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Abstract: The increased demand for asphalt and other
materials involved in the construction of pavement led to
an increase in the cost of these materials, which calls for
searching for alternatives to virgin materials that can be
used to produce asphalt mixtures. Reclaimed asphalt pave-
ment (RAP) was employed in this study and regenerated
using oxidized asphalt modified with waste engine oil
(WEO). This method can achieve economic and environ-
mental benefits. After improving the properties of oxidized
asphalt using WEO, it was used with reclaimed asphalt
mixtures (RAP). When the RAP was added at ratios of 20,
30, 40, and 50%, an improvement can be noticed in the
mechanical performance of the asphalt mixtures renewed
with oxidized asphalt and WEO and an increase in its
resistance to stripping. When reclaimed asphalt pavement
(RAP) is added to hot mix asphalt (HMA) at concentrations
of 20, 30, 40, and 50%, respectively, the Marshall stability of
HMA is improved by 10, 20, 28, and 9.5%, the flow is
declined by 1% for all ratios of RAP except for 50% RAP
where the flow decline by 3%, the unit weight is enhanced,
the quantity of air voids in the mix is preserved within allow-
able ranges, and the resistance to stripping is increased by 62,
77, 85, and 76%, respectively. Research also shows that incor-
porating 40% RAP enhances the resistance to moisture by
about 5.9%. The addition of 40% RAP reduced the Cantabro
loss values by about 2 and 16% for both aging and non-aging

samples, respectively. The rutting resistance increased by 50
and 47% for mixes with 40% RAP at 50 and 60°C, respectively.
As a result, it became evident that mixtures containing RAP
material could be effectively adapted to satisfy the relevant
volumetric and performance requirements.

Keywords: hot mix asphalt, rutting resistance, moisture
damage, reclaimed asphalt pavement, waste engine oil

1 Introduction

Asphalt, a key component of road construction, plays a
pivotal role in ensuring the durability and longevity of road
networks. Its mechanical properties, particularly those of the
hot mix asphalt (HMA) layer, are essential for withstanding
the diverse and demanding loading scenarios experienced by
highways and roads. These properties are not merely the
result of a simple mix but rather emerge from a complex
interplay of intricate internal processes [1]. The challenges
posed by heavy loads, such as those from trucks and vehicles,
can lead to significant deterioration of road surfaces over time
[2]. One innovative solution to address the challenges of road
maintenance and sustainability is the use of reclaimed asphalt
pavement (RAP). RAP is essentially pulverized asphalt
obtained from the removal of the previous road surface
layer. Typically, it exists in the form of loose granules
generated as a waste product during pavement repair
or reconstruction. This byproduct has found its place as
a valuable resource in road construction, often utilized as
frequently as new pavement courses, including base and
subbase layers [3,4].

In recent years, the concept of recycling and reusing
materials has gained widespread acceptance in the field of
transportation. RAP has emerged as a valuable resource
due to its ability to serve as a partial substitute for raw
aggregate and asphalt cement in asphalt paving mixtures
[5]. This not only reduces the demand for fresh asphalt and
aggregate but also aligns with the broader goals of sustain-
ability in the transportation sector [6]. However, the binder
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within RAP undergoes significant changes over time. The
loss of volatile substances and oxidation processes render
the binder brittle and rigid, posing a considerable chal-
lenge. This aging of the asphalt binder raises concerns
regarding the performance of bituminous mixtures that
incorporate RAP, particularly their vulnerability to thermal
fractures, fatigue, and disintegration [7]. While the environ-
mental benefits of reusing RAP are evident, addressing the
stiffness caused by asphalt binder aging is a critical issue
that demands attention [8]. One approach to overcoming
this challenge is the use of regenerating substances. These
substances fall into two major categories: rejuvenating
agents and softening substances. Rejuvenating agents can
remarkably restore the lost chemical and physical qualities
of aged bitumen. They play a vital role in rejuvenating the
aged binder, making it more suitable for reuse [6]. Intrigu-
ingly, waste engine oil (WEO) has emerged as a promising
rejuvenator for old asphalt materials. Research studies uti-
lizingWEO have demonstrated its competitiveness with new
materials in performance and effectiveness [9]. This finding
suggests a sustainable and efficient way to repurpose WEO
as a paving rejuvenator.

Exploring various waste types as asphalt enhancers or
rejuvenating agents in HMAmanufacturing is a continually
encouraged avenue of research. Several factors drive the
motivation for such investigations. Conventional bitumen
can be expensive, making alternative solutions economic-
ally attractive. Additionally, stringent environmental regula-
tions necessitate innovative approaches to deal with waste
oils, which, when improperly disposed of, can contaminate
rivers and other natural resources [10].

Numerous research studies have delved into the effects
of waste oils on the durability and rutting resistance of hot
asphalt mixtures containing RAP.

Hasan [11] conducted a comprehensive study focusing
on the influence of four types of regenerators on Marshall
stability and indirect tensile strength (ITS) in reclaimed
asphalt mixtures. Their research involved varying propor-
tions of virgin and old materials and different regeneration
components, including used oil, used oil with crumb rubber,
soft asphalt cement, and asphalt cement with sulfur. Agha-
zadeh Dokandari et al. [12] explored the impact of WEO and
waste vegetable oil (WVO) on the performance of recycled
bitumen concrete mixes. Their research encompassed a
wide range of RAP ratios, from 10 to 80%, regenerated with
WEO and WVO. The results revealed significant improve-
ments in Marshall stability for the recovered blends, demon-
strating the effectiveness of rejuvenation. Mamun and
Al-Abdul Wahhab [6] extended the study of asphalt mixtures
containing RAP, focusing on proportions of 30, 40, and 50%
rejuvenated with WEO. Their findings underscored the

superior moisture damage resistance of these mixes com-
pared to the highest permitted values, marking a significant
advancement in sustainability. Taherkhani and Noorian [13]
delved into incorporating regenerating agents into asphalt
concrete, specifically WEO and waste cooking oil. Their eva-
luation included varying percentages of RAP, ranging from 25
to 75%. Their research unveiled valuable insights into the
influence of waste oils on the ITS of asphalt mixes.

Khaled [14] contributed to this growing body of
research by investigating the impact of RAP proportions,
ranging from 5 to 55%, in conjunction with asphalt grade
(85–100) and waste motor oil. The results indicated an
improvement in Marshall stability and ITS, along with
increased moisture damage resistance, reaffirming waste
oils’ potential in enhancing asphalt mixtures. Joni et al.
[15] conducted a comprehensive assessment, considering
Marshall stability, ITS, and moisture damage, using two dis-
tinct regenerators: WEOs and penetration-grade (60–70)
asphalt cement. Their research showcased the effectiveness
of WEOs and penetration-grade asphalt cement in enhan-
cing the resistance to moisture damage.

Further expanding the scope, Zaumanis et al. com-
pared various recycling agents for 100% RAP–HMA mix-
tures. This comprehensive evaluation included traditional
petroleum-based agents as well as innovative bio-recycling
substances such as organic oil, aromatic extract, WEO,
distilled tall oil, WVO, and waste vegetable grease. The find-
ings consistently indicated the potential for high-tempera-
ture rutting mitigation [16]. Studies have also explored the
mechanical properties of HMA mixtures containing dif-
ferent proportions of RAP. One study revealed that HMA
mixtures containing 40% RAP exhibited high resistance to
rutting, suggesting the viability of such combinations [17].
Another research study conducted wheel-tracking exami-
nations on mixtures containing 25% RAP components. The
results emphasized the importance of RAP, as the control
blends without RAP demonstrated low durability, charac-
terized by increased rut depth, particularly at elevated
temperatures of 50 and 64°C [18]. While these studies col-
lectively demonstrate the potential of waste oils and RAP in
improving the performance of asphalt mixtures, it is essen-
tial to consider the broader implications and applications.
For instance, Iraqi refineries produce oxidized asphalt
cement with a penetration grade of 30–40, a product cur-
rently underutilized in road construction. However, by
enhancing its properties by adding waste oils, a superior
asphalt mix can be obtained, ideal for the renewal of
reclaimed asphalt [19]. WEO is typically discarded from
cars and vehicles during routine oil changes. Improper
disposal of these oils can have detrimental effects on the
natural environment and water sources, especially when
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environmental and health controls are lacking. Storing and
reusing motor oil as a regenerator for RAP presents an
economical and environmentally friendly method to reju-
venate materials and mitigate the potential damage caused
by oil residues.

Globally and locally, several studies have been con-
ducted on a limited scale that has explored the incorpora-
tion of waste oil as a regenerator for RAP. The body of
research in this field continues to expand, driven by the
imperative to address the aging transportation infrastruc-
ture in Iraq, which demands costly repairs and renovations.
Embracing the concept of recycling and reusing existing
pavement materials offer a promising avenue for mitigating
the financial constraints associated with highway construc-
tion while conserving precious resources like aggregate and
asphalt binder.

The present work encompasses a comprehensive study
with a two-part focus. In the first part, we delve into the
effect of adding WEOs to reclaimed asphalt pavement. This
exploration involves optimizing asphalt properties by incor-
poratingWEO in various proportions. Subsequently, we con-
duct a battery of physical and rheological tests to identify
the optimal ratios for utilizing the improved asphalt in con-
junction with reclaimed asphalt.

The second part of this study extends to the practical
application of reclaimed asphalt pavement. We prepare
hot asphalt mixtures incorporating reclaimed asphalt at
varying proportions. The mechanical performance of these
mixtures is rigorously evaluated through a series of labora-
tory tests, including assessments ofmoisture damage, Cantabro
abrasion loss, and wheel track tests. The results of these tests
are then systematically compared to the performance of con-
ventional asphalt mixtures.

In summary, this article embarks on an investigative
journey, aiming to unlock the potential of WEOs as a trans-
formative element in different types of asphalt. By exploring
the integration of waste oils into the renewal of reclaimed
asphalt, we endeavor to shed light on the intricate dynamics
of asphalt mixtures and their evolving characteristics. In
doing so, we contribute to the ever-expanding body of
knowledge to enhance the sustainability, durability, and
performance of asphalt pavements in the face of evolving
transportation needs and environmental imperatives.

2 Materials

Materials utilized in the present investigation were sourced
regionally, readily obtainable, and economically advanta-
geous, designated as virgin materials and recycled materials.

The characteristics of the aforementioned materials were
examined using conventional experiments, and the outcomes
were contrasted to the State Corporation of Roads and
Bridges (SCRB R/9, 2003) requirements of the specifica-
tions [20].

2.1 Virgin materials

2.1.1 Oxidized asphalt

Oxidized asphalt was gained from Nasiriyah Refinery in
southern Iraq. Table 1 displays the physical characteristics
of oxidized asphalt following the ASTM method (D-5, D-36,
D-113, D-92, D-4402, D-1754, and D-70) [21–27].

2.1.2 Coarse and fine aggregate

In this investigation, crushed aggregates were brought
from Al-Nibaie Quarry. The physical characteristics are
shown in Table 2 for coarse and fine aggregates. The aggre-
gates that were employed met all of the fine and coarse
aggregate specifications required by the guidelines (R9/
2003) issued by the State Corporation of Roads and Bridges
(SCRB) for Type IIIA surface layer grading. Coarse aggre-
gates in this investigation have a gradation from a nominal
maximum sieve size of 3/4 in. (12.5 mm) to a sieve size of
No. 4. (4.75 mm). Gradation of fine gravel varies from being
sieved through a 4.75 mm (No. 4) sieve to being retained at
a 0.075 mm (No. 200) sieve.

Table 1: Physical properties of oxidized asphalt

Tests* Results

Penetration (1/10 mm) 35
Softening point (℃) 57
Ductility (cm) 100
Flashpoint (℃) 300
Rotational viscosity (cP)
@ 135°C 615
@ 165°C 235
Residue after thin film oven test
Retained penetration (%) 94.2
Retained ductility (cm) 91
Specific gravity 1.069

*Tests were performed in the Laboratories of the Department of the Civil
Engineering/University of Technology and the National Center for
Laboratories and Structural Research in Baghdad.
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2.1.3 Filler

The filler utilized in the current studywas ordinary Portland
cement with a bulk specific gravity of 3.2 acquired from
Karasta Company. Table 3 presents the physical character-
istics of ordinary Portland cement.

2.2 Recycled materials

In the present study, the following types of recycled mate-
rials were utilized.

2.2.1 RAP

The RAP in the current study was obtained from the
Baghdad Mayoralty project in the Al-Qadisiyah region in
Baghdad by scraping the surface layer from the road. The
RAP was acquired through a milling machine by the
removal of approximately 5 cm from the pavement sur-
face of the road. An extraction test was carried out
according to ASTM D2172 [28] to find the percentage of
asphalt in the RAP and the gradation of aggregates in the
RAP. The gradation of RAP before and after extraction
is shown in Table 4. The asphalt content in the RAP
was 4.5%.

2.2.2 WEO

WEO utilized in this investigation was derived from motor
vehicle oils. WEO was tested for viscosity, specific gravity,
and water content after being sieved through a #200 sieve
to eliminate any particle debris, as shown in Table 5. The
tests were performed at Baghdad’s National Center for
Laboratories and Structural Research.

Table 2: Physical characteristics of aggregate

Property* ASTM Designation Coarse aggregate Fine aggregate Specification

Bulk specific gravity C127,C128 2.615 2.625 —

Apparent specific gravity C127,C128 2.642 2.661 —

Percent water absorption C127,C128 0.362 0.48 —

Angularity D5821 97% — Min. 95%
Toughness C535 20.8% — Max. 30%
Soundness C88 4.1 — Max. 12%

*Tests were performed in the Laboratories of the Department of the Civil Engineering/University of Technology and the National Center for
Laboratories and Structural Research in Baghdad.

Table 3: Characteristics of the ordinary Portland cement

Characteristics* Test result

Bulk specific gravity 3.2
Passing sieve No. 200 (0.075 mm) 97%

*Tests were performed at the National Center for Laboratories and
Structural Research in Baghdad.

Table 4: Gradation of RAP before and after extraction

Sieve size Iraqi specification
(SCRB R9,2003)
surface layer type
IIIA (% passing)

RAP specification*

Standard
sieves

English
sieves

Min. Max. Passing %

Before After

19 mm 3/4 in. — 100 100 100
12.5 mm 1/2 in. 90 100 91.2 94.5
9.5 mm 3/8 in. 76 90 78.6 83.9
4.75 mm #4 44 74 49.3 55.3
2.36 mm #8 28 58 33.4 35.8
0.3 mm #50 5 21 6.9 13.4
0.075 mm #200 4 10 4.4 5.2
Pan —

*Tests were performed at the National Center for Laboratories and
Structural Research in Baghdad.

Table 5: Physical properties of WEO

Tests* Results

Viscosity (cP) 169
Specific gravity 0.97
Water content (%) 0.2

*Tests were performed at the National Center for Laboratories and
Structural Research in Baghdad.
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3 Methods

3.1 Preparation of modified asphalt

The WEO-modified bitumen was generated by combining
oxidized asphalt and WEO at 2, 3, and 4% concentrations.
The waste oil and oxidized asphalt were combined for
30min at 1,300 rpm in an experimental mixer to achieve

a uniform mixture [29]. During the heating of the asphalt,
waste oils have been added. According to the outcomes of
the asphalt’s rotational viscosity test, 170°C was the mixing
temperature as displayed in Figure 1. The obtained speci-
mens were then allowed to settle to room temperature in
preparation for testing. Table 6 illustrates the physical
characteristics of asphalt with and without WEO. The
optimal WEO proportions were determined to be 3 and
4% by weight of asphalt, with corresponding penetration
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Figure 1: Temperature–viscosity diagram for oxidized asphalt.

Table 6: Physical properties of oxidized asphalt with and without WEO

Tests* Results ASTM standard

0% WEO 2% WEO 3% WEO 4% WEO

Penetration @ 25°C, 100 g., 5 s (0.1 mm) 35 38 46 66 D5
Softening point (ring and ball) (°C) 57 55 50 49 D36
Ductility @ 25°C, 5 cm/min (cm) 100 116 135 140 D113
Flash point (°C) 300 295 280 275 D92
Rotational viscosity (cP) D-4402
@ 135°C 615 579 519 429
@ 165°C 235 205 175 123
Specific gravity 1.069 1.06 1.054 1.047 ASTM D70
After Thin Film Oven Test (ASTM D-1754, 2015)
Retained penetration, % of original 94.2 92 80.5 89.4 D1754
Retained ductility @ 25 °C, 5 cm/min (cm) 91 102 110 125

*Tests were performed in the Laboratories of the Department of the Civil Engineering/University of Technology and the National Center for
Laboratories and Structural Research in Baghdad.
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values of 46 and 66, respectively. According to Table 6, the
performance of mixtures including (oxidized asphalt and
3%WEO) and (oxidized asphalt and 4%WEO) is equivalent
to that of virgin binders with penetration grades of 40–50
and 60–70, respectively.

3.2 Gradation of aggregate

The gradation of aggregate, which was chosen for this pro-
ject, follows the mid-point gradation in order to fulfill the
prerequisites of the (SCRB R/9, 2003) [20] specification for
the HMA-paving mixture. According to this specification,
the maximum aggregate size in the surface layer type IIIA
must be 19 mm, and the nominal maximum size must be
12.5 mm. Figure 2 depicts the particle distribution of sizes
of each aggregate category, including the specification lim-
itations and the surface layer’s chosen midpoint.

3.3 Marshall mix design method

The Marshall method is implemented to identify the optimal
amount of asphalt (OAC). The OAC is computed for the two
modified asphalts (oxidized asphalt and 3% WEO) and (oxi-
dized asphalt and 4%WEO) utilizing prepared samples with

varying percentages of asphalt binder content (4, 4.5, 5, 5.5,
and 6%). Each mixture was tested with a total of three speci-
mens utilizing aggregate (12.5 mm) nominal maximum size
gradation. Maximum stability, maximum bulk density, and
four percent air voids were averaged to determine the
acceptable OAC for the wearing course layer. The optimal
asphalt content for surface layer type AIII is 4.9% for asphalt
binder grade (40–50) and 5.0% for asphalt binder grade
(60–70), as established through Marshall stability, flow,
and bulk density analyses as well as the volumetric values.
The volumetric mix characteristics (for two types of
asphalt) and Marshall test parameters (for each percen-
tage of asphalt content) for surface layer type AIII are
detailed in Tables 7 and 8.

3.4 Preparation of recycled hot asphalt
mixtures

According to AASHTO M-323 [30] and NCHRP Report-452
(2001) [31], varied RAP concentrations (20, 30, 40, and
50% by weight of the mixture) have been employed in
the present investigation; additionally, the optimal binder
quantity was employed to produce all recycled asphalt
mixes. The effectiveness of the reclaimed asphalt mixes
is contrasted to the mechanical characteristics of the con-
trol asphalt mixture, which comprises oxidized asphalt +
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Figure 2: Gradation chart of aggregate with specification limits of surface layer.
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3% WEO with a penetration grade of 40–50 and contains
0% RAP content.

All HMA formulations were produced and compacted
in the laboratory by the Marshall mix design technique.
RAP must be preheated for 1 h prior to incorporating it
with heated, dried aggregate, subsequently combined
with asphalt at the mixture’s temperature. In this method,
20% RAP is rejuvenated using oxidized asphalt and 3%
WEO, which has a penetration grade of 40–50, while the
other proportions of RAP are rejuvenated using oxidized
asphalt and 4% WEO, which has a penetration grade of
60–70, taking into account the binder content of RAP. The
asphalt grade was changed when using more than 20%
RAP, according to the recommendations of the NCHRP
Report-452 (2001). The type of asphalt binder grade altered
in accordance with the NCHRP Report-452 (2001) method
when the proportion of RAP increased by more than 20%,
which necessitates the use of softer asphalt. The quantity of
modified asphalt binder substituted with RAP binder is cal-
culated by applying equation (1) [12]:

( )= − ×P P P P ,r c a p (1)

where Pr is the percent of virgin asphalt to be added to the
mix containing RAP, Pa is the percent of RAP asphalt in the
mix, Pc is the percent of total asphalt in the mix, and Pp is
the percentage of RAP in the mix.

Table 9 lists the aggregate percentages for each kind
(old and new) and the asphalt percentages for each RAP
proportion in the asphalt blends.

4 Testing program

4.1 Marshall tests

The main goal of this test is to evaluate the stability and flow
characteristics of mixes. The samples were submerged in a
water stream for 30–40min at a temperature of 60∓ 1°C. The
samples were then put inside the Marshall stability testing
apparatus using the ASTM D6729 standard procedure [32].
The load is deforming at a constant pace of 50.8 mm (2 in.)
per minute until it fails. The Marshall stability is the max-
imum loading that results in sample failure, and the Mar-
shall flow is the overall amount of deformation. For each
mixing sample, the specific gravity and density, potential
(maximum) specific gravity, and % air voids were identified
according to ASTM (D2726-17) [33], D2041-11 [34], and D3203-
17 [35], respectively.

4.2 ITS test

The purpose of this test is to figure out how moisture
influences the asphalt mixture. ITS tests were performed
in accordance with ASTM D6931-17 standard [36]. Speci-
mens were made with a 7 ∓ 1 percent air void content.
For each RAP percentage (0, 20, 30, 40, and 50%), there
were six total specimens in a Marshall collection. Three
of the specimens were evaluated without any conditioning,
while the remaining three specimens underwent condition
by soaking in a bath of water at 60°C for 24 h, followed by
1 h at 25°C (wet condition). The average tensile strength of

Table 7: Marshall properties for asphalt grade (40–50)

% Asphalt 4 4.5 5 5.5 6

Marshall stability (kN) 9.7 10.4 11 9.5 8.6
Marshall flow (mm) 2.3 2.5 2.7 2.8 3
Bulk density (gm/cm³) 2.253 2.271 2.323 2.290 2.280
Air voids (%) 6.66 5.5 4 3.7 3.63
Percent voids in mineral
aggregate (VMA)%

18.5 18.82 16.84 18.46 19.24

Percent voids filled with
asphalt (VFA)%

64 69 76 79 81

Table 8: Marshall properties for asphalt grade (60–70)

% Asphalt 4 4.5 5 5.5 6

Marshall stability (kN) 7.6 8.2 10 8.1 7.4
Marshall flow (mm) 3.4 3.5 3.55 3.6 3.7
Bulk density (gm/cm³) 2.234 2.262 2.309 2.292 2.279
Air voids (%) 6.69 4.76 4.01 3.77 3.6
Percent voids in mineral
aggregate (VMA)%

19.1 18.6 17.3 18.3 19.2

Percent voids filled with
Asphalt (VFA)%

65 74 76 79 81.3

Table 9: Asphalt and RAP content in the mixtures

RAP (%) (by
mix total
weight)

OBC Asphalt content (%)
(by mix total weight)

Aggregate
content (%)

New RAP New RAP

0 4.9 4.9 0 100 0
20 4.9 4 0.9 80 20
30 5 3.65 1.35 70 30
40 5 3.2 1.8 60 40
50 5 2.75 2.25 50 50

Asphalt modified with WEO on the durability properties of hot asphalt mixtures  7



conditional samples divided by the average tensile strength
of unconditioned samples is known as the tensile strength
ratio (TSR). The TSR is determined based on the ASTM D
4867 [37]. In accordance with the ASTM D 4867 standard,
the TSR must be a minimum of 80%.

4.3 Double punch shear test

This assessment technique was employed to determine the
removal of the binder from the aggregate. Three samples
were conditioned for 30 min in water at 60 ∓ 1°C for 30min
by putting them in water immersion. The sample was
placed in the middle of two precisely aligned cylinder steel
punches with a diameter of 2.54 cm, and it was then loaded
at a pace of 2.54 centimeters per minute until it broke. The
highest possible resistance was then determined. Several
studies have been published on this procedure [38–42]. The
formula for calculating striking force is shown below:

( )
=

−
σ

p

π bh a1.2

,t
2

(2)

where σt is the punching shear stress, Pa; p is the max-
imum load, N; α is the radius of punch, mm; b is the radius
of the specimen, mm; h is the height of the specimen, mm.

4.4 Cantabro abrasion loss test

The Cantabro abrasion loss test is conducted as stated in
the specifications (ASTM D-7064-13) [43] in order to get an
understanding of how resistant Marshall compacted sam-
ples are against abrasion. This test is performed under
both the unaged and aged circumstances. To verify that
the average void content of each category is comparable,

the samples were partitioned into two categories. The un-
aged group underwent testing according to the Los Angeles
(LA) equipment test technique (ASTM C131-14), while the
aged group was heated to 140°F (60°C) for 7 days. After 7
days, the aging group was permitted to be cool for 24 h at
the ambient temperature preceding undergoing inspec-
tion. Abrasion resistance was measured by determining
the initial mass for every specimen, which was subse-
quently placed in a clean LA abrasion cylinder with no
steel charge at a speed of 30–33 revolutions per minute
(rpm) and a maximum of 300 rotations at 77°F (25°C) to
measure its abrasion resistance. After 300 revolutions,
the object was removed from the drum, brushed, and
reweighed to validate the outcomes as displayed in Figure
3. The abrasion loss was computed by employing equation
(3). A

i
and A

f
represent the initial and final masses, respec-

tively, of the individual. Maximum permitted constraints
are 20% for unaged samples and 30% for aged samples

( )
=

−
×

A A

A
Abrasion loss% 100,

i f

i

(3)

where A
i
is the initial mass and A

f
is the final mass.

4.5 Wheel tracking evaluation

The failure criterion or test completion signal is defined as
the number of cycles necessary to attain a rutting depth
equal to 20mm or to complete 10,000 processes of device
operating for all test samples. The rutting susceptibility of
asphalt blends is typically evaluated using the Hamburg
wheel-tracking test, a loaded wheel test designed to imitate
road conditions. The procedure adheres to BS EN 12697-22
(2003) [44] and AASHTO: T324 (2013) [45] standards. In two
different temperature states (i.e., 50 and 60°C), the

a b c d

Figure 3: Cantabro abrasion loss test: (a) Weigh the sample before testing, (b) Place the sample in the LA cylinder, (c) Adjust equipment speed, and
(d) Weigh sample after testing.
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manufactured slab specimens are tested at a cycle rate of
27 per minute. Utilizing a roller compactor, asphaltic slabs
are created with air spaces equivalent to 4%. The compacted
slabs used in this study had dimensions of 400mm in length,
300mm inwidth, and 50mm in height. At the interface area,
the laden wheel exerts 700 N. A linear variable differential
transformer with a precision of 0.01mm was employed to
determine the rut depth autonomously.

5 Analysis and discussion

5.1 Marshall test results

Figures 4–7 show the results for stability, flow, bulk den-
sity, and air voids, respectively, for all mixtures. All mixes
fulfill the bulk density and air voids standards, and they all
meet the minimal stability specifications of 8 kN for heavy
traffic volume roadways for surface layer type AIII. At the

same time, all combinations satisfy the Marshall flow
requirement of 2-4 mm.

Compared to the standard combination, mixtures with
higher percentages of RAP had higher Marshall stability
and bulk density and lower flow and air void contents. It
is noted that the value of Marshall stability is 11 kN at 0%
RAP. It gradually increases with the increase in the RAP
percentage until it reaches the highest value at 40% RAP,
with a value of 14.1 kN, with an increase of 28%. This
increase in the value of Marshall stability with the increase
in the percentage of RAP in the mixture is due to the rise in
the hardness and stiffness of the asphalt blend, in addition
to the fact that the application of the regenerating agent
(asphalt + waste oil) takes an effective function in reco-
vering the attributes of the asphalt and thus improving
the bonding cohesion with good workability and suitable
compaction, which is commensurate with the low propor-
tion of air voids in the asphalt blend. Although the differ-
ences in the proportion of air voids are small, it can be
considered an indication of a decrease in the proportion of
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air voids with an increase in the ratio of RAP, and this
indicates the effect of the effectiveness of the rejuvenation
process. As for the decline in the measurement of Marshall
stability and bulk density when the ratio of the RAP is up to

50%, it may be attributed to an excessive increase in hard-
ness as well as the increase in the percentage of aging
asphalt, which in turn weakens the bonding and makes
difficulty in workability and compaction leading to a rise
in the proportion of air voids.These outcomes are in agree-
ment with other studies [11,15,40,46].

5.2 Indirect tensile test results

The tensile characteristics of HMA mixes, which are linked
to the cracking characteristics of the asphalt surface, are
measured using the ITS test to evaluate the temperature
range over which the combination performs adequately.
Figures 8 and 9 show the impact of RAP content on the ITS
for the conditioned and unconditioned samples. It is clear
from the results that the value of ITS increases with the
increase in the percentage of RAP, compared to the
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reference mixture, until it reaches 40% RAP, where it is the
highest measure of the ITS (increase by about 13%) after
which it declines at 50% RAP. The rise in ITS readings
related to rising RAP content could possibly be due to the
fact that RAP is a substance that has been aged. Conse-
quently, the RAP binder gets harder over time. Thus, the
aggregate and RAP binder connection grows stronger. The
combination becomes stiffer with the addition of RAP (this
can be identified by observing the remaining portion of
the binder on the aggregate surface after washing with sol-
vents, including trichloroethylene, throughout the extraction
procedure) [12,14,39,41]. These findings agree with the find-
ings from other studies [11,12,40].

The findings of the TSR are presented in Figure 10.
According to the findings, mixtures had a greater resilience to
moisture damage. This was proved by the realization that the
TSR ratings for thesemixes exceeded 80%, the limit that indicates
the minimum criteria for the standards. The results demonstrate

that the TSR values of the mixtures containing rejuvenated RAP
are greater than the TSR values of the mixture that served as the
reference. This rise in resilience to damage caused by moisture
after renewal can be attributed to the reduction in the amount of
air voids and restoring the properties of asphalt by WEO which
produce better enhancement in the aggregate coating, as well as
the increase in the bonding and adhesion between each of the
mixture’s components and the attainment of a dense, well-com-
pacted combination and this is consistent with the outcomes
attained by several experts [24,25,27,30].

Conversely, an ongoing rise in the proportion of reclaimed
asphalt pavement (RAP) to over 40% causes a reduction in the
tensile strength as well as the TSR of modified asphalt combi-
nations. This is due to the brittleness that happened beyond the
40% threshold of the aged asphalt in RAP, which, in turn,
decreases the workability of the mixes, thereby rendering it
extremely hard to achieve an optimal covering of aggregate
elements. As a result, the mixtures become fragile and are
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more susceptible to water damage. Figure 11 represents the
samples under the ITS test.

5.3 Double punch shear test results

The findings of the double punch test showed that mixes
with varying percentages of RAP materials outperformed
pure mixtures in terms of performance. The punching
power measured for mixes incorporating RAP improves
with a greater amount of RAP, as illustrated in Figure 12,
which displays the implications of double striking by
higher RAP content in the hot asphalt mixture. This can

be ascribed to the reality that asphalt treated with WEO
enhances a blend’s cohesive quality, producing the desired
characteristics of elasticity, elongation, and binder visc-
osity, therefore, more resilience to the weight borne by
the machine (punching load). This is consistent with the
outcomes attained by several experts [15,40,47].

The punching resistance starts with 190 kPa at 0% RAP
and continues to increase with the increase in the RAP
ratio until it reaches its highest value of 353 kPa with an
increase of 86% at 40% RAP, and after that, it decreases at
50% RAP. The reason for the decline in punching resistance
is the high hardness that makes the asphalt more fragile
and weaker in bonding with the aggregates and the ease of
its separation from the aggregates under the applied load.
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Figure 13 represents the samples under the double punch
shear test.

5.4 Cantabro abrasion loss results

The Cantabro abrasion loss test was carried out on two types
of mixtures, i.e., the reference mixture without RAP, and the
second mixture with 40% RAP. The mixture manufactured
with 40% RAP was selected based on the results obtained
from Marshall tests, indirect tensile test, TSR, and double

punch test, as the best performance results for the four
RAP ratios were for the asphalt mixture with 40% RAP.
The results depicted in Figure 14 for both the aging and
non-aging samples indicate that there was a reduction in
the Cantabro loss values. The main explanation for this
enhancement is the rise in stiffening that is brought by
the increase in the viscosity of the hardened RAP binder,
or it could be due to the high viscosity of the oxidized
asphalt. A WEO-modified asphalt binder that has an ele-
vated viscosity may contribute to the production of a
thicker coating that covers the aggregates, which boosts
the cohesion power. This, consequently, can increase the

9.4

13.7

9.2

11.5

0

2

4

6

8

10

12

14

16

degAdeganU

A
b

ra
si

o
n

 L
O

S
S

 (
%

)

0% RAP 40% RAP

Figure 14: Abrasion for aging and UN-aging test result.

Figure 13: Samples under the double punch shear test.

Asphalt modified with WEO on the durability properties of hot asphalt mixtures  13



lifespan of the pavement. The minor difference observed
between the mixes (un-aged and aged) indicates that the
addition of WEO-modified asphalt to asphalt mixes will
not simply permit shifting the asphalt binder that is cov-
ered on the outside of the aggregate due to the enhance-
ment of the adhesion and cohesion connections between
asphalt and aggregates. This enhancement will provide
enhanced resistance to temperature-induced damages,
such as fatigue fractures, knowing that all results meet
the requirements of the Cantabro examination.

5.5 Wheel tracking test results

The wheel track test was carried out on two mixtures, i.e.,
the reference mixture without RAP and the second mixture
with 40% RAP. The mixture manufactured with 40% RAP
was selected based on the results obtained from Marshall

tests, indirect tensile test, and TSR, as the best performance
results for the four RAP ratios were for the asphalt mixture
with 40% RAP. Two mixtures of each type of these mixtures
were made for testing at 50 and 60°C (to mimic the weather
conditions and elevated temperature, notably in Iraq). Rut
depth results are displayed in Figures 15 and 16 for two test
temperatures of 50 and 60°C, respectively. It is clear that
there is an improvement in the resistance to rutting, and a
decrease in the rutting depth in the mixtures improved
with RAP versus the original mixtures. The outcomes
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Table 10: Effect of temperature change on permanent deformation

Type of mix 0% RAP (control mix) 40% RAP

Rut depth at 50°C (mm) 13.5 6.15
Rut depth at 60°C (mm) 18.12 8.4
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demonstrate that incorporating RAP substances into virgin
asphalt mixes produces stronger combinations, indicating
improved rutting resistance, as the action of aged asphalt in
RAP significantly impacts overall HMA behavior. Due to the
increased rigidity of the old binder in RAP, the permanent
deformation behavior has been enhanced when employing
RAP. It is anticipated that the presence of a stiff binder in the
RAP will have an advantageous effect on the rutting beha-
vior of the HMA combination.

The temperature change also affects the rutting depth,
as shown in Table 10. An increase has occurred in rut depth
from 13.5 mm at 50°C to 18.12 mm at 60°C in the reference
mixture, while this increase decreases when adding RAP,
where the rut depth was 6.15 mm at 50°C and increased to
8.4 mm at 60°C for mix with 40% RAP, and thus the asphalt
mixture was less affected by temperature when adding
RAP. The permanent deformation (RD) rises when the tem-
perature increases, as the asphalt binder is impacted by
elevated temperature, which reduces the binder’s visc-
osity; it is the primary material used to produce HMA.
However, permanent deformation (RD) is not a type of
problem linked to RAP combinations because a strong
binder is anticipated to enhance the rutting performance,
and the outcomes are consistent with those of other inves-
tigations [14,48,49].

6 Conclusions

The findings of the present study lead to the following
conclusions:
1. The addition of WEO at concentrations of 2, 3, and 4%

to oxidized asphalt has demonstrated a discernible enhance-
ment in its physical and rheological properties.

2. Optimal WEO concentrations for reinstating the original
penetration grades of oxidized asphalt, specifically from
30/40 to 40/50 and 60/70, have been determined as 3 and
4%, respectively.

3. When skillfully blended in appropriate proportions,
combining oxidized asphalt, waste oil, and reclaimed
asphalt significantly augments the mechanical perfor-
mance of hot asphalt mixtures.

4. The introduction of reclaimed asphalt in varying pro-
portions exerts notable effects on Marshall properties
and volumetric characteristics. For instance, the inclu-
sion of reclaimed asphalt pavement (RAP) at concen-
trations of 20, 30, 40, and 50% results in a substantial
improvement in Marshall stability by 10, 20, 28, and
9.5%, respectively, while flow only experiences a mar-
ginal reduction, except at 50% RAP, where it decreases

by 3%. Furthermore, unit weight increases, and air
void content remains within acceptable limits, aligning
with specified requirements.

5. The indirect tensile strength demonstrates an increasing
trend with the escalation of RAP content when com-
pared to control mixtures.

6. The findings underscore the robustness of RAP mix-
tures against moisture-induced damage. Specifically,
40% RAP enhances moisture resistance by approxi-
mately 5.9% compared to mixtures devoid of RAP.

7. The integration of RAP rejuvenated with a combination
of oxidized asphalt and WEO substantially elevates
resistance to stripping in hot asphalt mixtures, sur-
passing the performance of control mixtures. Stripping
resistance increases by 62, 77, 85, and 76% upon incor-
porating 20, 30, 40, and 50% RAP, respectively.

8. The most favorable ratio for RAP is identified as 40% in
relation to the weight of asphalt blends, accompanied
by 4%WEO based on the asphalt binder’s weight or 4%
WEO combined with oxidized asphalt. These combina-
tions consistently yield superior results in both the
Marshall and ITS tests, along with remarkable resis-
tance to moisture damage.

9. Irrespective of aging conditions, there is a noticeable
reduction in Cantabro loss values, with decreases of
approximately 2 and 16%, respectively.

10. Including RAP in asphalt mixtures significantly enhances
their resistance to permanent deformation. Rutting resis-
tance experiences a notable 50 and 47% increase for
mixtures containing 40% RAP at temperatures of 50
and 60°C, respectively.

11. The presence of RAP materials mitigates the tempera-
ture-induced effects on rut depth, reducing their impact
by approximately 51% for mixtures with 40% RAP.

12. In conclusion, it can be unequivocally asserted that the
rejuvenation of RAP using a combination of oxidized
asphalt and WEOs represents a pragmatic and envir-
onmentally beneficial approach. This approach holds
promise for enhancing the performance of asphalt mix-
tures and contributes positively to economic and envir-
onmental considerations.
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