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ABSTRACT

In order to reduce energy and natural resource consumption during road construction, the sustainability concept needs
to be seriously addressed. Oil Palm Fruit Ash (OPFA) is one of the by-products of palm oil production that are typically
disposed of in landfills as a result of the growing number of plantations in Malaysia, particularly in Sarawak. Due to the
fact that OPFA is known as biomass with pozzolanic qualities (siliceous material), this study was carried out to examine
the applicability of OPFA with varying concentrations (0% - 40%) by weight as a modifier in bitumen grade 60/70. Based
on the results of the laboratory testing, it was discovered that the modified bitumen provided greater resistance to rutting,
temperature, and skid resistance on the bituminous mixture (AC20) compared to the control sample. The 40% OPFA
modified samples had the greatest resilient modulus test value, measuring 10992 MPa at 25 °C and 2936 MPa at 40 °C,
respectively. In addition, the combination containing 40% OPFA produced the lowest deformation value in the dynamic
creep test, which was only 0.20mm, while producing 83.63 skid numbers in the skid resistance test. OPFA can be utilized as
a binder modifier to improve the performance of bituminous mixture, which indirectly supports the sustainable development
goals (SDGs) concept in road construction, as this study conclusively demonstrated.
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INTRODUCTION

Accountability for consumption and production is one of
the significant elements of the Sustainable Development
Goals (SDGs). Sustainable development aims to rationalize
the use of natural resources while minimizing social and
environmental concerns (Lastra-Gonz & lez et al. 2016; Cao
2016; Modarres & Hamedi 2014). The demand for roadway
construction is constantly rising since it is a basic human
necessity that is being affected by population growth,
urbanization, and industrialization. The transportation sector
is essential, but it also has a significant negative impact on
the environment, especially concerning the harmful CO, gas
emissions that contribute to global warming and may cause
the depletion of natural resources, toxic pollution, climate
change, and ecosystem disruption. In recent years, as the
global emphasis has changed toward alternative energy and
sustainability, biomass derived from agricultural byproducts
has gained popularity in order to mitigate inadequate waste
management while exploring ecologically acceptable low-
cost resources as alternative materials (Jikol et al. 2022;
Rashidi et al. 2022). Thus, asphalt mixture manufacturing
also has been moving toward sustainable development.

About 95% of the roads in the world are composed
of flexible pavement, which mostly consists of aggregates
and bitumen (Huang et al. 2007). About 94 to 96% of the
mix’s weight is made up of aggregate and filler, with the
remaining 4 to 6% coming from bitumen (Babalghaith et al.
2020). Due to the increasing number of landfill wastes, the
majority of these natural pavement materials have exhibited
a diminishing rate, making it impossible to guarantee their
sustainability for future generations (Idham and Hainin
2015; Azahar et al. 2016).

Implementing the 3Rs (Reuse, Recycle, and Reduce)
principle in road construction is one of the sustainable ways
to reduce the number of wastes that end up in landfills.
This indirectly might help to reduce construction costs
as well (Bolden et al. 2013). These materials can be used
to replace the natural pavement materials that come from
a variety of sources, such as waste glasses (Su and Chen
2002; Shafabakhsh and Sajed, 2014; Arabani and Pedram,
2016; Androjic’ and Dimter 2016; Zakaria et al. 2017), steel
slag (Wu et al. 2007; Pasetto and Baldo 2011; Ameri and
Behnood 2012; (Karakus 2011).
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Due to the limited supply of natural resources for
petroleum-based products, its price continues to rise due
to the amount of non-renewable petroleum in the world.
Thus, in order to decrease and eventually replace the
consumption of natural bitumen, the creation of modified
binders is a crucial topic that needs to be researched and
taken into consideration (Rahman et al. 2017). As reported
by Rusbintardjo et al. (2013), a better understanding of the
properties and behaviors of binders has prompted more
studies to consider the benefits of adding additives and
modifiers to bitumen as well as the environmental demands
in highway construction. Because of the bitumen properties
that have inherent vulnerabilities and can “flow” at high
temperatures, causing rutting, and become brittle at low
temperatures, causing cracking, the majority of bitumen
industries, governments, and researchers are concerned with
replacing petroleum-based bitumen with bio-binders (Ali et
al. 2016; Al-Sabaeei et al. 2020).

Based on Tan et al. al. (2009), oil palm is a common
crop in Equatorial Africa and Southeast Asia. Malaysia and
Indonesia are the world’s leading producers of palm oil
and waste generators (Yaro et al. 2021). There are about
90% of the palm oil produced worldwide was primarily
produced in Malaysia and Indonesia and exported to the
other countries (Alengaram et al. 2013; Johari et al. 2015;
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Huda et al. 2016; Hamada et al. 2018). Malaysia produces
about32% of the world’s palm oil supply, making it one of
the major palm oil producers (Abdullah and Wahid 2010;
Lam et al. 2019). Oil Palm Fruit Ash (OPFA) is a by-product
of the palm oil mill, and the greyish ash is formed from the
burning of waste palm oil, namely palm kernel shell, fiber,
bunches, and oil palm husk in order to produce energy,
as illustrated in Figure 1. About 5% of the OPFA will be
left after the combustion process as a solid waste product,
and these wastes are typically dumped in open areas and
landfills where they could accumulate over the years
(Coelho et al. 2019; Hamada et al. 2021). The use of OPFA
and its potential performance as replacement materials in
asphalt mixture need to be considered due to environmental
concerns and rising values of disposal costs. If the massive
amount of trash generated is not effectively handled and
repurposed, it poses an environmental concern and disturbs
the ecosystem’s stability. To overcome this difficulty, it is
essential to address the current problem without endangering
future generations’ access to sufficient resources (Al-Hdabi
2016; Lindsey 2011). Consequently, waste reduction,
recycling, and reuse (RRR) is a globally prevalent technique
for promoting a sustainable environment (Hasan et al. 2019;
Jamshidi & White 2020; Zhang et al. 2016).
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FIGURE 1. The production process of OPFA (Muthusamy and Azzimah, 2014; Mazlan et al. 2015;
Iskandar et al. 2018; Rizal et al. 2020)



Therefore, in a bid to reduce the negative impact of
such waste materials, these materials can be employed as
an additive and especially as a replacement for cement and
bitumen in building and pavement materials respectively
(Babalghaith et al. 2020). The number of publications
published in respected journals that include palm oil
and its byproducts in concrete and asphalt mixtures has
progressively increased over the years. The number of articles
in the area of asphalt is depicted in Figure 2. Al-Sabaeei et
al. (2022) reported that most published research has focused
on concrete mixtures, while asphalt mixtures have received
relatively less attention and information incorporating OPFA
as a binder modifier. This indicates a research gap that
requires additional investigation, especially on the different
types of mixtures.

As a result, this paper examines the effectiveness and
suitability of a modified binder that contains OPFA in an
asphaltic mixture. This paper aims to promote the use of
OPFA as a modifier to reduce the consumption of natural
bitumen in road construction as the amount of oil palm waste
is continually rising. Apart from that, this approach could be
an alternative way to overcome environmental issues since
it could indirectly increase the performance and service life
of pavement (Borhan et al. 2010; Rusbintardjo et al. 2013;
Zulkefli et al. 2018).
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FIGURE 2. The trend in bio-asphalt pavement research that
includes palm oil and its byproducts (Al-Sabaeei et al. 2022)
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MATERIALS AND METHODS

Laboratory testing on aggregates, bitumen, and asphalt
mixtures was carried out at University of Technology
Sarawak (UTS) in accordance with the ASTM standard for
the laboratory works. Lamy Industries Sdn Bhd supplied
the aggregates, which had a 20-mm maximum size whereas
OPFA with a size of less than 0.075 mm and bitumen grade
60/70 were obtained from Retus Palm Oil Mill Sibu and
Fosxil Petroleum Sdn. Bhd respectively. respectively. The
chemical and physical characteristics of OPFA are shown
in Table 1. As part of a modified binder preparation, oven-
dried OPFA was mixed by weight with natural bitumen in
four various proportions: 10, 20, 30, and 40% at a mixing
temperature of 160 C for 60 minutes and a stirring speed of
800 rpm. These mixing variables were determined through
trial-and-error utilizing mixing temperatures of 145 and
160 °C, mixing times of 30 and 60 minutes, and mixing
stirring speeds of 400—-1000 rpm, with a 100-rpm increment
(Rusbintardjo et al. 2013).

In this study, the aggregates and bitumen were test-
ed with water absorption test, aggregate impact value (AIV)
test, aggregate crushing value (ACV) test, Los Angeles
abrasion value (LAAV) test, softening point test, penetration
test, and specific gravity test. To ascertain the suitability of
OPFA as a binder modifier in hot mix asphalt, a total num-
ber of 110 samples were used for the resilient modulus test,
dynamic creep test, and skid resistance test (AC20). Figure
2 depicts the study’s operational structure.

TABLE 1. Physicochemical properties of OPFA
(Rusbintardjo et al. 2014)

Physical property Value
Specific Gravity 2.22
Chemical composition %
Aluminium Oxide (47,0,) 11.40
Ferric Oxide (Fe,0,) 4.70
Silicon Dioxide (Si0,) 43.60
Magnesium Oxide (MgO) 4.80
Calcium Oxide (CaO) 8.40
Potassium Oxide (k,) 3.50
Sodium Oxide (Na,0) 0.39
Loss on Ignition (LOI) 18.00
Sulphur Trioxide (SO,) 2.80
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FIGURE 2. Operational Framework

RESULTS AND DISCUSSION

SIEVE ANALYSIS

Crushed limestone was used as the main material in this
study and sieve analysis was conducted by following the
JKR standard (JKR, 2008). The aggregate size ranging
from 20 mm to 0.075 mm, including pan, was used in this
investigation. The gradation limit of the aggregate used
in this investigation is shown in Figure 3 and the limit is
acceptable because the results were within its upper and
lower limit.
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FIGURE 3. Limit of Gradation AC20

AGGREGATE TEST

Table 2 shows a summary of all the findings for the
aggregate tests. To ensure the allowable water content that
the aggregates may absorb, a water absorption test was
performed. This test is to determine the absorption and
porosity rate of the aggregate to coat with bitumen and
establish a strong bond in the mix design. Thus, 1.8% was
the average of the results for water absorption test. The
outcome was acceptable under the JKR standard because it
should have been less than 2%. (JKR, 2008). In addition, the
AIV test is used to gauge an aggregate’s resilience to abrupt
shock or impact. It can be viewed as a test created to ascertain
the aggregate’s hardness under repeated impacts. According
to JKR standards, the average AIV value was 13.0%, which
was less than 25%. As a result, it was demonstrated that these
aggregates were suitable for use in construction since they
were able to withstand the disintegration caused by vehicle
collisions. Higher durability and toughness in an aggregate’s
qualities are indicated by a lower impact value (JKR, 2008).
Additionally, the ACV test is run to gauge the resistance to
crushing under compressive stress that is applied gradually.
As a result, the average ACV for this study was 24.5%,
which was a good result because the JKR guideline for ACV
test is should be less than 25%. Hence, the aggregates could
withstand the crushing load under wheel loadings as they
were appropriate to be used in construction (JKR 2008). The



LAAV test was used to assess the resistance of aggregate
qualities to crushing, disintegration, and deterioration.
Therefore, based on the JKR standard, the LAAV test value
in this study was 23,0%, which was less than 25%. (JKR
2008). These aggregates were suitable to be used in this
investigation because they could withstand the abrasion
force brought on by moving vehicles.

TABLE 2. Test of Aggregate

Aggregate test Average JKR standard
Value (%) Value (%)
Water Absorption 1.8 <2
Aggregate Impact Value 13.0 <25
Aggregate Crushing Value 24.5 <25
Los Angeles Abrasion Value 23.0 <25
BITUMEN TEST

The overview of the bitumen test findings from this
investigation is shown in Figure 4. By measuring the
distance in tenths of a millimeter that the standard needle
penetrated the bitumen specimen at a known loading,
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temperature, and time, the penetration test measures the
accuracy of the bitumen sample. In addition, this test can
be used to determine the hardness or softness of bitumen by
determining its consistency. The control sample’s average
penetration test result (0% OPFA) in this study was 62.5
mm, demonstrating that bitumen grade 60/70 was suitable to
be used as the bitumen grade in the range of 60 mm to 70 mm
penetration. Meanwhile, the penetration values drop as the
OPFA content of bitumen rises. The control sample passed
the softening point test with a temperature of 48 °C, which
was within the allowed range (48-56 °C) for use. This shows
that bitumen will soften and melt at a temperature of 48
degrees Celsius, and the value is rising as bitumen content in
OPFA increases. The specific gravity (SG) test was used to
determine the bitumen’s specific gravity, which is calculated
as the mass of a particular volume of bitumen divided by the
mass of a corresponding volume of water. In contrast to the
rising value when the natural bitumen was combined with
OPFA, the average value of SG for the control sample in this
study was 1.04, satisfying the standard criteria and suitable
to be used as a binder in pavement mixture. These findings
demonstrated that an increase in OPFA in natural bitumen
may boost the mixture’s hardness and ability to withstand
higher temperatures.

Bitumen Test
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FIGURE 4. Bitumen tests

RESILIENT MODULUS TEST

As indicated by the material stiffness, the resilient modulus
(Mr) is an essential parameter for pavement design. An
estimation of elasticity modulus can be determined through
the resilient modulus test. When the repeated loadings are
applied based on dynamic stresses-strains, this test aids
in measuring the basic material property. Additionally, at
two different temperatures—25 and 40°C—the structural
behavior of the pavement under traffic loadings can also
be determined. Figure 5 presents the resilient modulus test
results for the control samples and OPFA-modified binder

at 25 and 40°C. It shows that OPFA raises the modulus
values and the data obtained demonstrate that at 25 and
40°C, the 40% of OPFA modified binder achieved the
highest value of modulus, which was 10992 MPa and 2936
MPa respectively. This is because the OPFA’s properties
with pozzolanic cementing element provide strong binding
agents that strengthen the bonding of the mixture (Borhan
et al. 2010). The addition of filler may alter the viscoelastic
characteristics of the asphalt mixture and change the stiffness
(Likitlersuang & Chompoorat 2016). These findings proved
that increasing the amount of modified binder combined
with OPFA in an asphalt mixture can increase stiffness and,
as a result, the load-bearing capacity of the pavement.
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FIGURE 5. Resilient Modulus Test

DYNAMIC CREEP TEST

The main issue with the flexible pavement is rutting. It
is the constant rut depth in the transverse profile of the
wheel patch that begins at zero and increases over time as
loading repetitions increase. Asphalt pavement subjected
to repetitive axle loads can be reasonably simulated using
a repeating uniform compressive stress on a cylindrical
specimen from a dynamic creep test. In order to assess the
rutting resistance of asphalt pavement at a temperature of
40°C, the dynamic creep test is conducted to investigate the
relationship between deformation and pavement loadings.
The results of the creep curves in the deformation test at 40
°C for the control sample and OPFA-modified binder are

plotted as illustrated in Figure 6. In the control sample, 10%
of OPFA, 20% of OPFA, 30% of OPFA and 40% of OPFA-
modified binder experienced a deformation of 0.91 mm,
0.60 mm, 0.40 mm, 0.30 mm and 0.20 mm respectively.
These findings indicate that when OPFA concentration
has increased, the creep deformation value has decreased
which increases performance deformation resistance. This
is because OPFA has pozzolanic cementing capabilities
that could improve and enhance the mixture’s strength
and resistance to permanent deformation or rutting. This
study has proved that OPFA can be a modifier in any type
of mixtures either in Hot Mix Asphalt (HMA), Cold Mix
Asphalt (CMA), Stone Mastic Asphalt (SMA), and others
(Usman et al. 2021).

1.00
0.90
0.8D
0.70
0.60
0.50
0.40
0.30
0.20
0.10
0.00

Defarmation (mm)

—&— Control

Dynamic Creep Test

0 300 600 9S00 1200 1500 1BOD 2100 2400 2700 3000 3300 3600

10% —8— 20% —8— 30% —8— 40%

Cycle

FIGURE 6. Creep Deformation Test



SKID RESISTANCE TEST

The force experienced when a tire is prevented from rotating
and slides on a pavement surface is known as the skid
resistance test. It is crucial because improper skid resistance
can result in a skid that can cause a traffic accident. This
measurement can be used to assess different kinds of
construction materials and approaches used. The results
of the skid resistance test for the control sample and the
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OPFA-modified binder samples are shown in Figure 7. The
control sample, 10, 20, and 30% of OPFA-modified binder
obtained gradually increasing skid resistance values, with
skid resistance values of 70.73, 71.24, 74.34, and 82.09,
respectively. Based on the results, 40% of OPFA-modified
binder achieved the highest value of skid resistance, which
was 83.63. It demonstrates that surfaces of mixture samples
with greater OPFA contents have more friction compared to
the control sample.

Skid Resistance Test
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FIGURE 7. Skid Resistance Test
CONCLUSIONS DECLARATION OF COMPETING INTEREST

Several conclusions were drawn based on the laboratory

tests findings in this study:

1. According to the findings of the bitumen tests, the
addition of OPFA to the bitumen 60/70 enhanced the
hardness of the binder mixture, the temperature at which
it softens, and the specific gravity value in comparison
to the control sample.

2. In comparison to AC20 mixed with natural bitumen
60/70, the results revealed that modified bitumen with
40% OPFA increased the performance of asphalt mix
(AC20) in terms of its strength, stiffness, deformation,
and skid resistance. It was discovered that it could
withstand rutting and skid in hot weather.

3. Due to its pozzolanic cementing characteristics, OPFA
improves the rheological behavior of the asphalt
mixture and improves the binder adhesion between the
particles in AC20.

4. In order to improve highway growth and address
environmental issues, it is crucial to broadly introduce
OPFA as a substitute binder in bituminous mixtures in
Malaysia.

ACKNOWLEDGMENT

The authors appreciate the financial assistance provided by
University of Technology Sarawak through the research
grant (UCTS/RESEARCH/4/2018/03).

None.

REFERENCES

Abreu, L.P., Oliveira, J.R., Silva, HM. & Fonseca P.V. 2015.
Recycled asphalt mixtures produced with high percentage of
different waste materials, Constr. Build. Mater. 84: 230-238.

Alengaram, U.J., Al Muhit, B.A. & Jumaat, M.Z. 2013. Utilization
of oil palm kernel shell as lightweight aggregate in concrete—a
review, Constr. Build. Mater. 38 :161-172.

Ali, G., Bashir, M.K., Ali, H. & Bashir, M.H. 2016. Utilization of
rice husk and poultry wastes for renewable energy potential
in Pakistan: An economic perspective, Renew. Sustain. Energy
Rev. 61 : 25-29.

Al-Hdabi, A. 2016. Laboratory investigation on the properties
of asphalt concrete mixture with rice husk ash as filler.
Construction and Building Materials 126: 544-551.

Al-Sabaeei, A.M., Al-Fakih, A., Noura, S., Yaghoubi, E., Alaloul,
W., Al-Mansob, R.A., Khan, M.I. & Yaro, N.S.A. 2022.
Utilization of Palm Oil and its By-product in bio-asphalt and
Bio-concrete Mixture: A review, Contr. Build. Mater. 337 :
127552.

Al-Sabaeei, A.M., Napiah, M.B., Sutanto, M.H., Alaloul, W.S. &
Usman, A. 2020. A systematic review of bio asphalt for flexible
pavement applications: Coherent taxonomy, motivations,
challenges and future directions, J. Cleaner Prod. 249 : 119357.

Ameri, M. and Behnood, A. 2012. Laboratory studies to investigate
the properties of CIR mixes containing steel slag as a substitute
for virgin aggregates, Constr. Build. Mater. 26 (1): 475-480.



920

Arabani, M. & Pedram, M. 2016. Laboratory investigation of
rutting and fatigue in glassphalt containing waste plastic
bottles, Constr. Build. Mater. 116 :378-383.

Androjic’, I. & Dimter, S. 2016. Properties of hot mix asphalt with
substituted waste glass, Mater. Struct. 49 (1-2) :249-259.

Azahar, W. N. A. W, Bujang, M., Jaya, R. P., Hainin, M. R., Ngadi,
N. & Abdullah, M. M. A. B. 2016. Performance of Waste
Cooking Oil in Asphalt Binder Modification. Key Engineering
Materials. 700:207-215.

Babalghaith, A.M., Koting, S., Sulong, N.H.R., Karim, M.R., and
Almashjary, B.M. 2020. Performance Evaluation of Stone
Mastic Asphalt (SMA) Mixtures with Palm Oil Clinker (POC)
as Fine Aggregate Replacement. Construction and Building
Materials, 262:120546.

Behnood, A. & Ameri, M. 2012. Experimental investigation of
stone matrix asphalt mixtures containing steel slag, Scientia
Iranica 19 (5): 1214-1219.

Bolden, J., Abu-Lebdeh, T. & Fini, E. 2013. Utilization of recycled
and waste materials in various construction applications, Am.
J. Environ. Sci. 9 (1): 14-24.

Borhan, M.N., Is, A. & Rahmat, R.A. 2010. Evaluation of palm oil
fuel ash (POFA) on asphalt mixtures, Aust. J. Basic Appl. Sci.
4 (10) (2010) 5456-5463.

Bruntland, G. 1987. Our Common Future: The World Commission
on Environment and Development. Oxford: Oxford University
Press. pp 1-300.

Cao, W. 2016. Study on properties of recycled tire rubber modified
asphalt mixtures using dry process, Constr. Build. Mater. 21
:1011-1015,

Chen, Z., Wu, S., Xiao, Y., Zhao, M. & Xie, J. 2016. Feasibility
study of BOF slag containing honeycomb particles in asphalt
mixture, Constr. Build. Mater. 124 : 550-557.

Chen, Z., Wu, S., Wen, J., Zhao, M., Yi, M. & Wan, J. 2015.
Utilization of gneiss coarse aggregate and steel slag fine
aggregate in asphalt mixture, Constr. Build. Mater. 93 : 911—
918.

Colbert, B., Hasan, M.R.M. & You, Z. 2016. A hybrid strategy
in selecting diverse combinations of innovative sustainable
materials for asphalt pavements, J. Traffic Transp. Eng.
(English Ed.) 3 (2) : 89-103.

Colonna, P., Berloco, N., Ranieri, V. & Shuler, S. 2012. Application
of bottom ash for pavement binder course, Procedia-Social
Behav. Sci. 53 : 961-971.

Falchetto, A.C., Montepara, A., Tebaldi, G. & Marasteanu, M.O.
2012. Microstructural and rheological investigation of asphalt
mixtures containing recycled asphalt materials, Constr. Build.
Mater. 35 : 321-329.

Fatemi, S. & Imaninasab, R. 2016. Performance evaluation of
recycled asphalt mixtures by construction and demolition
waste materials, Constr. Build. Mater. 120 :450-456.

Goémez-Meijide, B., Pérez, 1., Airey, G. & Thom, N. 2015. Stiffness
of cold asphalt mixtures with recycled aggregates from
construction and demolition waste, Constr. Build. Mater. 77
:168-178.

Hamada, H.M., Thomas, B.S., Yahaya, F.M., Muthusamy, K.,
Yang, J., Abdalla, J.A. & Hawileh, R.A. 2021. Sustainable use
of palm oil fuel ash as a supplementary cementitious material:
A comprehensive review. Journal of Building Engineering. 40:
102286.

Hamada, H.M., Jokhio, G.A., Yahaya, F.M., Humada, AM. &
Gul, Y. 2018. The present state of the use of palm oil fuel ash
(POFA) in concrete, Constr. Build. Mater. 175 :26-40.

Hasan, M.R.M., Chew, J.W. & Jamshidi, A, et al. 2019. Review
of sustainability, pretreatment, and engineering considerations
of asphalt modifiers from the industrial solid wastes. Journal
of Traffic and Transportation Engineering (English Edition) 6
(3): 209-244.

Huang, Y., Bird. R.N. & Heidrich, O. 2007. A Review of the Use of
Recycled Solid Waste Materials in Asphalt Pavements. Resour:
Conserv. Recyl. 52:58-73.

Huda, M.N., Jumat, M.Z.B. & Islam, A.S. 2016. Flexural
performance of reinforced oil palm shell & palm oil clinker
concrete (PSCC) beam, Constr. Build. Mater. 127 : 18-25.

Idham, M. K. & Hainin, M. R. 2015. The Effect of Incorporating
Reclaimed Asphalt Pavement on the Performance of Hot Mix
Asphalt Mixtures. Jurnal Teknologi. 77 (32): 117-123.

Iskandar, M.J., Baharum, A., Anuar, F.H. & Othaman, R. 2018.
Palm oil industry in South East Asia and the effluent treatment
technology—A review, Environ. Technol. Innovation 9 : 169—
185.

Jabatan Kerja Raya , JKR. 2008. Standard specification for road
works. Malaysia

Jamshidi, A., White, G., 2020. Evaluation of performance and
challenges of use of waste materials in pavement construction:
a critical review. Applied Sciences 10 (1):10010226.

Jikol, F., Akop, M., Arifin, & Y. et al. 2022. Biofuel development in
Malaysia: challenges and future prospects of palm oil biofuel.
International Journal of Nanoelectronics and Materials 15:
159-181.

Johari, A., Nyakuma, B.B., Nor, S.H.M., Mat, R., Hashim, H.,
Ahmad, A., Zakaria, Z.Y. & Abdullah, T.A.T. 2015. The
challenges and prospects of palm oil based biodiesel in
Malaysia, Energy 81 : 255-261.

Karakus A. 2011. Investigating on possible use of Diyarbakir
basalt waste in Stone Mastic Asphalt, Constr. Build. Mater.
25(8):3502-3507.

Lastra-Gonz a lez, P., Calzada-P é rez, M.A., Castro-Fresno,
D., Vega-Zamanillo, A., and Indacoechea-Vega, 1. 2016.
Comparative analysis of the performance of asphalt concretes
modified by dry way with polymeric waste. Constr. Build.
Mater. 112 :113-1140.

Likitlersuang, S. & Chompoorat, T. 2016. Laboratory investigation
of the performance of cement and fly ash modified asphalt
concrete mixture. Inter. Journ. Of Pav. Reser. Tech. 9 : 337-
344.

Lindsey, T.C. 2011. Sustainable principles: common values for
achieving sustainability. Journal of Cleaner Production 19 (5):
561-565.

Mashaan, N. 2016. Use of waste tyre rubber in enhancing the
mechanical properties of stone mastic asphalt mix, Doctor
of Philosophy, Civil Engineering, University of Malaya,
Malaysia, 2016.

Mazlan, M.AF., Uemura, Y., Osman, N.B. & Yusup, S. 2015. Fast
pyrolysis of hardwood residues using a fixed bed drop-type
pyrolyzer, Energy Convers. Manage. 98 :208-214.

Modarres, A. & Hamedi, H. 2014. Effect of waste plastic bottles on
the stiffness and fatigue properties of modified asphalt mixes,
Mater. Des. 61 : 8—15.

Muthusamy, K. & Azzimah, Z.N. 2014. Exploratory study of palm
oil fuel ash as partial cement replacement in oil palm shell
lightweight aggregate concrete, Research Journal of Applied
Sciences, Engineering and Technology 8 (2) : 150—152.

Ndoke, P.N. 2006. Performance of palm kernel shells as a partial
replacement for coarse aggregate in asphalt concrete, Leonardo
Electron. J. Pract. Technol. 5 (9): 145-152.



Nwakaire, C.M., Yap, S.P., Yuen, C.W.,, Onn. C.C., Koting, S.
& Babalghaith, A.M. 2020. Laboratory study on recycled
concrete aggregate based asphalt mixtures for sustainable
flexible pavement surfacing, J. Cleaner Prod. 262 : 121462.

Ossa, A., Garcia, J. & Botero, E. 2016. Use of recycled construction
and demolition waste (CDW) aggregates: a sustainable
alternative for the pavement construction industry, J. Cleaner
Prod. 135 :379-386.

Pandey, Y. & Tare, V. 2016. Utilization of coal mixed waste
aggregates available atthermal power plants for GSB and
asphalt mixtures, Procedia Eng. 143 :170-177.

Pasetto, M. & Baldo, N. 2011. Mix design and performance
analysis of asphalt concretes with electric arc furnace slag,
Constr. Build. Mater. 25 (8): 3458—3468.

Pourtahmasb, M.S. & Karim, M.R. 2014. Performance evaluation
of stone mastic asphalt and hot mix asphalt mixtures containing
recycled concrete aggregate, Adv. Mater. Sci. Eng. 2014.

Rahman, M.T., Hainin, M.R. & Abu Bakar, W.A.W. 2017. Use of
waste cooking oil, tire rubber powder and palm oil fuel ash
in partial replacement of bitumen. Construction and Building
Materials, 150 : 95-104.

Rashidi, N.A., Chai, Y.H. & Yusup, S., 2022. Biomass energy
in Malaysia: current scenario, policies, and implementation
challenges. BioEnergy Research 15 (3): 1371-1386 .

Rizal, S., Fizree, H.M., Hossain, lkramullah, M.S., Gopakumar,
D.A., Wan Ni, E.C. & Khalil, HP.S.A. 2020. The role of
silica-containing agro-industrial waste as reinforcement
on physicochemical and thermal properties of polymer
composites, Heliyon 6 (3) : e03550.

Rusbintardjo, G., Hainin, M.R. & Yusoff, N.LM. 2013.
Fundamental and rheological properties of oil palm fruit ash
modified bitumen. Construction and Building Materials. 49
:702-711.

Rusbintardjo, G., Hainin, M.R., Mubaraki, M.A., and Yusoff,
N.LLM. 2014. The Performance Characteristics of Stone Mastic
Asphalt Mixtures using Oil Palm Fruit Ash-Modified Bitumen.
International Journal of Pavement Research and Technology
7(4): 227-236.

Selim, A.A., Muniandy, R. & Abdelrahman, M. 2005. Potential
use of ground tire rubber in stone matrix asphalt (SMA)-A
laboratory evaluation, in: 2005 International Symposium on
Pavement Recycling, 2005.

921

Shafabakhsh, G.H. & Sajed, Y. 2014. Investigation of dynamic
behavior of hot mix asphalt containing waste materials; case
study: glass cullet, Case Stud. Constr. Mater. 1 : 96—103.

Su, N. & Chen, J. 2002. Engineering properties of asphalt concrete
made with recycled glass, Resour. Conserv. Recycl. 35 (4) :
259-274.

Tan, C.-H., Ghazali, H.M., Kuntom, A., Tan, C.-P. & Ariffin, A.A.
2009. Extraction and physicochemical properties of low free
fatty acid crude palm oil, Food Chem. 113 (2):) 645—650.

Tapsoba, N., Baaj, H., Sauzéat, C., Di Benedetto, H. and Ech, M.
2016. 3D analysis and modelling of thermal stress restrained
specimen test (TSRST) on asphalt mixes with RAP and roofing
shingles, Constr. Build. Mater. 120 :393—402.

Usman, K.R., Hainin, M.R., Satar, M.K.I.M., Warid, M.N.M,
Kamarudin, S.N.N., & Abdulrahman, S. 2021. Palm oil fuel
ash application in cold mix dense-graded bituminous mixture,
Construction Building Materials. 287:, 123033.

Wu, S., Xue, Y., Ye, Q. & Chen, Y. 2007. Utilization of steel slag
as aggregates for stone mastic asphalt (SMA) mixtures, Build.
Environ. 42 (7): 2580-2585.

Yaro, N.S.A., Napiah, M. & Sutanto, M. et al. 2021. Performance
evaluation of waste palm oil fiber reinforced stone matrix
asphalt mixtures using traditional and sequential mixing
processes. Case Studies in Construction Materials 15, e00783.

Yoo, B.-S., Park, D.-W. & Vo, H.V. 2016. Evaluation of asphalt
mixture containing coal ash, Transp. Res. Procedia 14 :797—
803.

Zakaria, N.M., Hassan, M.K., Ibrahim, A.N.H., Rosyidi, S.A.P,,
Yusoff, N.I.M., Mohamed, A.A. & Hassan, N. 2017. The use
of mixed waste recycled plastic and glass as an aggregate
replacement in asphalt mixtures, Jurnal Teknologi 80 (1) :79—
88.

Zhang, M., Wang, Y., Song, Y., 2016. Manifest system for
management of non-hazardous industrial solid wastes: results
from a Tianjin industrial park. Journal of Cleaner Production
133:252-261.

Zulkefli, R.N.A.R., Yaacob, H., Putra Jaya, R., Warid, M.N.M.,
Hassan, N., Hainin, M.R. & Idham, M.K. 2018. Effect of
different sizes of palm oil fuel ash (POFA) towards physical
properties of modified bitumen, /OP Conference Series.: Earth
and Environmental Science, IOP Publishing 140 : 012108.



