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� The aging sensitivity of the mixtures is highly affected by the rejuvenator type.
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Shortage of natural resources and the high price of bitumen have encouraged the pavement engineers to
use high contents of reclaimed asphalt pavement (RAP) material in new asphalt mixtures. Nevertheless,
there are a number of problems associated with increasing the RAP content in asphalt mixtures due to the
stiff aged bitumen existing in RAP materials such as poor fatigue and cracking performance and low
workability. To compensate for this disadvantage, different kinds of rejuvenators are introduced to
restore the properties of the aged bitumen. However, the rejuvenated bitumen of RAP material may have
low resistance against re-aging and get aged quickly. In this research, oil-based and organic rejuvenators
were used in asphalt mixtures containing 50% RAP, and the aging performance of the mixtures was stud-
ied by conducting resilient modulus, dynamic creep, indirect tensile fatigue and intermediate-
temperature fracture tests on short and long term aged mixtures. The results indicated that the aging
resistance of the recycled mixtures was highly affected by the rejuvenator type, and the mixtures con-
taining organic rejuvenator were more susceptible to aging than those containing oil-based rejuvenators.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Aging is known as one of the asphalt defects that causes differ-
ent distresses such as cracking, fatigue and raveling [1–4]. The
main causes of aging are the loss of volatile constituents and oxida-
tion of the asphalt binder. Aging can occur during the production,
transportation and installation of asphalt mixtures, which is
known as short-term aging, or during its service time, which is
known as long-term aging [5,6]. Aging leads to an increase in the
viscosity and subsequently in the stiffness of asphalt binders and
mixtures, which affects their performance properties [7]. Both
short-term and long-term aging can be simulated in asphalt bin-
ders and mixtures [8].
Reclaimed asphalt pavement (RAP) materials contain valuable
constituents of asphalt binder and aggregates. The excessive
extraction of rocks and aggregates has led to destruction in moun-
tains and rivers, which may cause many environmental problems
for the human. On the other hand, escalation of the bitumen price
has caused financial problems to the asphalt paving projects.
Therefore, finding a method to decrease the use of aggregate and
bitumen in asphalt production can be efficient from an environ-
mental and financial point of view [9–11]. However, The aged bitu-
men in RAP material can be problematic, and high contents of RAP
material are not allowed by some agencies due to the reduction in
fatigue and cracking behavior and brittleness of the mixtures con-
taining high RAP contents [12–16]. Many researchers have
reported the adverse effect of asphalt recycling, and it is shown
in different papers that the fatigue and cracking performance of
asphalt mixtures decline when RAP materials are used [14,17–
20]. There were different strategies to improve the fatigue and
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Table 1
Physical properties of asphalt binder.

Test Unit Standard PG 64-16

Viscosity Test at 135 �C (cSt) centistokes ASTM D113 364
Penetration Test (0.1 mm) 0.1 mm ASTM D5 66
Ductility Test (cm) cm ASTM D113 100
Softening point (�C) �C ASTM D36 49
Flash point (�C) �C ASTM D92 290
Specific Gravity g/cm3 ASTM D70 1.018

Table 2
Physical properties of the limestone aggregates used in this research.

Test Unit Standard Result

Coarse aggregate specific gravity g/cm3 ASTM C127 2.57
Fine aggregate specific gravity g/cm3 ASTM C128 2.54
Los Angeles abrasion value (LAV) % ASTM C131 22.2
Sodium sulfate soundness (SS) % ASTM C88 2.7
Sand equivalent (SE) % ASTM T176 65
Flakiness % BS-812 16.63
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cracking performance of recycled asphalt mixtures such as using a
softer virgin binder, increasing the percentage of virgin binder and
using recycling agents or rejuvenators [21]. Previous studies
showed that using softer virgin binder failed to improve the resis-
tance of the mixtures against crack propagation and using higher
percentages of the virgin binder is not cost effective. However,
rejuvenators were more effective as they improved both physical
and chemical characteristics of the aged binder [21]. Rejuvenators
are introduced as a technique to restore the lost characteristics of
the aged bitumen of RAP material in order to allow the higher per-
centages of RAP material in the mixtures [22–26]. In the process of
aging the aromatic constituent of bitumen is converted to asphal-
tene, and the fraction of asphaltenes increases [27]. The rejuvena-
tors which consist of high contents of aromatics and saturates can
moderate the proportion of resins and asphaltenes in aged binders
[28]. Rejuvenators are also reported to restore the chemical com-
position of the aged binders and improve its rheology and healing
potential [29]. Zaumanis et al. investigated the effect of six differ-
ent rejuvenators on the performance grade of 100% RAP binders.
They showed that the performance grade of aged binders was
improved by using the rejuvenators [30]. Mogawer et al. showed
that the rejuvenators can substantially improve the low-
temperature performance of recycled asphalt mixtures [31]. The
fatigue and cracking behavior of 100% RAP binders and mixtures
were also reported to be improved when modified with rejuvena-
tors [24]. Song et al. in 2018 stated that rejuvenators were benefi-
cial in improving the cracking resistance of asphalt mixtures
although they could be problematic in terms of rutting resistance.
They showed that using warm mix technologies can compensate
for the negative impact of rejuvenators on the rutting performance
of the recycled mixtures [32]. Overall, rejuvenators are reported to
improve the fatigue and cracking resistance and weaken the rut-
ting performance of the mixtures by increasing the content of vis-
cous components and decreasing the stiffness and complex
modulus of the aged binders [33]. Recycled coal tar, waste veg-
etable oil, aromatic extracts, tall oils, coconut oil, waste cooking
oil, waste engine oil, paraffinic oil, and bio-based rejuvenators such
as wood plant liquid and soybean-derived rejuvenators were also
reported to be effective in restoring the lost characteristics of aged
bitumen [34–41].

It is seen that the rejuvenators have the capability to give the
aromatic and Matltene fractions back to aged binders and improve
their performance characteristics. However, the resistance of reju-
venated RAP material against re-aging is one of the concerns of the
researchers of this field. Mazzoni et al. investigated the effect of re-
aging on asphalt mixtures containing 50% RAP and three different
organic rejuvenators. They showed that the RAP mixtures modified
with organic rejuvenators are more resistant to aging comparing to
the control virgin asphalt mixtures [42]. The influence of aging on
fatigue performance of 50% RAP asphalt mixtures with four rejuve-
nators was investigated by Mogawer et al. [43]. It was found that
each rejuvenator performs differently in terms of aging. Cavalli
et al. investigated the impacts of aging on rheological characteris-
tics of aged bitumen of RAP material [34]. For this purpose, they
added three bio-based rejuvenators produced in Switzerland to
the aged binder and investigated the effect of aging by conducting
rheological tests on aged and unaged binders. It was found that the
sensitivity of rejuvenated binders to aging was much higher than
the control virgin binders. Therefore, it can be inferred from the
previous researches that the resistance of high RAP asphalt mix-
tures against aging highly depends on the type of rejuvenator,
and the aging resistance of different rejuvenators is needed to be
investigated before recommending them to the industry. Hence,
the object of this research is to investigate the effect of aging on
the performance properties of asphalt mixtures containing 50%
RAP and three types of rejuvenators (Rapiol, Cyclogen and waste
cooking oil) using resilient modulus, dynamic creep, indirect ten-
sile fatigue and semi-circular bending (SCB) fracture tests on spec-
imens under different aging conditions.

2. Materials

2.1. Basic materials

PG 64-16 bitumen, provided from a qualified oil company, was
used as virgin binder to prepare asphalt mixtures. The physical
characteristics of this bitumen are summarized in Table 1. Crushed
limestone aggregates were also used as virgin aggregates in asphalt
mixtures. The physical properties of the aggregates used in this
study are shown in Table 2,

2.2. RAP material and rejuvenator

The RAP material was obtained from the milling operation of a
freeway in Tehran. At first, the bitumen content of the RAP and the
gradation of its aggregates were determined using the extraction
method based on ASTM D2172. The bitumen content of RAP mate-
rial was 5.4% and the gradation is depicted in Fig. 1. As shown in
Fig. 1, the gradations of the aggregates extracted from RAP material
are near the upper limit of the allowable gradation for nominal
maximum aggregate size (NMAS) of 19 mm recommended by
ASTM D3515. This is happened mainly due to the crushing of
aggregates during the milling operation. However, it is seen that
all three samples are still in the allowable range after milling.
The aforementioned procedure was repeated on the RAP material
retained on different sieves as shown in Table 3. These data were
required for grading the final mixture as the bitumen content
and real aggregate gradation of each material are needed for calcu-
lating the RAP content of each sieve size [44].

2.3. Rejuvenator

In this study, Cyclogen, which is categorized as aromatic
extracts [45], Rapiol, which is an effective oil-based rejuvenator
[28] and waste cooking oil (WCO), which is reported as an effective
organic rejuvenator [30], were used as rejuvenators. The physical
properties of the rejuvenators are summarized in Table 4. The per-
formance grade of the RAP binder, which was recovered using
ASTM D5404-17 method, with different rejuvenator contents was
determined for finding the optimum percentage of each rejuvena-



Fig. 1. The gradation of RAP material used in this study.

Table 3
Bitumen content and gradation of sieved RAP material.

Sieve size (mm) Passing percentage

Retained on
19 mm sieve

Retained on
12.5 mm sieve

Retained on
4.75 mm sieve

Retained on
2.36 mm sieve

Passing through
2.36 mm sieve

19 4.8 100 100 100 100
12.5 4.8 6.2 100 100 100
4.75 4.8 6.2 7.1 100 100
2.36 4.8 6.2 7.1 9.7 100
0.3 3.7 4 4.6 5.3 26.1
0.075 2.9 3.5 2.7 3.1 7.2
Bitumen content (%) 5.2 5.2 5.4 5.6 6.0

Table 4
Physical characteristics of the rejuvenators used in this study.

Rejuvenator property Cyclogen Rapiol WCO

Base Oil Oil Organic
Physical state at room temperature Liquid Liquid Liquid
Color Black Yellow Yellow
Odor No No No
Water solubility No No No
Viscosity at 135 �C (s) 10 13 30
Flash point (�C) 218 255 320
Specific gravity (g/cm3) 0.973 1.091 0.981
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tor. According to previous researches [46,47], the dose of rejuvena-
tor that improves the PG grade of the aged binder to the extent
required by the region is the optimum rejuvenator content. In this
study, the Performance grade of the RAP binder was PG 82-10,
which was upgraded to PG 70-16 by adding 6% of Cyclogen and
Rapiol and 8% of waste cooking oil by weight of total RAP binder.

3. Methodology

The main procedure of this research consisted of three main
phases as follows:

1. The mix design of virgin control mixture and 50% RAP mixture
were conducted using the Marshal procedure based on AASHTO
T245 [48].
2. Asphalt mixture specimens with three aging stages of unaged,
short term aged and long term aged were manufactured using
the suprepave gyratory compactor (SGC), and the procedure
described in AASHTO R30.

3. Resilient modulus, moisture sensitivity, dynamic creep, indirect
tensile fatigue, and SCB fracture tests were conducted on the
manufactured specimens to study the impact of aging on the
performance properties of 50% RAP mixtures with different
rejuvenators, and the results were compared to the results of
Hot Mix Asphalt (HMA) without RAP as control mixture.

The testing plan of this research is depicted in Fig. 2.
3.1. Sample preparation

The mid curve of the gradation recommended by the ASTM
D3515 [49] for NMAS of 19 mm was chosen as the gradation of
all mixtures. For this purpose, The RAP material was graded, and
the required weight of the RAP on each sieve was calculated using
the information in Table 3. For preparing the mixtures, Virgin
aggregates and RAP material were kept at 175 �C for 16 and 2 h
respectively. Next, the rejuvenators were added directly on the
RAP material and stirred, and then the hot virgin aggregates and
binder were added to the RAP materials and intermixed. The final
mixtures were then kept at compaction temperature for two hours
for curing regarding the recommendation of previous studies



Fig. 2. The research test plan.
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[45,50]. The short-term aged (STA) and long-term aged (LTA) spec-
imens were placed at 135 for four hours before compaction. After-
ward, all specimens were compacted by the SGC to reach the target
air void (7% for the dynamic creep, moisture sensitivity and frac-
ture tests and 4% for the resilient modulus and fatigue tests) using
the theoretical maximum specific gravity and the desirable bulk
specific gravity [51–54]. Then the LTA specimens were placed at
85 �C for 120 h for LTA aging. All steps of sample preparation were
conducted based on the recommendations of AASHTO R30 [55]. It
is noteworthy that the mixing and compaction temperatures were
selected based on the viscosity of the bitumen (50% RAP bitumen
with rejuvenator and 50% virgin bitumen) as 160 �C and 135 �C
respectively.

3.2. Testing program

3.2.1. Resilient modulus test
Resilient modulus is considered as a fundamental characteristic

of asphalt mixtures that is used as an input for designing the struc-
tures of the pavements [51,56]. This feature was evaluated to
investigate the effect of aging on the stiffness of material using
ASTM D7369. For this purpose, a cyclic linear load with a loading
time of 100 ms and a rest period of 900 ms was applied on the
cylindrical specimens at 25 �C. The resilient modulus is determined
by calculating the ratio of the repeated axial deviator, which was
measured using linear variable differential transformers, to the
recoverable axial strain.

3.2.2. Moisture sensitivity test
Rejuvenators affect the level of adhesion and cohesion between

the bitumen and aggregates, which subsequently influence the
moisture resistance of the mixtures [45,57,58]. Moisture resistance
of asphalt mixtures is also influenced by aging of the bitumen [59].
Therefore, in this research, the moisture sensitivity tests were con-
ducted on recycled asphalt mixtures with different rejuvenators
and different aging conditions to investigate the combined effect
of rejuvenators and aging on the moisture resistance of asphalt
mixtures. For this aim, the modified Lottman test was conducted
based on the AASHTO T283 using the Indirect Tensile Strength
(ITS) test on moisture conditioned and dry specimens. The mois-
ture sensitivity criterion is defined as Tensile strength ratio (TSR),
which is calculated by dividing the tensile strength of the moisture
conditioned mixtures over that of dry mixtures. The moisture con-
ditioning procedure involved saturating the specimens to a level of
70–80%, submerging them in 10 m water and placing them in a
�18 �C freezer for 16 h and then in 60 �C water bath for 24 h. All
the conditioned and dry mixtures were then placed at 25 �C ambi-
ent temperature for 2 h before testing [60].

3.3. Dynamic creep test

The dynamic creep test was conducted to investigate the effect
of aging on the rutting performance of recycled asphalt mixtures
with different rejuvenators. Cyclic stress of 2100 kPa with 0.1 s
loading and 0.9 s rest period at temperature of 50 �C was applied
on the specimens with three replicates, and the resulted axial
strain was measured according to NCHRP 9–19. The flow number
which is defined as the cycle in which the axial strain dramatically
increases was chosen as the criterion for rutting resistance. The
accurate amount of flow number was obtained using Francken
function as Eqs. (1)–(3) [52,60]:

epðNÞ ¼ ANB þ CðeDN � 1Þ ð1Þ

dep
dN

¼ ðA� B� NðB�1ÞÞ þ ðC � D� eD�NÞ ð2Þ

d2ep
dN2 ¼ A� B� ðB� 1Þ � NðB�2Þ þ ðC � D2 � eD�NÞ ð3Þ

where ep Nð Þ is the permanent strain in each cycle, N is the loading
cycle and A, B, C, D are constant of equations.

3.4. Indirect tensile fatigue test

Aging has adverse effects on the fatigue behavior of asphalt
mixtures [61]. In this research, indirect tensile fatigue test (ITFT)
was carried out on specimens in accordance with EN 12697. Cyclic
haversine compressive loads were applied through the horizontal
diametrical plane of the specimens with 100 ms loading time and
400 ms rest period. The test was conducted at a stress control con-
dition with stress levels of 250 and 500 kPa and ambient tempera-
ture of 20 �C. The fatigue resistance criterion was defined as the
load cycle in which the specimen fails or the resultant tensile strain
reaches to twice of its value at the 100th cycle.

3.5. SCB fracture tests

The Intermediate-temperature cracking is evaluated using the
SCB fracture test at temperature 25 �C. The SCB specimen is one
of the most appropriate specimen geometries for conducting the
asphalt mixture fracture tests [62–64]. The SCB specimens were
prepared by cutting the cylindrical asphalt specimens in accor-
dance with ASTM D 8044 [65]. Artificial notches with 0.3 mm
width and lengths of 25 mm, 32 mm and 38 mmwere then created
in the middle of the SCB specimens. The mode I SCB fracture tests
were then conducted by applying a monotonic load with a con-
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stant rate of 0.5 mm/min using a tension-compression apparatus
with a loading capacity of 15 kN with a three-point bending fixture
with support distance of 127 mm (Fig. 3). The J-integral is an
approach for determining the cracking resistance of materials,
which is widely used for asphalt mixtures [32,66–69]. This param-
eter describes the nonlinear fracture performance of asphalt mix-
tures by calculating the strain energy release rate of the crack
under monotonic loading [70–73]. The critical value of J-integral
(Jc), which is known as crack resistance criterion, was calculated
using Eq. (4) [74,75]. For this purpose, a linear regression is fitted
on the scatter of work of fracture for each notch depth, which
was determined as the area under the load-displacement curve.
The Jc was calculated by dividing the specimen thickness to the
slope of the fitted line. The fracture energy before failure was also
taken as another crack resistance parameter in this research [76].

Jc ¼ �1
b
dU
da

ð4Þ
4. Results and discussion

4.1. Resilient modulus

The resilient modulus test results are presented in Fig. 4. At the
first glance at the charts, it is apparent that the resilient modulus of
Fig. 3. The fixture of the SCB fracture test.

Fig. 4. Resilient mod
all recycled mixtures is much more than the virgin HMA, and the
50% RAP mixtures rejuvenated with Rapiol have the highest resili-
ent modulus at all aging conditions. It can be seen from the results
that the resilient modulus increases by aging the specimens, and
the resilient modulus of the recycled mixtures are more sensitive
to aging than that of the control mix. Comparing the rejuvenators,
it is also observed that the resilient modulus of Rapiol rejuvenated
mixtures increased more than other mixtures after long-term
aging, and the resilient modulus of the mixtures containing WCO
as rejuvenator has not changed significantly when they are long
term aged.

4.2. Moisture sensitivity

The results of dry and wet ITS values conducted during the
modified Lottman test are presented in Fig. 5. It can be inferred
from the results that the tensile strength of the mixtures contain-
ing 50% of RAP material is much higher than the control HMA mix-
ture, and the recycled mixtures rejuvenated by Rapiol showed
higher tensile strength than the mixtures with WCO and Cyclogen.
Moreover, the tensile strength of all mixtures increases by aging
except the mixtures containing WCO, which remained almost
steady during the aging procedures.

The calculated TSR values are shown in the bar charts of Fig. 6. It
is seen that the unaged recycled mixtures have better resistance
against moisture damage than the control HMA mixture. This per-
formance is mainly due to the strong bonding between the interior
layer of aged binder in RAP material and aggregate, which prevents
the moisture to diffuse [77]. The results also show that aging
results in a slight decrease in the moisture resistance of the mix-
tures. The reason is that aging leads to form more interconnected
voids in the mixtures through which the moisture can flow and
cause more severe damage [78]. On the other hand, the moisture
resistance of the WCO rejuvenated mixtures have substantially
declined when they are short-term aged. Therefore, it can be con-
cluded that the RAP mixtures containing WCO lose their adhesion
properties when aged.

4.3. Dynamic creep test

The bar charts of Fig. 7 show the results of the dynamic creep
test conducted on 50% RAP asphalt mixtures subjected to different
aging conditions. The first point that can be perceived from the
charts is that the RAP mixtures have higher rutting resistance than
ulus test results.



Fig. 5. Dry and wet indirect tensile strength values.

Fig. 6. The TSR values.

Fig. 7. The dynamic creep test results.
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the control mix. The rejuvenator type has a substantial effect on
the results. In STA condition, the highest rutting resistance is
attributed to the mixtures with Rapiol followed by Cyclogen and
WCO rejuvenated mixtures while in the LTA condition, WCO reju-
venated mixtures have the highest rutting resistance following by
Rapiol and Cyclogen.

The aging has made the mixtures more rutting resistant. How-
ever, its effect is not similar for different studied mixtures. The
rejuvenated RAP mixtures experienced a sharp increase in flow
number when subjected to LTA condition comparing to the virgin
HMA mixture. Moreover, it is seen that the flow number of WCO
rejuvenated mixtures dramatically increased by aging. On the
other hand, the ITS test results showed almost no change in the
performance of WCO rejuvenated mixtures by aging. This contrast
can be due to the shape of loading in these tests. In the ITS test, the
load is applied diagonally, which induce pure tensile stresses in the
axis perpendicular to loading axis while in dynamic creep test, the
specimen is under compressive loading and do not experience any
significant tensile stress.
4.4. Indirect tensile fatigue

Table 5 shows a summary of indirect tensile fatigue test results
of the studied mixtures. The aging severity indices are also calcu-
lated by dividing the mean values of fatigue lives of the unaged
specimens by the mean fatigue lives of the corresponding aged
specimens. The results of the fatigue life at the stress level of
250 kPa show that fatigue performance of the mixtures containing
50% of rejuvenated RAP material is similar to the virgin control
mixture at this stress level. However, the fatigue lives of RAP mix-
tures decreased more severely than the control mix by aging. The
aging severity indices show that the WCO rejuvenated mixtures
lost half of their fatigue resistance when long-term aged and were
much more sensitive to aging than the other two studied rejuvena-
tors. Rapiol was less susceptible to STA than Cyclogen. However,
the long-term performance of Cyclogen rejuvenated mixtures
was better.

The results of fatigue life at 500 kPa show that the fatigue per-
formance of recycled mixtures is less than that of the control mix,
and it can be inferred from the results of both stress levels that the
fatigue performance of recycled asphalt mixtures gets worse by
increasing the stress level. The effect of aging on the fatigue perfor-
mance of the mixtures at the stress level of 500 kPa is also more
severe than the stress level of 250 kPa. Again, the aging severity
Table 5
Indirect tensile fatigue test results.

Fatigue life at 250 kPa

HMA Cyclogen Rapiol

Unaged 254,684 255,799 268,568
260,532 259,232 274,232
253,423 249,322 264,232

Average 256,213 254,784 269,011
STDEV 3097 4109 4094

STA 231,762 225,172 212,652
238,322 224,290 210,389
240,420 231,451 208,210

Average 236,835 226,971 210,417
STDEV 3688 3188 1814

LTA 187,728 172,322 170,711
185,273 177,326 176,328
190,273 168,233 165,526

Average 187,758 172,627 170,855
STDEV 2041 3718 4411

Ageing severity for STA 1.08 1.12 1.28
Ageing severity for LTA 1.36 1.48 1.57
is much higher for the mixtures containing WCO as rejuvenator,
which shows the high susceptibility of this rejuvenator against
aging.
4.5. SCB fracture test

The fracture energies until the peak load for specimens with
25 mm notch depth and the critical values of J integral presented
in Figs. 8 and 9 respectively. As can be seen from these charts,
the cracking performance of the mixtures declines substantially
by adding RAP material into the mixtures. It is also seen that the
Rapiol and Cyclogen perform almost similar in terms of cracking
and aging. However, WCO, which have reasonable fracture energy
and Jc at the unaged condition, performs significantly poorer than
the oil-based rejuvenators in terms of cracking when subjected
under short-term and long-term aging. A fair correlation is also
seen between fracture energy and Jc test results. It is noteworthy
that the fracture energy until failure of the mixtures with 32 and
38 mm notch lengths followed the same trend as those having
25 mm notch length. Therefore, they are not presented for the sake
of brevity.

Another issue to be mentioned in interpreting the test results of
Fig. 9 is that although the Jc value of the Rapiol and Cyclogen reju-
venated recycled mixtures are lower than that of the virgin HMA
mixtures, they are still higher than the threshold of the ASTM
D8044. Moreover, the dynamic creep test results (Fig. 7) show that
the rutting performance of these mixtures is also in a relatively
good condition. Hence, it can be inferred that the cracking perfor-
mance of the recycled mixtures can be in an acceptable range with-
out sacrificing the rutting resistance. On the other hand, it is seen
that although the WCO rejuvenated mixtures had appropriate vol-
umetric properties, their poor cracking performance, especially in
LTA condition, is problematic. Therefore, it can be concluded that
the type and dosage of the rejuvenators, and in general, the mix
design of the recycled asphalt mixtures is better to be found using
the balanced mix design procedure, which takes into account both
rutting and cracking performance of the mixtures. However, more
investigations are needed in this regard.

The aging severity in terms of Jc and fracture energy is also
shown in Table 6. It is indicated that except Rapiol rejuvenated
mixtures in STA condition, the aging severity of the mixtures con-
taining 50% of rejuvenated RAP material in terms of cracking per-
formance is higher than that of the control virgin HMA. It is also
observed that aging has a devastating influence on the cracking
Fatigue life at 500 kPa

WCO HMA Cyclogen Rapiol WCO

253,132 98,134 80,199 81,009 87,332
255,322 96,232 78,232 83,223 92,221
250,323 98,232 82,322 80,430 83,223
252,926 97,533 80,251 81,554 87,592
2046 921 1670 1204 3678

192,331 83,422 70,114 74,334 60,478
196,052 85,210 73,090 77,800 62,870
190,217 83,670 68,350 73,890 58,350
192,867 84,101 70,518 75,341 60,566
2412 791 1956 1748 1846

125,220 65,112 49,331 50,714 32,500
129,362 67,258 52,314 53,246 38,245
121,873 63,425 48,124 49,372 27,136
125,485 65,265 49,923 51,111 32,627
3063 1569 1761 1606 4536

1.31 1.16 1.14 1.08 1.45
2.02 1.49 1.61 1.60 2.68



Fig. 8. The fracture energy until the peak load of the specimens with crack length of 25 mm.

Fig. 9. The critical values of J integral.

Table 6
Aging severity in terms of Jc and fracture energy.

Jc Fracture energy

HMA Cyclogen Rapiol WCO HMA Cyclogen Rapiol WCO

Ageing severity for STA 1.19 1.34 1.13 1.84 1.12 1.32 1.23 1.63

Ageing severity for LTA 1.44 1.89 1.62 3.52 1.51 1.97 1.72 2.99
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performance of WCO rejuvenated mixtures, and the fracture
energy and Jc values of WCO rejuvenated mixtures are almost
one third when subjected to LTA condition.

5. Conclusion

In this study, the aging susceptibility of asphalt mixtures con-
taining 50% of rejuvenated RAP material by oil-based and organic
rejuvenators namely, Cyclogen, Rapiol and waste cooking oil was
investigated. For this purpose, resilient modulus, moisture suscep-
tibility, dynamic creep, indirect tensile fatigue, and SCB fracture
tests were conducted on 50% RAPmixtures containing rejuvenators
with different aging conditions. The results showed that the reju-
venator type had a significant influence on the aging severity of
the mixtures. Other conclusions of this research are as follows:

- The resilient modulus and indirect tensile strength of Cyclogen
and Rapiol rejuvenated mixtures were higher than the control
mix, and aging had a positive effect on these values. However,
these parameters did not increase by aging in mixtures con-
tained WCO as a rejuvenator.

- The moisture susceptibility test results showed that aging does
not have a substantial impact on the moisture resistance of the
mixtures except WCO rejuvenated mixtures that became more
sensitive to moisture by aging.

- The rutting performance of all mixtures improved by aging.
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- The impact of aging was more severe on the fatigue perfor-
mance of recycled mixtures than the control mix. WCO rejuve-
nated mixtures showed the poorest resistance against aging in
terms of fatigue resistance.

- The cracking performance of the mixtures declined substan-
tially by adding RAP material. Aging had also a more negative
impact on the cracking performance of the rejuvenated RAP
mixtures specifically the mixtures containing WCO, which had
the most aging severity index.

- In contrary to previous studies [34,43], where organic rejuvena-
tors performed relatively well in terms of aging, the organic
rejuvenator used in this study had very poor performance
against aging. Therefore, it is highly recommended to investi-
gate the aging susceptibility of the rejuvenators before intro-
ducing them to the industry.
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