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Abstract: In recent years, nano-modified asphalt has gained
significant attraction from researchers in the design of
asphalt pavement fields. The recently discovered Titanium
dioxide nanoparticles (TiO,) are among the most exciting
and promising nanomaterials. This study examines the
effect of 1, 3, 5, and 7% of nano-TiO, by weight of asphalt
on some of its rheological and hardened properties. The
experimental study included physical and rheological prop-
erties. The asphalt penetration, softening point, ductility,
and rotational viscometer tests indicate that 5% nano-TiO,
is the ideal amount to be added to bitumen as a modifier.
The study of the rotating viscosity test showed that the addi-
tion of nano-TiO, helped to increase viscosity and lessen
bituminous sensitivity. Rutting factor in terms of G*/sin §
indicated the addition of 3 to 7% of nano-TiO, increased the
rutting resistance of asphalt against higher temperatures
and promoted performance grade by about one grade at
3% and two grades at a range of 5-7% this suggests that
nano-TiO, increased the stiffness of the asphalt and leading
to enhance the rutting performance of asphalt. While
fatigue parameter, G*.sin § shows that as nanocontent
increases, higher stiffness at 5 and 7% of TiO, content leads
to an increase in complex modulus and a decrease in fatigue
parameter. Higher creep stiffness and higher m-values were
noted at low temperatures as nano increases in asphalt
binder, increasing stiffness and decreasing the m-value at
-6 and 12°C. As a result, using 5% nano-TiO, will improve
asphalt’s physical properties and enhance asphalt anit-rut-
ting and fatigue resistance.
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1 Introduction

Asphalt binder is considered one of the unique material
components in paving construction and industry. Due
to the population’s increasing capacity and the demand
for cars, the repeated axial loading damage increases
on the pavement surface, accompanied by other extrinsic
features like hot climate weather and bad construction,
which finally lead to the early failure of asphalt pavement.
Modifying asphalt binders has been the key solution in
recent years to avoid these problems. This is due to the
applicability of additives such as polymers, fillers, waste
material, and the new generation of nanomaterials. The
benefits of nanomaterials include their high-temperature
sensitivity, improved extendibility, and higher specific sur-
face area. According to Yao et al. and Li et al. [1,2], adding
nanomaterials to asphalt that has already been treated for
polymers is more advantageous; as a result, nanomaterials
improve the interaction of polymers with the asphalt
matrix, decrease polymer segregation, and increase the
stability of modified asphalt binder. Numerous studies con-
ducted globally have used nanomaterials to successfully
enhance the engineering properties of asphalt binders
[3-6]. Hamedi [7] investigated a binder 60-70 with aggre-
gates coated in nano-Al,03 and nano-Fe,03 for an asphalt
mixture. Asphalt mixtures with and without nano-addi-
tives were tested using a modified Lottman method by
the authors. The authors conclude that the nano-additive
increased the asphalt mixture’s resistance to moisture.
Titanium dioxide appears in nature as rutile, anatase,
and brookite. Titanium dioxide at the nanoscale comprises
80% anatase and 20% rutile. It has been demonstrated that,
compared to regular TiO,, nano-TiO, has a very high sur-
face area, a tiny diameter, and a very low opacity. Because
of these unique features, some researchers used nano-TiO,
to enhance the performance of modified asphalt. The addi-
tion of TiO, to the asphalt binder increases viscosity [8-10]
and the G*/sin 6 parameter at high temperatures [11]; TiO,
causes a slight reduction in the non-recoverable creep
compliance and increases the matrix recovery rate [12];
the aging index is decreased [13]; the more nano-TiO, is
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incorporated into the asphalt binder, the greater the mass
loss [14]. Other researchers, like Shafabakhsh et al. [15],
assessed how nano-TiO, affected the rutting and fatigue
characteristics of the HMA mixture. According to the results,
nano-TiO, improved the rutting and fatigue behavior of the
combination. Later, the author examined the impact of
nano-Ti0y/SiO, on the effectiveness of a mixture, showing
that nano-TiO,/SiO, improves the binder’s rheological beha-
vior and the mixes’ rutting behavior [16]. The rutting beha-
vior of hot-mix asphalt modified with nano-TiO, was assessed
in a study by Tanzadeh et al. [17]. The wheel-tracking test was
used to look into how well the specimens rutted. According to
the results, nano-TiO, improved the rutting performance of
the unmodified asphalt mixture. A different combination of
nano-Ti0,/CaCO3; was used by Zhang et al. [18]; the author
conducted a study to assess the asphalt rheological perfor-
mance with different dosages with the 5% optimal dosage
TiO,/CaCOs content, asphalt viscosity improved and enhanced
anti-rutting capacity by increasing its rutting parameter (G*/
sin 8). According to Rocha Segundo et al. [19], a transparent
binder modified with 0.5, 3.0, 6.0, and 10.0% nano-TiO, is
compared to the transparent base binder, conventional bin-
ders, and polymer-modified binders in terms of its physico-
chemical and rheological characteristics. The addition of
nano-TiO, gradually raised the softening point and reduced
penetration by up to 6.0% of modification. Furthermore, TiO,
would shorten the fatigue life of transparent-binder asphalt
pavements. Instead, it would make high contents more resis-
tant to rutting. According to the results, the author recom-
mended that 0.5% of TiO, was the best addition rate without
degrading the transparent binder’s fatigue resistance, and
10.0% was the best for permanent deformation. The rheolo-
gical parameters G*/sin § improve when the amount of nano-
TiO, and nano-ZnO in the asphalt matrix increases; according
to a recent study, the non-recoverable creep compliance
caused by stiffness growth at high temperatures increases
the resistance to permanent deformations. Filling the porosity
of the conventional asphalt binder increases impermeability
and decreases the effects of oxidation and volatilization,
which lowers the Aging Index values [20]. Both nanoparticles
perform better regarding fatigue damage at low deformation
amplitudes and worse at large deformation amplitudes.
When compared, the binder modified with nano-ZnO exhibits
better mechanical and rheological response at high tempera-
tures. In contrast, the binder modified with nano-TiO, exhi-
bits a higher number of cycles during the assessment of the
fatigue damage tolerance. Low-temperature cracking, which
results from the asphalt layer shrinking and the creation of
tensile strains greater than the asphalt mixture’s fracture
strength, is another significant problem with flexible pavements.
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The likelihood of low-temperature cracks increases due to bitu-
men’s increased creep stiffness and lower viscous behavior. the
fatigue parameter (G*sin §) showed that TiO,/CaCO; would
improve fatigue resistance at intermediate-temperature. Other
studies [21,22] indicated that nano-TiO, decreases asphalt
binder susceptibility against temperature and reduces its sen-
sitivity towards aging since it affects the physical testing and
rheological properties of asphalt, causing an increase in
asphalt rutting resistance at higher temperatures and
enhancement of the elasticity of asphalt, at intermediate tem-
perature performance of bitumen improves so the fatigue
lives increase. Also, Cadorin et al. [23] present how the pre-
sence of nano-TiO, affected the matrix’s susceptibility in their
study. The author concludes that nano-TiO, enhances the
matrix’s mechanical and rheological properties, increasing its
resistance to persistent at specific stress/strain levels, deforma-
tion, stiffness, fatigue damage tolerance, and oxidative aging
resistance. Different concentrations of nano-TiO, were added
by Filho et al. to a neat asphalt binder with a penetration grade
of 50/70. They discovered that nano-TiO, might increase fatigue
resistance by conventional testing, linear amplitude sweep,
and multiple stress creep recovery [24]. Later, they concluded
that including nano-TiO, developed a higher performance in
high temperatures than the pure binders by promoting a non-
recoverable compliant decrease, leading to an increase in the
resistance to permanent deformation besides a growing delay
in aging, as evidenced by a lower aging index and reduction in
mass loss [25]. According to research, nano-TiO, in the anatase
phase is more effective than the rutile and brookite phase at
purifying the environment [26]. The oxidation of a titanium
precursor at a high temperature produces nano-TiO,. Most of
the literature on using nano-TiO, for asphalt modification
focuses on protecting asphalt pavement from photocatalytic
oxidation and removing vehicle pollutants like NOx [14,27,28].
According to published studies, nano-TiO, has a great potential
to reduce atmospheric nitrogen monoxide by maintaining it
close to the source of the pollution. Similarly, a few research
studies, including nano-TiO,, have been reported to increase
the rheological performance of asphaltic mixtures. Some con-
cerns about human health should be addressed when dealing
with any nanoparticles. Regarding nanoparticle safety and
related potential health dangers, there are some reservations.
Since they are tiny, they can easily pass through biological
barriers like cell membranes and human skin and build up
in unfavorable places to dangerous levels [29]. According to
Grassian et al. [30], breathing in nano-TiO, at a concentration
of 8.8 mg/m® resulted in lung irritation. Although some studies
have already been done, there is still much ambiguity about
how manufactured nanomaterials may affect the environ-
ment and people’s health. More articles have recently been
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published on this subject due to the widespread use of nano-
technology in various sectors, particularly in packaging and
food additives [30—34]. There are several stages where expo-
sure can be significant, including creating nanomaterials and
modifying the asphalt binder. Inhalation, ocular contact, and
dermal adsorption are the most likely exposure modes [34].
The handling and manipulation of such materials should be
treated as possible hazards unless the nanomaterials suppliers
provide other information, in which case safety handling pro-
cedures should be followed. Crucho [35] stated that modified
asphalt binder in a laboratory with a fume hood cabinet and
personal protections: gloves made of nitrile that are at least
0.5 mm thick, a mask to protect one’s eyes, a breathing mask
with a particle-filter FFP3, and a protective suit (Tychen C —
category III). The related studies show that incorporating TiO,
nanoparticles into asphalt binders improves asphalt binders’
toughness, rutting resistance, stiffness, and resilience to aging
while lowering the penetration grade and raising the soft-
ening point of binders. Besides, its effect promotes NOx and
SO, pollutants from the atmosphere through photocatalytic
activity. In this context, there is a definite need for new
studies to supplement previously published ones targeted
the impact of the addition of nano-TiO, and how it affects
the high-temperature properties of asphalt; changing asphalt
binder high-temperature rheology may change the rheology at
low and intermediate temperatures. Since more complexity is
involved with the fatigue phenomena, less attention has been
dedicated to analyzing their impact on the fatigue performance
of asphalt. In this article, the effect of adding different content
of nano-TiO, (1, 3, 5, and 7% by weight of mass) was examined
via penetration, softening point, ductility, viscosity, and pene-
tration index were evaluated, and dynamic shear rheometer
(DSR) and bending beam rheometer (BBR) assessed the asphalt
susceptibility with high, intermediate, and low temperatures.

2 Materials and methods

The material in this research is locally available in Iraq and
used in paving work, while nano-TiO, was imported from
SkySpring Nanomaterial, Inc.

2.1 Asphalt

Neat asphalt binder graded 40-50 penetration was obtained
from the Al Doura refinery southwest of Baghdad province.
The main properties of asphalt are presented in Tables 1
and 2.

Effect of nano-TiO, on physical and rheological properties of asphalt cement

Table 1: Physical properties of Al-Doura asphalt

Property Designation  Units Result
Penetration at 25°C, 1009, 5s AASHTOT49 01mm 47
Softening point AASHTO T53 °C 49
Specific gravity at 25°C ASTM-D70 — 1.03
Flash point AASHTO T 48 °C 288
Ductility AASHTOT51 cm 12
Residue from thin-film oven test AASHTO T 179

Retained penetration, % of AASHTOT49 0.1mm 61
original

Ductility at 25°C, 5 cm/min AASHTOT51 cm 87

2.2 Nano-TiO,

Nano-TiO, (titanium oxide), shown in Figure 1, is a natu-
rally occurring titanium oxide. Rutile, anatase, and broo-
kite are the most common forms found in nature. Titanium oxide
at the nanoscale comprises 80% anatase and 20% rutile. Sky
Springs Nanomaterials Inc. sold rutile TiO2 (99.5%, 10-30 nm),
employed as a nano-additive in this investigation; SEM image
shows the particle shapes in Figure 2, while Table 3 presents
physical nanocharacteristics.

2.3 Preparation of nano-modified asphalt
In this study, nano-Tio, was added at 1, 3, 5, and 7% by

weight of neat asphalt binder. A high-speed mixer with a

Table 2: Rheological properties of Al-Doura asphalt

Property Designation Result Temperature AASHTO
M320
limits

Original test on binder

Rotational AASHTO T316  0.63 135°C Max. 3

viscosity, Pa s 0.16 165°C —

DSR,10rad/s, AASHTO T315 2.34 64°C Min. 1

G*/sin 6, kPa 0.842  70°C

Rolling thin film oven (RTFO) Binder Residue

DSR, 10 rad/s, AASHTO T315 3.67 64°C Min 2.2

G*/sin 8, kPa 1.68 70°C

Mass loss, %  AASHTO T240 0.61 Min. 1

Pressure Aging Vessel (PAV) Binder Residue

DSR,10rad/s, AASHTO T315 6980  25°C Max. 5000

G*.sin 6, kPa 4662  28°C

Creep AASHTO T313 177 -16°C Min. 300

stiffness,

MPa

Slope m- 0393 -16°C Max 0.3

value
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Figure 1: Photo of nano-TiO,.

jiffy head, as shown in Figure 3, was used to perform the
homogenous modified asphalt blend and ensure good nano-
particle dispersion; the basic procedure included heating
the asphalt to 160°C for sufficient time and manually stir-
ring. Then, nano-TiO, was introduced slowly at a rate of
2 gm per minute. Finally, a shearing rate of 6,000 revolutions
was performed for 40 min. Figure 4 summarizes the proce-
dure used for asphalt binder modification.

3 Asphalt test

3.1 Physical and rheological tests

Routine physical testing was established to assess the impact
of various nano-modified asphalt concentrations, including
a penetration test to measure the consistency of asphalt
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Table 3: Physical properties of nano-Tio,
Properties Nano-TiO2
Appearance White powder
Average particle size (nm) 10-30
Specific surface area: m?/g 50-100
Bulk density (g/cm?) 0.08
Purity 99.5%
Solubility Insoluble

based on ASTM D5. At the same time, the softening point is
conducted based on ASTM D36. Furthermore, ASTM-D113 pro-
vides an accurate measure of tensile property for asphalt by a
ductility test. The penetration and the softening point result
were later used to compute the penetration Index (PI) presented
in equation (1) to quantify asphalt temperature sensitivity [36].

_ 1952 - 50010g,,P25 — 20SP
~ 50log,,P25 - SP - 120

@

3.2 DSR

The DSR test describes the viscous and elastically behavior of
asphalt at medium to high temperatures. DSR measures the
phase angle (6) and the shear modulus (G*). Unaged, RTFO
aged, and PAV aged bitumen is all done per AASHTO T 315.

3.3 BBR

The BBR test measures bitumen’s stiffness and relaxation
characteristics at low temperatures. These variables

Figure 2: SEM image of nano-TiO,.
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Figure 3: Mixing of nanomaterial with asphalt.
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160°C 5 min o
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Introduction of
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6000 rev/min

Mixing with High Shear
Mixer for 40 min

Figure 4: The procedure of asphalt modification.

indicate an asphalt resistance to low-temperature cracking.
On PAV-aged bitumen, a BBR test is conducted per AASHTO
T 313.

3.4 Rotational viscometer (RV)

The RV test can assess asphalt workability during the
mixing and compacting processes. According to the
AASHTO TP48 standard, the asphalt RV readings are calcu-
lated. The RV Brookfield (DV-III) measures bitumen viscosity
at 135°C, and a 165°C test is run. Figure 5 presents the testing
setup for identifying neat and nano-modified asphalt’s phy-
sical and rheological properties.

4 The test result of asphalt

4.1 Physical tests

Figures 6-9 show how different TiO, concentrations affect
the properties of asphalt in terms of penetration, softening
point, ductility, and PI values. Nano-modified asphalts
show a noticeable decrease in penetration, with the highest
difference at 5% TiO,, up to 22% from the neat asphalt.
Conversely, the softening point values increased positively
at 6,13,16, and 14% for 1, 3, 5, and 7% for adding nano-TiO,,
respectively. According to the results, 5% nano-TiO, causes
a decrease in the penetration grade and increases the soft-
ening point of binders. This behavior will promote asphalt
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(8) (h)

Figure 5: The testing device used in this study: (a) penetration test, (b) softening point, (c) ductility, (d) RTFO, (e) rotianle viscometer, (f) DSR, (g) BBR,
and (h) PAV.
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Figure 6: Asphalt penetration modified asphalt with TiO,.

stiffness and improve the resistance towards higher tem-
peratures. PI value, shown in Figure 9, guaranteed the blend’s
stiffness. Increasing the PI value indicated increasing hard-
ness, which improved the TiO, blend’s temperature suscept-
ibility and vice versa. It has been noted that among asphalt
blends, asphalt with 5% TiO, has the highest hardness and is
most closely related to neat asphalt. Furthermore, ductility
value increased with increasing Nanocontent in a wide range
between 112 and 123 cm for neat and 7% nano-TiO,. Based on
penetration, softening point, and ductility tests, it was deter-
mined that asphalt’s hardness had increased, improving its
susceptibility to temperature changes.

4.2 Rheological test results
4.2.1 Viscosity

Figure 10 indicates that with the increase of nano-TiO,
from 1 to 7%, the viscosity of neat asphalt binder would
enhance at both 135 and 165°C temperatures. Viscometer
testing result exhibited in Figure 9 shows an increasing
rate in the value of viscosity by nearly 29, 42, 56, and

140

120 A

100 -

80

60 -

40 -

Softening Point , ‘C

20 A

0% 1% 3% 5% T%
% , Nano Content

Figure 7: Asphalt softening point modified asphalt with TiO,.
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Figure 8: Asphalt ductility modified asphalt with TiO,.

53% at 135°C at increasing content of nano-TiO, from 1 to
7%, respectively, compared to neat asphalt binder. Mean-
while, the same trend was noted at 165°C with less effective
than up to 7% with 0.288 Pa s showing an increase by about
44% as associated with neat asphalt.

It can be concluded that after 5% of nano-modified
asphalt, the values of viscosity take the lead of the same
increase or less; this could be attributed to the broken bond
among asphalt particles as a result of utilizing high Shear
mixer making asphalt particles separated leading to be
replaced by nano-TiO, particles [37]. It can be inferred
that adding nano-TiO, helped to increase viscosity and
lessen bituminous sensitivity. Viscosity variation, mean-
while, revealed a marked upward tendency.

4.2.2 DSR test results

4.2.2.1 Rutting parameter G*/sin é§

The rheological testing used in the current study is to
assess the Performance Grade (PG) classification for the
upper-critical temperature over a range of temperatures

2.0

1.5 A

1.0 1

0.5

0.0

Pl

-0.5 A

-1.0 A

-1.5 A

-2.0

0% 1% 3% 5% T%

% , Nano Content

Figure 9: Asphalt PI-modified asphalt with TiO,.



8 =—— Ahmed Mahir Mohammed and Alaa H. Abed

DE GRUYTER

35

3.0 1
Bl 135°C T

254 [ 165°C

n

=

A+ 2.0 1

&

S
1.0
0.5 - %l %
00 I& II% I& I 1

0% 1% 3% 5% 7%

% , Nano Content

Figure 10: The viscosity of nano-modified asphalt.

and different nanocontent. The study examined neat asphalt
and nano-modified asphalt binder samples regarding ori-
ginal, RTFO, and PAV. Specimen subjected to DSR oscillatory
shear at 10rad/s (1.59 Hz) corresponds to traffic traveling
around 90km/h. With a run-up in 6°C increments, the

Table 4: Performance-graded asphalt test results

preliminary temperature values were adjusted to 64°C for
unaged and RTFOT-aged samples. The presented result is in
Table 4, and Figures 11-15 indicate an enhancement in
asphalt binder properties as nano-TiO, content increased
from 1 to 7%. In the case of the original and RTFO binder,

Temperature, °C Property 0% 1% 3% 5% 7%
Test on original binder
64 G*/sin § 234 2.7 4.85 6.57 6.66
6 84 82 80 77 75
70 G*/sin & — — 1.22 2.4 2.53
6 — — 82 79 77
76 G*/sin § — — — 177 1.82
6 — — — 81 80
Test on RTFO binder
64 G*/sin & 3.67 4.64 6.28 9.21 9.45
6 68 66 63 60 59
70 G*/sin § — — 422 5.58 5.80
6 — — 66 64 62
76 G*/sin § — — — 2.05 2.21
6 — — — 65 64
Test on PAV binder
25 G*ssin § *6980 *6433 *5741 4850 4552
) 52 51 48 44 43
28 G*ssin § 4662 4421 3951 3420 3105
6 58 57 56 52 50
Actual PG 64-16 64-16 70-16 76-16 76-16

*failed to specify the limit.
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Figure 11: Rutting parameter of original nano-modified asphalt, G*/sin 8.
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Figure 12: Rutting parameter of original nano-modified asphalt, phase
angle é.

the Superpave specifies a minimum amount of 1 and 2.2 kPa,
respectively. Generally, a slight increase in rutting para-
meter G*/sin is shown with 1%, while these values exhibit
an increase by about 51% for 3% TiO, and nearly 64%. When
nanocontent is from 5 to 7% at 64°C in the case of the ori-
ginal binder, the same trend at this temperature has been

RTFO Asphalt

Rutting Factor, G*/Sin delta

60 66 72 78

Temperature , °C

Figure 13: Rutting parameter of RTFO nano-modified asphalt, G*/sin §.
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Figure 14: Rutting parameter of RTFO nano-modified asphalt, phase angle é.
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Figure 15: Falling temperature of neat and nano-modified asphalt.

noted, with a slight change for the RTFO binder at the same
temperature. It was noted that adding 5% to 7 of nano-TiO,
by weight of neat asphalt increased the value of G*/sin §
beyond the specification limit and survived against high
temperatures, reaching a temperature of 76°C with a negli-
gible increase behind 5% of nanocontent. TiO, can increase

10° 60
®
—_e
— - - 55
3
50 5
@
7] o°
= -
= )
@ 105 A F45 o
e g
© )
(2]
F4a0 &
o
—8@— G*Sindelta0%® Phase angle 0%
0 G*.Sin delta1%® Phase angle 1% 35
G*.Sin delta-3%® —- Phase angle 5%
—@&—— G*.Sin delta 5% Phase angle 3%
—@—— G*Sindelta7%® — Phase angle 7%
104 T T T T 30
24 25 26 27 28 29

Temperature, °C

Figure 16: G*.sin 6 and 6 values of neat and nano-TiO,-modified asphalt.
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Figure 17: m-Value of neat and nano-modified asphalt.

PG grading by two grades to 76-16, which could be attributed
to the vaporization of light elements and the consequences
of change in asphalt nature aromatics and resins to asphalt-
ness [11]. The outcomes of these results indicated that the
addition of 3-7% of nano-TiO, increased the rutting resis-
tance of asphalt against higher temperatures and promoted
PG by about one grade at 3% and two grades at a range of
5-7% this suggests that nano-TiO, increased the stiffness of
the asphalt and leading to enhance the rutting performance
of asphalt. In conclusion, it can be stated that adding nano-
TiO, by an amount of 5% enabled the asphalt to maintain
higher stiffness at a higher temperature than its PG specifica-
tion. Additionally, the binder was changed into a more
advanced “high-temperature PG graded” binder.

4.2.2.2 Fatigue parameter G*.sin 6§
Testing values for Superpave fatigue parameter G*.sin §
and phase angle 6 for neat and nano-modified asphalt

DE GRUYTER

are listed in Table 4 and compared in Figure 16. It can be
noted that § values decrease with the continuous increase
of nano-TiO, at temperatures 25 and 28°C. A slight differ-
ence is seen at 1% nano-TiO,. However, this decrease gra-
dually increases, showing an improvement in the elastic
nature of asphalt by about 8, 16, 18% at 25°C and 4, 11, and
14% at 28°C, when nano-TiO, content increased from 3 to 7%,
respectively. Additionally, it can be seen that the § values
difference between changed samples and neat asphalt is
lessened at lower temperatures due to the asphalt matrix
behaving more elastically as the temperature drops. On the
other hand, the behavior of decreasing rate in G*sin §
values was obtained as nanocontent increased, highlighted
with higher stiffness at 5 and 7% of TiO, content, leading to
an increasingly complex modulus and decreasing fatigue
parameter by about 30 and 34% from neat asphalt con-
cerning this content of nano at both temperatures 25 and
28°C. These results agree with another researcher [38].

Although nano-modification also enhanced the elastic
behavior of asphalt binder, as evidenced by decreased
phase angles, the high complex moduli led to more signifi-
cant values of G*.sin 6. According to the Superpave fatigue
parameter data, the change of asphalt binder with nano-
particles causes a decrease in resistance against fatigue
cracking. Keeping in mind that the Superpave fatigue para-
meter is based on the results of a single loading cycle, it
should be noted that there may be some differences between
the parameter and the field findings.

4.2.3 BBR stiffness and m-value

The BBR testing result exhibited in Figures 17 and 18 shows
that nano-TiO, particles decreased the elasticity of asphalt
at low temperatures. Nano-modified asphalt failed to meet

400

. 5 °C
I -12°C
12 C: 241

350 4 o S
Min.Limit

250 -

Stiffness , Mpa

200

W —————————

N L |

0% 1%

3% 5% 7%

% , Nano Content

Figure 18: Stiffness value of neat and nano-modified asphalt.
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the Superpave criteria for creep stiffness or creep slope at
-12°C; instead, at -6°C, the binders achieved the specifica-
tions. Incorporating nano-TiO, into asphalt binder at dif-
ferent contents increased its stiffness and decreased the
m-value at both temperatures, showing a higher chance
of low-temperature cracking.

Dealing with samples at -12°C, the phase angle in
Figure 16 presented a lower m-value than neat asphalt;
1% nano-TiO, decreased m-value to 0.363, showing a slight
decrease of nearly 7% ad with increasing nanocontent
from 3, 5, to 7%, m-value lowered by 14,21 and 23% to
neat asphalt that is related to an enhancement in the
elastic characteristics of asphalt. Additionally, it can be
seen that the phase angle difference between neat and
nano-modified asphalt is lessened at lower temperatures.
This might be because the asphalt matrix will behave more
elastically as the Temperature is lowered. At temperatures
as low as -12°C, asphalt nano-modified with 1-7% nano-
TiO, would demonstrate the necessary fatigue resistance.
Therefore, it can be concluded that nano-TiO, addition to
PG 64-16 is negligible and has no impact on the base bin-
der’s low-temperature PG. The creep stiffness modulus of
neat and nano-TiO2-modified asphalt was presented in
Figure 18 at two temperatures, -6 and —12°C. At -6°C, all
samples meet the Superpave speciation below 300 MPa
When the Temperature dropped to -12°C, a significant
increase was noted up to 3% for nano-TiO, modified asphalt
as compared to neat sample, hence beyond threshold limits
of 3% higher stiffness observed causes the asphalt to be stiff
and less elastic. In addition, nano-modified asphalt with a
3% concentration shows a greater modulus with a lower m-
value when compared to neat asphalt, showing that fracture
resistance for nano-modified asphalt has been slightly low-
ered but can still meet specification criteria.

4.3 Evaluation of the cost

Considering the financial effects of utilizing nanomaterials
as AC modifiers is essential. Nanotechnology produces
nanoparticles in tiny quantities, but asphalt pavement
building uses enormous quantities of materials — mea-
sured in tons. Due to the intricate processing steps neces-
sary to produce such high purity levels, restricted size
range, and high specific surface area, nanomaterials are
expensive. Currently, 1kg of nano-TiO, costs $188 from
Skyspring (the source of imported nano in this study).
However, as demand rises, more alternative energy sources
are used, and manufacturing technology advances, the cost
has been falling over time, and this trend is anticipated to
continue. For the addition of modifiers to be cost-effective at

Effect of nano-TiO, on physical and rheological properties of asphalt cement
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current costs, a significant increase in durability must be
obtained. Additionally, from an economic perspective, modi-
fiers requiring smaller optimum amounts are more compe-
titive. Adding 5% TiO, is more cost-effective and improves
asphalt rheology at various temperatures.

5 Conclusion

This study examines the effect of 1, 3, 5, and 7% of nano-
TiO, by weight of asphalt on some of its rheological and
hardened properties. The physical and rheological proper-
ties of nano-modified asphalt were assessed the asphalt
susceptibility with high, intermediate, and low tempera-
tures. The following conclusion can be drawn: based on
tests for penetration, softening point, viscosity, and ductility,
it was determined that asphalt’s hardness had increased,
improving its susceptibility to temperature changes. The rut-
ting factor, which measures the binder’s resistance to rutting
at high temperatures, showed that whether RTFO was aged
or original, increasing the content of nano-TiO, from 3 to 7%
increases the rutting resistance of asphalt against higher
temperatures and promoted PG by about one grade at 3%
nanolevel and two grades at a range of 5-7%, which suggests
that nano-TiO, increased the stiffness of the asphalt. While at
medium Temperature, fatigue factor value for PAV aged
asphalt, G*sin § shows that higher stiffness at 5 and 7%
of TiO, content increases complex modulus and decreases
fatigue parameters as nanocontent increases. Higher creep
stiffness and higher m-values were noted at low tempera-
tures as nano increases in asphalt binder, increasing stiffness
and decreasing the m-value at both -6 and 12°C, leading to a
higher chance of low-temperature cracking. Finally, 5% of
nano-TiO, will improve asphalt’s physical properties and
enhance asphalt anit-rutting and fatigue resistance.
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