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ABSTRACT

The effect of nanosilica (NS) on aging resistance as well as stiffness of asphalt
binder was investigated. X-ray diffraction (XRD) was used to evaluate
nanosilica dispersion in asphalt binder. Nanosilica modified binder (NSMB)
samples were aged using the rolling thin film oven (RTFO) and pressure aging
vessel (PAV) to simulate short-term and long-term aging processes of asphalt
binder before testing. The fourier transform infrared spectroscopy (FTIR) and
dynamic shear rheometer (DSR) were carried out to obtain the chemical and
rheological properties of NSMB. From the XRD test, it was found that the
addition of NS changed the phase of the base asphalt binder from amorphous
to semi-crystalline. FTIR spectroscopy showed that the addition of NS into the
asphalt binder can delay and weaken the oxidation reaction binder which
could improve the aging resistance. From DSR test, it was found that the
addition of NS significantly increased the G*/sin ¢ value and decreased the
strain value of asphalt binder. This showed that the addition of nanosilica in
asphalt binder results in higher elasticity and is beneficial in increasing the
rutting resistance compared to the base asphalt binder.
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Introduction

Asphalt or bitumen is a complex hydrocarbon and it can be naturally occurring
or residue from the distillation process of crude petroleum. Asphalt binders are
composed of organic molecules, it will react with oxygen from the surrounding
and change the composition and structure of the asphalt molecules. The term
‘age hardening’ and ‘oxidative hardening’ usually refers to the reaction of
asphalt and oxygen. The aging of asphalt binder will lead to premature
deterioration of the asphalt pavement. At high temperatures, oxidation occurs
more quickly compared to low temperature [1]. In the laboratory, the aging of
asphalt binder can be accelerated by using rolling thin film oven (RTFO) and
pressure aging vessel (PAV). RTFO was used to simulate aging of asphalt
binder during storage, mixing, transport and laying down, while PAV was used
to simulate the aging during in service life.

The use of nanotechnology in asphalt binder modification promise
better results in improving aging resistance. Various materials have been used
to modify asphalt binder such as carbon nanotube (CNT) and nanoclay (NC).
Santagata et al. [2] found that the addition of CNT reduced the susceptibility
of asphalt binder to oxidative aging. Besides that, Onochie reported aging
resistance also improved with addition of nanoclay [3].

NS is an inorganic material which has a maximum dimension about
30nm. NS possesses good properties such as large surface area, good dispersal
ability, strong adsorption, high chemical clarity and excellent stability [4].
Therefore, in this study, NS was used as a modifier to modify base asphalt
binder in order to improve aging resistance and stiffness of asphalt binder.

Material and Properties

Sample Preparation

Asphalt binder was blended with 1% to 5% NS (1% increment) by weight of
the virgin asphalt binder. The modification of asphalt binder was conducted by
a mechanical mixer. Asphalt binder was heated up to 160°C until it achieves
the processing viscosity. A cylindrical container was filled with about 4009 of
the base asphalt binder and was placed on a hot plate. The temperature of hot
plate was set to 160°C to maintain the viscosity of asphalt binder during
mixing. NS was gradually added into the asphalt binder while stirring with
mechanical steel stirrer. The speed of stirrer was set to 2000 rpm. The mixing
process continued for one hour in order to achieve uniform dispersion of NS.
The NSMB was placed in the oven to remove the bubbles, before preparing
the test sample. To facilitate in referring each sample containing different NS
content, they were named by the following abbreviations: NSMB 0%, NSMB
1%, NSMB 2%, NSMB 3%, NSMB 4% and NSMB 5%.
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Aging procedure

All asphalt binders were aged by rolling thin film oven (RTFO) and pressure
aging vessel (PAV). RTFO was used to simulate short term aging and
measured the effect of heat and air on a moving film of semi-solid asphaltic
binder. A temperature of 163°C for a duration of 85 minute were used to
produce aging effects comparable to the average asphalt plant condition. PAV
was used to simulate long term aging equivalent to 5-10 years of in-service
pavement [5].

X-ray diffraction (XRD)

The XRD was used to provide a quantitative analysis of the interlayer gallery
spacing and it provided a way to determine the extent of dispersion of the NS
in the binder. XRD was performed individually on the base asphalt binder and
NSMB. The NSMB was heated and poured into the XRD mould and the
sample surface must be ensured that it was flat. XRD (model ULTIMA 1V)
was used in this study.

Fourier transform infrared spectroscopy (FTIR)

Chemical characterisations of base and NSMB before and after aging were
performed using PerkinElmer Spectrum 400 FT-IR, FT-NIR. All spectra were
obtained by 32 scans with 5% iris and 4 cm-1 resolutions in wave numbers
ranging from 4000 to 500 cm-1. The ratio changes of chemical bonding were
calculated using Equation 1 and Equation 2 by neglecting the sample thickness

[6].

ls=0 = Area of the sulfoxide band centered around 1030 cm—1 (1)
- Y Area of the spectral bands between 200 cm—1 and 600 cm—1
Area of the carbonyl band centered around 1690 cm—1
Ic=0= (2)

Y Area of the spectral bands between 200 cm—1 and 600 cm—1

Dynamic shear rheometer (DSR)

A stress controlled HAAKE dynamic shear rheometer (DSR) was used in this
study to evaluate the rheological properties of NSMB. For this study Dynamic
Shear Rheometer (DSR) test were conducted to determine permanent
deformation of rutting in terms of complex shear modulus (G*) and phase
angle (). For permanent deformation or rutting, the test was conducted using
unaged and RTFO samples and performed at six different temperatures at
48°C, 52°C, 58°C, 64°C, 70°C, and 76°C. To predict the rutting resistance of
asphalt binder, G*/sin & was used. The repeated shear creep test was conducted
under two stress level (100 Pa and 3200 Pa) for 10 cycles with 1s loading time
and 9s recovery time at 64°C
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Results and Discussions

Xray diffraction (XRD)

The structural characteristics of NSMB were determined by XRD as shown in
Figure 1. It can be observed that the base asphalt binder was completely
amorphous (non-crystalline) where there is no any clearly defined peaks. The
modification of the base asphalt binder with NS changed the phase of the base
asphalt binder from amorphous to semi-crystalline where the peak clearly can
be seen around the angle 21° to 22°. This peak value was slightly similar with
previous research where the peak was around 23° [7,8]. XRD also provided
the measurement of d-spacing of NS and NS dispersed in the base asphalt
binder as shown in Figure 2. The d-spacing of base asphalt binder found to be
0 while for NSMB 1%, NSMB 2%, NSMB 3%, NSMB 4% and NSMB 5%
were found to be 4.65, 4.71, 4.79, 4.74 and 4.67, respectively.
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Figure 1: XRD pattern of NSMB
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Fourier transform infrared spectroscopy (FTIR)

FTIR was used to determine the chemical bonding changes of base and NSMB
after RTFO and PAV ageing. Figure 3 (a) to (f) shows the absorbance bands
of NSMB samples from 500 cm-1 to 4000 cm-1 of wavenumber collected from
FTIR testing. From the figure it can be observed that the trends of base and
NSMB are similar for all cases of unaged, RTFO-aged and PAV-aged. Figure
3 (a) to (f) show that the majority of the absorbance bands are between 1375-
1530 cm-1 and 2850-3000 cm-1 where these bands attribute to aromatic
hydrocarbon and saturated hydrocarbon respectively. These bands are not very
usefull to characterize aging present in the NSMB. Since this testing is aimed
to analyse the effect of aging on the NSMB, then only the peak areas around
spectral bands at 1030 cm-1 and 1700 cm-1 were analysed. These two peaks
attribute to sulfoxide (5=0) and carbonyl (C=0).

Figure 4 shows the structural index of NSMB before and after RTFO-
aged and PAV-aged. Generally, the carbonyl and sulphoxide index were
higher in most NSMB cases (unaged, RTFO and PAV) compared with the base
asphalt binder. This phenomenon indicates that the addition of NS increased
the carbonyl and sulphoxide index of asphalt binder, these results is similar to
the study by You et al. [9]. In addition, during the modification process, the
binder undergoes aging process, causing the value of carbonyl and sulphoxide
index of NSMB to be higher than that of base asphalt binder. For all binder
except NSMB 3%, the sulphoxide index increased after aging by RTFO,
indicating that the functional sulphoxide increased during short term aging,
however after aging by PAV the value of sulphoxide indexes were
inconsistent. Thus, the use of sulphoxide index as an aging index may be
inconclusive.

From Figure 4, the carbonyl index of NSMB mostly increased after
RTFO and PAV aging. Previous researchers had shown that the higher
oxidation rate leads to more carbonyl [10]. Yao et al. found that, the carbonyl
index will increase after RTFO and PAV aging. The result form these studies
coincided with this study where most of carbonyl index for NSMB increased
after RTFO-aged and PAV-aged. The increase of carbonyl index was more
pronounced after aging by PAV compared to aging by RTFO. After
consideration of carbonyl index, the oxidative index of NSMB was calculated.
This is discussed in the next section in this paper.

To evaluate the effect of NS on the resistance of NSMB to oxidative
aging for FTIR, the oxidative index was calculated using Equation 3. The main
parameters used in this calculation are carbonyl index for unaged sample and
PAV aged sample.

Oxidation index =

carbonyl index after PAV aged (3)
carbonyl index unaged
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Figure 3: FTIR spectra of NSMB
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Figure 5 shows the oxidative index of NSMB. It can be seen that the
oxidative index values of NSMB were lower than that of base asphalt binder.
It was found that the oxidative values of NSMB-0%, NSMB-1%, NSMB-2%,
NSMB-3%, NSMB-4% and NSMB-5%, were 27.3, 2.3, 4.1, 1.1, 0.8, and 3.5,
respectively. NSMB-4% shows that the lowest oxidation among all NSMB.
These values indicated that NSMB are more resistance to oxidative aging.
Thus, it can be concluded that by addition of NS into asphalt binder, it can
delay the oxidation process of asphalt binder.

Oxidation index
=
w

NSMB 0% NSMB 1% NSMB 2% NSMB 3% NSMB 4% NSMB 5%

Percentage of nanosilica

Figure 5: Oxidation index of NSMB

Dynamic shear rheometer (DSR)

Temperature sweep

Figure 6(a) shows the value of complex modulus is decreasing as the
temperature increased. The difference of complex modulus between base
asphalt binder and NSMB is higher at intermediate temperature but become
lower at higher temperature after 64°C. Besides that, the complex modulus of
NSMB is higher than the base asphalt binder. The higher value of complex
modulus indicates that the binder has high potential to resist rutting. Therefore,
NSMB has better performance as compared to the base asphalt binder. Lower
and higher value of phase angle represents elastic and viscous property of
asphalt binder respectively [11]. The typical asphalt binder has a phase angle
between 0 and 90°C at a high performance temperature.

Figure 6(b) shows the phase angle lies between 60°C to 90°C. The
phase angle of asphalt binder increased as the test temperature increases.
Moreover, it is noted that the NSMB has a lower phase angle than base asphalt
binder and exhibit more elastic and greater rutting resistance. By comparing
unaged and RTFO aged samples, the complex modulus increased significantly
while, the phase angle decreases slightly and this indicates that the stiffness of
the binder increased after aging by RTFO. Both results of complex modulus
and phase angle of unaged and RTFO aged, the NSMB 2% sample shows the
most pronounced increase in complex modulus and decrease in phase angle,
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thus leading to the most strongly improved temperature susceptibility among
all NSMB samples.

For further evaluation of rutting resistance of the asphalt binder at high
temperature, the ratio G*/sind is commonly used. The G*/sind is defined as
the stiffness indicator for evaluating the rutting resistance of asphalt binder (al-
mansob 2014)[12]. The Superpave technique requires G*/sind = 1 kPa for
unaged sample and G*/sind = 2.2 kPa for the RTFO sample as the minimum
rutting parameter [13]. Figure 7(a) shows the G*/sind values of NSMB reduced
as the temperature increased from 46°C to 76°C. Figure 7(a), all the NSMB
passed the minimum value of G*/sind (1.0 kPa) for all testing temperature,
while the value of G*/sind for based asphalt binder achieved 1 kPa after the
test temperature reached 72.2°C. Similar trends for NSMB after RTFO aging
can be observed in Figure 7(b). Again, all the NSMB passed the minimum
value of G*/sind (2.2 kPa) for all testing temperature for RTFO sample. The
value of G*/sind for base asphalt binder achieved 2.2 kPa after 69.6°C.
Comparing the values of G*/sind between for both unaged and RTFO aged
samples, NSMB 2% has the highest value compared to other sample for all
testing temperature.
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Figure 6: Isochronal plot of the complex modulus and phase angle at 10 Hz
(a) unaged sample (b) RTFO sample.
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Figure 7: Rutting parameter (G*/sind) vs temperature of NSMB (a) unaged
sample and (b) RTFO sample

Shear creep

Figure 8(a) shows the typical strain outputs from MSCR testing of NSMB for
unaged and RTFO aged at 64°C for the whole cycles. The first 100 s represents
low stress level and next 100 s represent a high stress level as shown in Figure
8. The MSCR test result included two phases which are creep phase and
recovery phase to complete one cycle. At one-second creep phase, the strain
was increasing under loading. At nine-second recovery phase, the strain
recovered when the loading was removed. In the recovery phase, the strain
recovered immediately at the beginning but the recovery rates decreased with
time. Also, the strain and recovery rate was very high at the beginning of the
cycle, but the rate decreased with time [14].

Figure 8(b) shows the accumulated strain at low stress level is lower
than accumulated strain at high stress level. This indicates that, with the
increasing stress level, the accumulated strain also increased. With the addition
of NS into base asphalt binder, the accumulated strain was significantly
reduced. This indicates that NS improved the stiffness of the asphalt binder at
high service temperature. Besides that, it can be observed that the accumulated
strain increased when the temperature increased. The percentage of increase
can be seen clearly, especially for NSMB-0%. Additionally, the rapid increase
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in strain of NSMB-0% could indicate that it has higher temperature
susceptibility compared to other NSMB. By comparing the effect of NS
percentage, it could be seen that NSMB-2% has the lowest accumulated strain
than other percentages of NSMB for both unaged and RTFO aged condition.
In addition, the accumulated strain of RTFO aged sample was observed to be
lower than unaged sample.
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Figure 8: MSCR result at temperature of 64°C, (a) unaged sample (b) RTFO
sample

Conclusion

From the XRD test result, the modification of the base asphalt binder with NS
changed the phase of the base asphalt binder from amorphous to semi-
crystalline. It also indicates that NS dispersed well in the asphalt binder.

It was also found that the NSMB can delay and weaken the oxidation
reaction binder which could improve the aging process based on the FTIR
spectroscopy results. In other words, the oxidation reaction of modified
binders can be weakened when exposed to the weathering process especially
from the effects of heat and daylight.
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The addition of NS significantly increased the G*/sind value and

decreased the strain of asphalt binder which exhibits higher elasticity and
beneficial in increasing the rutting resistance compared to the base asphalt.
Therefore, the use of NS as a modifier in asphalt binder modification improved
aging resistance and stiffness of asphalt binder.
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