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Abstract

High demand for asphalt binders in road construction verifies the need of finding alternative materials through asphalt
pavement recycling. This paper investigated the impact of different rejuvenators on the performance of an aged asphalt
binder. Virgin Olive oil, virgin cooking oil, waste cooking oil, virgin engine oil, and waste engine oil were added to a
30/40 penetration grade aged asphalt binder at a fixed oil content of 4% for all types. The wet method was used to blend
the rejuvenators and aged asphalt binder. The physical, rheological, and chemical properties of the rejuvenated asphalt
binder were evaluated using several laboratory tests which include penetration, softening point, bleeding, loss on heating,
storage stability, penetration index, ductility, viscosity, dynamic shear rheometer, and Fourier transform infrared
spectroscopy. The outcomes of the physical properties showed that the olive, waste, and virgin cooking rejuvenators can
restore the aged asphalt binder to a penetration grade of 60/70. In contrast, the virgin and waste engine oil required a
more quantity of oil to rejuvenate the aged asphalt binder. A sufficient amount of rejuvenator could regenerate the
(G*/sin §), (8°), and (G*) for the aged asphalt binder. The addition of virgin olive and cooking oils in aged asphalt led to
a rutting issue. No chemical reactions were observed with the addition of rejuvenators but they give an impact on
reducing the oxidation level of the aged asphalt binder. As a result, further research should be performed on waste
cooking oil given that it is inexpensive and provides excellent performance results.
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1. Introduction

Asphalt binder is a primary material used as a binder for the construction of road. The demand for asphalt binder is
high due to the increase in the infrastructure development and construction work [1]. Reclaimed asphalt pavements
(RAP) is a by-product of the milling process of pavement surface. RAP consists of the wearing course or binder
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course, or both layers. RAP can be recycled for the construction of dams, fills, [2, 3], or gravel roads. In most cases,
RAP is recycled into the road pavement as a base or surface material given its cost-effectiveness, environmentally
friendly attribute, and good performance [4]. The quality of RAP may not be the same as the quality of virgin
materials, but adding RAP into fresh mixtures can minimise the material costs [5]. There are various factors that
influence the performance of the recycled mixture, such as the amount of RAP, the type of binder, aging process [6,
7], and the addition of a rejuvenator [8]. The addendum of high amount of RAP causes in workability and cracking
failures. By applying various types of waste oils in aged asphalt, it will provide a significant effect on the asphalt
pavement properties [9]. Using waste cooking oil (WCO) is a smart solution to producing sustainable road asphalt
pavement, and it can positively affect the safety, aging, and pavement characteristics of aged asphalt [10, 11].

In the last decade, many studies have been conducted to rejuvenate asphalt pavement by using recycled waste
cooking oil [12-14]. Ahmad et al. [15] performed a study using oil extracted from discarded fruit on the aged asphalt.
The outcomes present that it enhances the workability and coating of the asphalt mixture. In addition, Malaysian
asphalt researcher has been exploring ways and means the discarded fruit oil can soften the asphalt and recover the
characteristics of the aged asphalt by adding rejuvenator of 10% per total proportion of the asphalt [16]. Guarin et al.
[17] used fish oil to restore the reclaimed asphalt pavement binder properties. Additionally, previous studies have
concluded that WCO could enhance the physical characteristics of the aged asphalt, such as penetration and softening
point. Also, the addition of WCO increased the penetration value and decreased the softening point value of the aged
asphalt [11, 18]. Adding the WCO or waste vegetable oil can enhance the viscosity characteristics of asphalt by
providing the optimal oil percentage. In asphalt binder properties, the ductility value correspondingly increased with
an increasing oil percentage [19, 20] because the oil gives the asphalt binder lower viscosity and a higher flash point,
which can sufficiently rejuvenate the aged asphalt binder. It is a great challenge to find an environmentally friendly
alternative to maintaining aged asphalt binders. In terms of asphalt binder rheology, the isochronal curve can be
defined as G* and 6° in various temperatures using the DSR. The G* measures the stiffness of the material, and the 6°
measures the angle between the strain and stress (elasticity) [21]. The DSR experiment has a become helpful method
for characterizing the asphalt rheology at high, medium, and low temperatures.

Furthermore, the use of Waste Cooking Qil (WCO) and Waste Engine Oil (WEQ) enhances and restores the aged
asphalt binder properties. Some previous studies have indicated that adding the appropriate amount of WCO or WEO
could reduce the G* and slightly raise the 6° [22, 23]. Moreover, the addition of WCO 5% per total weight of the
asphalt could lower the failure temperature of an aged asphalt [24]. Yang et al. [25, 26] performed studies using oil
from waste resources to rejuvenate an aged asphalt binder and summarized that increasing the amount of oil in the
binder could increase the rutting parameter, G*/sin. However, the chemical functional groups of the aged asphalt were
found to be identical to those of the virgin asphalt binder when the appropriate percentages of domestic waste bio-oil
were added to the aged asphalt. In addition, the rejuvenator can decrease the presence of carbonyl and sulfoxide in the
chemical groups, which softens the aged asphalt binder [27].

The increment in the RAP amount in asphalt pavements raises the possibility of cracking and workability issues,
which is the main cause for construction companies to start using rejuvenators. By having the rejuvenators in the mix,
the construction companies could increase the portion of RAP used in the asphalt pavement by 100%. On the other
hand, some construction companies are unenthusiastic to use rejuvenators due to the possibility of rutting and bleeding
issues [28]. Thus, an accurate selection of the rejuvenator is necessary to restore aged asphalt properties. Some criteria
should be considered for the selection of rejuvenators, such as workability, fully coated asphalt mixture, less harmful
emissions, and ability to restore the chemical and physical properties of asphalt. Therefore, it is indispensable to
explore the utilization of new potential rejuvenators used with the aged asphalt as completed in this study.

1.1. Objectives

The aim of this study is to evaluate the effects of different types of oils on aged asphalt binders, which is essential
in asphalt pavement recycling in order to find the best rejuvenator for energy saving and to reduce the environmental
impact. Three critical properties were investigated namely the physical, rheological, and chemical properties of the
rejuvenated asphalt binders. In order to achieve the objective, a detailed plan is shown in Figure 1.

2. Materials and Methods
2.1. Materials

The asphalt binder with 60/70 penetration grade was supplied by the Kemaman Bitumen Company located in
Subang Jaya, Selangor, Malaysia. The oils used in this study were olive oil, waste cooking oil (palm oil), virgin
cooking oil (palm oil), waste engine oil, and virgin engine oil. The waste cooking and engine oils were filtered using
150-mm diameter filter papers to remove the small particles that may affect the quality of the rejuvenators. Based on
the previous study, the treated oil gives a noticeable enhancement on the physical and rheological characteristics of the
aged asphalt in comparison with the untreated oil [29]. Additionally, the waste and virgin cooking oils were collected
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from a local restaurant, and the waste and virgin engine oils were obtained from a local automotive repair shop in Batu
Pahat, Johor, Malaysia. The waste cooking oil had been used for frying fresh fries three times before disposal, and the
waste engine oil had been used for 5000km or more before disposal. The flashpoint, viscosity, and loss on heating
were tested to confirm that the oils can be blended with the aged asphalt binder. All oils in this study chosen based on
the availability. Table 1 presents the physical characteristics of the different types of oils.

Virgin asphalt

Rejuvenators
binder 60/70 v

v ¥ ¥ ¥
process
RTFO
and .
PAV 4%
v v
Aged asphalt binder 30/40 ™ Rejuvenated asphalt binders
> A A 4
Physical, rheology and chemical tests
v v
Physical tests Rheology tests Chemical test
1- Penetration 1- Complex Shear Modulus 1- Fourier-Transform
2- Softening point 2- Phase Angle Infrared Spectroscopy
3- Penetration index 3- Rutting Resistance
4- Ductility
5- Viscosity
6- Loss on Heating
7- Bleeding
8- Storage Stability

Figure 1. Research methodology of this study

Table 1. Physical characteristics for several types of oils

Result value
Physical properties Virgin Waste Virgin Waste Virgin
cooking oil  cooking oil engine oil engine oil olive oil
Flash point (°C) 240 233 228 198 272
Viscosity at 30°C (cp) 42 46.2 54.9 64.2 29.8
Loss on heating (%) 0.14 0.74 0.69 4.5 0.07

2.2. Sample Preparation

The aging operation was done according to rolling thin film oven (RTFO) ASTM D2872 and pressure aging vessel
(PAV) ASTM D6521. After the aging procedure was achieved, the aged asphalt binder was examined by a penetration
test to measure the grade of the aged asphalt binder. The result of the penetration test was a 30/40 grade asphalt binder.
Figure 2 shows the high shear mixer device and hot plate stirrer.

The same amount of the different types of oil, 4%, was added to all the aged binder samples, the same percentage
of oil was added to show the quality of the oils. The asphalt binders were mixed using a high shear mixer. First, the
aged asphalt was heated in the furnace for two hours at 150°C, which was the mixing temperature for each blend.
Second, after two hours, the aluminum cup was transferred from the furnace and placed on the hot plate for 5min
before mixing in order to adjust the mixing temperature. Last, the speed used to blend the rejuvenators with the aged
asphalt binder was 1500rpm, and the mix was continuously stirred for 20min by the high shear mixer [13]. In addition,
to avoid long-term storage, all physical, chemical, and rheological tests were conducted within one week after the
mixing process.
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Figure 2. High mixer shear device and hot plate stirrer

2.3. Experimental Tests

The penetration test was performed as stated by ASTM D5. [30]. The experiment employed a 1-mm diameter
needle. The asphalt binder samples were 100g and performed at a temperature of 25°C while the needle was inserted
for 5s into each asphalt sample. The softening point of each asphalt sample was determined based on ASTM D36.
[31]. The penetrometer (Figure 3) contains a 100g needle and a device to release and lock at any position. The
penetration index used to measure the temperature susceptibility and classify the asphalt binder type. The ductility test
employed a ductilometer, and each asphalt specimen was elongated at a constant rate of 5 cm/ min, according to
ASTM D113 [32] at 25°C. The extended distance was measured in centimeters. Figure 4 displays the ductility device.
The viscosity experiment was used to determine the flow behavior of the asphalt binder. Viscosity was determined at
two temperatures by using a rotational viscometer at 135°C for the compacting temperature and 165°C used for the
mixing temperature. The test procedure is in accordance with ASTM D4402 [33]. Approximately 30g of asphalt was
heated in an oven until it was conducive to pouring into the sample chamber, and with various types of asphalt binder
chose the proper spindle. The sampling took place in the chamber of a thermos container. After the desired
temperature was stable for approximately 20 to 30 minutes, the spindle was lowered into the chamber to measure the
viscosity. Figure 5 shows the rotational viscometer device. The storage stability experiment was performed to explore
the homogeneity of the aged asphalt incorporating the different type of oils.

This experiment was conducted accordance to ASTM D5892. [34]. In particular, the asphalt binder was poured
into the aluminum tube (30cm height and 3cm diameter). The asphalt binder samples placed in an oven at 163+5°C for
48 hours. The asphalt binder samples were subsequently placed in a freezer at -10 °C for 4 hours to solidify them. The
Following that, the asphalt binder was cut into three equal sections after cooling. Finally, both ends (upper and lower
sections) of the sample were subjected to the softening point test by testing the differences of temperature between
both segments. The asphalt binder was deemed stable if the temperature between the top and bottom sections differed
by no more than 2.2°C. The bleeding experiment steps was performed accordance to Zaumanis et al. [35]. The
bleeding experiment used to explore the skid resistance in the asphalt. The bleeding test in this study involved several
steps. Firstly, 359 of asphalt binder was poured into the short term aged container before the sample covered with a
filter paper was placed under the pressure of 0.6 g/cm? for 5 minutes in every hour for a total of 7 hours. Following
that, it was placed in an oven at 46°C for 7 hours. The wetness of the filer paper was evaluated every hour according
to the scale of 0 to 3, where 0 denotes not wet and 3 means fully wet. Therefore, the total calculated score in this study
ranged from 0 to 21, and the value of the bleeding result has no unit. The dynamic shear rheometer device used to
determine the stiffness and elastic behavior of the asphalt binders at various temperature according to AASHTO T-315
[36]. The Fourier-transform infrared spectroscopy device utilized to explore the chemical structure of the asphalt
binder for unaged and short-term aged asphalt. Table 2 shows the physical, rheological, and chemical properties tests
for the asphalt binder and the requirement for the 60/70 grade virgin asphalt binder. Figure 6 shows the FTIR
spectroscopy device.
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Figure 4. Ductility device

Figure 5. Rotational viscometers Figure 6. FTIR spectroscopy device

Table 2. Physical, Rheology and Chemical properties tests for asphalt binder

Asphalt binder tests Tests Method

The requirement of the virgin binder 60/70
Penetration at 25°C (mm) ASTM D5 6070
Softening Point (°C) ASTM D36 48 — 52
Ductility at 25°C (cm) ASTM D113 Min. 100
Viscosity at 135°C, 165°C ASTM D4402 -
Storage stability (°C) ASTM D5892 Different Less than 2.2 °C
Bleeding - 0-21
Penetration index - -2t02
Loss on heating (%) AASHTO T240 0.05-0.5, Max. 1.00
Dynamic Shear Rheometer AASHTO T315

Fourier-transform infrared spectroscopy

600-4000

3. Results and Discussion
3.1. Physical Properties

3.1.1. Penetration and Softening Point

Figure 7 shows the penetration values of asphalt binder modified with different oil types. Based on the figure,
samples contain the waste, and virgin engine oils have the lowest penetration values among the rejuvenators.
Furthermore, the aged asphalt binder has the lowest penetration values among all asphalt binders due to the oxidation,
which drove to an increment in the hardness level of the asphalt binder. However, olive oil has the highest penetration
values than other oils related to excellent physical properties, such as its low viscosity and loss on heating. In addition,
the waste and virgin cooking oils show reasonable results similar to the virgin asphalt binder 60/70. Therefore, the
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result of the penetration indicates that all types of oils in this research could recover the aged asphalt with respect to
the optimal oil percentage. The WCO and VCO asphalt binders had similar penetration values due to the excellent
WCO physical properties, such as proper viscosity and lower weight loss. Zhang et al. [37] reported that the quality of
oil strongly affects the penetration values, which agreed in this study. The increment in the penetration value is related
to the enormous proportion of oleic acid in vegetable oils which has a considerable impact on the behavior of the age
asphalt [38].
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Figure 7. Results of the penetration for several sorts of rejuvenators

The softening point experiment shows the asphalt binder transformation from a highly viscous state to a low
viscous state. Figure 8 shows the result of the softening point for the aged asphalt and rejuvenated asphalt. It can
indicate that the aged asphalt has the greatest softening point value because the aged asphalt binder requires a higher
temperature to melt. The increase of the period of aging drove to an increment in the softening point of the asphalt
[39]. As expected, olive oil has a significant effect on the aged asphalt, as seen in the reduction of the softening point
values. Moreover, the result shows that the waste and virgin engine oils have a slight impact on the aged asphalt
binder. Consequently, the amount of waste and virgin engine oils needs to be increased to obtain a similar result to the
virgin asphalt. Also, the virgin and waste cooking oils modified asphalt achieve an acceptable result that was closer to
the virgin asphalt. The outcome concluded that investigation of the physical properties for the oils is substantial before
used as a rejuvenator to restore the aged asphalt binder. Previous study has reported that using petroleum rejuvenators
such as WEO and VEO has a slight impact on the behavior of the aged asphalt. The existence of a high asphaltene
ratio leads to an increase in the proportion of oil needed to restore the aged asphalt [40].
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Figure 8. Results of softening point for asphalt binders
3.1.2. Penetration Index

The penetration index was utilized to categorize the type of asphalt binder. Additionally, the penetration index was
used to classify each asphalt binder into one of three groups: conventional paving asphalt binder, blown asphalt
binder, and temperature-susceptible asphalt binder. Table 3 shows the effects of each type of oil on the penetration
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index values. The conventional paving asphalt binder has a range between -2 and 2 [16]. The result indicates that all
the PI values of the asphalt binders were within the range of the conventional paving asphalt binder. For asphalt
containing virgin and waste cooking oil, the Pl values were the closest to the virgin binder value. A similar trend was
concluded by Zargar et al. [41] while investigating the impact of the WCO on the behavior of the aged asphalt. They
found that WCO can adjust the temperature susceptibility of aged asphalt but it does not similar the virgin asphalt
binder value. The increment in the PI values indicates lower temperature susceptibility and higher elastic demeanor
[42]. The waste and virgin engine oil has the lowest impact on the aged asphalt binder among all rejuvenators.
According to Burke and Hesp [43], waste engine oil has a slight effect on the penetration index.

Table 3. Penetration index results for different asphalt binders

Binder ID Penetration index
VOO -0.05
VCO -0.17
VEO 0.072
WCO -0.19
WEO 0.14
Virgin 60/70 -0.4
Aged 30/40 -0.34

3.1.3. Ductility

The ductility describes the deformation and flexibility of the asphalt binder [44]. Figure 9 shows the impacts of the
various types of oils on the ductility of aged bitumen. The result shows that the aged asphalt binder has the lowest
ductility values due to the oxidation of the asphalt binder. Moreover, the sample rejuvenated with waste engine oil
does not pass the requirement of the ductility, as it requires an increment in the amount of the engine oil necessary to
recover the aged asphalt binder properties. In contrast, all the other asphalt binders passed the ductility requirement of
being more than 100 cm at 25°C. Olive oil had a considerable impact on the ductility result, and the result was higher
than that of the virgin asphalt binder with only 4% of oil. Furthermore, the waste and virgin cooking oils had values of
114 cm and 124 cm, respectively, comparable to virgin asphalt binder. The same outcomes were gained by Xinxin et
al. [45], who found that the waste vegetables oil has a significant impact on the ductility result with respect the optimal
oil content. Previous study concluded that the addendum of the WCO increase the ductility value and enhance the
cracking resistance of the asphalt [19].
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Figure 9. Ductility of asphalt binders containing several sorts of rejuvenators

3.1.4. Viscosity

The viscosity was characterized by evaluating the flow of asphalt binder under the mixing and compaction
temperatures. Figure 10 illustrates the effect of the oils on the viscosity of the aged asphalt for the mixing and
compaction temperatures. There is decrement in the viscosity values when the temperature was increased from 135°C
to 165°C. The result shows that the viscosity of the asphalt decreases when the oil was added to the mix, which means
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that the oil content can lower the compaction and mixing temperatures of the asphalt mixture. Sample with olive oil
has the most significant effect on the viscosity compared to the other oils and the virgin asphalt binder. In addition, the
virgin cooking oil achieved almost the same viscosity as the virgin asphalt binder. Su et al. [46] concluded that the
optimal proportion of WCO can enhance the workability of the aged asphalt binder. In addition, the samples require an
increasing amount of waste and virgin engine oils in order to recover the aged asphalt binder and comparable to the
virgin asphalt 60/70. The higher viscosity resulted from asphalt content WEO may be related to the high value in the
loss on heating experiment. The particles' existence in the WEO can impede the workability of the asphalt and drove
to increase the viscosity. The 30/40 aged asphalt has the highest viscosity values in both temperatures among all the
other asphalt binders. The same outcomes were gained by Guarin et al. [17]. They had detected that the high
asphaltene to maltene ratio in the aged asphalt drove to an increment in the viscosity value. The aged asphalt
incorporating VCO, VEO, and VOO has a higher impact on the viscosity at 135°C, in comparison with the other oils.
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Figure 10. Viscosity result of asphalt binders
3.1.5. Loss on Heating

The specifications range of weight loss due to heating is between 0.05 and 0.5% [47] or less than 1% for the
SuperPave specifications. The loss on heating is a fundamental parameter, a high percentage of loss on heating result
may cause in workability issue of the asphalt. Figure 11 shows the weight loss of asphalt binder due to heating. It was
observed that the waste engine oil has the highest amount of weight loss compared with other oil types due to a high
amount of the small metal particles in the waste engine oil. A resemble trend was mentioned by Zaumanis et al. [34]
while investigating the impact of different rejuvenators on the behavior of the aged asphalt. They had detected that the
aged asphalt incorporating waste engine oil has the highest loss on weight value among the other rejuvenators.
Furthermore, the waste and virgin cooking oils have a result comparable to that of the virgin asphalt binder, with a
weight loss of 0.28 and 0.27%, respectively. Overall, all the samples tested are within the specification.
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Figure 11. Loss on the heating result of asphalt binders
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3.1.6. Bleeding

Bleeding is one of the most common issues when adding a high amount of rejuvenator to an aged asphalt binder
which can lead to low skid resistance [34]. The bleeding values have no unit. Figure 12 shows the bleeding values for
all the asphalt binder samples. The result demonstrates that there was a significant increase in the bleeding value when
a rejuvenator with 4% olive oil was added. In contrast, waste engine oil has the lowest bleeding values among the
types of oil used. However, the waste cooking oil, virgin cooking oil, and virgin engine oil have reasonable values
compared with that of the virgin asphalt binder. This supports the finding of Zaumanis et al. [34], where a high
percentage of oil added could lead to bleeding issues. On the other hand, the loss on the oily components in the aged
asphalt drove to low bleeding value. Among the other rejuvenators, olive oil with low viscosity gives the highest
bleeding value while the waste engine oil with high viscosity gives the lowest bleeding value. It can be concluded that
the superior physical characteristic of the oil leads to enhance in the characteristic of the aged asphalt.
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Figure 12. Bleeding result of asphalt binders
3.1.7. Storage Stability

Figure 13 illustrates the storage stability values of all the asphalt binders tested. The result shows that the least
difference in temperatures was found for the aged asphalt binder and the one added with the waste engine oil as a
rejuvenator particularly at 0.5°C. In contrast, the waste cooking oil and olive oil rejuvenators have the highest
difference in temperature at 2°C but still within the acceptable range of less than 2.2°C. This high penetration index
results related to the low viscosity of the olive oil and waste cooking oil. In addition, the virgin cooking oil and virgin
engine oil have comparable results to the virgin asphalt binder with a difference of 1.5°C and 1°C, respectively.
Consequently, all the samples tested are within the specification. Excessive addition of the oil will negatively affect
the storage stability of the asphalt binder. This is agreed with the study done by Abdullahi et al. [44], who concluded
that there was no storage issue found when up to 5% of the oil was added to an aged asphalt binder. According to Al-
Saffar et al. [48], the waste engine oil has low storage stability value due to a similar chemical structure and
molecularly as the asphalt binder.
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Figure 13. Storage stability result of asphalt binders
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3.2. Rheological Properties
3.2.1. Complex Shear Modulus

The G* is known as the stiffness of the asphalt binder at various temperatures and loading rates. Additionally, it is
known as the ratio of the maximum stress to the maximum strain [10, 21]. The HAKE software was used to perform
the dynamic shear rheometer test. The 60/70 penetration grade virgin asphalt binder was used for comparison with the
aged asphalt treated with different rejuvenators. Figure 14 shows the change in behavior of the asphalt binder due to
the addition of rejuvenators at various temperatures. The complex shear modulus for the virgin cooking oil and olive
oil have the lowest G* values resemble to the virgin asphalt binder, which means that both oils have the ability to
restore the aged asphalt properties with less amount of oil than the other rejuvenators: 25 and 29 kPa at 46°C,
respectively. In contrast, WCO, WEO, and VEO were slightly less effective, with higher values than the virgin asphalt
binder: 39, 38, and 40 kPa at 46°C, respectively. In addition, the failure temperature was obtained at 76°C for both
modified and the virgin asphalt binder samples. The complex shear modulus values show significant differences
between the different types of oils on the aged asphalt. Therefore, the considerable decrease in the complex shear
modulus was related to the addition of the rejuvenators, which demonstrates that these rejuvenators are excellent
candidates to decrease the hardness of the aged asphalt binder. According to previous studies, the addition of oil
decreased the complex shear modulus, which supports the results obtained from this study [15, 49].
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Figure 14. Effect of different rejuvenators on the complex modulus

3.2.2. Phase Angle

The 6° is the angle between the shear stress and the shear strain. Additionally, the 3° range values range from 0° to
90°[50, 51]. The dynamic shear reading was taken at a control frequency of 1.63 Hz, which represents a vehicle speed
of 100 km/h. The effects of the different rejuvenators on the phase angle are shown in Figure 15. The findings indicate
that the addition of oil leads to an increment in the 8° values. The figure shows that the increase in the phase angle
corresponds to a rise in the temperature. Furthermore, the olive oil and virgin cooking oil have similar phase angles
compared to that of the virgin asphalt binder at 79° and 77°, respectively. However, the addition of the other types of
oils should be increased in order to obtain a similar result to the virgin asphalt binder. Furthermore, the virgin and
waste engine oils have the lowest phase angle, particularly 71° and 72° at 46°C, respectively. The phase angle and
complex shear modulus values clearly demonstrate that the aged asphalt binder needs different percentages of oil
content, and that depends on the physical properties of the oils. The rheology criteria give an accurate understanding
when investigating the impact of the different rejuvenators on the behavior of the aged asphalt binder, in comparison
with physical properties experiments.

511



Civil Engineering Journal Vol. 7, No. 03, March, 2021

90 -
87.5 A
85 A
82.5 A
e
o 80 4 ——— Virgin 60/70
2
—VCO
; 77.5 |
] VEO
& 75 4
— V0O
72.5 A
— WCO
701 WEO
67.5 1 Aged 30/40
65 T T T T T 1
46 52 58 64 70 76
Temperature (°C)

Figure 15. Effect of different rejuvenators on the phase angle

3.2.3. Rutting Resistance

The rutting resistance parameter, G*/sin 3, describes the unrecoverable deformation of an asphalt binder under a
consistent load at different temperatures [21, 36]. Figure 16 shows a significant decrease in the rutting parameter with
an increase in temperature. Moreover, the quality and type of oil can strongly affect the rutting resistance parameter.
The findings show that the rutting parameter for the virgin engine oil and the olive oil, is observed at 42.3 kPa and
25.5 kPa, respectively. Additionally, the olive oil and virgin cooking oil have the lowest rutting resistance of the oils
due to their low viscosity. On the other hand, the WCO, VCO, and WEO need a higher amount of oil, more than 4%,
to restore the aged asphalt binders. This outcome is an agreement with the previous research done by Maharaj et al.
[52], where the utilized of the WCO could lower the rutting resistance parameter of the aged asphalt binder. In
addition, there is a massive reduction of 24.6% in the rutting parameter of the aged asphalt resemble to the virgin
asphalt when a 4% olive oil rejuvenator is added to the 30/40 penetration grade aged asphalt binder. Others, there is a
25.1% increase in the rutting parameter when 4% of virgin engine oil was added to the aged binder, in comparison
with virgin asphalt binder. As outlined in previous research by Rasman et al. [47], it was concluded that the rutting
resistance decreases with the addendum of oil, as well as the increase in heat.
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Figure 16. Rutting resistance parameter result for different rejuvenators
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3.3. Chemical Composition
3.3.1. Fourier-Transform Infrared Spectroscopy, FTIR

FTIR was utilized to determine the changes in the chemical group in the asphalt. In this study, the chemical groups
of the asphalts were characterized using the PerkinElmer instrument analysis. Additionally, the test was conducted
within a spectrum ranging from 600cm™* to 4000cm™? at a temperature of 22°C. In the case of the aging asphalt
binder, changes in the peaks corresponding to sulfoxide and carbonyl functional groups were found, as mentioned in
previous studies [53, 54]. The spectrum range for carbonyl functional groups is between 1670cm~*and 1820cm™1, and
the spectrum peak for sulfoxide functional groups is 1030cm™!. Figure 17 illustrates the chemical functional groups of
the various types of oils added to the aged asphalt binder.

From the figure, the differences in peaks for the asphalt binders in this study can be found in four primary bonds:
the polymeric bond found between 3200cm™! and 3500cm™! O-H stretching, the carbonyl bond found between
1670cm™! and 1820cm™! C=0 stretching, the sulfoxide bond found at 1030cm™~! S=0, and the aromatic bond located
between 769cm~*and 839cm™! C-H plane bending. Furthermore, 1670-1820cm™! C=0 stretching bond was utilized
as an index to find and determine the relative oxidation of virgin, aged, and bio-asphalt binders. According to previous
research, the bonds at 1670-1820cm™? represents carbonyl bonds C=0, and the values of the bonds at 1670-1820cm™?!
increased with an increased amount of oil. The olive oil and virgin cooking oil had results that were reasonably similar
to those of the virgin asphalt binder, which means that the type of oil added can reduce the values of the carbonyl
bond. However, the WCO, WEO, and VEO require higher amounts of oil to afford similar results to those of the virgin
asphalt binder. The band at 1030cm™? represents the sulfoxide bond S=0, and the sulfoxide bond had an inverse
relation with the addition of the oil. In other words, a higher amount of oil decreased sulfoxide bond values. According
to Tayh et al. [55], adding oil to aged asphalt binder leads to reduced sulfoxide bond values. No new chemical group
was found with the addendum of the different oils in the aged asphalt. On the other hand, it was found that a reduction
in the sulfoxide and carbonyl bonds is related to an increased ratio of the maltenes to the asphaltenes. As a result, the
bio-binders and virgin binder have similar chemical groups, and it was found that there is no chemical reaction found
between the different types of oils and aged asphalt binder, which agreed with previous research done by Poulikakos et
al. [56].
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Figure 17. Chemical functional groups of different rejuvenators

4. Conclusions
The main conclusions are as follows:

e The penetration and softening point values are increase and decrease with an increase in the amount of oils
respectively. The waste and virgin engine oils require a higher amount of oil, greater than 4%, to restore the
properties of the 30/40 aged asphalt. For loss on heating, all the aged, virgin and rejuvenated asphalt binders
are within the acceptable range.

e The physical characteristics of the aged asphalt were enhanced by adding 4% of any type of oils, and the
viscosity values were slightly different due to the quality of the oil. In addition, all the rejuvenators except the
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waste engine oil met the requirement of the ductility result, which is greater than or equal to 100 cm. Most of
the asphalt binders have comparable results to the virgin asphalt binder, although the olive oil has a higher
bleeding value, which may lead to low skid resistance. Additionally, all the tested samples are storage stable.

e Adding rejuvenators to a partially aged asphalt binder reduces the hardness of the asphalt binder (G*), and
slightly increased the 3°. The virgin olive oil had the most significant effect on the asphalt rheology which
could lead to rutting issue. Meanwhile the addition of waste cooking oil in the aged asphalt enhanced the
rutting resistance.

e The FTIR result for all the rejuvenators was found to be identical, with slight differences related to the quality
of the oil. Consequently, similar functional groups were revealed for all the asphalt binders, with no new
chemical reactions.

o Overall, there is no doubt that all rejuvenators in this study could restore the aged asphalt, but the addition of
rejuvenators should be at optimum dosage. The high rejuvenator dosage could lead to a rutting issue as the
low rutting result for the virgin olive oil. Meanwhile, the low rejuvenator dosage could fail to restore the
physical properties as the ductility result for waste engine oil.
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