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Abstract
In the United States, each year over 100 million tons of asphalt pavement material is reclaimed due to its multifold benefits. 
The use of reclaimed asphalt pavement (RAP) in preparing new asphalt concrete saves money, safeguards the environment, 
reduces waste in landfills, conserves other natural resources, and increases the durability and longevity of pavements. How-
ever, a high percentage of RAP in asphalt concrete can lead to developing premature failure of asphalt pavements due to 
fatigue cracking. On the other hand, the use of softening agents in asphalt binders can resolve these problems. To this end, 
two waste products, namely, waste cooking oil (WCO), and engine bottom oil (EBO) along with a commercial rejuvenator 
were evaluated in this study. The efficacy of these softening agents in aged asphalt binders has been investigated at micro- and 
macro-levels. Three types of Performance Grade (PG) binders, namely, PG 64-22, PG 70-22, and PG 76-22, each collected 
from two different sources, were blended with 25% RAP binders and different percentages (0%, 15%, and 20% by the weight 
of the binder blend) of the selected softening agents. Selected Superpave tests, the Atomic Force Microscopy (AFM)-based 
PeakForce Quantitative Nanomechanical Mapping (PFQNM™), and Fourier Transform Infrared Spectroscopy (FTIR) analy-
ses were done on the unrejuvenated and rejuvenated binders. It was found that the rejuvenators improved the flow behavior 
of the RPA-modified binder samples. The AFM test results showed that the micro-level modulus and deformation values 
of rejuvenated binders were significantly less than those of their unrejuvenated counterparts. Similarly, distinct peaks were 
conformed in the FTIR peaks for EBO and WCO-modified binders. The EBO or WCO helped to reduce the RAP-blend 
binder’s viscosity (e.g., lower mixing and compaction temperatures) and increase its rate of relaxation rates (e.g., improved 
thermal cracking resistance). Experimental data suggest that 10% EBO or WCO has similar beneficial effects in terms of 
improving 25% RAP-blended binders’ fatigue and thermal cracking resistance compared to the commercial rejuvenator, 
whereas WCO was more effective in reducing stripping potential than EBO. The findings of this study will help pavement 
professionals in selecting suitable rejuvenators for the construction of pavements with high RAP contents.
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1  Introduction

In recent years, reclaimed asphalt pavement (RAP) has 
become an important source in the construction of hot mix 
asphalt (HMA) pavements in the United States (U.S.) and 
around the world. The binder extracted and recovered from 
the RAP materials is often known as reclaimed asphalt 
binder (RAB) [1]. According to a Federal Highway Admin-
istration (FHWA) study, more than 90% of roads and high-
ways in the U.S. are constructed with the HMA [2]. There-
fore, a huge amount of RAP is generated annually from the 
repairing of existing asphalt pavements and reconstruction 

of new pavements. The FHWA has highlighted using recy-
cled materials in highway construction projects due to their 
engineering, economic, and environmental benefits [3, 4]. 
Thus, the use of RAP in the construction of asphalt pave-
ment can become an important source of energy and cost 
savings [5].

However, the use of high RAP content in pavement con-
struction is a major concern to transportation agencies to 
predict the performance of RAP-modified asphalt pavement 
during the design period. Based on the Arkansas Depart-
ment of Transportation (ARDOT) Standard Specifications 
for Highway Construction, the contractors are restricted 
from using RAP in the job mixture where the mixture must 
contain a minimum of 70% virgin material. The ARDOT 
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has provisions to use RAP with some restrictions, which 
include that a softening agent along with the accompany-
ing specifications should be submitted and approved before 
using it with the binders. A temperature-viscosity curve for 
the blending of RAP and virgin asphalt is required to be 
supplied by the contractors as well. Because of the limita-
tions/restrictions in the ARDOT’s current specifications, the 
brittle nature of RAB, lack of expertise in the processing of 
RAP, the variability of RAP among milling sources, lack of 
the availability of quality RAP, lack of prior experience, or 
a combination of any of these, the usage of more than 15% 
of RAP in the asphalt mixture is not generally practiced by 
the contractors. The contractors and agencies are very con-
cerned about production temperatures, fatigue, and low-tem-
perature performance of concrete with high RAP contents.

To improve the fatigue resistance of new asphalt mixtures 
with RAP, either a soft binder or a rejuvenating agent with 
a hard binder is commonly used [6]. Multiple researchers 
reported that rejuvenators can restore the original charac-
teristics of the aged binder, which can be obtained from dif-
ferent materials, such as a soft binder, vegetable oils, waste 
engine oils (EBO), waste oil (frying oil), waste cooking 
oil (WCO), derived oils, as well as composite rejuvenator 
[7–15]. The United States Environmental Protection Agency 
(US EPA) has also estimated that about 380 million gallons 
of EBO are recycled each year, and it further states, “used 
oil from one oil change can contaminate one million gallons 
of fresh water—a years’ supply for 50 people [16].” On the 
other hand, US hotels and restaurants generate about 3 bil-
lion gallons of WCO per year [17]. The generated EBO and 
WCO are mostly refined and reused as sources of furnace 
fuel oil, but this technique is not a sustainable practice. Thus, 
the use of EBO and WCO as rejuvenators will help reduce 
the environmental burden of society as well as reduce the 
construction material costs. To this end, two locally availa-
ble waste oils, EBO and WCO, were selected in this study to 
examine their effectiveness in improving the fatigue resist-
ance of asphalt mixtures blended with a higher RAP amount.

While macro- and micro-level properties of asphalt mate-
rials are commonly investigated, their molecular-level qual-
itative morphological and mechanistic data are indicators 
of long-term durability. Toward gathering molecular-level 
properties of asphalt binders, the Atomic Force Microscope 
(AFM) technique has been used by several researchers 
[18–27]. These researchers reported that the AFM technique 
can be used to investigate the surface microstructures as well 
as the micromechanical properties such as DMT (Derjaguin, 
Muller, and Toropov) modulus, adhesion, deformation, and 
energy dissipation of the asphalt binders. Moreover, these 
researchers described three distinct phases namely, dispersed 
phase (Catana), interstitial phase (Peri-phase), and matrix 
(Para-phase) to characterize the morphological clusters, 
which were also followed in the current study. Additionally, 

the Fourier transform infrared spectroscopy (FTIR) test was 
used on selected blended asphalt samples to detect the pres-
ence of any in the functional group due to the rejuvenation 
using softening agents [9, 28–30].

The major objectives of this study are to (1) observe the 
effectiveness of waste-based rejuvenators in asphalt bind-
ers, and (2) characterize atomic level morphological and 
mechanical properties of rejuvenated asphalt binders. To 
achieve the goal of this study, the AFM and FTIR tests were 
conducted to determine the molecular level properties. The 
Superpave tests were also included to compare the micro-
level findings with the macro-level properties of rejuvenated 
binders. Therefore, this study aims to find a low-cost soften-
ing agent that can be used as a substitute for commercially 
produced rejuvenators to produce the desired asphalt mix-
tures containing high RAP contents.

2 � Materials and Test Methods

2.1 � Materials

2.1.1 � Asphalt Binders, RAP Samples, and Softening Agents

Based on the Qualified Product List (QPL) of ARDOT, the 
following three types of Performance Grade (PG) asphalt 
binders were collected from two different sources: one PG 
64-22 binder, two polymer-modified PG 70-22, and PG 
76-22 binders. The first set of asphalt binders was prepared 
from a Canadian crude source. The second set of binders 
was made from an Arabian crude source, which is a combi-
nation of “sweet and sour crudes.”

Two RAP samples were collected with the help of a local 
contractor in Jonesboro, AR, and they were investigated 
in this study. One RAP sample originated from a roadway 
section on Interstate 555 (I-555) between Marked Tree and 
I-55 while the other RAP sample was obtained from U.S 
Highway 67 (Hwy 67) between the Lawrence County line 
and Hwy 62 in Pocahontas, AR. The collected RAP samples 
were used for binder recovery in the laboratory. The recov-
ered binders of different percentages were blended with the 
PG binders, and they were further blended with softening 
agents. Three RAP blends (0%, 15%, and 25% by weight) 
were prepared and tested in this study. However, this study 
presents test results of 25% RAP1 blends with a selective 
dose of the softening agents.

An engineered (i.e., commercially produced) rejuvena-
tor, henceforth named EVF, was collected from its manu-
facturer’s plant. Based on previous research findings, two 
waste-based softening agents, namely, WCO and EBO were 
collected from a local restaurant and an automobile dealer, 
respectively, in Jonesboro, AR. The WCO and EBO sam-
ples (each about 5 gallons) were no more than one day of 
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cumulative waste of soybean and motor (mostly SAE 10W-
30) oils, respectively. Soybean oil is generally composed of 
five fatty acids: palmitic acid (~ 10%), stearic acid (~ 4%), 
oleic acid (~ 18%), linoleic acid (~ 55%), and linolenic acid 
(~ 13%). The EBO is a blend of base oils composed of 
petroleum-based hydrocarbons, polyalphaolefins, or their 
mixtures with a flashpoint of about 215 °C. A higher dos-
age level (15% or 20% by the weight of the binder) of the 
rejuvenators was not found to be effective based on prelimi-
nary test results as blended binders were highly soft. Thus, 
a 10% dosage level of the rejuvenator was explored further 
in this study. The dosages of WCO and EBO were selected 
as 10% (by weight of total binder blend) for the laboratory 
testing and evaluations. These dosage levels were chosen 
based on evidence from in-house laboratory data as well 
as recommendations from relevant studies available in the 
public domain. In this study, both WCO and EBO were used 
as-is conditions, without any improvements, processing, or 
modification, only after filtering coarse particles/substances 
to uniformly blend with the binders.

Table 1 summarizes the details of the asphalt binders, 
RAP, and rejuvenators used for this study. While nam-
ing the test samples, the following nomenclature was 
used: the binder source was followed by binder grade, 
which is followed by RAP No. and amount (%), which is 
followed by rejuvenator type and amount (%), and then 
lastly the aging condition (U for unaged, R for short-term 

aged, and P for long-term aged). For example, S1PG64-
22 + RAP1(25) + EVF(10)U denotes the test sample is a 
Source 1 PG 64-22 binder with 25% RAP1 that is rejuve-
nated with 10% EVF and the binder is unaged.

2.1.2 � Blending of Asphalt Binders

A blending protocol, originally developed in 2013 by Hos-
sain et al. [31], for mixing RAP binder along with addi-
tives and virgin binder in the laboratory was followed in 
this study. In a recent relevant study of the current research 
team, the same blending protocol was also used to examine 
some of the morphological and nanomechanical properties 
of selected rejuvenated asphalt binders containing high RAP 
binders [32]. The major steps involved in the blending of 
asphalt binders used in this study are given below:

•	 Firstly, a neat binder was heated in the aluminum can at 
160 °C for nearly 20 min (mins) to make it workable.

•	 The container of the RAP binder was heated separately at 
the same time. The required amount of RAP binder was 
poured into the base binder container.

•	 The container of RAP and neat binder were kept in the 
oven at 160 °C for nine mins.

•	 A glass rod was used for stirring the mixture for 1 min 
vigorously and uninterruptedly.

Table 1   Details of asphalt binders, RAPs, and rejuvenators

Asphalt binders

Crude source Asphalt binders Modifiers Flash point (°C) Viscosity 
at 135 °C 
(mPa s)

Canadian (Source 1; S1) PG 64-22 None 318.00 390
PG 70-22 Polymer 312.78 1180
PG 76-22 Polymer 322.78 1580

Arabian (Source 2; S2) PG 64-22 None 356.00 474
PG 70-22 Polymer 342.00 954
PG 76-22 Polymer 320.00 1779

Reclaimed asphalt pavements (RAPs)

RAP type Amount of RAP (% by wt) Origin/collection source

RAP1 0%, 15%, and 25% I-555; between Marked Tree and I-55, AR
RAP2 0%, 15%, and 25% Hwy 67; between the Lawrence County 

line and the Hwy 62 in Pocahontas, AR

Softening agents

Agent type Dosage (%) (wt of the total binder) Origin/collection source

WCO 10%, 15%, and 20% Local Restaurant, Jonesboro, AR
EBO 10%, 15%, and 20% Automobile Dealer, Jonesboro, AR
EVF 10%, 15%, and 20% Commercial Lab
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•	 The mixture was then kept in the oven for heating for 
another 9 min and 1 min of stirring.

•	 This cycle (heating for 9 min and stirring for 1 min) was 
repeated a total of six times allowing sixty minutes (1 h) 
of blending time for every mixing type.

•	 During the blending process, the interior wall of the sam-
ple container was scrapped periodically to prevent the 
accumulation of RAP binders on the sides of the con-
tainer.

•	 To prepare the rejuvenated RAP blends, the required 
amount of softening agent (e.g., WCO, EBO, and EVF) 
was added into the container of the base binder along 
with the RAP binder before starting the “heating and 
stirring” cycle.

•	 In the end, the blended asphalt binder was then allowed 
to cool down to room temperature and stored for further 
testing.

2.2 � Test Methods

2.2.1 � Rotational Viscosity (RV) Test

The RV tests were done on rejuvenated asphalt binders 
to measure the workability, pumpability, and mixability 
of the asphalt binders at high manufacturing and con-
struction temperatures. In this study, the RV test was per-
formed as per AASHTO T 316 in the laboratory using 
a DV-II + Pro rotational viscometer (RV), as shown in 
Fig. 1a. The RV test was performed to measure the vis-
cosity of rejuvenated asphalt binders at a temperature of 
135 °C up to 180 °C at an interval of 15 °C. A total of 
three replicates were used to measure the viscosity of the 
binders and their average values were then used in this 
study.

2.2.2 � Dynamic Shear Rheometer (DSR) Test

In this study, the dynamic shear rheometer (DSR) test was 
conducted to characterize the viscous and elastic behavior 
of rejuvenated binders at high and intermediate service 
temperatures. In the DSR test, the asphalt binder sample is 
sandwiched between a fixed plate and an oscillating plate. 
The DSR tests were performed at a frequency of 10 radians 
per second (1.59 Hz) per AASHTO T 315 where a 1.00 mm 
gap between was used for 25-mm parallel plates. The DSR 
machine used in this study is shown in Fig. 1b. To ascertain 
the repeatability of test data, three replicate specimens were 
tested for each test condition.

2.2.3 � Bending Beam Rheometer (BBR) Test

The BBR test was done to find the low-temperature proper-
ties of the PAV-aged rejuvenated binders to determine their 
creep stiffness (S-value) and the slope of the master stiffness 
curve (m-value). This test was performed per AASHTO T 
313 at a temperature of − 9 °C and − 12 °C. In this test, the 
“m-value” at 60 s of load and the S-value at 60 s (MPa) 
were determined for binder samples. The BBR tests were 
conducted at a lab located at the University of Oklahoma in 
Norman, Oklahoma. At least two replicate specimens were 
at each test temperature to ascertain the repeatability of test 
data in the laboratory. The BBR device used in this study is 
shown in Fig. 1c.

2.2.4 � Atomic Force Microscope (AFM) Tests

In recent years, the Atomic Force Microscope (AFM) has 
been used by multiple researchers to determine the prop-
erties of asphalt binders at a microscale. It is found that 
the AFM is a useful tool to observe the microstructures 
presented on the asphalt binder surface and quantify the 
mechanical properties by correlating its morphological 

Fig. 1   Superpave devices used 
in this study: a rotational vis-
cometer (RV), b dynamic shear 
rheometer (DSR), and c bending 
beam rheometer (BBR)
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properties. In this study, the Dimension Icon AFM from 
Bruker has been used to observe the binders’ surface rough-
ness and its mechanical properties such as the DMT (Der-
jaguin, Muller, and Toropov) modulus, and deformation at 
the nanoscale. The PeakForce Quantitative Nanomechanical 
Mapping (PFQNM™) mode of the AFM system was used as 
it provides maps for the surface roughness and mechanistic 
properties simultaneously at a molecular level. Similar to the 
tapping mode, the peak force tapping provides the surface 
morphology and the force–displacement curve of any point 
under the scan area which are analyzed through the quantita-
tive nanomechanical mapping to find the properties of the 
scanned surface.

The heat cast approach is used by several researchers in 
the characterization of asphalt binders, which was also used 
in this research to prepare the AFM test specimens [18–27, 
32–37]. Firstly, the asphalt binder sample was heated in 
a preheated oven at 160 °C until it became sufficiently 
fluid to pour. Then, a very small amount of asphalt binder, 
generally 2 drops, was placed on a thin glass plate (size: 
50 mm × 75 mm). The binder sample with the glass plate 
was then placed in the oven for approximately 15–20 min 
to obtain a smooth surface of the binder. Before testing, the 
prepared specimens were cooled at room temperature for 
30 min in the air and later, stored in a humidity-controlled 
desiccator for 24 h. In this study, three replicated samples 
were prepared and tested for each binder type. Afterward, 
the scanned maps were analyzed offline using the Nano-
Scope (version 9.0) software to quantify the roughness and 
mechanical properties of rejuvenated asphalt binders.

In the AFM test, stiff probes (RTESPA™) were employed 
to determine the mechanistic properties of modified asphalts. 
The tips were calibrated for exact values of deflection sensi-
tivity, spring constant (k), and tip-end radius before scanning 
the binders. The length, width, drive frequency, and quality 
factor of the AFM probe were 120 μm, 40.5 μm, 299.5 kHz, 
and 292, respectively. The normal constant for the tip was 
calculated as 25.6 N/m using the Sader method. After the 
calibration, the accuracy of the AFM system with the cali-
brated tip was verified by testing a standard Polystyrene-Low 
Density Polyethylene (PS-LDPE) sample. The size of the 
scan area was chosen as 30 μm × 30 μm. The PeakForce Tap-
ping frequency of 1 kHz was used in the AFM tests where 
the PeakForce engagement amplitude and setpoints were 
selected as 150 nm and 0.05 V, respectively.

2.2.5 � Fourier Transform Infrared Spectroscopy (FTIR) Test

The FTIR test is a spectroscopy test performed on unmodi-
fied and modified asphalt samples to detect the presence of 
any in the functional group due to any modification using 
RAPs and rejuvenation using softening agents. In this study, 
disposable Real Crystal IR cards, containing a KBr substrate 

were used for the sample preparation. A blank card was 
scanned before starting the test and it was repeated every 
1-h interval. A Nicolet 8700 spectrometer was used in this 
study. To prepare the sample, the rejuvenated binder sample 
was heated at a temperature of 163 °C until it became suffi-
ciently fluid and workable. A small amount (e.g., 1–2 drops) 
of hot asphalt binder was dropped right outside the aperture 
and dragged over the KBr substrate to make the coating of 
the sample on the KBr plate. The aperture of the hole in 
the plate was 15 mm. A spectrum range of 450–4000 cm−1 
was used in this study. The samples were run over 50 scans 
at 4 cm−1 resolutions for 30 s. The test was conducted at a 
relative humidity of under 5%. Finally, the test data were 
analyzed using Omnic 6.2 software.

2.2.6 � Texas Boiling Test (TBT)

To evaluate the performance of rejuvenated binders against 
the moisture damage potential, a relatively simple and quick 
method, namely, the Texas Boiling Test (TBT), was included 
in this study. In the TBT test, the stripping of the asphalt 
mixtures was predicted based on visual observation after 
10 min of boiling the asphalt mixtures in hot water. The 
TBT was done per ASTM D3625. The percentage of asphalt 
binder based on the binder’s retention on the surface of the 
mineral aggregates after boiling was determined by follow-
ing the guidelines established by the Texas Transportation 
Institute (TTI). In the TBT, limestone aggregates, collected 
from a local quarry, that passed a 9.5 mm (3/8″) sieve and 
retained on an ASTM No. 4 Sieve were used in this study. 
The limestone aggregates were selected for this study as they 
exhibited a higher moisture damage resistance compared to 
dolomite, sandstone, and gravel [18, 19, 35].

3 � Results and Discussion

3.1 � RV Tests

The RV tests were conducted on unrejuvenated and reju-
venated RAP blends, as shown in Fig. 2. In the RV tests, 
a total of three replicate specimens were tested for each 
test temperature of 135 °C, 150 °C, 165 °C, and 180 °C. 
For each specimen, three viscosity readings were recorded 
at 1-min intervals at each test temperature, and the aver-
age values were taken into consideration for data inter-
pretation. RV test results showed that the viscosity data of 
RAP1 is very comparable with that of RAP2 even though 
their sources and histories are different from each other. It 
is also observed that higher dosages (e.g., 15 or 20%) of 
the softening agents are not beneficial. Further, previous 
literature review data suggest that 10% (by the weight of 
the binder blend) is optimum. Thus, RV test data of RAP1 
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blends (0, 15, and 25 by the weight of the total binder) 
of all three binders (PG 64-22, PG 70-22, and PG 76-22) 
from both sources (S1 and S2) with 0% (Control) and 10% 
softening agents have been evaluated and explained thor-
oughly in this paper.

As seen in Fig. 2, the rejuvenators decreased the viscos-
ity of all binder blends irrespective of the binder grade and 
test temperature. It is also evident that the reduction of the 
viscosity values of 25% RAP1 blends followed a similar 
trend in the cases of WCO and EVF rejuvenators compared 
to EBO, which showed the most reduction of viscosity 
values. The reduction of viscosities is expected to facilitate 
lower production temperatures (mixing and compaction) 

for rejuvenated asphalt binder mixes compared to their 
unrejuvenated counterparts.

The mixing and compaction temperatures for all reju-
venated blends are presented in the form of dash lines in 
Fig. 2. The mixing and compaction temperatures of HMA 
are expressed in ranges of temperature based on the viscosi-
ties of asphalt binders as per AASHTO T 312 Standard [38]. 
The viscosity values of 170 ± 20 mPa-s and 280 ± 30 mPa-s 
are recommended for determining the mixing and compac-
tion temperature, respectively. In this study, the mixing and 
compaction temperatures of the binder blends are calculated 
as per ASTM D 2493 [39]. The addition of the rejuvena-
tors reduced the viscosities at each tested temperature in 
all binders containing 25% of RAP than their correspond-
ing unrejuvenated binders. For instance, a mixing tempera-
ture range of 152–158 °C was found for a rejuvenated 25% 
RAP blend with a 10% EVF with PG 64-22 as designated 
as S1PG64-22 + RAP1(25) + EVF(10)U in Fig. 2. The com-
paction temperature range of this binder blend was found 
to be in the range of 140–146 °C. Therefore, it can be said 
that this rejuvenated blend can be mixed at 155 °C ± 3 °C 
and compacted at 143 °C ± 3 °C that contains 25% of RAP 
binder. On the other hand, the mixing and compaction tem-
peratures of the corresponding unrejuvenated binder, i.e., 
S1PG64-22 + RAP1(25) + Rej(0)U are 157 °C ± 3 °C and 
145 °C ± 3 °C, respectively. Thus, the reductions of mixing 
and compaction temperatures of the EVF-rejuvenated PG 
64-22 binder with 20% RAP binder are about 2 ± 2 °C and 
2 °C, respectively. The mixing and compaction tempera-
tures of all rejuvenated binders from S1 are summarized in 
Table 2.

Table 2 represents the summary of the RV test results 
of the asphalt binders. It is seen that all S1 binders exhibit 
significantly higher viscosity values compared to the 
corresponding unmodified or modified binders from S2, 

Fig. 2   Comparison of viscosities of rejuvenated binders

Table 2   Mixing and compaction 
temperatures of S1 rejuvenated 
binders

Base binder type Sample description Mixing temperature 
(°C)

Compaction 
temperature (°C)

Low High Low High

PG 64-22 S1PG64-22 + RAP1(0) + Rej(0)U 154 160 142 148
S1PG64-22 + RAP1(25) + WCO(10)U 152 158 140 145
S1PG64-22 + RAP1(25) + EBO(10)U 151 156 139 144
S1PG64-22 + RAP1(25) + EVF(10)U 152 158 140 146

PG 70-22 S1PG70-22 + RAP1(0) + Rej(0)U 176 182 164 179
S1PG70-22 + RAP1(25) + WCO(10)U 174 180 161 167
S1PG70-22 + RAP1(25) + EBO(10)U 173 180 159 165
S1PG70-22 + RAP1(25) + EVF(10)U 172 179 158 164

PG 76-22 S1PG76-22 + RAP1(0) + Rej(0)U 181 187 168 174
S1PG76-22 + RAP1(25) + WCO(10)U 176 182 164 169
S1PG76-22 + RAP1(25) + EBO(10)U 177 183 156 171
S1PG76-22 + RAP1(25) + EVF(10)U 174 184 161 167
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indicating that S1 binders were relatively stiffer than S2. 
Also, as expected, the base binder (PG 64-22) exhibited 
the lowest viscosity among all unaged binders irrespective 
of its source. Table 2 also shows the aging indices for com-
paring the aging effect in the viscosity of the same asphalt 
binder at two aging conditions (e.g., unaged and RFTO 
aged). To obtain an aging index, the viscosity of an asphalt 
binder sample was divided by the corresponding viscosity 
of the unaged counterpart. For example, in the case of the 
S1B1 binder, the aging index for the RTFO-aged binder 
was found to be 2.4, which was calculated by dividing 
1229 mPa s with 504 mPa s. It is noted that PPA plus SBS 
modified PG 76-22 binders from both sources showed the 
highest aging index value of 2.8 at 135 °C. A binder with 
a relatively high aging index indicates its high potential 

to become brittle and exhibit fatigue and low-temperature 
cracks in the pavement.

3.2 � DSR Tests

Figure 3 shows the effects of rejuvenators on all RAP binder 
blends in the PG temperatures. It is found that the rejuve-
nated RAP blends became softer than their corresponding 
unmodified binder, and therefore, failed earlier in high tem-
peratures. For example, the high PG temperature was found 
to be reduced from 82 to 76 °C for the PG 76-22 binder 
blends. The DSR test results show that the high PG tempera-
ture corresponding to the Superpave rutting factor of reju-
venated RAP blends of PG 64-22, PG 70-22, and PG 76-22 
binders range from 61 to 64 °C, from 76 to 73 °C, and from 

Fig. 3   DSR test results of 
rejuvenated base asphalt binders 
from S1: a PG 64-22, b PG 
70-22, and c PG 76-22
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79 to 76 °C, respectively. It is seen that the EBO-modified 
RAP blends exhibited lower failure temperatures compared 
to WCO and EVF among all binders. Generally, the range of 
high PG temperature of rejuvenated blends containing 25% 
RAP binders is slightly lower than that of the unrejuvenated 
counterparts. Thus, it can be said the rejuvenators acted as 
the binder softeners for all RAP blends. It is also expected 
that the low PG temperatures of these RAP blends would 
also be somewhat lower, which will be discussed in a later 
section.

3.3 � BBR Tests

The BBR test was conducted to measure the low-tempera-
ture stiffness and cracking properties of rejuvenated asphalt 
binders (Fig. 4). In this study, the BBR test was done for the 
PG 64-22, PG 70-22, and PG 70-22 binder samples from S1 
modified with 25% of RAP1 binder contents and all three 
rejuvenators (i.e., WCO, EBO, and EVF). For all tested 
binder samples, the measured creep stiffness and m-value 
at the 60 s at − 9 °C and − 12 °C are shown in Fig. 4.

Fig. 4   “m-values” and creep stiffness of rejuvenated binders from S1
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As seen in Fig.  4, the stiffness values at 60  s were 
increased at the testing temperature from − 9 to − 12 °C for 
all rejuvenated and unrejuvenated binder blends. It is seen 
that rejuvenated binders showed a significant reduction in 
stiffness due to the rejuvenation compared to their corre-
sponding unmodified binders. At − 9 °C, the RAP blends 
rejuvenated with EBO showed higher stiffness values com-
pared to EVF and WCO-modified blends. As expected, the 
stiffness values of all rejuvenated asphalt binders increased 
with a decrease in the testing temperature, but they were 
well below the Superpave acceptance criteria of 300 MPa 
at a BBR testing temperature of − 12 °C (i.e., low PG tem-
perature of − 22 °C).

Figure 4 also shows that the “m-values” of most of the 
samples were found to be reduced with a reduction of test 
temperature (i.e., from − 9 to − 12 °C), which was expected. 

It was observed that the EBO-modified binders exhibited the 
lowest “m-values” at 60 s of load in the case of PG 70-22 
and PG 76-22 rejuvenated binders. Thus, the major find-
ing from the BBR test results is that the softening agents 
increased the “m-value” (rate of stress relaxation) of RAP-
blended binders indicating their beneficial effects. From the 
“m-value” perspective, EVF and WCO were found to out-
perform EBO. However, at a testing temperature of − 12 °C, 
all tested rejuvenated RAP-blended binders comfortably 
met the Superpave criterion for the rate of stress relaxation 
(m-value ≥ 0.300).

3.4 � AFM Tests

Figure 5 represents the surface roughness of rejuvenated 
PG 76-22 binders. The effect of rejuvenators is seen in the 

Fig. 5   Surface roughness of rejuvenated PG 76-22 S1 binders: a S1PG76-22 + RAP1(0) + Rej(0)U (unmodified); b S1PG76-22 + RAP1(25) + WCO(10)
U; c S1PG76-22 + RAP1(25) + EBO(10)U; d S1PG76-22 + RAP1(25) + EVF(10)U
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binder’s surface morphology by observing the microstruc-
tural features (e.g., “bee structures”). The DMT Modulus 
and the deformation of rejuvenated PG 76-22 and PG 70-22 
binders are shown in Figs. 6 and 7, respectively.

Table 3 shows the details of microstructural properties 
such as roughness, the number of phases observed, dominant 
phase, the appearance of the dispersed phase, wrinkling (dis-
persed phase), development of new phase, microstructure 
recovery, the shape of bees, etc. of rejuvenated PG 70-22 and 
PG 76-22 binders. From Table 3, it is seen that three distinct 
phases namely, (i) dispersed phase or Catana/bee structure), 
(ii) interstitial phase or peri phase, and (iii) matrix or para 
phase were presented in control binders. However, the addi-
tion of rejuvenators may eliminate these phases and create 
a new phase on the binder surface. For example, phases (i) 
and (ii) were found to disappear in the case of EVF-modified 
binders, and a new phase consisting of black dots/spots, a 

circular-shaped phase was developed. As a result, the wrin-
kling pattern on the binder surface was missing due to the 
rejuvenation using the EVF. In most rejuvenated binders, 
the dispersed phase was found to be dominant with an 
appearance of well-dispersed along with some clustering. 
The shapes of the bees were found to be either elliptical 
or, irregular and conical hill-shaped for control, WCO- and 
EBO-modified rejuvenated binders while circular-shaped 
black spots were observed in the case of EVF-modified bind-
ers. Moreover, the surface roughness values were found to be 
lower in the rejuvenated binders compared to corresponding 
control binders except for EVF-modified binders. It is also 
found that the WCO- and EBO-rejuvenated binders exhib-
ited better performance in terms of microstructure recovery 
than the EVF, which is also seen in Fig. 5.

Table 4 represents the quantitative details of observed 
microstructures (bees) in all rejuvenated binders from S1. 

Fig. 6   DMT modulus of rejuvenated PG 70-22 S1 binders: a S1PG70-22 + RAP1(0) + Rej(0)U (unmodified); b S1PG70-22 + RAP1(25) + WCO(10)U; 
c S1PG70-22 + RAP1(25) + EBO(10)U; d S1PG70-22 + RAP1(25) + EVF(10)U
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From Table 4, it is found that the size of bees (e.g., length 
(um) and width (um)) was significantly affected in the reju-
venated binders. For instance, the length and width of the 
bees were increased noticeably for rejuvenated PG 64-22 
binders, from 1.90 to 3.59 um and from 0.84 to 1.99 um, 
respectively, for WCO-modified binders. A similar increas-
ing pattern is noticed in the case of EBO and EVF-modified 
binders as well. This trend is also found for rejuvenated PG 
70-22 and PG 76 binders, as excepted for EVF-containing 
binder blends, which were discussed in the previous section.

From Table 5, it is seen that the average modulus value 
for the control PG 76-22 binder was 521 MPa, and it varied 
from 510 to 610 MPa in the dispersed and interstitial phases, 
whereas it was found to range from 450 to 536 MPa in the 
recessed areas (matrix phase). With the increment of RAP 
percentage, the binder blend typically provides higher modu-
lus values than the control binder and it makes the binder 

stiffer. However, as seen in Table 5, 25% of RAP blends did 
not show any increment of modulus values due to the reju-
venation of the blends using WCO, EBO, and EVF, result-
ing in lower modulus values. Although the decreasing trend 
was different for each rejuvenator, the least modulus value 
was found for EVF while WCO had the maximum modulus 
and EBO had an intermediate modulus between these two 
rejuvenators irrespective of the binder grades.

As seen in Table 5, the average values of deformation 
for the control PG 76-22 binder were found to be 5.0 nm 
over the scan area. The deformation values of the rejuve-
nated RAP blends were reduced in all cases. A deformation 
value of 2.80 nm, 2.93 nm, and 2.99 nm was observed for 
the WCO-, EBO-, and EVF-modified binder, respectively. 
However, the deformation of the binders was found to be 
higher if the corresponding modulus was lower due to the 
incorporation of rejuvenators.

Fig. 7   Deformation of rejuvenated PG 76-22 S1 binders: a S1PG76-22 + RAP1(0) + Rej(0)U (unmodified); b S1PG76-22 + RAP1(25) + WCO(10)U; c 
S1PG76-22 + RAP1(25) + EBO(10)U; d S1PG76-22 + RAP1(25) + EVF(10)U
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The statistical analysis of AFM test data using ANOVA 
of Minitab 20 software showed that the p-values are less 
than the significance level (α < 0.05) which indicates that 
the means of binder types, microscopic properties, and the 
interaction between binder type and microscopic properties 
are statistically significant. The interaction effect plot indi-
cates that microscopic properties depend on the binders’ PG.

3.5 � FTIR Tests

The FTIR tests were conducted on unaged rejuvenated 
binder samples from S1 and S2, shown in Fig.  8a, b, 

respectively. Figure 9 shows the FTIR spectra of WCO 
and EBO before using them in RAP binder blends. It was 
found that the peak at certain wavenumbers displayed a 
higher signal, which indicated that the rejuvenations had 
introduced some increase in certain quantities in the reju-
venated binder samples.

The changes in the quantities of functional groups of 
asphalt binders before and after rejuvenation were esti-
mated using the carbonyl (C=O), sulfoxide (S=O) peaks, 
and the Trans-Butadiene index (ISBS). The values of the 
carbonyl index (IC=O), the sulfoxide index (IS=O), and the 

Table 4   Quantitative details of 
observed microstructures (bees) 
in rejuvenated binders

Binder type Length/Dia. (um) Width (um)

Max Min Avg Max Min Avg

PG 64-22
S1PG64-22 + RAP1(0) + Rej(0)U 2.51 0.35 1.9 1.4 0.42 0.84
S1PG64-22 + RAP1(25) + WCO(10)U 6 2 3.59 3.01 1.25 1.99
S1PG64-22 + RAP1(25) + EBO(10)U 4.14 1.61 2.58 1.81 0.75 1.25
S1PG64-22 + RAP1(25) + EVF(10)U 5.85 1.89 3.6 3.05 1.16 2.16
PG 70-22
S1PG70-22 + RAP1(0) + Rej(0)U 1.93 0.91 1.41 1.06 0.71 0.91
S1PG70-22 + RAP1(25) + WCO(10)U 1.81 0.93 1.48 0.97 0.3 0.57
S1PG70-22 + RAP1(25) + EBO(10)U 2.9 0.92 2.19 1.31 0.52 1.02
S1PG70-22 + RAP1(25) + EVF(10)U 1.79 0.6 1.13 – – –
PG 76-22
S1PG76-22 + RAP1(0) + Rej(0)U 2.16 0.67 1.38 1.28 0.65 0.92
S1PG76-22 + RAP1(25) + WCO(10)U 4.48 2.35 3.07 4.48 2.35 3.07
S1PG76-22 + RAP1(25) + EBO(10)U 4.15 1.27 2.6 2.02 1.24 1.69
S1PG76-22 + RAP1(25) + EVF(10)U 2.2 0.87 1.5 – – –

Table 5   Mechanical properties 
of the rejuvenated binder blends

Binder description Aging condition Average DMT 
modulus (MPa)

Average 
deformation 
(nm)

PG 64-22
S1PG64-22 + RAP1(0) + Rej(0)U Unaged 132 11.10
S1PG64-22 + RAP1(25) + WCO(10)U Unaged 105 3.77
S1PG64-22 + RAP1(25) + EBO(10)U Unaged 93 4.60
S1PG64-22 + RAP1(25) + EVF(10)U Unaged 77 7.15
PG 70-22
S1PG70-22 + RAP1(0) + Rej(0)U Unaged 390 5.97
S1PG70-22 + RAP1(25) + WCO(10)U Unaged 254 2.71
S1PG70-22 + RAP1(25) + EBO(10)U Unaged 205 1.28
S1PG70-22 + RAP1(25) + EVF(10)U Unaged 193 2.04
PG 76-22
S1PG76-22 + RAP1(0) + Rej(0)U Unaged 521 5.0
S1PG76-22 + RAP1(25) + WCO(10)U Unaged 406 2.80
S1PG76-22 + RAP1(25) + EBO(10)U Unaged 366 2.93
S1PG76-22 + RAP1(25) + EVF(10)U Unaged 327 2.99
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Trans-Butadiene index were quantitatively calculated 
using Eqs. (1), (2), and (3) [40, 41].

Carbonyl Index (C=O),

Sulphoxide-Index(S=O),
(1)

IC=O =

Area of the Carbonyl band around 1700 cm−1

Area of the spectral band between 2000 cm−1 and 600 cm−1

(2)

IC=O =

Area of the Carbonyl band around 1030 cm−1

Area of the spectral band between 2000 cm−1 and 600 cm−1

Trans-Butadiene Index (S=O),

Table 6 represents the area under the curve corresponding 
to the specified three peaks and three indices were calculated 
using Eqs. (1), (2), and (3) for rejuvenated binders from S1 
and S2. As seen in Table 6, the indices values are presented 
as italic form whereas the maximum increment in indices 
are shown in bold-italics. It is found that carbonyl index 

(3)

ISBS =

Area of the Carbonyl band around 968 cm−1

Area of the spectral band between 4000 cm−1 and 650 cm−1

Fig. 8   FTIR spectra for rejuve-
nated binders from: a S1 and b 
S2, respectively
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was found to be increased for EVF-modified rejuvenated 
PG 64-22 (S1 and S2) and PG 76-22 (S2) binders; EBO-
modified PG 70-22 (S1) and PG 76-22 (S2) binders; and 
WCO-modified PG 76-22 (S1) binder. It is also seen that the 
sulfoxide index was increased significantly with the addition 
of EBO in the case of PG 64-22 (S1 and S2) and PG 76-22 
(S2) binders. The Trans-Butadiene index was also increased 
for EBO-modified PG 76-22 (S1) and PG 64-22 (S2) bind-
ers than the control binder. As seen in Fig. 9, these changes 
in the indices could have occurred due to the addition of 
WCO and EBO in the rejuvenated RAP binder blends. The 
FTIR spectra analyses of WCO and EBO softeners showed 
that there are distinct peaks observed between 4000 and 
650 cm−1. Therefore, it can be said that the appearance of 
these peaks can make changes in the peaks of the rejuve-
nated binders.

Fig. 9   FTIR spectra of WCO and EBO before using in RAP binder 
blends

Table 6   Different indices obtained from the FTIR spectra for rejuvenated binders

Binder type Total area (2000 cm−1 
to 650 cm−1)

Wavenumber 
(1700 cm−1)

Wavenumber 
(1030 cm−1)

Wavenumber 
(968 cm−1)

Area I (C = O) Area I (S = O) Area I (SBS)

PG 64-22 (S1)
S1PG64-22 + RAP1(0) + Rej(0)U 987 0.00 0.0000 2.22 0.0022 2.76 0.0028
S1PG64-22 + RAP1(25) + WCO(10)U 1251 0.05 0.0000 3.70 0.0030 2.18 0.0017
S1PG64-22 + RAP1(25) + EBO(10)U 858 1.58 0.0018 3.83 0.0045 2.20 0.0026
S1PG64-22 + RAP1(25) + EVF(10)U 1106 48.08 0.0435 3.16 0.0029 0.18 0.0002
PG 70-22 (S1)
S1PG70-22 + RAP1(0) + Rej(0)U 1629 0.00 0.0000 3.53 0.0022 9.10 0.0056
S1PG70-22 + RAP1(25) + WCO(10)U 1956 0.22 0.0001 3.87 0.0020 9.10 0.0047
S1PG70-22 + RAP1(25) + EBO(10)U 1139 1.56 0.0014 2.44 0.0021 5.69 0.0050
S1PG70-22 + RAP1(25) + EVF(10)U 1589 0.18 0.0001 3.83 0.0024 6.79 0.0043
PG 76-22 (S1)
S1PG76-22 + RAP1(0) + Rej(0)U 1169 0.00 0.0000 2.34 0.0020 6.53 0.0056
S1PG76-22 + RAP1(25) + WCO(10)U 1416 44.99 0.0318 1.40 0.0010 5.81 0.0041
S1PG76-22 + RAP1(25) + EBO(10)U 1092 0.54 0.0005 2.02 0.0018 6.24 0.0057
S1PG76-22 + RAP1(25) + EVF(10)U 1411 0.28 0.0002 2.48 0.0018 2.11 0.0015
PG 64-22 (S2)
S2PG64-22 + RAP1(0) + Rej(0)U 1337 0.00 0.0000 4.69 0.0035 3.24 0.0024
S2PG64-22 + RAP1(25) + WCO(10)U 1718 0.04 0.0000 5.01 0.0029 3.84 0.0022
S2PG64-22 + RAP1(25) + EBO(10)U 1045 0.19 0.0002 4.00 0.0038 2.81 0.0027
S2PG64-22 + RAP1(25) + EVF(10)U 1152 4.99 0.0043 1.51 0.0013 0.33 0.0003
PG 70-22 (S2)
S2PG70-22 + RAP1(0) + Rej(0)U 996 0.00 0.0000 2.91 0.0029 5.93 0.0060
S2PG70-22 + RAP1(25) + WCO(10)U 1247 0.10 0.0001 3.23 0.0026 5.82 0.0047
S2PG70-22 + RAP1(25) + EBO(10)U 971 0.51 0.0005 3.56 0.0037 5.33 0.0055
S2PG70-22 + RAP1(25) + EVF(10)U 887 0.03 0.0000 2.64 0.0030 2.12 0.0024
PG 76-22 (S2)
S2PG76-22 + RAP1(0) + Rej(0)U 1738 0.00 0.0000 6.61 0.0038 14.24 0.0082
S2PG76-22 + RAP1(25) + WCO(10)U 1319 0.12 0.0001 4.34 0.0033 8.25 0.0063
S2PG76-22 + RAP1(25) + EBO(10)U 941 6.93 0.0074 4.22 0.0045 6.93 0.0074
S2PG76-22 + RAP1(25) + EVF(10)U 1085 38.81 0.0358 4.02 0.0037 4.56 0.0042
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3.6 � Boiling Tests (TBT)

Figure 10 shows the TBT results of the rejuvenated RAP 
blends from S1. In this test, the moisture damage potentials 
of the asphalt mixture were determined based on the per-
centage of the asphalt retention, through visual observation 
as per TTI guidelines. It was found that EBO-modified bind-
ers had a lower percentage of asphalt retention, irrespective 
of binder grades, among all rejuvenated binders used in this 
study. A similar percentage of asphalt retention was found 
for PG 64-22 and PG 70-22 binders in the case of WCO- and 
EVF-modified binder blends. For PG 76-22 binders modified 
with WCO showed a higher asphalt retention rate (80%) than 
EVF (70%). Based on the test results, it is evident that WCO 
can be effective in minimizing the moisture susceptibility 
of the asphalt mixtures and its TBT results are comparable 
with that of the engineered rejuvenator (EVF), especially for 
RAP-modified PG 64-22 and PG 70-22 binders.

4 � Summary

The WCO increased the carbonyl index only for the PG 
76-22 binder from Source 1. Based on the TBT results, the 
highest asphalt retention was observed for the WCO-modi-
fied PG 76-22 binder whereas EBO showed the lowest per-
centage of retention of asphalt binder among all rejuvenators 
regardless of the binders’ grade.

5 � Conclusions

The main goal of this study was to evaluate the efficacy 
of rejuvenated asphalt binders based on micro-mechanistic 
and spectroscopic techniques. Laboratory test results sug-
gest that a 10% EBO or 10% WCO was effective in reducing 
the viscosity of the 25% RAP binder blends ‘significantly, 
which in turn can reduce the mixing temperature up to 4 °C 

and compaction up to 12 °C. A reduction of DSR stiffness 
and an increase in the stress relaxation rate of rejuvenated 
RAP-blended binder indicate a reduction of fatigue and low 
temperature cracking potential in the pavement. The mano-
level laboratory data of the rejuvenated binders are in agree-
ment with the AFM-based nanomechanical properties such 
as modulus. The FTIR data confirmed the traces of EBO 
and WBO in the rejuvenated binder blends. Between WCO 
and EBO, WCO was found to be more effective against the 
stripping resistance of the rejuvenated RAP binder blends. 
Future research could be conducted to find the compositions 
of the WCO and EBO and their effects on asphalt binders’ 
properties. Moreover, asphalt mixtures’ performance tests 
could be incorporated into future studies.
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