
UC Davis
UC Davis Previously Published Works

Title
Characterizing the Aging and Performance of Asphalt Binder Blends Containing 
Recycled Materials

Permalink
https://escholarship.org/uc/item/7wv2g75b

Journal
Advances in Civil Engineering Materials, 12(1)

ISSN
2379-1357

Authors
Rahman, Mohammad Ashiqur
Harvey, John T
Elkashef, Mohamed
et al.

Publication Date
2023

DOI
10.1520/acem20220105
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/7wv2g75b
https://escholarship.org/uc/item/7wv2g75b#author
https://escholarship.org
http://www.cdlib.org/


Advances in Civil
Engineering Materials

Mohammad Ashiqur Rahman,1 John T. Harvey,2 Mohamed Elkashef,3

Liya Jiao,2 and David Jones2

DOI: 10.1520/ACEM20220105

Characterizing the Aging and
Performance of Asphalt Binder
Blends Containing Recycled
Materials

VOL. 12 / NO. 1 / 2023

UC Davis pursuant to License Agreement. No further reproductions authorized.
Downloaded/printed by 
Copyright by ASTM Int'l (all rights reserved) Mon Apr 10 17:07:46 GMT 2023



Mohammad Ashiqur Rahman,1 John T. Harvey,2 Mohamed Elkashef,3

Liya Jiao,2 and David Jones2

Characterizing the Aging and
Performance of Asphalt Binder Blends
Containing Recycled Materials

Reference

M. A. Rahman, J. T. Harvey, M. Elkashef, L. Jiao, and D. Jones, “Characterizing the Aging and

Performance of Asphalt Binder Blends Containing Recycled Materials,” Advances in Civil

Engineering Materials 12, no. 1 (2023): 41–57. https://doi.org/10.1520/ACEM20220105

ABSTRACT

The aging of asphalt concrete is mainly governed by the aging of the asphalt binder, which is a

naturally occurring organic hydrocarbon. Both chemical and rheological properties of asphalt

binder are expected to change as aging continues. The pavement industry is increasing the use

of different recycled materials in the construction and rehabilitation of flexible pavements to

preserve natural resources, save costs, and reduce environmental emissions. The aged binder

from recycled materials is expected to alter the binder properties and its aging characteristics

in the new mix. In this study, 3 different virgin base binder types (PG 64-16, PG 58-22, and

PG 70-10) and 7 different binder blends containing recycled binders (up to 100 % binder

replacement) were subjected to different aging conditions. The rheological and chemical prop-

erties of these binders were characterized using a dynamic shear rheometer and Fourier trans-

form infrared spectroscopy, respectively. It was found that the Glover-Rowe parameter

distinctively captured the change in binder rheological properties with aging for the different

binder blends. A good correlation (R2 value of 0.83–1.00) was observed between binder chemi-

cal and rheological properties. The source and performance grade of the base binder were

found to govern the correlation between the rheological and chemical properties of the

blended binder. Hamburg wheel tracking (for rutting and moisture sensitivity) and indirect

tensile asphalt cracking test (for fracture) tests were conducted on asphalt mixes maintaining

the same blended binder ratios. The laboratory mix performance parameters were found to

correlate well with the properties of the blended binders. Therefore, properties of the blended

binders can be an important source of information for predicting the performance of asphalt

mixes containing recycled materials.
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Introduction

Aging is an important phenomenon for the medium and long-term performance (5–30 years) of asphalt concrete

because it can lead to a reduction in a flexible pavement’s resistance to raveling, cracking, and moisture-induced

damage.1,2 On the other hand, asphalt aging is believed to significantly increase the short-term (<5 years) rutting
resistance of pavements and can increase fatigue cracking resistance in thicker layers (generally asphalt layers

when resistance to bending of the structure is considered).3–6 Therefore, understanding the mechanism of aging

for asphalt mixes is very important. However, the aging of asphalt mixes is a complex chemical phenomenon.

Apart from the properties of the asphalt mixes, this chemical process also depends on pavement temperatures,

access to oxygen, exposure to ultraviolet light, and moisture. Therefore, pavements in different regions and at

different depths in the pavement are expected to age differently despite having the same asphalt mix properties.7,8

The aging of asphalt binder has also been found to vary significantly with variations in crude oil origin and

refinery processes.2,3 Additionally, increasing use of reclaimed asphalt pavement (RAP), reclaimed asphalt shin-

gles (RAS), and rejuvenating agents (used to promote blending of RAP/RAS and virgin binders and soften the

blended binder) in pavement construction poses further challenges in predicting the effects of aging on asphalt

concrete.2,9

As part of efforts toward improving the cost and environmental sustainability of asphalt pavements, vari-

ous recycled materials have been used in the maintenance, rehabilitation, and construction of new pavements

for more than 40 years.4,9–11 A survey conducted by Williams, Willis, and Shacat12 reported that about 94 %

of RAP has been put back into new asphalt mixes in 2019. The amount of RAP used in 2019 in the United States

was 89.2 million tons, about 8.5 % more than in 2018 and about 60 % more than in 2009.12 Approximately

1.37 million tons of RAS was stockpiled during 2018. Of the RAS used in 2018, more than 96 % was utilized by

the asphalt industry.12

The use of these highly aged materials is beneficial for asphalt mixes in terms of short-term rutting resistance

and fatigue resistance in thicker asphalt layers because of an increase in stiffness.4,6,13–16 However, an increase in

RAP/RAS has been found to reduce low-temperature cracking resistance in the longer term.5,9,17 For asphalt

mixes with high recycled material contents (more than 30 % reclaimed binder), a suitable rejuvenator is typically

used to reduce the effects of stiffer RAP/RAS binder and to increase low-temperature and block cracking resis-

tance, both of which are top-down aging-related phenomena. However, the addition of all these materials causes

more complexity in the asphalt aging behavior.

Both the chemical and the rheological properties of asphalt binder are found to change with asphalt aging.

Several researchers have used chemical properties to track the aging of asphalt.1,18–20 Rheological properties have

also been used to characterize the aging of asphalt.21–23 Therefore, it is useful to investigate the relationship

between asphalt binder rheological and chemical properties together with the effect of the recycled materials

on binder aging properties, and the relationship between mix performance parameters and different aging param-

eters. This will help generalize understanding of the complex interactions and help develop less expensive testing

methods (binder chemical characterization) for mix design and potentially for quality control. Based on this

discussion, the objectives of this study are as follows:

• Evaluate the effect of laboratory aging on asphalt binders containing RAP/RAS, with and without a
rejuvenator

• Evaluate the correlation between binder rheological and chemical properties for asphalt binders containing
recycled materials

• Correlate the binder properties with mix properties for asphalt mixes containing recycled materials
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Materials and Methods

ASPHALT BINDER

In this study, 10 different binder blends were prepared in the laboratory to evaluate the binder rheological and

chemical properties with aging as shown in Table 1. In the blend summary, “B,” “RP,” “RS,” and “RJ” represent

the base binder type, percentage of RAP, percentage of RAS, and percentage of rejuvenator, respectively. For

example, B1 RP13+RS15+RJ6 presents the binder blend with Base Binder 1 (PG 64-16) containing 13 %

RAP, 15 % RAS, and 6 % rejuvenator. It must be noted that these are binder percentages, not percentages

by mass of RAS and RAP in the mix. In this paper, only one source of RAP and one type of aromatic extract

rejuvenator are discussed. The rejuvenator dosages were selected to maintain the high performance grade (PG) of

binder blends as close to Base Binder 1 (PG 64-16) as possible. Also, an upper limit of 10 % rejuvenator by the

weight of total binder was maintained to ensure workability. The RAP/RAS binder was auto-extracted following

ASTM D8159, Standard Test Method for Automated Extraction of Asphalt Binder from Asphalt Mixtures. The

extracted RAP/RAS binder was then recovered using the rotary evaporation process following ASTM D5404,

Standard Practice for Recovery of Asphalt from Solution Using the Rotary Evaporator.

Three different virgin binder grades (PG 64-16, PG 58-22, and PG 70-10) were considered, but binder blends

were only produced with the PG 64-16 binder. These virgin binders were collected from three different refinery

sources. The PG 58-22 and PG 70-10 virgin binders were considered to evaluate the effect of base binder type and

source on chemical and rheological properties. The binder blends were prepared using a shear mixer at 163°C for

30 min to achieve complete binder blending. The rejuvenator was considered as part of the replaced binder.

A rolling thin-film oven (RTFO) and pressure aging vessel (PAV) were used to simulate short- and long-term

aging of asphalt binder blends according to AASHTO T 240, Standard Method of Test for Effect of Heat and Air on

a Moving Film of Asphalt Binder (Rolling Thin-Film Oven Test), and AASHTO R 28, Standard Practice for

Accelerated Aging of Asphalt Binder Using a Pressurized Aging Vessel (PAV) respectively.

The chemical properties of the binder blends were evaluated using Fourier transform infrared spectroscopy

(FTIR). The spectra measured by the FTIR were recorded in a reflective mode, from 4,000 to 400 cm−1, at a

resolution of 4 cm−1. An average value of 24 scans was recorded for each measurement. Nine replicate measure-

ments were taken to ensure that representative measurements were collected for each binder sample. The car-

bonyl area (CA) index determined from FTIR was used to track chemical properties with aging. The tangential

integration of the component area index was calculated between the upper and lower wavenumbers (1,671 and

1,720 cm−1).1 The aliphatic band at 2,923 cm−1 was used to normalize the spectra and eliminate any variability

TABLE 1
Summary of binder blends

Blend Number Blend Summary Virgin Binder

Rejuvenator

Dosage, % of

Total Binder

RAP Amount, %

of Total Binder

RAS Amount, %

of Total Binder

Binder

Replacement, %

Mix

Testing

1 PG 64-16 (B1) PG 64-16 … … … 0 Yes

2 B1 RP25+0RJ PG 64-16 … 25 … 25 Yes

3 B1 RP19+ 6RJ PG 64-16 6 19 … 25 Yes

4 B1 RP40+RJ10 PG 64-16 10 40 … 50 Yes

5 B1 RP50+RJ0 PG 64-16 … 50 … 50 No

6 B1 RP19+RS15 PG 64-16 … 19 15 34 Yes

7 B1 RP13+RS15+RJ6 PG 64-16 6 13 15 34 Yes

8 RP100 … … 100 … 100 No

9 PG 58-22 (B2) PG 58-22 … … … 0 No

10 PG 70-10 (B3) PG 70-10 … … … 0 No

Note: RAP amount = RAP binder/(RAP binder + virgin binder + rejuvenator). Binder replacement = (RAP and/or RAS binder+ rejuvenator)/(RAP
and/or RAS binder + rejuvenator+ virgin binder).
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introduced by the operator and any background impacts between repeat measurements. Previous literature sug-

gested that this aliphatic band structure is not affected by aging over time.24,25 The following equation was used to

integrate the chemical component area index:

Ii =
Z

wu,i

wl,i

aðwÞdw −
aðwu,iÞ + aðwl,iÞ

2
× ðwu,i − wl,iÞ (1)

where:

Ii= index of area i,

wl,i= lower wavelength integral limit of area i,

wu,i= upper wavelength integral limit of area i, and

a(w)= absorbance as the function of wavelength.

Rheological properties were determined with a dynamic shear rheometer. PGs of the 10 binder blends were

determined following AASHTO M 320, Standard Specification for Performance-Graded Asphalt Binder. Also, the

complex shear modulus (G∗) and phase angle (δ) values at four different temperatures (5°C, 10°C, 25°C, and

40°C) and at 16 different testing frequencies (0.02–15.92 Hz) for all 10 binder blends were evaluated. Several other

aging parameters were calculated using the G∗ and δ values as shown in Table 2. A symmetric sigmoidal fit function

was used to convert the frequency sweep data into a master curve at the reference temperature using the fit function

in equation (2). The reference temperature considered in this study was 15°C. Equation (2) can be used to generate

a binder master curve by substituting the complex modulus (E∗) with the shear complex modulus (G∗).

logjE∗j = δ +
α

1 + eβ+γlogωf r
(2)

where:

jE∗j=magnitude of complex modulus, kPa,

α= fitting parameter (the high asymptote of the master curve),

δ= fitting parameter (the lower asymptote of the master curve),

β, γ = fitting parameters (the slope of the transition region of the master curve),

ω= frequency, Hz, and

f r = reduced frequency, which is the shifted frequency at the reference temperature from the frequency at the

test temperature, Hz.

The reduced frequency can be calculated using the Williams-Landel-Ferry shift function, which is based on

the time-temperature superposition as shown in equation (3).26

logðαTÞ =
−C1ðT − TrÞ
C2 + ðT − TrÞ

(3)

where:

αT = shift factor as a function of temperature T,

T = test temperature in Kelvin, °K,

Tr = reference temperature in Kelvin, °K, and

C1 andC2 = fitting parameters.

TABLE 2
Summary of rheological aging parameters

Parameters Definition/Source Expected Effect of Aging

GR GR = G�cos2δ
sin δ at 15°C and 0.005 rad/s Increase

Crossover frequency, ωC Reduced frequency at δ = 45° Decrease

Crossover modulus, Gc Complex modulus value (G*) at δ = 45° Decrease

R value Difference between the log of the glassy modulus (109 Pa) and the log of Gc Increase
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Then, equation (4) obtained from the Kramers–Kronig relation was used to develop the phase angle master

curve.27 The time-temperature shift factor was calculated using equation (3).

δðf rÞ = π

2
αγ

ð1 + eβ−γlogðf rÞÞ2 e
ðβ−γlogf rÞ (4)

where:

α= fitting parameter (the high asymptote of the master curve),

δ= fitting parameter (the lower asymptote of the master curve),

β, γ = fitting parameters (the slope of the transition region of the master curve),

ω= frequency, Hz, and

f r = reduced frequency, which is the shifted frequency at the reference temperature from the frequency at the

test temperature, Hz.

ASPHALT MIXES

Hamburg wheel tracking (HWT) and indirect tensile asphalt cracking test (IDEAL-CT) tests were performed on

asphalt mixes prepared using six of the PG 64-16 binder blend ratios. Binders containing 50 and 100 % RAP

binder replacement with no rejuvenator (B1 RP50+RJ0 and RP100) were not considered to be feasible for field

placement and were not tested in mixes. These two blends were prepared to assess aging trends in binders con-

taining high recycled material contents with no rejuvenator. In this study, sieve analysis was performed on the

aggregates extracted from RAP and RAS. The gradation curves of extracted RAP/RAS aggregates are shown in

figure 1. The gradation of virgin aggregate was selected in a manner such that the combined aggregate gradation

after the addition of RAP/RAS follows a similar pattern as the mix with no recycled material (mix with PG 64-16

(B1)). As shown in figure 1, the combined aggregate gradation follows a similar pattern for all six mixes.

Loose mixes were short-term oven aged at 135°C for 4 h prior to compaction per AASHTO R 30, Standard

Practice for Laboratory Conditioning of Asphalt Mixtures, to simulate the conditioning of plant-produced mixes.

Compacted specimens were prepared using a Superpave gyratory compactor. Target air-void contents were kept

at 7 ± 0.5 % based on densities typically obtained in the field.

HWT tests were performed at 50°C according to AASHTO T 324, Standard Method of Test for Hamburg

Wheel-Track Testing of Compacted Asphalt Mixtures. The test was automatically terminated after reaching a

maximum rut depth of 20 mm or after 20,000 wheel passes had been applied, whichever was reached first.

FIG. 1

Combined aggregate

gradation for different

asphalt mixes, RAP

(RP100) and RAS

(RS100).
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IDEAL-CT testing followed ASTM D8225, Standard Test Method for Determination of Cracking Tolerance

Index of Asphalt Mixture Using the Indirect Tensile Cracking Test at Intermediate Temperature, with all specimens

conditioned at 25°C for 2 h prior to testing. Strength and CTindex [equations (5)–(8)] were determined as the

cracking resistance parameters. It should be noted that cracking is defined here to be low-temperature and block

cracking phenomena, which are solely dependent on the mix properties and the environment, and not the

bottom-up fatigue cracking phenomena that depends on the interaction of traffic loading, pavement structure,

environment, mix stiffness, and fatigue cracking properties.

CT index =
t
62

×
I75
D

×
Gf

jm75j
× 106 (5)

where:

t = thickness,

D= diameter, and

Gf = failure energy ð J
m2Þ.

Gf =
Wf

D × t
× 106 (6)

where:

Wf = total area under load – displacement curve till 0.1 kN load was reached after the peak, and

I75 = displacement at 75 % of peak load.

jm75j=
����P85 − P65

I85 − I65

���� (7)

where:

P85 = 85 % of peak load,

P65 = 65 % of peak load,

I85 = displacement at P85, and

I65 = displacement at P65.

Strength, σ0 =
Peak load

2rt
(8)

where:

r = radius of the sample.

Results and Discussion

BINDER PROPERTIES WITH AGING

Chemical Properties

The CA index is a popular binder chemical parameter for tracking the aging of asphalt binders. The variation of

CA with aging for the 10 different binder blends is shown in figure 2. Base Binder 1 (PG 64-16) had larger initial

and final CA values compared with Base Binder 2 (PG 58-22) and Base Binder 3 (PG 70-10). The binder blend

with 25 % RAP and no rejuvenator (B1 RP25+0RJ) had a CA index for all aging conditions, similar to the blend

with 19 % RAP and 6 % rejuvenator (B1 RP19+RJ6). This was unexpected given that the addition of a rejuvenator

is expected to reduce the degree of aging of asphalt binders but was attributed to the presence of CA in the

rejuvenator. The CA indexes for the rejuvenator at unaged, RTFO-aged, and PAV-aged conditions were

1.89, 1.95, and 2.52, respectively (fig. 2). Based on these results, a modified CA parameter (CAmod) was proposed

to track the aging of binder blends containing rejuvenator as shown in equation (9). In this equation, the CA
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values of rejuvenator were selected based on the aging conditions (unaged, RTFO-aged, or PAV-aged) of the

rejuvenated binder blends.

CAmod =Measured CA − ð% Rejuvenator usedÞ × CAof Rejuvenator (9)

Rheological Properties

The continuous high and intermediate binder grades for the 10 binder blends are shown in figure 3. As expected,

an increase in RAP/RAS content increased the continuous grade for all cases. A reduction in binder grade

was observed with an increase in rejuvenator content. For example, the continuous grade for unaged Blend

1 (PG 64-16) increased from 66.9°C to 74.9°C after adding 25 % RAP (Blend B1 to B1 RP25+RJ0). However,

the addition of 6 % rejuvenator with 19 % RAP (B1 RP19+RJ6) decreased the continuous grade to 67.3°C.

Therefore, the rejuvenator used in this study softened the binder blends. A similar trend was observed for

the binder blends with 50 % RAP binder replacement (B1 RP50+RJ0 and B1 RP40+RJ10). Adding RAS had

a greater effect on the continuous grade than adding RAP, as expected considering the types of asphalt binders

used in shingles and the extended aging they typically experience on roofs. Adding 15 % RAS binder with 19 %

RAP binder resulted in a similar high grade (84.0°C) to the 50 % RAP blend (84.5°C). This was mainly attributed

to the higher degree of aging of the RAS materials.

The variation of complex shear modulus (G∗) with aging is shown in figure 4. For all 10 blended binders

with three aging conditions (unaged, RTFO-aged, and PAV-aged), a total of 30 (3 × 10) numbers of G∗ master

curves were developed. However, in this figure, only four master curves are highlighted to clearly assess the aging

effect on asphalt binders. G∗ master curves for Base Binder 1 (B1) at 3 aging conditions and 100 % RAP binder

(RP100) after PAV-aged condition are shown in figure 4. The increase in aging level moved the G∗ master

curve left and upward and changed the shape of the curve. For example, the G∗ values at a reduced frequency

of 10 Hz for the unaged, RTFO-aged, and PAV-aged Blend 1 binder (PG 64-16) were 5.6 × 104, 6.5 × 104, and

FIG. 2 Variation of CA index with aging.
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1.1 × 105 kPa, respectively. PAV-aged RAP binder had a G∗ value of 1.2 × 105 kPa at 10 Hz. The increase in

stiffness with aging was attributed to a loss of maltenes. The other binder blends also followed a similar trend

with an increase in aging level. Similar findings were also reported by several other researchers.4–6,9,28–30

The phase angle (δ) master curves for the different blends are shown in figure 5. In the same way as figure4,

results for Base Binder 1 (B1) at 3 aging conditions and 100 % RAP binder (RP100) after PAV-aged condition are

shown in this figure to evaluate the aging effect on phase angle master curves. At lower reduced frequencies, the δ

values decreased with aging. At 10 Hz reduced frequency, the δ values obtained for the unaged, RTFO-aged, and

PAV-aged Blend 1 binder were 44.4°, 39.1°, and 30.1°, respectively. RAP at the PAV-aged condition had the

FIG. 3 High (unaged and RTFO-aged) and intermediate (PAV-aged) PG continuous grade temperatures for different

binder blends.

FIG. 4

Complex shear modulus

master curves for

different binders.
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lowest phase angle value (12.2° at 10 Hz), indicating a nearly elastic material (δ= 0°) that will not be able to relax

stresses caused by low temperatures. The decrease in phase angle with aging has also been reported by other

researchers.21,31,32

It is evident from figures 4 and 5 that the aging of asphalt binders leads to an increase in stiffness and

decrease in phase angle. A similar trend was also observed for all other binder blends. To better understand

the combination of these effects, Rowe33 developed the Glover-Rowe (GR) parameter, which reports G∗ and

δ of the binder at 15°C and a frequency of 0.005 rad/s.

Figures 6 and 7 present the GR parameters in black space diagrams. GR values less than 180 kPa generally

indicate a low risk of block cracking, 180–450 kPa indicates a transition zone, and greater than 450 kPa indicates

that the binder is prone to block cracking.21,32,34–36

Figure 6 shows that different base binders follow different paths in the black space diagram. Base Binder 3

(PG 70-10) was the most prone to block cracking compared with the other two base binders (PG 64-16 and PG

58-22). This was attributed in part to a higher low-temperature PG (i.e., −10°C) for this binder. The 100 % RAP

binder had the highest cracking potential compared with the other blends because of a higher degree of aging.

An increase in RAP binder content in the B1 RP25+RJ0 blend increased the block cracking potential as shown in

figure 6. The GR value for this blend after PAV aging was 638 kPa, which was higher than the 450 kPa limit value.

However, the addition of 6 % rejuvenator with 19 % RAP (B1 RP19+RJ6) reduced the GR parameter to 65.2 kPa

after PAV aging, which was close to the GR parameter of the base binder (53.9 kPa) at the same aging condition.

The rejuvenator used in this study increased the phase angle and reduced the G∗ simultaneously. Mogawer

et al.,37 Shen, Huang, and Hachiya,38 and Zaumanis, Mallick, and Frank39 all reported improved cracking re-

sistance with rejuvenated binders. Similar trends were observed in figure 7. However, the RAS blend with reju-

venator (B1 RP13+RS15+RJ6) after PAV aging had a GR value of 753 kPa (in the block cracking zone of fig. 7),

indicating that higher doses of rejuvenator would be required for the B1 RP13+RS15+RJ6 binder blend to elimi-

nate the block cracking potential. Hence, this GR diagram can be potentially used in combination with rutting

parameters to optimize rejuvenator dosage rates in asphalt mixes. Care must be taken to ensure that optimal

rejuvenator rates are not exceeded because this may lead to oversoftening of the binder, which can lead to rutting

or to a tendency to replace virgin binder contents with rejuvenator beyond what is needed to prevent age-related

cracking risk, to the potential detriment of fatigue performance (which needs further exploration).

FIG. 5

Phase angle master

curves for different

binder blends.
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Chemical versus Rheological Properties

Relationship between Stiffness and GR

The literature suggests that the binder’s G∗ value at 64°C and 10 Hz is appropriate for evaluating the aging of

asphalt.22 The correlations between log G∗ at 64°C and 10 Hz and the proposed chemical parameter (CAmod) are

shown for all 10 different binders in figure 8. The plot shows that CAmod and stiffness (log G∗) have a strong

FIG. 7

GR plots for binders with

50 % binder replacement

and RAS binder blends.

FIG. 6

GR plots for base binders

and binders with 25 %

binder replacement.
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correlation (R2 values of 0.88–1.00) and that the binder PG and other properties will influence the result. Also,

the R2 values obtained for binder blends containing B1 base binder with and without rejuvenator were 0.88 and

0.92, respectively. Therefore, the CAmod value can be a useful aging indicator for rejuvenated binders as well. This

correlation highly depends on the PG and source of the base binder. Different base binders were found to follow

different trend lines, as shown in figure 8. However, once a correlation is established for a base binder, CAmod can

potentially be used for designing mixes with different combinations of RAP, RAS, and rejuvenator.

Figure9 presents the variation of the log (GR) parameter with the CAmod value. Good correlations (R
2 values

of 0.83–0.96) were again observed between rheological and chemical properties. The R2 value increased from 0.83

to 0.90 when considering only PAV-aged values for binder blends with B1 base binder, as shown in figure 9.

Relationship between Crossover Frequency (ωc), Crossover Modulus ðGcÞ, and R Value

The crossover frequency ðωc), crossover modulus ðGcÞ, and R values can also be used to characterize the aging of

asphalt binders. Several researchers have reported that both ωc and Gc values are expected to decrease with an

increase in the level of aging.2,32,40 The R value is defined as the logarithmic ratio of glassy modulus (106 kPa) and

Gc and is expected to increase with aging.2,32

FIG. 8

Correlation between

log G* at 64°C and

10 Hz versus CAmod. RJ=

rejuvenator.

FIG. 9

Correlation between log

(GR) versus CAmod.
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Figure 10 shows that the ωc and Gc values decreased with an increase in the CAmod value or increase

in aging level. The R value increased with increasing CAmod values, consistent with the literature

(fig. 10C). Strong correlations (R2 values of 0.91–0.98) were observed between different rheological and

chemical properties while considering crossover values, with differences depending on the base binder

PG and source.

RELATIONSHIP BETWEEN BINDER AND MIX PROPERTIES

Complete blending between the recycled and virgin binders was assumed for all binder blends containing recycled

materials because it is forced to occur during the extraction process. However, complete binder blending might

not always occur in asphalt mixes containing RAP/RAS in the field, with less blending from diffusion (or other

processes of recycled and virgin binder blending) expected with a shorter time of exposure to air at high temper-

atures in mixing, silo storage, transportation, compaction, and shorter time in service.41 HWT and IDEAL-CT

tests were therefore done on mixes produced with the different binders to evaluate this. Results are summarized in

figures 11 and 12, respectively.

FIG. 10 Correlation between chemical property (CAmod) and (A) log (crossover frequency), (B) log (crossover modulus),

and (C) R value.
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FIG. 11 Correlation between binder blend’s parameters and HWT test (HWTT) passes to 12.5-mm rut depth:

(A) rheological parameter and (B) chemical parameter.
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FIG. 12 Correlation between binder properties and IDEAL-CT test parameters: (A) CTindex and (B) strength.
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Figure 11A shows a reasonably strong correlation (R2 value of 0.88) between the number of passes required to

reach a 12.5-mm rut depth and the binder GR parameter. This was attributed to the known dependency of GR

values on the complex shear modulus, with stiffer binders having better rutting performance.4–6

Figure 11B shows a poor correlation (R2 of 0.45) between rutting and CAmod. This result suggests that a better

prediction for rutting performance of asphalt mixes containing RAP/RAS will be obtained from the binder’s

rheological properties than from the chemical properties only. Also, rutting performance has a strong dependence

on aggregate properties because it occurs at higher temperatures when the contribution of the binder to the shear

stiffness of the mix is less.

Figure 12 presents the correlation between binder properties (log [GR] and CAmod) and parameters

from the IDEAL-CT test results. An R2 value of 0.72 was observed between CTindex and log (GR) values.

A study conducted by Jiao et al.42 suggested that the strength parameter measured during the IDEAL-CT test

has a strong correlation with the flexural stiffness of asphalt mixes and a weak correlation with fatigue

cracking resistance. The R2 value increased from 0.72 to 0.80 when strength was considered instead of

the IDEAL-CT parameter. Several other researchers have also reported a good correlation between the

binder GR values and cracking resistance.38,39,43 Also, figure 12 shows poor correlations between the

CAmod and IDEAL-CT test parameters. A slight improvement in R2 value was observed while considering

IDEAL-CT strength instead of CTindex. The R
2 value increased from 0.43 to 0.49 after considering the strength

parameter.

Although these correlations are not particularly strong, the results suggest that GR values can be used to

obtain an indication of rutting, stiffness, and age-related cracking performance in mixes and could be useful to

rank the performance of different binders and binder blends.

Conclusions

Evaluating the effect of aging is crucial to understanding the long-term performance of asphalt pavements. The

aging of asphalt becomes more complex with the addition of RAP, RAS, and rejuvenators. In this study, 10

different binder blends with and without recycled materials were prepared and aged to track the changes in aging

properties. Asphalt mixes prepared with 6 of the 10 binders were prepared to evaluate the correlation between

aging parameters of binder blends and mix rutting and age-related cracking performance parameters. The main

findings of this study are summarized as follows:

• Both chemical and rheological parameters can be used to evaluate the aging effect on asphalt binders con-
taining recycled materials. However, a modification is required for the chemical parameter when consid-
ering binder blends prepared with a rejuvenator. Otherwise, the chemical parameter of the rejuvenator may
rank the binder blends differently from their actual aging status. A new parameter (CAmod) based on the CA
of the rejuvenator was suggested in this study. This parameter can be used to characterize the aging effect
more accurately for different binder blends compared with the traditional CA parameter.

• Strong correlations between the rheological parameters and CAmod of the different binder blends were
observed. The R2 values varied between 0.83 and 1.00 for different combinations of rheological and chemi-
cal parameters. In addition, the relationship shows a dependency on the base binder grades and sources.
Different base binders were found to follow different trend lines.

• Results from the limited testing reported in this study indicate that binder testing parameters could be used
to provide an indication of the rutting and age-related cracking potential of asphalt mixes containing RAP/
RAS and rejuvenator. Reasonable linear correlations were found between binder aging parameters and mix
parameters obtained from HWT and IDEAL-CT tests.

In this study, the correlation between binder properties and asphalt mix performance parameters was

developed considering only one base binder type (PG 64-16). The authors are currently working on mixes

containing other base binder types.

Advances in Civil Engineering Materials

54 RAHMAN ET AL. ON AGING OF ASPHALT BINDER BLENDS

UC Davis pursuant to License Agreement. No further reproductions authorized.
Downloaded/printed by 
Copyright by ASTM Int'l (all rights reserved) Mon Apr 10 17:07:46 GMT 2023



ACKNOWLEDGMENTS

This paper describes research activities that were partially requested and sponsored by the California Department

of Transportation (Caltrans). This sponsorship is gratefully acknowledged. The contents of this paper reflect the

views of the authors. They do not necessarily reflect the official views or policies of the State of California or the

Federal Highway Administration.

References

1. Y. Liang, R. Wu, J. T. Harvey, D. Jones, and M. Z. Alavi, “Investigation into the Oxidative Aging of Asphalt Binders,”
Transportation Research Record 2673, no. 6 (June 2019): 368–378, https://doi.org/10.1177/0361198119843096

2. Z. Zhu, P. Singhvi, U. M. Ali, H. Ozer, and I. L. Al-Qadi, “Quantification of the Effect of Binder Source on Flexibility of
Long-Term Aged Asphalt Concrete,” Transportation Research Record 2674, no. 9 (September 2020): 605–616, https://doi.
org/10.1177/0361198120930717

3. J. Harvey and B.-W. Tsai, “Long-Term Oven-Aging Effects on Fatigue and Initial Stiffness of Asphalt Concrete,”
Transportation Research Record 1590, no. 1 (January 1997): 89–98, https://doi.org/10.3141/1590-11

4. M. A. Rahman, R. Ghabchi, M. Zaman, and S. A. Ali, “Rutting andMoisture-Induced Damage Potential of FoamedWarm
Mix Asphalt (WMA) Containing RAP,” Innovative Infrastructure Solutions 6, no. 3 (2021): 158, https://doi.org/10.1007/
s41062-021-00528-7

5. N. Guo, Z. You, Y. Zhao, Y. Tan, and A. Diab, “Laboratory Performance of Warm Mix Asphalt Containing Recycled
Asphalt Mixtures,” Construction and Building Materials 64 (August 2014): 141–149, https://doi.org/10.1016/j.
conbuildmat.2014.04.002

6. F. Dong, X. Yu, B. Xu, and T. Wang, “Comparison of High Temperature Performance and Microstructure for Foamed
WMA and HMA with RAP Binder,” Construction and Building Materials 134 (March 2017): 594–601, https://doi.org/10.
1016/j.conbuildmat.2016.12.106

7. I. L. Al-Qadi, H. Ozer, Z. Zhu, P. Singhvi, U. Mohamed Ali, M. Sawalha, A. F. Espinoza Luque, J. J. García Mainieri, and T.
G. Zehr, Development of Long-Term Aging Protocol for Implementation of the Illinois Flexibility Index Test (I-FIT),
Research Report No. FHWA-ICT-19-009 (Urbana, IL: Illinois Center for Transportation, 2019).

8. J. Harvey, A. Chong, and J. Roesler, Climate Regions for Mechanistic-Empirical Pavement Design in California and
Expected Effects on Performance (Sacramento, CA: California Department of Transportation, 2000).

9. M. A. Rahman, M. Zaman, S. A. Ali, R. Ghabchi, and S. Ghos, “Evaluation of Mix Design Volumetrics and Cracking
Potential of FoamedWarmMix Asphalt (WMA) Containing Reclaimed Asphalt Pavement (RAP),” International Journal
of Pavement Engineering 23, no. 10 (2022): 3454–3466, https://doi.org/10.1080/10298436.2021.1902522

10. I. L. Al-Qadi, H. Ozer, J. Lambros, A. El Khatib, P. Singhvi, T. Khan, J. Rivera-Perez, and B. Doll, Testing Protocols to
Ensure Performance of High Asphalt Binder Replacement Mixes Using RAP and RAS, Research Report No. FHWA-ICT-15-
017 (Urbana, IL: Illinois Center for Transportation, 2015).

11. D. E. Newcomb and J. A. Epps, Asphalt Recycling Technology: Literature Review and Research Plan, ESL-TR-81-42
(Tyndall Air Force Base, FL: Air Force Engineering and Services Center, 1981).

12. B. A. Williams, J. R. Willis, and J. Shacat, Asphalt Pavement Industry Survey on Recycled Materials andWarm-Mix Asphalt
Usage: 2019 (Greenbelt, MD: National Asphalt Pavement Association, 2019).

13. Z. Zhou, X. Gu, Q. Dong, F. Ni, and Y. Jiang, “Investigation of the Oxidation Ageing of RAP Asphalt Blend Binders and
Mixtures,” International Journal of Pavement Engineering 23, no. 3 (2022): 571–587, https://doi.org/10.1080/10298436.
2020.1763345

14. A. Copeland, J. D’Angelo, R. Dongré, S. Belagutti, and G. Sholar, “Field Evaluation of High Reclaimed Asphalt Pavement–
Warm-Mix Asphalt Project in Florida: Case Study,” Transportation Research Record 2179, no. 1 (January 2010): 93–101,
https://doi.org/10.3141/2179-11

15. J. Harvey, C. Monismith, R. Horonjeff, M. Bejarano, B. Tsai, and V. Kannekanti, “Long-Life AC Pavements: A Discussion
of Design and Construction Criteria Based on California Experience,” in International Symposium on Design and
Construction of Long Lasting Asphalt Pavements: June 8-4, 2004, Auburn, Alabama (Auburn, AL: National Center
for Asphalt Technology, 2004).

16. M. Nunn, “Long-Life Flexible Roads,” in Eighth International Conference on Asphalt Pavements (Seattle, WA: University
of Washington, Seattle, 1997), 3–16.

17. X. Shu, B. Huang, and D. Vukosavljevic, “Laboratory Evaluation of Fatigue Characteristics of Recycled Asphalt
Mixture,” Construction and Building Materials 22, no. 7 (July 2008): 1323–1330, https://doi.org/10.1016/j.
conbuildmat.2007.04.019

18. R. Han, X. Jin, and C. J. Glover, “Modeling Pavement Temperature for Use in Binder Oxidation Models and Pavement
Performance Prediction,” Journal of Materials in Civil Engineering 23, no. 4 (April 2011): 351–359, https://doi.org/10.
1061/(ASCE)MT.1943-5533.0000169

19. X. Jin, Y. Cui, and C. J. Glover, “Modeling Asphalt Oxidation in Pavement with Field Validation,” Petroleum Science and
Technology 31, no. 13 (2013): 1398–1405, https://doi.org/10.1080/10916466.2012.665115

Advances in Civil Engineering Materials

RAHMAN ET AL. ON AGING OF ASPHALT BINDER BLENDS 55

UC Davis pursuant to License Agreement. No further reproductions authorized.
Downloaded/printed by 
Copyright by ASTM Int'l (all rights reserved) Mon Apr 10 17:07:46 GMT 2023

https://doi.org/10.1177/0361198119843096
https://doi.org/10.1177/0361198119843096
https://doi.org/10.1177/0361198120930717
https://doi.org/10.1177/0361198120930717
https://doi.org/10.1177/0361198120930717
https://doi.org/10.3141/1590-11
https://doi.org/10.3141/1590-11
https://doi.org/10.1007/s41062-021-00528-7
https://doi.org/10.1007/s41062-021-00528-7
https://doi.org/10.1007/s41062-021-00528-7
https://doi.org/10.1016/j.conbuildmat.2014.04.002
https://doi.org/10.1016/j.conbuildmat.2014.04.002
https://doi.org/10.1016/j.conbuildmat.2014.04.002
https://doi.org/10.1016/j.conbuildmat.2016.12.106
https://doi.org/10.1016/j.conbuildmat.2016.12.106
https://doi.org/10.1016/j.conbuildmat.2016.12.106
https://doi.org/10.1080/10298436.2021.1902522
https://doi.org/10.1080/10298436.2021.1902522
https://doi.org/10.1080/10298436.2021.1902522
https://doi.org/10.1080/10298436.2020.1763345
https://doi.org/10.1080/10298436.2020.1763345
https://doi.org/10.1080/10298436.2020.1763345
https://doi.org/10.3141/2179-11
https://doi.org/10.3141/2179-11
https://doi.org/10.1016/j.conbuildmat.2007.04.019
https://doi.org/10.1016/j.conbuildmat.2007.04.019
https://doi.org/10.1016/j.conbuildmat.2007.04.019
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000169
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000169
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000169
https://doi.org/10.1080/10916466.2012.665115
https://doi.org/10.1080/10916466.2012.665115
https://doi.org/10.1080/10916466.2012.665115


20. C. J. Glover, R. Han, X. Jin, N. Prapaitrakul, Y. Cui, A. Rose, J. J. Lawrence, M. Padigala, E. Arambula, E. S. Park, and A.
Epps Martin, Evaluation of Binder Aging and Its Influence in Aging of Hot Mix Asphalt Concrete: Technical Report (Austin,
TX: Texas Department of Transportation, 2014).

21. A. Bajaj, A. Epps Martin, G. King, C. Glover, F. Kaseer, and E. Arámbula-Mercado, “Evaluation and Classification of
Recycling Agents for Asphalt Binders,” Construction & Building Materials 260 (November 2020): 119864, https://doi.org/
10.1016/j.conbuildmat.2020.119864

22. Y. R. Kim, C. Castorena, M. Elwardany, F. Y. Rad, S. Underwood, G. Akshay, P. Gudipudi, M. J. Farrar, and R. R. Glaser,
Long-Term Aging of Asphalt Mixtures for Performance Testing and Prediction (Transportation Research Board, 2018).

23. Y. Zhang, D. Swiertz, and H. U. Bahia, “Use of Blended Binder Tests to Estimate Performance of Mixtures with High
Reclaimed Asphalt Pavement/Recycled Asphalt Shingles Content,” Transportation Research Record 2675, no. 8 (August
2021): 281–293, https://doi.org/10.1177/0361198121997423

24. B. Hofko, M. Z. Alavi, H. Grothe, D. Jones, and J. Harvey, “Repeatability and Sensitivity of FTIR ATR Spectral Analysis Methods
for Bituminous Binders,” Materials and Structures 50, no. 3 (2017): 187, https://doi.org/10.1617/s11527-017-1059-x

25. J. Lamontagne, P. Dumas, V. Mouillet, and J. Kister, “Comparison by Fourier Transform Infrared (FTIR) Spectroscopy of
Different Ageing Techniques: Application to Road Bitumens,” Fuel 80, no. 4 (March 2001): 483–488, https://doi.org/10.
1016/S0016-2361(00)00121-6

26. M. L. Williams, R. F. Landel, and J. D. Ferry, “The Temperature Dependence of Relaxation Mechanisms in Amorphous
Polymers and Other Glass-Forming Liquids,” Journal of the American Chemical Society 77, no. 14 (July 1955): 3701–3707,
https://doi.org/10.1021/ja01619a008

27. X. Yang and Z. You, “New Predictive Equations for Dynamic Modulus and Phase Angle Using a Nonlinear Least-Squares
Regression Model,” Journal of Materials in Civil Engineering 27, no. 3 (March 2015): 04014131, https://doi.org/10.1061/
(ASCE)MT.1943-5533.0001070

28. X. Shu, B. Huang, E. D. Shrum, and X. Jia, “Laboratory Evaluation of Moisture Susceptibility of Foamed Warm Mix
Asphalt Containing High Percentages of RAP,” Construction and Building Materials 35 (October 2012): 125–130,
https://doi.org/10.1016/j.conbuildmat.2012.02.095

29. F. Hong, D.-H. Chen, and M. M. Mikhail, “Long-Term Performance Evaluation of Recycled Asphalt Pavement Results
from Texas: Pavement Studies Category 5 Sections from the Long-Term Pavement Performance Program,”
Transportation Research Record 2180, no. 1 (January 2010): 58–66, https://doi.org/10.3141/2180-07

30. S. Zhao, B. Huang, X. Shu, X. Jia, and M. Woods, “Laboratory Performance Evaluation of Warm-Mix Asphalt Containing
High Percentages of Reclaimed Asphalt Pavement,” Transportation Research Record 2294, no. 1 (January 2012): 98–105,
https://doi.org/10.3141/2294-11

31. J. C. Petersen, R. E. Robertson, J. F. Branthaver, P. M. Harnsberger, J. J. Duvall, S. S. Kim, D. A. Anderson, D. W.
Christiansen, and H. U. Bahia, Binder Characterization and Evaluation: Volume 1, SHRP-A-367 (Washington, DC:
Strategic Highway Research Program, 1994).

32. D. J. Mensching, C. D. Jacques, and J. S. Daniel, “Applying the Glover-Rowe Parameter to Evaluate Low-Temperature
Performance of Hot Mix Asphalt LTPP Sections,” Journal of Materials in Civil Engineering 28, no. 10 (October 2016):
04016096, https://doi.org/10.1061/(ASCE)MT.1943-5533.0001606

33. G. Rowe, “Prepared Discussion for the AAPT Paper by Anderson et al.: Evaluation of the Relationship between Asphalt
Binder Properties and Non-load Related Cracking,” Electronic Journal of the Association of Asphalt Paving Technologists
80 (2011): 649–662.

34. D. J. Mensching, G. M. Rowe, J. S. Daniel, and T. Bennert, “Exploring Low-Temperature Performance in Black Space,”
Road Materials and Pavement Design 16, no. sup2 (2015): 230–253, https://doi.org/10.1080/14680629.2015.1077015

35. G. Rowe, “Interrelationships in Rheological Parameters,” in 51st Petersen Asphalt Research Conference (Laramie, WY:
Western Research Institute, 2014).

36. C. J. Glover, R. R. Davison, C. H. Domke, Y. Ruan, P. Juristyarini, D. B. Knorr, and S. H. Jung, Development of a New
Method for Assessing Asphalt Binder Durability with Field Validation, Report No. FHWA/TX-05/1872-2 (Austin, TX:
Texas Department of Transportation, 2005).

37. W. S. Mogawer, A. Booshehrian, S. Vahidi, and A. J. Austerman, “Evaluating the Effect of Rejuvenators on the Degree of
Blending and Performance of High RAP, RAS, and RAP/RAS Mixtures,” Road Materials and Pavement Design 14,
no. sup2 (2013): 193–213, https://doi.org/10.1080/14680629.2013.812836

38. J. Shen, B. Huang, and Y. Hachiya, “Validation of Performance-Based Method for Determining Rejuvenator Content in
HMA,” International Journal of Pavement Engineering 5, no. 2 (2004): 103–109, https://doi.org/10.1080/
10298430410001733509

39. M. Zaumanis, R. B. Mallick, and R. Frank, “Evaluation of Rejuvenator’s Effectiveness with Conventional Mix Testing for
100% Reclaimed Asphalt Pavement Mixtures,” Transportation Research Record 2370, no. 1 (January 2013): 17–25, https://
doi.org/10.3141/2370-03

40. W. S. Mogawer, A. J. Austerman, and R. Bonaquist, “Using Space Diagrams to Evaluate the Effect of Softer Binder and
WarmMix Technologies in Reclaimed Asphalt Pavement Mixtures,” in TRB 95th Annual Meeting Compendium of Papers
(Washington, DC: Transportation Research Board, 2016).

41. Y. He, Z. Alavi, J. Harvey, and D. Jones, “Evaluating Diffusion and Aging Mechanisms in Blending of New and Age-
Hardened Binders during Mixing and Paving,” Transportation Research Record 2574, no. 1 (January 2016): 64–73, https://
doi.org/10.3141/2574-07

Advances in Civil Engineering Materials

56 RAHMAN ET AL. ON AGING OF ASPHALT BINDER BLENDS

UC Davis pursuant to License Agreement. No further reproductions authorized.
Downloaded/printed by 
Copyright by ASTM Int'l (all rights reserved) Mon Apr 10 17:07:46 GMT 2023

https://doi.org/10.1016/j.conbuildmat.2020.119864
https://doi.org/10.1016/j.conbuildmat.2020.119864
https://doi.org/10.1016/j.conbuildmat.2020.119864
https://doi.org/10.1177/0361198121997423
https://doi.org/10.1177/0361198121997423
https://doi.org/10.1617/s11527-017-1059-x
https://doi.org/10.1617/s11527-017-1059-x
https://doi.org/10.1016/S0016-2361(00)00121-6
https://doi.org/10.1016/S0016-2361(00)00121-6
https://doi.org/10.1016/S0016-2361(00)00121-6
https://doi.org/10.1021/ja01619a008
https://doi.org/10.1021/ja01619a008
https://doi.org/10.1061/(ASCE)MT.1943-5533.0001070
https://doi.org/10.1061/(ASCE)MT.1943-5533.0001070
https://doi.org/10.1061/(ASCE)MT.1943-5533.0001070
https://doi.org/10.1016/j.conbuildmat.2012.02.095
https://doi.org/10.1016/j.conbuildmat.2012.02.095
https://doi.org/10.3141/2180-07
https://doi.org/10.3141/2180-07
https://doi.org/10.3141/2294-11
https://doi.org/10.3141/2294-11
https://doi.org/10.1061/(ASCE)MT.1943-5533.0001606
https://doi.org/10.1061/(ASCE)MT.1943-5533.0001606
https://doi.org/10.1080/14680629.2015.1077015
https://doi.org/10.1080/14680629.2015.1077015
https://doi.org/10.1080/14680629.2013.812836
https://doi.org/10.1080/14680629.2013.812836
https://doi.org/10.1080/10298430410001733509
https://doi.org/10.1080/10298430410001733509
https://doi.org/10.1080/10298430410001733509
https://doi.org/10.3141/2370-03
https://doi.org/10.3141/2370-03
https://doi.org/10.3141/2370-03
https://doi.org/10.3141/2574-07
https://doi.org/10.3141/2574-07
https://doi.org/10.3141/2574-07


42. L. Jiao, J. T. Harvey, M. Elkashef, Y. Liang, and D. Jones, “Investigation of Surrogate Performance Related Tests for
Fatigue Cracking of Asphalt Pavements,” Transportation Research Record 2675, no. 10 (October 2021): 96–108,
https://doi.org/10.1177/03611981211010182

43. R. M. Anderson, G. N. King, D. I. Hanson, and P. B. Blankenship, “Evaluation of the Relationship between Asphalt
Binder Properties and Non-load Related Cracking,” Journal of the Association of Asphalt Paving Technologists 80
(2011): 615–664.

Advances in Civil Engineering Materials

RAHMAN ET AL. ON AGING OF ASPHALT BINDER BLENDS 57

UC Davis pursuant to License Agreement. No further reproductions authorized.
Downloaded/printed by 
Copyright by ASTM Int'l (all rights reserved) Mon Apr 10 17:07:46 GMT 2023

https://doi.org/10.1177/03611981211010182
https://doi.org/10.1177/03611981211010182

	Characterizing the Aging and Performance of Asphalt Binder Blends Containing Recycled Materials
	Introduction
	Materials and Methods
	Results and Discussion
	Conclusions
	References




