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,e use of large proportions of reclaimed asphalt pavement is necessary to meet the increasing demand for road construction
materials in a sustainable way. One of the challenges of using a greater percentage of reclaimed asphalt pavement (>30%) is the
greater stiffness of mixes incorporating it. While this stiffness problem is usually resolved by using different commercial rejuvenators,
there are circumstances in which commercial rejuvenators are not available. ,erefore, this study evaluates the potential of using
waste engine oil as a substitute for commercial rejuvenators for the higher percentage of reclaimed asphalt pavement that could meet
the increasing demand in amore sustainable way. To assess the possibility of using a higher percentage of reclaimed asphalt pavement
in road construction, different percentages of reclaimed asphalt pavement (30%, 40%, and 50%) are used. Following the property of
the aged binder, three different percentages (7%, 13%, and 20%) of waste engine oil are considered. Each percent of waste engine oil is
incorporated with one of the three mixes. ,e mixes (with the minimum required Marshall criteria) are evaluated for different
properties, namely, their indirect tensile strength, resilient modulus, and durability. Finally, those properties are compared to those of
the mixes rejuvenated by commercial rejuvenators. It is observed that, for the aforementioned properties, 7% to 13% of waste engine
oil is identical to the commercial rejuvenator for the mixes with 30% to 40% of reclaimed asphalt pavement.

1. Introduction

,e asphalt paving industry has had great success with
recycling deteriorated asphalt pavements in the early
twentieth century. ,e successful introduction of reclaimed
asphalt pavement (RAP) in road construction has reduced
the amount of virgin asphalt and aggregate needed and
subsequently has made the industry’s operations more
sustainable. However, one of the main challenges of using
RAP in road construction is the stiffness of RAP. ,e use of
unmodified RAP can make the mix too stiff, and difficult to
compact, which can result in premature failure of the
pavement [1]. Increased stiffness is a consequence of gradual
oxidation which alters the constituents of asphalt and
consequently erodes the viscoelastic properties [2]. ,ere-
fore, to use the RAP in road construction, the lost properties
of oxidized asphalt must be regained using a feasible re-
juvenation technique.

Different techniques are available to overcome the
stiffness of RAP, including the use of softer asphalt, a greater
amount of asphalt, and warm mix technology [3]. ,ese
techniques successfully prevent stiffness by softening the
aged asphalt without altering its chemical properties.
However, softening techniques are only feasible to a certain
extent and are not effective for greater RAP contents. But, to
meet the increasing demand for materials for road con-
struction in a sustainable way, wemust use larger amounts of
RAP without jeopardizing the performance of the roads.
Currently, the use of rejuvenating agents has become
popular, and it has proven to be a feasible alternative for a
higher RAP content [4]. Unlike the softening techniques, the
rejuvenating agent restores the chemical structure of aged
asphalt by providing lost aromatic constituents and reduces
the overall viscosity of the binder. Different types of com-
mercial rejuvenators (CRs) have been recommended for
higher percentages of RAP, especially for more than 30% [5].
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However, one of the challenges of using CR is its occasional
lack of availability, which, along with the fluctuating avail-
ability of asphalt, can alter the cost of CR. Using different
waste products as recycling agents can resolve this issue.
Moreover, recycling RAP using waste products could lead to a
sustainable and environmentally friendly pavement re-
habilitation and recycling program.

,e waste materials in asphalt pavement can be cate-
gorized following their sources, such as into (a) industrial
waste, (b) municipal waste, and (c) mining waste [6]. One of
the potential municipal waste materials that can be used to
rejuvenate RAP is waste engine oil (WEO) from cars and
trucks. ,e structure of WEO resembles the molecular
structures of asphalt with sufficient aromatic content, which
leads to coherent bonding by altering the constituents and
rejuvenating the aged asphalt [7–10]. However, despite the
potential of WEO to serve as a rejuvenator, very few studies
evaluated WEO as a rejuvenating agent prior to 2009 [11].
Based on the studies conducted in the last ten years, it can be
concluded that WEO improves several properties such as
low-temperature cracking [12], fatigue resistance [13],
workability [14], and temperature sensitivity [15]. It can also
alter the adhesion between aggregate and asphalt [9] and
reduce ductile performance [16]. A recent study concluded
that WEO could provide promising performance using
greater amounts of waste materials [17]. However, previous
studies do not explain the extent of RAP to which WEO can
be used as a rejuvenating agent.

,e above discussion reveals the need for an assessment
of the effectiveness of WEO as a substitute for CR for greater
RAP rejuvenation. It is expected that the use of WEO as a
substitute for CR for higher percentages of RAP (>30%) can
meet the growing need for road construction materials in a
more sustainable way. ,erefore, the study evaluates the
prospect of using a higher percentage of RAP in road
construction for three distinct higher percentages of WEO-
rejuvenated RAP. ,e evaluation included three different
tests: indirect tensile strength (ITS), resilient modulus (MR),
and moisture susceptibility.

2. Research Approach

Figure 1 illustrates some of the fundamental steps applied in
the study. Once the materials were collected, several basic
tests were carried out. ,ese tests were mainly for the ag-
gregate (fresh and reclaimed) and binder (WEO, CR, and
extracted binder). Based on the evaluated characteristics of
the materials and following the Marshall mix design, the
optimum binder contents for WEO-rejuvenated mixes were
determined. ,e optimum binder content measurement
refers to three distinct levels of binder content for three
different percentages of RAP (30%, 40%, and 50%). Likewise,
the optimum binder content was determined for CR-
rejuvenated mixes. ,e scope of the study considered
RAP up to 50%, as the present plant system can only ac-
commodate till this limit without substantial adjustment to
the equipment [18]. To determine the effectiveness of these
RAP-incorporated mixes, a standard mix (SM) without any
RAP was also included. All the mixes were further prepared

for three different evaluations: indirect tensile strength,
resilient modulus, and durability tests. Finally, the effec-
tiveness of WEO was compared with that of the CR-
rejuvenated mix and SM. Further elaboration of the re-
search approach is provided in the following sections.

3. Materials

3.1. Aggregate and RAP. ,e aggregate and RAP were col-
lected from the eastern province of Saudi Arabia. Different
basic properties of the aggregate were evaluated following
the standard procedures, and the results are listed in Table 1.
Similar tests were performed on the RAP after it passed the
ignition test (ASTM D6307). ,e ignition test revealed that,
for an aggregate-correction factor (CF) value of 1.2, the
amount of asphalt in the RAP was 5%.,e absolute viscosity
of the reclaimed asphalt obtained following the solvent
extraction method (ASTM D2172) was 43,000 poises.

3.2.Asphalt andRejuvenator. ,e asphalt was collected from
the Ras Tanura oil refinery and evaluated for viscosity and
specific gravity (Table 2). ,e viscosity and specific gravity
were measured following the standard methods ASTM
D4402 and ASTM D70, respectively. Similar properties of
WEO, and a CR (SAE-10 oil), that were collected from the
eastern province of Saudi Arabia are tabulated in Table 2.

,e amounts of WEO and CR required to be added to
the mix were obtained from the blending chart. WEO and
the relationship obtained from the blending chart dictated
that, to obtain the target viscosity of fresh asphalt, 13% of
WEO by weight of the total reclaimed binder was required.
In addition to the obtained percentage, two different per-
centages of WEO (7% and 20%) were included to determine
the effect of different levels of WEO in the mixes. A similar
relationship indicated that 7% of CR (by weight of the total
reclaimed binder) was needed for the rejuvenation.

3.3. Aggregate Blending. Table 3 summarizes the gradations
for all the mixes. It was concluded that the RAP to be used in
the mix should be sufficiently coarse [19], and the virgin
aggregate should be adjusted with the RAP to meet the
desired gradation of the mix [20]. ,erefore, the coarse
RAPs were adjusted with different portions of fresh ag-
gregate following the specification constraints (Table 3). ,e
mixes with three different percentages of RAP are adjusted
to a desired gradation of the mix without any RAP. ,e final
gradation follows the specification of the Ministry of
Transportation, Saudi Arabia.

4. Preparation of Samples

,ree different mixes were prepared following the Marshall
mix design (ASTM D1559). One set of samples without any
RAP was prepared as the standard mix, denoted as SM. Two
other sets of samples rejuvenated by CR and WEO were
denoted as CM and WM, respectively. ,e SM and WM
included RAP, the required amounts of the corresponding
rejuvenator, different amounts of the fresh aggregate, and
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asphalt based on the percentage of RAP in the mix. 	e
preparation of samples is summarized below.

4.1. Mix Design. First, prior to mixing, the RAP and fresh
aggregate were heated separately for a period of two hours, at
a temperature of 146°C. 	e RAP was heated in a covered
pan, and after two hours, all of the ingredients were placed in
an automatic mixer. Once the RAP and aggregate were
blended homogeneously, the mix was placed in an oven at

130°C for 30 minutes. Finally, it was compacted with a
Marshall hammer with 75 strokes on each side. 	e di�erent
properties obtained from the evaluation are listed in Table 4.
	e optimum asphalt content was determined by evaluating
the average numerical values of the observed asphalt con-
tents for maximum density, maximum stability, and 4% of
air voids. 	e di�erences in optimum asphalt levels for WM
and CM were very insigni�cant. 	erefore, the optimum
asphalt level was kept similar for a speci�c percentage of
RAP, which is named “used asphalt” in Table 4.

Table 4 indicates that all the WM and CM samples met
the speci�cations for stability and �ow value. As the in-
crement of RAP in the mixes resulted in an increase in the
sti�ness, a decreasing trend in the �ow value was observed
due to the increased RAP content for both rejuvenators. In
addition to these tests, the loss of stability was measured and
found to be satisfactory for all the mixes, with the exception
of CM with 50% of RAP, although the di�erence was in-
signi�cant. 	erefore, it can be inferred that all the WM and
CM samples met the speci�cation constraints. Here, the
percentages of WEO and CM used in the mixes were 13%
and 7%, respectively.

4.2. Laboratory Evaluation. Once the optimum level of
asphalt was determined, the samples were prepared for
further evaluation. Although the rejuvenated mixes (CM
and WM) contained similar percentages of RAP (30%, 40%,
and 50%), they had di�erent levels of rejuvenator. As stated

Materials collection

1. Waste engine oil (WEO)
2. Commercial rejuvenator (CR)
3. Fresh asphalt

Optimum binder content

Fresh aggregate

Viscosity measurement1. Gradation
2. Specific gravity

Reclaimed
binder

Reclaimed
aggregate

Extraction

Mix preparation

Comparison

Reclaimed asphalt pavement (RAP)

Laboratory evaluation

Indirect tensile strength Resilient modulus Durability

Conclusions and recommendation

Standard mix
( no RAP)

Mix rejuvenated by
CR (3 levels of RAP)

Mix rejuvenated by
WEO (3 levels of RAP)

Figure 1: Research approach �ow chart.

Table 1: Aggregate properties.

Property Fresh aggregate RAP
Bulk speci�c gravity (gm/cc)
Coarse 2.503 2.425
Fine 2.53 2.575

Apparent speci�c gravity (gm/cc)
Coarse 2.678 —
Fine 2.575 —

Table 2: Binder properties.

Property Viscosity
(centipoise)

Speci�c
gravity
(gm/cc)

Performance
grade

Fresh asphalt 500 1.017 64–22
Waste engine oil 50 0.872 —
Commercial
rejuvenator 37.15 0.860 —
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above, WM had three levels (7%, 13%, and 20%), whereas
CM had one level (7%). ,e evaluation process included
three different tests: indirect tensile strength, resilient
modulus, and durability tests, and the results are provided
below.

4.2.1. Indirect Tensile Strength (ITS). ,e tensile properties
of hot mix asphalt (HMA) are of interest to pavement en-
gineers because of the problems associated with cracking.
Although HMA has a higher compression-resisting capacity
compared to tension, the indirect tensile strength (ITS) is a
significant indication of the cracking properties of the
pavement. A higher ITS value indicates a higher resistance to
low-temperature cracking [21] and fatigue cracking in as-
phalt pavement [22]. ,e presence of RAP in HMA has been
found to increase the tensile strength [23, 24].,erefore, ITS
evaluation is an important test for WEO-rejuvenated HMA.
,e evaluation was carried out following the standard
method in ASTMD6931. In this test, the desired samples are
kept between two loading strips (Figure 2(a)). ,e load is
applied such that it generates a uniform stress and is sus-
tained until the impending failure state across the di-
ametrical axis. ,e load at failure is recorded and converted
to ITS using the following equation:

ITS �
2P

π
× t × d, (1)

where π is a constant and equal to 3.1416, P is the load at
failure, and t and d are the thickness and diameter of the
specimen, respectively.

4.2.2. Resilient Modulus (MR). ,e purpose of flexible
pavement is to provide a smooth surface for vehicle
movement by transferring the wheel load through different
layered structures [25]. In this regard, the resilient modulus
(MR) is an important parameter to design flexible pave-
ment, as a higher MR value of asphalt pavement is an
indication of better resistance to rutting [26, 27]. ,e
presence of RAP in the HMA affects the value of MR
[28, 29]. In the present study, the MR values are measured
following ASTM D7369. ,e evaluation was performed
using a Servo-Pneumatic Universal Testing Machine at a
temperature of 25°C (Figure 2(b)). In this machine, digitally
generated waveforms are applied by the actuator that

generates repeatable stress variations in test specimens by
simulating the moving traffic load. ,is setup engenders a
uniform state of tensile stresses perpendicular to the load
direction. ,e resulting horizontal dynamic deformation
across the horizontal plane of the sample is measured as the
output of the test. Consequently, the specimen responds in
terms of dynamic stress and corresponding strain.

4.2.3. Durability. ,edurability of the pavement dictates the
ability to withstand the effects of different environmental
conditions without further deterioration over a long period
of time under traffic loads.While asphalt pavement passes its
service life in different environmental conditions, moisture
plays a significant role in asphalt pavement failure by al-
tering the adhesion between asphalt binder and aggregate
[30–32]. ,e presence of RAP in HMA can increase the
resistance tomoisture damage [33]; however, the inverse was
also found in another study [34]. In this study, the sus-
ceptibility to moisture has been evaluated following
AASHTO T283. ,e degree of susceptibility to moisture
damage was determined by preparing a sample set. ,is set,
which measures tensile strength in two different conditions,
is divided into two subsets, and each subset comprises three
samples. ,ree samples are kept at room temperature, and
three other samples are kept at 60°C in water for 24 hours
followed by 2 hours at 25°C in water and then brought to the
test temperature to determine the wet (conditioned) tensile
strength. ,e tensile strength ratio (TSR) is measured using
the following equation:

TSR �
ITSwet
ITSdry

, (2)

where ITSwet and ITSdry are the indirect tensile strength for
the wet and dry samples, respectively. ,e ratio of average
wet tensile strength to average dry tensile strength should
not be less than 80%. In other words, the maximum loss
must be 20%. In the present study, durability was measured
in terms of percentage of loss.

5. Results and Discussion

Based on the evaluation described above, the effects of
different percentages of WEO for different percentages of
RAP were determined, and the results are compared with
those of SM and CM in the subsequent sections. ,e WM
mixes are denoted according to the percentage of WEO. For
example, WM-7 indicates that the mix comprises 7% of
WEO and so on. All the figures represent the average value
of three to six replicates with the standard deviations.

5.1. Indirect Tensile Strength (ITS). From Figure 3, it can be
observed that SM has a mean ITS value of 780.38 kPa, and
CM shows a mean ITS value of 657.96 kPa, 787.30 kPa, and
781.36 kPa for 30%, 40%, and 50% of RAP, respectively.

Overall, a decrease in the ITS value is observed due to the
increase in the percentage of RAP (Figure 3). Increased RAP
may lead to incoherent bonding with the fresh ingredients,
resulting in a less homogeneous mix and lower ITS. Figure 3

Table 3: Gradation of aggregate.

2–5 sieve
size

Percentage passing

RAP Reclaimed
aggregate

Final (for all
the mixes) Specification

No. 3/4 100 100 100 100
No. 1/2 15.00 72.22 85.83 76.00–92.00
No. 3/8 5.00 40.28 69.58 64.00–79.00
No. 4 0.00 12.50 50.00 41.00–56.00
No. 10 0.00 6.67 32.92 23.00–37.00
No. 40 0.00 4.44 18.33 7.00–20.00
No. 80 0.00 2.22 11.67 5.00–13.00
No. 200 0.00 0.50 6.50 3.00–8.00
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indicates that WE-7 has a mean ITS value of 860.94 kPa,
719.42 kPa, and 638.35 kPa for 30%, 40%, and 50% of RAP,
respectively. 	erefore, the WE-7 mix shows a signi�cant
decrease in the ITS value after 40% of RAP compared to SM
and CM. Here, WM-13 has a mean ITS value of 683.47 kPa,
669.28 kPa, and 644.98 kPa for 30%, 40%, and 50% of RAP,
respectively. 	is indicates that WM-13 mixes after 30% of
RAP show lower ITS values compared with SM and CM. A
similar decreasing trend can be observed for WM-20
(Figure 3). Overall, compared with WM-7, WM-13 and
WM-20 were found to have a lower ITS value for all the
percentages of RAP. 	e increased percentage of WEO is
found to have a decreasing e�ect on the ITS value. 	e
increase in the percentage of WEO decreases the viscosity of
the asphalt and results in a lower adhesion capacity, which
can lead to lower ITS values.

5.2. ResilientModulus (MR). Figure 4 illustrates the e�ect of
the percent of RAP and WEO on the value of MR, and the
results are compared with those of SM and CM.

From Figure 4, it can be seen that SM has a mean MR
value of 1765.33MPa, and CMmixes have a meanMR value
of 2054.33MPa, 1998.42MPa, and 2198.04MPa for 30%,
40%, and 50% of RAP, respectively. Here, WE-7 mixes
have a mean MR value of 1726.25MPa, 2231.08MPa, and
1762.38MPa for 30%, 40%, and 50% of RAP, respectively.
	e WE-7 mix shows a signi�cant decrease in theMR value
after 40% of RAP compared with SM and CM. Figure 3
indicates a decreasing trend of the MR value due to the
increase in percentage of WEO. Overall, all the mixes
showed lower MR values than the SM and CM with the
exception of WM-7 for 40% of RAP. Figure 4 also indicates
an increasing pattern inMR values due to an increase in the

Table 4: Summary of Marshall properties.

Properties

Mix type

Speci�cationStandard CR WEO
0% 30% 40% 50% 30% 40% 50%
RAP RAP RAP RAP RAP RAP RAP

Stability (kg) 1090 1275 1150 1100 1120 1200 1100 800 (min)
Air void (%) 4.2 4.35 4 4.2 4.3 3.95 4.05 3.0–5.0
Void in mineral aggregates 15.1 16.45 16.2 16.25 16.4 16.7 17.45 14 (min)
Flow (mm) 4.15 3.25 3.75 2.9 3.3 3.5 3.3 2.0–4.0
Void �lled with asphalt 73 73 75 75 72.5 77 77 70–80
Stability loss (%) 17.77 22.5 15.7 18.6 14.98 9.3 5.02 20 (max)
Max. unit weight (gm/cc) 2.288 2.274 2.286 2.275 2.275 2.281 2.271 —
Obtained optimum asphalt 6.1 5.55 5.15 5.05 5.59 5.17 5.08 —
Used asphalt 6.1 5.5 5.2 5 5.5 5.2 5 —

Load = P

Load = P

Specimen
D

ia
m

et
er

=
D

(a) (b)

Figure 2: Experimental setup: (a) indirect tensile strength and (b) resilient modulus.
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percentage of RAP. 	e increased RAP makes the mixes
sti�er and consequently results in higher MR values.
However, WM-7 for 50% of the RAP mix provides a
comparatively lower value, which may be a consequence of
improper mixing. A signi�cant decrease in the MR value is
observed due to the increased percentage of WEO. 	e
increment in the percentage of WEO results in a soft mix,
and consequently, a lower value of MR is observed. After
13% of WEO, the collective increments in RAP and WEO
reveal dual e�ects: the softening e�ect of WEO and the
hardening e�ect of RAP. However, none of the mixes re-
juvenated by 20% of WEO are comparable to any of the
desired mixes (SM and CM).

5.3. Durability. In Figure 5, di�erent levels of moisture
damages are observed due to the change in the percentage of
RAP andWEO and compared with those of SM and CM. SM
has a mean ITS loss value of 17.27%, and CM mixes have a
mean ITS loss value of 7.33%, 8.33%, and 18.67% for 30%,
40%, and 50% of RAP, respectively.

All the mixes showed lower moisture damage than the
maximum acceptable level of 20%. Figure 5 indicates an

increment in the trend of moisture damage due to the in-
crement in the percentage of RAP in the mix. Higher per-
centages of RAP may lead to incoherent bonding with the
virgin ingredients and may result in a less homogeneous mix
followed by a higher percentage of moisture susceptibility. In
Figure 5, it is revealed thatWM-7 has a mean ITS loss value of
3.83%, 3.83%, and 9.00% for 30%, 40%, and 50% of RAP,
respectively. All the mixes show signi�cantly lower damage
than the SM and CM. Here, WM-13 shows a mean ITS loss
value of 4.00%, 3.17%, and 9.00% for 30%, 40%, and 50% of
RAP, respectively. 	e observed trend is identical to that of
WM-7, and it outperforms CM and SM. WM-20 with 50% of
RAP shows a signi�cant increase in loss and exhibits a lower
resistance than 30% and 40% of RAPmixes, yet it is within the
speci�ed limit. 	e presence of higher percentages of RAP
(>40%) and WEO (>13%) may provide a less homogeneous
mix which might lead to the mix being more susceptible to
moisture damage. A similar trend has also been observed in a
previous study, and it was concluded that the use of a greater
amount of rejuvenator leads to a less homogeneous mix and
results in higher moisture susceptibility [14]. 	erefore, it can
be inferred that WM-7 and WM-13 have a similar moisture
resistance capacity up to the mix with 40% of RAP.
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Figure 3: Comparison of ITS for mixes with no RAP and rejuvenated by CR with mixes rejuvenated by WEO.
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6. Conclusions

In this study, di�erent laboratory tests were conducted to
evaluate the e�ect of WEO in rejuvenating mixes with RAP
up to 50% and to compare mixes with no RAP and mixes
rejuvenated by a commercial rejuvenator. Based on the
results, the following conclusions can be drawn:

(1) 	e mixes rejuvenated by 7% of WEO have a mean
ITS value of 860.94 kPa and 719.42 kPa for 30% and
40% of RAP, respectively, and are comparable to the
mix with no RAP and the mix rejuvenated by a
commercial rejuvenator. Using more than 7% of
WEO in amix with an RAP content greater than 40%
results in a signi�cant decrease in the ITS value.

(2) All the mixes rejuvenated by 7% of WEO are
comparable to the mix with no RAP that had anMR
value of 1765.33MPa. However, the mixes re-
juvenated by 7% of WEO provide similar ITS values
to the mixes rejuvenated by the commercial re-
juvenator up to 40% of RAP.

(3) All the mixes (up to 50% of RAP) with 7% to 20% of
WEOhave lowermoisture damage than themaximum
permissible value of 20% and provide better moisture
resistance capacity than the mix with no RAP and the
mix rejuvenated by a commercial rejuvenator. How-
ever, the moisture susceptibility increases due to an
increase in the percentage of RAP and WEO.

(4) Although the amalgamation of asphalt and WEO is
expected to have coherent bonding, extensive scrutiny
of the coherence is recommended. In such cases, dif-
ferent properties (e.g., adhesion and surface energy) of
aged asphalt for di�erent levels of WEO can be scru-
tinized using atomic force microscopy. Moreover, the
results in the study refer to a source of aggregates and
RAP. A comprehensive study with multiple sources of
these materials is recommended for future studies.
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