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Abstract

Moisture damage is a critical problem of asphalt pavements. Some factors affecting the moisture sensitivity of asphalt mixtures include bitumen
properties, air void content, and the type of anti-stripping additive. This study investigated the use of nano-silica for improving the properties of different
bitumens and to increase the moisture resistance of asphalt mixtures at different traffic loading conditions. Two types of bitumen (60-70 and 85-100 pen
grade) were modified with various percentages of nano-silica (0, 0.2, 0.4, 0.7, and 0.9% by the weight of the bitumen), and physical and rheological tests
were conducted to determine the optimum nano-content. Then, the optimal content was used to prepare asphalt mixtures at three different air void contents
(4, 5, and 6%) to simulate the heavy, medium, and low traffic loading conditions. Indirect tensile strength (ITS) and compressive strength tests were
performed on the specimens in dry and wet conditions, and the effect of air void content and the type of bitumen on the moisture sensitivity and compressive
strength of unmodified and nano-silica-modified asphalt concrete was investigated. The results showed that nano-silica improved the moisture sensitivity of
asphalt mixtures with 60-70 and 85-100 pen grade bitumens at all air void contents and the effect of nano-silica was higher on the moisture sensitivity of

asphalt mixtures with 60-70 than 85-100 pen grade bitumen.
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1. Introduction

To achieve the optimal performance of asphalt pavements,
asphalt must have good durability and sustainability during service
life, a feature that depends on asphalt properties such as adhesion
and cohesion between aggregates and the bitumen as well as
various environmental factors such as temperature, air, and water.
Moisture in asphalt mixture may cause the loss of adhesion
between aggregates and the asphalt binder (the composition of
bitumen and filler) or the loss of cohesion of bitumen that leads to
stripping and bleeding in asphalt pavements [1,2]. Although the
mechanism of moisture sensitivity is not completely understood
yet, factors such as the properties of bitumen, aggregates, asphalt
mixtures, and antistripping admixture play an essential role in
causing moisture sensitivity and increasing damages [3]. Several
features of aggregates, including surface texture, porosity, type of
mineralization, and surface coatings tremendously affect the
sensitivity of asphalt mixes to moisture. Dry aggregates with
coarse and rough textures and the alkali-free properties of clay
minerals and surface coatings are more resistant to stripping and
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moisture damages [4-6]. One of the most influential parameters on
the moisture sensitivity of the bitumen is the type of bitumen used
in asphalt mixes. The rheological properties of bitumen, the
amount of asphaltene in the bitumen, and bitumen chemical
functional groups are highly influential on the sensitivity of asphalt
mixtures to moisture. For instance, bitumen chemical groups
readily dissolved in water have carboxylic acids and water-
resistant groups such as ketones and phenolics [7,8]. An important
mechanism in moisture sensitivity is mechanical and physical
adhesion and the chemical bonding between the bitumen and
aggregates, and water can cause early breakdowns in the chemical
bonding between the bitumen and aggregates in asphalt [9,10].
There are several solutions for reducing the moisture sensitivity
of asphalt mixtures. A significant technique for managing the
moisture sensitivity of asphalt mixtures is using anti-stripping
agents [11]. Two approaches are adopted for measuring the effect
of anti-stripping agents on asphalt moisture sensitivity:
experiments carried out for loose (e.g. static immersion test) or
compacted mixtures (e.g. the modified Lottman) [12,13]. Anti-
stripping agents are incorporated to coat the surface of the
aggregates to overcome the prevailing electrical loads on the
surface and reduce the surface energy of the aggregates. Another
approach is to enhance the adhesion and cohesion properties of
bitumen through a liquid anti-stripping additive. These additives
are chemical surfactants that improve the surface coatings of
aggregates by reducing surface tension, and hydrated lime and the
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amine family materials are the most important of them [14,15].
Using liquid anti-stripping additives has numerous drawbacks
such as lack of considerable variations in the resistance of different
mixtures against moisture damage [16,17] and a negative effect on
rutting, aging, and fatigue cracking of asphalt mixtures [17-19]. In
addition to liquid anti-stripping additives, polymer modified
bitumen is used to improve different properties of asphalt like
rutting, moisture damage, etc. Also, different other performance
test can also be performed to measure the effectiveness against
these properties like rutting, low temperature cracking, bleeding,
and stripping etc [20-22]. However, it seems that the application
of nanomaterials is one of the best methods for enhancing the
bitumen and aggregate properties and increasing the moisture
resistance of asphalt mixtures.

Nano-materials can induce changes in the electrical load of
aggregate surfaces and improve bitumen coating by coating the
surfaces of aggregates [15]. Due to the specific surface area above
nanometer levels, nanomaterials are capable of improving and
controlling some of the properties of bitumens and asphalt
mixtures [23]. Previous studies have utilized various
nanomaterials in order to modify bitumen properties and reduce
the moisture sensitivity of asphalt mixes. For instance, Behbahani
et al. [24] used nano-zycosoil to evaluate the moisture sensitivity
of glass asphalt mixtures through the indirect tensile test on wet
and dry specimens. It was revealed that the addition of this material
increased the tensile strength ratio (TSR) and the moisture
resistance of the specimens. In order to modify the moisture
properties of bitumens, Hamedi and Moghadas Nejad [15] used
nano-calcium-carbonate (CaCOs) because of its calcareous origin
and hydrophobic properties. Two types of granite and limestone
aggregates were utilized to prepare asphalt specimens. The results
of surface free energy method and modified Lottman test
demonstrated that nano-CaCOj; increases the wettability of the
bitumen on the aggregate surface, increases the adhesion between
the bitumen and aggregates, and enhances the moisture resistance
of the specimens. Azarhoosh et al. [25] evaluated the effect of
nano-TiO, on the bitumen-aggregate bond by using 85-100
penetration-grade (pen grade) bitumen and two types of aggregates
(limestone and granite). According to the surface free energy of
aggregates and the asphalt binder, they concluded that with an
increase in nano-TiO,, the polar component of the bitumen surface
energy is decreased, the bitumen acidity is decreased, and thus the
adhesion of bitumen and acidic aggregates is enhanced. Other
nanomaterials that have been used to reduce moisture sensitivity
include nano-zinc oxide (ZnO) [26], nano-zycosoil [27], and nano-
clay [28].

One of the important nanomaterials useful for modifying the
properties of bitumen and asphalt mixtures is nano-silica. High-
performance properties and low manufacturing costs are the
important benefits of nano-silica. Nano-silica has many valuable
features such as a suitable dispersing ability, strong absorption, a
high specific area, high stability, and a high purity percentage [29].
In concrete structures, silica is used to raise the adhesion and fill
the high-workability concrete [29]. Consequently, it seems that the
use of nano-silica improves the performance of bitumens and
asphalt mixtures as well as the adhesion between the bitumen and
aggregates. Researchers have utilized nano-silica to modify
bitumen properties and observed that the bitumen modified with
nano-silica has a lower penetration grade and higher softening
point than virgin bitumen [30,31] with an increased complex
modulus (G*) and reduced phase angle (8) of bitumen [32,33]. In
addition, the dynamic shear rheometer (DSR) experiments

demonstrated that the fatigue resistance of bitumens is increased
through modification with nano-silica [29,34]. However, the
bending beam rheometer (BBR) test showed a higher creep
resistance and lower m-value [32]. Researchers have also
evaluated the effect of nano-silica on the performance of asphalt
mixtures. For example, Yao et al. [29] utilized nano-silica to
modify bitumen properties. By adding this material to the polymer
acrylonitrile butadiene styrene (ABS) containing bitumen, they
concluded that bitumen viscosity decreased at high temperatures
and, in general, nano-silica improved the rutting and fatigue
performance of the asphalt binder. Nur 1zzi et al. [35] used polymer
bitumen modified with nano-silica to study the effect of moisture
sensitivity and different aging conditions on the properties of the
asphalt mixture and observed that nano-silica decreases the
moisture sensitivity and improves the mechanical properties of the
asphalt mixture. Also, it was observed that the tendency of the
bitumen to aging decreases with an increase in the nano-silica
content. Based on these studies, it can be stated that the
simultaneous influence of bitumen type, air void content of the
mixture, and nano-silica on the moisture sensitivity of asphalt
mixtures has not been investigated yet.

The aim of this study was to improve the properties of various
bitumens and the moisture sensitivity of asphalt mixtures at
different traffic loading conditions with nano-silica. The effect of
nano-silica on the moisture sensitivity and compressive strength of
asphalt mixtures prepared under different traffic loading
conditions was investigated. To this end, the physical and
rheological properties of two types of bitumen (60-70 and 85-100
pen grade) modified with low amounts of nano-silica (<1%) were
investigated, and the optimal percentage of nano-silica was
determined. Then, the optimal content was used to prepare asphalt
mixtures at three air void contents (4, 5, and 6%) to simulate the
heavy, medium, and low traffic loading conditions. Indirect tensile
strength (ITS) and compressive strength tests were performed on
the specimens in dry and wet conditions, and the influence of air
void content was examined on the moisture sensitivity and
compressive strength of the mixtures prepared with nano-silica-
modified bitumen.

2. Experimental plan and methodology
2.1. Materials

2.1.1. Bitumen and aggregate

Two types of bitumen were used to manufacture the samples
with 60-70 and 85-100 pen grades prepared from Isfahan and
Tabriz refineries (Iran), and their properties are provided in Table
1. Limestone aggregates were utilized in this study. The physical
properties and chemical compositions of the aggregates are listed
in Table 2 and 3, respectively. The aggregates were graded using
the continuous type IV scale of the AASHTO standard [36] which
is presented in Table 4.

2.1.2. Nanosilica

Silica is an abundant compound found worldwide that is used in
the production of silica gel, colloidal silica, fumed silica, etc. [37].
The chemical formula of silica is SiO», it is structurally similar to
diamond, and is found in nature in both crystalline and amorphous
shapes. This material is white, with relatively high melting and
boiling points [38]. Nano-silica has functional properties such as a
high specific surface area, strong adsorption, good dispersal ability,
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high chemical purity, and high stability [29]. In the industry, nano-
silica is employed as a rheological material to reinforce elastomers.
In the pavement, it can also be used to increase the adhesion and
mechanical strength of asphalt mixtures [39,40]. In the present
study, nano-silica was incorporated to modify the bitumen
properties; the chemical composition and physical properties of
nano-silica are given in Tables 5 and 6, respectively.

2.2. Sample preparation and laboratory setup

A high shear mixer and a temperature control chamber were used
to produce bitumen modified with nano-silica to distribute
nanoparticles homogeneously within the bitumen. Initially, the
bitumen was heated to become fluid. Then, the nanoparticles were
added to the bitumen at different percentages (0.2, 0.4, 0.7, and 0.9%

Table 1
Properties of the base bitumen.
Test Standard Binder type
60-70 85-100
Penetration (100 g, 5 s, 25°C), 0.1 mm ASTM D5 61 86
Ductility (25°C, 5 cm/min), cm ASTM D113 112 115
Rotational Viscosity at 135°C (Pa.s) ASTM D4402 0.512 0.321
Softening point (°C) ASTM D36 51 49
Flash point (°C) ASTM D92 262 235
Table 2
Physical properties of the aggregate.
Test Standard Lime stone Specification
limit
Apparent Specific gravity (coarse agg.) ASTM C 127 2.63 -
Apparent Specific gravity (fine agg.) ASTM C 128 2.69 -
Water absorption (%) (coarse agg.) ASTM C 127 1.52 -
Water absorption (%) (fine agg.) ASTM C 128 1.68 -
Los Angeles abrasion (%) ASTM C 131 21.3 Max 45
Crushed particles of No. 4 (%) ASTM D5821 95 >90
Table 3
Chemical composition of aggregate.
Properties Lime stone
pH 8.7
Silicon dioxide, SiO; (%) 4.5
Calcium oxide, CaO (%) 52.3
R,05(Al,05+Fe,05) (%) 19
Aluminum oxide, Al,O3 (%) 1.3
Ferric oxide, Fe,03 (%) 0.6
Magnesium oxide, MgO (%) 1.6
Table 4
Gradation of aggregates used in the study.
Sieve size (mm) 19 12.5 4.75 2.36 0.3 0.075
Lower—upper limits 100 90-100 44-74 28-58 5-21 2-10
Percent passing (%) 100 95 59 43 13 6
Table 5
Ingredients of Nano silicon.
Elements SiO; Ti Ca Na Fe
content >99% <120ppm <20ppm <50ppm <200ppm
Table 6
Physical properties of the Nano silicon.
Properties Nano SiO,
Diameter (nm) 20-30
Surface volume ratio (m?/g) 130-600
Density (g/cm®) 2.1
Melting point(°C) 1600
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by the weight of the bitumen) and mixed at a shear influence of
4000 rpm and 150 °C. In order to achieve homogeneous samples,
the bitumen and nano-silica were mixed for ~30 minutes.

The optimal amount of nano-silica was obtained from the
rheological test results on the modified bitumen. In order to
determine the optimum bitumen for asphalt mixtures, the Marshall
mix design method (ASTM D1559) was employed, and the asphalt
specimens were prepared with the nano-silica optimum amount
and optimum amount of bitumen. To simulate different traffic
loading conditions (heavy, medium, and light) on the specimens,
the percentage of the target air void was set as 4, 5, and 6%,
respectively. Accordingly, to reach the air void content of 4, 5, and
6 %, the required number of Marshall hammer blows was obtained
as 60, 50, and 40, respectively, through experiments and trial and
error, and the asphalt specimens were prepared with these air void
contents. Finally, the modified Lottman and compressive strength
tests were carried out on the specimens at 25°C. The experimental
program adopted in this study is presented in Fig. 1.

2.3. Laboratory tests

2.3.1. Empirical rheological tests on bitumen

In order to determine the optimal amount of nano-silica,
rheological tests were conducted on unmodified and modified
bitumen with different percentages of nano-silica (0.2, 0.4, 0.7, and
0.9% by the weight of the bitumen). This range was selected in
order to examine the effect of low levels of nano-silica on the
physical-rheological properties of different bitumens and reduce
the cost of construction of asphalts modified with nano-silica. The
rheological tests performed on the unmodified and modified
bitumen included: penetration grade, softening point, ductility,
rotational viscometer (RV), and flash point. The penetration test
was carried out to determine the consistency (hardness) of the
bitumen at 25°C according to the ASTM D5 standard. Moreover,
the softening point of the bitumen was measured according to the
ASTM D36 standard. In order to determine the bitumen ductility,

Preparation of materials containing; two base bitumen with 60-70 and 85-100
penetration grade, lime stone aggregate and Nano-silica powder

v

v

Modification bitumens with different
percentage of Nanosilica (0.2, 0.4, 0.7 and
0.9 by weight of bitumen)

Preparation asphalt mixtures with
Using base bitumen

Application of rheological
tests on the unmodified and
modified bitumens

Determine the optimum
Nano content from results of
rheological tests

A
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Determine the optimum bitumen content of asphalt mixtures made with base bitumen and P
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\ J
e ‘ A
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Fig. 1. Experimental program in this study.
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which is an indicator of the ultimate tensile strength of the bitumen
the ASTM D113 standard was used. In addition, the RV test was
performed to measure the apparent viscosity of the bitumen at high
temperatures and to ensure bitumen usability according to ASTM
D4402. An RV measures the rotational torque required to provide
a constant rotational velocity (20 rpm) of a cylindrical spindle
submerged in the bitumen binder at a constant temperature. In this
study, spindle SC4-27/SD, with a diameter of 11.7 mm, was used,
and the rotational viscosity test was performed at 135°C. Also, the
flash point test is used to determine the safe mixing and laying
temperature for unmodified and modified bitumen with nano-silica
according to the ASTM D92 standard.

2.3.2. Modified Lottman Indirect Tension Test

The AASHTO Standard Method of Test T283, ‘‘Resistance of
Compacted Bituminous Mixture to Moisture Induced Damage,”
was used to determine the moisture sensitivity of asphalt
specimens. In this method, 6 cylindrical asphalt concrete
specimens prepare with 7% £ 1 air void. Half of the specimens
were selected as conditioned specimens and saturated with water
in the vacuum condition of 70 to 80%. These vacuum and saturated
specimens are placed in the freezer with temperature -18°C for 16
hours and then placed in a hot bath of 60°C for 24 hours. In the
end, to determine the indirect tensile strength, both groups of
specimens (wet conditioned and dry conditioned) were loaded
until failure, at a loading rate of 50.8 mm/min at 25° and the
maximum force to break the sample is measured. The indirect
tensile strength is calculated from Eq. (1).

zpmax
ITS =~ €Y)
where, ITS = indirect tensile strength (KPa). Pmax= total applied
vertical load at failure (kg). t = height of specimen (cm). D =
diameter of specimen (cm).

Indirect tensile strength ratio (TSR) is obtained from Eq. (2). The
ITS value in Eq. (2) is the average value for specimens in wet and
dry conditions. The TSR value should be at least 80%, and the
higher TSR value indicates the higher resistance to moisture
sensitivity [13,41,42].

ITS wet
ITS dry

TSR = x 100 )

2.3.3. Compressive strength test

Compressive strength was determined in accordance with ASTM
D1074. In this method, the compressive strength of the compacted
asphalt mixtures was measured with uniaxial compression testing,
and the specimens were loaded until failure, at a loading rate of
50.8 mm/min.

2.4. Statistical analysis

Multivariate analysis of variance (MANOVA) is an extension of
the univariate analysis of variance (ANOVA) that used to analyze
data that involves more than one dependent variable at a time.
Numerous researchers have utilized MANOVA to analyze effect
parameters on mechanical properties of asphalt mixture, cement
mortar, and concrete [43-46]. In this study, the MANOVA was
conducted to evaluate the effect of the factors bitumen type (60-70
and 85-100 pen grade), modification (modified and unmodified),
air void content (4, 5 and 6%), and the interaction between them
as independent variables on the ITS and F. values of asphalt
mixtures as dependent variables. The significance level and

confidence value were selected o = 0.05 and 95% in the statistical
study, respectively. Factors with a p-value lower than 0.05 are
construed as statistically significant, and the factors are effected on
the results.

3. Results and discussions
3.1. Physical-rheological properties of bitumen samples

Figs. 2-6 illustrates the results of the penetration grade, softening
point, ductility, RV, and flash point of the modified bitumen
samples for the two types of bitumen (60-70 and 85-100 pen grade),
respectively. As observed in Fig. 2, the penetration grade decreases
in both types of bitumen, with an increase in the nano-silica
content from 0 to 0.7%. This can be due to the high strengthening
property of nano-silica, which increases the asphaltene part of the
bitumen against the maltene phase [47,48]. Also, Azarhoosh et al.
[25] evaluated the effect of nano-TiO, on physical-rheological
properties of 85-100 pen grade bitumen and reported the 6% nano-
TiO, modification increases 7% the penetration grade of bitumen
85-100. The results of the softening point tests are depicted in Fig.
3. Overall, according to this figure, it can be concluded that by
increasing the amount of nano-silica from 0 to 7%, the softening
point of the 60-70 and 85-100 pen grade bitumens increase 8 and
6 %, respectively. In other words, the temperature sensitivity of the
bitumen has been decreased by increasing nano-silica. Azarhoosh
et al. [25] reported the 6% nano-TiO, modification increases 10%
the softening point of bitumen 85-100. It can be seen in Fig. 4, the
stiffness of the bitumen increased with increasing nano-silica
content in bitumen, and this reduced the elasticity and ductility of
the bitumen. But, Azarhoosh et al. [25] reported the 6% nano-TiO,
modification increases 5% ductility of bitumen 85-100. It is also
observed in Fig. 5 that the viscosity of modified bitumen decreases
but has an increasing trend with an increase in nano-silica content
from 0 to 0.7%. According to Fig. 5, the 0.7% nano-silica
modification increases 41 and 59% the viscosity of the 60-70 and
85-100 pen grade bitumens, respectively. Also, Azarhoosh et al.
[25] reported the 6% nano-TiO, modification increases 33% the
viscosity of bitumen 85-100. The results of the presented study
showed that the viscosity of the 85-100 pen grade bitumen
increased more than the study performed by Azarhoosh et al. [25].
Fig. 6 shows the results of the flash point test on unmodified and
modified bitumen samples. The results show that the flash point of
both types of bitumen increased with increasing nano-silica
content from 0 to 0.7%, and the 0.7% nano-silica modification
increases 4.5 and 4% the flash point of the 60-70 and 85-100 pen
grade bitumens, respectively. Also, Azarhoosh et al. [25] reported
the 6% nano-TiO, modification increases 8% the flash point of
bitumen 85-100.

Overall, based on Figs. 2-6, the penetration grade and ductility
decreased, while the RV, softening point, and flash point increased
with increasing the nano-silica content from 0 to 0.7%. Thus, in
this study, the optimal amount of nano-silica was 0.7% and was
used to prepare the asphalt mixes.

3.2. Results of the modified Lottman test (AASHTO T283)

The ITS results of unmodified and modified asphalt mixtures
with nano-silica in dry and wet conditions for the two types of
bitumen (60-70 and 85-100 pen grade) are shown in Fig. 7(a) and
7(b), respectively. Evidently, the highest ITS value occurred at
void = 4% for all the specimens (unconditioned and moisture-
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Fig. 4. Ductility test results on unmodified and modified bitumen
samples.

conditioned). This finding is observed because the stiffness of the
mixture increases with the decrease of air void content of asphalt
mixture. As a result, the ITS values of the mixture increase at void
= 4%. Also, it can be observed from Fig. 7 that, regardless of the
type of moisture condition applied to the specimen (dry and wet-
conditioned) and the bitumen type (unmodified and modified),
with an increase of air voids in the mixtures, a decrease is observed
in ITS values for all the mixes. This can be due to an increased air
void content in the mixture, which decreases the cohesion and
strength of the mixture and increases the penetration of water. This
penetrating water decreases the adhesion between the bitumen and
aggregates and separates the bitumen layer from the aggregate
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Fig. 6. Flash point test results on unmodified and modified bitumen
samples.
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surface. It also changes the bitumen properties and decreases
bitumen cohesion [49,50].

It can be observed from Fig. 7 that the modified mixtures had
higher ITS values than the unmodified mixtures at the same air
void, and the Mod-Dry and Mod-Wet mixtures had the highest
strength, respectively. This means that the addition of nano-silica
increased the tensile strength of the mixture due to the increased
viscosity and bitumen hardness and, consequently, increased the
adhesion between the bitumen and aggregates [51]. Moreover, the
modified mixtures in the wet condition (Mod-Wet) had a higher
ITS value than the unmodified mixtures in the dry condition
(Unmod-Dry), at almost all air voids. This illustrates the
significant role of nano-silica in increasing the tensile strength of
the mixture in wet conditions, and it can be concluded that the
addition of nano-silica increases the adhesion and cohesion of the
bitumen, leading to more hard separation of aggregates from the
asphalt binder in the presence of water.

Overall, in Fig. 7aand b, the ITS values of asphalt mixtures made
with 60-70 pen grade bitumen are higher than those of asphalt
mixtures made with 85-100 pen grade bitumen, which may be due
to the higher viscosity and hardness of the 60-70 than 85-100 pen
grade bitumen. Also, the ITS results of all the specimens showed
that the modification of bitumen with nano-silica significantly
increased the ITS strength of the specimens in dry and wet
conditions.

Using the ITS results shown in Fig. 7 and Eq. (2), the TSR of the
mixtures was calculated and is presented in Fig. 8. TSR is one of
the important parameter in the evaluation of the moisture
sensitivity of asphalt mixtures, and its higher values indicate the
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Fig. 7. Variation of ITS with air void in modified and unmodified
specimens with, (a) 60-70 bitumen, and (b) 85-100 bitumen.

higher moisture resistance of asphalt mixtures. The minimum
acceptable TSR is 80-70% [13,41].

Based on Fig. 8, the TSR values decreased in all the mixtures by
an increase in the air void content from 4 to 6%. This is due to the
increased water penetration into the mixture, which decreased the
adhesion of bitumen-aggregate and the bitumen cohesion through
the formation of water emulsions in the bitumen [52]. It can also
be observed in Fig. 8 that the modification of asphalt with nano-
silica improved the moisture sensitivity of the asphalt mixture with
60-70 and 85-100 pen grade bitumen. Because, as observed in
Section 3.1, nano-silica decreases the penetration grade and
increases the viscosity and hardness of the bitumen, which can
reduce the water diffusion into the asphalt binder, increase the
bitumen cohesion, and make bitumen harder to remove from the
aggregate surface [15,51]. The results also demonstrated that the
TSR values of the unmodified and modified mixture for the 60-70
pen grade bitumen are higher than those of the 85-100 pen grade
bitumen, which is due to the higher viscosity of the 60-70 than 85-
100 pen grade bitumen as well as the slower movement of the
asphalt binder from the aggregate surface.

Fig. 9 shows the percentage of increase of TSR from the
unmodified to the modified mixture at various voids. The
percentage of increase of TSR is calculated from Eq. (3).

% increase of TSR = AZA;AI X 100 3)
where, A; = TSR of modified mixture. A;= TSR of unmodified
mixture.

According to Fig. 9, the percentage of increase of TSR for
mixtures with the 60-70 is higher than the mixtures with the 85-
100 pen grade bitumen. This indicates that nano-silica is more
effective on the 60-70 than 85-100 pen grade bitumen. Also, the
results revealed that the highest percentage of increase of TSR
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Fig. 8. Variation of TSR with air void in modified and unmodified
mixtures.
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Fig. 9. The percentage of increase of TSR from unmodified to the
modified mixtures at various air voids.

occurred at void = 4%, and the percentage of increase of TSR
decreased with an increase in the air void content (more than 4%)
for all the specimens.

3.3. Compressive strength test results

Fig. 10 illustrates the compressive strength results of
unmodified and modified asphalt mixtures with nano-silica in dry
and wet conditions for two bitumens, 60-70 and 85-100 pen grade.
As observed in Fig. 10, upon modifying the bitumen by nano-silica,
the compressive strength increased. This increase was to the extent
that the modified mixture in the wet condition (Mod-Wet) had a
higher compressive strength at almost all air void percentage
compared to the unmodified mixture in the dry condition (Unmod-
Dry). In other words, nano-silica through increasing the stiffness
of bitumen increases the compressive strength of the specimens in
dry and wet conditions. As observed in Fig. 10, the compressive
strength of all the specimens decreased by increasing the air void
content from 4 to 6%, which is due to the decreased density and
cohesion of the asphalt mixture. Moreover, comparing the results
of Fig. 10a and b, it can be concluded that the compressive strength
values of the bitumen prepared with the 60-70 are higher than the
85-100 pen grade bitumen in the same conditions, which can be
due to the higher stiffness and viscosity of 60-70 than the 85-100
pen grade bitumen. Overall, according to Fig. 10, it can be
concluded that using optimum amount of nano-silica increases the
compressive strength of asphalt mixtures, and the increased air
void content negatively affects the compressive strength of asphalt
mixtures.
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Fig. 10. Variation of compressive strength with air void in
unmodified and modified specimens with, (a) 60-70 bitumen, and
(b) 85-100 bitumen.

3.4. Relationship between ITS and Compressive strength results

According to Fig. 11, the relationship between the ITS and the
compressive strength of unmodified and modified asphalt mixtures
was investigated by the use of the experimental data obtained by
the study. The non-linear regression model with power function
has been used to develop Egs. (4) and (5). Egs. (3) and (4) are
presented for the unmodified and modified mixtures with a
regression of R? = 0.9528 and R? = 0.943, respectively.

ITSynmoa = 119.69(Feynmoa) 2" @

where, 1TSunmes= indirect tensile strength of umodified asphalt
mixtures (KPa). Fcung= compressive strength of umodified
asphalt mixtures (MPa)

ITSy0a = 87.432(Fcpoa) 3531 -

where, 1TSw= indirect tensile strength of modified asphalt
mixtures (KPa). Fecmog= compressive strength of modified asphalt
mixtures (MPa)

Fig. 11 showed the ITS and F. of unmodified and modified
asphalt mixtures are related with a high relationship coefficient. It
is also observed from Fig. 11 that the ITS value of both asphalt
mixtures (modified and unmodified) increased with an increase in
the compressive strength. Also, the ITS values of the modified
mixture was higher than the unmodified mixture. This indicates
the positive effect of nano-silica on improving the mechanical
properties of asphalt mixtures.

3.5. 3D interpretation of different variables variations used in
this study

Fig. 12(a) and 12(b) display a three-dimensional (3D) schematic
diagram of the ITS changes, based on the air void content and
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Fig. 11. The relationship between ITS and Compressive strength
for unmodified and modified mixtures.
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Fig. 12. 3D interpretation of ITS vs. air void and compressive
strength in (a) unmodified mixtures, and (b) modified mixtures.

compressive strength of the unmodified and modified asphalt
mixtures, respectively. Evidently, the air void percentage of the
mixture strongly affected the ITS value of the unmodified and
nano-silica-modified asphalt mixture. By increasing the
percentage of air voids in the mixture, the ITS of the specimen
decreased. Furthermore, based on Fig. 12, the higher the
compressive strength of the asphalt specimens, the higher their ITS
value, and at higher compressive strengths, by decreasing the air
void content, the ITS rate increased. It can be observed from Fig.
12(b) that the modified mixture has a higher increase rate in
compressive strength and ITS value than the unmodified mixtures
at each air void.
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Fig. 13. 3D interpretation of TSR vs. air void and bitumen type in
asphalt unmodified and modified mixtures.

Fig. 13 shows a 3D interpretation of the moisture sensitivity of
the asphalt mixture vs. bitumen type and air void content. The
moisture sensitivity of the asphalt mixture was highly dependent
upon the air voids content in the asphalt mixture and the type of
bitumen used. Moisture sensitivity decreased with decreasing the
air void content. Moreover, for both types of bitumen (60-70 and
85-100 pen grade), the modification of bitumen with nano-silica
increased the TSR value. In other words, the TSR of the mixture
modified with the 85-100 pen grade bitumen (Mod 85-100) was
higher than that of both mixtures prepared with unmodified 60-70
and 85-100 pen grade bitumens. Also, the mixture made with
modified 60-70 pen grade bitumen had the highest TSR value and
the best moisture sensitivity performance.

3.6. Results of Statistical Analysis

The results of the MANOVA analysis are presented in Table 7.
The results showed that bitumen type, modification and air void

113

content had significant effects on variables of ITS and F. because
their P-values are less than the a = 0.05. Also, the interaction
between bitumen type and modification had a significant effect (p
< 0.05) on the variable of ITS. However, do not significantly affect
(p > 0.05) on F. But, the interaction between modification and air
void content, and the interaction between bitumen type,
modification and air void content was not significant on the
variables of ITS and F..

4, Conclusion

The main objective of this study was to investigate the use of
nano-silica in improving the properties of different bitumens and
increasing the moisture resistance of asphalt mixtures at different
traffic loading conditions. After physical and rheological testing
on nano-silica modified bitumen, ITS, and compressive strength
tests were performed on the asphalt mixtures, and the results of the
experiments were compared. The following results were obtained:

1. Generally, the penetration grade and ductility decrease, while
RV, softening point, and flash point increase with increasing
the nano-silica content in the bitumen, and the optimal
amount of nano-silica is 0.7%.

2. Nano-silica improves the moisture sensitivity of asphalt
mixtures with 60-70 and 85-100 pen grade bitumens at all air
void contents (4, 5, and 6%). In other words, nano-silica can
be used to decrease the moisture sensitivity of asphalt
mixtures at different traffic loading conditions.

3. The ITS values of asphalt mixtures made with the 60-70 pen
grade bitumen are higher than the asphalt mixtures made
with the 85-100 pen grade bitumen. Also, the ITS results of
all the specimens showed that the modification of bitumen
with nano-silica significantly increases the ITS values of the
specimens in dry and wet conditions. Thus, the modified
mixtures in the wet condition (Mod-Wet) has a higher ITS
value than the unmodified mixtures in the dry condition
(Unmod-Dry) at almost all air void contents.

Table 7
MANOVA analysis results on main and interaction effects on ITS and F..
Source of variation Dependent Variable  Type Il Sum of DF Mean Square F Sig.
Squares
A= Bitumen Type ITS 1626302.3 1 1626302.3 174.915 0
Fc 54.15 1 54.15 128.537 0
B = Modification ITS 599610.09 1 599610.09 64.49 0
Fec 5.636 1 5.636 13.378 0.003
C= Air void ITS 266081.52 2 133040.76 14.309 0.001
Fec 16.659 2 8.33 19.772 0
A*B ITS 206035.07 1 206035.07 22.16 0.001
Fec 0.012 1 0.012 0.028 0.87
A*C ITS 87990.187 2 43995.094 4,732 0.031
Fc 3.25 2 1.625 3.857 0.051
B*C ITS 23861.482 2 11930.741 1.283 0.313
Fc 0.113 2 0.057 0.134 0.876
A*B*C ITS 7394.351 2 3697.175 0.398 0.68
Fec 0.045 2 0.022 0.053 0.949
Error ITS 111571.93 12 9297.66 - -
Fec 5.055 12 0.421 - -
Total ITS 11529652 24 - - -
Fc 526.876 24 - - -

Note: * denotes interaction.
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The TSR value decreases with the increases of the voids from
4 t0 6% in all the mixtures. The results also show that the
TSR values of the unmodified and modified mixture with 60-
70 are higher than the 85-100 pen grade bitumen, which is
due to the higher viscosity of 60-70 than the 85-100 pen
grade bitumen and the slower movement of the asphalt
binder from the aggregate surface.

The percentage increase of TSR for mixtures with the 60-70
pen grade bitumen is higher than the mixtures with the 85-
100 pen grade bitumen. This suggests that nano-silica is more
effective on the 60-70 than 85-00 pen grade bitumen.
Nano-silica enhances the compressive strength of asphalt
mixtures, and an increase in the air void content has a
negative impact on the compressive strength of asphalt
mixtures.

The results of MANOVA analysis indicated that the bitumen
type, modification and air void content had significant effects
on variables of ITS and F,
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