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Bitumen properties which correspond to high resistance to traffic and temperature are the prime require-
ments in prolonging the pavement life. To achieve these requirements, nanoscale materials are consid-
ered as potential candidates to increase pavement life. Therefore, to fulfill the need for sustainable
structures, this research focused on nanosized (1-100 nm) charcoal from coconut-shell waste as an
additive in bitumen. Particle-size analysis and transmission electron microscopy indicated that 15 h of
ball-mill grinding produced nanocharcoal ash (NCA) with an average size of 57.7 nm. Then, 0% (control),

ﬁ?;v(‘)ﬂ_’sriséd 1.5%, 3%, 4.5%, 6%, or 7.5% NCA by weight of bitumen PEN 60/70 was added. Penetration, softening point,
Coconut shell viscosity, ductility, and dynamic shear rheometer (DSR) tests were performed to investigate the physical
Bitumen and rheological properties of the modified bitumen. Rolling thin film oven and pressure aging vessel tests

were used to simulate the aging properties of the bitumen. Results showed that NCA decreased the pen-
etration and increased the softening point of the bitumen, whereas viscosity increased with increased
NCA percentage. High rutting and cracking resistance at failure temperatures of 76 and 22 °C, respec-
tively, in the modified bitumen were revealed by the DSR test. Notably, 6% NCA was the optimum content
that can improve rutting and cracking resistance.

Physical properties
Rheological properties

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Good-quality pavement should exhibit high structural integrity,
which provides a strong, smooth, and safe riding surface for road
users. However, due to numerous factors, mainly traffic and tem-
perature, asphalt pavements tend to become damaged, which
decreases the serviceability, efficiency, and safety of asphalt pave-
ment [1-3]. In Malaysia, rutting and fatigue cracking are the com-
mon types of distress in asphalt pavements. One of the factors that
lead to pavement distress is the poor bitumen properties. Bitumen
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is a viscoelastic material that is easily affected by temperature.
Inadequate physical properties, such as stiffness, sensitivity to
temperature, and rheological properties (resistance to rutting and
fatigue cracking) are the factors that contribute to this problem.
Considerable research regarding asphalt modification is required
for compliance with the current traffic loadings and high
temperature to prolong the life of the pavement [1,4].

Nanoscale materials have recently been considered as potential
candidates for increasing the life of pavement. The nanosized
particles range from 1 nm to 100 nm in size [5-11]. Accordingly,
nanomaterials exhibit higher reactivity compared with other
common-sized particles because of their small size. The small size
of particles leads to large surface area, which can increase exposure
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to collisions and the frequency of collisions. Hence, the rate of reac-
tion will increase, leading to strong interfacial forces, which
improve the bonding between materials. A workshop by the
National Science Foundation in 2006 indicated that nanoscience
and nanotechnology can lead to improvements in the asphalt pave-
ment technology [11]. FHWA (2008) [7] expected that one of the
long-term effects of using nanomaterials in the pavement research
is to obtain novel pavement materials with high resistance to traf-
fic and environment. Numerous studies have incorporated nano-
materials as bitumen modifier owing to their unique properties,
which improve both the rheological and engineering properties
of bitumen and mixtures [12]. Various types of nanomaterials, such
as nanoclay, nanosilica, carbon nanofiber (CNF), and others, have
been used to modify the asphalt binder. Jamshidi et al. [12]
reported that nanoparticles can improve both the rheological and
engineering properties of bitumen and mixtures. Khattak et al.
[13] showed that CNF improves the viscoelastic response and rut-
ting resistance of bitumen. Shafabakhsh and Ani [ 14] utilized nano-
TiO, and nano-SiO, in bitumen, producing higher resistance
against rutting through the dynamic shear rheometer (DSR) test.
Zhang et al. [15] reported that nano-SiO,, nano-TiO,, and nano-
ZnO decreased penetration and increased softening.

Previous studies on nanomaterials mostly utilized inorganic
nanomaterials in the bitumen. One of the approaches to mitigate
the risks of using hazardous nanomaterials on the environment,
health, and safety is to replace these materials with an alternative
[7]. Naturally sourced material is one such solution for this prob-
lem. Few studies that the incorporation of natural resource nano-
materials, such as palm oil fuel ash, rice husk ash, and rattan, in
composite materials demonstrated that nanomaterials can
enhance the properties and performances of materials [16-18].

Moreover, the production of nanomaterials from natural wastes
can help to minimize the waste materials and fulfill the need of
sustainable structures [1,19,20]. Among all waste materials, coco-
nut shell is seen as the material with the most potential to be pro-
duced as nanomaterials because of its strength and good quality in
various composite structures. Coconut shell is one of the agricul-
tural wastes that are abundantly available and discharged by var-
ious industries [20-22] Coconut is the fourth crop in Malaysia after
palm oil, rubber, and paddy, sequentially [23]. Coconut is an extre-
mely strong, rigid, and lightweight material. In addition, the mate-
rial is environmentally friendly because of its biodegradability and
emission of a relatively low amount of carbon dioxide when
burned [24]. Therefore, this paper focuses on the utilization of
nanocharcoal ash (NCA) from coconut shell as the bitumen modi-
fier and its effects on bitumen performance. Penetration, softening
point, viscosity, and dynamic shear rheometer (DSR) tests were
performed to investigate the effects of nanosized charcoal on the
physical and rheological properties of bitumen.

2. Materials and method
2.1. Asphalt binder

The bitumen PEN 60/70 from Chevron, Malaysia was used.
Table 1 shows its physical properties.

2.2. Preparation of nanomaterial

Each 200 g of coconut shell was burnt in a furnace (42 x 53 x
55 cm?) at 450 °C for 5 min. This temperature was selected based
on the thermal properties of charcoal [25-27]. Charcoal was then
produced and crushed using the Los Angeles abrasion machine to
produce finer sizes. The fine charcoal was subsequently sieved to
obtain the particle sizes of less than 75 um. The material was

Table 1
Physical properties of PEN bitumen 60/70.
Specific gravity 1.03
Penetration at 25 °C (dmm) 60.9
Softening point (°C) 49.0
Viscosity at 135 °C (Pa-s) 0.5
Table 2
Grinding balls.
Diameter (mm) Weight (g) Amount
25 407.2 7
20 513.8 17
16 252.5 17
12 97.1 15

ground using a ball mill to obtain nanosized charcoal. A total of
56 steel balls of different diameters were used as grinding media.
Table 2 shows the specification of the grinding media. The different
grinding times were 5, 10, 15, and 20 h. A total of 100 g of material
was fed into the ball mill for each grinding time. Particle-size anal-
ysis (PSA) and transmission electron microscopy (TEM) were car-
ried out on the ground samples to check the size.

2.2.1. Particle-size analysis (PSA)

The average particle size of ground samples, which were pro-
cessed for 5, 10, 15, and 20 h, was analyzed by a PSA Malvern
Zeta-sizer Nano-ZSP ZEN5600. PSA was used to obtain the average
size from the peak of particle-size distribution of the sample.
Dynamic light scattering technique was used in this test, in which
the samples were prepared by using a wet process. This technique
can be used to measure the particle and molecular sizes ranging
from 0.3 nm to 10 um.

2.2.2. Transmission electron microscopy (TEM)

TEM Hitachi HT7700 was used to visualize and analyze the
nanocharcoal. This instrument can be used to measure the sample
in the microscale (1 pum) to nanoscale (1 nm). TEM can analyze the
sample with high-image resolution and magnification.

2.3. Bitumen modification

2.3.1. Modification using different particle sizes of charcoal

5, 10, 15, and 20 h ground samples (6% by weight of bitumen)
were added in the bitumen PEN 60/70. The percentage was
selected to examine the effects of the same amount of material
with different particle sizes in asphalt binder. Moreover, 6% was
selected for the study of the high effects of particles with and with-
out nanosized charcoal in the bitumen.

2.3.2. Nanocharcoal ash (NCA) modified bitumen

NCA with amounts of 1.5%, 3%, 4.5%, 6% and 7.5% were added by
weight of bitumen PEN 60/70. These percentages were selected
based on the analysis of previous studies [12,14,28,29]. The 1.5%
gap was selected to examine the sensitivity of the NCA content
in the bitumen.

2.3.3. Blending process

The blending process was conducted by using a high shear
mixer at 1500 rpm at 160 °C for 60 min. A speed of 1500 rpm
was used to ensure that the additives were dispersed well in the
bitumen. Blending was conducted at 160 °C because considerably
high temperature level can cause the aging of bitumen. Approxi-
mately 60 min of mixing was used to ensure adequate mixing
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between the additive and bitumen to produce a homogenous bin-
der [11].

2.3.4. Storage stability test

Storage stability test for modified bitumen was carried out in
accordance with ASTM D5976 [30] to evaluate the stability of the
NCA at high temperatures prior to physical properties tests. About
50 g of the modified bitumen was poured into an aluminum tube
(25 mm x 140 mm) after blending for each percentage. The modi-
fied samples were then heated in the oven for 2 days at tempera-
ture of 163 °C. After that, the heated samples were placed in the
freezer at —6.3 °C for 4 h in order to turn the liquid form of the
bitumen into solid. The sample was cut into 3 equal parts after
being removed from the freezer. The softening point of the top
and bottom parts of the bitumen was then tested. The difference
between the top and bottom parts should not more than 2.2 °C.

2.4. Bitumen property test

2.4.1. Penetration test

The consistency of bitumen was measured by penetration test
according to the ASTM D5/D5M-3 standard [31]. This test is the
simplest approach to obtain the penetration value of the bitumen.
A low penetration value indicates the hardness of the bitumen. The
bitumen was heated and poured into a penetration cup prior to
testing. The sample was then placed into a water bath for 1 h at
25 °C after cooling. The penetration equipment was used to per-
form the test with the applied total load of 100 g for 5 s at 25 °C.

2.4.2. Softening point test

The softening point test was conducted according to ASTM
D36/D36M—14e1 [32]. This test is important because it determines
the temperature susceptibility of the bitumen. The bitumen was
heated and poured into two rings and cooled for 30 min. The two
rings and two ball centering guides were placed on the ring holder
in a liquid bath. Subsequently, 3.5 g of steel balls were placed on
each sample and heated. The temperature at which the bitumen
touched the base plate was recorded, and the mean temperature
of the two samples was calculated.

2.4.3. Viscosity test

Viscosity test was conducted to determine the resistance of
asphalt binder to flow. A rotational viscometer was used to con-
duct the test according to ASTM D4402 [33] at 135 and 165 °C. A
Brookfield viscometer and a Thermosel system were used to deter-
mine rotational viscosity. A cylindrical spindle size number 27 was
immersed in the asphalt binder at constant temperature, and the
torque that maintained a constant rotational speed of 20 rpm of
the spindle was determined. This torque is related to the viscosity
of the binder. The viscosity test is important to evaluate the work-
ability of the asphalt binder in terms of pumping and mixing at
high construction temperature. Given the asphalt binder perfor-
mance, the low viscosity of asphalt binder will lead to rutting or
flushing at high temperature. Moreover, high viscosity will cause
non-load cracking at low temperature. Therefore, a suitable viscos-
ity grade must be determined to satisfy the climatic conditions.

2.4.4. Penetration index (PI) and penetration-viscosity number (PVN)

The relationship between the penetration-softening point value
and penetration viscosity value can be expressed in terms of Pl and
PVN, as shown in Eqs. (1) and (2), respectively [1]. These indicators
were used to measure the temperature susceptibility of the
bitumen:

(1951.4 — 500logP — 20SP) (1)
(50logP — SP — 120.14)

Pl =

PUN — 15 ((4.258 —0.7967logP — logV))

(0.795 — 0.1858l0gP) @)

where P is penetration value (dmm), SP is softening point value (°C)
and V is viscosity (Pa-s).

2.4.5. Ductility test

Ductility test was used to characterize the cracking of the bitu-
men at low temperature. This test is also used to determine the
cohesiveness of the bitumen. Ductility testing was carried out in
accordance with ASTM D113-07 [34]. The bitumen was tested at
25 °C in a water bath and pulled apart at the rate of 5 cm/minute
until the bitumen breaks. The specific gravity of the water was
adjusted to the same specific gravity of the bitumen. The length
of the bitumen stretch prior to break was then recorded.

2.4.6. Dynamic shear rheometer (DSR)

A DSR was used to measure the rheological properties of bitu-
men. This test was conducted in accordance with ASTM D7175-
15 [35]. The viscoelastic behavior of bitumen was determined by
the complex shear modulus G* and phase angle ¢ at intermediate
to high temperature. G* and ¢ values depend on the test tempera-
ture and frequency of loading. The rutting (December 2016-
January 2017) and fatigue cracking (May-June 2017) performances
of the asphalt pavements were analyzed from G*/sin 6 and G*.sin §
respectively. In this study, the test was conducted from 46 °C to 82
°C at an increment of 6 °C for the rutting performance and 40-22 °C
at a decrement of 3 °C for the fatigue cracking performance. For the
unaged and RTFO samples, a 1 mm-thick plate and 25 mm-
diameter top plate was used. Meanwhile, 2 mm-thick plate and
8 mm-diameter top plate were used for PAV sample. The bitumen
sample was sandwiched between two fixed plates. Stress was
applied on top of the sample by the oscillating top plate, which
oscillated at 1.59 Hz, to measure the maximum stress, maximum
strain, and time lag of stress and strain.

2.4.7. Rolling thin film oven (RTFO)

The rolling thin film oven (RTFO) was used to simulate short-
term aging of bitumen and aging of the bitumen during the mixing
and compaction of the hot mix asphalt at the field. This test was
carried out according to the ASTM D2872-12e1 [36]. Eight RTFO
bottles were poured with 35 g of bitumen each. Then, the bottles
were placed in the rotating carriage in an oven heated to 163 °C.
The carriages were then rotated at 15 rpm for 85 min with the air-
flow into each bottle at 4000 mL/min. The mass loss before and
after aging condition of the bitumen was recorded. The residue
from the bottles was transferred in the container for DSR testing.

2.4.8. Pressure aging vessel (PAV)

PAV testing was carried out in accordance with ASTM D6521-13
[37]. PAV was used to simulate the long-term aging of bitumen
during the asphalt pavement service life. The RTFO sample, which
was used to form the PAV sample, was heated, and approximately
50 g was poured in a pan. Ten pans were used to age the RTFO sam-
ples. A rack comprising the pans was then placed in the PAV. After
preheating, the PAV was operated at 2.1 MPa pressure and 100 °C
temperature for 20 h. The PAV samples were then heated at 163
°C in an oven for 30 min to release entrapped air. Then, the samples
were further tested using DSR.

3. Results and discussion
3.1. PSA

Fig. 1 shows the cumulative particle-size distributions of char-
coal ash ground for 5, 10, 15, and 20 h. The particle size of charcoal
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Fig. 1. Cumulative particle size distribution of ground charcoal.

ash decreased with grinding time from 5 h to 15 h. Particle size
then increased when the ash was subjected to 20 h grinding time.
The highest particle sizes produced for each grinding time were
164.2 (18.8%), 122.4 (24.2%), 58.77 (45.8%), and 105.7 nm (36.2%)
after grinding times of 5, 10, 15, and 20 h, respectively. Corre-
spondingly, the average particle sizes were 282.7, 211, 57.7, and
149.2 nm. These results showed that 15h grinding time
contributed a substantial nanoparticle size (57.7 nm) range,
whereas the particle sizes obtained for the other grinding times
exceeded 100 nm. According to Hornyak et al. [38], the novel and
distinct properties of materials were developed at the nanoscale
of 1-100 nm. In addition, the particle size continued to decrease
and increase again until a certain limit. Austin and Bagga [39]
reported that high grinding times yield no fine sizes even with
the same mill power. This condition is caused by the decreased
particle breakage rate, agglomeration, and longer time than the
optimum grinding time. According to Austin and Bagga [39], the
particles are difficult to break when the ball falls onto a bed of par-
ticles, which becomes powder because the particles tend to move
away from the balls. Furthermore, the powder bed only absorbs
the impact without breaking the particles, thereby reducing the
rate of particle breakage. Fine particles also possess large surface
areas, which tend to agglomerate because of the increased inter-
particle forces and influence by the air. Thus, the optimum grinding
time to obtain the nanocharcoal ash (NCA) in this study was 15 h,
yielding an average particle size of 57.7 nm.

3.2. TEM

TEM was performed on 15 h ground charcoal to confirm the
shape and size through high-resolution images, as shown in Fig. 2.
The particle size of materials shown in the images also included
the shape of the grid used during sample preparation. Fig. 2(a)
shows the particle sizes of the ground charcoal at the scale of 100
nm. According to Fig. 2(b), the particle size ranged from 19 nm to
50 nm, respectively. In addition, the particle size showed a sphere
and crushed shape, with all three dimensions within the range of
1-100 nm. The images also present different shades because of par-
ticle overlap, which darkened certain parts of the particles. The term
NCA was used to denote the nanomaterial in this research. Table 3
presents the properties of NCA. The nanosized particles showed lar-
ger surface area than those of other materials. This property can
help increase the bonding of the materials and the bitumen.

3.3. Bitumen modified with different particle sizes of charcoal

Table 4 shows the 5, 10, 15, and 20 h ground charcoals, which
were designated as MC1, MC2, NCA, and MC3, respectively, based
on the particle size obtained from PSA.

37.3nm

24.8nm

Fig. 2. TEM of 15 h ground charcoal (NCA): a) Particle sizes at 100 nm scale; b)
Range of particle sizes in the red circle. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Table 3
Properties of nanocharcoal coconut shell.
Properties Content
Average size (nm) 57.7
Specific surface area (m?/g) 112.74
Phase Black powder
Elemental analysis (%) C=774
H=27
N=0.24
$=0.13
0=195

Table 4
Ground samples from PSA used in bitumen.

Grinding time (hour) Size Sample designated

Nm pm
0 - - Control
5 282.7>100 0.3 Micro charcoal 1 (MC1)
10 211.0>100 0.2 Micro charcoal 2 (MC2)
15 57.7 <100 0.06 Nanocharcoal ash (NCA)
20 149.2 > 100 0.15 Micro charcoal 3 (MC3)

Table 5 shows the results of the penetration, softening point,
and viscosity tests of the modified bitumen. The penetration values
of the modified bitumen markedly decreased with increased soft-
ening points compared with those of the control bitumen. The
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Table 5
Physical properties of modified bitumen in samples with different particle sizes.
Designated Penetration (dmm) Softening point (°C) PI Viscosity (Pa-s) PVN
135°C 165 °C
Control 60.9 49.0 -1.0 0.5 0.2 -0.4
MC1 41.7 50.8 -14 0.6 0.2 -0.6
MC2 449 51.0 -12 0.7 0.3 -0.3
MC3 445 51.0 -12 0.63 0.2 -0.4
NCA 45.2 52.0 -0.9 0.7 0.3 -0.3
decrease in penetration values indicates that the bitumen was stif- i NCA
fer than the control bitumen. The penetration values of modified < ~ = = Control
bitumen were decreased by 31.5%, 26.3%, 26.9%, and 25.8% respec- R N - - ma
tively, whereas the softening points were increased by 3.7%, 4.1%, NN mcz
4.1%, and 6.1% for MC1, MC2, MC3, and NCA respectively. The PI L R me
range for the modified bitumen was out of the construction PI SO
range, that is, —1 to +1, except for the NCA-modified bitumen, 000 \4} '\\
which presented a PI of —0.9. The viscosities of the modified bitu- < < =X
men were 0.6, 0.7, 0.63, and 0.7 Pa-s for MC1, MC2, M(3, and NCA 2z ~ORe
respectively; these values were higher than the 0.5 Pa s of the con- © R RN
trol sample. The viscosity was reduced as the temperature RN '\\
increased to 165 °C. The PVN of the NCA-modified bitumen was NN
—0.3 lower than that of the control sample. #\ RN
Based on the results, no significant differences were observed 500 ‘ ‘
46 52 58 64 70 76

among MC1-, MC2-, and MC3-modified bitumen because the gap
between the particle sizes was extremely small, as shown in
Table 5. Meanwhile, the NCA presented novel properties at the
nanosize, which differed from particles without the nanosized fea-
tures. Despite the slightly lower penetration values of MC1, MC2,
and MC3 compared with that of NCA, the PI of NCA sample was
in the range and higher than that of the MC samples because of
slightly higher softening point. The micro-sized samples affect
penetration owing to the lower stability and inhomogeneity of
the modified bitumen. The micro particles did not disperse well
owing to their larger particle size, leading to non-uniformity of
the blended bitumen. Thus, the needle penetrates at the surface
where the particles accumulated, producing stiffer bitumen. How-
ever, this action will not produce long-term effects to the bitumen
because of the inhomogeneity. Furthermore, penetration test is
only a consistency test conducted at ambient temperature only
(25 °C), and the samples were not subjected to traffic and environ-
mental conditions.

On the other hand, the nanosized particles are dispersed well in
the bitumen, creating strong bonding with the bitumen. Thus, a
homogenous bitumen state was formed. The associations of NCA
and the bitumen increased the cohesiveness of the bitumen, lead-
ing to high viscosity. High viscosity is important because it is less
easily influenced by high temperature and results in high resis-
tance to rutting in rheological performance. However, larger size
particles do not disperse well in the bitumen but still form high
bitumen viscosity. The effects on rheological performance can be
seen when the rutting resistances of the MC1, MC2, and MC3 were
lower than that of NCA.

Fig. 3 shows the rutting performance of the control and modi-
fied bitumen. The modified samples can resist rutting until 70 °C
prior to failure at 76 °C. Modified bitumen exhibited better perfor-
mance than control sample, which resisted rutting until 64 °C and
failed at temperature of 70 °C. NCA showed the most notable per-
formance in rutting resistance. In the range of 58 °C-76 °C, G*/sin ¢
was higher than those of other samples, and the rutting resistance
was 1709 Pa at 70 °C prior to failure by 996.5 Pa at 76 °C. Based on
this test, effects of the NCA in bitumen can be noticed clearly com-
pared with physical properties tests. The high dispersion of NCA in
the bitumen leads to high bonding between the NCA and the bitu-
men, enhancing the rutting resistance at high temperature. Given

Temperature (°C)

Fig. 3. Rutting performance of bitumen modified with different particle sizes.

the small gap of the average particle size among MC1, MC2, and
MC3 samples, the samples showed no significant differences in
the rutting parameter. NCA increased the rutting resistance rela-
tive to that of MC.

3.4. NCA-modified bitumen

NCA contents of 0% (control sample), 1.5%, 3%, 4.5%, 6%, and 7.5%
were added to bitumen PEN 60/70. These percentages were
selected to examine the sensitivity of NCA content in the bitumen
and to obtain the optimum NCA content in bitumen. In this section,
the stability of the unaged modified bitumen was presented. Sub-
sequently, the unaged and RTFO-aged modified samples were sub-
jected to penetration, softening point, viscosity, and DSR tests.
Further test using DSR was carried out to examine the fatigue
cracking of the sample simulated by PAV.

3.4.1. Storage stability test

The difference between the top and bottom part of the modified
bitumen was less than 2.2 °C as shown in Table 6. This indicates
that the blend of NCA and the bitumen are well dispersed and still
in the stable and homogenous state even though placed at high
temperature conditions. The compatibility between the NCA and
bitumen also showed that the method used to blend the materials
was adequate. High surface area of the NCA leads to the strong
interfacial forces between the surface of the NCA and the bitumen.
Thus, the dispersion of the NCA in the bitumen was improved.

3.4.2. Penetration test

Fig. 4 shows the penetration test results of unaged and RTFO-
aged modified samples. For the unaged samples, the modified bitu-
men showed improved penetration compared with the control
sample at 60.9 dmm. Penetration was reduced approximately by
19.4%, 22.5%, 23.5%, 25.8%, and 24.3% compared with the control
sample for 1.5%, 3%, 4.5%, 6%, and 7.5% NCA samples, respectively.
The 6% NCA sample displayed a higher percentage of improvement
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Table 6
Storage stability test of modified bitumen.

NCA (%) Diff. top and bottom parts (°C) Specification <2.2 °C
1.5 0.5 Pass
3.0 0.2 Pass
4.5 0.7 Pass
6.0 0.4 Pass
7.5 0.2 Pass

than those of other samples with penetration value of 45.2 dmm. A
low penetration value indicates that the bitumen is stiff and hard.
In this research, NCA enhanced the stiffness of the bitumen. High
stiffness leads to low susceptibility to high temperature. The pen-
etration value was acceptable because all values exceeded 30
dmm. According to Brown [1], bitumen exhibits high resistance
to cracking when the penetration exceeds 30 dmm with proper
mixing design and compaction. NCA stiffened the bitumen, but
not to the maximum level that can lead to cracking. The high sur-
face area of NCA increased the bonding between NCA and the bitu-
men. Hence, the NCA properly enhanced the stiffness of the
bitumen.

As expected, the penetration value for the RTFO-aged samples
was lower than those of the unaged samples. A decreasing trend
was observed for the samples with increased NCA content
increased up to 6% NCA. The penetration values increased again
at 7.5% NCA. The penetration of modified bitumen improved by
9.5%, 6%, 20.6%, 24.4%, and 19.9% compared with the control sam-
ple for 1.5%, 3%, 4.5%, 6%, and 7.5% NCA, respectively. The 6% NCA
exhibited the highest stiffness of 23.9 dmm of all samples similar
to the unaged samples. In addition, the increased penetration val-
ues of 7.5% for both unaged and aged samples were due to exces-
sive NCA content; the excess amount of NCA did not bond with the
bitumen matrix, leading to agglomeration. Hence, when the opti-
mum content is reached, further addition of NCA will have no sig-
nificant effect on the bitumen.

3.4.3. Softening point test

Fig. 5 shows the softening point values of modified bitumen for
the unaged and RTFO-aged samples. For the unaged samples, the
softening point values increased with increased NCA content. Both
of the unaged and RTFO-aged samples showed increasing trends in
softening point. The trend increased to approximately 3% NCA and
showed no significant effect until 6% NCA was reached; then, the
values started to be consistent until 7.5% NCA. The softening point
of the control sample was 49 °C, which was lower than those of the
modified samples of 1.5% (50.5 °C), 3% (51 °C), 4.5% (51 °C), 6% (52
°(C), and 7.5% (52 °C) NCA. A high softening point indicates that the
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Fig. 5. Softening points of unaged and RTFO-aged samples.

bitumen can withstand a certain level of temperature until the
phase changes from solid to liquid. According to these results,
the temperature at which the bitumen softened was high owing
to strong particle forces between the NCA and the bitumen and
increases the bonding between the particles. This shows that the
bitumen exhibited low susceptibility to temperature.

Meanwhile, the softening points of the aged samples were
higher than those of the unaged samples. The trend increased until
6% NCA and decreased at 7.5% NCA. The softening point of the con-
trol sample was 53.5 °C, which was lower than those of the modi-
fied samples. The values increased to 55 °C for both the 1.5% and 3%
NCA and increased to 58 °C for 4.5% and 6% NCA prior to a decrease
at 57.5°C for 7.5% NCA. Although the percentage improvement
between NCA contents showed no large differences, the last three
percentages, namely, 4.5%, 6%, and 7.5% NCA, presented excellent
results compared with those of the control sample. However, the
penetration and softening point tests were not sufficient to vali-
date the effects of NCA in the bitumen because the penetration test
was only performed at only 25 °C, and the softening point test was
subjected to one load only. Therefore, other performance tests are
necessary to analyze the effects of NCA in bitumen.

3.4.4. Viscosity

The viscosity results at 135 and 165 °C for unaged and RTFO-
aged modified bitumen, respectively, are shown in Fig. 6. The vis-
cosity of the unaged modified bitumen at 135 °C was higher than
that of the control sample. The viscosity of the control sample
was 0.5 Pa s and increased to 0.6 Pa-s for 1.5% NCA. At 3%, 4.5%,
and 6% NCA, the viscosity remained the same at 0.7 Pa-s. Subse-
quently, the viscosity started to increase again at 7.5% NCA to
0.87 Pa-s. When the test was conducted at 165 °C, the viscosity of

H Control
H1.5%
m3%
m4.5%
H6%
n7.5%

Viscosity (Pa.s)

unaged sample

RTFO sample

Fig. 6. Viscosity values for unaged and RTFO-aged samples.
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the samples decreased. The viscosity of the control sample was 0.2
Pa-s, which was the same as that of the 1.5% NCA. At 3%, the viscos-
ity increased to 0.3 Pa-s and remained constant for 4.5%, 6%, and
7.5% NCA.

For the aged sample, the viscosity was evidently higher than
that of the unaged sample. At 135 °C, the viscosity of the control
sample was 0.9 Pa-s, which was similar to that of 1.5% NCA. The
viscosity increased to 1.0, 1.1, 1.1, and 1.3 Pa:s for 3%, 4.5%, 6%,
and 7.5% NCA, respectively. At 165 °C, the viscosity of the control
sample and 1.5% NCA was 0.2 Pa-s. The viscosity increased to 0.3
Pa-s for 3% NCA and constantly increased for 4.5%, 6%, and 7.5%
NCA with viscosity values of 0.43, 0.53, and 0.63 Pa s, respectively.

Based on this analysis, the viscosity of modified bitumen for
both unaged and aged samples was less than 3 Pa-s. The addition
of 1.5% NCA to the bitumen exerted no significant effect because
nearly all viscosity values remained almost the same as that of con-
trol sample. NCA started to take effect at 3% and remained constant
until 6% before starting to increase again at 7.5%. This showed that
NCA has high adhesion with bitumen. It was also observed that
even though 7.5% NCA has the highest resistance to flow due to
its high viscosity for both unaged and aged samples but its viscos-
ity was considerably high, which does not seem to be economically
beneficial. High bitumen viscosity presents both advantages and
disadvantages. In this research study, the addition of NCA in the
asphalt binder increased the viscosity. The high viscosity of bitu-
men increased the mixing and compaction temperature as well
as the construction costs. However, the high cohesion of the bitu-
men increased the adhesion between the bitumen and the aggre-
gates, thereby enhancing the performance of the pavement.
Hence, the optimum NCA content should be selected by consider-
ing the properties of bitumen and its cost.

3.4.5. Temperature susceptibility

Table 7 displays the PI and PVN of the unaged and aged NCA.
Brown et al. [1] indicated that the suitable PI for road construction
was between —1 and +1. On one hand, a low PI value, approaching
the negative which is less than —1, means that the sample is highly
susceptible to low temperature and can lead to cracking. On the
other hand, a high PI value, approaching the positive which is more
than +1, indicates low susceptibility at high temperature and can
result in high resistance to permanent deformation or rutting.
The PI for the unaged modified samples was lower than that of
control sample. The PI for 4.5%, 6%, and 7.5% NCA ranged from
—1 to +1. By contrast, the PI of the control sample for the aged con-
dition decreased to —1.3 and was lower than that of the unaged
sample, that is, —0.7. The modified samples showed increased PI,
except for 1.5% and 7.5% NCA, which remained the same as those
of the unaged condition. The PI of the modified samples was higher
than that of the control sample under the unaged condition and
lower PI under the aged condition. In addition, the unaged NCA
obtained a lower PVN than that of the control sample. The aged
NCA also showed low PVN values compared with that of the con-
trol sample, except for 1.5% NCA. Brown et al. [1] reported that
the range of PVN for bitumen was between +0.5 and —2.0. A low

Table 7

PI and PVN of modified bitumen.
NCA (%) Unaged RTFO-aged

PI PVN PI PVN

0 -0.7 -04 -13 -0.3
1.5 -1.2 -04 -1.2 -04
3.0 -1.2 -0.2 -1.1 -0.2
4.5 -1.0 -0.2 -0.8 -0.2
6.0 -1.0 -0.3 -0.9 -03
7.5 -0.9 0.02 -0.9 -0.07

PVN value indicates high-temperature susceptibility. The NCA
can improve the bitumen by reducing the temperature susceptibil-
ity to lower than that of the control bitumen. Moreover, no differ-
ence was observed, except for the control sample and the 7.5% NCA
between the unaged and aged NCA. This result can be due to PVN
which remained unchanged even after aging. By contrast, the PI
will change during short-term and long-term aging [1].

3.4.6. Ductility test

Fig. 7 shows the ductility results of the control and modified
bitumen. Decreasing trends were observed with increased NCA
content. The ductility of the modified bitumen was lower than that
of the control bitumen by 28%, 32%, 38%, 46%, and 49% for 1.5%, 3%,
4.5%, 6%, and 7.5% NCA, respectively. These results showed that the
modified bitumen tend to crack due to the bitumen elongation,
which was decreased as the NCA content increased. However, the
cohesion of the bitumen was improved, thus enhancing the rutting
performance. Low ductility of the bitumen indicated stiff and hard
to stretch because of the high cohesion of the bitumen. Due to the
high surface area of NCA, strong particle bonding was formed
between the NCA and the bitumen matrix. Thus, cohesion in the
bitumen increases. Given that thicker bitumen was produced, the
bitumen is more difficult to elongate and break faster than the
thinner bitumen, which elongates more.

3.4.7. Rutting performance (G*/siné)

Fig. 8 shows the DSR results for the unaged samples of NCA. The
performance grade of the control sample was 64 °C prior to failure
at 70 °C. Meanwhile, the modified samples can resist rutting until
70 °C prior to failure at 76 °C. The rutting parameter (G*/sin ¢) of
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Fig. 7. Ductility values versus different NCA contents.
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the modified samples was higher than that of the control sample.
The G*/sin ¢ values recorded at 70 °C for 1.5%, 3%, 4.5%, 6%, and
7.5% NCA were 1327, 1333, 1497, 1709, and 1280 Pa, respectively.
The most outstanding value of rutting resistance was observed
with 6% NCA. High rutting parameter was observed at 52 °C until
failure temperature. The rutting resistance increased as the NCA
content increased up to 6% NCA, followed by a decrease at 7.5%
NCA. This finding indicated that an optimum NCA content of 6%
was reached. Analysis showed that the NCA increased the stiffness
of the control bitumen. The high surface area of the nanosized par-
ticles established strong interfacial forces between the particles of
NCA and the bitumen. The particles reinforced the bitumen by
increasing the bond and improving the cohesion of the bitumen.
Subsequently, the bitumen properties were enhanced, thereby
increasing the stiffness and improving rutting performance.

The RTFO samples shown in Fig. 9 demonstrate that both the
control and modified samples resisted rutting until 70 °C before
failing at 76 °C. After short-term aging, all the samples evidently
became markedly stiff, thereby increasing the rutting resistance.
The control sample showed higher performance than modified
samples at approximately all temperatures; this result was contra-
dictory to those of unaged NCA. The rutting resistance values of the
control sample at 70 °C were 3341 and 1767 Pa at a failure temper-
ature of 76 °C, which were the highest of all modified samples.

Besides, rutting performance showed no significant differences
between the NCA contents. The 6% NCA obtained the lowest rutting
parameters at 70 and 76 °C with G*/sin  of 2805 and 1417 Pa,
respectively. The control sample exhibited a higher stiffness than
the NCA samples during short-term aging. Excessively stiff bitu-
men at this stage can lead to higher stiffness during the service life
of the pavement, which is not beneficial because fatigue cracking
can occur.

These results showed that NCA retarded the aging process of the
bitumen during the mixing and compaction stages, where the par-
ticles of NCA reduce the oxidation process by distributing the heat
in the bitumen. The large surface area of the NCA absorbs and dis-
tributes the heat rapidly relative to the control bitumen, which
stands alone in distributing the heat in the slow rate and causing
the bitumen to age quickly. Thus, 6% NCA was the optimum con-
tent that can retard the aging of the bitumen at higher temperature
compared with other NCA contents.

3.4.8. Fatigue cracking performance (G*-sin )

Fig. 10 presents the fatigue cracking performance of the NCA-
modified samples under the PAV condition. The increasing trend
of the graph indicated that the modified samples resist fatigue
cracking from intermediate to lower temperature. The failure tem-
perature was reached when the fatigue cracking parameter (G*-sin
) exceeded 5 x 10° Pa [1,34]. Apparently, 1.5%, 3%, and 4.5% NCA
exhibited G*-sin ¢ values of 5.144 x 10%, 5.254 x 10°, and 5.755
x 10 Pa, which are higher than that of the control sample which
failed at temperature of 25 °C. Besides, no significant difference
was found between the G*-sin é values of 1.5% and 3% NCA. The fail-
ure temperature of the control sample was at 22 °C, with G*-sin § of
7.206 x 10° Pa. Similar failure temperature was observed in 6% and
7.5% NCA, with the recorded G*sin ¢ values of 7.044 x 10° and
6.439 x 10° Pa, respectively. The optimum was reached because
6% and 7.5% NCA showed lower G*-sin ¢ than the control sample.
From this result, the 6% and 7.5% NCA exhibits higher resistance
to fatigue cracking compared with other NCA contents. This finding
showed that the 6% and 7.5% NCA can retard aging during the ser-
vice life of the pavement compared with the 1.5%, 3%, and 4.5%
NCA.

The presence of NCA in the bitumen increased the stiffness of
the bitumen owing to strong bonding created between the NCA
and the bitumen. This bonding leads to high cohesion and stiffer
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Fig. 10. Fatigue cracking performance of NCA under long-term aging condition.
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Fig. 11. Fatigue cracking parameter (G -sin ) at 10 °C.

bitumen than those of the control. However, during the service life
of the pavement, bitumen tends to stiffen due to oxidation, leading
to fatigue cracking. In this study, the absorbed heat in the NCA-
modified bitumen during high temperature was stored longer than
that in the control sample. Thus, during the decrement of test tem-
perature, the NCA slowly released the heat and the heat loss under
equilibrium condition, which helps in maintaining the viscoelastic-
ity of the bitumen, instead of rapidly releasing the heat and stiffen
the bitumen. A higher content of NCA, namely, 6% and 7.5%, can
retard the aging process effectively compared with 1.5%, 3%, and
4.5% NCA sample due to particles of NCA accumulated more on
the surface than distribute homogenously to release the heat.
The large surface area of the NCA delayed the heat loss especially
when more amounts were added. With the viscoelasticity of the
bitumen and capacity of the bitumen to resist rutting and cracking
under consideration, 6% NCA was considered as the optimum con-
tent in the bitumen because of its superior performance than that
of the control bitumen.

The fatigue cracking parameter of the modified bitumen was
investigated at a low temperature of 10 °C, as shown in Fig. 11. A
similar trend was observed in this graph, in which the G*sin ¢ val-
ues of the 6% and 7.5% NCA were lower than that of the control
bitumen. This finding shows that the NCA delayed the aging pro-
cess of the bitumen even at 10 °C. This experiment shows that
the cracking potential of the modified bitumen was lower than that
of the control bitumen even at low temperature.

In addition, the ability of NCA to retard the aging was verified by
conducting rutting test on PAV samples. Since this test was carried
out according to RTFO specification, the rutting performance of the
PAV sample was conducted until the G*/sind was less than 2.2 kPa.
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Fig. 12. Rutting parameter (G /sin3) on PAV samples at 76 °C.

The trends of PAV samples were almost similar to the trends of
RTFO samples. Starting from 58 °C to 70 °C, the G*/sins of 1.5%,
4.5% and 7.5% NCA samples were almost the same as the control
sample where there was no significance difference between the
samples. Meanwhile, the G*/sind of the 3% and 6% NCA was lower
than that of the control sample. At temperature of 76 °C, prior to
failure at 82 °C, the G*/sind of the modified samples was lower than
that of the control sample (Fig. 12). Thus, these results showed that
NCA was able to retard the aging process and have high resistance
to rutting and fatigue cracking.

4. Conclusions

The sizes of ground charcoal were determined through PSA and
TEM. Through these tests, the 15h grinding achieved the
nanocharcoal ash (NCA) with an average particle size of 57.7 nm.
The bitumen modified by micro charcoal (MC) and NCA showed
improved physical and rheological properties. However, the NCA-
modified bitumen recorded higher rutting performance than other
particle sizes. Meanwhile, the highest improvement for the unaged
samples was displayed by 6% NCA content. This percentage modi-
fication resisted rutting until 70 °C, with a rutting parameter of
1709 Pa prior to failure at 76 °C. In addition, the RTFO and PAV
aged samples indicated that 6% NCA was the optimum content that
can retard the aging of bitumen. The large surface area of NCA built
strong particle forces with the bitumen. Thus, the cohesion of the
bitumen increased, consequently increasing the stiffness. It is
therefore, the addition of NCA enhanced the performance of con-
ventional bitumen in terms of rutting and fatigue cracking.
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