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ABSTRACT: Recycled asphalt shingles (RAS) have been a valuable recycled component in asphalt
mixes for decades. However, research into how the aged and oxidized air-blown RAS binder interacts
with the neat asphalt binders in asphalt mixtures is underway. Furthermore, due to the stiffness of RAS
binders, RAS-containing asphalt mixtures are prone to significant cracking, particularly at low
temperatures. As a result, an innovative technique was developed and used in this study to increase
the contribution of RAS particles in the asphalt binder. This technique was primarily dependent on
interacting RAS particles with rejuvenators before mixing them with the asphalt binder. Moreover, this
technique allowed the oxidized and aged binders in the RAS to absorb aromatics to compensate for the
lost low-molecular-weight fractions during the air-blowing process and alter their aged behavior. Five
rejuvenators were utilized, including four pyrolysis oils (B2A, P4, P8, and P4D) and one recycling agent
(Evoflex). One source of post-consumer RAS was collected, milled, and sieved into two sizes. The
rejuvenator was chosen to weigh 45% of the RAS, except for the P4D, which contained a double amount
of P4 oil and weighed 90% of the RAS. RAS or the RAS that interacted with oils, was mixed with one
source of asphalt binder with a performance grade of 76-16. The RAS with rejuvenator samples
weighing 7.5% and 15% of the asphalt binder interacted with the neat binder. The addition of P4D or
Evoflex to RAS reduced the stiffness and elasticity of the modified asphalt binders due to the RAS
particles' absorption of aromatics in oils. This trend improved the modified binders' fatigue and
thermal cracking resistance. Milled RAS particles of a smaller size (50-100) reacted with oils more than
RAS particles of a bigger size (30-50), which caused stiffer properties for the binders modified with the
smaller RAS particle size.
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1. Introduction after their useful lives have ended [9]. When compared to
) ] the binders incorporated in the manufactured waste
The usage of recycled asphalt shingles (RAS) in the shingles, the oxidation impact on the post-consumer

pavement industry is growing due to the valuable shingles created stiffer characteristics for their asphalt
constituents that make them more suitable for use with . 4. . [10, 11]

asphaltic mixes [1]. RAS contains oxidized air-blown
asphalt binders, polymers, granules, mineral fillers, and
fibers [2-4]. Utilizing RAS in asphalt mixes modifies the =~ demand for natural resources, emissions during the
performance of the total binders in these mixes due to manufacturing process, and the amount of material
interactions between RAS and the virgin binders [4-6]. In discarded in landfills [12, 13]. The asphalt binders in RAS

asphalt mixtures, two types of shingles are permitted: ~ are more difficult to interact with virgin asphalt binder in
asphalt mixes than asphalt binders in reclaimed asphalt

pavement (RAP) [5, 14-16]. Because the oxidized and aged
binders in RAS enhanced the stiffness and elasticities of
the binder, utilizing RAS in asphalt mixes increased the

The use of RAS in asphalt mixes minimizes the

Manufactured waste and tear-off (post-consumer)
shingles [7, 8]. Manufactured waste shingles are waste
products of the shingle manufacturing process, whereas
post-consumer shingles are shingles that primarily
originate from residential and commercial building roofs ~ rutting resistance of the mixes and extracted asphalt

WWWw.jenrs.com Journal of Engineering Research and Sciences, 1(11): 16-33, 2022 16


http://www.jenrs.com/
https://dx.doi.org/10.55708/js0111003
https://orcid.org/0000-0003-1405-8257
https://orcid.org/0000-0002-8722-0203

@) JENRS

E.D. Allah et al., Enhancing the Contribution of Recycled

binders as compared to virgin mixes and binders [4, 5].
However, increasing the stiffness of the asphalt binder
lessened its ductility, and relaxation potential, and
increased its cracking capability [6, 17, 18].

The wet process of adding RAS to asphalt binders
boosted fatigue cracking resistance, resulting in higher
fatigue life values. However, the Superpave fatigue
parameter (G*.sind) values increased, suggesting
decreased fatigue cracking resistance [19]. Another study
revealed that using the RAS binder with a neat binder did
not influence G*.sind values when compared to the neat
binder value [20]. Using RAS in asphalt mixes enhanced
the fatigue cracking resistance of the extracted binders
when compared to extracted binders from mixtures
containing binders with the same performance grade (PG)
but lower RAP percentages [21, 22]. This was due to the
polymeric components included in shingles [5] that
enhance the fatigue cracking resistance. Using RAS as a
modifier with the neat binder influences the low-
temperature performance of the modified asphalt binder
[6,23]. When the RAS binder was blended with neat
binder, the low temperature increased by 0.4°C for every
1% of asphalt binder replaced by RAS [23]. When
compared to binders extracted from RAP-containing
mixes, the use of RAS exacerbated the low-temperature
characteristics of extracted binders [6].

Using rejuvenators balances the performance of the
modified asphalt binders by marginally decreasing the
binders' stiffness at high temperatures and increasing their
fluidity at intermediate and low temperatures [24-26].
They vary from organic oils (such as vegetable oil and tall
oil) to petroleum-based rejuvenators (such as used motor
oil and aromatic extracts) [27]. Evoflex as a rejuvenator or
recycling agent enhanced the contribution of the aged
binders in recycled components in asphalt mixes by
enhancing the mobility of these aged binders [5, 14].
Because pyrolysis oil has a high concentration of aromatics
[28, 29], it was used as a rejuvenating agent, allowing the
aged binders to achieve characteristics equivalent to the
unaged asphalt binder [30]. Pyrolysis oil is produced by
the thermal decomposition of tires in an oxygen-deficient
environment, which also produces fumes and solid
residue [31]. It was assumed that it would interact with
RAS to adjust its aged binder with low-molecular-weight
fractions before being introduced to the asphalt binder.

An innovative methodology was adopted in this study
to enhance the role of RAS in asphalt binders. First and
foremost, RAS particles were milled to improve their
compatibility with the rejuvenators before being
introduced to the asphalt binder. Then, the milled RAS
particles were interacted with rejuvenators and preheated
in the oven before mixing with asphalt binders to alleviate
the issues associated with employing RAS in asphalt
mixes at low temperatures. This technique enables the

oxidized and aged binders in RAS to absorb aromatics to
compensate for the lost low-molecular-weight fractions
during the air-blowing process and adjust their aged
behavior. The key to this novel approach was the creation
of a homogenous modified asphalt binder blend with
superior performance at high, intermediate, and low
temperatures.

2. Materials and Methods
2.1. Materials

One source of asphalt binder was used with a PG of
76-16, and one source of post-consumer RAS was selected.
The RAS particles were cleaned from the wood and plastic
pieces, then they were milled using a vibratory disc mill.
The particles of RAS were milled to enhance their
compatibility with the rejuvenators and asphalt binder
using the wet process. The milled particles were sieved on
#30, #50, #100, #200, and a pan. Two particle sizes of RAS
were utilized: The first size was 30-50 and the second size
was 50-100. The first particle size represents particles
passed from #30 and retained on #50, and the second
particle size simulates particles passed from #50 and
retained on #100. Different types of rejuvenators were
used, which represented pyrolysis oils (B2A, P4, P8, and
P4D) and a recycling agent (Evoflex). These rejuvenators
were introduced to the RAS to decrease the stiffness of the
binder in the RAS by absorbing aromatics from the
rejuvenators, and then the blend of RAS plus rejuvenator
was mixed with the neat asphalt binder. More details
about the used rejuvenators are introduced in Table 1.

Table 1: Details of Rejuvenators

Rejuvenator | Details of the As-Received Rejuvenators

Code

B2A Tire oil was collected from trays 3 and 4
and post-cooked at 510° to 868°F

P4 Tire oil was collected from combined
trays and post-cooked at 570°F for 4 hrs

P8 Tire oil was collected from combined
trays and post-cooked at 570°F for 8§ hrs

P4D Double the percentage of P4 oil

E Evoflex CA-9

2.2. RAS, Asphalt Binder, and Rejuvenators Interactions

Milled RAS with two particle sizes (Figures 1-a and 1-
b) has interacted with the different types of rejuvenators
as indicated in Figures 1-c and 1-d. The weight of the
rejuvenator was selected to be 45% by the weight of the
RAS except for the PAD —a double percentage of P4 oil—
the weight of the P4 oil was 90% by the weight of the RAS.
After stirring the rejuvenator with RAS manually, the
interacted RAS with rejuvenator samples were transferred
to the oven at 90°C and kept there for 6 hrs to enhance the
absorbance of RAS to aromatics. Finally, the RAS with
rejuvenator samples (Figures 1-e and 1-f)—with a weight
of 7.5% and 15% by the weight of the asphalt binder—
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interacted with the PG 76-16 asphalt binder using a high
shear mixer at 190°C interaction temperature, 1800-rpm
interaction speed, and 4-hrs interaction time. Modified
binder samples were collected at 0.5-, 1-, 2-, and 4-hrs
interaction times during the interaction process for further
analyses.
ol

Figure 1: Milled RAS with a Size of (a) 30-50 and (b) 50-100, Milled (c)
30-50 and (d) 50-100 RAS and Rejuvenator before Heating, and Milled
(e) 30-50 and (f) 50-100 RAS and Rejuvenator after Heating

2.3. Methods

The steps followed to achieve the experimental design
of this study are depicted in Figure 2. Four major steps
were followed. The RAS particles were milled in the first
step. The second step aimed to interact rejuvenators with
RAS particles. In the third step, RAS and interacted RAS
with the rejuvenators were mixed with the neat binder.
The fourth step included the characterization of the neat
and modified asphalt binders. The following subsections
explain the full experimental testing that was conducted
in detail.

2.3.1.  Short-Term Aging for Asphalt Binders

Short-term aging was carried out using the rolling thin
film oven (RTFO) device according to ASTM D2872-19 [32]
for neat and modified asphalt binders. The mass loss
percentage was calculated for the neat and modified
asphalt binders after the RTFO test.

2.3.2.  Long-Term Aging for Asphalt Binders

Long-term aging was carried out according to ASTM
D6521-19a [33] using a pressure aging vessel (PAV) for the
neat and modified asphalt binders.

+ (30-50) RAS

MillingRAS - (50-100) RAS

*RAS+45% B2A

‘ . *RAS+45% P4
e ators | RASHes
] * RAS+00% P4 (RAS+P4D)

+RAS+45% E

+ NB+7.5% [(30-50) or (50-100) RAS]

+ NB+7.5% [(30-30) or (50-100) RAS+B2A]
+NB+7.5% [(30-50) or (50-100) RAS+P4]
+NB+7.5% [(30-50) or (50-100) RAS+PS]
+NB+7.5% [(30-50) or (50-100) RAS+P4D]
+ NB+7.5% [(30-50) or (50-100) RAS+E]
+NB+15% [(50-100) RAS]

+NB+15% [(50-100) RAS+P4]

+ NB+15% [(50-100) RAS+P4D]

+ NB+15% [(30-100) RAS+E]

Mixing RAS or
interacted RAS with
rejuvenators and the
neat binder (NB)

Evaluating the
performance of the
neat and modified
asphalt binders

*High-, intermediate, and low-temperature performance
testing

* Solubility testing

» Mass loss testing

Figure 2: Experimental Design

2.3.3. High- and Intermediate-Temperature Rheological

Properties of Asphalt Binders

A Dynamic Shear Rheometer (DSR) was used
following ASTM D7175-15 [34] to characterize the neat
and modified asphalt binders' high- and intermediate-
temperature properties. Specimens with a thickness of 1
mm and 25 mm diameter for the original and RTFO-aged
binders were tested. Additionally, 2 mm-thick and 8 mm-
diameter specimens were used for PAV binders.

The temperature sweep test was implemented for the
original, RTFO-aged, and PAV-aged asphalt binders at
different temperatures. For the original and RTFO-aged
binders, 70°C, 76°C, and 82°C temperatures were selected.
For the PAV-aged binders, 28°C, 31°C, and 34°C
temperatures were selected. For the frequency sweep
testing, conducted on the original binders, three
temperatures were selected (70°C, 76°C, and 82°C)
through different frequencies (50 rad/s to 0.5 rad/s). The
master curves were analyzed, using the frequency sweep
test results, at 76°C as a reference temperature.

A multiple stress creep recovery (MSCR) test was
conducted following ASTM D7405-20 [35] to evaluate the
resistance of RTFO binders to rutting distress. This was
achieved by calculating the percentage of recovery (%R)
and non-recoverable creep compliance (Jnr) at 76°C by
applying ten creep cycles at two different levels of stress
(0.1 kPa and 3.2 kPa). For each creep cycle, the loading
time was 1 sec, and the unloading time (recovery) was 9
sec. The %R reflected the binders' elasticities, and the Jnr
indicated the binders' stiffnesses.
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2.3.4.  Low-Temperature Rheological Properties of Asphalt

Binders

Low-temperature properties of neat and modified
asphalt binders were evaluated according to ASTM
D6648-08 [36] using a bending beam rheometer (BBR).

2.3.5.  Insoluble Percentages of Asphalt Binders

Because of the use of RAS in the modified asphalt
binders, the solubility of the asphalt binders in toluene
was evaluated following ASTM D2042-22 [37].

3. Results and Discussion

3.1. Mass Loss Results

The mass losses after the RTFO test were calculated
and depicted in Figure 3 for the neat and modified asphalt
binders at 2- and 4-hrs interaction times. The percentages
of mass losses were under the maximum threshold (1%)
except for the binder modified by 15% RAS plus P4D and
interacted at 2 hrs. The use of RAS with the neat binder
decreased the percentage of mass loss when compared to
the percentage of the neat binder. The lowest percentage
of mass loss was recorded for the neat binder modified by
7.5% RAS. For asphalt binders modified by RAS and
rejuvenators, the percentages of mass losses increased due
to the existence of low-molecular-weight fractions
(aromatics) in the rejuvenators that were lost after the
RTFO process. Furthermore, increasing the interaction
time from 2 hrs to 4 hrs decreased the percentage of mass
losses due to the evaporation of the aromatics during the
interaction processes. The mass loss percentages for the
modified binders with RAS (30-50) were higher than those
of the modified binders with RAS (50-100). This occurred
because the particles of RAS with a size of 50-100 absorbed
more oil and had more compatibility with the binder than

the particles of RAS with a size of 30-50. For the 50-100
RAS, increasing the percentage of the interacted RAS with
oils from 7.5% to 15% by the weight of the neat binder
caused an increase in the mass loss percentages. This
happened due to the higher amount of aromatics that were
lost from the binders modified with higher percentages of
the interacted RAS with oils.

3.2. High-Temperature Rheological Results

The MSCR test results (%R and Jnr) are presented in
Figure 4 for the RTFO neat and modified asphalt binders
interacted at 4 hrs. The %R results at 0.1 and 3.2 kPa stress
levels and 76°C are depicted in Figure 4-a, and the Jur
results at 0.1 and 3.2 kPa stress levels and 76°C are
introduced in Figure 4-b. The general trend was that the
%R values for the modified binders were higher than that
of the neat binder due to the existence of the oxidized air-
blown RAS binder that increased the elasticity (%R). The
highest %R values were noted for the neat binder modified
by RAS+B2A, and the lowest %R values were for the neat
binder modified by RAS+E. The stiffness values of the
modified binders were higher than for the neat binder by
showing lower Jur values except for samples modified by
RAS (30-50) and P4D oil and for the samples modified by
RAS+E. The lowest Jnr values were noted for the neat
binder modified by RAS+B2A, and the highest ]« values
were for the neat binder modified by RAS+E.

When comparing binders modified by the RAS+P4 and
the RAS+P8, the binders modified by the RAS+P4 had
lower stiffness and elasticity values than those of the
binders modified by the RAS+P8. Furthermore, the
binders modified by the RAS+P4D oil had lower stiffness
and elasticity values than those of the modified binders by
RAS+P4.

e 12

>~ Maximum limit of mass loss's percentage

g 10

a 0.8

<

g 06

Gy

© 04

g 0y ==-- _m__ - - ____

g 0 1,

S 0o - HN I Il .

[0}

T x»@ 2 0 o F
@Q%V)\QQ\Q@\Q?O\\ °°\\Q\\Q\\‘<)\@\ ® %\QV\\ b‘\\Q\\Q\\@\@\
Q\Qx‘bcf%x%x%‘l @@ %%‘1 @%@

@%@@@§@@ R \\k

X

QG gl sl o oo N °> cg\ °\ N 8l 6

@g?\(\.l\./\.(\.gg\gg\ %% 5\5\\><

NS FAE " éb SIS

FIITIILFLE VN TEFE
m RAS (50-100) o RAS (30-50) - = ~-NB

Figure 3: Mass Losses for Neat and Modified Binders

WWww.jenrs.com

Journal of Engineering Research and Sciences, 1(11): 16-33, 2022

19


http://www.jenrs.com/

@5 JENRS

E.D. Allah et al., Enhancing the Contribution of Recycled

When comparing the RAS particles of two sizes, the
general trend was that the RAS particles with the smaller
size showed higher elasticities (higher %R values) and
higher stiffnesses (lower Jnr values). More compatibility
happened between the RAS particles with a smaller size
and the asphalt binder than between particles with a larger
size and the same binder. These results confirmed that
binders modified by RAS and B2A oil had the highest
stiffnesses and elasticities, while binders modified by RAS
and E oil showed the lowest stiffnesses and elasticities.

Increasing the percentage of RAS from 7.5% to 15% by the
weight of the neat binder showed an increase in stiffness
and elasticity due to the oxidized air-blown binder in the
RAS. However, increasing the percentage of the interacted
RAS with oils from 7.5% to 15 % by the weight of the neat
binder depicted a decrease in elasticity and stiffness. This
reflected that interacting RAS with rejuvenators decreases
the stiffness of the oxidized air-blown binder in RAS by
absorbing aromatics from rejuvenators.
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Figure 4: MSCR Results: (a) %R and (b) Jar Measured at 76°C for the RTFO Neat and Modified Binders Interacted at 4 hrs
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The rutting parameter (G*/sind) values obtained from
the temperature sweep test results are represented in
Figures 5 and 6 for the original neat and modified asphalt
binders by 7.5% RAS or 7.5% RAS plus rejuvenators at
different temperatures. Increasing the interaction time
increased the G*/sind values of the modified binders
because more compatibility took place between the RAS
binder and neat binder, and more aromatics were lost
from the rejuvenators. The modified binders with RAS
(Figure 5-a) showed higher G*/sind values at different
temperatures than that obtained for the neat binder
because of the oxidized air-blown binder included in the
RAS. Adding E and P4D oils to RAS counteracted the
effect of the oxidized air-blown binder in the RAS by
decreasing the stiffness of the modified asphalt binders
(note Figures 6-b and 6-c). When comparing the modified

binders with RAS+B2A, RAS+P4, and RAS+P8 in Figures
5-b, 5-c, and 6-a, the binder modified with RAS+P4 was the
best choice because it has the lowest stiffness. As discussed
earlier, the smallest RAS size (50-100) interacted more with
the rejuvenators, causing more compatibility with the neat
binder, than the largest size of RAS (30-50). That's why
modified binders with the RAS (50-100) showed more
stiffnesses than the binders that interacted with the RAS
(30-50). These results are confirmed with the temperature
sweep test results presented in Figure 7 for the neat binder
and modified binders by 7.5% RAS or 7.5% RAS plus
rejuvenators and interacted at 0.5-hr and 4-hrs interaction
times. Furthermore, increasing the interaction time from
0.5 hr in Figure 7-a to 4 hrs in Figure 7-b caused more
compatibility between the neat binder and the RAS binder.

(2) NB & NB+7.5% RAS

64 70 76

5 x NB
& [NB+RAS (50-100)] 0.5 hr
4 ®
o © [NB+RAS (50-100)] 1 hr
% 3 § © [NB+RAS (50-100)] 2 hrs
=
R X ° @ [NB+RAS (50-100)] 4 hrs
&
‘ ©[NB+RAS (30-50)] 0.5 hr
1 b &
Minimum limit of G*/sind x & [NB+RAS (30-50)] 1 hr
0 & [NB+RAS (30-50)] 2 hrs
64 70 76 82 88
Temperature (OC) < [NB+RAS (30-50)] 4 hrs
(b) NB & NB+7.5% (RAS+B2A) < NB
5
= [NB-+RAS (50-100)+B2A] 0.5 hr
a [ ]
®m[NB-+RAS (50-100)+B2A] 1 hr
= O
& 3 u B [NB+RAS (50-100)+B2A] 2 hrs
(Z=)
g 5 ; - M [NB+RAS (50-100)+B2A] 4 hrs
*
&) i O[NB+RAS (30-50)+B2A] 0.5 hr
1
i O[NB-+RAS (30-50)+B2A] 1 hr
0 O [NB+RAS (30-50)+B2A] 2 hrs
64 70 76 82 88
Temperature (OC) O [NB+RAS (30-50)+B2A] 4 hrs
5 (c) NB & NB+7.5% (RAS+P4) *xNB
A[NB+RAS (50-100)+P4] 0.5 hr
= 4 A [NB+RAS (50-100)+P4] 1 hr
% 3 A [NB+RAS (50-100)+P4] 2 hrs
(2=}
=
RZ 5 % A [NB+RAS (50-100)+P4] 4 hrs
*
© A[NB+RAS (30-50)+P4] 0.5 hr
i
> A[NB+RAS (30-50)+P4] 1 hr
0

Temperature (°C)

A[NB + RAS (30-50) + P4] 2 hrs
82 88

A [NB+RAS (30-50)+P4] 4 hrs

Figure 5: Temperature Sweep Results for the Original Neat and Modified Binders with (a) 7.5% RAS, (b) 7.5% RAS+B2A, and 7.5% RAS+P4
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Figure 6: Temperature Sweep Results for the Original Neat and Modified Binders with (a) 7.5% RAS+P8, (b) 7.5% RAS+P4D, and (c) 7.5% RAS+E

The effect of increasing the percentage of RAS or the
interacted RAS with oils was explored in Figure 8.
Doubling the percentage of RAS in asphalt binders
increased the G*/sind values of the modified asphalt
binders until 2-hrs interaction time (note Figure 8-a). At 4-
hrs interaction time, the modified asphalt binder with
7.5% RAS showed higher G*/sind values than the modified
asphalt binders with 15% RAS. This revealed that more
interactions occurred between RAS and the neat binder at

the 4-hrs interaction time for the sample modified by 7.5%
RAS. This agrees with the results discussed in Figure 3:
The modified binder with a 7.5% RAS had a lower mass
loss percentage than the modified binder with a 15% RAS.
For modified asphalt binders with RAS+P4, RAS+P4D,
and RAS+E, increasing the percentage of the interacted
RAS with oils from 7.5% to 15% showed a reduction in the
G*/sind values because more aromatics were absorbed by
the RAS particles.

WWww.jenrs.com

Journal of Engineering Research and Sciences, 1(11): 16-33, 2022 22


http://www.jenrs.com/

@3 JENRS

E.D. Allah et al., Enhancing the Contribution of Recycled

G*/sind (kPa)

| i

64 70 76

(a) NB & NB+ 7.5% (RAS+Rej.) at 0.5 hr B

Temperature (°C)

# NB+RAS (50-100)

ENB+RAS (50-100)+B2A

ANB+RAS (50-100)+P4

@ NB+RAS (50-100)+P8

X NB+RAS (50-100)+P4D

+NB+RAS (50-100)+E

O NB+RAS (30-50)

ONB+RAS (30-50)+B2A

ANB+RAS (30-50)+P4
* ONB+RAS (30-50)+P8
%NB+RAS (30-50)+P4D

82 88
#NB+RAS (30-50)+E

G*/sind (kPa)

\S]
+ 30K 1900 O

1 :

64 70 76

(b) NB & NB+ 7.5% (RAS+Rej.) at 4 hrs NB

Temperature (°C)

& NB-+RAS (50-100)
ENB+RAS (50-100)+B2A
ANB+RAS (50-100)+P4

© NB+RAS (50-100)+P8

* NB+RAS (50-100)+P4D
+NB+RAS (50-100)+E
©NB+RAS (30-50)
ONB+RAS (30-50)+B2A

ANB+HRAS (30-50)+P4

.

ONB+RAS (30-50)+P8
82 88  %NB+RAS (30-50)+P4D

# NB+RAS (30-50)+E

Figure 7: Temperature Sweep Results for the Original Neat and Modified Binders by 7.5% RAS Plus Rejuvenators at (a) 0.5-hr and (b) 4-hrs
Interaction Times

The master curves for the original neat and modified
asphalt binders are presented in Figures 9 to 10. Two
parameters were illustrated and measured at 76°C in these
figures: The complex shear modulus (G*) and phase angle
(8). The modified asphalt binders with RAS (50-100)
showed higher stiffnesses (higher G*) and higher
elasticities (lower §) than the asphalt binders modified
with RAS (30-50), especially at the 4-hrs interaction time
(Figure 10). Increasing the interaction time caused more
stiffnesses and elasticities for the modified asphalt binders
for two reasons: The first reason was the more interactions
between the RAS and asphalt binders, and the second was
due to the loss of aromatics included in the modified
binders.

Generally, using RAS to modify the neat binder caused
higher stiffness and elasticity values when compared to
the neat binder values. Adding rejuvenators to the RAS
decreased the stiffnesses and elasticities of the modified
binders because of the effect of the low-molecular-weight
fractions (aromatics) in the rejuvenators. When the B2A oil
was added to the RAS, it did not introduce a superior
enhancement in the G* and 6 values for the modified

binders when compared to the values of the binders
modified by the RAS only. However, the use of P4 and P8
oils with RAS to modify asphalt binder showed a better
enhancement in the G* and § values, presenting lower G*
and higher § values than the values of the asphalt binders
modified by RAS only. The best enhancement in the G*
and 8 values were obtained by interacting the RAS with
P4D or E oil: The lowest G* and the highest & values were
obtained for modified asphalt binders by RAS+E or
RAS+P4D.

Increasing the RAS percentage from 7.5% to 15%
caused an increase in the stiffness and elasticity values of
the modified asphalt binder at a 0.5-hr interaction time
due to the aged binder in the RAS. However, for RAS-
modified binders that interacted at a 4-hrs interaction
time, a binder with a lower RAS percentage (7.5%) had the
highest stiffness and elasticity values than a binder with a
higher RAS percentage (15%). This occurred because more
interactions happened between RAS with a lower
percentage and neat binder than between neat binder and
a higher RAS percentage.
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Figure 8: Temperature Sweep Results for the Original Neat and Modified Binders by (a) 50-100 RAS, (b) 50-100 RAS+P4, (c) 50-100 RAS+P4D, and
(d) 50-100 RAS+E
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Figure 9: Master Curves for the Original Neat and Modified Binders with (a) 50-100 RAS Plus Rejuvenators and (b) 30-50 RAS Plus Rejuvenators
Interacted at 0.5 hr

The temperature sweep test results for the RTFO neat
and modified asphalt binders interacted at 4 hrs are
displayed in Figure 11. The highest stiffnesses were for the
modified asphalt binders with RAS+B2A and followed by
the binders modified by RAS only. The lowest stiffness
values were for the binder modified by RAS+E and
followed by the binder modified by RAS+P4D.
Furthermore, the general trend of most of the modified
samples is that using RAS particles with smaller sizes
caused more compatibility with the rejuvenators and neat
binder than the RAS particles with larger sizes. That's why
the modified asphalt binders with the interacted (50-100)
RAS had higher resistance to rutting than the resistance of
the modified binders with the interacted (30-50) RAS.
Using E oil with two sizes of RAS and P4D oil with a RAS
size of 30-50 to modify the neat binder led to stiffnesses

lower than the values of the neat binder. From Figure 11-
b, increasing the RAS percentage from 7.5% to 15% caused
higher stiffness values for the modified asphalt binders.
More interactions happened between RAS and neat binder
during the RTFO process, which revealed higher G*/sind
values for the modified binder with the higher RAS
content (15%). However, increasing the percentage of RAS
that interacted with oils showed a reduction in the G*/sind
values due to the softness effect of the absorbed oil by
RAS.

3.3. Intermediate-Temperature Rheological Results

The temperature sweep test results for the PAV neat
and modified asphalt binders interacted at 4 hrs are shown
in Figure 12. Using RAS with a size of 50-100 to modify the
neat binder caused a deterioration in the fatigue resistance
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when compared to the neat binder by showing higher
G*.sind values. However, using the same source of RAS
with a larger size (30-50) showed better resistance to
fatigue cracking than the neat binder. The best
enhancement in fatigue cracking resistance was for the
neat binders modified by RAS and E oil. Increasing the
RAS or the interacted RAS with oils percentages in the
modified asphalt binder showed higher resistance to
fatigue cracking because of the effect of RAS and oils to
decrease the G*.sind values.

3.4. Low-Temperature Rheological Results

The low-temperature rheological properties at =16°C
and -20°C of the PAV neat and modified asphalt binders
interacted at 4 hrs are deemed in Figure 13. Using RAS
with the neat binder did not significantly alter the low-

temperature rheological properties of the modified
asphalt binder. However, the use of RAS+B2A increased
the stiffness values of the modified asphalt binder (Figure
13-a). The use of RAS+P4 and RAS+P4D decreased the
stiffness of the modified asphalt binders. The best
enhancement in the low-temperature rheological
properties of the binders was obtained for the samples
modified by RAS+E: These samples had the lowest
stiffness values and the highest m-values. No specific
trend could be observed when comparing the stiffness and
m-value results of the modified binders by rejuvenators
and two particle sizes of RAS. Increasing the RAS or the
interacted RAS with oils in the modified binders enhanced
the resistance to low-temperature cracking by showing
higher m-values and lower stiffness values, which agrees
with the intermediate-temperature cracking results.
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Figure 10: Master Curves for the Original Neat and Modified Binders with (a) 50-100 RAS Plus Rejuvenators and (b) 30-50 RAS Plus Rejuvenators
Interacted at 4 hrs
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Figure 11: Temperature Sweep Results for the RTFO Neat and Modified Binders with (a) 7.5% RAS Plus Rejuvenators and (b) 50-100 RAS Plus
Rejuvenators Interacted at 4 hrs

The PGs of the neat and modified asphalt binders are
shown in Figure 14-a. The high PG temperatures did not
change for most modified asphalt binders when compared
to the value of the neat binder. However, the high PG
temperatures decreased for binders that contained RAS+E
or, in some samples, RAStP4D when compared to the
value of the neat binder. The low PG temperatures
decreased for binders containing RAS+E by one grade
when compared to the low PG temperature of the neat
binder. The continuous grades (CGs) of the neat and
modified asphalt binders are depicted in Figure 14-b.
Using RAS or RAS+B2A increased the high CG and low
CG temperatures of the modified binders when compared
to the values of the neat binder. However, using RAS+E
and RAS+P4D in asphalt binders showed the best
enhancement in the high CG and low CG temperatures,
followed by binders modified by RAS+P4 and RAS+P8.

The intermediate PG and CG temperatures for the neat
and modified asphalt binders are deemed in Figure 15.

Using (50-100) RAS did not significantly alter the
intermediate temperatures when compared to the value of
the neat binder; however, the use of (30-50) RAS in asphalt
binder enhances the fatigue resistance by showing lower
intermediate temperatures when compared to the neat
binder's intermediate temperature. The best enhancement
in the intermediate temperatures was obtained for binders
modified by RAS+E and followed by RAS+P4D. These
binders had the lowest intermediate PG and CG
temperatures. Binders modified by (30-50) RAS had better
fatigue resistance than binders modified by (50-100) RAS
by presenting lower intermediate temperatures.

The relationships between the percentages of
increase/decrease in high, intermediate, and low CG
temperatures were evaluated and analyzed in Figure 16.
These percentages calculated for the CG
temperatures of the modified asphalt binders at the 4-hrs
interaction time when compared to the values of the neat

binder. Direct relationships were observed between the

were
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percentages of increase/decrease in high, intermediate,
and low temperatures. Modified asphalt binders with the
highest percentage decrease in high CG temperature had
the highest percentage decrease in low CG temperature
and the highest percentage decrease in intermediate CG
temperature (e.g., NB+15% (RAS+E)). Furthermore, it can
be concluded that E oil counteracted the effect of the
oxidized air-blown binder included in the RAS. Asphalt
binders containing RAS+E have the highest percentage
decrease in high, intermediate, and low CG temperatures.
Thus, Evoflex as a commercial rejuvenator is
recommended to be used with asphalt binders including
RAS, when compared to the efficiency of other oils used in
this study (pyrolysis oils). P4 oil is considered the best type

among the pyrolysis oils that frustrated the negative
impact of the oxidized air-blown binder in RAS.

3.5. Insoluble Asphalt Percentage Results

The insoluble asphalt percentages were shown in
Figure 17 for the original neat and modified binders that
interacted at 4 hrs. The insoluble percentage for RAS (30-
50) was 84.3%, and the insoluble percentage for RAS (50-
100) was 83.8%. The neat binder had the lowest
percentage, with a value of 0.01%. The modified asphalt
binders with 7.5% RAS or 7.5% RAS that interacted with
oils had insoluble percentages of less than 1.8%, and these
percentages were higher than the neat binder's percentage
because of the stiff binder in the RAS.
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Figure 12: Temperature Sweep Results for the PAV Neat and Modified Binders with (a) 7.5% RAS Plus Rejuvenators and (b) 50-100 RAS Plus
Rejuvenators Interacted at 4 hrs
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Moreover, increasing the RAS or the interacted RAS  when comparing the insolubility asphalt percentages of
with oils in the modified binders increased the insoluble  the modified binders with a 30-50 RAS plus oils or a 50-
asphalt percentage. No specific trend was concluded 100 RAS plus oils.
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Figure 13: (a) Stiffness and (b) m-value of the PAV Neat and Modified Binders Interacted at 4 hrs
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Figure 15: Intermediate PG and CG Temperatures of Neat and Modified Asphalt Binders Interacted at 4 hrs
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Figure 17: Insoluble Percentages of the Original Neat and Modified Binders Interacted at 4 hrs

4. Conclusions

An innovative technique was followed in this study to
enhance the compatibility between RAS and asphalt
binders. This was accomplished by interacting the milled
RAS particles with rejuvenators to absorb low-molecular-
weight fractions (aromatics) before mixing with the
asphalt binder. Four pyrolysis oils and one recycling agent
were used as rejuvenators. Based on this study, the
following conclusions were reached:

Interacting the milled RAS particles with rejuvenators
decreases the stiffness of the oxidized air-blown
binder
rejuvenators

Milled RAS with a particle size of 50-100 absorbed
more oils, interacted more with oils, and were more
compatible with the binder than RAS particles with a
particle size of 30-50.

in RAS by absorbing aromatics from
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Increasing the interaction time boosted the
compatibility occurred between the RAS binder and
neat binder.

Adding Evoflex or P4D oils to RAS counteracted the

]

R.C. Williams, A. Cascione, D.S. Haugen, W.G. Buttlar, R.A.
Bentsen, ]. Behnke, Characterization of Hot Mix Asphalt
Containing Post-Consumer Recycled Asphalt Shingles and
Fractionated Reclaimed Asphalt Pavement, lowa State Univ.,
Ames, IA, 2011.

impact of the oxidized air-blown binder in the RAS. [10] A. Alvergue, M. Elseifi, LN. Mohammad, S.B. Cooper, S. Cooper,
e By comparing the properties of the modified binders "Laboratory Evaluation of Asphalt Mixtures with Reclaimed
with RAS+B2A. RAS+P4 and RAS+P8 the modified Asphalt Shingle Prepared Using the Wet Process," Road Materials
4 4 4
. . . and Pavement Design, vol. 15, no. supl, pp. 62-77, 2014,
binder with RAS+P4 was the best choice. d0i:10.1080/14680629.2014.927410.
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