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Abstract: This study was conducted to investigate the effect of ageing on bitumen, before and after
modification. Nano-clay modified bitumen (NCMB) was produced by adding nano-clay (NC) to
60/70 penetration grade bitumen; then, the binder was tested using conventional tests for properties
such as penetration, softening point and viscosity. These tests were carried out on the modified
binder before and after ageing. A rolling thin film oven (RTFO) was used to simulate short-term
ageing (STA), and a pressure ageing vessel (PAV) was used to simulate long-term ageing (LTA) for the
modified binder. After initial results showed an improvement for the modified bitumen regarding
the effect of ageing, the investigation continued using Fourier transform infrared spectroscopy (FTIR),
where the microstructure distribution of the modified binder before and after ageing was observed.
Finally, there was no doubt that the effect of ageing on mixtures should be investigated. For this
step, the indirect tensile strength (ITS) test, which highlights the strength changes that occur for the
mixtures after ageing, was selected. The results indicated that the tensile strength of mixtures made
with modified bitumen showed better resistance against ageing when NC was added, which is in
good agreement with the results of previous binder tests. The results of this study show that the
modification of bitumen using nano-clay as an additive improves the ageing resistance of the binder,
which is consequently reflected in the strength of the asphalt mixture.

Keywords: bitumen; nano-clay; ageing; consistency test; Fourier transform infrared spectroscopy
(FTIR); indirect tensile strength test (ITS)

1. Introduction

The durability of flexible pavement is affected by several factors over its service life.
Much research has been carried out to investigate the ageing of asphalt mixture in the
laboratory by simulating ageing and factors such as heat, oxidation, time, and sunlight. At
least fifteen mechanisms have been identified; however, the most common are the following
four: oxidation (in darkness or direct light), loss of volatiles by evaporation, loss of volatiles
by exudation, and steric or physical hardening [1]. It is stated that volatilization is the
main ageing mechanism for bitumen during mixing and construction, while oxidation and
some steric hardening are the main reasons for ageing during service life [2]. Oxidation is
considered the main cause of hardening of bitumen, and it is considered one of the ageing
mechanisms that has a serious influence on bitumen properties [1,3–5]. Although bitumen
is the main material in asphalt mixtures affected by ageing, with demonstrated chemical
changes that are reflected in its physical properties [6,7], the aggregate and the designation
of the asphalt mixture with high void content also play a significant role in accelerating
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pavement ageing [1,4]. Furthermore, one study showed that asphaltene-rich bitumen tends
to age faster than bitumen with low asphaltene content [1].

Elevated temperatures in very hot and dry places, such as desert regions, lead to an
increase in pavement temperature resulting in chemical changes to bitumen bulk, leading
to hardening, especially on the surface. The hardening rate increases due to increased
temperature and also due to exposure to sunlight during the summer [4,7]. These two
factors are considered the main reasons for early ageing of the surface layer of pavement,
even if there is no traffic load in the desert region.

Like any organic material, bitumen changes physically after a change in its chemical
composition. Oxidation changes the functional groups inside the bitumen, where new
polar groups containing oxygen are formed, such as carbonyl, and results in an increase in
sulfoxide groups. As reported previously, the reaction of oxygen with bitumen molecules
results in larger and more complex molecules that make the bitumen harder and less
flexible. Where there is an increased content of asphaltene, this leads to increased vis-
cosity and stiffness, which are considered to be the main reasons for fatigue and thermal
cracking [1,4,7–11].

As ageing pushes pavement to the end of its service life, especially in hot regions
such as southern Libya, many studies have been carried out regarding delaying ageing.
Various types of additives are used to modify bitumen, such as thermoplastic elastomers
like polyurethane, polyether–polyester copolymers and olefinic [12], and high- and low-
density polyethylene [13], polyvinyl chloride, polystyrene, polypropylene and ethylene–
vinyl acetate [14], which are considered plastomers, natural rubber, crumb rubber and
more [1,12,14–16].

Recently, nanomaterials have attracted the interest of pavement researchers due to
their unique properties and incredible features, which make it possible for them to be
used as an additive in asphalt mixtures [17]. The presence of nanomaterials could improve
asphalt material properties such as viscoelasticity and high temperature properties as well
as resistance to fatigue, ageing and moisture damage [17–19]. Many types of nanomaterial
have been introduced in previous studies, such as nano-clay, nano-carbon, nano-zinc
and more [17,18,20]. However, fewer studies have been based on nano-modified asphalt
mixtures than on nano-modified binders. Furthermore, factors such as environmental
effects, cost, and the economic and ecological assessments of nano-modified asphalt also
need to be considered [4,7,17,18,21].

The internal strength of an asphalt mixture for flexible pavement can be affected by
many factors, such as water infiltration, ageing conditions and traffic load over its service
time, resulting in the appearance of permanent deformation (rutting) and fatigue crack-
ing [22,23]. The indirect tensile strength (ITS) test has been used effectively in evaluating
the effect of ageing on the strength of a mixture [24,25]. Islam et al. [25] stated that the ITS
of the oven loose mixture STA, laboratory LTA and field-aged samples increased, while the
flow number showed a reduction with the conditioning period, where the bitumen film or
mastic became too oxidized.

In this research, nano-clay (NC), known as halloysite nanotubes, was used as a mod-
ifier for bitumen. The selection of halloysite nanotubes was based on its unique feature
of thermal resistance through the absorption of heat [26,27]. To examine the effectiveness
of this feature, NC was added to bitumen, and then the modified bitumen was evaluated
before and after exposure to ageing conditions. The physical and chemical properties for
unmodified and modified binders were evaluated, and then the mechanical properties for
modified asphalt mixtures were also examined. Short-term ageing (STA) and long-term
ageing (LTA) simulations were imposed to modified bitumen to study the changes in
physical and chemical properties before and after ageing. The physical properties were
evaluated using consistency tests for penetration, softening point and viscosity. The main
reason for choosing these tests was their simplicity, speed and usefulness as an indicator
for ageing measurements. The changes in chemical properties were evaluated using the
FTIR method, where the chemical reaction between the bituminous binder and the NC was
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first assessed, and then the effect of ageing was evaluated for all binders. The ITS test was
carried out on asphalt mixtures prepared with modified bitumen, before and after ageing
simulations, to study the effect of the addition of NC on the strength of the asphalt mixture.

2. Materials and Methods
2.1. Materials and Sample Preparation
2.1.1. Bituminous Binders

A 60/70 penetration grade bitumen with a penetration of 68 deci-millimeter (dmm)
at 25 ◦C (ASTM D5), softening point of 46 ◦C (ASTM D36) and viscosity of 551 mPa·s at
135 ◦C (ASTM D4402) was used in this investigation. It was supplied in sealed cans by
Cenco Sains, Kuala Lumpur, Malaysia, and stored in a dark place.

The nano-clay was supplied by the same company. Known as Halloysite nanotubes, it
is a type of alumino-silicate clay (Al2Si2O5 (OH)4.2 H2O with 1:1 layer) with a cylindrical
shape. The cylindrical particles have an outer diameter of 30 to 70 nm and a length of 200 to
650 nm. Its surface area is approximately 57 m2/g, and its color is white to tan, as reported
by the supplier. It is composed of double layers of alumina, silicon, oxygen and hydrogen.
Silica, with a negative charge, is located mainly on the outer surface of the nano-tube, and
alumina, with a positive charge, is located on the inner surface and on the edges of the
nano-tube [25]. Figure 1 shows an image of the nano-clay obtained using field emission
scanning electron microscopy (FESEM). Images were captured to show the particles at
30.00 and 10.00 magnifications. The images show that the particles of halloysite nanotubes
are tubular and their length ranges from 600 to 250 nm, which is the same as reported by
the supplier.
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ing point test was conducted. The mixing procedure was performed by a mechanical 
mixer, commencing at 500 rpm when the nano-clay was added, to prevent any scattering 
of nano-clay particles. After five minutes, the mixing speed was increased to 2800 rpm for 
one hour. Mixing was performed for unmodified and modified bitumen to ensure the 
same applied conditions. 

Figure 1. Field emission scanning electron microscopy (FESEM) for nano-clay, (a) Mag = 30.00 kX and (b) Mag = 10.00 kX.

The nano-clay was left in the oven at 100 ◦C for six hours to ensure that any humidity
would be removed. Binder (200 ± 10 g) was poured into a can and then heated in the
oven to 155 ◦C for less than one hour, until it reached a fluid state. The can was put in an
oil bath at 150 ± 5 ◦C, and the nano-clay (0, 2 and 4% by mass of bitumen) was added.
The main reason for not proceeding with the addition of 6% nano-clay was due to its
poor storage stability when the temperature exceeds 2.5 ◦C, which occurred when the
softening point test was conducted. The mixing procedure was performed by a mechanical
mixer, commencing at 500 rpm when the nano-clay was added, to prevent any scattering
of nano-clay particles. After five minutes, the mixing speed was increased to 2800 rpm
for one hour. Mixing was performed for unmodified and modified bitumen to ensure the
same applied conditions.

The names of the binders were 0 NCMB, 2 NCMB and 4 NCMB, where the number
indicates the percentage of nano-clay by mass of bitumen and NCMB indicates nano-clay
modified bitumen. STA binders were prepared by RTFO, in accordance with specification
ASTM D2872, where the test was performed at 163 ◦C for 85 min. LTA binders were
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prepared using the PAV oven, in accordance with specification ASTM D6521, where the
test was performed in an oven under a pressure of 2.1 MPa at 100 ◦C for 20 h.

2.1.2. Asphalt Mixture

Cylindrical samples (diameter 101.6 mm and height 64 mm) of asphalt mixture were
prepared using a Servopac gyratory compactor following AASHTO specification T 312-07.
The number of gyrations for an equivalent single axial load (ESAL) for the study ranged
from 10 to 30 × 106, corresponding with Ndesign of 100 gyrations. Three samples for each
mixture were prepared using five modified binder contents (4.5%, 5.0%, 5.5%, 6.0% and
6.5% of the total asphalt mixture weight) to determine the optimum binder content (OBC).

The aggregate used in this research was granite with a maximum particle size of
19.0 mm. The aggregate gradation is illustrated in Figure 2. Air voidage of 4% was selected
for all mixtures of the OBC. Mixing and compaction temperatures were determined based
on the results of rotational viscosity. The mixing temperature was chosen as the range
corresponding to 0.17 ± 0.02 Pa.s, while the compaction temperature was chosen as the
range corresponding to 0.28 ± 0.03 Pa.s. The selected mixing temperatures were 155 ◦C,
160 ◦C and 163 ◦C for 0 NCMB, 2 NCMB and 4 NCMB, respectively, while the selected
compaction temperatures were 146 ◦C, 150 ◦C and 152 ◦C for 0 NCMB, 2 NCMB and
4 NCMB, respectively. The OBC for 0 NCMB, 2 NCMB and 4 NCMB was 5.2%, 5.5% and
5.8%, respectively. In this study, after determining the OBC, the mixtures were prepared
at air voids of 7 ± 0.5%. It is well-known that one of the factors leading to increased
rate of ageing is higher air voidage. More air voidage allows oxygen to enter the mixture
and results in more chemical change during STA and LTA, influencing the strength of the
asphalt mixture.
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Figure 2. Aggregate gradation.

To simulate ageing of the mixture, the AASHTO R 30 standard process was followed.
The asphalt mixture was subjected to STA, which simulates the mixing and compaction
phase of the construction. After mixing in the mechanical mixer, the mixture was placed in
the oven at compaction temperature for four hours, stirring hourly to ensure that all coated
aggregate particles were exposed to the air inside the oven, and compacted prior to testing.
The LTA simulates the ageing that occurs over the service life. It was performed, after the
application of STA simulation, by subjecting the compacted mixture to a temperature of
85 ◦C for five days.
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2.2. Consistency Tests

Consistency tests for penetration (ASTM D5), softening point (ASTM D36) and viscos-
ity (ASTM D4402) were conducted in accordance with their relative standard to evaluate
the effect of ageing on the unmodified and modified binders. The penetration test was
carried out with the following procedure: a needle of specified dimensions was allowed
to penetrate a sample of bitumen under a known load at a fixed temperature for a known
time. Ageing reduces the penetration of the needle through bitumen after the rolling thin
film oven test (RTFOT). The reduction in penetration will be more when the PAV procedure
is applied. The penetration ageing index is used to characterize the increase in bitumen
hardness after ageing. It is calculated according to Equation (1):

Ageing Index for a test =
Aged result test value

Unaged result test value
(1)

The softening point test is a good indicator of the sensitivity of the bitumen. The
softening point temperature is the temperature where bitumen softens and eventually
deforms until it touches the bottom plate, 25 mm below the ring in the test. After ageing,
the softening point temperature increases, indicating an increase in the hardness of the
bitumen. The ageing index was calculated using Equation (1), with an increase in the
ageing index indicating an increase in the softening point after ageing.

The increase in softening point and the reduction in penetration for bitumen at var-
ious ageing stages are used to determine the changes in the consistency parameter as a
function of temperature, defined as temperature susceptibility. To observe the temperature
susceptibility of the modified binders, the penetration index (PI) should be calculated using
Equation (2):

PI =
1952 − 500∗ log(Pen25)− 20 × SP

50 × log(Pen25)− SP − 120
(2)

The PI can be used to give a good approximation of the behavior to be expected. The
PI calculated from one penetration and one softening point may vary from the values
calculated from two penetration values, and for this reason, confirmation using stiffness or
viscosity measurements is desirable [1].

The Brookfield viscometer was used to measure the resistance of the bitumen to flow.
Ageing causes a change in viscosity. The change in viscosity is selected for the evaluation
of the ageing effect on modified bitumen. The ageing index is the ratio of the bitumen
viscosity after ageing to that before ageing. It is commonly used to normalize the ageing
behavior of samples with different viscosities, such as modified bitumen. The viscosity
ageing index is calculated according to Equation (1).

2.3. The Fourier Transform Infrared (FTIR) Test

The Fourier Transform Infrared (FTIR, test was performed at the Quasi-S Sdn Bhd
Company, Singapore. The Bruker Tensor II FT-IR Spectrometer was used with a reso-
lution (cm−1) of 4, a mode of attenuated total reflectance (ATR), and a scan range of
4000–650 cm−1, which is considered a mid-infrared spectrum. Infrared (IR) radiation was
passed through the binder, where some of the infrared radiation was absorbed by the
components of the binder. The resulting spectrum represents molecular absorption, which
creates a molecular fingerprint of the bitumen’s components [28].

The unaged samples subjected to the FTIR test were prepared immediately after
mixing the preparation and after ageing for aged samples, for both STA and LTA. A drop
of bitumen sample was put on a glass slide and placed on a heater plate at 150 ◦C for
around one minute to obtain a thin layer and smooth surface. The prepared samples were
then stored in a dark, cold place prior to testing. Investigation of the ageing effect on
the modified binders was performed by recording the absorbance for selected bands and
checking the variation between the binders at ageing stages.
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2.4. Indirect Tensile Strength (ITS) Test

The indirect tensile strength (ITS) test was used to investigate changes in the strength
of the mixture due to water. The test was carried out to evaluate the effect of STA and LTA
on the strength of the modified mixtures. Samples were prepared, unaged, for both STA
and LTA for all mixtures, and then tested using the universal testing machine. The applied
load of 50 mm per minute was in a vertical diametric plane, and the maximum load when
failure occurred was recorded. The test was applied at 20 ◦C. The ITS was calculated using
Equation (3).

ITS = 2000F/πTD (3)

where ITS is the indirect tensile strength (kPa), F is the maximum value of the applied
vertical load (N), T is the thickness of the sample (mm), and D is the sample diameter (mm).

3. Results and Discussion
3.1. Consistency Tests

Various physical properties—penetration, penetration ageing index, softening point,
softening point index and penetration index (PI) of the unaged and aged modified binders
are detailed in Table 1. Based on the results obtained for modified binders, it can be
concluded that NC had a considerable effect on the stiffness of the modified binders
before ageing.

Table 1. Penetration, penetration ageing index, softening point, softening point index and penetration index (PI).

Sample Ageing Penetration
(0.1 mm)

Penetration
Ageing Index

Softening
Point (◦C)

Softening
Point Index PI

0 NCMB
unaged 64.6 - 47.5 - −1.3

STA 52.3 0.81 52.2 1.10 −0.6
LTA 42.1 0.65 58.1 1.22 0.2

2 NCMB
unaged 54.0 - 53.4 - −0.2

STA 48.3 0.89 59.0 1.10 0.7
LTA 39.8 0.74 62.3 1.16 0.9

4 NCMB
unaged 49.2 - 59.0 - 0.8

STA 43.2 0.88 61.6 1.04 1.0
LTA 38.9 0.79 64.7 1.09 1.3

It was notable that mixing had little influence on the stiffness of the modified binder
with no NC particles, where the penetration reduced from 68 (0.1 dmm) for the unmodified
bitumen 60/70 penetration grade to 64.6 (0.1 dmm) for 0 NCMB (still in the same penetra-
tion grade). However, the addition of NC for 2 NCMB and 4 NCMB led to an increase in
stiffness of the modified bitumen. The penetration values decreased, while the softening
point increased, indicating the effect of NC particles on the bulk of the modified bitumen.
The increase in the stiffness was expected and could be explained by the absorption of
the maltenes phase by NC, leading to an increase in asphaltene content. Applying STA
and LTA led to an increase in stiffness of the modified bitumen. To check which binder
was more sensitive, penetration ageing index and softening point index were determined.
Based on the results in Table 1, the 0 NCMB was more sensitive for both STA and LTA
compared to 2 NCMB and 4 NCMB. The sensitivity of the 0 NCMB indicates that its tem-
perature susceptibility that makes it more susceptible to thermal cracking. NC reduced the
sensitivity of 2 NCMB and 4 NCMB to ageing; these particles absorb the heat, preventing
the increase of the asphaltene formation by absorbing some of the maltenes [28].

The change in the consistency parameter as a function of temperature is a sign of the
temperature susceptibility and can be obtained by determination of the PI. The PI values
for the binders increased after the addition of NC. In addition, the increase in PI extended
after STA and LTA for all modified binders, as can be seen in Table 1. Comparing PI values
between modified binders, it can be seen that for all ageing stages (unaged, STA and LTA)
the PI was highest for 4 NCMB and lowest for 0 NCMB. This result is in good agreement
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with the penetration ageing index and softening point index data. The higher PI values
for 2 NCMB and 4 NCMB indicate that these binders are less susceptible to temperature
and more elastic [14]. Table 2 details the viscosity ageing index (VAI) data. All NCMB was
mixed and prepared in the same condition.

Table 2. Viscosity ageing index.

Viscosity (Pa.s) at 135 ◦C VAI

NC % Unaged STA LTA STA LTA

0% 606 820 1068 1.35 1.76
2% 702 790 886 1.13 1.26
4% 770 859 992 1.12 1.29

The viscosity at 135 ◦C was evaluated for unaged and aged modified bitumen. Ageing
increases the viscosity for modified bitumen, but responses were varied. All samples
showed an increase in viscosity after both STA and LTA.

After STA, VAI was highest for 0 NCMB and less, and almost the same for 2 NCMB and
4 NCMB. After LTA, VAI was highest for 0 NCMB and reduced for 2 NCMB and 4 NCMB.
When VAI reduces from 0 NCMB to 2 NCMB and 4 NCMB, this means that the sensitivity
is reduced. The addition of NC reduced the effect of temperature and improved the ageing
resistance. The heat absorption of NC resists the effect of the ageing temperature [29]. The
additional of NC in 2 NCMB and 4 NCMB absorbs the heat and therefore reduces the effect
of temperature on bitumen structure and protects it from oxidation [28].

3.2. The Fourier Transform Infrared (FTIR) Test

Table 3 shows the functional groups of the binders and the peak position obtained
from the FTIR test for modified bitumen before and after ageing. The investigated range,
which was mid-infrared spectrum (4000–600 cm−1), showed many groups before and after
ageing. The FTIR test demonstrated that there are no new bands created after adding nano-
clay particles for unaged 0 NCMB, 2 NCMB and 4 NCMB, as can be seen in Figure 3a–c.
This means that there is no chemical activity between nano-clay and bitumen. Mixing did
not create any new groups for unaged modified bitumen.

Table 3. Functional groups and their peak position.

Functional Group Peak Position (cm−1)

C–H asymmetric stretching 2920
C–H symmetric stretching 2851

C=O stretching 1694
C=C stretching 1597

CH2 deformation 1457
CH3 deformation 1375

S=O stretch 1027
CH out-of-plane deformation 900–690

In this paper, attention was given to groups believed to help the detection of changes
that occur during ageing of the samples. The selected groups, based on their compounds,
were (1) oxygen-containing compounds, (2) aliphatic hydrocarbons, (3) aromatic com-
pounds and (4) sulfur compounds.
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3.2.1. Oxygen-Containing Compounds

The oxygen-containing compounds are alcohols and phenols, ethers, aliphatic and
aromatic ketones, esters and carboxylic acids and anhydrides [30]. Carbonyl stretching
is one of the popular known bands used to evaluate the ageing of bitumen [6,31,32].
It is well known that development and increase in the carbonyl groups indicates an
increase in the number of large molecules in the bituminous binder, resulting in higher
stiffness and more solid-like behavior as a result of ageing [6]. It is usually the most
intense band in the spectrum, and depending on the type of C=O bond, it occurs in the
1830–1650 cm−1 region. It may be absorbed above 2000 cm−1, under consideration at
2923 cm−1 and 2856 cm−1 [33,34]. Aliphatic and aromatic ketones show carbonyl bands at
1730–1700 and 1700–1680 cm−1, respectively, while aromatic aldehydes produce carbonyl
bands in the range of 1720–1680 cm−1 [30].

The carboxylic acid observed at a wave number of 1694 cm−1, representing the
formation of C=O, is responsible for increasing bitumen hardening; researchers have stated
that the formation of the carbonyl group is correlated to an increase in the asphaltene after
ageing [6,9,35]. Oxidation creates carbonyl compounds by oxidizing aromatic compounds.
The formation of carbonyl groups results in an increased asphaltene fraction, which has
been proven to be the one of main reasons for an increase in the binder viscosity [6,35].

The absorbance peak at the wave number of 1694 cm−1 represents the carbonyl acid
absorbance value for the modified binders before and after ageing and is presented in
Figure 4, where Figure 4a,b show the FTIR spectrum results of the band and its absorbance
values, respectively. It is notable that an ageing effect was observed for all the modified
binders, where the band of carboxylic acid was formed. However, the formation of this
band varied between STA and LTA for the binders, showing that the most sensitive binder
was 0 NCMB, where the value of the absorbance peak was higher than 2 NCMB and
4 NCMB after STA, by 39.02% and 29.27%, respectively. This means that an improvement
against ageing occurred after adding NC particles. In addition, after LTA, the absorbance
peak for 0 NCMB was higher than for the rest of the modified binders, but not as much
as after STA, where the increase of absorbance for 0 NCMB was higher than 2 NCMB and
4 NCMB by 6.45% and 9.68%, respectively. The formation of carboxylic acid at a wave
number of 1694 cm−1 was varied due to the addition of NC particles and ageing. The
improvement in oxidation ageing resistance for 2 NCMB and 4 NCMB might be related to
a unique property of NC, namely heat absorption. NC particles absorb heat and therefore
reduce the effect of temperature on the bitumen structure during ageing and protect it
from oxidation. This fact has been observed in previous studies where NC has been
investigated [28,29,36].

3.2.2. Aliphatic Hydrocarbons

Aliphatic hydrocarbons arise within C–H stretching bands and can occur in the range
of 3055–2730 cm−1. Methylene symmetric C–H stretching occurred at 2920 and 2851 cm−1.
These bands are considered part of the saturates fraction, where both bands are assigned
to the alkyl functional group [6,37]. Figure 5a shows the FTIR spectrum results of bands.
The absorbance peaks at wave numbers 2920 and 2851 cm−1 were recorded for all samples
before and after ageing and are illustrated in Figure 5b. Before ageing, the recorded
absorbance at both wave numbers was almost the same for all binders. No changes
were recorded due to adding NC particles or mixing factors (temperature and duration).
However, ageing influences the absorbance at both wave numbers; a slight reduction was
detected after STA and LTA, as shown in Figure 5b.

After STA, the absorbance at 2920 cm−1 for 0 NCMB, 2 NCMB and 4 NCMB was 0.225,
0.227 and 0.226, respectively, as presented in Figure 5b. The absorbance at 2851 cm−1 for
0 NCMB, 2 NCMB and 4 NCMB was 0.149, 0.156 and 0.153, respectively. It is clear that
the STA procedure has little effect on these bands. After LTA, the reduction in absorbance
peak value for both wave numbers continued, and variation in their absorbance was
detected clearly between the modified binders. The 0 NCMB was more sensitive, where
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the highest reduction was recorded compared to 2 NCMB and 4 NCMB. The absorbance
at 2920 cm−1 for 0 NCMB, 2 NCMB and 4 NCMB was 0.194, 0.199 and 0.208, respectively,
and the absorbance at 2851 cm−1 for 0 NCMB, 2 NCMB and 4 NCMB was 0.130, 0.134 and
0.138, respectively.

The reduction in absorbance reflects the reduction in the concentration (density of a
material) of the C-H band, which may lead to reduction of its mass. However, no changes
were detected on its wave numbers, which mean that both bands are inert bands. The
variation in absorbance reduction may be used to rank the sensitivity of the bitumen;
0 NCMB was more sensitive compared to 2 NCMB and 4 NCMB, which highlights the
benefit of the addition of NC. As per previous studies, the same conclusion was stated,
as the bands at 2920 and 2851 cm−1 decreased slightly after the ageing procedure. The
reduction was in mass, but no changes were detected after ageing due to chemical inertness,
as was stated previously [31,32,37].
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Figure 5. (a) FTIR spectrum results of bands at wave numbers 2920 and 2851 cm−1; (b) absorbance value for carboxylic acid
at wave numbers 2920 and 2851 cm−1.

3.2.3. Aromatic Compounds

Aromatic compounds can be observed in five regions: 3100–3000 cm−1, 2000–1700 cm−1,
1650–1430 cm−1, 1275–1000 cm−1 and 900–690 cm−1 [30]. However, the last region is under
evaluation; FTIR spectrum results of bands are presented in Figure 6a. Many vibrations
may vary by hundreds of wave numbers, as per the bands in the region 900–700 cm−1; the
variation in these bands showed differences in the absorbance for all modified bitumen
after ageing, as can be seen in Figure 6b. These bands are called out-of-plane bending. The
bands of the out-of-plane bending vibrations for compounds responsible for aromatics
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were strong and could be observed easily. For 0 NCMB, the variation in the bands before
and after STA and LTA was very clear. Reduction in the absorbance value for the bands
after ageing was observed. The absorbance of C-H out-of-plane stretching was reduced due
to the effect of ageing, and the reduction was increased when ageing was more severe (LTA
compared to unaged). The variations in the bands for 2 NCMB before and after ageing
were different compared to 0 NCMB. The bands were more closed, and the effect of ageing
was less as compared to 0 NCMB. In addition, the variations in the bands for 4 NCMB
before and after ageing were more closed and similar. The results for unaged and STA were
almost same. The results for LTA showed a slightly smaller reduction in the absorbance.
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Figure 6. (a) FTIR spectrum results of bands at wave numbers 860,809 and 724 cm−1; (b) absorbance values for carboxylic
acid at wave numbers 860,809 and 724 cm−1.
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It can be concluded that the band of C–H out-of-plane stretching, which reflects the
existence of aromatics, was affected by ageing for all the samples. The reduction in this band
was expected, as the ageing effect reduces the aromatic in the bitumen binder [1,6,14,31,38].
It was stated and accepted by researchers that the aromatics generate resins, which in turn
generate asphaltenes [1,7,11,39]. The most sensitive to ageing was 0 NCMB, followed by
2 NCMB. The 4 NCMB showed less sensitivity, confirming that hard bitumen shows less
sensitivity to ageing [1].

3.2.4. Sulfur Compounds

The SO2 and SO groups of sulfur compounds for any organic material produce strong
infrared bands in the range of 1400–1000 cm−1 [30]. In most of the studies regarding
bitumen ageing, the sulfoxide band at wave number 1027 cm−1 was given special attention.
It is well known that sulfur is an element that can be found in bitumen in the range of
0–6% [1]. Most of the studies confirmed that, during ageing, sulfoxides are formed due to
an oxidation reaction within the molecules and lead to an increase in polarity [1,4,31,32,40].
After ageing, they are found in the resins or asphaltenes [31].

Based on the results presented in Figure 7a, sulfoxides are originally found in all
modified bitumen. The S=O stretching shows stretching bands at 1060–1015 cm−1, but its
absorbance peak may differ from the modified bitumen due to the addition of NC particles
and ageing.

As can be seen in Figure 7b, the recorded absorbance at wave number 1027 cm−1 is
similar for all modified binders before ageing. No changes are recorded due to adding
NC particles. The absorbance values at wave number 1027 cm−1 are 0.009, 0.008 and
0.009 for 0 NCMB, 2 NCMB and 4 NCMB, respectively. The same observation has been
noted after applying STA, where there are no clear changes for the absorbance of the
binders. LTA showed a different trend. An increase was recorded for the sulfoxide band
for all the binders. This increase in the peak of the band is an indicator of an increase in the
concentration of the sulfoxide. However, as in previous ageing stages, no large changes
were recorded for the absorbance values between the binders. For all the binders tested,
there was a small difference between unaged and STA with regard to the formation of the
sulfoxide band, while LTA had a clear effect.

3.2.5. Quantification of Ageing Index

Infrared spectroscopy was used to study the most interesting groups containing C–H,
C=O and S=O, where determining the area of the peaks is very important for investigating
the ageing effect. The area of the carbonyl (C=O) absorption was calculated in the range
of 1752–1653 cm−1, to cover the region that contained carboxylic acids, ketones and anhy-
drides. Petersen [8] stated that the reason behind considering the total carbonyl area is that
the infrared spectra in the carbonyl region becomes more complicated for aged binders
due to the intense ketone band appearance. Determining the anhydrides is also difficult
because their absorption bands are overlapped by the strong ketone. Carboxylic acids are
naturally present in bitumen and form extremely strong hydrogen bonds.

Sulfoxide is important with regard to the determination of changes within functional
groups due to ageing. The intense peak at 1027 cm−1, assigned to the stretching vibration
of sulfoxide (S=O), was also investigated. This is considered the functional group that is
most formed in bitumen after the oxidation of sulfide moieties. The area of this band is
determined to be in the range of 1065–1007 cm−1 and is used for ageing investigation, as in
the previous group.

The changes in chemical bonding for the binders due to ageing can be determined by
calculating the ratio changes of the chemical bonding. The ratio changes in the carbonyl
band (Ic=o) and the sulfoxide band (Is=o) for all the binders, before and after STA and LTA,
are calculated using Equations (4) and (5) and are shown in Figures 8 and 9.

IC=O =
Area of the carbonyl band centered around 1694 cm−1

ΣArea of the spectral bands between 2000 and 600 cm−1 (4)
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IS=O =
Area of the sulfoxide band centered around 1027 cm−1

ΣArea of the spectral bands between 2000 and 600 cm−1 (5)
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Based on previous studies [4,8,9,31,32,41,42], the formation and increase in the car-
bonyl index is observed after both STA and LTA for all binders. Formation of the carbonyl
band centered around 1694 cm −1 is calculated, and as can be seen in Figure 8, the oxidation
due to STA and LTA leads to an increase in the functional carbonyl group. As stated previ-
ously, carboxylic acids and ketones are the main oxidation products for the carbonyl group,
and they are responsible for the increase of asphaltenes that leads to bitumen hardness [4].
However, the values of the ratio of the carbonyl band showed that the formation of this
band for the unaged binders was higher for 0 NCMB compared to 2 NCMB and 4 NCMB,
while after STA, the ratio decreased after the addition of the NC particles. An unexpected
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result was noted after LTA, where the ratio of the carbonyl band showed a slight increase
for 2 NCMB compared to 0 NCMB (4%), while 4 NCMB revealed the best result. Generally,
it can be concluded that NC particles enhance resistance to ageing; this result is consistent
with previous studies [18–20,28,40].

The ratio of the sulfoxide band was also calculated before and after ageing. Variation
in the values of the ratio for unaged and STA did not give any clear information about
whether NC particles improved resistance to ageing. The values showed that, when unaged,
reduction in the ratio was noted for 2 NCMB and 4 NCMB compared with 0 NCMB, while
after STA, the values were almost the same for all binders. The improvement in ageing
resistance was only clear at the last stage of ageing, as can be seen in Figure 9, where
4 NCMB showed the least sensitivity to ageing, followed by 2 NC. Regarding the variation
of the results for the ratio of the sulfoxide band for unaged and STA, the sulfoxide is
thermally unstable [6], which is why the sulfoxide index was not considered as an ageing
index in a previous study [43]. After LTA, a steady-state level may be attained, and at this
level of ageing, the ratio of the sulfoxide band may be used to rank the sensitivity of the
binders to ageing, where 4 NCMB shows less ageing sensitivity. Although the sulfoxide
was thermally unstable, it showed an improvement in ageing resistance after LTA. This
finding is in good agreement with a previous study done by Wang et al. [44].

3.3. Indirect Tensile Strength (ITS) Test

The ITS test was conducted on modified asphalt mixtures at unaged, STA and LTA
conditions. Figure 10 shows the strength of asphalt mixtures at failure increasing with
ageing. This result was expected, based on previous studies about the effect of ageing on
asphalt mixture performance [20,24,25]. The ITS for all aged samples increased. The ITS
for unaged 2 NCMB and 4 NCMB showed an improvement compared with 0 NCMB. ITS
increased 13% and 8% for 2 NCMB and 4 NCMB, respectively. The increase in viscosity of
modified bitumen, due to adding NC particles, was reflected in an increase in the strength
of the mixtures. However, the same trend was observed in mixtures after STA.
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Figure 8. The ratio of the carbonyl band.
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Figure 10. Indirect tensile strength (ITS) results.

After the application of STA on the mixtures based on their own mixing and com-
paction temperature, the ITS test was conducted at 20 ◦C. The results showed an improve-
ment for all mixtures, as can be observed in Figure 9. This is a good result, which highlights
the importance of STA in the paving stage.

The ITS result showed a considerable increase for both 2 NCMB and 4 NCMB, com-
pared with 0 NCMB. The increase was recorded as 7% and 13% for 2 NCMB and 4 NCMB,
respectively. During production and compaction in the field, which is simulated by STA in
the lab, the loss of volatile components and oxidation of the bitumen occurred. Oxidation
and volatile loss (which first results from evaporation of volatile components, and then
by penetration of the oil component of the bitumen into aggregate particles) leads to an
increase in mixture hardness. Increasing the mixture hardness, specifically in STA, plays a
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significant role in improving the load-bearing capacity and resistance to permanent defor-
mation (rutting) of the asphalt mixture in its early service life; a stiffer mixture is produced,
leading to a reduction in the mixture flexibility [1,10,45]. NC particles improve the strength
of the mixture for STA, and it is believed to play an important role in LTA. The result ob-
tained is in good agreement with previous studies, where nano-clay increased the viscosity
of the modified binder and subsequently improved the strength of the mixtures [36].

The ITS was reduced for 0 NCMB after LTA, while the increase in ITS for 2 NCMB
and 4 NCMB extended into LTA. The ITS was reduced from 1.41 MPa for STA to 1.36 MPa
for LTA for 0 NCMB. The progressive oxidation during LTA leads to an increase in binder
viscosity, which results in a strength reduction of the 0 NCMB mixture. The increase in
viscosity is related to the increase in asphaltene content; the flexibility is reduced, making
the bitumen more brittle and hence more easily broken. The ITS increased from 1.51 MPa
for STA to 1.61 MPa for LTA for 2 NCMB, while the ITS for 4 NCMB increased from
1.59 MPa for STA to 1.68 MPa for LTA. This indicates improvement of the mixture strength
after ageing as a result of the addition of NC particles. The ITS values of the 2 NCMB
and 4 NCMB mixtures indicate improvement of the cohesion of the aged bitumen in the
mixture, which could reflect improved resistance against cracking. The improvement in
ageing resistance for the mixtures using halloysite nanotube modified bitumen is in good
agreement with previous studies done by López-Montero et al. [20] and Wang et al. [44].

4. Conclusions

Nano-clay, also known as Halloysite nanotubes, which is a type of alumino-silicate
clay, was added to bitumen at 0%, 2% and 4% by weight of bitumen for this study. The
modified bitumen was aged, using STA and LTA, and then tested using consistency tests
(to monitor the change in physical properties) and the FTIR method (to detect any chemical
changes). Mixtures were also investigated using the ITS test, and any improvement in the
modified bitumen after ageing was determined.

The conclusion is that the physical and chemical properties of all the modified binders
and the strength of their mixtures were affected by ageing. Ageing was dependent on NC
percentage. However, the modified binders, including NC particles, showed a reduction
in ageing sensitivity due to the absorption of heat from the NC. The conclusions may be
summarized as follows:

• Reduction in fluidity caused by mixing was observed in 0 NCMB. However, the
penetration grade was still in the range of 60–70, which means only a slight impact
from mixing.

• The addition of nano-clay particles caused an increase in the viscosity of the unaged
2 NCMB and 4 NCMB, which means an increase in stiffness and a reduction in
temperature susceptibility.

• All modified nano-clay bitumens were affected by ageing. However, the results of the
consistency tests and their ageing index showed that 2 NCMB and 4 NCMB had better
resistance against ageing than 0 NCMB. The increase in PI for 2 NCMB and 4 NCMB
indicates an improvement in temperature susceptibility.

• The FTIR test demonstrated that there are no newly created bands after adding nano-
clay particles for unaged 0 NCMB, 2 NCMB and 4 NCMB. This suggests that there is
no chemical activity between nano-clay and bitumen.

• The FTIR results showed that the absorbance peak was affected by ageing for all
selected functional groups in this study. The selected groups were oxygen-containing
compounds, aliphatic hydrocarbons, aromatic compounds, and sulfur compounds.
Based on the absorbance peak, 2 NCMB and 4 NCMB were less sensitive to ageing.

• Quantification of the changes in chemical bonding for the carbonyl band and the
sulfoxide band were calculated. The increase in the ratio of these bands indicates an
increase in asphaltene content. Based on the results, 4 NCMB was the best modified
binder, showing less ageing sensitivity.
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• The results of the ITS test were in line with previous results; STA and LTA resulted in in-
creased ITS due to increased stiffness. The increase in the ITS of 2 NCMB and 4 NCMB
indicates improved cohesion of the aged bitumen in the mixture, which could reflect
improved resistance against cracking, leading to increased pavement durability.
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