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ABSTRACT

Pavement defect shortens the service life of mixture, demonstrated by failures
such as cracking, rutting, and stripping. Incorporating additives into conventional
mixture is an approach to improve its performance and service life. Therefore, this
research was conducted in three phases using treated crumb rubber (TCR) and treated
plastic (TP) as additives in the mixture. In the first phase, both additives were
characterised using thermogravimetric analysis (TGA), field-emission scanning
electron microscope (FE-SEM) and energy dispersive x-ray (EDX). Eight different
percentages of TCR from 0.25 % to 5.0 % and six different percentages of TP from
0.25 % to 3.0 % were incorporated into a 14 mm nominal maximum aggregate size
(AC14) mixture using a dry process. Marshall test was carried out to determine the
optimum percentage of the additives. Results show that the mixtures of 0.75 % TCR
and 0.75 % TP met all the required specifications and were selected as the optimum
percentage. The mixtures with 0.75 % TCR and 0.75 % TP improved the fatigue
cracking and rutting resistance compared to the conventional mixture. In the second
phase, mechanical tests such as resilient modulus, dynamic creep, rutting and moisture
damage of compacted and uncompacted mixtures and scanning electron microscope
(SEM) were conducted to evaluate the performance of the mixture containing TCR
and TP. Although the modified mixtures with both additives showed better
performance than the conventional mixture, the TCR mixture was susceptible to
rutting and moisture damage, while the TP mixture was identified with stripping
potential. To overcome the issues, a combination of TCR and TP was investigated in
the final phase. A mixture with 50 % TCR and 50 % TP shows 37 %, 44 % and 4 %
improvement in the fatigue, rutting and moisture damage resistance, respectively,
compared to the conventional mixture. It can be concluded that the combination of
TCR-TP in mixture using dry process can be used as an alternative mixture to improve
pavement performance.
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ABSTRAK

Kerosakan turapan memendekkan jangka hayat campuran asfalt, yang
ditunjukkan melalui kegagalan seperti retakan, aluran dan perlucutan. Penambahan
aditif di dalam campuran asfalt konvensional adalah satu pendekatan untuk menambah
baik prestasi dan jangka hayatnya. Oleh itu, kajian ini telah dijalankan dalam tiga fasa
dengan menggunakan aditif getah serpihan terawat (TCR) dan plastik terawat (TP).
Pada fasa pertama, kedua-dua aditif dicirikan menggunakan analisis
thermogravimetric (TGA), field-emission scanning electron microscope (FE-SEM)
dan energy dispersive x-ray (EDX). Lapan peratusan berbeza TCR daripada 0.25 %
hingga 5.0 % dan enam peratus berbeza TP daripada 0.25 % hingga 3.0 % telah
dimasukkan ke dalam campuran 14 mm saiz nominal maksimum agregat (AC14)
menggunakan proses kering. Ujian Marshall dijalankan untuk menentukan peratusan
optimum aditif. Keputusan menunjukkan bahawa campuran yang mengandungi 0.75
% TCR dan 0.75 % TP memenuhi semua spesifikasi yang ditetapkan dan dipilih
sebagai peratusan optimum. Campuran dengan 0.75 % TCR dan 0.75 % TP telah
meningkatkan rintangan terhadap retakan lesu dan aluran berbanding campuran
konvensional. Pada fasa kedua, ujian mekanikal seperti modulus kebingkasan, rayapan
dinamik, aluran dan kerosakan lembapan untuk campuran terpadat dan tidak terpadat
dan ujian scanning electron microscope (SEM) telah dijalankan untuk menilai prestasi
campuran yang mengandungi TCR dan TP. Walaupun campuran terubahsuai dengan
kedua-dua aditif menunjukkan prestasi yang lebih baik berbanding campuran
konvensional, campuran TCR terdedah kepada kerosakan alur dan lembapan,
manakala campuran TP dikenal pasti dengan potensi pelucutan. Bagi mengatasi
masalah tersebut, gabungan TCR dan TP telah disiasat pada fasa terakhir. Campuran
dengan 50 % TCR dan 50 % TP menunjukkan masing-masing 37 %, 44 % dan 4 %
peningkatan dalam rintangan keletihan, alur dan lembapan, berbanding dengan
campuran konvensional. Dapat disimpulkan bahawa kombinasi TCR-TP dalam
campuran menggunakan proses kering boleh digunakan sebagai campuran alternatif
untuk meningkatkan prestasi turapan.
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CHAPTER 1

INTRODUCTION

1.1  Background of the Study

Over the last few decades, the government has become concerned with the cost
of initial construction and the cost of pavement throughout its service life, especially
in developing countries. It is because highway road pavement construction and
maintenance consume significant amounts of financial resources, materials and
energy. It is necessary to accommodate growing transport demands to ensure that a
road network is adaptable, automated, and resilient. Furthermore, the traffic density
and the condition of road infrastructure remain at desirable levels also were needed
(Bressi et al, 2019). A failure to do so will cause significant permanent and irreversible
distresses such as rutting, fatigue cracking and stripping due to increased traffic loads,
higher traffic volumes, and insufficient maintenance. Thus, there have been many
efforts to design and construct hot mix asphalt (HMA) as a conventional pavement that
performs better and lasts longer in service, as road infrastructure is an ideal target for

effective sustainable design and construction initiatives.

The use of additive is one possible approach for enhancing the performance of
conventional mixture. Recently several efforts have been dedicated to increase the
percentage of recycled materials in road constructions to modify road mixtures such
as crumb rubber and plastic bags. Many researchers have well known crumb rubber as
an alternative to tire disposal for pavement modification for more than 50 years, and
the number of published research articles has rapidly increased since 1970s (Zhu,
Birgisson and Kringos, 2014). It has been reported that rubberized mixture has
potential advantages due to their higher resistance to permanent deformation, thermal
stability and noise reduction effect. Another alternative for modifying mixture is using
plastic waste, a non-biodegradable product, which has been widely investigated over

the past 10 years (White, 2019). The plastic mixture has the potential to improve the



mixture performance due to its rigid mixture behaviour (Brasileiro et al, 2019a).
Therefore, the mixture increased in resistance to permanent deformation and
durability, which extends the service life of pavement with high traffic loads in
countries with hot climates. Despite these advantages, using crumb rubber and plastic
as an alternative to reduce the number of net discards and conserves both material and
energy suggest a simpler way than dumping waste without any recovery or recycling
process. Hence, by reducing the volume of waste produced, which is an issue of
concern worldwide, a sustainable and environmental friendly road construction can be

provided.

Two processes have been adopted for using additives in bituminous mixture,
the wet process and the dry process. For the wet process, the additive is pre-blended
with bitumen and then mixed with aggregates. In contrast, for the dry process, the
additive is mixed with aggregates before the bitumen is added. The dry process has
been claimed to has better performance than the wet process but is susceptible to
cracking at low temperatures (Navarro et al, 2004). However, according to Buncher
(1995), there was no difference between mixes when the additive was added either
using a wet or dry process. Despite this, the dry process is more straightforward, more
convenient to apply at plants, and has significant cost savings than the wet process
(Lastra-Gonzalez et al, 2016; Movilla-Quesada et al, 2019). This is because the dry
process allows the additive to be added up like dry additives or mineral filler with
larger size and amount than the wet process into a drum without special blending

equipment, which requires more procedures and workers at plant.

1.2 Problem Statement

Pavement distress results in failures such as cracking, rutting and stripping,
which shortens the service life of pavement mixtures (Kakar, Hamzah and Valentin,
2015; Liddle and Choi, 2007). These issues mainly occur due to higher traffic volumes
as well as new axle designs with heavier loads and different configurations that
annually change, especially in a developing country like Malaysia. At the same time,

statistics in Malaysia shows that the allocated cost of road maintenance was over one



hundred million per year by the government. Figure 1.1 shows the increase in the
number of vehicles and the cost of road maintenance in Malaysia. Increases in traffic
volumes and loads contribute to pavement distress in the conventional mixture, thus
requiring expensive maintenance to be performed regularly. This is because when a
conventional mixture experiences heavy traffic loads repeatedly and continuously, the
pavement is prone to rutting, cracking and stripping failures (Hamzah, Kakar and
Hainin, 2015).
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Figure 1.1 Number of registered vehicles (Lim, 2020) and state road
maintenance allocation (JKR, 2018) in Malaysia

Consequences of the issues have forced road agencies and researchers to
explore mixture modification to design and construct conventional pavement that
perform better and last longer, besides assessing sustainable road construction as
leading indicators (Bressi et al, 2019). The idea of using waste material in road
construction had attracted many researchers interested in reducing environmental
problems due to improper waste management in landfills, especially for waste tires
and plastic bags (Wang, et al, 2017). In Malaysia, the number of waste tires generated
annually was about 8.2 million, a combined volume of approximately 57000 tons, of
which 60 % was disposed of in non — regular sites (Badr Khudhair et al, 2015; Kumar,
2006). Meanwhile, about 19000 tonnes of solid waste was produced annually by
Malaysians; 24 % represent plastic waste (Asmuni et al, 2015). This trend has got

worse over time, with the amount of generated waste increasing every year,



contributing to global warming and making frequent flooding become a serious
consequence in Malaysia (Afroz et al, 2017). The reuse of this material mainly
involves re-extrusion and a series of mechanical treatments, resulting in different
polymer qualities that depend on how the process was handled as alternatives to allow

its usage in road construction (Movilla-Quesada et al, 2019).

The use of recycled waste polymer in mixture as an additive can be divided
into two processes: wet and dry. Although the dry process is more practical in plants
or laboratories and allows more additive content in the mixture, previous research has
mainly concentrated on the wet process (Cao, 2007). This can be explained by the
irregular performance of the dry process as the additive partially reacts during the
mixing process. Thus, the efficiency of the dry process has been questioned by many
researchers on how the particles of additive react with bitumen without blending

process or act as an inert filler (Rodriguez-Fernandez et al, 2020; Buncher 1995).

It has been reported that the major problem for the dry process is the poor
interaction between binder and additive leading to increasing air void content
(Arabani, Tahami and Hamedi, 2018). The particle size, amount of additive, and
temperature of the mixing significantly affect mixture performance. For crumb rubber,
the mixture must be at a relatively high temperature (around 180 °C) and the maximum
amount has been suggested not to be more than 1.0 % by weight of the mix. A finer
size of rubber particles would permit interaction between the crumb rubber and binder,
thereby avoiding inadequate performance (Tahami et al, 2019; Dias, Picado-Santos
and Capitdo, 2014). Crumb rubber particles swell once they contact the binder and
absorb the low molecular weight portion of the binder, and degradation occurs at high
temperatures if continuously exposed (Rodriguez-Fernandez et al, 2020). Poor
adhesive strength between crumb rubber particles and binder because of excessive
amounts of crumb rubber in the dry process, resulting in a higher moisture sensitivity
and reduce tensile strength in the mixture than conventional mixture (Jones, Liang and
Harvey, 2017; Navarro and Gamez, 2012).

This differs for LDPE where it is polymer that is easy to melt in the dry process

(temperature around 160 °C). Its interaction with binder and aggregates has been



reported to not appreciably alter the properties of those components (Movilla-Quesada,
Raposeiras et al, 2019). However, previous research mentioned that plastic mixture
exhibited cracking at low temperature. Nonetheless, a proper mix design is necessary
to ensure good performance in mixture incorporating additive due to the unstable
behaviour of the polymer during dry process (Lastra-Gonzélez et al, 2016; Kofteci,
Ahmedzade and Kultayev, 2014). Finer sized polymer should be considered in this
procedure, allowing the polymer to adhere better and more significantly disperse to
the aggregates and the binder to combine properly (Fakhri and Azami, 2017). The
inadequate mix design creates various problems, resulting in premature pavement

failure.

Although the use of crumb rubber and plastic in the mixture had been proven
to increase mixture performance and extend its service life, the mixtures had issues in
inconsistent mixture performance using the dry process. These various behaviours of
crumb rubber and plastic polymers and the problems with conventional mixture
motivated many researchers to treat the crumb rubber and plastic as additives. Several
treatments had been conducted by previous studies, which mainly improve the surface
morphology of both untreated additives with rougher and porous surface texture than
untreated additives. This surface activation increased the reaction area of the treated
additive with binder and aggregates during the mixing process. The treated additive is
believed to improve the application of the dry process while allowing higher amounts
of additive to be added to the mixture compared to the wet process. Not only that, the
combination of these two additive types (treated crumb rubber and treated plastic) is
also expected to have better performance than untreated crumb rubber and untreated
plastic mixture separately, especially in terms of moisture damage and fatigue cracking
resistance. Overall, this research is very significant to encourage relevant parties to
investigate more studies and practices on the usage of waste polymer in the road

construction.



1.3 Objectives of the Study

This study aims the performance of hot mix asphalt (HMA) incorporating
treated crumb rubber (TCR) and treated plastic (TP). The aim was achieved through

the following objectives:

i To characterise and determine the optimum mix design of TCR and TP;

ii. To evaluate the mechanical performance of HMA incorporating TCR and TP

as additives;

iii. To determine the optimum mixing ratio of combined TCR-TP and to evaluate

its performance.

1.4 Scope of the Work

In this study, several standards have been used as a reference in conducting the
laboratory test such as Jabatan Kerja Raya (JKR) specification, American Association
of State Highway and Transportation Officials (AASHTO), American Society for
Testing and Materials (ASTM), and British Standard (BS). For materials, Bitumen 60-
70 PEN sourced from Kemaman Bitumen Company (KBC), Terengganu, and 14 mm
nominal maximum aggregate size (AC14) from Hanson Quarry Kulai were used. TCR
and TP additives with a size passing 0.425 mm sieve were supplied by Ahn Vertex

company.

Both additives were characterised in a School of Chemical Engineering and
University Laboratory Management Centre (UPMU), Universiti Teknologi Malaysia,
Johor, which includes density, thermogravimetric analysis (TGA), field-emission
scanning electron microscope (FE-SEM), and energy dispersive x-ray (EDX) test.
Marshall test was conducted to determine the optimum percentage of TCR and TP
mixtures. The properties and performances of two modified mixtures were compared
regarding the results of the indirect tension resilient modulus, unconfined dynamic

creep, double wheel tracker, tensile strength ratio, retained Marshall stability, water



immersion, boiling water, and chemical immersion. Based on the findings, the
combination of TCR and TP was done and the best mix design was selected by
evaluation of mixture’s performance using grid analysis. All the performance tests
were carried out at Highway and Transportation Laboratory, Universiti Teknologi
Malaysia, Johor. Furthermore, the surface morphology of the optimum mix design
using a scanning electron microscope (SEM) was conducted at UPMU, Universiti

Teknologi Malaysia, Johor.

1.5  Significance of Work

This study significantly contributes to alternative modification of conventional
mixture that reduces pavement distress issues using dry process and sustainable
materials. There have been numerous studies reporting that the use of crumb rubber
and plastic from recycled materials as additives could enhance the performance of the
mixture. However, in the dry process, the crumb rubber mixture exhibits moisture
sensitivity and reduce tensile strength. Meanwhile, plastic mixture is prone to fatigue
cracking at low temperature. These issues led to the inconsistence performance of the
mixture and caused many researchers preferred to use the wet process compared to the
dry process. Furthermore, several treatment processes were found to activate the
surface texture of crumb rubber and plastic additives, which may increase the
interaction between additives and binder and aggregate during dry mixing.
Consequently, it is significant to combine the treated crumb rubber and treated plastic
(TCR-TP) in the mixture to improve the conventional mixture performance, especially
in moisture damage, tensile strength, and fatigue cracking at low temperature. As a
result, the combination of crumb rubber and plastic may reduce maintenance activity
and increase road pavement service life. The findings also may contribute to promote
the application of the dry process, which is simpler and easier to apply in plants, thus
encouraging road agencies to modify mixtures. Therefore, the outcome of this research
not only significantly improves the engineering properties of mixtures, but could also
provide a promising sustainable construction method that reduces waste disposal and

environmental problems.



1.6 Thesis Outline

This study comprises five chapters as follows:

Chapter 1 introduces the comprehensive study and comprises the study

background, problem statement, study objectives, study scope and study significance.

Chapter 2 comprehensively discusses the issues of pavement distress in the
conventional mixture, mixing the methods, the properties of crumb rubber and plastic,
and previous studies that utilized crumb rubber and plastic in mixture, including their

mix design and performance based on mechanical tests.

Chapter 3 presents the preparation of samples and procedures for measuring
the performance of mixture incorporating two different polymer additives, TCR and
TP.

Chapter 4 reveals the optimum mixture design for TCR and TP mixtures,
including their charaterisation. The effect of physical tests for a TCR-TP combination

is also reviewed and discussed in detail.

Chapter 5 concludes the findings obtained from this study. Recommendations

are also provided for potential future studies.



REFERENCES

AASHTO T 182 (2002) ‘Standard Method of Test for Coating and Stripping of
Bitumen-Aggregate Mixtures.” US: AASHTO.

AASHTO T 96 (2002) ‘Standard Method of Test for Resistance to Degradation of
Small-Size Coarse Aggregate by Abrasion and Impact in the Los Angeles
Machine.” US: AASHTO.

AASHTO TP 324 (2019) ‘Standard Method of Test for Hamburg Wheel-Track Testing
of Compacted Asphalt Mixtures.” US: AASHTO.

Abdullah, M. E., Kader, S. A. A,, Jaya, R. P., Yaacob, H., Hassan, N. A. and Wan, C.
N. C. (2017) ‘Effect of Waste Plastic as Bitumen Modified in Asphalt
Mixture’, In MATEC Web of Conferences, 103, 09018.

Afroz, R., Rahman, A., Masud, M. M. and Akhtar, R. (2017) ‘The knowledge,
awareness, attitude and motivational analysis of plastic waste and household
perspective in Malaysia’, Environmental Science and Pollution Research,
24(3), 2304-2315.

Ahmadinia, E., Zargar, M., Karim, M. R., Abdelaziz, M. and Shafigh, P. (2011) ‘Using
waste plastic bottles as additive for stone mastic asphalt’, Materials & Design,
32(10), 4844-4849.

Ahmadinia, E., Zargar, M., Karim, M. R., Abdelaziz, M. and Ahmadinia, E. (2012)
‘Performance evaluation of utilization of waste Polyethylene Terephthalate
(PET) in stone mastic asphalt’, Construction and Building Materials, 36, 984-
989.

Ahmed, L. A. (2007) ‘Improvement of Marshall properties of the asphalt concrete
mixtures using the polyethylene as additive’, Engineering and Technology
Journal, 25(3), 383-394.

Airey, G. D., Rahman, M. M. and Collop, A. C. (2003) ‘Absorption of bitumen into
crumb rubber using the basket drainage method’, International Journal of
Pavement Engineering, 4(2), 105-119.

Aksoy, A., Samlioglu, K., Tayfur, S. and Ozen, H. (2005) ‘Effects of various additives
on the moisture damage sensitivity of asphalt mixtures’, Construction and
building materials, 19(1), 11-18.

152



Al-Hadidy, A. I. and Tan, Y. Q. (2009) ‘Evaluation of Pyrolisis LDPE modified
asphalt paving materials’, Journal of materials in civil engineering, 21(10),
618-623.

Al-Hadidy, A. I. and Yi-qiu, T. (2009) ‘Effect of polyethylene on life of flexible
pavements’, Construction and Building Materials, 23(3), 1456-1464.

Al-Saffar, Z. H., Yaacob, H., Satar, M. K. I. M., Saleem, M. K, Jaya, R. P,, Lali, C. J.
and Shaffie, E. (2020) ‘Evaluating the Chemical and Rheological Attributes of
Aged Asphalt: Synergistic Effects of Maltene and Waste Engine Oil
Rejuvenators’, Arabian Journal for Science and Engineering, 45(10), 8685-
8697.

Al-Salem, S. M., Lettieri, P. and Baeyens, J. (2009) ‘Recycling and recovery routes of
plastic solid waste (PSW): A review’, Waste management, 29(10), 2625-2643.

Alatag, T. and Yilmaz, M. (2013) °‘Effects of different polymers on mechanical
properties of bituminous binders and hot mixtures’, Construction and Building
Materials, 42, 161-167.

Alkuime, H. and Kassem, E. (2020) ‘Comprehensive evaluation of wheel-tracking
rutting performance assessment tests’, International Journal of Pavement
Research & Technology, 13(3).

Ameli, A., Norouzi, N., Khabbaz, E. H. and Babagoli, R. (2020) ‘Influence of anti
stripping agents on performance of binders and asphalt mixtures containing
Crumb Rubber and Styrene-Butadiene-Rubber’, Construction and Building
Materials, 261, 119880.

Amelian, S., Abtahi, S. M. and Hejazi, S. M. (2014) ‘Moisture susceptibility
evaluation of asphalt mixes based on image analysis’, Construction and
Building Materials, 63, 294-302.

Ameri, M., Vamegh, M., Rooholamini, H. and Haddadi, F. (2018) ‘Investigating
effects of nano/SBR polymer on rutting performance of binder and asphalt
mixture’, Advances in Materials Science and Engineering, 2018.

Ameri, M., Yeganeh, S. and Valipour, P. E. (2019) ‘Experimental evaluation of fatigue
resistance of asphalt mixtures containing waste elastomeric polymers’,
Construction and Building Materials, 198, 638-649.

Angyal, A., Miskolczi, N. and Bartha, L. (2007) ‘Petrochemical feedstock by thermal
cracking of plastic waste’, Journal of analytical and applied pyrolysis, 79(1-
2), 409-414.

153



Anurag, K., Xiao, F. and Amirkhanian, S. N. (2009) ‘Laboratory investigation of
indirect tensile strength using roofing polyester waste fibers in hot mix
asphalt’, Construction and building materials, 23(5), 2035-2040.

Arabani, M., Tahami, S. A. and Hamedi, G. H. (2018) ‘Performance evaluation of dry
process crumb rubber-modified asphalt mixtures with nanomaterial’, Road
Materials and Pavement Design, 19(5), 1241-1258.

Asmuni, S., Hussin, N. B., Khalili, J. M. and Zain, Z. M. (2015) ‘Public participation
and effectiveness of the no plastic bag day program in Malaysia’, Procedia-
Social and Behavioral Sciences, 168, 328-340.

ASTM C127-15 (2015) cStandard Test Method For Relative Density (Specific
Gravity) And Absorption Of Coarse Aggregate.” West Conshohocken, PA:
ASTM International.

ASTM C88 / C88M-18 (2018) ‘Standard Test Method for Soundness of Aggregates
by Use of Sodium Sulfate or Magnesium Sulfate.” West Conshohocken, PA:
ASTM International.

ASTM E1131-08 (2008) ‘Standard Test Method for Compositional Analysis by
Thermogravimetry.” West Conshohocken, PA: ASTM International.

ASTM E2090-00 (2000) ‘Standard Test Method For Size-Differentiated Counting Of
Particles And Fibers Released From Clean Room Wipers Using Optical And
Scanning Electron Microscopy.” West Conshohocken, PA: ASTM
International.

ASTM D1075-07 (2011) ‘Standard Test Method for Effect of Water on Compressive
Strength of Compacted Bituminous Mixtures.” West Conshohocken, PA:
ASTM International.

ASTM D2041 (2019) ‘Standard Test Method for Theoretical Maximum Specific
Gravity and Density of Asphalt Mixtures.” West Conshohocken, PA: ASTM
International.

ASTM D2726 (2019) ‘Standard Test Method For Bulk Specific Gravity And Density
Of Non-Absorptive Compacted Bituminous Mixtures.” West Conshohocken,
PA: ASTM International.

ASTM D36 / D36M-14 (2014) ‘Standard Test Method for Softening Point of Bitumen
(Ring-and-Ball Apparatus).” West Conshohocken, PA: ASTM International.

154



ASTM D3625 / D3625M-20 (2020) ‘Standard Practice For Effect Of Water On
Asphalt-Coated Aggregate Using Boiling Water.” West Conshohocken, PA:
ASTM International.

ASTM D4402 |/ D4402M-15 (2015) ‘Standard Test Method For Viscosity
Determination Of Asphalt At Elevated Temperatures Using A Rotational
Viscometer.” West Conshohocken, PA: ASTM International.

ASTM D4867 / D4867M-09 (2014) ‘Standard Test Method for Effect of Moisture on
Asphalt Concrete Paving Mixtures.” West Conshohocken, PA: ASTM
International.

ASTM D5 / D5M-19 (2019) ‘Standard Test Method for Penetration of Bituminous
Materials.” West Conshohocken, PA: ASTM International.

ASTM D5550-14 (2014) ‘Standard Test Method For Specific Gravity Of Soil Solids
By Gas Pycnometer.” West Conshohocken, PA: ASTM International.

ASTM D6925-15 (2015) ‘Standard Test Method for Preparation and Determination of
the Relative Density of Asphalt Mix Specimens by Means of the Superpave
Gyratory Compactor.” West Conshohocken, PA: ASTM International.

ASTM D6926 (2020) ‘Standard Practice for Preparation of Asphalt Mixture
Specimens Using Marshall Apparatus.” West Conshohocken, PA: ASTM
International.

ASTM D6927 (2017) ‘Standard Test Method for Marshall Stability and Flow of
Bituminous Mixtures.” West Conshohocken, PA: ASTM International.

ASTM D6931-12 (2012) ‘Standard Test Method for Indirect Tensile (IDT) Strength
of Bituminous Mixtures.” West Conshohocken, PA: ASTM International.

ASTM D70-18 (2018) ‘Standard Test Method for Density of Semi-Solid Asphalt
Binder (Pycnometer Method).” West Conshohocken, PA: ASTM International.

ASTM D7175-15 (2015) ‘Standard Test Method for Determining the Rheological
Properties of Asphalt Binder Using a Dynamic Shear Rheometer.” West
Conshohocken, PA: ASTM International.

ASTM D7369-11 (2009) ‘Standard Test Method for Determining the Resilient
Modulus of Bituminous Mixtures by Indirect Tension Test.” West
Conshohocken, PA: ASTM International.

Awoyera, P. O. and Adesina, A. (2020) ‘Plastic wastes to construction products:
Status, limitations and future perspective’, Case Studies in Construction
Materials, 12, 00330.

155



Awwad, M. T. and Shbeeb, L. (2007) ‘The use of polyethylene in hot asphalt
mixtures’, American Journal of Applied Sciences, 4(6), 390-396.

Azam, A. M., El-Badawy, S. M. and Alabasse, R. M. (2019) ‘Evaluation of asphalt
mixtures modified with polymer and wax’, Innovative Infrastructure Solutions,
4(1), 1-12.

Azarhoosh, A., Hamedi, G. H. and Azarhoosh, M. J. (2020) ‘The influence of cohesion
and adhesion parameters on the moisture sensitivity of modified Asphalt
mixtures with polymer additive’, The Journal of Adhesion, 1-23.

Badr Khudhair, A., Musa, M., Mohd Jaafar, M. S. and Hadibarata, T. (2015) ‘Cresol
red dye removal using recycled waste tire rubber’, In International Journal of
Engineering Research in Africa, 16, 57-63.

Bakheit, I. and Xiaoming, H. (2019) ‘Modification of the dry method for mixing crumb
rubber modifier with aggregate and asphalt based on the binder mix design’,
Construction and Building Materials, 220, 278-284.

Bagersad, M. and Ali, H. (2019) ‘Rheological and chemical characteristics of asphalt
binders recycled using different recycling agents’, Construction and Building
Materials, 228, 116738.

Becker, Y., Mendez, M. P. and Rodriguez, Y. (2001) ‘Polymer modified asphalt’, In
Vision tecnologica, 9(1), 39-50.

Behiry, A. E. A. E. M. (2013) ‘Laboratory evaluation of resistance to moisture damage
in asphalt mixtures’, Ain Shams Engineering Journal, 4(3), 351-363.

Behnood, A. and Gharehveran, M. M. (2019) ‘Morphology, rheology, and physical
properties of polymer-modified asphalt binders’, European Polymer Journal,
112, 766-791.

Bilema, M., Aman, M., Hassan, N., Haloul, M., and Modibbo, S. (2021) ‘Influence of
crumb rubber size particles on moisture damage and strength of the hot mix
asphalt’, Materials Today: Proceedings, 42, 2387-2391.

Brasileiro, L., Moreno-Navarro, F., Tauste-Martinez, R., Matos, J., and Rubio-Gamez,
M. D. C. (2019a) ‘Reclaimed Polymers as Asphalt Binder Modifiers for More
Sustainable Roads: A Review’, Sustainability, 11(3), 646.

Brasileiro, L. L., Moreno-Navarro, F., Tauste-Martinez, R., del Sol-Sanchez, M.,
Matos, J. M. E. and del Carmen Rubio-Gamez, M. (2019b) ‘Study of the
feasability of producing modified asphalt bitumens using flakes made from

recycled polymers’, Construction and Building Materials, 208, 269-282.

156



Bressi, S., Fiorentini, N., Huang, J. and Losa, M. (2019) ‘Crumb rubber modifier in
road asphalt pavements: state of the art and statistics’, Coatings, 9(6), 384.

Bretagnol, F., Tatoulian, M., Arefi-Khonsari, F., Lorang, G. and Amouroux, J. (2004)
‘Surface modification of polyethylene powder by nitrogen and ammonia low
pressure plasma in a fluidized bed reactor’, Reactive and functional polymers,
61(2), 221-232.

Brown, R. (1993) Historical Development Crumb rubber modifier workshop notes:
Design procedures and construction practices. Federal Highway
Administration Washington, DC.

Brown, E. R., Kandhal, P. S., Roberts, F. L., Kim, Y. R., Lee, D. Y. and Kennedy, T.
W. (2009) Hot mix asphalt materials, mixture design, and construction. NAPA
Research and Education Foundation.

Brovelli, C., Crispino, M., Pais, J. and Pereira, P. (2015) ‘Using polymers to improve
the rutting resistance of asphalt concrete’, Construction and Building
Materials, 77, 117-123.

BS EN 1097-2 (2010) ‘Tests for mechanical and physical properties of aggregates -
Part 2: Methods for the determination of resistance to fragmentation.” London,
UK: BSI Standard.

BS EN 12697-25 (2013) ‘Bituminous mixtures — Test methods Part 25: Cyclic
compression test.” London, UK: BSI Standard.

BS EN 812-111 (1990) ‘Methods for determination of ten per cent fines value (TFV).’
London, UK: BSI Standard.

BS EN 933-3 (2012) ‘Tests for geometrical properties of aggregates - Part 3:
Determination of particle shape - Flakiness index.” London, UK: BSI Standard.

BS EN 933-4 (2008) ‘Tests for geometrical properties of aggregates Part 4:
Determination of particle shape - Shape index.” London, UK: BSI Standard.

Buncher, M. S. (1995) Evaluating the Effects of the Wet and Dry Processes for
Including Crumb Rubber Modifier in Hot Mix Asphalt. PhD Thesis, Auburn
University, Alabama.

Cai, L., Shi, X. and Xue, J. (2018) ‘Laboratory evaluation of composed modified
asphalt binder and mixture containing nano-silica/rock asphalt/SBS’,
Construction and Building Materials, 172, 204-211.

Cao, W. (2007) ‘Study on properties of recycled tire rubber modified asphalt mixtures
using dry process’, Construction and Building Materials, 21(5), 1011-1015.

157



Chakraborty, A. and Mehta, S. (2017) “Utilization & minimization of waste plastic in
construction of pavement: A review’, International Journal of Engineering
Technology Science and Research, 4(8), 2394-3386.

Cong, P., Zhang, Y. and Liu, N. (2016) ‘Investigation of the properties of asphalt
mixtures incorporating reclaimed SBS modified asphalt pavement’,
Construction and Building Materials, 113, 334-340.

Cui, X., Zhang, J., Zhang, N., Zhou, Y., Gao, Z., and Sui, W. (2015) ‘Laboratory
simulation tests of effect of mechanical damage on moisture damage evolution
in hot-mix asphalt pavement’, International Journal of Pavement Engineering,
16(8), 699-709.

Da Silva, L. Benta, A. and Picado-Santos, L. (2018) ‘Asphalt rubber concrete
fabricated by the dry process: Laboratory assessment of resistance against
reflection cracking’, Construction and Building Materials, 160, 539-550.

Daly, W. H. (2017) Relationship between chemical makeup of binders and engineering
performance, in National Cooperative Highway Research Program (NCHRP)
Chapter Four: Asphalt Additives and Modifiers. Washington, DC: The National
Academies Press, pp. 41-52.

Diab, A., and You, Z. (2017) ‘Small and large strain rheological characterizations of
polymer-and crumb rubber-modified asphalt binders’, Construction and
Building Materials, 144, 168-177.

Diab, A., Enieb, M. and Singh, D. (2019) ‘Influence of aging on properties of polymer-
modified asphalt’, Construction and Building Materials, 196, 54-65.

Dias, J. F., Picado-Santos, L. G. and Capitéo, S. D. (2014) ‘Mechanical performance
of dry process fine crumb rubber asphalt mixtures placed on the Portuguese
road network’, Construction and Building Materials, 73, 247-254.

Do, T.C., Tran, V. P., Lee, H. J. and Kim, W. J. (2019) ‘Mechanical characteristics of
tensile strength ratio method compared to other parameters used for moisture
susceptibility evaluation of asphalt mixtures’, Journal of Traffic and
Transportation Engineering (English Edition), 6(6), 621-630.

Du, Y., Chen, J., Han, Z. and Liu, W. (2018) ‘A review on solutions for improving
rutting resistance of asphalt pavement and test methods’, Construction and
Building Materials, 168, 893-905.

158



Ei-Mikawi, M. and Mosallam, A. S. (1996) ‘A methodology for evaluation of the use
of advanced composites in structural civil engineering applications’,
Composites Part B: Engineering, 27(3-4), 203-215.

Fakhri, M. and Azami, A. (2017) ‘Evaluation of warm mix asphalt mixtures containing
reclaimed asphalt pavement and crumb rubber’, Journal of Cleaner
Production, 165, 1125-1132.

Farouk, A. I. B., Hassan, N. A., Mahmud, M. Z. H., Mirza, J., Jaya, R. P., Hainin, M.
R., Yaacob, H. and Yusoff, N. I. M. (2017) ‘Effects of mixture design variables
on rubber—bitumen interaction: properties of dry mixed rubberized asphalt
mixture’, Materials and Structures, 50(1), 12.

Faroog, M. A., Mir, M. S. and Sharma, A. (2018) ‘Laboratory study on use of RAP in
WMA pavements using rejuvenator’, Construction and Building Materials,
168, 61-72.

Favakeh, M., Bazgir, S., Karbasi, M., Alavi, M. Z. and Abdi, A. (2020) ‘Evaluation of
elastomer—plastomer vulcanised modifiers for using as bitumen binder
modifier’, International Journal of Pavement Engineering, 1-12.

Fernandes, S., Costa, L., Silva, H. and Oliveira, J. (2017) ‘Effect of incorporating
different waste materials in bitumen’, Ciéncia & Tecnologia Dos Materiais,
29(1), 204-209.

Gibreil, H. A. and Feng, C. P. (2017) ‘Effects of high-density polyethylene and crumb
rubber powder as modifiers on properties of hot mix asphalt’, Construction and
Building Materials, 142, 101-108.

Gawande, A., Zamare, G., Renge, V. C., Tayde, S. and Bharsakale, G. (2012) ‘An
overview on waste plastic utilization in asphalting of roads’, Journal of
Engineering Research and Studies, 3(2), 1-5.

Ge, D., Yan, K., You, Z., and Xu, H. (2016) ‘Modification mechanism of asphalt
binder with waste tire rubber and recycled polyethylene’, Construction and
Building Materials, 126, 66-76.

Ghuzlan, K. A., Al-Khateeb, G. G. and Qasem, Y. (2013) ‘Rheological properties of
polyethylene-modified asphalt binder’, Athens Journal of Technology and
Engineering, 10, 1-14.

Gibreil, H. A. and Feng, C. P. (2017) ‘Effects of high-density polyethylene and crumb
rubber powder as modifiers on properties of hot mix asphalt’, Construction and
Building Materials, 142, 101-108.

159



Gorkem, C., and Sengoz, B. (2009) ‘Predicting stripping and moisture induced damage
of asphalt concrete prepared with polymer modified bitumen and hydrated
lime’, Construction and Building Materials, 23(6), 2227-2236.

Gotro, J. (2014). Thermoset Characterization Part 12: Introduction to
Thermogravimetric Analysis (TGA), Polymer Innovation Blog. Available at:
https://polymerinnovationblog.com/thermoset-characterization-part-12-
introduction-thermogravimetric-analysis-tga/. (Accessed: 28 December 2021).

Gu, L. and Ozbakkaloglu, T. (2016) ‘Use of recycled plastics in concrete: A critical
review’, Waste Management, 51, 19-42.

Guo, R. and Nian, T. (2020) ‘Analysis of factors that influence anti-rutting
performance of asphalt pavement’, Construction and Building Materials, 254,
119237.

Haider, S., Hafeez, 1., and Ullah, R. (2020) ‘Sustainable use of waste plastic modifiers
to strengthen the adhesion properties of asphalt mixtures’, Construction and
Building Materials, 235, 117496.

Haider, S., Hafeez, I., Zaidi, S. B. A., Nasir, M. A., and Rizwan, M. (2020) ‘A pure
case study on moisture sensitivity assessment using tests on both loose and
compacted asphalt mixture’, Construction and Building Materials, 239,
117817.

Hamedi, G. H. (2017) ‘Evaluating the effect of asphalt binder modification using
nanomaterials on the moisture damage of hot mix asphalt’, Road Materials and
Pavement Design, 18(6), 1375-1394.

Hamedi, G. H., Sakanlou, F. and Sohrabi, M. (2019) ‘Laboratory investigation of using
liquid anti-stripping additives on the performance characteristics of asphalt
mixtures’, International Journal of Pavement Research and Technology, 12(3),
269-276.

Hammons, M. 1., Von Quintus, H., Maser, K. and Nazarian, S. (2005). Detection of
stripping in hot mix asphalt. Office of Materials and Research Georgia
Department of Transportation Forest Park, GA 30297-2599.

Hamzah, M. O., Kakar, M. R. and Hainin, M. R. (2015) ‘An overview of moisture
damage in asphalt mixtures’, Jurnal Teknologi, 73(4).

Han, L., Zheng, M., and Wang, C. (2016) ‘Current status and development of terminal
blend tyre rubber modified asphalt’, Construction and Building Materials, 128,
399-409.

160



Hanadian N. W. (2020) Estimated annual household plastic packaging consumption
Malaysia 2020 by type. E-commerce Worldwide [online]. Available at:
https://www.statista.com/statistics/1133366/malaysia-estimated-annual-
household-plastic-packaging-consumption/#:~:text=1n%202020%2C%20
the%20estimated%20value,was%20equal%20t0%2016.78%20kilograms.
(Accessed: 28 January 2021).

Heitzman, M.A. (1992) State of the practice for the design and construction of asphalt
paving materials with crumb rubber additive (Report No. FHWA-SA-92-022).
U.S. Department of Transportation: The Federal Highway Administration.

Hernandez-Olivares, F., Witoszek-Schultz, B., Alonso-Fernandez, M. and Benito-
Moro, C. (2009) ‘Rubber-modified hot-mix asphalt pavement by dry process’,
International Journal of Pavement Engineering, 10(4), 277-288.

Ho, S., Church, R., Klassen, K., Law, B., MacLeod, D. and Zanzotto, L. (2006) ‘Study
of recycled polyethylene materials as asphalt modifiers’, Canadian journal of
civil engineering, 33(8), 968-981.

Hopewell, J., Dvorak, R. and Kosior, E. (2009) ‘Plastics recycling: challenges and
opportunities’, Philosophical Transactions of the Royal Society B: Biological
Sciences, 364(1526), 2115-2126.

Huang, S. C. (2008) ‘Rubber concentrations on rheology of aged asphalt binders’,
Journal of Materials in civil Engineering, 20(3), 221-229.

Hubo, S., Leite, L., Martins, C. and Ragaert, K. (2014) Evaluation of post-industrial
and post-consumer polyolefin-based polymer waste streams for injection
moulding. In 6th Polymers & Mould Innovations International Conference,
201-206.

Isacsson, U., and Zeng, H. (1998) ‘Low-temperature cracking of polymer-modified
asphalt’, Materials and Structures, 31(1), 58-63.

Ishai, 1., J. B. Sousa, and G. Svechinsky. (2011) Activated Minerals as Binder
Stabilizers in SMA Paving Mixtures. Presented at 90th Annual Meeting of the
Transportation Research Board, Washington, D.C.

Jabatan Kerja Raya (JKR) (2008) Standard Specification for Road Works, Section 4:
Flexible Pavement, No. JKR/SPJ/2008-54, pp. S4-58-54-69. Malaysia: JKR
Specifications.

Jabatan Kerja Raya (JKR) (2018) Statistik Jalan Malaysia Edisi 2019, pp. 12.
Malaysia: JKR.

161


https://www.statista.com/statistics/1133366/malaysia-estimated-annual-household-plastic-packaging-consumption/#:~:text=In%202020%2C%20
https://www.statista.com/statistics/1133366/malaysia-estimated-annual-household-plastic-packaging-consumption/#:~:text=In%202020%2C%20

Jafar, J. J. (2016) ‘Utilisation of waste plastic in bituminous mix for improved
performance of roads’, KSCE Journal of Civil Engineering, 20(1), 243-249.

Jahanian, H. R., Shafabakhsh, G. H., and Divandari, H. (2017) ‘Performance
evaluation of Hot Mix Asphalt (HMA) containing bitumen modified with
Gilsonite’, Construction and Building Materials, 131, 156-164.

Janmohammadi, O., Safa, E., Zarei, M. and Zarei, A. (2020) ‘Simultaneous effects of
ethyl vinyl acetate (EVA) and glass fiber on the properties of the hot mix
asphalt (HMA)’, SN Applied Sciences, 2, 1-14.

Jaya, R. P., Hainin, M. R., Hassan, N. A., Yaacob, H., Satar, M. K. I. M., Warid, M.
N. M., Mohamed, A., Abdullah, M. E. and Ramli, N. I. (2018) ‘Marshall
stability properties of asphalt mixture incorporating black rice husk ash’,
Materials Today: Proceedings, 5(10), 22056-22062.

Jones, D., Liang, Y. and Harvey, J. (2017) Performance Based Specifications:
Literature Review on Increasing Crumb Rubber Usage by Adding Small
Amounts of Crumb Rubber Modifier in Hot Mix Asphalt. California
Department of Transportation Division of Research and Innovation Office of
Roadway Research.

Kakar, M. R., Hamzah, M. O., and Valentin, J. (2015) ‘A review on moisture damages
of hot and warm mix asphalt and related investigations’, Journal of Cleaner
Production, 99, 39-58.

Kalantar, Z. N., Karim, M. R., and Mahrez, A. (2012) ‘A review of using waste and
virgin polymer in pavement’, Construction and Building Materials, 33, 55-62.

Kandhal, P. S. and Cooley Jr., L. A. (2003) NCHRP Report 508: Accelerated
Laboratory Rutting Tests: Evaluation of the Asphalt Pavement Analyzer.
Transportation Research Board, Washington, DC.

Kavussi, A. and Barghabani, P. (2014) ‘The influence of nano materials on moisture
resistance of asphalt mixes’, Study of Civil Engineering and Architecture, 3,
36-40.

Kedarisetty, S., Biligiri, K. P. and Sousa, J. B. (2016) ‘Advanced rheological
characterization of reacted and activated rubber (RAR) modified asphalt
binders’, Construction and Building Materials, 122, 12-22.

Kesti, S. S. (2019) ‘Physical and chemical characterization of low density polyethylene
and high density polyethylene’, Journal of Advanced Scientific Research,
10(3).

162



Khan, T. A. and Sharma, D. K. (2011) ‘Effect of waste polymer modifier on the
properties of bituminous concrete mixes’, Construction and Building
Materials, 25(10), 3841-3848.

Khurshid, M. B., Qureshi, N. A., Hussain, A. and Igbal, M. J. (2019) ‘Enhancement
of Hot Mix Asphalt (HMA) Properties Using Waste Polymers’, Arabian
Journal for Science and Engineering, 44(10), 8239-8248.

Ko, D. C., Mui, E. L., Lau, K. S. and McKay, G. (2004) ‘Production of activated
carbons from waste tire—process design and economical analysis’, Waste
Management, 24(9), 875-888.

Kofteci, S. (2016) ‘Effect of HDPE based wastes on the performance of modified
asphalt mixtures’, Procedia engineering, 161, 1268-1274.

Kofteci, S., Ahmedzade, P. and Kultayev, B. (2014) ‘Performance evaluation of
bitumen modified by various types of waste plastics’, Construction and
Building Materials, 73, 592-602.

Kok, B. V. and Colak, H. (2011) ‘Laboratory comparison of the crumb-rubber and
SBS modified bitumen and hot mix asphalt’, Construction and Building
Materials, 25(8), 3204-3212.

Kok, B. V. and Yilmaz, M. (2009) ‘The effects of using lime and styrene—butadiene—
styrene on moisture sensitivity resistance of hot mix asphalt’, Construction and
building materials, 23(5), 1999-2006.

Kumar, T. S. (2006) Waste tyre management in Malaysia. PhD Thesis, Universiti
Malaysia Pahang, Pekan.

Kumar, S., Panda, A. K. and Singh, R. K. (2011) ‘A review on tertiary recycling of
high-density polyethylene to fuel’, Resources, Conservation and Recycling,
55(11), 893-910.

Lastra-Gonzalez, P., Calzada-Pérez, M. A., Castro-Fresno, D., Vega-Zamanillo, A.
and Indacoechea-Vega, I. (2016) ‘Comparative analysis of the performance of
asphalt concretes modified by dry way with polymeric waste’, Construction
and Building Materials, 112, 1133-1140.

Leng, Z., Padhan, R. K. and Sreeram, A. (2018) ‘Production of a sustainable paving
material through chemical recycling of waste PET into crumb rubber modified
asphalt’, Journal of cleaner production, 180, 682-688.

Lewandowski, L. H. (1994) ‘Polymer modification of paving asphalt binders’, Rubber
Chemistry and Technology, 67(3), 447-480.

163



Li, B., Li, H., Wei, Y., Zhang, X., Wei, D. and Li, J. (2019) ‘Microscopic properties
of hydrogen peroxide activated crumb rubber and its influence on the
rheological properties of crumb rubber modified asphalt’, Materials, 12(9),
1434,

Li, Q., Ni, F., Gao, L., Yuan, Q. and Xiao, Y. (2014) ‘Evaluating the rutting resistance
of asphalt mixtures using an advanced repeated load permanent deformation
test under field conditions’, Construction and Building Materials, 61, 241-251.

Li, R., Xiao, F., Amirkhanian, S., You, Z. and Huang, J. (2017) ‘Developments of
nano materials and technologies on asphalt materials—A review’, Construction
and Building Materials, 143, 633-648.

Li, X., Lv, X,, Liu, X. and Ye, J. (2019) ‘Discrete element analysis of indirect tensile
fatigue test of asphalt mixture’, Applied Sciences, 9(2), 327.

Liang, M., Xin, X., Fan, W., Ren, S., Shi, J. and Luo, H. (2017) ‘Thermo-stability and
aging performance of modified asphalt with crumb rubber activated by
microwave and TOR’, Materials & Design, 127, 84-96.

Liddle, G. and Choi, Y. (2007) Case Study and Test Method Review on Moisture
Damage. Austroads Project No. TT1135.

Lim, A. (2020, April 6) Vehicles registration in Malaysia — 31.2 mil as of 2019.
Retrieved January 19, 2021, from https://paultan.org/topics/local-news/

Lin, Y. H. and Yang, M. H. (2009) ‘Tertiary recycling of commingled polymer waste
over commercial FCC equilibrium catalysts for producing hydrocarbons’,
Polymer Degradation and Stability, 94(1), 25-33.

Liu, Y., Apeagyei, A., Ahmad, N., Grenfell, J. and Airey, G. (2014) ‘Examination of
moisture sensitivity of aggregate—bitumen bonding strength using loose asphalt
mixture and physico-chemical surface energy property tests’, International
Journal of Pavement Engineering, 15(7), 657-670.

Ma, Y., Wang, S., Zhou, H., Hu, W., Polaczyk, P., Zhang, M. and Huang, B. (2020)
‘Compatibility and rheological characterization of asphalt modified with
recycled rubber-plastic blends’, Construction and Building Materials, 121416.

Madzlan, N., Habib, N. Z. and Kamaruddin, I. (2014) ‘Creep behavior of polyethylene
modified bituminous mixture’, APCBEE procedia, 9, 202-206.

Malarvizhi, G., Senthul, N., & Kamaraj, C. (2012) ‘A study on Recycling of crumb
rubber and low density polyethylene blend on stone matrix asphalt’,

International Journal of Science and Research, 2(10).

164


https://paultan.org/topics/local-news/

Martin-Alfonso, J. E., Cuadri, A. A., Torres, J., Hidalgo, M. E. and Partal, P. (2019)
‘Use of plastic wastes from greenhouse in asphalt mixes manufactured by dry
process’, Road Materials and Pavement Design, 20(1), 265-281.

Mashaan, N. S., Rezagholilou, A., Nikraz, H. and Chegenizadeh, A. (2019) ‘A review
on using waste polymer as additive in asphalt mixture’, International Journal
of Advances in Science, Engineering and Technology (IJASEAT), 7(2).

Mazouz, M. and Merbouh, M. (2019) ‘The Effect of Low-Density Polyethylene
Addition and Temperature on Creep-recovery Behavior of Hot Mix Asphalt’,
Civil Engineering Journal, 5(3), 597-607.

Medina, N. F., Garcia, R., Hajirasouliha, I., Pilakoutas, K., Guadagnini, M. and
Raffoul, S. (2018) ‘Composites with recycled rubber aggregates: Properties
and opportunities in construction’, Construction and Building Materials, 188,
884-897.

Memon, N. A. (2011) Characterisation of conventional and chemically dispersed
crumbrubber modified bitumen and mixtures. PhD Thesis, University of
Nottingham, England.

Merbouh, M., Glaoui, B., Mazouz, A. and Belhachemi, M. (2014) Effect of Addition
of Plastic wastes on the Creep Performance of Asphalt. In Eurasia 2014 Waste
Management Symposium. 28-30 April. Istanbul, Turkey.

Modarres, A. and Hamedi, H. (2014) ‘Effect of waste plastic bottles on the stiffness
and fatigue properties of modified asphalt mixes’, Materials & Design, 61, 8-
15.

Moghadas N. F., Asadi, M., Hamedi, G. H. and Esmaeeli, M. R. (2018) ‘Using
hydrophobic coating on aggregate surfaces to reduce moisture damage in
asphalt mixture’, Journal of Materials in Civil Engineering, 30(10), 04018238.

Moghaddam, T. B., Soltani, M. and Karim, M. R. (2014). Evaluation of permanent
deformation characteristics of unmodified and Polyethylene Terephthalate
modified asphalt mixtures using dynamic creep test’, Materials & Design, 53,
317-324.

Mohd Khairul Idham Mohd Satar (2016) Repeatability of Reclaimed Asphalt
Pavement. PhD Thesis, Universiti Teknologi Malaysia, Malaysia.

Montanelli, E. F. (2013) ‘Fiber/polymeric compound for high modulus polymer
modified asphalt (PMA)’, Procedia-Social and Behavioral Sciences, 104, 39-
48.

165



Moreno, F., Rubio, M. C. and Martinez-Echevarria, M. J. (2011) ‘Analysis of digestion
time and the crumb rubber percentage in dry-process crumb rubber modified
hot bituminous mixes’, Construction and Building Materials, 25(5), 2323-
2334.

Movilla-Quesada, D., Raposeiras, A. C., Silva-Klein, L. T., Lastra-Gonzélez, P. and
Castro-Fresno, D. (2019) ‘Use of plastic scrap in asphalt mixtures added by
dry method as a partial substitute for bitumen’, Waste Management, 87, 751-
760.

MyScope (2014). Scanning Electron Microscope. Australia: Australian Microscopy
and Microanalysis Research Facility.

Navarro, F. M. and Gamez, M. C. R. (2012) ‘Influence of crumb rubber on the indirect
tensile strength and stiffness modulus of hot bituminous mixes’, Journal of
Materials in Civil Engineering, 24(6), 715-724.

Navarro, F. J., Partal, P., Martinez-Boza, F., and Gallegos, C. (2004) ‘Thermo-
rheological behaviour and storage stability of ground tire rubber-modified
bitumens’, Fuel, 83(14-15), 2041-2049.

Nguyen, H. T.and Tran, T. N. (2018) ‘Effects of crumb rubber content and curing time
on the properties of asphalt concrete and stone mastic asphalt using dry
process’, International Journal of Pavement Research and Technology, 11(3),
236-244.

Norhidayah binti Abdul Hassan (2013) Microstructural characterisation of rubber
modified asphalt mixtures. PhD Thesis, University of Nottingham, England.

Nouali, M., Derriche, Z., Ghorbel, E. and Chuangiang, L. (2020) ‘Plastic bag waste
modified bitumen a possible solution to the Algerian road pavements’, Road
Materials and Pavement Design, 21(6), 1713-1725.

Ozer, H., Al-Qadi, I. L., Singhvi, P., Bausano, J., Carvalho, R., Li, X. and Gibson, N.
(2018) ‘Prediction of pavement fatigue cracking at an accelerated testing
section using asphalt mixture performance tests’, International Journal of
Pavement Engineering, 19(3), 264-278.

Ozturk, H. I. and Kamran, F. (2019) ‘Laboratory evaluation of dry process crumb
rubber modified mixtures containing Warm Mix Asphalt Additives’,
Construction and Building Materials, 229, 116940.

166



Panda, M. and Mazumdar, M. (2002) ‘Utilization of reclaimed polyethylene in
bituminous paving mixes’, Journal of materials in civil engineering, 14(6),
527-530.

Patra, N., Hladik, J., Pavlatova, M., Militky, J. and Martinov4, L. (2013) ‘Investigation
of plasma-induced thermal, structural and wettability changes on low density
polyethylene powder’, Polymer degradation and stability, 98(8), 1489-1494.

Pelletier, J., Lacoste, A., Arnal, Y., Lagarde, T., Lincot, C. and Hertz, D. (2001) ‘New
trends in DECR plasma technology: applications to novel duplex treatments
and process combinations with extreme plasma specifications’, Surface and
Coatings technology, 139(2-3), 222-232.

Poovaneshvaran, S., Zheng, L. W., Hasan, M. R. M., Yang, X. and Diab, A. (2020)
‘Workability, compactibility and engineering properties of rubber-modified
asphalt mixtures prepared via wet process’, International Journal of Pavement
Research and Technology, 1-10.

Pramila, R. and Ramesh, K. V. (2011) ‘Biodegradation of low density polyethylene
(LDPE) by fungi isolated from marine water a SEM analysis’, African Journal
of Microbiology Research, 5(28), 5013-5018.

Presti, D. L. (2013) ‘Recycled tyre rubber modified bitumens for road asphalt
mixtures: A literature review’, Construction and Building Materials, 49, 863-
881.

Punith, V. S. and Veeraragavan, A. (2007) ‘Behavior of asphalt concrete mixtures with
reclaimed polyethylene as additive’, Journal of materials in civil engineering,
19(6), 500-507.

Punith, V. S. and Veeraragavan, A. (2011) ‘Behavior of reclaimed polyethylene
modified asphalt cement for paving purposes’, Journal of Materials in Civil
Engineering, 23(6), 833-845.

Ragaert, K., Delva, L. and Geem, V. K. (2017) ‘Mechanical and chemical recycling
of solid plastic waste’, Waste Management, 69, 24-58.

Rahman, M. (2004) Characterisation of dry process crumb rubber modified asphalt
mixtures. PhD Thesis, University of Nottingham, England.

Rahman, M. M., Airey, G. D. and Collop, A. C. (2005) The mechanical properties of
the dry process CRM asphalt mixtures following short-term and long-term
ageing. In Seventh International Conference on the Bearing Capacity of Roads,

Railways and Airfields. Trondheim, Norway.

167



Rahman, M. M., Airey, G. D. and Collop, A. C. (2010) ‘Moisture susceptibility of high
and low compaction dry process crumb rubber—modified asphalt mixtures’,
Transportation research record, 2180(1), 121-129.

Reddy, N. M. and Venkatasubbaiah, M. C. (2017) ‘Effects of high density
polyethylene and crumb rubber powder on properties of asphalt mix’,
International Research Journal of Engineering and Technology (IRJET), 04
(6), 2572, 2578.

Ren, S., Liang, M., Fan, W., Zhang, Y., Qian, C., He, Y. and Shi, J. (2018)
‘Investigating the effects of SBR on the properties of gilsonite modified
asphalt’, Construction and Building Materials, 190, 1103-1116.

Richardson, D. N. and Lusher, S. M. (2008) Determination of Creep Compliance and
Tensile Strength of Hot-Mix Asphalt for Wearing Courses in Missouri (No.
R105-052). Missouri. Dept. of Transportation.

Rodriguez-Fernandez, I., Baheri, F. T., Cavalli, M. C., Poulikakos, L. D. and Bueno,
M. (2020) ‘Microstructure analysis and mechanical performance of crumb
rubber modified asphalt concrete using the dry process’, Construction and
Building Materials, 259, 119662.

Rodriguez-Fernandez, 1., Cavalli, M. C., Poulikakos, L. and Bueno, M. (2020)
‘Recyclability of asphalt mixtures with crumb rubber incorporated by dry
process: A laboratory investigation’, Materials, 13(12), 2870.

Rossi, C. O., Spadafora, A., Teltayev, B., Izmailova, G., Amerbayev, Y. and Bortolotti,
V. (2015) ‘Polymer modified bitumen: Rheological properties and structural
characterization’, Colloids and Surfaces A: Physicochemical and Engineering
Aspects, 480, 390-397.

Saberi, F. K., Fakhri, M. and Azami, A. (2017) ‘Evaluation of warm mix asphalt
mixtures containing reclaimed asphalt pavement and crumb rubber’, Journal
of Cleaner Production, 165, 1125-1132.

Sengoz, B. and Isikyakar, G. (2008) ‘Evaluation of the properties and microstructure
of SBS and EVA polymer modified bitumen’, Construction and Building
Materials, 22(9), 1897-1905.

Shafabakhsh, G., Taghipoor, M., Sadeghnejad, M. and Tahami, S. A. (2015)
‘Evaluating the effect of additives on improving asphalt mixtures fatigue

behavior’, Construction and Building Materials, 90, 59-67.

168



Shaffie, E., Ahmad, J., Arshad, A. K., Kamarun, D. and Kamaruddin, F. (2015)
Stripping performance and volumetric properties evaluation of hot mix asphalt
(HMA) mix design using natural rubber latex polymer modified binder
(NRMB). In InCIEC 2014. Springer, Singapore, 873-884

Shatanawi, K. M., Biro, S., Geiger, A. and Amirkhanian, S. N. (2012) ‘Effects of
furfural activated crumb rubber on the properties of rubberized asphalt’,
Construction and Building Materials, 28(1), 96-103.

Shu, X. and Huang, B. (2014) ‘Recycling of waste tire rubber in asphalt and portland
cement concrete: An overview’, Construction and Building Materials, 67, 217-
224.

Singh, B., Kumar, L., Gupta, M., Chauhan, M. and Chauhan, G. S. (2013) ‘Effect of
activated crumb rubber on the properties of crumb rubber-modified bitumen’,
Journal of Applied Polymer Science, 129(5), 2821-2831.

Singh, M., Kumar, P. and Maurya, M. R. (2014) ‘Effect of aggregate types on the
performance of neat and EVA-modified asphalt mixtures’, International
Journal of Pavement Engineering, 15(2), 163-173.

Singleton, T. M., Airey, G. D. and Collop, A. C. (2000) Effect of rubber-bitumen
interaction on the mechanical durability of impact absorbing asphalt. In
Proceedings Of The Papers Submitted For Review At 2nd Eurasphalt And
Eurobitume Congress. 20-22 September. Barcelona, Spain. Book 1-Session 4.

Siswanto, H. (2017) ‘The effect of latex on permanent deformation of asphalt concrete
wearing course’, Procedia engineering, 171, 1390-1394.

Solaimanian, M., Harvey, J., Tahmoressi, M. and Tandon, V. (2003) ‘Test methods to
predict moisture sensitivity of hot-mix asphalt pavements’, In Transportation
research board national seminar, San Diego, California, 77-110.

Soni, K. and Punjabi, K. K. (2013) ‘Improving the Performance of Bituminous
Concrete Mix by Waste Plastic’, International Journal of Engineering
Research and Applications, 3(5), 863-868.

Sousa, J. B., Vorobiev, A., Rowe, G. M. and Ishai, I. (2013) ‘Reacted and activated
rubber: elastomeric asphalt extender’, Transportation Research Record,
2371(1), 32-40.

Suaryana, N., Nirwan, E. and Ronny, Y. (2018)’, Plastic Bag Waste on Hotmixture
Asphalt as Modifier’, In Key Engineering Materials, 789, 20-25.

169



Suroso, T. W. (2008) ‘Pengaruh Penambahan Plastik LDPE (Low Density Poly
Ethilen) Cara Basah dan Cara Kering terhadap Kinerja Campuran Beraspal’,
Media Komunikasi Teknik Sipil, 16(3), 208-222.

Tahami, S. A., Mirhosseini, A. F., Dessouky, S., Mork, H. and Kavussi, A. (2019)
‘The use of high content of fine crumb rubber in asphalt mixes using dry
process’, Construction and Building Materials, 222, 643-653.

Tang, N., Huang, W. and Xiao, F. (2016) ‘Chemical and rheological investigation of
high-cured crumb rubber-modified asphalt’, Construction and Building
Materials, 123, 847-854.

Tapkin, S. (2008) ‘The effect of polypropylene fibers on asphalt performance’,
Building and environment, 43(6), 1065-1071.

Tare, M., Puli, O. R., Oros, S. M. and Singh, A. (2009) ‘Drosophila adult eye model
to teach Scanning Electron Microscopy in an undergraduate cell biology
laboratory’, Drosophila Information Service, 92.

Tayfur, S., Ozen, H. and Aksoy, A. (2007) ‘Investigation of rutting performance of
asphalt mixtures containing polymer modifiers’, Construction and Building
Materials, 21(2), 328-337.

Unsiwilai, S. and Sangpetngam, B. (2018) ‘Influences of particle size and content on
deformation resistance of crumb rubber modified asphalt using dry process
mix’, Engineering Journal, 22(3), 181-193.

Vamegh, M., Ameri, M. and Naeni, S. F. C. (2019) ‘Performance evaluation of fatigue
resistance of asphalt mixtures modified by SBR/PP polymer blends and SBS”,
Construction and Building Materials, 209, 202-214.

Vamegh, M., Ameri, M., and Naeni, S. F. C. (2020) ‘Experimental investigation of
effect of PP/SBR polymer blends on the moisture resistance and rutting
performance of asphalt mixtures,” Construction and building materials, 253,
119197.

Vasudevan, R., Sekar, A. R. C., Sundarakannan, B. and Velkennedy, R. (2012) ‘A
technique to dispose waste plastics in an ecofriendly way—Application in
construction of flexible pavements’, Construction and Building Materials,
28(1), 311-320.

Wan Nur Aifa bt Wan Azahar (2018) Binder Characterization And Performance Of
Asphaltic Concrete Modified With Waste Cooking Oil. PhD Thesis, Universiti
Teknologi Malaysia, Malaysia.

170



Wang, H., Liu, X., Apostolidis, P. and Scarpas, T. (2018b) ‘Review of warm mix
rubberized asphalt concrete: Towards a sustainable paving technology’,
Journal of cleaner production, 177, 302-314.

Wang, H., Liu, X., Apostolidis, P., Erkens, S. and Skarpas, A. (2020) ‘Experimental
investigation of rubber swelling in bitumen’, Transportation Research Record,
2674(2), 203-212.

Wang, T., Xiao, F., Amirkhanian, S., Huang, W. and Zheng, M. (2017) ‘A review on
low temperature performances of rubberized asphalt materials’, Construction
and Building Materials, 145, 483-505.

Wang, T., Xiao, F., Zhu, X., Huang, B., Wang, J. and Amirkhanian, S. (2018a) ‘Energy
consumption and environmental impact of rubberized asphalt pavement’,
Journal of cleaner production, 180, 139-158.

Verma, N., Kaur, M. and Tripathi, A. K. (2020) ‘Greenhouse gas emissions from
municipal solid waste management practice’, In Environmental Concerns and
Sustainable Development, 399-408.

Wong, S. F., Htwe, A. A,, Oh, S. H., Leo, T. Y., Cheng, J. and Tay, B. K. (2017)
‘Utilization of waste plastics in stone mastic asphalt for infrastructural
applications’, In Materials Science Forum, 902, 55-59.

White, G. (2019, February) Evaluating recycled waste plastic modification and
extension of bituminous binder for asphalt. In Eighteenth Annual International
Conference on Pavement Engineering, Asphalt Technology and Infrastructure.
27-28 February. Liverpool, England, United Kingdom.

Wu, S. and Montalvo, L. (2021) ‘Repurposing waste plastics into cleaner asphalt
pavement materials: A critical literature review’, Journal of Cleaner
Production, 280, 124355.

Wulandari, P. S. and Tjandra, D. (2017) ‘Use of crumb rubber as an additive in asphalt
concrete mixture’, Procedia engineering, 171, 1384-13809.

Xiang, L., Cheng, J. and Que, G. (2009) ‘Microstructure and performance of crumb
rubber modified asphalt’, Construction and Building Materials, 23(12), 3586-
3590.

Xianglin (2019) ‘Performance Improvisation of Bituminous Roads using waste Plastic
Material’, International Journal of Civil, Environmental and Agricultural
Engineering, 1(1), 54-61

171



Xiao, F., Li, R., Amirkhanian, S. and Yuan, J. (2018) ‘Rutting-resistance investigation
of alternative polymerized asphalt mixtures’, Journal of Materials in Civil
Engineering, 30(6), 04018116

Xie, J., Yang, Y., Lv, S., Zhang, Y., Zhu, X. and Zheng, C. (2019) ‘Investigation on
Rheological Properties and Storage Stability of Modified Asphalt Based on the
Grafting Activation of Crumb Rubber’, Polymers, 11(10), 1563.

Xie, J., Wu, S., Pang, L., Lin, J. and Zhu, Z. (2012) ‘Influence of surface treated fly
ash with coupling agent on asphalt mixture moisture damage’, Construction
and Building Materials, 30, 340-346.

Xu, M., Liu, J., Li, W. and Duan, W. (2015) ‘Novel method to prepare activated crumb
rubber used for synthesis of activated crumb rubber modified asphalt’, Journal
of Materials in Civil Engineering, 27(5), 04014173.

Yan, K., Chen, J., You, L. and Tian, S. (2020a) ‘Characteristics of compound asphalt
modified by waste tire rubber (WTR) and ethylene vinyl acetate (EVA):
Conventional, rheological, and microstructural properties’, Journal of Cleaner
Production, 120732.

Yan, K., Tian, S., Chen, J. and Liu, J. (2020b) ‘High temperature rheological properties
of APAO and EVA compound modified asphalt’, Construction and Building
Materials, 233, 117246.

Yan, K., Xu, H. and You, L. (2015) ‘Rheological properties of asphalts modified by
waste tire rubber and reclaimed low density polyethylene’, Construction and
Building Materials, 83, 143-149.

Yin, L., Yang, X., Shen, A., Wu, H., Lyu, Z. and Li, B. (2021) ‘Mechanical properties
and reaction mechanism of microwave-activated crumb rubber-modified
asphalt before and after thermal aging’, Construction and Building Materials,
267, 120773.

Yoo, P. J., Eom, B. S., Park, K. S. and Kim, D. H. (2017) ‘Aggregate pre-coating
approach using rubber-and silane-coupled thermoset polymer and emulsion for
warm-mix asphalt mixtures,” Construction and Building Materials, 152, 708-
714.

Yu, B., Jiao, L.Y., Ni, F.J. and Yang, J. (2014) ‘Evaluation of plastic-rubber asphalt:
engineering property and environmental concern’, Construction and Building
Materials, 71, 416-424.

172



Yupeng, T. (2010) Waste plastics environment-friendly treatment method. Chinese
Patent CN101733862 (Al).

Vasudevan, R., Sekar, A. R. C., Sundarakannan, B. and Velkennedy, R. (2012) ‘A
technique to dispose waste plastics in an ecofriendly way—Application in
construction of flexible pavements’, Construction and Building Materials,
28(1), 311-320.

Zhang, H., Gao, Y., Guo, G., Zhao, B. and Yu, J. (2018) ‘Effects of ZnO particle size
on properties of asphalt and asphalt mixture’, Construction and Building
Materials, 159, 578-586.

Zhu, J., Birgisson, B. and Kringos, N. (2014) 'Polymer modification of bitumen:
Advances and challenges', European Polymer Journal, 54, 18-38.

Ziari, H., Babagoli, R. and Akbari, A. (2015) ‘Investigation of fatigue and rutting
performance of hot mix asphalt mixtures prepared by bentonite-modified
bitumen’, Road Materials and Pavement Design, 16(1), 101-118.

Zoorob, S. E. and Suparma, L. B. (2000) ‘Laboratory design and investigation of the
properties of continuously graded Asphaltic concrete containing recycled
plastics aggregate replacement (Plastiphalt)’, Cement and Concrete
Composites, 22(4), 233-242.

173



LIST OF PUBLICATIONS

Indexed Journal

1.

Kamarudin, S. N. N., Hainin, M. R., Warid, M. N. M., Satar, M. K. I. M., &
Jaya, R. P. (2021). The Usage of Treated Plastic as Additive to Improve the
Asphalt Mixture’s Performance by Using Dry Mix Method. In Key
Engineering Materials (Vol. 879, pp. 126-135).
https://www.scientific.net/ KEM.879.126 (Indexed by SCOPUS)
Kamarudin, S. N. N., Hainin, M. R., Warid, M. N. M., Satar, M. K. I. M., &
Hassan, N. A. (2021, May). Performance of Asphalt Mixture Incorporating
Activated Crumb Rubber as Additive. In IOP Conference Series: Materials
Science and Engineering (Vol. 1144, No. 1, p. 012081).
https://iopscience.iop.org/article/10.1088/1757-899X/1144/1/012081/meta
(Indexed by Web of Science)

Kamarudin, S. N. N., Hainin, M. R., Warid, M. N. M., Satar, M. K. I. M. and
Raman, N. A. A. Effects of Moisture Damage Sensitivity of Asphalt Mixtures
incorporating Treated Plastic as Additive. In Conference 12th International
Conference on Road and Airfield Pavement Technology 2021 (ICPT 2021), 14
— 16 July 2021, University of Moratuwa, Sri Lanka. (Indexed by SCOPUS) -
Accepted

179





