% No change in binder selection

15-25% Select virgin binder one grade softer than the normal
Greater than 25% Follow blending chart recommendations

The table 2.4 “Mixtures ETG guidelines for RAP” concludes that there exists a threshold 

level of RAP below which its binding effect is negligible. It indicates that the level is in the 

interim of 10% to 20% depending on the stiffness of the RAP.  These findings validate the 

three tried approaches for the RAP usage as recommended by the mixture expert task group.

The research conducted by Binh T. Tran & Rayya A. Hassan “Performance of HMA 

containing Recycled Asphalt Pavement” assessed the properties of recycled hot dense graded 

asphalt mixes. Performances of HMA mixes with RAP contents of 10%, 20% & 30% were 

evaluated. Asphalt cement of higher binder grade C320 was used for virgin mixes and the 

mixes containing 10% RAP. But for mixes containing more than 10% RAP, a lower binder 

grade of C170 was used. Results from this research indicated that addition of RAP required a 

reduction in the effective binder content of the mix to achieve the required air void content of 

4% which resulted in a much stiffer mix when compared with virgin mixes.
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The aim of designing HMA with RAP was to optimize the amount of RAP content that can 

be used in a mix that would meet all the required volumetric properties and give a good 

performance. Suitable blend aggregate gradations were used and adequate blending of virgin 

binders with recycled binder content was ensured. RAP binder was considered to blend 

completely with virgin binder and hence 100% contribution of RAP was assumed. A suitable 

preheating time and temperature was used to achieve proper blending. The recommended 

preheating time for total blending of binders was 2 hours. Since RAP tends to increase the 

stiffness of the mixtures lower virgin binder grades were used when using higher percentages 

of RAP. The mix design gradations and design parameter of virgin and recycled aggregates 

used are as shown in Tables 2.5 & 2.6.

Table 2.5 Mix Design Gradations for Virgin & Recycled Mixes

Sieve Size 
(mm)

Mix Type Specification
Virgin 10% RAP 20% RAP 30% RAP Max Min

19.0 100 100 100 100 100 100
13.2 99 99 99 99 100 85
9.5 84 83 84 84 84 70
6.7 71 64 65 65 73 59
4.75 57 50 52 51 65 48
2.36 39 35 37 36 48 32
1.18 30 28 30 28 37 22
0.60 23 23 24 23 28 14
0.30 16 16 17 16 22 10
0.15 7.58 7.20 8.06 8.70 14 6
0.075 5.23 4.89 5.53 6.12 7 4

Combined 
density 
(t/m3)

2.717 2.717 2.712 2.712
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Table 2.6 Design Parameters for Virgin and Recycled Mixes

Mix Type
Total 

Binder in 
Mix (%)

Virgin 
Binder in 
Mix (%)

RAP 
Binder in 
Mix (%)

Designed 
Effective 
Binder 

(%)

Surface 
Area

FI (µm)

Virgin
4.3 100 0 4 5.7 7.2
5.3 100 0 5 5.7 9.1
6.3 100 0 6 5.7 11.0

10% RAP
4.3 89 11 4 5.5 7.5
5.3 91 9 5 5.5 9.5
6.3 93 7 6 5.5 11.5

20% RAP
4.1 77 23 4 5.9 6.6
5.1 82 18 5 5.9 8.4
6.1 85 15 6 5.9 10.2

30% RAP
4.1 66 34 4 6.1 6.4
5.1 73 27 5 6.1 8.1
6.1 78 22 6 6.1 9.9

Twelve batches for each mix were prepared. Each batch consisted of two loose mixes for 

maximum density tests, one loose sample for binder extraction test, four compacted samples 

for bulk density tests and four compacted samples for dynamic modulus tests. The design 

binder content was considered as the amount of binder that helped in achieving an air void 

content of 4% of the reduced samples. In spite of using similar aggregate gradations there 

were some significant changes in volumetric properties with increase in RAP content. The 

results showed that with a 10% increase in RAP content the binder content to achieve the 

target air void content dropped by 0.2% as shown in Table 2.7. This in turn affected other 

volumetric properties such as VMA and VFA whose values reduced with increase in RAP 
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content. This was mainly due to the increasing amount of materials passing 0.075 mm sieve 

which would increase the surface area of aggregate blend. This caused the average binder 

film thickness to drop and the effective binder content reduced. Moreover the usage of high 

viscosity binders decreased the binder absorption due to their lack of fluidity and their 

inability to fill the aggregate pores. This ultimately leads to lower effective binder content 

and lower VMA.

Table 2.7 Properties of Virgin & Recycled Mixes at 4% Air Void Content

Mix
RAP 
(%)

AV 
(%)

VMA 
(%)

VFB 
(%)

Design 
Binder 

Content (%)

b 
(%)

Be

(%)
FI 

(µm)
Modulus 
(MPa)

Virgin 0 4.0 16.3 75 5.9 0.7 5.2 9.5 3.609

10% 
RAP

10 4.0 15.6 74 5.3 0.3 5.0 9.4 4.415

20% 
RAP

20 4.0 15.0 73 5.1 0.4 4.7 8.1 5.082

30% 
RAP

30 4.0 14.2 72 4.9 0.6 4.3 7.2 6.909

The research concludes by stating that the addition of RAP content of until 20% by weight of 

a mix gave results that met the minimum volumetric specifications. However the mixes 

containing RAP content greater than 20% failed to meet these criteria as the value of VMA 
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was lower than the required specification of 15%. The decrease in the required binder content 

and VMA with increase in RAP content in a mix is shown in Figures 2.4 & 2.5 respectively.  

As previously discussed this was due to the higher amount of fine materials and their 

contribution towards the increase in surface area of the aggregate particles in the mix.

Figure 2.4 RAP Content (%) vs Design Binder (%)
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Figure 2.5 RAP Content (%) vs VMA (%)

The study recommended for the development of suitable design methods and testing 

conditions including protocols for sample preparation that are suitable with samples 

containing RAP content higher than 20% with acceptable volumetric and mechanical 

properties. 

The study “Recycled Asphalt Pavement Effects on Binder and Mixture Quality” conducted 

by Xinjun Li, Clyne and Marasteanu aimed to determine the effects of various types and 

percentages of RAP on asphalt cement and mixture quality. This was considered to be the 

first step towards the complex process of developing a rational design for asphalt mixtures 

that contain RAP which would change the Mn/DOT specifications at the time this project 

was carried out.

Ten mixtures were prepared for testing in this project that included combinations of two RAP 
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sources (milling & RAP), two asphalt binders (PG58-28 & PG58-34) and three percentages 

of RAP (0%, 20% & 40%). The recycled materials from millings source were RAP obtained 

from a single source milled up from I-494 while RAP source were recycled materials 

obtained from various sources and crushed at the HMA plant. Four types of aggregates were 

used namely Kraemer 9/16” chip, BA ½”, Kraemer sand and Nelson sand. The gradation 

details of the RAP aggregates and virgin aggregates were determined accordingly. The 

various mixtures that were used in this project by using the different combinations of RAP 

and virgin materials are shown in table 2.8.
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Table 2.8 Mixture Details

Mixture Binder RAP source RAP % Designation

1 PG 58-28 RAP 0 R028

2 PG 58-28 RAP 20 R2028

3 PG 58-28 RAP 40 R4028

4 PG 58-28 Millings 20 M2028

5 PG 58-28 Millings 40 M4028

6 PG 58-34 RAP 0 R034

7 PG 58-34 RAP 20 R2034

8 PG 58-34 RAP 40 R4034

9 PG 58-34 Millings 20 M2034

10 PG 58-34 Millings 40 M4034

During the mix design procedure for mixes containing RAP content, careful considerations 

were taken to ensure that the aggregate gradations for each subsequent mixture was as close 

as possible to the mixtures containing only virgin materials. The entire mix design process 

was performed with PG58-28 binder so that the asphalt binder grade did not significantly 

affect the binder content in the mix. The materials were mixed and compacted at their own 

suitable mixing and compaction temperatures. Once the binder content that satisfied the 

volumetric specifications for each mixture were determined, cylindrical samples of 
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dimensions 150 mm in diameter and 178 mm in height were compacted in the laboratory. 

These samples were later cored to samples of 100 mm in diameter and 150 mm in height. 

Dynamic modulus testing was performed on these cored samples after their air voids were 

checked. The testing was done in five different temperature ranges -20, -10, 4.4, 21.1 and 

37.8°C at six different frequencies of 25, 10, 5, 1, 0.5 and 0.1 Hz. 

The complex modulus data for all the samples were analyzed using a modified version of the 

SINAAT 2.0 program to develop the frequency vs dynamic modulus |E*| master curves. 

These data and master curves were used to evaluate the change in complex modulus with 

addition of RAP, effect of asphalt binder grade on complex modulus, effect of RAP source 

on complex modulus, effect of test temperature and loading frequency on complex modulus 

and the variability of complex modulus with the percent of RAP incorporated in the 

mixtures. It was found that the complex modulus of mixtures containing recycled materials 

were higher than the control mixtures (0% RAP). However at lower temperatures this was 

not always true as some mixtures with 20% RAP had higher complex modulus values than 

the mixtures with 40% RAP. This was assumed to be due to the increase in finer materials 

(0.3 mm to 4.75 mm range) with the addition of RAP which would lower the total asphalt 

content. As a result the effect of stiffer binder and lower asphalt content on the complex 

modulus can be offset by a finer gradation. Also RAP being a stiffer and brittle material 

could crack easily at low temperatures, thereby being responsible for the reduced stiffness 

levels at lower temperatures when compared with mixes with lower RAP contents. Asphalt 

binder grade was found to have a significant effect on the complex modulus results as stiffer 
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binder grades were found to give higher complex modulus values at all the frequency and 

temperature ranges. Addition of millings was found to give stiffer mixtures as they had 

higher complex modulus values than mixtures with RAP of similar percentages, although at 

lower temperatures it was not very significant. Moreover the addition of RAP was found to 

cause more variability in complex modulus results. This was assumed to be due to the 

variability in the RAP itself due to its different sources.  

The performance grade of the asphalt binders used in the project was also determined by 

testing them using dynamic shear rheometer in accordance with AASHTO T313. Both the 

original asphalt and the extracted asphalt from RAP & millings were tested. The binders 

extracted from the laboratory prepared mixtures were subjected to RTFO aging to aging due 

to mixing in field. Blend charts were developed to determine the limits of recycled materials 

using the results obtained from the DSR testing. As the percentage of RAP and millings were 

increased there was an increase in the stiffness of extracted binder as expected. The binders 

containing millings were found to be stiffer than the binders containing RAP, although the 

effects were less pronounced at low temperatures as shown in Figures 2.6 & 2.7.
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Figure 2.6 DSR Test Results @ 64°C, PG58-34 + RAP

Figure 2.7 DSR Test Results @ 64°C, PG58-34 + Millings
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For all the ten mixtures, the high temperature grade of the binder was increased by one or 

two grades with addition of RAP or millings. The tests on binders eventually indicated that 

using 20% RAP in asphalt mixtures did not significantly affect the performance. However 

40% RAP was found to have a significant effect on the mixture performance.             

The research work by Sondag, Chadbourn and Drescher, on “Investigation of Recycled 

asphalt pavement (RAP) mixtures” had two main objectives. The first objective was to 

sample RAP stockpiles from around the state to characterize typical Minnesota RAP 

gradation and binder properties. The second objective was to develop a mix design 

methodology using the superpave approach to proportion the materials in the mixtures 

containing RAP.  RAP binder was extracted using solvent extraction method and ignition 

method on two RAP sources namely district 6 and district 8. The gradations of the retained 

aggregates were determined. DSR tests were conducted on the extracted binders to determine 

their performance grades and the results are as shown in Table 2.9. Samples were compacted 

in the laboratory using superpave gyratory compactor. Samples were prepared as shown in 

Table 2.10 with varying percentages of RAP from both the sources which were blended with 

virgin asphalt binders of different performance grades of PG 58-28, PG 52-34, PG 46-40.

This matrix was designed to determine the amount of RAP and the grade of virgin asphalt 

binder which can be added to the mixtures in order to yield mixture properties that were

considered acceptable for a mixture composed entirely of virgin materials. 

Fine aggregate from Lakeland, Minnesota pit and coarse aggregate from the Granite falls, 
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Minnesota quarry and fine aggregates from Dresser, Wisconsin were blended and used for 

gradations for virgin mixtures. A control mixture was chosen from the various possible 

blends and it was ensured that it satisfied all the volumetric requirements.

The RAP aggregates were blended with the virgin aggregates accordingly to achieve a 

gradation similar to the control mixture. It was possible to blend a maximum of 40% of 

District 6 RAP and virgin aggregate to produce a gradation similar to the control gradation 

while only a maximum of 30% District 8 RAP could be blended with control aggregate to 

achieve gradation similar to control gradation due to the large amount of fine aggregate in 

District 8 RAP.

Ignition oven and solvent extraction methods were used to extract asphalt from RAP and 

determine their binder contents. The PG grades of the recovered binders were also 

determined. 

Table 2.9 Asphalt Content and PG Grades of Binder in RAP

RAP Source Asphalt Content PG Grade

District 6 7.10% 67-24

District 8 4.70% 78-11

The samples were tested for resilient modulus, complex modulus and moisture sensitivity. 

The moisture sensitivity tests were conducted to determine how durable or susceptible the 

mixtures were when they were exposed to moisture. The complex modulus test was 
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conducted using the indirect tensile test setup (IDT). 

Table 2.10 Test Matrix for Materials

RAP Content 0% 15% 30% 40%

PG Grade
46 -
40

52-
34

58-
28

46-
40

52-
34

58-
28

46-
40

52-
34

58-
28

46-
40

52-
34

58-
28

RAP
Source

District 
6

X X X

X X X X X X X X X

District 
8

X X X X X X

Complex modulus test was used to evaluate the visco-elastic properties of the asphalt 

concrete mixtures. The test was performed by using the MTS 810 electro hydraulic test 

system. Complex modulus data collected at lower temperatures were found to have more 

variability than data collected from other temperatures. The asphalt binder grade was found 

to have a pronounced effect on the complex modulus values up to the 25°C test temperature. 

The effect was not nearly as pronounced at 32°C. The complex modulus was also found to 

increase with increase in RAP content. This phenomenon was observed in all the test 

temperatures for all the mixtures. The increase in complex modulus of mixtures with increase 

in RAP content collected from District 6 is shown in the Figure 2.8.
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Figure 2.8 Change in Complex Modulus with RAP Content, District 6 RAP Mixtures, 
25°C, 1 Hz

From the figure it can be seen that PG58-28 binder has the steepest slope while PG46-40 

mixtures had the lowest slope. This implies that effect of RAP content was more severe on 

stiffer binders thereby causing a dramatic increase in complex modulus with increasing RAP 

content while the effect is not as dramatic in less stiffer binders. As the temperature was 

increased to 32°C it became more difficult to distinguish between mixtures made of different 

asphalt binders. However the increase in complex modulus with RAP content was well 

pronounced. The addition of 40% RAP content to the mixtures was found to triple the value 

of complex modulus when compared with that of the control mixtures. This phenomenon of 
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increased level stiffness of mixtures at high temperatures could be very helpful in avoiding 

rutting behavior of pavements.

Complex modulus tests at 25 °C indicated 23% of District 6 RAP with PG 52-34 asphalt 

would yield a complex modulus similar to a virgin mixture with PG 58-28 asphalt. About 

28% District 6 RAP with PG 46-40 asphalt will give the same complex modulus as a virgin 

mixture with PG 52-34 asphalt. Complex modulus tests at 25 °C indicated 10% District 8 

RAP with PG 52-34 asphalt would yield a complex modulus similar to a virgin mixture with 

PG 58-28 asphalt. About 16% District 8 RAP with PG 46-40 asphalt will give the same 

complex modulus as a virgin mixture with PG 52-34 asphalt. The source of the RAP affected 

the complex modulus results. The District 8 RAP binder had a higher PG grade than the 

District 6 RAP, and accordingly yielded a higher complex modulus and lower phase angle.

This shows the importance of knowing the stiffness of the RAP binder before using it to 

fabricate asphalt mixtures.

Table 2.11 Recommended RAP Contents and Asphalt Binders

Original asphalt 
grade

Asphalt grade 
with RAP

RAP Content with 
District 6 RAP

RAP Content with 
District 8 RAP

PG 58-28 PG 52-34 20% 10%

PG 58-28 PG 46-40 50% 35%

PG 52-34 PG 46-40 25% 15%
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The project recommends that complex modulus test should replace the resilient modulus test 

as the standard test performed for mixture evaluation as the complex modulus test provides 

more information about the mixture properties. This project also shows that dynamic 

modulus test is an efficient way of determining the minimum limits of RAP that can be used 

in a mix to achieve a target high temperature grade.  

The project “Evaluation of Field Produced Hot mix Asphalt (HMA) Mixtures with 

Fractionated Recycled Asphalt Pavement (FRAP)” conducted by Vavrik, Carpenter, Gillen & 

Benhke, aimed in determining whether the tollway design adopted by Rock Road companies 

and Rockford Blacktop at the Illinois tollway involving high FRAP content in mixes would 

produce high quality HMA pavements. Certain non-traditional ingredient materials such as 

blended ground tire rubber (GTR), modified liquid asphalt and coarse aggregate for the stone 

matrix asphalt (SMA) along with FRAP content were used in this project. 

Nine HMA mixes were plant produced and tested as a part of this research as shown in Table 

2.12. Three mixtures were SMA mixtures with different coarse aggregate content and same

FRAP content to evaluate the use of fine portions FRAP and to determine if the material 

properties of the resulting mixture were consistent with other SMA mixes previously 

produced in Illinois. The base, binder and surface mixes were used to gauge their 

performances with increased FRAP percentage. 

The previous specification of IDOT involving higher percentage of RAP without fractioning 

caused a lot of inconsistencies in the mix properties. Hence in this project RAP was 

fractionated into two fractions, namely finer and coarser fractions. Mixtures were fabricated 
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using these fractionated portions of RAP. The samples produced for each mix were subjected 

to dynamic modulus testing to verify whether materials with higher FRAP content will 

provide better consistency in test results when compared with tests carried out using previous 

specifications.. The samples were tested at -10°C, 4°C & 20°C at load frequencies ranging 

from 0.01 Hz to 25 Hz. The dynamic modulus testing was performed on samples with 4% 

and 7% air voids at the listed temperature and frequencies.

The dynamic modulus data indicated that for all the mixes and all speeds, the modulus of the 

FRAP mixtures were higher than the values currently assumed for the IDOT mechanistic 

design procedure as shown in Figure 2.9. The result demonstrated that the mixes containing 

fractionated RAP would not require any increase in pavement thickness to improve pavement 

performance and that the performance of the roadway can be expected to be as good as 

current materials and designs.
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Table 2.12 FRAP Research Mix Matrix

Research 
Mix Number

Mix 
Type

PG 
grade

FRAP 
Type

FRAP %
Fine/Coarse

Coarse
Aggregate 

Type
Comments

#1 – SMA 
Binder

SMA
GTR 

PG 76-
22

1 15/0
Crushed 
Gravel

16 min 
VMA

#2 – SMA 
Surface (trap 

rock)
SMA

GTR 
PG 76-

22
1 15/0 Trap Rock

#3 – SMA 
Surface (steel 

slag)
SMA

GTR 
PG76-

22
1 15/0 Steel Slag

#4 – IL-19.0 
Binder N70

N70 
19.0

PG58-
22

2 25/15
Cr.Gravel 
& Stone

#5 – IL-9.5 
Surface N70

N70 
9.5

PG64-
22

2 15/10 Dolomite
4% air 
voids

#6a – IL-19.0 
Binder N50-

28

N50 
19.0

PG58-
28

2 10/30 Dolomite
3% air 
voids

#6b – IL-
19.0 Binder 

N50-22

N50 
19.0

PG58-
28

2 10/30 Dolomite
3% air 
voids

#7a – IL-19.0 
Base-28

N50 
Base

PG58-
28

2 10/30 Dolomite
2% air 
voids

#7b – IL-
19.0 Base-22

N50 
Base

PG58-
28

2 10/30 Dolomite
2% air 
voids
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Figure 2.9 Dynamic Test Data at 20°C and Various Highway Speeds with the IDOT 
Design Range for Northern Illinois

Hence fractionated RAP was seen as an efficient way of cutting project life time costs of 

pavements. It has also been proved to reduce the inconsistencies or variability in the results 

of the mixes especially those containing higher amount of RAP.
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CHAPTER THREE

Binder Characterization & Blend charts

This chapter will discuss about the determination of rheological properties of virgin binders 

with various proportions of binder extracted from RAP and development of blend charts with 

the help of these properties. Since this project deals with evaluation of the performance of 

9.5B mixes, it is important that the binder blends used for the mixes in this project satisfy the

performance grade specifications of PG64-22 binder.

3.1 Performance Grade Testing

It is important to determine the properties of the virgin and RAP binders that are procured for 

this project before using them to fabricate mixes in the mix design process. The rheological 

properties of the RAP binders would give an insight about the amount of RAP binder that can 

be used effectively in a mix to satisfy the specifications of PG64-22.

Two virgin binders of performance grades PG 58-28 and PG 64-22 along with various 

proportions of binders extracted from RAP were used for binder characterization as shown in 

the Table 3.1. The recycled binder from RAP was extracted with the help of NCDOT 

personnel according to AASHTO T 319 “Quantitative Extraction and Recovery of Asphalt 

Binder from Hot Mix Asphalt”. The recycled binder was dissolved and washed from 

aggregates using toulene, a strong solvent. Binder was reclaimed by heating the mixture and 

distilling the solvent. Ignition test was performed according to AASHTO TP 53-95 “Test 

Method for Determining the Asphalt Content of Hot Mix Asphalt by Ignition Oven Method” 

to determine the gradation of RAP aggregates and determine the recycled asphalt content.
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Table 3.1 Asphalt Binder Blend Proportions Used for Performance Grade Testing

Virgin Binder RAP

PG 58-28 0%, 25%, 40%, 100%

PG 64-22 0%, 25%, 40%, 100%

Binder testing was performed on these blended binders according to AASHTO TP5-93 “Test 

Method for Determining the Rheological Properties of Asphalt Binder Using a Dynamic 

Shear Rheometer”. The rheological properties of the binders such as shear modulus (G*) and 

phase angle (δ) were determined during this process. Three replicates for each binder type 

were tested. Each binder sample was tested at several temperatures in order to obtain various 

temperature gradients to be used for the development of blend charts. The values of G*/sin δ 

at each temperature were determined for virgin binders and the mixes containing virgin 

binders with different proportions of RAP as shown in Tables 3.2 & 3.3 respectively.

Table 3.2 Binder Rheological Properties of Original Aged Binders

Virgin 
Binder 
Grade

Average G*/sinδ (kPa) with Standard Deviation at Test Temperature
58º C 64º C 70º C 76º C

G*/sinδ
Std 
Dev

G*/sinδ
Std 
Dev

G*/sinδ
Std 
Dev

G*/sinδ
Std 
Dev

PG 58-28 2.03 0.03 0.98 0.01 0.5 0.01 0.26 0.01
PG 64-22 3.43 0.03 1.47 0.01 0.69 0.01 0.34 0.01
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Table 3.3 Binder Rheological Properties of Original Aged Binder Blends Containing 
RAP

Binder 
Type

Average G*/sinδ (kPa) with Standard Deviation at Test Temperature
64º C 70º C 76º C 82º C

G*/sinδ
Std 
Dev

G*/sinδ
Std 
Dev

G*/sinδ
Std 
Dev

G*/sinδ
Std 
Dev

PG 58-28 + 
25% RAP

2.27 0.01 1.09 0.01 0.55 0.01 - -

PG 58-28 + 
40% RAP

4.06 0.05 1.93 0.02 0.95 0.01 - -

PG 64-22 + 
25% RAP

3.32 0.04 1.52 0.01 0.73 0.01 - -

PG 64-22 + 
40% RAP

4.64 0.03 2.05 0.01 0.99 0.01 - -

100% RAP
46.87 0.09 21.07 0.08 10.01 0.04 5.02 0.01

These blended binders were subjected to aging using a Rolling Thin Film Oven (RTFO) to 

simulate aging in field during hot mixing and construction phases. This was achieved by 

pouring 35 grams of asphalt binder into eight glass bottles and allowing them to rotate in the 

RTFO at 165°C for a period of 85 minutes while simultaneously blowing hot air into the 

bottles to oxidize the binder samples. These oxidized binders were then scrapped off the 

bottles and tested using the DSR at the same temperatures that were earlier used for original 

aged binder samples. The values of G*/sin δ were computed again as shown in Tables 3.4 & 

3.5. These values obtained from both the original and RTFO aged binder samples will be

later used to determine the minimum limits of recycled binder content that can be used in a 

mix to satisfy the performance grade criteria of PG64-22 virgin binder. These limits will be 

used in the mix design process accordingly.
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Table 3.4 Binder Rheological Properties of RTFO Aged Binders

Virgin 
Binder 
Grade

Average G*/sinδ (kPa) with Standard Deviation at Test Temperature
58º C 64º C 70º C 76º C

G*/sinδ
Std 
Dev

G*/sinδ
Std 
Dev

G*/sinδ
Std 
Dev

G*/sinδ
Std 
Dev

PG 58-28 7.27 0.11 3.46 0.03 1.7 0.01 0.86 0.01
PG 64-22 9.29 0.19 3.85 0.06 1.75 0.02 0.83 0.01

Table 3.5 Binder Rheological Properties of RTFO Aged Binder Blends Containing RAP

Binder 
Type

Average G*/sinδ (kPa) with Standard Deviation at Test Temperature
70º C 76º C 82º C 88º C

G*/sinδ
Std 
Dev

G*/sinδ
Std 
Dev

G*/sinδ
Std 
Dev

G*/sinδ
Std 
Dev

PG 58-28 + 
25% RAP

4.49 0.05 2.23 0.02 1.14 0.01 - -

PG 58-28 + 
40% RAP

6.98 0.07 3.41 0.02 1.71 0.01 - -

PG 64-22 + 
25% RAP

4.21 0.02 1.94 0.02 - - - -

PG 64-22 + 
40% RAP

8.94 0.03 4.08 0.02 1.93 0.01 - -

100% RAP
63.69 0.63 29.83 0.31 14.2 0.08 7 0.04

According to AASHTO R-29 “Standard Practice for Grading or Verifying the Performance 

Grade of an Asphalt Binder”, the performance grades (PG) of the binders were verified. The 

high temperature grade of each binder was found by determining the highest temperature at 

which the G*/sinδ values were higher than 1.0 kPa for original aged binder samples while for 

RTFO aged samples the high temperature grade was considered as the highest temperature at 

which the G*/sinδ values were greater than 2.2 kPa. The shift in high temperature grade for 
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each virgin binder with addition of RAP was noted.

The binder samples were then further subjected to aging with the help of pressure aging 

vessel (PAV) to simulate long term aging under field conditions. This was achieved by 

placing thin film samples of asphalt content in a pressure vessel at a temperature of 100°C for

a period of 20 hours and applying a pressure of 2.07 MPa. During this process oxygen is 

forced much more rapidly into the asphalt samples by applying pressure so that the aging 

process can be accelerated. This process would then simulate aging in asphalt during the 

pavement’s long term service life. The aged samples were later tested using the DSR at 

intermediate temperature ranges to obtain the values of G*sinδ as shown in Tables 3.6 and 

3.7.

  
Table 3.6 Binder Rheological Properties of PAV Aged Binders

Virgin 
Binder 
Grade

Average G*sinδ (kPa) with Standard Deviation at Test Temperature
28º C 25º C 22º C 19º C

G*sinδ
Std 
Dev

G*sinδ
Std 
Dev

G*sinδ
Std 
Dev

G*sinδ
Std 
Dev

PG 58-28 3454 70.5 5019 93.40 7534 128.46 11353 186.55
PG 64-22 2504.67 11.93 3680.67 17.62 5359.33 63.13 7690.33 144.61
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Table 3.7 Binder Rheological Properties of PAV Aged Binder Blends Containing RAP

Binder 
Type

Average G*sinδ (kPa) with Standard Deviation at Test Temperature
28º C 25º C 22º C 19º C

G*sinδ
Std 
Dev

G*sinδ
Std 
Dev

G*sinδ Std G*sinδ
Std 
Dev

PG 58-28 + 
25% RAP

2424 160 3373 219 4847 306 6945 438

PG 58-28 + 
40% RAP

3304 103 4496 141 6338 199 - -

PG 64-22 + 
25% RAP

3752 34 5263 60 - - - -

PG 64-22 + 
40% RAP

4974 237 6793 321 - - - -

100% RAP
11239 1582 13903 2088 - - - -

According to AASHTO R-29 “Standard Practice for Grading or Verifying the Performance 

Grade of an Asphalt Binder”, the intermediate Performance Grade (PG) of the binders was 

verified. This was achieved by determining the rheological properties of each binder samples 

and then computing their respective values of G*sinδ. The intermediate temperature grade 

was considered as the lowest temperature at which the value of G*sinδ did not exceed 5000 

kPa. The rheological properties were used to determine the maximum limits of recycled 

binder content in the mix.

3.2 Development of Blend Charts 

The rheological properties of the various blended binders that were obtained from the DSR 

tests were used to plot blend charts which were later used to determine the RAP binder limits 

that could be used in the mix. The binder samples were required to meet a high temperature 
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grade of 64°C and an intermediate temperature grade of 25°C to satisfy the PG64-22 criteria. 

The maximum and minimum limits of RAP binder content that were required to meet this 

high and intermediate temperature grade for each binder mixes was determined by 

developing blend charts. These limits of recycled binder by weight of total binder content 

were subsequently converted to limiting factors by weight of RAP in the total mix which 

would be used later during the mix design process. The blend charts were plotted for all 

original, RTFO aged and PAV aged binders in order to determine both the maximum and 

minimum limits of RAP binder. 

Figures 3.1 & 3.2 indicate the blend charts developed from rheological properties of original 

aged binders PG 58-28 & PG 64-22 blended with various proportions of binder extracted 

from RAP at different temperatures.
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Figure 3.1 Blend Chart of Original Aged PG58-28 Binder Blended with Various 
Proportions of RAP

Figure 3.2 Blend Chart of Original Aged PG64-22 Binder Blended with Various 
Proportions of RAP
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These blending charts were later used to determine the minimum amount of recycled 

materials required to be added to the virgin binders to obtain a high temperature grade of 

64°C for the resulting blended binder. This was achieved by determining the percentage of 

RAP required to be added to a virgin binder to satisfy the condition G*/sinδ ≥ 1 kPa at each 

temperature. The minimum limits of RAP binder required for each virgin binder to achieve 

the following increased high temperature grades are determined as shown in Table 3.8.

Table 3.8 Minimum limits of RAP Binder Determined Using Blend Charts of Original 
Aged Binders

Virgin Binder
Minimum Percentage of Recycled Binder to satisfy 
G*/sinδ ≥ 1.0 kPa for Original Aged binders (%)

64°C 70°C 76°C
PG 58-28 - 21.6 44.6
PG 64-22 - 12.1 39.5

As expected the PG64-22 did not need any addition of RAP to obtain a high temperature 

grade of 64°C. However the analysis also showed that PG58-28 binder satisfied the 

specifications required for high temperature grade of PG64-22 without any RAP content as 

the G*/sinδ value was close to 1.00 kPa at 64º C. This indicated that the PG58-28 binder 

acted like PG64-22 graded binder at its original state without any addition of recycled binder. 

This showed that both the PG58-28 and PG64-22 binders can be used for 9.5B mixes without 

any addition of RAP content. 

Similar blend charts were developed with the help of the rheological properties of the RTFO 
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aged binder mixes and they were again used to determine the minimum limits of RAP binder 

content to that used in a 9.5B mix. The blending charts drafted for these RTFO aged mixes 

are as shown in Figures 3.3 & 3.4.

Figure 3.3 Blending Chart of RTFO Aged PG58-28 Binder Blended with Various 
Proportions of RAP



55

Figure 3.4 Blending Chart of RTFO Aged PG64-22 Binder Blended with Various 
Proportions of RAP

The PG grade of the binders were verified using  AASHTO R-29 “Standard Practice for 

Grading or Verifying the Performance Grade of an Asphalt Binder”. The condition     

G*/sinδ ≥ 2.2 kpa was used to determine the minimum amount of recycled asphalt content 

required to meet the high temperature PG grade specification of PG64-22 binders.  The 

minimum RAP binder content required to satisfy the following high temperature grades are 

as shown in Table 3.9.
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Table 3.9 Minimum Limits of RAP Binder Determined Using Blend Charts of RTFO 
Aged Binders

Virgin Binder
Minimum Percentage of Recycled Binder to satisfy 

G*/sinδ = 2.2 kPa for RTFO aged binders (%)
64°C 70°C 76°C

PG 58-28 - 7.1 26.5
PG 64-22 - 5.2 26.5

Similar to the results obtained from original aged binders, RTFO binder samples also showed 

that both PG58-28 and PG64-22 binders did not require any addition of RAP content to 

satisfy the high temperature grade of 64°C. 

The maximum limits of RAP content that can be used with the virgin binders is determined 

by verifying the intermediate temperature grades of the binder samples. This was achieved 

with the help of the blend charts developed using the rheological properties of the PAV aged 

binders. These blend charts are developed using the values of G*sinδ values of PAV aged 

binders as shown in Figures 3.5 & 3.6.



57

Figure 3.5 Blend Chart of PAV Aged PG58-28 Binder  Blended With Various 
Proportions of RAP

Figure 3.6 Blend Chart of PAV Aged PG64-22 Binder Blended With Various 
Proportions of RAP
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The condition G*sinδ ≤ 5000 kPa was used to determine the intermediate temperature grade 

of the binder samples. The lowest temperature at which the condition G*sinδ ≤ 5000 kPa was 

met was considered as the intermediate temperature grade. The maximum amount of RAP 

binder content to achieve an intermediate temperature grade of 25°C was determined. Table 

3.10 shows the maximum limits of RAP binder to be used in a mix based to satisfy each 

intermediate temperature grade.

Table 3.10 Maximum Limits of RAP Binder Determined Using the Blend Charts of 
PAV Aged Binders

Virgin 
Binder 
Grade

Maximum Percentage of RAP binder to satisfy the condition                 
G*sinδ = 5000 kPa for PAV Aged Binder (%)

19º C 22º C 25º C 28º C 31º C
PG 58-28 12.0 28.5 42.9 54.2 -
PG 64-22 - - 20.5 40.9 54.6

Since this project focusses on investigating the effect of RAP content on 9.5B mixes, RAP 

binder limits are chosen to satisfy the performance grade criteria of binders required for 9.5B 

mix. As per the superpave mix design criteria, 9.5B mixes should be fabricated using a 

binder grade of PG64-22. Hence binders that satisfy a high temperature grade of 64°C and an 

intermediate temperature grade of 25°C should be used. This can be achieved by using a 

virgin binder PG58-28 instead of PG64-22 while using high percentage of RAP in the mix. 

This lowering of virgin binder grade will compensate for the increased stiffness contributed 

by the recycled binder content. According to the NCDOT specifications, for 9.5B mixtures 
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containing more than 40% RAP, PG58-28 binder should be used instead of PG64-22. This 

specification is as shown in Table 3.11.

Table 3.11 NCDOT Specifications for Performance Grade of Virgin Asphalt Binders to 
be Used in Mixtures Containing RAP

RAP by total weight of mix Virgin Binder
0-20% PG64-22
20-30% PG64-22
>30% PG58-28

The experimentally established limits of RAP by weight of binder content will be used 

accordingly in the mix design procedure such that the intermediate and high temperature 

grade of PG64-22 are satisfied. Thus the limits of RAP by weight of the total binder content 

in a mix that were used in this project are as shown in Table 3.12.

Table 3.12 Limits of RAP By Weight of Total Binder

Virgin Binder RAP by Weight of Total Binder

PG58-28
45%
20%
8%

PG64-22
20%
8%

Maximum limits of 45% and 20% RAP binder were chosen since they were the maximum 

amount of RAP that satisfied an intermediate temperature grade of 25°C for PG58-28 and 
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PG64-22 binders respectively. Minimum limits of RAP did not exist for both PG58-28 and 

PG64-22 as both binders were found to satisfy a high temperature grade of 64°C in the 

absence of RAP. However there was a need to include lower percentages of RAP in order to 

compare the performance of 9.5B mixes containing different proportions of RAP with 

mixtures made of virgin materials. Hence random binder limits of 8% and 20% of RAP were 

selected to be added to mixtures containing PG58-28 and PG64-22. It was ensured that these 

chosen limits of RAP binder with virgin binders met the NCDOT specifications as mentioned 

in Table 3.11.

These binder limits will be converted to limits of RAP based on the total weight of the mix 

and it will be used accordingly in the mix design process.
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CHAPTER FOUR

Mix Design

4.1 Mix Design Involving Virgin Materials

A single source of Granite aggregate was used for this research. These Granite aggregates

were procured from Knightdale Quarry since it reflected the properties of aggregates

commonly used in North Carolina mix designs and due to its close proximity to North 

Carolina State University.

Two types of virgin aggregate materials 78M and Washed screenings (WS) were used 

initially for the mix design process. Before proceeding to the mix design, the gradation of 

these aggregates were determined. The aggregates were sampled and reduced to testing sizes 

as per AASHTO T2 “Standard Practice for Sampling of Aggregates” and AASHTO T248 

“Standard Method of Test for Reducing Samples of Aggregate to Testing Size” . The 

percentage of materials finer than 75µm were determined as per AASHTO T11 

“Determining Materials Finer than No.200 (75 µm) Sieve in Mineral Aggregates by 

Washing” and the complete gradations of the two types of aggregates were determined as per 

AASHTO T27 “Sieve Analysis of Fine and Coarse Aggregates”. The gradations of the two 

different virgin aggregates are as listed in Table 4.1.
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Table 4.1 Aggregate Gradations of Virgin Materials

Sieve Size
% Passing

78M WS
12.5mm 100 100
9.5mm 90.8 100
4.75mm 32 99.8
2.36mm 5.6 87.7
1.18mm 3.6 65.7
600µm 2.8 44.6
300µm 2.2 25.2
150µm 1.5 8.3
75µm 1.0 3.0
Pan 0.0 0.0

The design aggregate structure was required to meet the NCDOT aggregate design criteria as 

shown in Table 4.2. In order to meet this design criteria the two types of virgin aggregates 

were blended in different proportions to obtain various trial blends. These trial blend 

gradations were later compared with NCDOT specifications to verify whether the trial blends 

fall within the control points.
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Table 4.2 Superpave Aggregate Gradation Criteria for 9.5B Mixes

Sieve Size
Control Points (% Passing)

Minimum Maximum
12.5mm 100.0 -
9.5mm 90.0 100.0
4.75mm - 90.0
2.36mm 32.0 64.0
1.18mm - -
600µm - -
300µm - -
150µm - -
75µm 4.0 8.0

Pan - -

However it was observed that the percentage of materials finer than 75µm was very less for 

both the materials and as a result the trial blends were not able to satisfy the control point 

criteria for passing fines with any of the possible blending proportions. Hence an additional 

aggregate material referred as pond fines (materials finer than 75µm) were also used in the 

mix design process to increase the percentage of materials finer than 75µm. These pond fines 

were considered as a separate aggregate type in the mix design procedure. Three trial 

gradations consisting of one coarser blend, one finer blend and one intermediate blend were 

selected so that the different combinations of 78M, WS and pond fines would help in 

obtaining a design aggregate structure that will meet all the volumetric specifications.
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Table 4.3 Aggregate Trial Blend Gradations

Sieve Sizes
% Passing

Trial 1 Trial 2 Trial 3
12.5 mm 100.0 100.0 100.0
9.5 mm 94.5 97.1 96.3
4.75 mm 59.1 78.1 72.3
2.36 mm 38.9 61.8 55
1.18 mm 29.8 46.9 41.9
600 µm 21.8 32.9 29.9
300 µm 14.4 20.1 18.9
150 µm 7.9 8.9 9.2
75µm 5.7 5.3 6.1
Pan 0.0 0.0 0.0

Table 4.4 Proportions of Virgin Aggregates Used for Trial Gradations

Aggregate Type
% Combinations

78M WS Pond Fines
Trial 1 60.0 36.0 4.0
Trial 2 32.0 65.0 3.0
Trial 3 40.5 55.5 4.0

These trial blends were verified to see if they meet the superpave aggrgegate gradation 

criteria by plotting a sieve size to the power of 0.45 versus percentage passing graph plot as 

shown in Figure 4.1. The aggregate blend curves that passed within the established control 

points were considered as valid trial gradtions. All the three trial gradations shown here were

found to meet the superpave aggregate gradation criteria as their gradation curve passed 

within the specified control points.
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Figure 4.1 Virgin Aggregate and Trial Blend Gradations With Control Points

The specific gravities of the different aggregate materials and the trial gradtions were also 

determined as shown in Table 4.5.

Table 4.5 Apparent and Bulk Specific Gravities of Virgin Aggregates and Trial Blends

Aggregate
% Combinations

Gsb Gsa

78M 2.617 2.644
WS 2.597 2.652

Pond Fines 2.597 2.647
Trial 1 2.609 2.647
Trial 2 2.603 2.649
Trial 3 2.605 2.649
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The aggregates were batched according to these gradations and they were mixed with a 

constant binder content. The samples were mixed, conditioned and compacted by using the 

mentioned trial gradations as per AASHTO R35 “Standard Practice for Superpave 

Volumetric Design of Hot Mix Asphalt (HMA)” and AASHTO R30 “Mixture Conditioning 

of Hot Mix Asphalt”. Their bulk specific gravities and maximum specific gravities were 

determined as per AASHTO T166 “Bulk Specific Gravity of Compacted Asphalt Mixtures 

Using Saturated Surface Dry Specimens” and AASHTO T209 “Theoretical Maximum 

Specific Gravity and Density of Bituminous Pavement Mixtures”. 

The volumetrics of mixes made of each trial gradations were calculated and a design 

aggregate structure was chosen that best satisfied the specifications laid out by the NCDOT 

for a standard 9.5 mix as specified in Table 4.6.

Table 4.6 NCDOT Superpave Mix Design Criteria for 9.5B Mix

Mix 
Type

Design 
ESALS 

(Million)

Binder 
PG 

Grade

Compaction 
Levels (Gmm

@)
Max. 
Rut 

Depth 
(mm)

Volumetric Properties

Nini Ndes

VMA 
(% 

Min.)

VTM 
(%)

VFA 
(Min-
Max)

%Gmm 

@ Nini 

(Max)

S9.5B 0.3 – 3
64 –
22

7 65 9.5 15.5
3.0 -
5.0

65 – 80 90.5%

Design Parameter Design Criteria
Dust to Binder Ratio (P0.075 / Pbe) 0.6 - 1.4
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Trial 1 gradation was found to meet all the NCDOT superpave Mix Design Criteria while 

trial 2 and 3 were found to have unsatisfactory volumetric results. Hence trial 1 gradation 

was chosen as the design aggreggate structure.

Table 4.7 Mix Volumetrics for Trial 1 Aggregate Blend

Virgin 
Binder

Binder 
Content

Air 
Voids

Compaction 
Levels (Gmm @)

Volumetric Properties

Nini Ndes VMA VFA
%Gmm @ 

Nini

PG 64-
22

6% 4.21% 7 65 16.07% 73.77% 87.93%

Dust to Binder Ratio (P0.075 / Pbe) 1.01

Once the design aggregate was selected, mixes with different asphalt contents in the range of 

±0.5% & +1% to the initial binder content of 6% was used. Since this project focusses on 

9.5B mixes a virgin binder grade of PG64-22 was used initially throughout this process of 

determining the design aggregate structure and optimum binder content. The ranges for the 

mixing and compaction temperatures were determined for each binders used in the mixtures 

using the temperature – viscosity graph obtained with the help of binder samples tested using 

rotational viscometer as per AASHTO T316 “Standard Method of Test for Viscosity 

Determination of Asphalt Binder Using Rotational Viscometer”. The binder content that best 

suited the volumetric properties was chosen as the design binder content. 
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This research will later use RAP mixes in the HMA which would lead to increased stiffness 

of the mix. In order to avoid this the high temperature grade of the virgin binder needs to be 

lowered in mixes containing high amount of recycled materials. This change in binder grade

should be adopted while using similar aggregate gradation that was used earlier in the virgin 

mix design, so that any change in the volumetric properties of the mix containing recycled 

materials can be attributed to the lowering of binder’s high temperature grade. Since PG58-

28 is the immediate lower binder grade available after PG64-22, it would be used for mix 

design with recycled materials. Therefore it was necessary to perform virgin mix design with 

PG58-28 so that the volumetric properties of virgin mixes can be directly compared with 

those of recycled mixes. Virgin mix design was performed using binder PG58-28 with the 

same aggregate gradation and optimum asphalt content of 6%, albeit using suitable mixing & 

compaction temperatures that were determined using rotational viscometer tests for PG58-28 

binder. Although there were some changes in the volumetric properties of the mix, they were 

still found to comply with the superpave volumetric specifications. This step was necessary 

to ensure that using different virgin binder grades does not cause a significant change in 

mixture volumetric characteristics and that they meet the superpave mix design criteria.

4.2 Mix Design Involving Virgin and RAP Materials

Mix design procedure incorporating recycled materials was performed to determine the 

optimum asphalt content required for each mix containing RAP to satisfy the superpave 

volumetric specifications of a 9.5B mix, while using similar gradations that were used in the 

virgin mix. Before this step, the aggregate gradations of the RAP materials and their binder 
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content was determined with the help of NCDOT personnel after extracting the binder 

content using the procedure AASHTO T319 “Quantity extraction and recovery of asphalt 

binder from hot mix asphalt” and then performing sieve analysis in accordance with 

AASHTO T11 and AASHTO T27 on the reclaimed asphalt. The nominal maximum 

aggregate size of the reclaimed RAP aggregate was 9.5 mm and hence the variability in 

mixtures containing high percentages of RAP was also found to be high. In order to avoid 

inconsistency in results due to the high variability in RAP, fractionated RAP would be used 

in this project for mixes containing more than 30% RAP by weight of the mix. This is a 

procedure where the RAP aggregates are separated into coarser fraction (C.F) and finer 

fraction (F.F) by using 4.75mm sieve as the screen size. The gradation of each fraction was 

determined by collecting a representative sample of RAP material and fractionating them. 

The asphalt binder contents and gradations of each mix were determined on each fractions 

using the standard AASHTO procedures after performing ignition oven tests on both 

fractions. The gradations and binder contents of the entire RAP material and both fractions 

are as shown in Table 4.8 & 4.9.
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Table 4.8 Reclaimed Aggregate Gradations of RAP and Its Fractions

Sieve Size
% Passing

RAP C.F F.F
19 mm 100 100 100.0

12.5 mm 98.4 100 100.0
9.5 mm 91.4 85 100.0
4.75 mm 66 40.1 100.0
2.36 mm 50.5 26.5 82.7
1.18 mm 39.9 21.9 63.0
600 µm 30.4 17.9 46.5
300 µm 19.9 12.7 31.3
150 µm 13.4 8.6 20.4
75 µm 8.5 5.3 12.6

Pan 0 0 0

Table 4.9 Binder Contents of RAP and Its Fractions

Material RAP C.F F.F

Binder Content (%) 5.0 3.3 6.2

Fractionated RAP was used only for mixes that had more than 30% by weight of mix of 

RAP. This procedure yielded better quality control over mixes using RAP materials without 

fractionation.

Mix design procedure was accordingly modified to incorporate the fractions of RAP. The 

recycled materials were treated as separate stockpiles and they were blended with virgin 

aggregates to yield final blend gradation that was as close as possible to the virgin mix design

aggrgate gradation. Adjustments were made in the virgin material composition so as to 
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account for the aggregate and binder contributed by the recycled material. Mix design was 

done using both PG58-22 and PG64-22 binders with varying proportions of recycled 

materials so that their performance can be analyzed over a wide range of mix proportions.

An appropriate amount of recycled material for mix design procedure were batched such that 

the amount of binder replaced by the recycled material in the mix was close to the limits of 

recycled material binder content established in the earlier stages of the project with the help 

of rheological binder testing and the blend charts.

Table 4.10 below indicates the various combinations of mixes used in the mixture design 

incorporating RAP by total weight of the mix and by weight of total binder replaced. 

Table 4.10 Proportions of RAP by Total Weight of Mix and By Weight of Total Binder 
Replaced

Virgin Binder RAP (% by total weight of mix) RAP (% by total weight of binder)

PG58-28
55% 45%
25% 20%
10% 8%

PG64-22
25% 20%
10% 8%

The conversion of RAP by percentage of mix to RAP by percentage of binder was performed 

by using asphalt binder content of 5% for RAP.

Batching of RAP for the mix design process was done by adding appropriate amount of RAP 

materials such that the amount of binder replaced by the RAP binder is close to the limits 

shown in Table 4.10. Standard NCHRP procedure was adopted for mix design procedure 
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incorporating RAP where mixing temperature for different materials were modified 

accordingly such that the virgin aggregates were heated slightly excessive to their respective 

mixing temperature so as to compensate for the low mixing temperature of RAP materials 

(110°C). This procedure was necessary to achieve effective blending of RAP with the virgin 

materials. In this project the virgin aggregates were heated to a temperature not exceeding 

more than 10°C higher than their actual mixing temperature while fabricating mixes that 

contain RAP. The prepared mixes were conditioned at the compaction temperature of the 

virgin binder used in the mix and compacted to the design gyration of 65, using the 

superpave gyratory compactor. The compacted samples were then checked for their 

volumetrics such as theoretical maximum specific gravity, bulk specific gravity, air voids etc.

However it was found that some of the mixes containing the percentages of RAP by total 

weight of mix as mentioned in the Table 4.10 did not satisfy all the volumteric requirements 

of 9.5B mixes. Hence the material proportions and binder content were varied accordingly to 

achieve satisfactory volumetric results.  The proportions of RAP and virgin aggregates along

with the amount of binder content that ultimately satisfied the mix design volumetrics for a 

9.5B mix are as shown in Table 4.11.
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Table 4.11 Proportions of  Mixes Containing Virgin and RAP Materials that Satisfied
the Volumetric Specifications.

9.5B Mix (Virgin Binder Grade and % 
RAP binder by weight of total binder)

Combinations Binder 
Content (%)78M WS Fines RAP

PG64-22 60.0 36.0 4.0 0.0 6.0
PG58-28 60.0 36.0 4.0 0.0 6.0

PG58-28 + 8%  RAP 56.0 31.0 3.0 10.0 6.0
PG64-22 + 8% RAP 56.0 31.0 3.0 10.0 6.0
PG58-28 + 20% RAP 48.8 26.5 2.6 22.1 5.5
PG64-22 + 20% RAP 48.6 26.4 2.5 22.5 5.6
PG58-28 + 45% RAP 36.7 14.0 0.5 48.8 5.4
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CHAPTER FIVE

Performance Testing

After the mix design process, the mixtures were characterized with the help of dynamic 

modulus test using the Asphalt Mixture Performance Tester (AMPT). The AMPT is a 

computer controlled hydraulic testing machine capable of applying a sinusoidal loading on a 

compacted asphalt mixture specimen over a range of temperatures and frequencies. The 

results obtained from the dynamic modulus test was used to predict the strength and load 

resistance of mixtures by measuring the sample’s dynamic modulus at various combinations 

of temperatures and frequencies of applied load.

5.1 Samples Preparation

The dynamic modulus test required cylindrical mixture samples of dimensions 100 mm in 

diameter and 150 mm in height. These samples were required to have an uniformly 

distributed air voids of 4%. To obtain such samples, mixtures were prepared in accordance 

with AASHTO T312 “Preparation of Compacted Specimens of Modified and Unmodified 

Hot Mix Asphalt by Means of Superpave Gyratory Compactor” and conditioned as per 

AASHTO R30 “Standard Practice for Mixture Conditioning of Hot Mix Asphalt”. The 

samples were compacted to a height of 178 mm and a diameter of 150 mm. The compacted 

samples were later cored and cut accordingly to obtain the required sample dimensions with 

the target air void content of 4% ± 0.5 for the dynamic modulus testing.  The bulk specific 

gravities and air voids for each sample were determined to check if they are within the 

acceptable range. This method is a trial and error process as the air voids of the samples do 
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not always fall close to 4%. If the samples are not found to have the required air void content, 

then they were discarded and new samples were fabricated. Asphalt binder content of each 

mixture was altered accordingly as shown in Table 4.11 to achieve the target air void content.

5.2 Dynamic Modulus Test

The dynamic modulus test was performed in accordance with AASHTO TP 62-03 “Standard 

Method of Test for Determining Dynamic Modulus of Hot Mix Asphalt Concrete Mixtures”. 

A repeated axial cyclic load of fixed magnitude and cycle duration was applied on the 

samples. This test was performed at three temperatures of 4°C, 20°C & 40°C and under three 

loading frequencies of loading 0.1 Hz, 1 Hz and 10 Hz. Three replicates for each mixture

type were tested. The test measured the specimens’ stress strain relationship under a 

continuous sinusoidal loading and the complex modulus (E*) & dynamic modulus were 

determined as shown in the Table 5.1. The load amplitude was chosen to produce enough 

deformation such that they can be measured by the three sets of LVDTs that are attached to 

the specimen, without causing so much deformation that the response was no longer linear 

viscoelastic and the causing damage in the sample. The load was adjusted to keep the axial 

strains between 50 and 150 µε so that the sample remains in its linear viscoelastic condition 

throughout the testing process. The dynamic modulus of the samples under different 

temperature and frequency levels were determined so that they can be later used to develop 

suitable master curves to analyze the performance of mixes under different loading & 

climatic conditions.
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The dynamic modulus test was performed to determine the effect of RAP content on the 

complex modulus values of the mixtures.

Table 5.1 Dynamic Modulus Values of Various Mixtures

Mixtures
with % 

RAP (by 
weight of 

total binder)

Dynamic Modulus at 
4°C

(mPa)

Dynamic Modulus at 
20°C
(mPa)

Dynamic Modulus at 
40°C
(mPa)

10 Hz 1 Hz
0.1
Hz

10 Hz 1 Hz
0.1 
Hz

10 Hz 1 Hz
0.1 
Hz

PG64-22 17210 12990 9103 7349 4262 2219 1773 733 335

PG58-28 +
8% RAP

13170 9012 5502 4714 2318 1048 1058 411 199

PG64-22 +
8% RAP

16074 12002 8226 6586 3644 1798 1607 645 276

PG58-28 + 
20% RAP

17617 12951 8659 7341 4171 2161 1879 832 423

PG64-22 + 
20% RAP

18778 14610 10699 8830 5598 3232 2620 1152 539

PG58-28 + 
45% RAP

19067 14847 10821 9320 5815 3251 2763 1268 598

These values were later used to predict the performance of pavement in terms of their 

capability to withstand distresses such as thermal cracking, fatigue cracking and permanent 

deformation during their service life. 
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The frequencies and temperatures had the expected effect on the complex modulus values. 

The decreasing frequencies caused lowering of complex modulus which was understandable 

due to the increased loading time causing lowering of material stiffness. The increase in 

temperature caused the dynamic modulus of asphalt mixtures to reduce. This was expected as 

the increase in temperature decreases the structural bonding within a mixture and causes it to 

lose its stiffness.  

However the effects of RAP content on the complex modulus of the mixtures were not as 

straightforward as observed in frequency and temperature effects.. The addition of RAP 

content was expected to cause an increase in stiffness levels and complex modulus of 

mixtures at all temperatures and frequencies. However the mixtures containing 8% RAP

binder were found to have lower complex modulus values than those of mixes containing

only virgin materials. The complex modulus is a property of a viscoelastic material and it is 

related to many characteristics of materials such as the asphalt content, air voids, viscosity of 

asphalt binder, gradation, charatcteristics of aggregate and so on. In this project, the samples 

for the dynamic modulus testing were produced using similar air void content and aggregate 

gradation by varying the asphalt binder content. The very low complex modulus values for 

the mixtures containing 8% RAP binder may be due to insufficient blending of RAP with 

virgin materials. This defect is overcome in mixtures containing higher percentages of RAP 

by the usage of lower binder content and as a result these mixtures would require more 

number of gyrations during compaction to achieve the target height of compacted specimen. 

This increased compaction effort for mixtures with lower binder content would result in 
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mixtures with better aggregate interlocking, thereby counteracting against the effect of

insufficient blending that might have occurred earlier between RAP and virgin materials. 

However the mixtures containing 8% RAP binder were fabrictaed using the same standard 

binder content of 6% that was used for virgin mixtures. Hence the 8% RAP mixtures did not 

have the luxury of receiving increased compaction efforts as experienced by mixtures 

containing higher RAP content and this might have been the cause for lower complex 

modulus values of these mixtures. 

Darwin ME software which is used widely by various transportation agencies to analyze the 

pavement performance was used in this project. The dynamic modulus values were used as 

inputs in this software to obtain master curves of the mixtures over a wide range of 

frequencies. Since the complex modulus values were directly used as inputs, the trend in 

master curves with change in frequencies, temperatures and amount of RAP content was 

simialr to that of the complex modulus values. The master curves of the mixes containing 

PG58-28 and PG64-22 with varying proportions of RAP are as shown in Figures 5.1 & 5.2 

respectively.
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Figure 5.1 Dynamic Modulus (mPa) – Master curves of Mixes Containing PG58-28 with 
Various Percentages of RAP Binder by Weight of Total Binder
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Figure 5.2 Dynamic Modulus (mPa) – Master curves of Mixes Containing PG64-22 with 
Various Percentages of RAP Binder by Weight of Total Binder
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The master curves of mixtures showed a similar pattern that was observed earlier in the 

complex modulus results. The mixtures containing 8% RAP binder were found to have 

master curves lower than the master curve of virgin mixture. The master curves of mixtures 

containing PG58-28 containing 20% RAP was almost similar to that of virgin mixtures. This 

showed that these mixtures behaved like a standard 9.5B mix in terms of their complex 

modulus values. The mixtures containing PG64-22 + 20% RAP and PG58-28 + 45% RAP 

binder had much higher master curves than that of virgin mixtures and hence they 

highlighted the increase in complex modulus of mixtures at all temperatures and frequencies 

while using higher percentages of RAP.
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CHAPTER SIX

Mixture Characterization

The rheological properties of the asphalt binders and the complex modulus values of the 

resulting mixtures were used to characterize the performance of the mixtures in road 

pavements.. This is achieved by using the Darwin ME software. Darwin ME is a widely used 

pavement design and performance prediction software used by various transportation 

agencies including the NCDOT. This software was used to analyze the rutting and fatigue 

performances of the pavement mixes used in this project. 

6.1 Pavement Performance Prediction

The performances of the mixes were evaluated based on the pavement mixtures’ capability of 

withstanding rutting and fatigue distresses during their service life span. The fatigue distress 

limit was considered as 25% cracking of the total pavement area due to fatigue alligator 

cracking. For rutting, a permanent deformation of 0.75” in the total pavement layer and 0.25” 

in the AC layer was defined as the limit for failure.        

For this analysis, pavements made of four layers were considered as shown in Figure 6.1
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Figure 6.1 Cross-Section Geometry of Pavement Layers

The pavement consists of a four inch asphalt concrete layer, eight inches of base and subbase 

layers composed of crushed stones and crushed gravel respectively. Beneath them a semi 

infinite subgrade layer was considered. The surface layers were changed accordingly to 

accommodate the different asphalt concrete mixtures being investigated in this project while 

the same base and subgrade layers were used for all the mixtures.

Standard traffic and climate inputs based on the data collected by a weather station based in 

Raleigh over the period of the last 20 years was used. Other inputs such as the effective 

binder content of the surface layer, air void content and limits of distresses considered are

4”  AC

µ = 0.35

8” Crushed Stone

E = 23428 psi, µ = 0.35

Semi-infinite Subgrade

E = 10 ksi, µ= 0.40

8” Crushed Gravel

E = 20 ksi, µ = 0.40



83

shown in the Appendix section.   

The analysis uses the initial service life as the measure of the performance of pavements 

made of different asphalt mixtures in its surface layer. The initial service life of the 

pavements were found to be governed mainly by fatigue and permanent deformation 

distresses. The predicted life spans of pavements made of each asphalt mixtures is as shown 

in Table 6.1.

Table 6.1 Predicted Performance of Simulated Pavement Systems

Virgin Binder
RAP (% weight 

by total mix)
Asphalt 

Content (%)

Fatigue 
Performance

(years)

Rutting 
Performance

(years)

PG64-22
0.0 6.0 12.5 15.9
10.0 6.0 11.6 13.0
22.5 5.6 13.9 20

PG58-28
10.0 6.0 9.9 8.9
22.1 5.5 12.7 15.8
48.8 5.4 14.5 20.2

Since the material characterization aims in determining the performance of the entire mix, the 

amount of RAP in mixtures will be considered based on its percentage by total weight of the 

mix in this chapter and economic analysis. 

The performance of the pavements in terms of their respective initial service lives was found 

to improve for pavements containing PG64 + 22.5% RAP, PG58 + 22.1% RAP and PG58 + 

48.8% RAP as surface mixtures when compared with pavements containing virgin mixtures
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in their surface layer. However the pavement mixtures containing 10% RAP by weight of 

total mix were predicted to offer reduced initial service life. These performance criteria were 

later used in the economic analysis process to compare the initial and rehabilitation costs of 

pavements containing RAP materials with that of pavements containing 100% virgin 

materials.
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CHAPTER SEVEN

Economic Analysis

The economic analysis was performed in order to take into account more than the initial 

project cost difference between pavements made of RAP materials and pavement made of 

100% virgin materials. Although the usage of RAP materials for pavement construction will 

help in reducing the project’s initial cost, the service life span of the pavements containing 

RAP might be shorter than those of pavements containing 100% virgin materials. They might 

also require higher maintenance and rehabilitation costs. Hence an entire life cycle cost 

analysis covering the total design period of the pavement was required to be performed to 

conclude which pavement gave the most efficient performance in terms of project costs. 

The performance criteria used earlier in the mixture characterization process was used to 

determine the initial life span of each pavement mixtures by predicting the pavement’s ability 

to withstand rutting and fatigue distresses during the course of their service life. Among the 

two types of distresses considered, fatigue performance of the pavements was found to be the 

most conservative distress while determining the initial life span of the pavements since 

fatigue distress was found to occur earlier. This was understandable since the addition of 

RAP to the pavement mixes make the surface more stiffer and in turn makes them more 

prone to fatigue cracking while the same surface would have better resistance to rutting. 

Based on this distress criteria, the initial service life of pavements containing different 

surface mixtures are as shown in Table 7.1.
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Table 7.1 Estimated Initial Service Life of Simalted Pavement Systems

Surface Mixtures
Base & Subbase

Mixtures
Subgrade

Initial Life Span 
(years)

PG64

Crushed Stone & 
Crushed Gravel

A-7-5

12.5
PG58 + 10% RAP 8.9
PG64 + 10% RAP 11.6

PG58 + 22.1% RAP 12.7
PG64 + 22.5% RAP 13.9
PG58 + 48.8% RAP 14.5

The effect of RAP on the initial service life of pavements were evalauted by comparing their 

service lives with that of the pavements composed of virgin materials. The addition of 22.1% 

and 48.8% RAP to a pavement containing PG58 binder in the surface course was found to 

increase its initial service life by 1.6% and 16%. However the addition of 10% RAP with 

PG58 was found to reduce the initial service life by nearly 29%. This is due to the lower 

complex modulus values of the mixtures containing 10% RAP. Similarly the addition of 

22.5% RAP to pavement containing PG64 in the surface course increased the initial service 

life by 11.2% while the addition of 10% RAP with PG64 in the surface layer decreased the 

initial service life by 7.2%.

7.1 Material Costs

The initial construction costs of the pavement was determined using the material costs of the 

pavement materials as shown in Table 7.2.The costs of the materials are indicated in terms of 

cost per ton. The cost per ton of the asphalt concrete mixtures were obtained from the 

NCDOT 2012 bid averages. The RAP screening and its processing cost was the average cost 
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from asphalt plants throughout the state.

Table 7.2 Material Costs per Ton for Pavement Construction

Material Type
Cost per ton

($)
Asphalt Concrete Surface Course Mixture 9.5B 48.22

RAP Screening and Processing 14.33

The Table 7.3 below shows the cost per ton of the mixtures containing various proportions of 

RAP that were used in this project. Comparing the costs of these mixtures containing RAP 

with that of the mixtures containing only the virgin materials, the initial pavement 

construction cost savings can be determined.

Table 7.3 Costs Per Ton of Each Surface Mixtures

Mixtures Cost per Ton

PG64 $48.22
PG58 + 10% RAP $44.83
PG64 + 10% RAP $44.83

PG58 + 22.1% RAP $40.73
PG64 + 22.5% RAP $40.6
PG58 + 48.8% RAP $31.68

7.2 Initial Construction Costs of Pavements

The total initial costs of the entire pavement system is calculated using the cost per ton of 
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each mixtures. Several assumptions were made while calculating the initial cost. The 

pavement system was considered to have a total width of 28 feet, with two 12 feet travel 

lanes and two, two feet shoulders. The mixtures were assumed to be compacted to a density 

of 142.6 pcf. The total initial cost was calculated in terms of material costs per mile using 

this pavement configuration and its cross section as shown in Figure 6.1. The base, subbase 

and subgrade layers were considered to be made of the same material and properties while 

comparing the pavements with different surface layers. Hence while comparing the costs of 

different pavements only the surface layer was considered. The initial construction material 

cost per mile of pavements containing different mixtures as its asphalt concrete layer is as 

shown in Table 7.4.

The data shows that addition of 10%, 22.1%, 22.5% and 48.8% RAP lowers the initial cost

per mile of the pavement by about 7%, 15.5%, 15.8% and 34.3% respectively.

Table 7.4 Initial Construction Costs of Pavements

Mixtures Material Cost per Mile
PG64 $152,166

PG58 + 10% RAP $141,469
PG64 + 10% RAP $141,469

PG58 + 22.1% RAP $128,530
PG64 + 22.5% RAP $128,120
PG58 + 48.8% RAP $99,972
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7.3 Rehabilitation Costs of Pavements

Table 7.1 shows that all the pavement systems considered in this project were bound to fail 

due to fatigue and rutting distresses at some point of its service life and hence it would be

necessary to perform rehabilitation on the pavements after the distresses have crossed the 

damage limits. Rehabilitation costs and the service life after rehabilitation of each pavement 

system was determined.

The rehabilitation process of the pavement was assumed to be performed by milling out 2 

inches of the existing asphalt concrete layers and replacing it with an overlay of 2 inch 

thickness of fresh asphalt concrete mixtures on top of the existing pavement. In order to 

simulate the effect of aging and distress on the existing pavement, the modulus values of the 

already existing asphalt concrete layer was reduced by 50%, while the modulus values of 

base layers were lowered by 30%. Darwin ME analysis was used to predict the service life of 

pavements after rehabilitation by running the anlysis using the lowered modulus values of the 

pavement layers. The service life of the pavements after rehabilitation was mainly found to 

be governed by fatigue top down (longitudinal) cracking like the initial service life. All 

pavement mixtures except PG58+48.8% were predicted to require atleast 2 rehabilitations to 

complete their design life of 20 years.  

The rehabilitation costs were calculated based on the volume of the additional overlay used 

and the cost was denoted based on cost per miles. The rehabilitation costs of the different 

pavement mixtures are as shown in Table 7.5.
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Table 7.5 Rehabilitation Costs and Service Life of Pavements After First Rehabilitation

Surface 
Mixtures

Initial
Service 

Life
(years)

Rehabilitation
Service Life

(years)

Total
Service 

Life
(years)

No. of 
Rehabilitations 

Required to 
Meet Service 

Life

Single 
Rehabilitation 
Cost (per mile)

PG64 12.5 4.2 16.7 2 $76,852

PG58 + 
10% RAP

8.9 2.2 11.1 6 $71,449

PG64 + 
10% RAP

11.6 3.9 15.5 3 $71,449

PG58 + 
22.1% 
RAP

12.7 4.1 16.8 2 $64,915

PG64 + 
22.5% 
RAP

13.9 5.5 19.4 2 $64,708

PG58 + 
48.8% 
RAP

14.5 5.8 20.3 1 $50,491

The service life of the second or third rehabilitation processes if required, were considered to 

be similar to that of the first rehabilitation’s since the same amount of overlay materials 

would be used.

7.4 Salvage Value of Pavements

The service life provided by the pavements after their rehabilitation processes beyond the 

design life of 20 years was converted to salvage values using the equation,

C
Y

Y
SV

e

*1 
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Where,

SV = Salvage value,

Y = difference of the design period and number of years left befor next rehabilitation.

Ye = the service life of the rehabilitated system, and

C = the rehabilitation or initial construction cost of the system.

The table 7.6 below shows the salvage value of the pavements containing different surface 

course mixtures.

Table 7.6 Salvage Values of Different Pavement Systems

Surface Course 
Mixtures

Rehab Service 
Life (years)

Service Life used after 
Design Period (years)

Salvage Value 
per Mile

PG64 4.2 0.9 $60,384

PG58 + 10% 
RAP

2.2 2.1 $3,248

PG64 + 10% 
RAP

3.9 3.3 $10,992

PG58 + 22.1% 
RAP

4.1 0.9 $50,665

PG64 + 22.5% 
RAP

5.5 4.9 $7,059

PG58 + 48.8% 
RAP

5.8 0.3 $47,879
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7.5 Present Worth Analysis

Present value method is one way of conducting life cycle cost analysis of pavements. In this 

analysis all costs and returns are converted to the present value. From the conclusion of this 

analysis, all the present worth values of each pavement system are added and the pavement

with the lowest life cycle cost will be considered as the most economical pavement. The 

following relationship is used during this anlysis.

Ni

F
PW

)1( 


Where,

PW = present worth of a sum of money that takes place N years from the base year,

F = future sum of an improvement at the end of year N, and 

i = discount rate.

According to the NCDOT pavement management cycle strategies, a discount rate of 4% was 

used. The total present worth of each of the pavement system is as shown in Table 7.7.
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Table 7.7 The Total Present worth Cost Comparison of Different Pavement Systems

Surface Course 
Mixtures

Total Cost per 
Mile

Percentage Decrease in Cost When Compared 
with Virgin Mixtures

PG64 $222,688 0.0

PG58 + 10% RAP $251,206 -12.8

PG64 + 10% RAP $198,634 +10.8

PG58 + 22.1% 
RAP

$187,316 +15.9

PG64 + 22.5%
RAP

$138,220 +37.9

PG58 + 48.8% 
RAP

$125,951 +43.4
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CHAPTER EIGHT

Conclusions & Recommendations

There has been a significant increase in the usage of recycled materials for pavement 

construction over the last few years. This is due to several reasons such as increase in 

material and constrcution costs, abundant availability of waste materials, superior 

performances of the pavements containing waste materials etc. With both cost savings and 

sustainability in mind, the NCDOT has increased the allowances for recycled materials in 

HMA in the last few years. RAP is one of the most commonly used recycled material that is 

used in pavement construction. 

Past research and studies have shown that pavements containing RAP offer better 

performance and endurance. However since RAP materials are generally stiffer, it is 

important to use proper amount of RAP in pavement mixtures. Excessive use of RAP 

materials might lead the resulting pavement more prone to fatigue cracking while insufficient 

usage of RAP tend to make the pavement prone to permanent deformation. Hence it is vital 

to know the sufficient limits of RAP that can be used in a mixture. According to the current 

state of practice in the HMA mix design, the limits of RAP is goverened by placing limits on 

the percentage by weight of the total mixture that has been replaced by RAP. The binder 

contributed by RAP is then calculated and shown as a replacement for a percentage of virgin 

asphalt binder content used in the mix. This method of limiting the RAP content does not 

prioritize the amount of RAP binder content being used in a mix. The amount of recycled 

binder content in a mix is a very important factor since it governs the volumetric properties 
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of the total mixture and ultimately affect the performance of the pavement. In order to 

prioritize this factor, there exists a need to determine if changes in specifications are required 

to limit recycled materials based on the percent recycled binder they contribute to the total 

binder percentage instead of the percent by total weight of the mixture. Changing this 

specification to emphasize the percentage of allowable recyclable material based on the 

percent binder they contribute, will allow for the optimal amount of recycled materials to be 

used since the binder content of the recycled material is considered. 

This research aims to verify the efficiency of this method of limiting RAP material in the 

mixture by evaluating the performance of pavement mixes containing certain limits of RAP 

that was used based on the amount of binder content they contribute in a mix. Hence the 

main objectives of this research are 

 To determine the limits of binders contributed by the RAP that can be used in the 

HMA, with the help of rheological binder tests and blend charts.

 To determine the optimum amount of RAP content that could be used in a mix that 

would yield better pavement performance when compared with standard 9.5B mixes

without any significant reduction in the pavement’s service life.

 To perform economic analysis and determine the amount of cost savings contributed 

by pavements using the binder limits of RAP.

 To develop a specification for the allowable limits of RAP binder that could be used 

with each virgin binders to satisfy the 9.5B mix requirements.  
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The following conclusions were made after performing the above mentioned tasks.

8.1 Binder Characterization Conclusion

 In the case of original aged binders, both PG58-28 and PG64-22 binders were found 

to have high temperature grades of 64°C in the absence of RAP since their

rheological properties were found to satisfy the criteria of G*/sinδ ≥ 1 kPa at 64°C. 

 The addition of 25% RAP to the original aged binders was found to increase the high 

temperature grade of PG58-28 and PG64-22 to 70°C. Addition of 40% RAP to the 

binders were found to achieve the same results, with both PG58-28 and PG64-22 

binders becoming PG70.

 In the case of RTFO aged binders both PG58-28 and PG64-22 binders were found to 

have high temperature grades of 64°C in the absence of RAP since their rheological 

properties were found to satisfy the criteria of G*/sinδ ≥ 2.2 kPa at 64°C.

 The RTFO aged binder blends of PG58-28 with 25% RAP and 40% RAP were both 

found to increase the high temperature grade by two grades to 76°C. For RTFO aged 

PG64-22 binder with 25% RAP there was only a single shift in high temperature 

grade to 70°C while RTFO aged PG64 with 40% RAP had high temperature grade of 

76°C.

 The PAV aged samples of PG58-28 and PG64-22 were found to satisfy intermediate 

temperature grades of 28°C and 25°C respectively.
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 The PAV aged samples of PG58-28 with 25% and 40% RAP were found to have 

intermediate temperature grades of 22°C and 25°C respectively. The PAV aged 

samples of PG64-22 with 25% and 40% RAP satisfied intermediate temperature 

grades of 28°C.

 This research deals with 9.5B mixes which requires the performance grade of binders 

used in the mix to be PG64-22. Therefore the minimum limits of RAP to be used with 

a virgin binder should be determined based on the amount of RAP required to satisfy 

a high temperature grade of 64°C of the resulting binder blend. However both PG58-

28 and PG64-22 are found to satisfy this criteria without any addition of RAP. Hence 

minimum limits of RAP binder could not be determined using the binder testing 

process.

 The intermediate temperature grade requirement for binders to meet the performance 

grade of PG64-22 is 25° C. The maximum limits of RAP in PAV aged PG58-28 and 

PG64-22 binders required to satisfy this intermediate temperature grade was 42.9% 

and 20.5% respectively. 

8.2 Dynamic Modulus Test Conclusion

 The mixtures containing RAP binder were expected to have higher complex modulus

values when compared with the mixtures containing 100% virgin materials. The 

mixtures containing 20% and 45% RAP binder were found to meet this expectation.
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 However the mixtures containing 10% RAP were found to have lower complex

modulus values than virgin mixtures. The lower complex modulus values of mixtures 

containing 10% RAP can be attributed to insufficient blending of RAP with virgin 

materials.

 It is important to ensure that sufficient blending of RAP and virgin materials occurs

while producing mixtures for the performance testing. Since the limit for the heating

temperature of RAP material is only 110°C, the degree of blending depends a lot on 

the compaction. However since the mixtures containing 10% RAP and virgin 

mixtures contain the same binder content of 6%, both mixtures would have received 

almost similar number of gyrations during their compaction to achieve the target 

height required for performance testing. The same intensity of compaction for virgin 

mixtures and mixtures containing 10% RAP does not work in favor of the latter, as 

the RAP mixtures would require a better compaction effort to achieve good 

interlocked aggregate structure. This might have been the reason for reduced stiffness 

of mixtures containing 10% RAP.

8.3 Pavement Performance Conclusion

 The top down longitudinal fatigue cracking was found to be the limiting factor for the 

service life of all the pavement systems while their rut life was able to withstand more 

load repetitions. This is understandable since the addition of RAP makes the surface 

more stiff and makes the pavement more prone to fatigue distress than failure due to 
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rutting. 

 The addition of RAP was generally found to increase the fatigue life of the 

pavements. However the pavements containing  mixtures with 10% RAP were 

predicted to have lower service life than those of the pavements made of virgin 

mixtures.

 Pavements containing PG58 + 10% RAP and PG64 + 10% RAP by weight of total 

mix were found to have a reduced initial service life of about 28.8% and 7.2% 

respectively when compared with pavements made of virgin materials. Other 

pavement mixes such as PG58 + 22.1% RAP, PG58 + 48.8% RAP and PG64 + 

22.5% RAP were found to improve the initial service life of pavements by 1.6%, 16% 

and 11.2% respectively. 

 Similarly the service life of the pavements after rehabilitation were determined and it 

was added to the initial service life to obtain the total service life offered by the 

pavements. Pavements containing PG58 + 10% RAP and PG64 + 10% RAP were 

found to have a reduced total service life of about 33.53% and 7.19% respectively 

when compared with pavements made of virgin materials. Other pavement mixes 

such as PG58 + 22.1% RAP, PG58 + 48.8% RAP and PG64 + 22.5% RAP were 

found to improve the total service life of pavements by 0.59%, 21.56% and 16.17% 

respectively.
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 Pavement performance was used to determine the limits of RAP binder to be used in 

a 9.5B mix. Since it was found that the performance of pavements containing PG58-

28 + 20% RAP binder was close to the performance of pavements made of virgin 

mixtures, the minimum limit of RAP binder to be used in a 9.5B mix containing

PG58-28 virgin binder was considered as 20%. RAP binder content used below this 

limit with mixtures containing PG58-28 was found to provide pavements with 

inferior performances to that of standard 9.5B mix.

8.4 Economic Analysis Conclusion

 The addition of 10%, 22.1%, 22.5% and 48.8% RAP to the mixtures was found to 

reduce the materials cost per ton by 7%, 15.5%, 15.8% and 34.3% respectively.

 The total present worth of the pavement was found to reduce by 10.8%, 15.9%, 

37.9% and 43.4% when using PG64 + 10% RAP, PG58 + 22.1% RAP, PG64 + 

22.5% RAP and PG58 + 48.8% RAP respectively when compared with present worth 

of pavements containing only virgin materials. However the addition of PG58 + 10% 

RAP to the surface course of pavements was found to increase the cost of pavement 

by 12.8%.

8.5 Major Conclusions

 Rheological testing on PAV aged binder samples indicated that the maximum limits 

of RAP binder to be used with 9.5B mixes containing PG58-28 and PG64-22 were 

45% and 20% respectively. Minimum limits of RAP binder could not be determined 
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through binder testing as both virgin binders satisfied the rutting criteria without any 

addition of RAP. 

 The pavement service life was predicted to increase with the addition of RAP. This 

was found to be true in most mixtures except in the case of mixtures containing 8%

RAP binder. These mixtures were found to have reduced pavement life when 

compared with pavements constructed using virgin mixtures.

 Mixtures containing 8% RAP binder were found to provide inferior performance

when compared with virgin mixtures which includes lower complex modulus values, 

lower initial service life of pavements and higher project costs.

 However the mixtures containing 20% and 45% RAP binder content were found to 

give better overall pavement performance when compared with virgin mixtures.

 Pavement performance prediction was used to determine the minimum limits of RAP 

binder to be used in 9.5B mixes. The minimum limit of RAP binder for mixes 

containing PG58-28 was found to be 20%, while minimum limit did not exist for 

mixtures containing PG64-22.

 These maximum and minimum limits of RAP binders established with the help of

binder testing and pavement performance prediction respectively, were found to 

provide mixtures with that gave better pavement performances than a standard 9.5B 

mix.
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 The following table suggests the minimum and maximum binder limits of RAP to be 

used with PG58-28 and PG64-22 while preparing HMA 9.5B mixtures.

Table 8.1 Minimum and Maximum Limits of RAP by %Weight of Total Binder 
to be Used in a 9.5B Mix

Virgin Binder
% Minimum binder limits 

of RAP
% Maximum Binder limits 

of RAP

PG58-28 20.0 45.0

PG64-22 - 20.0

 It is recommended to lower the high temperature grade of the virgin binder by one 

grade when more than 20% RAP binder is used in a mix. For mixes containing lesser 

than 20% RAP there is no need to lower the high temperature grade of the virgin 

binder. 

8.6 Recommendations

The mixtures containing 10% RAP binder were found to provide lower complex modulus, 

lower initial service life for pavements and higher pavement costs when compared with 

virgin mixtures. These findings were contrary to the expectations as the addition of RAP in 

these mixtures was expected to improve their overall performance. This pattern is thought to 

occur due to the combined effect of insufficient blending between RAP & virgin materials 
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and higher binder content used in these mixtures when compared with mixtures containing 

higher percentages of RAP. Hence the following aspects are recommended for future 

research.

 The degree of blending between RAP and virgin mixtures while mixing needs to be 

investigated. Since RAP cannot be heated to no more than 110°C due to their 

stiffness concerns, suitable provision needs to be provided for increasing the mixing 

temperature of the virgin materials to compensate for the lower heating temperature 

of RAP. Suitable specifications need to be introduced for determining the optimum 

increase in the mixing temperatures of virgin materials in HMA incorporating RAP, 

so as to ensure efficient blending between RAP and virgin materials. It must also be 

ensured that the increase in mixing temperature does not drastically affect the 

property of the materials due to excessive heating.



104

REFERENCES

1. S. McDaniel and Soleymani H., “Recommended Use of Reclaimed Asphalt Pavement 

in the Superpave Mix Design Method”, National Cooperative Highway Research 

Program, Transportation Research Board, National Research Council, October 2000.

2. Michael S. Sondag, Bruce A., Chadbourn and Andrew Drescher, “Investigation of 

Recycled Asphalt Pavement Mixtures”, Department of Civil Engineering, University 

of Minnesota, 500 Pillsbury Drive SE, Minneapolis, MN 55455-0116, July 2004.

3. Gary Thompson, “Determining Asphalt Content for Recycled Asphalt Pavement 

(RAP) Materials”, Asphalt Pavement Association of Oregon, Asphalt Research 

Program, 5240 Gaffin Rd. SE, Salem, Oregon 97301, July 2003.

4. Loria L., Elie Y. Haji, Peter E. Sebaaly, Barton M., Kass S., and Liske T., 

“Performance Evaluation of Asphalt Mixtures with High Recycled Asphalt Pavement 

Content”, Western Regional Superpave Center, Department of Civil & Environmental 

Engineering, University of Nevada, MS257, NV 89557, 2011.

5. Binh T. Tran and Rayya A. Hassan, “Performance of Hot Mix Asphalt Containing 

Recycled Asphalt Pavement”, Swinburne University of Technology, John Street, 

Hawthorn, Victoria 3122, Australia, December 2011.



105

6. Vavrik, Carpenter, Gillen, Garrott and Behnke, “Evaluation of Field Produced Hot 

Mix Asphalt (HMA) Mixtures with Fractionated Recycled Asphalt Pavement (RAP)”, 

Applied Research Associates, 100 Trade Centre Drive, Suite 200 champaign, IL 

61820, October 2008.

7. Jack E. Stephens, James Mahoney and Cory Dippold, “Determination of the PG 

Binder Grade to Use in a RAP Mix”, JHR 00-278, University of Connecticut, 

Connecticut Transportation Institute Storrs, CT, April 2001.

8. Hossain Z., Solanki P., Zaman M., Adje D., and Lewis S., “Test Methods For Use of 

Recycled Asphalt Pavement in Asphalt Mixes”, FHWA-OK-12-01, College of 

Engineering, University of Oklahoma, 202 West Boyd St. #107, Norman, Oklahoma 

73019, February 2012.

9. NCHRP Report, “A manual for Design of Hot Mix Asphalt with Commentary”, 

Advanced Asphalt Technologies, LLC, Sterling, VA, March 2011.

10. Beth Visintine, “An Investigation of Various Percentages of Reclaimed Asphalt 

Pavement on the Performance of Asphalt Pavements”, North Carolina State 

University, Civil Engineering, Raleigh, NC, 2011.



106

APPENDIX



107

Appendix A: E* Master Curve Data (psi)

Mixture
Temp

(F)
0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz

PG64

14 2336304 2612263 2709829 2892117 2953905 3022584
40 1194218 1610935 1786964 2163533 2306844 2476393
70 279004 487312 606796 948817 1117858 1352450
100 58319 100754 129569 235056 302470 416763
130 21765 30477 36249 57887 72643 99914

PG58 + 
10% 
RAP

14 1822371 2169527 2302855 2569839 2666492 2778293
40 730712 1074803 1237419 1624558 1787651 1993436
70 147543 261682 331754 552563 673430 854941
100 34491 56242 70824 124633 159928 221927
130 14568 19551 22741 34265 41906 55816

PG64 + 
10% 
RAP

14 2192502 2488181 2595631 2801357 2872822 2953510
40 1063924 1460623 1633034 2012739 2161578 2341184
70 240765 423164 528938 837214 992859 1212746
100 49136 85997 110998 202544 261203 361127
130 17337 24913 29936 48760 61587 85268

PG58 + 
22.1 % 
RAP

14 2342534 2628824 2729839 2917796 2981144 3051238
40 1172597 1594340 1774667 2163375 2311967 2487913
70 282931 480401 594951 928527 1096269 1331766
100 72091 113868 141569 241486 305070 413241
130 33539 43176 49357 71661 86392 113055

PG64 + 
22.5% 
RAP

14 2512527 2758471 2844740 3005374 3059764 3120265
40 1434787 1843122 2009556 2366587 2486058 2637793
70 408179 667622 807147 1181945 1357268 1592540
100 93613 159366 202178 349844 438716 582405
130 33718 48285 57841 92923 116217 158097

PG58 + 
48.8% 
RAP

14 2549174 2789177 2872584 3026536 3078186 3135290
40 1472119 1883906 2050624 2395578 2523173 2671791
70 426406 691454 833860 1215595 1393578 1631619
100 103693 171598 215574 366764 457617 604427
130 40672 56222 66317 102976 127112 170293
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Appendix B: Darwin ME Data

Darwin-ME inputs

Traffic Info Climatic Info

Initial Two-way AADTT 900 Latitude 35.871
No. of Lanes in Design 

Direction
2 Longitude -78.786

Growth Rate (%) 2 Elevation 397

Other Traffic Inputs Default Depth to Water Table (ft) 20

Operational Speed 45

HMA Properties

Binder Type PG 64-22 & PG58-22 with RAP

Air Voids (%) 8.0

Unit Weight (Pcf) 142.6

Effective Binder Content (%) 11.0

Distress Limits

Distress Types Limits
Terminal IRI (in/mile) 172.00

Permanent Deformation – total pavement 
(in.)

0.75

AC Bottom Up Cracking (%) 25.00
AC Thermal Cracking (ft/mile) 1000.00

AC Top Down Fatigue Cracking (ft/mile) 2000.00
Permanent Deformation – AC only (in.) 0.25

Reliability – 90%


