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Graphical abstract Abstract

This study presents the use of reclaimed asphalt pavement (RAP), and fly
ash as artificial aggregate and filler in asphalt concrete. Because of the
limited availability of natural materials, infrastructure development has
become a concern. Therefore, it is necessary to reuse and recycle the
waste materials. One such innovation is artificial aggregates. The
disadvantage of RAP is that its gradation exceeds the standard; its
asphalt penetration and ductility exceed the requirements. The
weaknesses of artificial aggregate are high water absorption, spherical
shape, and low aggregate interlocking. In this study, the artificial
aggregate was produced using the fly ash and alkali activator. Alkali
activator consisted of Na2SiO3 and 8M NaOH at a ratio of 2.5. The
mixtures containing different percentages of artificial aggregate (45, 55,
65, and 75%) were produced, and the fly ash filler content was 5%.
Different tests including XRF, SEM, and Marshall tests were conducted.
The artificial aggregate is hydrophilic owing to the high silica content;
thus, it has high water absorption. This results in a low adhesion between
the asphalt and aggregate. The best composition of asphalt concrete is
55% artificial aggregate, RAP, fly ash filler, and asphalt. The asphalt
concrete containing artificial aggregate has a high stability and is stiff
and light. However, it requires a high asphalt content because of a
high-water absorption. It is unsuitable for application in high traffic
roads, but suitable for medium traffic ones.
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1.0 INTRODUCTION

Infrastructure development is a priority for the
Indonesian government. Because of the increasingly
limited supply of natural materials, efforts should be
made to utilize the waste materials to enhance
sustainable construction and environment.

Reclaimed asphalt pavement (RAP) is a
material obtained from the dredging of the road
pavement layer using a cold milling machine. This
RAP contains asphalt and aggregate, which can be
recycled and reused. It has been reported that the
RAP production capacity of road dredging works in
the East Java province is approximately 50,000
m3/year [1].

The utilization of RAP offers economic benefits
and preserves natural resources [2]. The usage of
high content of RAP can decrease the energy
required to produce the asphalt concrete and
conserve the aggregates and asphalt resources [3].
Therefore, RAP could be one of the best approaches
to enhance sustainable construction. All the
pavements reach the end of service life at a certain
point and require to be recycled [4]. Currently, the
use of waste materials to decrease the construction
cost and increase the strength of materials has not
been investigated extensively [5]. However, the
usage of RAP in the East Java province is in the range
of 20–30% [6]. The economic benefit of the utilization
of RAP is that is cost efficient, and it preserves natural
aggregates and asphalt [7].

However, RAP offers certain disadvantages such
as the lack of gradation, ductility, and penetration of
RAP. These are not in accordance with the
specifications [1]. The mixture incorporated with RAP
induces brittleness in asphalt concrete [8]. Therefore,
to utilize RAP, it is required to investigate the micro-
structure of mixture [9].

The RAP has an extremely limited bonding
because the particles are coated with aged asphalt.
This bonding can be improved by incorporating
natural aggregates and/or calcium-based additives
such as lime, cement, or fly ash into RAP [10]. Based
on the damage analysis, the base layer thickness of
a cement-treated base reduces by 50% when 80%
RAP: 20% aggregate mixture stabilized with 40% fly
ash is used as compared to original conventional
aggregates [11].

The difference between this study and the
others is the material composition. In this study, RAP,
fly ash, and asphalt were used; fly ash was used as
the artificial aggregate and filler. In other studies,
different combinations of materials were used: RAP
and natural aggregate [9]; RAP, crumb rubber, and
granite aggregate [12]; RAP, rejuvenator, and
natural aggregate [13]; RAP and crumb rubber [14];
RAP and reclaimed asphalt shingles [15]; RAP and
natural aggregate [16]; RAP, crumb rubber, and
granite [17]; RAP and natural aggregate [18]; only
RAP [19]; RAP, hot mix asphalt, and warm mix asphalt

[20]; only RAP [21]; RAP in hot mix asphalt [22]; warm
mix asphalt with high RAP [23]; and RAP and warm
mix recycled asphalt [24].

Further, the power plant industry produces coal
ash as a waste product. This coal ash consists of fly
ash and bottom ash. The coal ash production of the
Suralaya Power Plant increased to approximately 2.7
million tons/year, and it is predicted to increase up to
approximately 11.2 million tons/year [25]. This
substantial rise in production will require a large
storage space and cause environmental problems.
Therefore, to alleviate these issues, the fly ash can be
utilized to produce artificial aggregate and filler. This
is one strategy to support the infrastructure
development. In Indonesia, the utilization of fly ash is
control restricted because it is hazardous. However,
the solidification of fly ash decreases the hazardous
effects of fly ash [26].

In this study, the disadvantage of RAP gradation
has been reduced by the artificial aggregate
addition. However, the use of fly ash as an artificial
aggregate and filler is limited to concrete [27]-[38].

In addition, the differences between this study
and the others are the raw material, manufacturing
process, and resultant products of artificial
aggregate. The raw material of artificial aggregate
consisted of fly ash, bottom ash, recycled aggregate,
marble, granite, marine sediment, etc. The
manufacturing process of artificial aggregate mostly
involved a pan granulator and stone crusher
machine. This method produced aggregates with a
spherical shape, smooth texture, high water
absorption, low interlocking between them [31]. It is
quite necessary to conduct chemical tests and
synthesis studies to characterize the properties of
macro- and micro-structure [39]. The morphological
properties of aggregate have a great impact on the
performance of asphalt concrete [40].

Based on a previous study, the filler used in
asphalt concrete consisted of stone dust, fly ash,
bottom ash, and solidified coal waste. It was
reported that the solidification of coal waste with 8M
NaOH offered the highest stability [41]. The fly ash is
generally classified as F or C class. Furthermore, the
fly ash may provide a considerable economy of
asphalt. In addition, it provides better strength with
lower deformation compared with the conventional
mix. Thus, the use of fly ash as the filler can support
the global sustainability [1], [42]. The use of 5% fly ash
as the filler, 20% RAP, natural aggregate, and asphalt
can achieve an optimal performance according to
the specifications except for VIM in PRD/Voids in Mix
in Percentage Refusal Density [1].

The novelty of this study is the use of RAP and fly
ash as the artificial aggregate and filler in asphalt
concrete. The objective of this study is to evaluate
the performance of asphalt concrete containing RAP,
and fly ash as the artificial aggregate and filler.
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2.0 METHODOLOGY

Research Materials

The materials consisted of RAP, asphalt, and fly ash as
the artificial aggregate and filler. The RAP was
obtained from the national road of Taman-Waru,
Sidoarjo, East Java, Indonesia. The asphalt pen 60/70
was used. The fly ash was obtained from the Suralaya
Power Plant Unit 1-7, Cilegon, Banten, Indonesia. This
fly ash was classified as F class [43]. The artificial
aggregate was produced from fly ash (75%) and
alkali activator (25%). A total of 75% of fly ash was
used to utilize it as much as possible, and it was
mixed homogeneously. The alkali activator ratio
(Na2SiO3/ 8M NaOH) was 2.5 [43]. The 8M NaOH
offered the highest strength; this is in line with the
previous studies [43], [44]. The artificial aggregate
mixture was then casted into a mold, and it was
crushed using a stone crusher machine after 28 days.

Research Procedures

Initially, the RAP was collected randomly from the
quarry. Next, the RAP was subjected to an extraction
test to obtain the asphalt content of RAP.
Subsequently, a gradation analysis was performed to
obtain the RAP grading curve. Particularly, this
analysis was performed to obtain the combined
aggregate gradation and mixture composition.
Based on the combined aggregate and asphalt
content of RAP, the design of asphalt content was
calculated to produce the specimens.

When the artificial aggregate was crushed only
once, it was extremely flat. Therefore, it had to be
crushed again to obtain a cubical shape and rough
surface. For the material properties test, the
Indonesian Standard (IS) was referred [45].

The specimens consisting of four compositions
with five different plan asphalt contents were
produced. The mixtures were then casted into the
cylindrical molds. Subsequently, the specimens were
compacted 75 times per-field and stored at 20-25°C
for at least 2 h. The specimens were then immersed in
water for 30 min at a temperature of 60 °C, and they
were tested using an engine to obtain their stability
and flow. This analysis was performed to obtain the
Marshall parameters (stability and flow).

3.0 RESULTS AND DISCUSSION

RAP

Based on the extraction test, the asphalt content of
RAP was determined as 4.37%. It indicated that RAP
could still be reused for asphalt concrete. Figure 1
displays the RAP material.

Figure 1 RAP material

The variations in size of RAP were determined
using sieving analysis. The results of sieving analysis
illustrate the RAP gradation, as shown in Figure 2.

Figure 2 RAP gradation curve of AC-BC mixture

Figure 2 displays the RAP gradation of AC-BC
mixture. In this curve, the sizes of 3/8” and ½”
exceeds from standard. This is because the RAP
aggregates were mixed and the pavement had
undergone degradation and disintegration due to
the repeated loading of vehicles, weather, climate,
rainfall, and chemical reactions. Therefore, to
achieve the gradation that meets the requirements,
the addition of aggregates is necessary. In this regard,
previous studies employed natural aggregates [9],
[13], [16], [18]; however, in this study, artificial
aggregate has been employed.

The addition of artificial aggregate can
overcome the issues of RAP gradation. The artificial
aggregate with a composition of 75% fly ash and 25%
alkali activator (Na2SiO3 and 8M NaOH; with a ratio of
2.5) exhibited the highest strength [27], [43], [46]
owing to the chemical composition of fly ash
comprising the largest Si/Al obtained from the
Suralaya unit.

Mix Gradation

The gradation determines the quality of asphalt
concrete, and it is largely composed of aggregate
(90–95% in weight percentages). Gradation is the
most important property of an aggregate, and it is a
primary consideration in the asphalt concrete design.
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A good aggregate gradation is dense/well graded. It
consists of a mixture of coarse and fine aggregates
at a balanced percentage. This aggregate offers the
maximum density and high stability by increasing the
inter-particle contact and reduces VMA/Voids in
Mineral Aggregate.

The produced mixtures consisted of four
different artificial aggregate compositions: 45, 55, 65,
and 75%. The filler percentage of 5% was obtained
from the previous study, where the same RAP source
was used; which results in mixed aggregate
gradation meet the standard [1]. The mix aggregate
gradations are shown in Figures 3–6.

Figure 3 Gradation curve of mixture containing 45% artificial
aggregate

From Figure 3, it is obvious that the mix
aggregate gradation approaches the ideal
gradation of asphalt concrete mixture. This is
expected to produce the maximum density and high
stability.

Figure 4 Gradation curve of mixture containing 55% artificial
aggregate

Figure 5 Gradation curve of mixture containing 65% artificial
aggregate

Figure 6 Gradation curve of mixture containing 75% artificial
aggregate

Figures 4–6 indicate that the mix aggregate
gradation approaches the lower limit; in other words,
this gradation can be classified as a coarse one. This
is in line with the dense-graded criteria of asphalt
concrete mixture. These mixtures were expected to
offer a high stability and water-resistance.

The Aggregate Properties

The artificial aggregate is depicted in Figure 7.

Figure 7 Artificial aggregate
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The properties test results of artificial and RAP
aggregates are summarized in Table 1.

Table 1 Properties of artificial and RAP aggregates

No. Parameters Results IS
Artificial RAP

1 Soundness (%) 5.69 3.15 Max. 12
2 Abrasion (%) 28 20.19 Max. 40
3 Water absorption

(%)
14.90* 1.42 Max. 3

4 Affinity (%) <95* >95 Min. 95
5 Angularity 100* 95/90 95/90
6 Specific gravity

(g/cm3)
2.44* 2.60 Min. 2.5

7 Flaky and
elongated (%)

3.17 2 Max. 10

8 Passing through
sieve no. 200 (%)

0.30 0.47 Max. 2

Note: *This data exceeds that of IS.

From Table 1, it is obvious that the RAP
aggregate meets all the requirements of the
standard. Thus, the RAP aggregate can be used in
asphalt concrete mixtures.

The artificial aggregate does not meet the
standard requirements of the following parameters:
water absorption, affinity, angularity, and specific
gravity. Therefore, the artificial aggregate should be
crushed again to obtain a cubical shape and rough
surface. This is performed to improve the interlocking
between aggregates and make them more suitable
for aggregates of road pavement.

Affinity is the ability of aggregate to bind with
asphalt. The affinity of artificial aggregate is less than
95%. One of the most important effects of aggregate
mineralogy on the performance of mixture is its
influence on adhesion. Normally, asphalt bonds
better with the carbonate aggregates such as
limestone than the siliceous aggregates such as
gravel. In addition, the aggregate with a low silica
content is the best. This aggregate is hydrophobic
(water-hating); therefore, it has a higher affinity
toward asphalt [47], [48]. In contrast, the aggregates
with a high silica content are hydrophilic (water-
loving). The nature of electric charges on the
aggregate surface significantly affects the adhesion
between the aggregate and asphalt when it is in
contact with water.

Table 2 X-Ray Fluorescence test result

No. Compounds Content (weight %)
RAP Artificial Fly Ash

1 SiO2 38 46.5 43.8
2 Al2O3 11 15 23
3 Fe2O3 26.8 21.3 10.6
4 CaO 16.3 10.9 10.2
5 MgO - - 4.3
6 SO3 2.9 1.5 1
7 Others 5 4.8 7.1

From Table 2, it shows that the artificial aggregate
has a higher silica content than that of RAP. Because
the aggregate with a high silica content is
hydrophilic, it has a low affinity. In addition, it has a
high-water absorption and low/inadequate asphalt
bonding. Thus, hydrophilicity is commonly considered
an indication of the affinity of aggregate toward
water [49].

The results of this study mentioned in the
following are similar with those of the other studies.
The artificial aggregate has a low specific gravity [26]
and high water absorption [26], [31]. The shape and
size of artificial aggregate should be considered to
produce qualified aggregates [30]. The artificial
aggregate exhibited a high compressive strength
and high workability [50].

The scanning electron microscope (SEM)
images of RAP and artificial aggregates are
displayed in Figures 8 and 9.

Figure 8 SEM image of RAP aggregate (2000 x)

From Figure 8, it is clear that the RAP aggregate
consists of layers and fragments that were formed
over a long time due to changes in temperature,
climate, and rain. The RAP is partly solid and partly
composed of small loose particles and white and
black minerals. In addition, the RAP particles have
rough surfaces and irregular shapes of varying sizes.

Figure 9 SEM image of artificial aggregate (2000 x)

From Figure 9, it indicates that some part of the
artificial aggregate is solid owing to the fly ash and
alkali activator; thus, it forms a dense paste matrix. In
addition, fine material particles, some of which are
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perfectly spherical and some that are not, can be
observed. This indicates that the fly ash did not react
properly with the alkaline activator. The abrasion in
artificial aggregate was higher when compared to
that in RAP aggregate.

The Fly Ash Properties

The fly ash used as the filler is displayed in Figure 10.

Figure 10 Fly ash (filler)

Figure 10 shows that the color of fly ash is
yellowish-light brown. The fly ash contained fine-
grained material particles of a small size and smooth,
spherical, and regular shape [43]. The observation
that the fly ash contained particles of spherical
shape, different sizes, and relatively smooth outer
surface similar with the other studies. Most of the
particles were hollow and filled with smaller particles
inside them. The size of fly ash ranged between 930
and 25,000 nm [51]. The properties of fly ash are listed
in Table 3.

Table 3 The properties of fly ash (filler)

No. Parameters Results
1 Passing through sieve no. 200 (%) 90.25
2 Specific gravity (g/cm3) 2.24

From Table 3, it shows that almost all the fly ash
particles passed the sieve no. 200; i.e., by 90%. This fly
ash can be used directly as the filler. The specific
gravity of fly ash was 2.24 g/cm3, which is similar to
that (2.26 g/cm3) reported in other studies [44]. The fly
ash contains particles of an extremely fine size that fill
the small gaps in the mixture, thereby increasing the
density, stability, and impermeability. The spherical
shape of fly ash particles offers better flowability and
workability [29]. In addition, it can reduce the
possibility of bleeding, segregation, and cracking.

The Asphalt Properties

The properties of RAP asphalt and asphalt pen 60/70
are presented in Table 4.

Table 4 The properties of RAP asphalt and asphalt pen 60/70

No. Parameters Results IS
Asphalt pen RAP

1 Penetration at
25 °C (0.1 mm)

62 49* 60–70

2 Viscosity at
135 °C (cSt)

393 2,300* ≥300

3 Softening point
(°C)

49.1 55 ≥48

4 Ductility at
25 °C (cm)

>140 >120 ≥100

5 Flash point (°C) 240 - ≥232
6 Solubility of

trichloroethylen
e (%)

99.82 99.85 ≥99

7 Specific gravity
(g/cm3)

1.03 1.07 ≥1.0

Residue test using thin film oven and rolling thin film oven
tests
8 Weight loss (%) 0.21 - ≤0.8
9 Penetration at

25 °C (0.1 mm)
58 - ≥54

10 Ductility at
25 °C (cm)

100 - ≥100

Note: *This data exceeds that of IS

Table 4 indicates that the penetration of RAP
asphalt is lower than that of the standard. The
penetration indicates the level of asphalt hardness,
whereas the viscosity indicates the consistency of
asphalt. The low penetration and extremely high
viscosity of RAP asphalt indicate that it is hard and
brittle. This is because the RAP asphalt has
undergone aging, disintegration, and deformation
due to repeated traffic loading. In addition, because
it has been laid on the road for a long time, the
surface of asphalt aggregate undergoes oxidation.
The asphalt hardening is likely due to oxidation,
evaporation, and chemical changes. Therefore, to
improve the RAP asphalt quality, asphalt should be
added.

The properties of asphalt pen 60/70 agree with
those outlined by the standard; thus, it can be used
as the binder in AC-BC mixtures.

Properties of Mixture

The specimens were applied to asphalt concrete
mixture, as shown in Figure 11.
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Figure 11 The Specimen of AC-BC

The relationship between the asphalt content
and Marshall parameters is shown in Figures 12–18.

Figure 12 Stability

As shown in Figure 12, the stabilities of all the
mixtures are higher than 800 kg, which is the minimum
standard for the AC-BC mixture. The highest stability
of 2799 kg was exhibited by the mixture containing
75% artificial aggregate, whereas the lowest stability
of 1600 kg was exhibited by the mixture containing
45% artificial aggregate.

The addition of artificial aggregate increases
the stability. This is caused by the increase in artificial
aggregates, which have the ability to withstand a
high compressive strength. It has been reported that
the artificial aggregates containing Na2SiO3 and 8M
NaOH at a ratio of 2.5 have a high compressive
strength [43].

It was observed that the mixture containing 75%
artificial aggregate and low asphalt content
exhibited a flow according to the standard, as shown
in Figure 13. A high flow indicates that the mixture is
plastic, and it undergoes permanent deformation
under traffic loading. In contrast, a low flow may
indicate large number of voids and insufficient
amount of asphalt that is required for durability. This
results in premature cracking due to the brittleness of
mixture during the life of pavement. Thus, flow is a
function of the binding asphalt stiffness and asphalt
content of mixture. In addition, it is an indicator of the
flexibility of asphalt mixture.

Figure 13 Flow

The flows obtained using the mixture containing
75% artificial aggregate at asphalt contents of 5.9
and 6.4% meet the standard, whereas those
obtained using the mixtures containing other
percentages of artificial aggregates do not meet the
requirements. The highest flow was obtained for the
mixture containing 45% artificial aggregate, whereas
the lowest flow was obtained for the mixture
containing 75% artificial aggregate.

The addition of artificial aggregate decreases
the flow, and the addition of asphalt increases the
flow. However, with the increase in asphalt content,
the mixture becomes more plastic. Furthermore, a
high asphalt content results in a better coverage of
the aggregate. This strengthens the bond between
aggregate and asphalt.

The artificial aggregate is porous and has a high
water absorption (14.9%). This observation is similar to
those of the previous studies, which reported that it is
in the range of 0.7–33.9% [35], [52]. The use of porous
aggregates requires more amount of asphalt than
that present in the RAP aggregate to cover the
artificial aggregate. If lower asphalt contents are
used, lower flows will be obtained.

Figure 14 VIM/Voids in Mixture
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Figure 14 shows that the highest VIM is exhibited by
the mixture containing 75% artificial aggregate,
whereas the lowest VIM is exhibited by the mixture
containing 45% artificial aggregate. The VIM of the
mixtures containing 55 and 65% artificial aggregates
meet the VIM requirements of 3-5%. The addition of
artificial aggregate with a low asphalt content
increases the VIM. This is evident in the mixture
containing 75% artificial aggregate owing to its more-
coarse fraction and low asphalt content. In contrast,
the use of dense and almost ideal gradation (45%
artificial aggregate) decreases the VIM. In other
words, increase in asphalt content reduces the VIM.
Furthermore, a high VIM decreases the
impermeability and increases the asphalt oxidation,
which can accelerate the aging of asphalt. In
addition, it can reduce the durability. However, a low
VIM increases the possibility of bleeding if the
temperature rises.

Figure 15 VMA/Voids in Mineral Aggregate

Figure 15 shows that the VMA of the mixture
containing 75% artificial aggregate meets the
requirements. The highest VMA is exhibited by the
mixture containing 75% artificial aggregate, whereas
the lowest VMA is exhibited by that containing 45%
artificial aggregate. This is due to the more coarse-
dense gradation of artificial aggregates in the
mixture containing 75% artificial aggregates, whereas
the gradation is more-dense in that containing 45%
artificial aggregates.

The addition of artificial aggregate increases
the VMA. In addition, the VMA is closely related to
density; the higher the density, lower is the VMA. A
low VMA results in a highly durable mixture, whereas
a high VMA induces a large deformation. An
increase in asphalt content decreases the VMA to a
minimum point, and with the further increase in
asphalt content, it increases. This is because the
asphalt fills the voids between aggregates to a point
where no more voids can be filled. At this point, the
VMA is minimum.

Figure 16 VFA/Voids Filled with Asphalt

Figure 16 shows that the highest VFA is exhibited
by the mixture containing 45% artificial aggregate,
whereas the lowest VFA is exhibited by that
containing 75% artificial aggregate. The VFA of the
mixtures containing 45 and 55% artificial aggregates
meet the VFA standard (higher than 65%). The
addition of artificial aggregate decreases the VFA.
This is because an increase in the amounts of artificial
aggregates, which have a high-water absorption,
demands higher asphalt contents; thus, the VFA
decreases. When the asphalt content is increased, it
is absorbed into the artificial aggregate; thus, the
asphalt film becomes thinner. To meet the standard,
an asphalt content of at least 7% should be available
in the artificial aggregate of the AC-BC mixture so
that the asphalt can be absorbed into the
aggregate and can cover the aggregate better.

The mixtures containing 65 and 75% artificial
aggregates exhibited a low VFA; this decreases the
impermeability of the mixture toward water because
a small number of voids are filled with asphalt. This
allows the water and air to enter the pavement layer,
thereby reducing the durability of the pavement
mixture. A high VFA ​ ​ indicates that large number
of voids are filled with asphalt, and the pavement
layer is more impermeable to water and air;
therefore, the elasticity is high. However, this can
result in pavement bleeding.

Figure 17Marshall quotient
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Figure 17 shows that the highest Marshall quotient is
exhibited by the mixture containing 75% artificial
aggregate, whereas the lowest Marshall quotient is
exhibited by the mixture containing 45% artificial
aggregates. Marshall quotient is a potential indicator
of the flexibility of cracks. A high Marshall quotient
indicates that the mixture is more rigid; on the
contrary, a low value indicates that the mixture is
more flexible. The flexible pavement tends to be
flexible and deform if the pavement receives a traffic
load. In contrast, a rigid pavement crack easily.

All the mixtures used in this study exhibit flexibility
in the range according to the standard. However, a
high Marshall quotient, implying a rigid mixture, is
obtained for the mixtures containing 65 and 75%
artificial aggregates at a low asphalt content of 7%.
This is likely due to the extremely high stability
obtained by the addition of artificial aggregate and
a low flow caused by the low asphalt content.

The addition of artificial aggregate increases
the Marshall quotient. This is due to the increase in
amount of artificial aggregate, which has the ability
to withstand high loads, and because of the
insufficient asphalt content, the mixture tends to
crack easily. Therefore, to obtain a strong and flexible
mixture, a strong aggregate with a gap gradation
and therefore a large VMA is required. In addition, a
soft asphalt that has high penetration and sufficient
asphalt content is required to obtain a low VIM.

Figure 18 Density

Figure 18 illustrates that the highest density is
exhibited by the mixture containing 45% artificial
aggregate, whereas the lowest density is exhibited
by that containing 75% artificial aggregate. In all the
four mixtures, the density increased with the addition
of asphalt and RAP. However, the addition of
artificial aggregate decreases the density because
the specific gravity of artificial aggregate (2.44
g/cm3) is lower than that of RAP aggregate (2.6
g/cm3). Generally, the specific gravity of artificial
aggregate is in the range of 1.33-2.35 g/cm3 [35], [52].

The use of dense-ideal gradation of artificial
aggregate (45%) causes the mixture to have a high
density. With the addition of artificial aggregate, the

density of mixture decreases. Therefore, it is
suggested that artificial aggregates are one of the
potential candidates for lightweight asphalt
concrete.

The artificial aggregate offers a high-water
absorption and low specific gravity. The use of fly ash
increases the performance of construction material
[26]. In addition, it has been reported that the
geopolymer offered a high mechanical strength and
better bonding owing to the surface roughness of the
aggregate [28].

Thus, the artificial aggregate improves the
physical and mechanical properties of the
construction material [35], [53]-[56], offers better
thermal properties [57], offers a high compressive
strength and workability [52], and improves the
workability [56], [58] and flowability [58].

Furthermore, the artificial aggregate offers a
high crack and moisture resistance, volume stability,
and deformation resistance to the asphalt mixture
[56]. Moreover, it has been reported that the asphalt
film aging had a positive effect on the bonding in dry
conditions [59]. In addition, the addition of a
geopolymer into the mixtures increased the hardness
of asphalt binders. This contributed to the reduction
of dumping areas used to dispose fly ash; this, in turn,
helps to protect the environment [44].

Discussion

The gradation determines the quality of asphalt
concrete mixtures, and the ideal gradation is
determined as dense- or well-graded because this
gradation can offer a high stability and density and
results in a small number of voids in the mixture,
thereby increasing the strength of the mixture.

From the results of RAP gradation, it was
observed that the RAP does not meet the
requirements of asphalt concrete [45]. Therefore, to
meet the requirements, aggregates should be
added. In this regard, previous studies used natural
aggregates [9], [13], [16], [18], whereas in this study,
artificial aggregates were used.

According to previous studies, the artificial
aggregates exhibit a spherical shape (pelletizer),
smooth surface, high water absorption [35], [52], low
aggregate interlocking, and low asphalt adhesion.
This, however, was unsuitable for road pavement. In
this study, the artificial aggregates exhibited a
cubical shape (using a crusher stone machine),
rough surface, and high aggregate interlocking; thus,
it is suitable for road pavement.

The cubical artificial aggregate has a high-
water absorption (14.9%), low aggregate adhesion,
low specific gravity, high angularity, and high
abrasion (these exceed the requirements). In
addition, it is porous. According to previous studies,
the water absorption was in the range of 0.7–33.9%
[52].

The artificial aggregate exhibits a low adhesion
because the aggregate is produced using fly ash
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that has a high silica content. A high silica content
causes the aggregate to easily absorb water
(hydrophilic or water-loving); therefore, the water
absorption is high and the adhesion is low. A
hydrophobic material is preferred to obtain a good
adhesion between the asphalt and aggregate [47]
[48].

Furthermore, the artificial aggregate has a low
specific gravity (2.44 g/cm3) because it is produced
using fly ash that has a low specific gravity. This
observation similar with the other studies, where the
specific gravity of artificial aggregate produced
using fly ash is in the range of 1.33–2.35 g/cm3 [52].

Moreover, the artificial aggregate has a high
angularity. This helps in producing aggregates with
rough and angled surfaces, thereby resulting in a
high aggregate interlocking.

In addition, the artificial aggregate exhibits high
abrasion because it is produced using fly ash that is in
the form of granules and is reacted with an alkaline
activator. The SEM image of fly ash indicates that not
all the fly ash is reactive; thus, it does not form a
geopolymer paste. Further, if the artificial aggregates
are loaded repetitively, it produces a high abrasion
(below the maximum limit). However, if they are
subjected to a load only once, they will have a high
compressive strength and therefore a high stability
[43].

The fly ash contains a high silica content;
therefore, it produces a hard and strong material.
The fly ash contains particles that have a spherical
shape and fine size, and are hygroscopic. Spherical
particles offer a high flowability; thus, they can flow
easily. Fine particles fill the voids in the mixture and
offer a high mixture density, small number of voids,
high stability, strength, and durability to the material.

The asphalt pen 60/70 was included in the
standard specification for comparison. These
specifications are similar to those of the previous
study [1].

RAP asphalt undergoes oxidation and therefore
has a high viscosity, resulting in the hardening of
asphalt. In addition, the chemical composition of
asphalt changes; resins convert to asphaltenes and
oils convert to resins. RAP asphalt has a low
penetration and high viscosity. This observation
agrees with the previous studies [9], [13], [16], [18].
Further, the RAP asphalt is hard and brittle because
the pavement has undergone aging and
experienced changes due to repeated loads,
chemical changes, climate, rainwater, and
temperature.

However, the best composition of AC-BC
mixture is observed as 55% artificial aggregate, RAP,
fly ash filler, and asphalt. The dense-graded
gradation tends to be below the curve. Thus, it can
offer a high stability and density. The voids can still be
filled with asphalt by the repeated loading of
vehicles.

Pores present in the mixture allow the asphalt to
flow and fill the voids in the mixture. When much

number of voids is filled with asphalt, the durability
increases.
The stabilities of the mixtures were higher than the
minimum requirements. This is attributed to the high
content of artificial aggregate, which has the ability
to withstand high loads. In addition, the flows
exhibited by the mixtures were higher than the
requirements; the higher the asphalt content, the
thicker is the asphalt film.

The Marshall quotient indicates the flexibility of
the material. Further, the density of the mixtures was
high because the percentage of RAP, which has a
higher specific gravity as compared to that of
artificial aggregate, was high. According to the
Marshall parameter, it is observed that the AC-BC
mixture consisting of RAP, fly ash as the artificial
aggregate and filler, and asphalt is unsuitable for the
high-volume traffic, but suitable for the medium-
volume traffic.

4.0 CONCLUSION

Based on the results and discussion, it can be
concluded that the lack in gradation of the RAP
aggregate can be resolved by the addition of
artificial aggregate. This combined aggregate then
meets the specification standard.

The artificial aggregate produced using fly ash is
hydrophilic and therefore has a high-water
absorption. This results in a low adhesion between the
asphalt and aggregate. The addition of artificial
aggregates affects the requirement of asphalt
content in mixtures. Therefore, a high asphalt content
is required because the artificial aggregate has a
high-water absorption.

The fly ash contains a high silica content;
therefore, it can produce a hard and strong material.
In addition, the fly ash contains particles that have a
spherical shape and fine size, and are hygroscopic.
Spherical particles offer a high flowability; thus, they
can flow easily. Fine particles fill the voids in the
mixture and offer a high density, small number of
voids in the mixture, high stability, strength, and
durability to the material.

The asphalt pen 60/70 was included in the
standard for comparison. Thus, it was observed that
the RAP asphalt has a low penetration and high
viscosity. The RAP asphalt undergoes oxidation and
therefore has a high viscosity, resulting in the
hardening of asphalt. In addition, it is hard and brittle
because the pavement has undergone aging and
experienced changes due to repeated loads,
chemical changes, climate, water, and temperature.

However, the best composition of AC-BC
mixture is observed as 55% artificial aggregate, RAP,
fly ash filler, and asphalt. The AC-BC mixture
containing fly ash as the artificial aggregate and filler
is stiff, light, and highly stable. However, it is unsuitable
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for application in high traffic, but it may be suitable
for medium traffic.

The use of fly ash as the artificial aggregate and
filler and RAP contribute to the preservation of
natural aggregates, but not asphalt. This is because
the AC-BC mixture with artificial aggregate requires
more asphalt because of a high-water absorption of
artificial aggregates.
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