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ABSTRACT
Here, the aging behavior of asphalt was evaluated by investigation of the changes of rheological, chemical,
physical, microstructural and macrostructural properties of pure and well-dispersed Nano-CuO, multiwall
carbon nanotube; MWCNT and SBS-modified asphalt binders. Firstly, rotating thin-film oven and pressurized
aging vessel experiments were conducted to prepare short- and long-term aging samples, respectively. In the
following, rotational viscosity (RV), dynamic shear rheometry (DSR), Fourier transform infra-red (FTIR),
scanning electron microscopy (SEM) and X-ray diffraction (XRD) analyses were carried out. RV and DSR
analyses showed that modified asphalt binders had more viscosity and aging resistance than pure ones. FTIR
spectra indicated a decrease of sulfur and oxygen, in the form of sulfoxide and carbonyl, respectively, especially
in the Nano-CuO-modified asphalt binder. Besides, chemical reactions in the modified-asphalt binders
enhanced the oxidation and thermal resistances. XRD pattern illustrated a direct relationship between the aging
of the asphalt binder and the crystallinity of the studied asphalt binders. Also, Nano-CuO-modified and NanoCuO-SBS-modified asphalt binders were chemically more uniform and homogeneous than other samples.
Moreover, the calculated aging index (AI), G*×sin(δ) and FTIR & XRD patterns accurately confirmed each
other.
KEYWORDS: Asphalt aging, XRD, Nano-CuO, Oxidation, FTIR, Carbonyl.

INTRODUCTION

This black viscous material is produced by refinery
procedures from petroleum residue. In general, asphalt
can be considered as a mixture of three major
components: asphaltenes, resin and oils. The aging or
the oxidation behavior of asphalt binders is dependent
on the chemical composition of asphaltenes (Per G.
Redelius, 2011) and is a key factor in evaluating asphalt
properties. Oxidation, heat, ultraviolet (UV) light,... etc.,
can cause asphalt hardening over time, resulting in
asphalt binder aging. In general, aging can cause several
types of distress, such as raveling, block cracking and
alligator cracking. As the most dominant distress,
alligator cracking over the service life, asphalt binder
oxidizes and hardens, which finally causes failure of the
pavement (Kumar Das et al., 2015; Yusoff et al., 2019).
On the other hand, every type of oxidation does not lead
to alligator cracking; i.e., oxidation can lead to several

Asphalt aging is one of the main reasons for
distresses in asphalt pavements, which is generally
associated with oxidation at a molecular level. It has
been reported that the temperature has a determining
influence on the mechanical performance of the
viscoelastic materials in pavements. Furthermore, the
materials, during the asphalt service life, are aged,
resulting in an increase in asphalt binder viscosity and
subsequently a variation in the performance of the
asphalt mixture. The aging of asphalt binders, as the
main material, has a destructive impact on the fatigue
resistance of asphalt mixtures (Fernando et al., 2017).
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other distresses too and repeated traffic is the main
reason for alligator cracking. Fig. 1 shows a crack of
asphalt binder, which is observable by the naked eye.
Asphalt binder serves as an ideal binder in the
improvement of interlocking of aggregate in asphalt
mixtures. Asphalt binder’s properties change with aging
in transport and storage on-site and the rest of its life.
The aging of the asphalt binder then leads to distresses
of pavement. As it is illustrated in Fig. 2, the oxygencontaining compounds, including carbonyl, sulfoxides,
carboxylic acids and anhydrides, were produced during
the aging process. Sulfoxides form in the primary steps
of the aging process, but carbonyls appear after a long
period. There are C=O bonds in the compounds, except
for sulfoxide. The presence of C=O bonds can result in
carbonyl growth. Also, carbonyl is the main product of
oxidation. Therefore, as an aging index, sulfoxide (S=O)
and carbonyl (C=O) can be considered in the assessment
of aging (Van den Bergh, 2011).

Figure (3): Two stages of asphalt oxidation
On the other hand, the asphalt binder undergoes two
different aging mechanisms: short-term aging and longterm aging. The short-term aging occurs when mixing
the asphalt binder with hot aggregates; i.e., during
production and construction. Long-term aging occurs
after asphalt construction due to environmental
exposure and loading; i.e., during the asphalt service life
(Kumar Das, 2014; Al-Khateeb and Alqudah, 2018).
Many methods have been employed to study the aging
process of asphalt binders. In some previous studies,
standard rolling thin film oven (RTFO) analysis and
pressure aging vessel (PAV) test were used to simulate
the short-term and long-term aging of asphalt binders
(Jian-YingYu et al., 2009; Lu and Sacsson, 1998; Lu and
Sacsson, 2002; Lee et al., 2008; Wu et al., 2009;
Ghuzlan and Al Assi, 2016). In this study, to evaluate
the effect of the addition of copper oxide nanoparticles
(Nano-CuO), styrene-butadiene-styrene (SBS) and
carbon nanotubes (CNTs) on the aging behavior of
asphalt binders, different analyses including rotational
viscosity (RV), dynamic shear rheometry (DSR),
Fourier transform infra-red (FTIR), scanning electron
microscopy (SEM) and X-ray diffraction (XRD) were
performed. The results are in line with our previously
published work (Amini and Hayati, 2020) showing that
modification of asphalt binder with SBS, multiwall
carbon nanotubes (MWCNTs) and copper oxide NanoCuO as phase change material (PCM) improved the
performance of asphalt binders. Besides, Nano-CuO
with high specific heat capacity (Cp) contributed to
better performance of asphalt binder, especially at
higher temperatures and could reduce or delay failures
such as permanent deformation, fatigue cracking and
thermal cracking (Amini and Hayati, 2020). In general,

Figure (1): Alligator cracking

Figure (2): Schematic illustration of the carbonyl
growth resulting in the formation of
a) carboxylic acid, b) anhydride and
c) sulfoxide bonds produced during asphalt aging
(Van den Bergh, 2011)
According to Fig. 3, the viscosity of asphalt binder
increases in two stages due to oxidation: (A) a short
period followed by; (B) a long period with a constant
oxidation rate.
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changes in response to oxidation (Jung, 2006). Nazari et
al. (2018) evaluated chemical, microstructural and aging
properties of binders modified with SiO2, TiO2 and
CaCO3 using XRD, SEM and FTIR spectroscopy. The
results indicated improved aging resistance in the
modified asphalt binders. From the XRD pattern, they
observed that modifying asphalt with Nano-CuO
resulted in enhanced physical properties of selfcompacting concrete specimens (Nazari and Riahi,
2011). In another study by Madandoust et al. (2015), the
SEM images of Nano-CuO-modified mortar samples
showed that the nanoparticles covered pores on both
nano- and micro-scales (Madandoust et al., 2015). In a
research by Amini et al. in 2016, the modification of
asphalt binder with MWCNTs improved its rheological
properties, such as softening point, shear modulus (G*)
and phase angle (δ). The results of Amirkhanian et al.
study in 2011 showed that using MWCNTs with an
optimized weight percentage of 1% increased the rutting
resistance of asphalt mixtures at higher temperatures.
Finally, as mentioned before, the results are in line with
our previously published work (Amini and Hayati,
2020).

previous research showed that asphalt binder
modification with additives caused improvement in the
performance of asphalt mixtures and reduced or delayed
the mentioned failures of asphalt mixtures (Amini and
Hayati, 2020).
LITERATURE REVIEW
Van den Bergh (2011) evaluated the effect of aging
on fatigue properties of different asphalt binders and
observed the interaction between the binder and active
filler materials in FTIR spectra at around 1700 cm-1.
Also, using lime led to a slower short-term aging rate
and improved the long-term aging susceptibility of soft
binders. Mouillet et al. (2008) realized that SBS
modification increased S=O (Sulfoxide) and C=O
(Carbonyl) bonds. S=O and C=O are correlated to shortterm and long-term aging, respectively (Van den Bergh,
2011). Mikhailenko et al. (2015) evaluated chemical
mechanisms of asphalt binder aging with FTIR
spectrometry. They observed an increase in C=O and
S=O bonds with aging (Mikhailenko et al., 2015). On
the other hand, several pieces of research have been
conducted to obtain a better understanding of asphalt
binder hardening due to oxidation. The hardening
happens as a result of asphaltene growth due to changes
in temperature and pressure. In addition, carbonyl
growth measured by FTIR analysis is related to viscosity

Research Objectives
Fig. 4 presents a chart of the objectives of this study.

Figure (4): Chart of objectives of this study
and MWCNTs, purchased from Notrino Company, are
shown in Tables 2 and 3, respectively. Finally, the
properties of used SBSs (LG411) purchased from LG
Chem Company are enlisted in Table 4.

Materials
PG 64-22 asphalt binder was purchased from the
JEY OIL Refining Company and its properties are
summarized in Table 1. The specifications of Nano-CuO
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Table 1. Properties of the used asphalt binder
Properties

PG
grade

Purity
grade

Flash
point

Softening
point

Penetration
grade at 25oC

Ductility at
25oC

Viscosity
at 135oC

Density

Unit

-

(%)

(oC)

(oC)

(mm/10)

(cm)

(mPa.s)

g/cm3

Value

64-22

99

262

50

64

104

390

1.03

Table 2. Properties of the used Nano-CuO
Special
surface
area

True density

Properties

Color

Average
length

Specific heat Young's
capacity
modulus

Unit

-

nm

m2/g

g/cm3

mJ/g×K

TPa

Values

Black

40

20

6.4

92.6

0.0816

Purity

%
>99

Table 3. Properties of the used multi-walled carbon nanotubes (MWCNTs)
Inner
diameter

Average
length

Special
surface
area

Tensile
Strength

Properties

Color

Outer
diameter

Unit

-

nm

nm

µm

m2/g

GPa

Value

Black

10-20

1-10

10-30

>200

63-150

Specific
heat
capacity
mJ/g×K
31.3

Young's
modulus

Purity

TPa

(%)

0.8-0.95

99

Table 4. Properties of the styrene-butadiene-styrene (SBS)
Propertie
s

Color

Volatile
matter

Viscosity

Density

Specific heat
capacity

Young's
modulus

Test

-

ASTM D1416

ASTM D445

ISO 2781

-

-

Unit

-

(%)

(cSt)

g/cm3

mJ/g×K

MPa

Values

White

< 0.6

28.2

0.94

6.04

40.8 ± 2.7

Preparation of Asphalt Binder Samples
Rotational Viscosity (RV) Test
The steps of asphalt binder sample preparation are
presented in Table 5. In addition, PC combination (pure
asphalt binder-processed sample), has experienced all
the steps in Table 5, just without any additives.
The abbreviations of the seven combinations used in
this study are described in detail in Fig 5.

The effects of different modifiers on the viscosity of
asphalt binder for unaged, RTFO-aged and PAV-aged
samples were investigated at 135ºC. These
measurements were conducted according to ASTM
D4402 to evaluate the viscosity of the asphalt binder
samples.
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PAV test procedure
temperatures.

Dynamic Shear Rheometer (DSR) Test
In this test, according to AASHTO-T315 in 2011, the
parameters of shear modulus (G*) and phase angle (δ)
were measured for the asphalt binder samples. In other
words, using a dynamic shear rheometer at high and
medium temperatures, the values of G* and δ for the
asphalt binder samples were determined. Then, rutting
and fatigue resistances at high and medium temperatures
were calculated using G*/sin (δ) and G*×sin (δ),
respectively. In fact, the two parts of the DSR test
carried out in this study are the DSR-RTFO and the
DSR-PAV tests. For evaluating the rutting resistance
using the DSR-RTFO test, the asphalt samples got aged
by RTFO test procedure (RTFO-aged) at high
temperatures. To evaluate the fatigue resistance by the
DSR-PAV test, the asphalt samples became aged by

(PAV-aged)

at

medium

Fourier Transform Infrared (FTIR) Analysis
Fourier Transform Infrared Spectroscopy (ASTMD5477-18, 2018) was adopted to determine the FTIR
spectra of pure and modified asphalt binders at the
unaged condition. FTIR spectra, between 400 and
4500 cm-1 with a wavelength accuracy of 1 cm-1, were
gathered. FTIR spectra can be employed to quantify
destructive bonds to evaluate oxidative aging. Also, the
main factor related to the aging process of asphalt binder
is oxidation. Accordingly, to assess the aging process,
investigating the oxygen-containing bonds of asphalt
binders is an important factor.

Table 5. Steps of asphalt binder sample preparation
Steps

Description

Temperature
(ºC)

Time (min)

1

Dispersing nanomaterials into kerosene by ultrasonic device

Ambient

20

120

Well-dispersed

120

5

160

15

-

-

-

-

2
3
4
5
6

Adding manually the additive–kerosene to 100 g of asphalt
(Latifi and Hayati, 2018)
Mixing nanoparticles-asphalt by low shear mixer at a speed of
2000 rpm
Mixing the modified samples by Hi-shear device with over
4000 rpm shear
Finding optimum contents to be 5, 4 and 1.5 % for SBS, Nano-CuO
and MWCNTs , respectively by superpave method
Finding optimum binder content (OBC) by superpave method

Figure (5): Abbreviations of the seven combinations
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pattern indicate that the structure of studied asphalt
binders is almost crystalline (AlHumaidan et al., 2015;
Schreiner et al., 1983).

Scanning Electron Microscopy (SEM)
SEM images were captured at 10 kV with a
magnification of 5000-25,000, to evaluate the
morphology and distribution of the modified asphalt
binder samples.
X-Ray Diffraction (XRD) Analysis
XRD is a non-destructive technique to determine the
structure of the phases in various materials. XRD
provides information, such as materials’ structure,
crystallite size and quantity of every phase in the asphalt
binder samples. As shown in Fig. 6, the XRD pattern of
the asphalt binder has four main peaks. The γ and
graphene peaks are related to aliphatic chains and
aromatic molecules, respectively. The (10) and (11)
peaks are related to the surface structure of the
aromatics. The sharp, narrow and long peaks in the XRD

Figure (6): XRD pattern of an asphalt binder
sample

Table 6. Viscosity and aging index (AI) of the pure and modified asphalt binders
Properties
Aging
Unit
Specification
P
PC
C
M
CS
MS
MCS

Rotational Viscosity at 135ºC
𝜼𝑶
Un-aged
(Pa.s)
<3
0.39
0.42
0.63
0.76
1.24
1.85
2.14

𝜼𝑶𝑻
RTFO-aged
(Pa.s)
<3
0.47
0.52
0.70
0.88
1.42
2.30
2.53

Aging Index (AI)

𝜼𝒋
PAV-aged
(Pa.s)
<3
0.60
0.65
0.87
1.15
1.83
2.90
3.19

𝐴𝐼

𝜂 ⁄𝜂
1.21
1.24
1.11
1.16
1.15
1.24
1.18

𝐴𝐼

𝜂 ⁄𝜂

1.54
1.55
1.38
1.51
1.48
1.57
1.49

2018; Javid, 2014). According to the AI values in Table
6, the C combination has significantly lower AI than P
and other samples, indicating its better aging resistance.
Jung et al. in 2006 stated that viscosity increases with
carbonyl growth (C=O bond at 1700 cm-1) (Jung, 2006).
For C combination, the C=O bond in the FTIR spectra
was eliminated; therefore, the smaller number of
carbonyl bonds is one reason for its better aging
resistance. Considering the rotational viscosity values in
Table 6, combinations including SBS; i.e., MCS, MS
and CS, had the highest rotational viscosity, indicating a
considerable enhancement of rheological properties of
asphalt binders by SBS-modification. In addition, for all
the combinations, the viscosity values were less than 3
Pa.s, which is the maximum acceptable viscosity value

RV Test Results
As presented in Table 6, by adding the additives, the
viscosity increased. The aging index (AI) (Yu et al.,
2011) is also an important parameter to assess the aging
resistance of asphalt binder. Table 6 reveals that the
modified samples have smaller AI than the P sample,
except for PC and MS combinations. The reason is the
increase in the viscosity due to the aging of asphalt
binders during the mixing procedure (Latifi and Hayati,
2018). MS combination includes CNT and SBS, in
which adding one percent of each one increases the
viscosity of the asphalt binder about 1.5 times (Latifi and
Hayati, 2018). Higher viscosity results in higher
stiffness and will make asphalt binder more resistant
against rutting at high temperatures (Latifi and Hayati,
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with P, it is concluded that PC has a slightly higher
rutting resistance than P. Also, Latifi et al. (2018)
reported that 0% CNT-modified asphalt binder (control
sample) had more viscosity compared to pure asphalt
binder, due to the aging of asphalt binder during the
mixing procedure. In other words, during the mixing
process, the reduction of the volatile compound in the
asphalt binder caused an increase in viscosity.
To improve the fatigue resistance of asphalt binder,
lower values of G* and δ parameters are supposed to be
achieved. According to Fig. 8, the parameter of G*×sin
(δ) values were less than the maximum permissible
value of 5000 kPa, above 18°C for all the combinations
(Superpave Performance Grading, 2008). As illustrated
in Fig. 8, C and CS combinations have better fatigue
resistance than the other samples. According to FTIR
spectra, one of the reasons is eliminating the destructive
bonds due to modification with Nano-CuO.

(AASHTO-T316-13, 2017), except for MCS in PAVaged samples. Besides, considering the data provided in
Tables 2 and 3, the specific surface area of MWCNT is
far more than that of Nano-CuO, which can be the
reason for the higher viscosity of MS and M compared
to those of CS and C, respectively.
DSR Test Results
G*/sin (δ) is indicative of the rutting resistance of the
asphalt binder. As it can be observed in Fig. 7, the values
of parameter G*/sin (δ) at temperatures below 76°C
(including 64°C considering that the used binder is PG
64-22) for MCS, MS and CS were higher than the
minimum permissible value of 2.2 kPa (Superpave
Performance Grading, 2008). Moreover, the rutting
resistance of MCS was more than for the other
combinations because of its higher G*/sin (δ).
According to Fig. 7, SBS improved the rheological
properties of asphalt binders. Also, by comparing PC
14

RTFO-aged
MCS
MS
CS
M
C
PC

G*/sin δ (kPa)

12
10
8
6
4
2

Min 2.2 kPa

0
58

64

70

76

Temperature (°c)
Figure (7): G*/sin δ at high temperatures

G* × sin δ (kPa)

7000

PAV-aged
MS
M
Max 5000 kPa
MCS
PC
P
CS
C

6000
5000
4000
3000
2000
1000
13

16

19

22

25

Temperature (°c)
Figure (8): G*×sin (δ) at medium temperatures
chemical reactions between the asphalt binder and the
additives (Sanjeev et al., 2013). In Figs. 9 and 10, the

FTIR Analysis Results
FTIR analysis was carried out to evaluate the
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asphalt binder’s brittleness due to oxidation. This
presents a good understanding of asphalt binder
oxidation and hardening. In addition, O-H bond at 3400
cm-1, indicating aging of asphalt, was removed due to
the modification process except for MS combination.
The O-H bond of the carboxylic acid at 2400 cm-1 was
sharp in the C combination, whereas it did not appear in
FTIR spectra for the MCS sample (Fig. 10). The C=C
bond at 1600 cm-1 has a slight influence on long-term
aging. The modification process results in removing
C=C bond in modified asphalt binders. The sharper CH2
and CH3 bonds at around 2923 cm-1 and 2853 cm-1,
respectively, indicate a slower aging rate and lower
stiffness. As in Fig. 9 and Fig. 10, the bonds are sharper
in the FTIR spectra of the modified samples (Mouillet et
al., 2008; Mikhailenko et al., 2015).

transmittance percentage of the IR-ray, the vertical axis,
was about 90%, except for the peaks. In Figs. 9 and 10,
some important chemical bonds in studying asphalt
binders are recognized. S=O bond (Sulfoxide) at 1030
cm-1 represents short-term aging. The modification
process results in removing the bond in MCS sample.
C=O bond (Carbonyl) at 1700 cm-1 represents the longterm aging. The modification process also results in
removing C=O bond in modified asphalt binders. In Fig.
9, PC has higher amount of carbonyl growth (C=O at
1700 cm-1) than P. This indicates that the viscosity of PC
is more than that of P (Jung, 2006). On the other hand,
PC with oxidation during the mixing procedure and
consequently the increase in viscosity, has been
correlated with DSR and FTIR results. Therefore, the
DSR and FTIR measurements estimated an increase of

Figure (9): FTIR spectra for the combinations including 1.5 wt.% MWCNT

Figure (10): FTIR spectra for the combinations including 4 wt.% Nano-CuO
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the modified asphalt binders and the level of dispersion
of additives within the asphalt binder. XRD was
conducted at room temperature, with a step of 0.05º, in
the 2θ range of 5–60º. Figs. 12 and 13 show the XRD
patterns for pure and modified asphalt binders at RTFOaged and PAV-aged conditions, respectively.
There are several methods in order to analyze XRD
patterns. The following methods were used in this
research to determine the aromaticity and crystallite
parameters (Wen et al., 1978).
Aromaticity parameter, fa, was calculated by
determining the area, A, of γ and graphene peaks
according to the following equation:

SEM Analysis Results
In Fig. 11, the SEM images of the modified asphalt
binders are shown. As illustrated in Fig. 11a, CuO
nanoparticles have a homogeneous dispersion in asphalt
binders. Also, Figs. 11b to 11e show that the additives
are physically well-dispersed. Fig. 11e illustrates the
morphology of the Nano-Cuo/CNT/SBS-modified
asphalt binder, with uniform dispersion of the additives.
Overall, Fig. 11 displays uniform and homogeneous
additives-asphalt binder mixture.
X-Ray Diffraction Analysis Results
XRD was used to study the crystalline structure of
f

C ⁄C

C ⁄ C

C

A graphene ⁄A graphene

λ⁄2 sin θ

(1)

θ is the Bragg angle.
Peak centroid, fa, dm and full width at half maximum
(FWHM) of the RTFO-aged samples for graphene (002)
peak are shown in Table 7. Considering Table 7 and Fig.
12, as a consequence of curve’s similarity, the values of
FWHM do not change significantly.
On the other hand, according to Table 7, there is no
significant difference in the values of the peak centroid
in RTFO-aged samples for different compositions. Also,
as illustrated in Fig. 13, even the peak centroids of PAVaged samples for graphene (002) peak are about 2θ =20º.
This indicates that the peak centroid is an excellent
classification parameter for fresh and aging asphalts,
because it has no significant change with time.

where CS, CA and C are the number of saturated,
aromatic and total carbon atoms per structural unit,
respectively.
The values of fa obtained from the above equation
cannot represent the true aromaticity of the molecules,
because the equation only considers the stack cluster
aromatic carbons to the graphene peak, not all the
aromatic carbon asphaltenes.
Using the Bragg equation, the distance between the
peaks for the aromatic sheets from the maximum of the
graphene band was calculated:
d

A γ

2

where λ is the wavelength of the Cu Kα radiation and

Table 7. Aromaticity and crystallite parameters of the RTFO-aged samples for graphene (002) band
Combinations

Peak Centroid

fa

dm(Å)

FWHM

P
PC
C
CS
MCS
M
MS

20.9
21.2
20.9
21.1
20.8
21.1
21.2

0.17
0.15
0.13
0.13
0.11
0.11
0.12

4.32
4.26
4.08
4.18
4.20
4.22
4.21

6.06
6.17
6.39
6.53
6.42
6.23
6.63
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Figure (11): SEM images of samples a) C, b) M, c) CS, d) MS and e) MCS
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Figure (12): The XRD patterns of the RTFO-aged samples

Figure (13): The XRD patterns of the PAV-aged samples
The XRD pattern of pure asphalt binder in Fig. 12,
in the 2θ range of 10º to 30º, indicates a dominant
macromolecular amorphous structure. On the other
hand, the peaks at around 2θ=20º indicate the presence
of γ and graphene. Therefore, there are crystalline
phases in the structure. Also, the XRD pattern at around
2θ=40 reveals the presence of a relatively small amount
of amorphous phase. In all the modified samples, the

intensity decreased in comparison with P (pure asphalt
binder). This can be attributed to the X-ray absorption
by the additives in the macromolecular structure of
asphalt binder.
In addition, the intensity was about 700 at 2θ = 20º
for pure asphalt binder, while for PC, C and CS, it was
650, 540 and 440, respectively. However, the peak
corresponding to the amorphous structure at around
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2θ = 40º did not change considerably, indicating the
interaction between the main macromolecular groups
and the additives in asphalt binder, which results in a
uniform distribution within the modified-asphalt binder
samples. On the other hand, although the SEM images
of all the samples showed a uniform distribution of
additives, the XRD patterns of the C and CS samples

showed a higher degree of uniformity and homogeneity
than the others.
As shown in Fig. 12, the XRD patterns of RTFOaged asphalt binder samples indicated that the
crystallinity in the structure decreased with the addition
of the additives into the asphalt binder.

Table 8. Summary results of RV, FTIR, DSR and XRD tests and analyses for modified samples
AI PAV

FTIR

Temperature
(°C)

Best

Worst

Best

13
64
135
Room

C
-

MS
-

MCS

G*/sin(δ)

Worst Best
MS

MCS
-

G*×sin(δ)

XRD

Worst

Best

Worst

Best

Worst

C
-

C
-

MS
-

C

MS

others, proving that the aromatic ring system of
asphaltenes was more condensed on short-term aging.

On the other hand, under short-term aging
conditions, with adding the additives, the crystalline
components diminished and the amount of the
amorphous phase of the modified-asphalt binders
increased. This is more evident for the C and CS cases.
The XRD patterns of PAV-aged samples, in Fig. 13,
showed that the crystallinity in the macromolecular
structure decreased due to aging and high pressure. For
2θ between 10 and 30, the crystalline phases changed
into relatively amorphous phases, except for C and CS.
On the other hand, pressure and aging caused a new
macromolecular arrangement and enlarged the
amorphous structure at 2θ = 40º. In both Figs. 12 and 13,
the intensity of the peaks in the XRD pattern of PC had
more reduction than for the XRD pattern of sample P.
This reduction indicates the possible loss of the fraction
of the volatile compounds in asphalt.
Aromaticity is another important factor in evaluating
the aging behavior of asphaltenes. According to Table 7,
fa for PC decreased compared with P, due to oxidative
aging. It also decreased for the modified samples. So, to
some extent, they lost their aromatic character on shortterm aging, indicating that the aromatic rings include
very reactive sites in asphaltenes (Redelius, 2011;
Alimohammadi and Sedighi, 2018). These reactive sites
in asphaltenes are extremely influenced by changing
conditions. In addition, the layer distance between
aromatic sheets (dm) decreased from 4.32 Å in the P
sample to 4.26 Å in the PC sample. Also, in modified
samples, dm decreased as C has a smaller value than the

Summary
Table 8 summarizes the calculated parameters for
the modified samples. According to Table 8, in all the
best-performing samples, there was Nano-CuO.
Considering high temperatures, the positive influence of
Nano-CuO is related to its high specific heat capacity
(Cp) (Table 2) as PCM. The results of evaluating aging
behavior showed that Aging Index (AI), G*×sin (δ) and
FTIR & XRD patterns accurately confirmed each other,
although FTIR results and G*/sin (δ) were not
completely correlated. An increase in the brittleness of
the asphalt binders due to the modifications could be one
reason for the observation that the FTIR test results did
not completely correlate with the G*/sin(δ) parameter.
In other words, the increase in brittleness makes it
difficult to get definitive results for the rutting and aging
behaviors of the asphalt binder. Overall, evaluating the
rutting and fatigue behaviors of the samples in this study
showed that the nanocomposites consisting of NanoCuO were the best-performing samples.
CONCLUSIONS
The following conclusions can be deduced from the
obtained results:
 The increase in viscosity was correlated to DSR and
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FTIR results. Therefore, DSR and FTIR
measurements can estimate an increase of asphalt
binder’s brittleness due to oxidation. This presents a
good understanding of asphalt binder oxidation and
hardening. Also, according to the values of aging
index (AI), the asphalt binder sample modified with
Nano-CuO has higher aging resistance.
 The DSR results showed that modifying asphalt
binder with Nano-CuO, multiwall carbon nanotube
and SBS resulted in much slower rate of aging of the
asphalt binders. In other words, the modified-asphalt
binders lose much less mass during mixing and
compaction. This indicates that the chemical
reactions in the modified- asphalt binders increase
the resistance of the modified ones to temperature
and oxidation. Also, DSR results showed that NanoCuO- modification results in acceptable properties of
asphalt binders at both low and high temperatures.
 FTIR analysis illustrated that modifying with the
additives reduced destructive bonds, such as S=O
and C=O, which represent short- and long-term
aging in asphalt binder. In other words, sulfur in the
form of sulfoxide and oxygen in the form of carbonyl
decreased in the modified asphalt binders, especially
in the asphalt binder sample modified with NanoCuO.
 RTFO-aged and PAV-ages XRD curves showed a
direct relationship between the aging behavior of the
asphalt binder and the crystallinity of the studied
asphalt binders. On the other hand, under short-term
aging conditions, with adding the additives, it was
found that the crystalline components in the mixture

decreased. The reduction for the asphalt binder
sample modified with Nano-CuO and the asphalt
binder sample modified with Nano-CuO alongside
SBS was less than for other samples. Also, under
long-term aging conditions, the crystalline structure
changed to a relatively amorphous structure, except
for the asphalt binder sample modified with NanoCuO and the asphalt binder sample modified with
Nano-CuO alongside SBS.
 The decrease of crystallinity can be related to the
increase of viscosity due to aging during the service
life of the asphalt. This indicates that the modifiedasphalt binders are suitable for high service
temperatures because of the chemical reactions
between the asphalt binder and the additives (from
FTIR analysis).
 XRD is a useful analysis to evaluate asphalt binder’s
aging behavior, because the peak centroid value did
not change significantly with time. By investigating
the XRD and SEM results, it was proved that the
main macromolecular groups interacted with the
additives in asphalt binder by chemical reaction
(from FTIR analysis), which results in a uniform
distribution within the modified-asphalt binder
samples. On the other hand, although the SEM
images of all the combinations illustrated a uniform
dispersion, XRD patterns showed that the asphalt
binder sample modified with Nano-CuO and the
asphalt binder sample modified with Nano-CuO
alongside SBS were more uniform and
homogeneous than the other samples.
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