ISSN 1392-1320 MATERIALS SCIENCE (MEDZIAGOTYRA). Vol. 28, No. 4. 2022

Rheological Properties of Hot and Warm Asphalt Binder Modified with Nanosilica
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The impact of base and zycotherm binders modified with various proportions of nanosilica (i.e., 2 %, 4 %, and 6 %) based
on the weight of the binder at high-temperature performance was investigated. Brookfield viscosity, penetration, softening
point, and storage stability tests were all conducted on base and modified binders. Moreover, the Superpave rutting
parameter (G*/sin d) and Multiple stress creep recovery (MSCR) were utilized to assess the resistance of binders to rutting.
By observing the outcomes of the modified binder tests, the incorporation of nanosilica into the base and zycotherm binders
improved temperature susceptibility. Binders modified with nanosilica showed remarkable storage stability at elevated
temperatures, as the variation in softening point between the upper and bottom parts was less than 2.5 °C for all binders.
Based on the outcomes of the Superpave rutting parameter, the inclusion of nanosilica enhanced the stiffness of the
modified binders up to 130 % for 6 % of nanosilica, while the improvement was caused by 6 % of nanosilica with
zycotherm was nearly 92 % at 70 °C. The MSCR test revealed that the base and zycotherm binders' recovery (R%) was
27.72 % and 25.99 % for 6 % of nanosilica and 6 % nanosilica with zycotherm, respectively, while the nonrecoverable
creep compliance (Jnr) decreased by 56.87 % for 6 % of nanosilica, and 43.23 % for 6 % nanosilica with zycotherm at
100 MPa. The results show that the incorporation of nanosilica is capable of improving the rutting potential regardless of
the levels of stress. The rheological characteristics of modified base and zycotherm binders were improved at all

concentrations of nanosilica, with the optimal concentration being 6% nanosilica.
Keywords: MSCR, nanosilica, rheological behavior, superpave rutting parameter, zycotherm.

1. INTRODUCTION

For road construction, various grades of asphalt are
usable based on their penetration of 30/40, 60/70, and
80/100. The continual increase in high traffic volume with
regard to commercial vehicles, as well as significant daily
and weather temperature variations, has resulted in the
development of road properties [1]. Asphalt pavement must
have the ability to withstand various loads during its service
life to ensure optimal effectiveness for flexible pavements.
Rutting a significant source of distress in bitumen mixtures,
rendering it one of the most important design factors for
flexible pavements [2]. In the most essential design
circumstances of flexible pavements, rutting is recognized
and exploited as the initial failure mechanism. However,
rutting is considerably aided by the total persistent
deformation caused by the accumulation of strain in various
layers of the asphalt pavement. One of the most important
qualities that determine how long asphalt pavements last is
their resistance to rutting [3]. Rutting accelerates pavement
deterioration, raises the cost of maintenance and
replacement costs, decreases user comfort and safety,
reduces pavement serviceability, and increases overall road
infrastructure costs [4]. Traditional tests like softening
point, ductility, and penetration, as well as rheological
techniques like Dynamic Shear Rheometer (DSR),
Rotational Viscosity (RV), and Bending Beam Rheometer
(BBR) have been extensively utilized to assess the physical
and rheological characteristics of bitumen binder [5].
Traditional linear viscoelastic assessment using DSR by
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assessing the Superpave rutting parameter and
contemporary tests, including MSCR, which is generally
conducted in DSR, are examples of asphalt binder tests that
may be connected to rutting resistance [6].

Recently, the need for excellent asphalt binder
performance has led to the increased application of
modifiers like synthetic waxes, polymers, and nanoparticles
[7]. Other than conventional modifiers, several
nanomaterials such as nano-alumina, nano-tubes, and nano-
clays have been investigated for use as asphalt binder
modifiers [8—10]. The inclusion of nanomaterial enhances
the physical and/or chemical characteristics of bitumen,
resulting in nano-modified bitumen with improved
performance [9]. Nano-materials such as nanosilica have
been shown to enhance the binder characteristics in recent
studies [11]. Inorganic additives such as nanosilica have
been widely utilized to improve the characteristics of
bitumen binders [12]. Because of its large surface area as
well as stability, nanosilica has been considered a promising
material for developing and synthesizing new
multifunctional materials [13]. The application of nanosilica
allows the asphalt binder to stiffen and enhances the
susceptibility of high temperatures, as shown in the
decreased penetration and increased softening point.
Moreover, it can be observed that the performance grade of
the asphalt binder is also improved after the addition of
nanosilica [14]. According to existing research on
nanosilica, the addition improves temperature stability as
well as moisture susceptibility resistance [15], and also
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leads to improvements in complex shear modulus (G*) [16].
The use of nanosilica with 2 %, 4 %, and 6 % by the weight
of asphalt was examined. A rolling thin film oven (RTFO)
was used to age the bitumen binder for a short period. As a
consequence, it was revealed that applying nanosilica to
asphalt improves its complex modulus and viscosity, G* and
n*, respectively [17]. The addition of nanosilica into the
bitumen binder at percentages of 4% and 6% by weight
resulted in improved rutting resistance, fatigue cracking,
and aging performance of nanosilica modified binders [18].
Lushinga et al. showed that the inclusion of nanosilica to
PMB increased viscosity, enhanced storage stability,
increased complex shear modulus, and decreased binder
rutting [19]. Many previous studies have found that the
incorporation of nanosilica into the neat binder enhances its
rut resistance [20-22].

The use of the Superpave rutting parameter G*/sin ¢ has
been the focus of the majority of studies conducted to assess
rutting resistance [12, 23, 24]. While G*/sin ¢ is commonly
utilized to evaluate the rutting ability of asphalt binders, the
rutting resistance of asphalt mixes is not well correlated with
G*/sin ¢ [25]. As a result, sophisticated characterization
techniques like the Multiple Stress Creep Recovery (MSCR)
test are used [26 —28]. To further assess the performance of
bitumen binders at elevated temperatures, the MSCR test
and the non-recoverable creep compliance (Jn) were
suggested. Jor can correctly assess the asphalt binder's
rutting resistance as a substitute to the rutting parameter.
Shafabakhsh et al. showed that at various levels of stress,
increasing the nanosilica dose boosts percent recovery
(R %) and reduces Jnr. In addition, it was revealed that the
addition of 3% of nanosilica had no effect on rutting
resistance; however, the addition of 7% of nanosilica greatly
improved the control asphalt binder's elevated temperature
performance [20]. Ghanoon and Tanzadeh conducted
research on modified asphalt binder utilizing 2 %, 4 %, and
6 % of nanosilica to evaluate how this modifier affects
rutting performance while employing MSCR. The results
demonstrated that in comparison to the base sample, the
nanosilica modifier raised the percent of creep recovery
(R %), lowered the Jur value, and reduced the cumulative
strain [21]. Bhat and Mir demonstrated that nanosilica
modified binders displayed increased rutting resistance in
comparison to unmodified binders. In their research, the
rutting resistance was analyzed by utilizing various methods
such as MSCR, G*/sin g, and creep assessments. All the
methods revealed that the application of nanosilica
improved the rutting resistance of the neat binder [22].
Sukhija et al. investigated the rutting resistance of neat
asphalt binder after adding 2% and 4% nanosilica.
According to their findings, the inclusion of nanosilica
raised the performance grade (PG), reduced Jy, increased
R%, and reduced stress susceptibility [29].

In addition to using nanosilica, using nanozycotherm as
a warm mix binder additive is a potential option. The asphalt
concrete industry has been criticized for its excessive use of
natural resources and energy, as well as its high emissions,
particularly CO.. As a result, emerging countries should
adopt materials that are environmentally friendly [30]. The
emission of toxic components into the environment as a
result of heavy traffic has an impact on the atmosphere's
climatic potential [31]. Therefore, warm mix asphalt
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(WMA) has been explored and investigated in several
nations because of its lower energy consumption and lower
hazardous chemical impacts [32]. Warm mix asphalt
technologies are applied to decrease the asphalt production
temperature to 120135 °C and compaction temperature to
105-120°C [33]. Fuel usage and the emissions of
greenhouse gases are the two primary advantages of such a
reduction. Longer transport distances, as well as an
extended construction period and improved workability of
asphalt mixtures are all benefits of WMA technology [34].

In recent years, extensive research has been performed
on WMA technologies relating to the use of various kinds
of additives. For instance, the impacts of zycosoil were
studied by Arabani et al. for both dry and wet circumstances;
the use of zycosoil increased the surface energy of
adherence between both the bitumen binder and aggregate,
according to their research [35]. To test WMA, Goh et al.
utilized cecabase at 0.20, 0.30, and 0.35 percent by weight
of bitumen binder. According to the findings of the tests, the
addition of cecabase did not influence the dynamic modulus
or moisture damage susceptibility of the mixture [36].
Moreover, Yang et al. evaluated the mechanical and
environmental characteristics of crumb rubber modified
with evotherm. According to the findings, the crumb rubber
modified with evotherm performed much better and was
more environmentally-friendly than hot mix asphalt (HMA)
[37]. Shafabakhsh et al. utilized zycotherm to enhance the
aggregate and asphalt binder adhesive bonding. Their
findings showed that zycotherm decreased the asphalt
mixture's sensitivity to moisture degradation [38]. The
impacts of zycotherm in bitumen binder and asphalt mixes
were the focus of another investigation. The findings
revealed that WMA mixes with 0.1 percent of zycotherm
performed similarly to or better than typical HMA mixes
[39]. Ibrahim and Mehan conducted a study involving DSR
and BBR assessments. The study revealed increments in
rutting parameter (G*/sin o), fatigue parameter (G* sin 9),
creep stiffness, and also the m-values for each zycotherm-
modified asphalt binder, and when 0.5 % of zycotherm was
added, all these outcomes reflected higher values [40].

Many researchers have extensively utilized nanosilica
to enhance asphalt binder through conventional and
rheological testing with and without additions
[14, 18, 41, 42]. Individually, zycotherm and nanosilica are
effective asphalt binder modifiers. However, their
compatibility as a couple is an area of research that requires
further investigation. As a result, this research aims to
investigate the possibility of modifying the asphalt binder
containing zycotherm by adding varying concentrations of
nanosilica. The following research focuses on investigating
the physical and rheological characteristics of bitumen
modified with nanosilica, zycotherm, and
zycotherm/nanosilica  given that the effect of
zycotherm/nanosilica on rutting resistance has yet to be
identified.

2. MATERIALS
2.1. Bitumen

The 60/70 grade bitumen binder was used as a reference
in this study. Table 1 lists the properties of the bitumen
binder.



Table 1. The physical properties of base bitumen binder

Test Unit Result | Test method
Penetration 0.1 mm 67 ASTM D5
Softening point ‘C 50 ASTM D36
Ductility cm 100 ASTM D113
Flash point °‘C 322 ASTM D92
Rotational viscosity at ASTM
135°C ’ Pas | 05672 D4402

2.2. Nanosilica (NS)

This study utilized colloidal nanosilica to modify the
properties of bitumen. Table2 lists the nanosilica
characteristics.

Table 2. The physical properties of nanosilica

Property Unit Value
Appearance Translucent liquid
pH - 6.71
Density (20 °C) g/cm3 1.2050
Viscosity (20 °C) mPa.s 3.05
Particle size nm 11

2.3. Zycotherm (ZT)

Zycotherm is a nano organic addition to asphalt derived
from the silanol group (Si-OH). Zycotherm is a chemical
warm mix additive that reaps substantial benefits from
WMA technologies. In this study, a concentration of
zycotherm of 0.1 % by weight of bitumen was selected.
Table 3 lists the attributes of zycotherm.

Table 3. The physical properties of zycotherm

Property Value
Ingredients HydLoxyaIkyl-alkoxy-alkylsiIyI compounds,
enzyl alcohol, and ethylene glycol
Color Pale yellow
Physical state Liquid
Odor Odorless
pH 10 % solution in water neutral or slightly
acidic
Viscosity 1-5Pas
Specific gravity
(25°C) 0.97 g/lcm?
Flash point >80°C

3. EXPERIMENTAL METHODOLOGY

To determine the appropriateness of nanosilica for
bitumen modification, a set of experiments were conducted
on various mixes of unmodified and modified bitumen
binder. The experimental system used to exhibit the full
scope of this research study is depicted in Fig. 1.

3.1. Modified bitumen preparation

Firstly, to achieve the processing viscosity, the base
bitumen binder was heated to 160°C. To prepare a
nanosilica modified bitumen binder, the binder was blended
with different percentages (2 %, 4 %, and 6 % of nanosilica)
of the original binder weight. The nanosilica was gradually
integrated into the hot binder while the mixture was agitated
using a mechanical mixer. For 60 minutes, the rotational
stirring speed was maintained at 1800 rpm.
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Fig. 1. The flowchart of the present study

The modified bitumen binder samples were placed in
the oven before being used in the tests to eliminate unwanted
bubbles. Zycotherm binder was produced using a content of
0.1 % of the binder's weight, as recommended by the
manufacturer. The mechanical stirrer was configured to
generate a 15-30 mm deep vortex within the bitumen at a
sufficiently high speed. The zycotherm was then dropped
into the center of the vortex, while the asphalt was agitated
at 130 °C using a 1 ml syringe at a rate of 10 drops per
minute. The mixing operation was completed after
15 minutes of stirring. To produce zycotherm/nanosilica
composite modified binders, base bitumen was blended with
0.1 % zycotherm by weight of bitumen binder using the
warm melting process, and then the nanosilica was
gradually added to the mix by 2, 4, and 6 % and blended
with bitumen binder at 1800 rpm at 130 °C. The softening
point test was used to assess the homogeneity of the
produced mixes. Specimens were obtained every
20 minutes to assure homogeneity. After the softening point
readings were almost stabilized, it was determined that
1 hour was the best mixing time.

3.2. Aging conditions of bitumen binders

Short-term aging was employed to condition the base
bitumen and modified binders. A rolling thin film oven
(RTFO) was utilized to mimic the circumstances of short-
term aging. According to ASTM D 2872, 35 grams of
bitumen must be deposited in open-mouthed cylinder bottles
and then placed in a heated carousel-ready oven at a
temperature of 163 °C, which rotates at 15 rpm under air
blown pressure for 85 minutes. The test specimens were
used in the RTFO-aged bitumen's rheological assessment.

3.3. Physical properties tests

The following tests were used to determine the basic
characteristics of the base bitumen and the modified
binders: penetration test (ASTM D5), softening point test



(ASTM D36), and viscosity test with a Brookfield
Rotational Viscometer (ASTM D4402).

3.4. Temperature susceptibility

The bitumen binder is made of thermoplastic material,
which means it softens as the temperature rises and hardens
as the temperature drops. The temperature susceptibility of
base and modified binders was examined using a
penetration index (PI). To determine the PI, the temperature
susceptibility of binders was estimated using penetration at
25 °C and softening point findings, as given in Eq. 1 [43].

_1952-500log(Pen;5)—20SP

Pl
50log(Penys)—SP—120

, €]

where (Pengs) is the value of asphalt binder penetration in
0.1 mm at 25 °C, and (SP) is the value of asphalt binder
softening point in °C.

3.5. Storage stability

The bitumen high-temperature storage stability was
assessed using a hot storage stability method. This method
is used to assess a binder's stability to withstand phase
separation at elevated temperatures. Separately prepared
binders were placed into a 140 mm high, 30 mm diameter
aluminium foil tube. For 48 hours, the tube was maintained
upright in a 163°C oven. Following the previous
conditioning time, the aluminium tubes were placed
vertically in a -10 °C freezer. The tubes were then divided
into three halves of similar lengths. The softening points of
the upper and bottom portions then were tested in line with
ASTM D36. Once the difference between both the softening
points of the upper and bottom portions reaches a maximum
of 2.5 °C, the blend is deemed stable [44].

3.6. Dynamic shear rheometer (DSR) test

The rheological characteristics of asphalt were
identified through its vicious and elastic features at elevated
temperatures. The DSR was utilized to perform Superpave
rutting resistance and multiple stress creep recovery tests
(MSCR) consistent with ASTM D7175 and ASTM D7405,
respectively. The assessments were conducted to analyze
the rheological features of base bitumen and zycotherm
binder that were modified by using various percentages of
nanosilica. The assessments were performed by using the
binder models that were set between two parallel DSR plates
with the following dimensions: 25.0 mm in diameter and
1.0 mm in thickness. The rheological indicators that are
frequently acquired from the DSR experiment are the
complex modulus (G*) and phase angle (5). Moreover, the
MSCR test was employed to identify the non-recoverable
creep compliance (Jnr) and the recovery percentage (R%) for
the base and zycotherm binders modified with nanosilica in
RTFO aged state.

3.6.1. Rutting resistance parameter

To evaluate the base and modified binders' resistance to
rutting, the Superpave rutting parameter was utilized
according to ASTM D 7175-15. The Superpave criterion is
used to identify asphalt binders that fail at high
temperatures. When G*/sin ¢ rises, the binder deformation
is minimized during loading. Concerning the non-aged
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asphalt binder, the G*/sin¢d ratio must exceed 1kPa
(G*/sin ¢ > 1 kPa), while for the aged binder on a short-term
basis, the G*/sind must be greater than 2.2 kPa
(G*/sin 6 > 2.2 kPa) based on ASTM D 2872. On both
unaged and RTFO-aged binders, the evaluation was
performed using a dynamic shear rheometer with a parallel
disc that had a diameter of 25 mm and a distance of 1 mm.
The test technique was conducted at a frequency of
10 rad/sec with temperatures varying from 58 °C to 76 °C
with 6 °C temperature gaps.

3.6.2. Multiple stress creep recovery (MSCR) test

The multiple stress creep recovery test while using a
DSR was applied to the RTFO-aged specimens. The MSCR
test can be undertaken at various levels of stress. Due to their
remarkable consistency among the rutting outcomes of
asphalt binders and mixtures, D'Angelo et al. recommended
the use of 100 and 3200 Pa levels of stress [45]. The testing
of the samples was done in replicas by utilizing a 25 mm
plate and 1 mm distance with a temperature of 64 °C, while
the levels of stress were 100 and 3200 Pa. For ten cycles at
each stress stage, invariable stress creep with a duration of
1 second and a recovery time of 9 seconds was conducted
by applying the MSCR test. The percent recoverable (R%)
and non-recoverable factor of creep compliance (Jnr) were
identified at the end of the ten cycles. Jur is known as the
proportion of nonrecoverable shear strain to shear stress
utilized in the loading period. The Jur values can reflect both
the modified and base asphalt binders' stress dependence.
Eq. 2 and Eq. 3 quantify the two constraints, respectively.

&r—&p

Jnr = )
o

()

where Jnr represents the nonrecoverable creep compliance

(kPal), &, symbolizes the strain value at the end of the

recovery stage, g, symbolizes the value of strain at the

beginning of the creep stage, and ¢ symbolizes the utilized

stress throughout the loading period (kPa).
Ec—&r

R%=——x 100,

cT<o

3)

where R %is the percentage recovery, and e, symbolizes the
end-of-creep stage strain value.

4. RESULTS AND DISCUSSION
4.1. Physical properties binder tests

Fig. 2 illustrates the effect of adding nanosilica to the
base and zycotherm binders. It can be observed that the
penetration decreases and the softening point increases.
Furthermore, each nano-modified asphalt specimen attained
a lower penetration and higher softening point in contrast to
the base and zycotherm binders. The reduction in the
penetration values implies the stiffening impact of the
binder, whereby the stiffening increases in line with the
increased nanosilica concentration.

To obtain the viscosity values of the base and nano-
modified binders, the Brookfield rotational viscometer was
used at a range of temperatures between 135 °C and 195 °C.
At elevated temperatures, all of the asphalt binder samples
exhibited low viscosity values, as shown in Fig. 3.
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Fig. 3. The viscosity of base and modified bitumen binders

The viscosity values are often lowered as the
temperature rises. The addition of nanosilica to the base
binder causes the viscosity of the nanosilica modified
binders to increase. Furthermore, according to the
Superpave criteria, at 135 °C the viscosity values were
within the limits, and the nanosilica modified binders
acquired lower viscosity values in comparison to the
maximum threshold at 3 Pa s. However, with regard to the
4% NS, chemical changes and physical diffusions may
occur during the process of mixing the nanosilica modified
binders, resulting in the development of a new structure and
a reduction in viscosity as compared to other percentages.
Additionally, when stress is applied, nanosilica can
strengthen the base binder and improve the recovery
capabilities.

When nanosilica is added to zycotherm binder,
however, the viscosity is reduced significantly. Zycotherm
binder has a significant impact on viscosity reduction.

Table 4. Pl of base and modified bitumen binders

Zycotherm is a beneficial feature for an addition, especially
when evaluating its efficacy because it reduces functioning
temperatures, which aids in the preparation of possible cost-
effective and sustainable pavements. When zycotherm is in
a liquid state, it is one of the factors that causes the viscosity
to decrease.

4.2. Temperature susceptibility

The penetration index (P1) is a tool used for estimating
bitumen's temperature susceptibility. For base asphalt, the
Pl value varies from (-3) to (+7), with smaller values
indicating a more temperature-sensitive bitumen and vice
versa. Table 4 shows that adding nanosilica stiffened the
base and zycotherm binders, with max and min P1 values of
0.900 and -0.495, respectively. Increased Pl values indicate
that the penetration value has decreased and the softening
point has increased. Moreover, the lower the temperature
susceptibility of the bitumen binder, the greater the
penetration index value. All percentages of nanosilica
utilized in this research are appropriate for road construction
because all the PI values are within the range of +1 and -1
[46].

4.3. Storage stability

Storage stability was conducted to determine the
modifier's stability and suitability with a bitumen binder at
high temperatures. The softening points of the base and the
modified binders are shown in Fig. 4.
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Fig. 4. The softening point difference between the top and bottom
portions of the base and modified bitumen binders

For all nanosilica concentrations, the storage stability of
nanosilica modified samples was increased. Furthermore,
the stability of bitumen samples with 0.1 % zycotherm was
acceptable. The variation in softening point between the
upper and bottom parts was below 2.5 °C for all binders, as
shown in the figure, demonstrating that all these binders
may be kept at high temperatures and remain stable. As a
result, it can be inferred that nanosilica is a stable substance
that can be utilized to modify the bitumen binder.

Binder Base 2% NS | 4% NS 6% NS

0.1% ZT

0.1% ZT+ 2% NS | 0.1% ZT + 4% NS | 0.1 %ZT + 6% NS

Pl -0.495 0.165 0.555 0.727 -0.296

0.350 0.719 0.900
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4.4. Superpave rutting resistance parameter

As depicted in Fig. 5, the Superpave rutting parameter
(G*/sin §) was examined at various temperatures to
determine the improvement in the binder's rutting resistance
following the inclusion of nanosilica to base and zycotherm
binders. The obtained G*/sinJ parameter for un-aged
binders can be observed in Fig. 5 a. Nanosilica modified
binders have higher G*/sin § values than the base and
zycotherm binders. Furthermore, as compared to base
bitumen at 70 °C, the zycotherm modified binder exhibited
an improvement of 8.14 % in terms of potential rutting
resistance. Previous studies have revealed similar findings,
indicating that the addition of zycotherm has an impact on
rutting resistance [40, 47], but this value rose dramatically
after the addition of nanosilica. According to the outcomes
of the modified binders, the incorporation of nanosilica to
base and zycotherm binders resulted in considerable
enhancement levels at all temperatures. Fig. 5 b depicts the
G*/sino  parameter for RTFO- aged binder,
G*/sin o = 2.2 kPa can be utilized to evaluate the binder's
rutting performance. The G*/sin ¢ value of all nanosilica
modified binders is greater than those of the base and
zycotherm binders, which is similar to the un-aged
condition. The greatest G*/sin ¢ value was observed in base
and zycotherm binders containing up to 6 % NS by weight
of the binder, followed by binders containing 2 % NS, while
the lowest G*/sino value was observed in binders
containing 4 % NS. Meanwhile, 4 % NS has the lowest
G*/sin o despite passing the Superpave criteria under
unaged and RTFO aged conditions. It's possible that the
chemical reactions of nanosilica were to cause [48]. It is
important to note that the Superpave rutting parameter is
dependent on bitumen binder stiffness. The addition of
nanosilica makes bitumen binders stiffer, and this is
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beneficial for rutting. The rutting improvement is due to
nanosilica dispersion inside the bitumen binder, where the
nanosilica particles adhere to the binder's surface,
generating a new nanosilica modified binder network
structure. This improved structure can absorb and transmit
extra load to the bitumen binder, resulting in enhanced
rutting resistance [18].

The results show that at 64 °C, both the base and
zycotherm binders have a high-performance grade (PG).
High—temperature performance grade is defined as the
highest temperature where G*/sin 6 > 1.0 kPa. The results
of G*/sing at various temperatures show that adding
nanosilica to the base and zycotherm binders at any
concentration (2—-6 %) enhances the binder's performance
grade at high temperatures, resulting in a one-grade
increase.

4.5. MSCR test

The recovery percentages at 100 Pa and 3200 Pa stress
levels for the base and modified binders are shown in
Fig. 6 a. According to an analysis of the obtained results at
each stress level, the value decreased at 3200 Pa compared
to 100 Pa. According to the data acquired at 100 Pa stress
level, the recovery of the base binder was 6.6 %, and it
increased to 24.28 %, 20.56 %, and 27.72 % with the
addition of 2 %, 4 %, and 6 % of nanosilica, respectively.
While zycotherm binder (0.1%) showed 7.84 % recovery, it
increased to 20.54 %, 15.14 %, and 25.99 % with the
addition of 2 %, 4 %, and 6 % of nanosilica, respectively.
At 3200 Pa stress level, a comparable enhancement was
observed. The addition of nanosilica to the base and
zycotherm binders improved the asphalt binder's elasticity,
resulting in an improved recovery performance.
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501



30 - 27.72

25.99
25 ] OR% at 0.1 kPa
L 20.56 o 20.54 19.23 OR% at 3.2 kPa
e 20 - s - ] i .-
2 11— -l14.65 1454 15.14
g 15 - . :
g
o
g 104 660
° || 0.28 -] 0.40
Base 2% NS 4% NS 6% NS 01%ZT  0.1%ZT+2%NS 0.1%ZT+4%NS 0.1%ZT+6%NS
a
41 AL 3.27
3.06 |.-:- : BJnr at 0.1 kPa
31 - 264 [
» BJnr at 3.2 kPa
8 2.17 —
) 1o M 176
< 4 . .
s — _‘ 13 155
£
1 4
0

Base 2% NS 4% NS 6% NS

0.1% ZT

b

0.1%ZT+2%NS  0.1%ZT+4%NS 0.1%ZT+6%NS

Fig. 6. The MSCR of base and modified bitumen binders: a—R% at 0.1 kPa and 3.2 kPa levels of stress; b —the non-recoverable creep

compliance (Jnr) at 0.1 kPa and 3.2 kPa levels of stress

The use of nanosilica boosts the recovery value, as seen
by the data collected. The elastic recovery improved at all
concentrations, with 6 % nanosilica showing the greatest
improvement; however, the improvement was minor when
4 % nanosilica was added. This is also consistent with the
findings of Arshad et al. [49].

To assess the influence of the binder on rutting
performance, the nonrecoverable creep compliance (Jnr)
constraint was applied. Fig. 6 b demonstrates how the
addition of nanosilica to the bitumen changes the Jn.. A
smaller Jnr value is preferable in terms of rutting. Rutting
resistance enhances with the addition of nanosilica. This is
due to nanosilica's greater surface area, which causes an
interconnected network to develop inside the underlying
bitumen binder, thus boosting stiffness.

According to the findings, the Jnr increases as the degree
of stress increases from 100 to 3200 Pa. At increasing levels
of stress, the effectiveness of modification is proven to be
more favorable. This demonstrates the efficacy of nanosilica
in enhancing bitumen binders' stress sensitivity [29]. At
100 Pa, the decreases of Jur in comparison with the base
bitumen were 46.27 %, 42.44 %, and 56.87 % when
nanosilica was added at 2 %, 4 %, and 6 %, respectively.
Moreover, the zycotherm binder reduced the Jnr value by
13.54 % in comparison to base bitumen, indicating that the
bitumen binder decreased the susceptibility of bitumen to
permanent deformation. Mirzababaei et al. stated that 0.1 %
of zycotherm can enhance binders' resistance to rutting by
decreasing the non-recoverable values [47]. However, the
reduction in J, for zycotherm binder was increased with the
addition of 2%, 4%, and 6 % nanosilica by 41.43 %,
17.85 %, and 50.92 %, respectively in comparison to base
bitumen. The reduction in Ju revealed that nanosilica
particles improved the rutting resistance of the zycotherm
binder. The decline in the Jn values with the inclusion of
nanosilica might be explained by the modified bitumen
binders' increased stiffness.
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5. CONCLUSIONS

The physical and rheological characteristics of base and
zycotherm binders modified with different percentages (i.e.,
2 %, 4 %, and 6 %) of nanosilica were investigated in this
research. Based on the findings and discussion provided
above, the following conclusions may be derived.

1. According to the physical attributes (penetration and
softening point) outcomes, adding nanosilica to the
base bitumen reduces the penetration while increasing
the softening point. The stiffness effect of the bitumen
binder is indicated by the reduction in penetration,
while the stiffness also improves as the nanosilica
concentration rises. The bitumen binder's softening
point increased, suggesting that its temperature
susceptibility has improved. Furthermore, as compared
to the base and nanosilica modified binders without
zycotherm, the zycotherm binders modified with
nanosilica showed superior enhancement.

The incorporation of nanosilica into the base bitumen
increased its viscosity, which could be related to the
stiffening of the nanosilica enhanced bitumen binder.
However, the base binder modified with nanosilica had
greater values than the zycotherm binders modified
with nanosilica. As a result, adding zycotherm reduces
viscosity. At 135 °C, the modified binders' viscosity
values were all within the Superpave standards.

By adding nanosilica into the base binder, the high-
temperature susceptibility decreased while zycotherm
binders modified with nanosilica showed a superior
performance.

By incorporating nanosilica into the base and
zycotherm binders for storage stability, all modified
binders containing nanosilica were shown to remain
stable when maintained at elevated temperatures.
According to the Superpave rutting resistance
parameter, it can be inferred that adding nanosilica to
the base and zycotherm binders raises the complex



modulus (G*) and lowers the phase angle (¢), resulting
in a higher G*/sin 0. The increase in G*/sin ¢ reflects
the influence of nanosilica in stiffening and improving
the elasticity of the base and zycotherm binders,
rendering them more rut-resistant. Furthermore, adding
nanosilica to the base and zycotherm binders resulted in
a one-grade improvement in the performance grade.
With the incorporation of nanosilica, the recovery of the
base and zycotherm binders was enhanced, while the
non-recoverable creep compliance was reduced,
indicating that the nanosilica particles improved the
rutting resistance.

Generally, nanosilica modified binders enhanced
physical and rheological characteristics at all
percentages. The current research showed that adding
nanosilica to the base and zycotherm binders could
prevent bitumen from rutting at elevated temperatures.
For all the rheological methods, the trend of
enhancement in rutting resistance vs the percentage of
the nanosilica used is the same.
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