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CHAPTER I  

INTRODUCTION 
 

1.1  Statement of the problem 
 The construction sector is the leading industrial activity contributing to the 
environmental impact, particularly in the form of substantial natural resource 
consumption and enormous solid waste generation. Construction and demolition 
(C&D) wastes resulting from construction activities, such as demolished asphalt 
concrete pavement, demolished concrete structures, and crushed brick, increase 
annually due to the rapid expansion of urban areas because of economic 
development. For instance, according to the United States Environmental Protection 
Agency report, the quantity of C&D wastes in the United States remained at over 600 
million tons annually (EPA, 2018). The substantial amount of C&D wastes generated 
impacts conventional waste disposal management s ystems, mainly through 
stockpiling and landfill methods, by exceeding landfill capacity. Moreover, several 
research publications indicated that unsustainable waste disposal is the major 
contributor to the hazardous effect on the ecosystem (Al-Qadi et al., 2007; Gautam 
et al., 2018; Zaumanis et al., 2014; Zhang & Muhunthan, 2017) . Consequently, the 
government and private agencies in several countries worldwide have attempted to 
develop a sustainable solution for C&D wastes management rather than relying solely 
on conventional waste disposal methods (Ghaffar et al., 2020; Mercante et al., 2012). 
 The demolition of asphalt concrete pavements and concrete structures is 
recognized as the largest contributor to C&D waste worldwide. According to the 
European Asphalt Pavement Association, the estimated amount of demolished 
asphalt concrete pavement was 50 million tons in 2020 (Hesham & Aditia, 2023). 
Moreover, the Federal Highway Administration reported that approximately 140 
million tons of wasted concrete pavement are generated annually (Cavalline, 2016). 
Several studies have suggested using asphalt concrete and concrete wa stes as 
sustainable recycled aggregates (RA) with natural aggregate (NA) for road construction 
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(Arulrajah et al., 2013; Jayakody et al., 2021; Naser et al., 2022) . According to these 
studies, reclaimed asphalt concrete pavement (RAP) and recycled concrete aggregate 
(RCA) exhibit mechanical properties comparable to NA, especially for low -traffic 
roads. However, RAP contains aged asphalt cement that can become brittle over 
time, reducing flexibility, and increasing susceptibility to cracking. Additionally, RCA is 
more porous than NA, resulting in higher water absorption and increasing the risk of 
moisture-induced damage such as stripping, where the asphalt cement separates 
from the aggregate. To ensure that RAP-RCA asphalt concrete pavement meets 
expected performance, and durability, it is necessary to add supplemental additives 
such as rejuvenators, polymers, and fibers. (Hagos et al., 2012). 
 Using polymer as an additives in asphalt concrete, such as styrene butadiene 
styrene (SBS), polyethylene (PE), polypropylene (PP), and polyethylene terephthalate 
(PET) have been widely studied by many researcher (Ahmadinia et al., 2011; Angelone 
et al., 2016; Badejo et al., 2017; Costa et al., 2013; El-Naga & Ragab, 2019) . The 
presence of polymers enhances the elastic properties of asphalt concrete, thus 
improving the bond strength between the materials and increasing the service life of 
the pavement.  
 Plastic materials are massively present in everyday life and are virtually used 
in every branch of industry (Datta & Kopczyńska, 2016; Dwivedi et al., 2019). They are 
utilized as raw materials for a wide range of products, such as plastic drink cups, 
bottles, housewares, plastic storage containers, and pipes. However, these products 
ultimately become waste, resulting in serious environmental issues (Behnood & 
Gharehveran, 2019). Plastic pollution is a major global issue due to the growing 
volume of plastic waste in need of disposal and the accumulation of floating plastic 
debris in the ocean (Angelone et al., 2016; Cózar et al., 2014). The cumulative amount 
of plastic waste available to enter the marine environment from waste generated on 
land is predicted to increase over the following years due to population growth, high 
levels of plastic resin production, and inefficient waste management infrastructure. In 
2010, nearly 275 million metric tons of plastic waste were generated in 192 coastal 
countries, wherein 4.8–12.8 million metric tons may have entered the ocean 
(Jambeck et al., 2015). The increasing amount of plastic waste in oceans and landfills 
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has interest in recycling and reusing plastic (Hamad et al., 2013). Using wasted plastics 
to develop polymer-modified asphalt concrete mixtures is a promising field of 
application. This application is an interesting alternative from both an environmental 
and technical standpoint. It reduces the amount of plastic waste sent to landfills 
while improving the mechanical properties of asphalt cement (Garcia-Morales et al., 
2004). As a result, asphalt concrete performs better in major performances (Duarte & 
Faxina, 2021). PET, a thermoplastic polyester used to manufacture plastic bottles, can 
also be used as an additive in an asphalt concrete mixture (Shukla & Harad, 2006). 
However, due to its high melting point (approximately 250°C), achieving homogeneity 
when mixing PET with asphalt cement using the wet method can be an issue. 
Therefore, the dry method is commonly utilized in many studies to add PET to the 
asphalt concrete mixture. PP is often used for containers, bottles (such as ketchup or 
syrup bottles), yogurt containers, and caps. It has a lower melting point (approximately 
160°C), which is nearly the pre-heat temperature of asphalt cement (approximately 
160-168°C). Hence, the wet method is suitable for incorporating PP with asphalt 
cement (Giustozzi & Boom, 2021). 
 Waste materials, such as recycled aggregate and recycled plastic, have been 
studied for use in asphalt concrete mixtures. Reusing recycled aggregate from waste 
provides a sustainable alternative to natural aggregates. While previous research has 
discussed the effects of adding recycled plastic to asphalt concrete mixtures, there 
remains a need to understand further the impact that combining recycled aggregates 
and recycled plastic has on the properties and performance of asphalt concrete.  
 This study explores using recycled PET and recycled PP plastics to improve 
the mechanistic performance of two types of asphalt concrete including dense-
graded asphalt concrete and open-graded asphalt concrete. The study can be 
separated into three parts. The first part examines the use of recycled PET as an 
additive to improve the mechanistic performance of RAP asphalt concrete. The 
second part involves using recycled PET to enhance the mechanistic performance of 
RAP-RCA asphalt concrete. This part also studies the effect of the RAP/RCA ratio on 
the Marshall properties and mechanical performance. In both the first and second 
parts, the effectiveness of PET is evaluated using the dry method and is incorporated 
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into dense-graded asphalt concrete mixtures. The third part evaluates the use of PP 
through the wet method, where the properties of asphalt cement are assessed. PP-
modified asphalt cement is then evaluated for use in open-graded asphalt concrete 
mixtures, also called porous asphalt concrete. The results of this study will provide 
valuable insights into the potential use of waste materials in asphalt concrete 
pavement to improve waste management and enhance the sustainability of 
pavement infrastructure. 
 

1.2  Objective of study 
 This research has been undertaken with the following objectives: 

1) To investigate the effect of PET content on the optimum asphalt cement, 
the Marshall properties, and the mechanistic performances of RAP asphalt concrete.  

2) To investigate the effect of PET content on the optimum asphalt cement, 
the Marshall properties, and the mechanistic performances of RAP-RCA asphalt 
concrete. 

3) To investigate the effect of PP content on the asphalt cement properties 
and the effect of PP-modified asphalt cement on the optimum asphalt cement, the 
Marshall properties, and the mechanistic performances of porous asphalt concrete. 
 

1.3  Structure of dissertation 
 This thesis consist of six chapters and outlines of each chapter are presented 
as follows: 
 Chapter 1 presents the introduction part consisting of statement of problem, 
the objectives of study, and the structure of dissertation. 
 Chapter 2 presents the literature review related to the asphalt concrete 
mixtures such as aggregate, and asphalt cement, the Marshall properties of asphalt 
concrete, the mechanistic performance of asphalt concrete, application of recycled 
materials for asphalt concrete, influence of using recycled PET and recycled PP 
plastics on Marshall properties and mechanistic performances of asphalt concrete, 
and development of fatigue distress model. 
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 Chapter 3 presents the study result of the properties and mechanical 
performances of 100% RAP asphalt concrete modified with PET.  
 Chapter 4 presents the study result of the influence of RCA replacing in 
coarse RAP aggregate and modified with PET on properties and mechanical 
performances of asphalt concrete. 
 Chapter 5 presents the use of PP to modify asphalt cement. It evaluates the 
impact of PP on asphalt cement properties, the influence of PP-modified asphalt 
cement on Marshall properties, and the mechanistic performance of porous asphalt 
concrete.  
 Chapter 6 presents the conclusion of each chapter, the overall conclusion, 
and the suggestion for further study. 
 

1.4  References 
Al-Qadi, I. L., Elseifi, M., & Carpenter, S. H. (2007). Reclaimed asphalt pavement -a 

literature review. FHWA-ICT-07-001.  
Angelone, S., Cauhapé Casaux, M., Borghi, M., & Martinez, F. O. (2016). Green 

pavements: reuse of plastic waste in asphalt mixtures. Materials and 
Structures, 49, 1655-1665.  

Arulrajah, A., Piratheepan, J., Disfani, M. M., & Bo, M. W. (2013). Geotechnical and 
geoenvironmental properties of recycled construction and demolition 
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Engineering, 25(8), 1077-1088.  
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properties of polymer-modified asphalt binders. European Polymer Journal, 
112, 766-791.  
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CHAPTER II 

LITERATURE REVIEW 
 

2.1  Introduction 
 The growth in urbanization and infrastructure development worldwide has 
amplified the demand for construction materials, including aggregates and binders for 
road construction. This escalating demand, with environmental concerns and the 
decreasing availability of natural resources, has driven researchers and engineers to 
seek sustainable and eco-friendly alternative materials in road construction. Two 
alternative materials that have gained prominence in recent decades are reclaimed 
asphalt concrete pavement (RAP) and recycled concrete aggregate (RCA) as 
substitutes for natural aggregates (NA) in asphalt concrete mixtures. Concurrently, the 
global surge in plastic waste, such as polyethylene terephthalate (PET) and 
polypropylene (PP), has prompted investigations into its potential use as an additive 
in asphalt mixtures, capitalizing on its inherent properties to enhance pavement 
performance. This chapter finds the extensive literature surrounding the meaning of 
asphalt concrete mixture, using RAP, RCA, PET, and PP for aspha lt concrete 
applications. It explores their benefits, challenges, and implications for sustainable 
road construction.  
 

2.2  Aggregate 
 As a significant component of pavement, the aggregates affect the 
performances of asphalt mixture due to the mutual interactions, especially for the 
morphological features of aggregates, such as the bond strength between aggregate 
and asphalt cement, the skeleton structure, and the mechanical performance of 
asphalt concrete mixture (Kuang et al., 2017; Rajan & Singh, 2017). Morphological 
characterizations of aggregate could be identified as three independent components: 
form (shape), angularity, and texture  (Sun, 2015) as shown in Figure 2.1. These 
components are related to the construction and service performances of asphalt 
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concrete mixture: the shape features of aggregate influence the structural 
performance, friction properties, and skid resistance (Gong et al., 2021). 

 

 
 

Figure 2.1 Morphological characterizations of an aggregate (Gong et al., 2021). 
 
 The morphological characteristics affect the compacting properties of asphalt 
mixtures (Wang et al., 2019); the interfacial strength of asphalt aggregate is verified to 
be subject to the angularity and roundness of coarse aggregate through the Marshall 
test, dynamic stability, split strength ratio, and low-temperature flexural tensile 
strength (Kuang et al., 2019). Many testing methods are used to measure the 
morphological characterizations of aggregates, and several image-based techniques 
have also been developed or under research in recent years. Some conventional 
testing methods are conducted to measure the morphological characterizations of 
aggregates as shown in Table 2.1 (China, 2005; Gudimettla et al., 2006; Lugo et al., 
2008; Pan, 2006). In addition, some non-natural aggregate particles have also been 
utilized in road engineering, and more descriptors have been generated to 
characterize them, such as coral aggregates, recycled aggregates, and ceramists  
(Gholizadeh-Vayghan et al., 2020). 

 

 



10 

Table 2.1  Conventional testing methods for aggregate in specifications (China, 2005; 
 Gudimettla et al., 2006; Lugo et al., 2008; Pan, 2006). 

No. Test method Specification Size 
1 Specific gravity ASTM C127 Coarse aggregate 
2 Los Angeles abrasion ASTM C131 Coarse aggregate 
3 Sand equivalent value ASTM D2419 Fine aggregate 

4 
Elongated particles and Flakiness 
particles 

ASTM D4791 Coarse aggregate 

 

 2.2.1  Properties of aggregate for asphalt concrete mixtures 
  The properties of aggregates significantly influence the behavior and 
performance of asphalt concrete mixtures. Table 2.2 explained the important 
properties of aggregates for asphalt concrete mixtures. 
 
Table 2.2  Important properties of aggregates for asphalt concrete mixtures (China, 

2005; Fang et al., 2019; Fletcher et al., 2002; Gholizadeh-Vayghan et al., 
2020; Gudimettla et al., 2006). 

Properties Descriptions 
Particle size and gradation • Refers to the distribution of particle sizes in 

the aggregate material. 

• Influences workability, stability, voids in the 
mix, and the amount of asphalt cement 
required. 

Particle shape and texture • Aggregate particles can be angular, rounded, 
flaky, or elongated. 

• Angular and rough-textured aggregates 
provide better interlock and asphalt cement 
adhesion, which is preferred for asphalt 
concrete mixtures. 
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Table 2.2  Important properties of aggregates for asphalt concrete mixtures (China, 
2005; Fang et al., 2019; Fletcher et al., 2002; Gholizadeh-Vayghan et al., 
2020; Gudimettla et al., 2006). (Continued) 

Properties Descriptions 
Specific gravity and 
absorption 

• Specific gravity indicates the relative density of 
the aggregate material. 

• Absorption capacity shows the aggregate's 
tendency to absorb asphalt cement, influencing 
the amount of asphalt cement required. 

Durability and soundness • Measures the aggregate's resistance to weathering 
and disintegration when subjected to repeated 
freeze-thaw cycles. 

• Tested usually by subjecting aggregates to a 
solution of sodium or magnesium sulfate. 

Strength and toughness • Aggregate should resist crushing under traffic 
loads. 

• Common tests include the Los Angeles abrasion 
Test. 

Cleanliness and deleterious 
Materials 

• Aggregates should be free from materials that 
can affect the bonding with the asphalt cement 
or decrease the durabil ity of the asphalt 
concrete mixture. 

• Materials such as clay, shale, wood, mica, etc., 
should be limited. 

Affinity for asphalt cement • Aggregates should have an affinity for asphalt 
cement to ensure a proper bond. 

• Aggregates with high water absorption or that are 
prone to stripping (loss of asphalt cement due to 
water presence) might require treatments or 
additives to improve their affinity for asphalt 
cement. 
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Table 2.2  Important properties of aggregates for asphalt concrete mixtures (China, 
2005; Fang et al., 2019; Fletcher et al., 2002; Gholizadeh-Vayghan et al., 
2020; Gudimettla et al., 2006). (Continued) 

Properties Descriptions 
Flakiness and elongation 
Index 

• Measures the shape of the aggregate particles. 

• Flaky or elongated aggregates can compromise 
the mixture's stability. 

 
2.3  Asphalt cement (AC) 
 AC is a product derived from the refining of crude oil. It is a solid and versatile 
binding material with weather and chemical-resistant characteristics that can be used 
ideally for road, bridge, highway, and runway construction and maintenance. Since 
the AC is the primary bonding material for the road, its properties are crucial to the 
service performance and service life of the pavement, that is, the quality of the 
pavement in service life depends largely on the quality of the AC (Howson et al., 
2012; Sun et al., 2016). So far, many scholars have studied the technical performance 
of AC (Huang et al., 2009; Liu et al., 2017), including aging resistance, adhesion 
property, self-healing behavior, fatigue-resistance performance, and modified 
improvement (Leng et al., 2014; Liu et al., 2017; Roque et al., 2005; Wei et al., 2013). 
Most of these investigations are based on the experiments including the penetration 
test, ductility test, softening point test, and dynamic shear rheometer test (DSR) (Qu 
et al., 2018). 

 2.3.1  The composition and structure of asphalt cement 
  AC is a chemical compound that is composed of various molecules 
with stable structures (Masson, 2008). These molecules interact with each other, 
which is crucial to the properties of AC materials. There are four ma in chemical 
compositions of AC, namely asphaltenes, resins, oil aromatics, and oil saturates. 
Changes in these compositions can significantly alter the structure and properties of 
AC, such as its physical, mechanical, and rheological properties. Several studies have 
highlighted the importance of understanding the interaction between these different 
molecular groups to develop better AC materials (Hunter et al., 2015; Michalica et al., 
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2008). Their characteristic parameters are listed in Table 2.3 and the structure of AC is 
illustrated in Figure 2.2. 
 
Table 2.3 Characteristic parameters of four main asphalt cement fraction (Zhang et 

al., 2020) 

Group 
Oil 

Resins Asphaltenes 
Saturates Aromatics 

Descriptions 

Colorless or 
lightly colored 

liquid 

 

Yellow to dark 
red liquid 

 

 

Dark brown to 
black solid or 

semi-solid 

 

Dark brown to 
black powder 

 

 
W e i g h t 
percent range 
(%) 

5-20 30-65 30-45 5-20 

 

 
Figure 2.2 Structure of asphalt cement (Zhang et al., 2020) 
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  Oil saturates are generally considered the most stable fraction of AC 
and have good aging properties. However, they do not contribute significantly to 
adhesion or rheological properties of the AC. Oil aromatics have intermediate polarity 
and are less susceptible to oxidation compared to resins and asphaltenes. They 
significantly influence the physical properties of the AC, especially its rheological 
characteristics. Resins are susceptible to oxidation, which can cause hardening of the 
AC over time. They enhance the ductility and elasticity of the AC and help in 
preventing phase separation between asphaltenes and the rest of the matrix. 
Asphaltenes are responsible for the black color of asphalt. They provide the body 
and stiffness to the AC but can also lead to brittleness if present in excessive 
amounts. An increase in the asphaltene content can also increase the susceptibility 
of the AC to thermal cracking. The relative proportions and the characteristics of 
these four components significantly influence the physical and rheological properties 
of AC. For example, an increase in the asphaltene content may lead to a stiffer AC, 
while a higher proportion of oil saturates and oil aromatics can lead to a softer AC 
(Hussein et al., 2020; Zhang & Muhunthan, 2017; Zhang et al., 2020). 
  In the aging process, the content of saturates might not change 
significantly during the aging process. The oil saturates fraction remains relatively 
stable. Aging can cause a reduction in the aromatics fraction. This happens due to the 
oxidation process which transforms some of the aromatic compounds into more 
polar compounds, shifting them to the resins and asphaltenes fractions. Initially, the 
resins fraction can increase due to aging, as oxidation transforms some of the 
aromatics and saturates into compounds that fit the resins category. However, with 
prolonged aging, even resins can further oxidize and transform into asphaltenes. A 
higher concentration of asphaltenes makes the aged AC stiffer and more brittle, which 
can impact the performance of asphalt concrete mixtures. 

 2.3.2  Properties of asphalt cement for asphalt concrete mixtures 
  AC, often referred to simply as asphalt or binder, is a key component 
of asphalt concrete mixtures. Its properties are crucial for determining the behavior 
and performance of the asphalt concrete mixture. Table 2.4 listed the properties of 
AC and the corresponding tests that evaluate them. 
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Table 2.4 Properties of asphalt cement for asphalt concrete mixtures. 

Properties 
Test 

method 
Descriptions 

Penetration AASH TO 
T 49 

Measures the depth to which a standard needle will 
penetrate a sample of AC under specified conditions of 
temperature and load. This test gives an indication of 
the hardness or softness of the AC. 

Viscosity A S T M  D 
4402 

Determines the flow characteristics of the AC. It is vital 
to understand how the AC will behave during mixing 
and compaction, and under traffic loads. 

Softening 
Point 

A S T M  D 
36 

Indicates the temperature at which the AC starts to 
sof ten. I t  g ives an idea about the temperature 
susceptibility of the AC and its ability to resist rutting 
under high temperatures. 

Ductility AASH TO 
T 51 

Measures the distance of a sample of AC will stretch 
before breaking. It gives an indication of the AC's 
elasticity and ability to deform without breaking. 

Aging 
Characteristics  

AASH TO 
T 179 

Evaluates the short-term aging effects due to heat and 
air, simulating the aging that occurs during mixing and 
compaction. 

Flash and Fire 
Point 

A S T M  D 
92 

Indicates the temperatures at which the AC can ignite. It 
ensures safe handling and application temperatures. 

Performance 
Grading 

AASH TO 
T 315 

These tests are part of the Superpave system which 
grades AC based on their performance at specific 
temperatures. They give an indication of the AC's rutting, 
fatigue, and low-temperature cracking resistances. 

Toughness 
and Tenacity 

A S T M  D 
6084 

Provides an indication of the AC's ability to recover after 
being stretched, indicating its elasticity. 
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2.4  Asphalt concrete 
 Asphalt concrete pavement consists of fine aggregates, coarse aggregate, and 
AC which are important in carrying traffic load which depends on the selection of 
bonding materials (Brovelli et al., 2015; Movilla-Quesada et al., 2015). It is a multi-
phase dispersed system with a spatial network structure formed by an aggregate and 
AC. Essentially, asphalt concrete mixture is a type of loose structure even bonded by 
AC. The mechanistic performance of an asphalt concrete mixture depends  on the 
cohesion and internal friction resistance (Chen & Liao, 2002; Mamlouk & Zaniewski, 
2014). Asphalt concrete mixtures are formulated to meet specific needs and 
conditions. The type of mixture selected often depends on the intended use, climate, 
traffic loads, and other factors. The gradation of aggregates in asphal t concrete 
mixtures significantly impacts the performance, workability, and durability of the 
finished pavement.  
 After bearing the traffic load for a period, the asphalt concrete becomes 
damaged as evidenced by cracks, distortion or deformation, surface defects and 
various distress (DOH, 2007). Figure 2.3 shown the two main damage characteristics in 
asphalt concrete pavement that are caused by the traffic load are permanent 
deformation (also known as rutting) and fatigue cracking (Kasikitwiwat & Jantarachot, 
2021) as shown in Figure 2.3(a) and 2.3(b), respectively. Fatigue cracking is 
characterized by the formation of cracks resulting from the accumulation of damage 
after a significant number of repetitive reversible loading cycles at intermediate 
temperatures (Al-Khateeb & Shenoy, 2004). Permanent deformation is identified by 
depressions in the wheel path due to the repetitive passage of heavy traffic loading, 
which occurs mainly during the summer season when the high service temperatures 
cause a reduction in the AC viscosity (Tangella et al., 1990). Such damage affects the 
road surface and may be noticeable as cracks (Perng, 1989) and overall, the damage 
results in a shorter pavement lifespan (Sadeq et al., 2016).  
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(a)   (b) 

 
Figure 2.3 The two main damage characteristics in asphalt concrete pavement (Wang 

et al., 2021).  
 
 2.4.1  Type of asphalt concrete mixture 
  Based on aggregate gradation, asphalt concrete mixtures can be 
broadly categorized into 3 types namely dense-graded, gap-graded, and open-graded. 
The characteristics of dense-graded mixtures have a good distribution of all aggregate 
sizes, from coarse to fine, ensuring closely packed aggregates with minimum void 
spaces. It is most used for road surfaces, including highways, arterial roads, and city 
streets. This mixture offers excellent durability, resistance to skidding, and water 
impermeability. It can be further categorized into fine-graded (more fine aggregates) 
and coarse-graded (more coarse aggregates) (Fang et al., 2019; Hasita et al., 2021). 
Gap-graded mixtures intentionally leave out specific aggregate sizes, which creates 
gaps in the gradation curve. Gap-graded mixture is usually done for stone matrix 
asphalt (SMA) and specific texture needs. These mixtures can increase stability and 
resistance to rutting, particularly when used in SMA. However, they may segregate 
during placement. Since specific sizes are omitted, designing and laying these 
mixtures can be challenging, but they can offer superior resistance to rutting (Fang et 
al., 2019; Gallo & Valentin, 2019). Open-graded mixtures contain lower fine aggregates, 
resulting in increased air voids and better water drainage. They are specifically 
designed for open-graded friction courses (OGFC) and porous asphalt concrete (PAC) 
pavements. These mixtures are applied as thin overlays on existing pavements. PAC 
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helps improve safety by reducing splash and spray during rain, decreasing 
hydroplaning risk, and enhancing nighttime visibility. Additionally, they are used to 
create noise-reducing surfaces (Fang et al., 2019; Suddeepong et al., 2023). Figure 2.4 
shows the asphalt concrete mixture schematic. 

 

 
  (a)          (b)              (c) 
 
Figure 2.4 Asphalt concrete mixture schematic (a) Dense-graded mixture, (b) Gap-

graded mixture, and (c) Open-graded mixture (Facts, 2007). 
 

 2.4.2  Volumetric properties and mechanical properties of asphalt  
  concrete 
  The formation of asphalt concrete starts from aggregate selection, and 
the essential requirement of its bearing capacity comes from traffic and environmental 
loads. Different aggregate properties produce different road performances of asphalt 
concrete pavement. Meanwhile, the strength of asphalt concrete is mainly formed by 
aggregates, AC, and their spatial distribution status in the mixture (Fang et al., 2019). 
This leads to the volumetric and mechanical properties being extremely important. 
Due to the difficulty in using voids of each aggregate to design asphalt concrete 
mixture directly, the related mass and density are easier to gain by appropriate tests. 
  The volumetric properties of asphalt concrete mixture consist of the 
density, void in mineral aggregate (VMA), air voids, and void filled by AC (VFA) have 
significant effects on the physical properties of asphalt concrete mixture (Marshall 
stability and Marshall flow) (Hossain et al., 2016). The volume fractions are shown in 
Figure 2.5. VMA is the air void among the aggregates. In designing the asphalt concrete 
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mixture, VMA is used to ensure that the AC film thickness is sufficient to protect the 
asphalt concrete mixture from the abrasive action of tires and water (Moghaddam et 
al., 2015). The air void is considered as one of the most important parameters in 
designing asphalt concrete. The air void generated from insufficient AC coating creates 
cracking in the asphalt concrete mixture. However, rutting and AC bleeding are 
generated due to low air voids in the asphalt concrete mixture. Air voids are used to 
determine the optimum AC content for a given aggregate (Aghayan & Khafajeh, 2019). 
VFA is the percentage portion of void space between the aggregate particles that are 
filled by the effective AC (Hossain et al., 2016). 

 

 
 

Figure 2.5 The volume fractions of asphalt concrete mixture (Kumar et al., 2021) 
 
  Marshall stability is the potential and strength of asphalt concrete 
against rutting. Flow is the ability of the asphalt concrete mixture to adjust to slow 
deformation and movements with no cracking. As the flow value increases, the 
applicability of the mixture increases while the deformation resistance decreases. 
However, as the flow value is decreased, the stiffness of the mixture is increased 
(Aghayan & Khafajeh, 2019).  
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 2.4.3  Asphalt concrete mixture design  
  Various asphalt concrete mix design methods are practiced worldwide, 
such as Asphalt Institute triaxial, Marshall, Hubbard field, Superpave, and Hveem mix 
design methods. Out of these three are the most widely practiced: Marshall, 
Superpave, and Hveem mix design methods (Bahia, 1993). The Marshall mix design 
procedure is currently practiced in Thailand for the design of asphalt concrete. This 
method was developed by Bruce Marshall for the Mississippi Highway Department in 
1939 (McRae, 1962). It is still widely used in many countries because the equipment 
is relatively inexpensive and portable. The Marshall method criteria allows the 
engineer to choose an optimum AC content to be added to specific aggregate blend 
to a mix where the desired properties of density, stability and flow are met.  
  The Marshall method uses standard hot mix asphalt (HMA) samples 
that are 101.6 mm in diameter and 63.5 mm high. The preparation procedure is 
carefully specified, and involves heating, mixing, and compacting AC/aggregate 
mixtures. Test specimens are compacted by applying 75 blows per side with the 
Marshall compaction hammer. The number of blows is determined by the expected 
traffic level of the pavement section (Brown et al., 2009). Once the Marshall samples 
have been prepared, they are used to determine the average asphalt mix properties 
for each AC content. A density-voids analysis is used to determine density, air voids, 
VMA, and VFA. The Marshal test machine is used to measure the stability and flow of 
the specimens.  
  The optimum AC content is determined based on the combined 
results of Marshall stability and flow and volumetric analysis. Plots of AC content 
versus measured values of Marshall stability, Marshall flow, density, air voids, VFA, 
and VMA are generated. Optimum AC content is commonly selected to correspond 
to 4% and 20% air voids for dense-graded HMA and open-graded HMA, respectively. 
Then, the percentage of AC is checked to ensure that it is within the limiting criteria 
for Marshall flow, Marshall stability, VMA, and VFA (Association & Association, 2000).  
  Furthermore, the Department of Highway, Thailand, specified the 
strength index (SI) property for HMA design. The durability and moisture susceptibility 
of HMA is evaluated through the SI value. To conduct the test, the laboratory must 
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adhere to the AASHTO T283 standard (AASHTO, 2007). The SI sample was prepared 
by compression under a constant pressure of 20.7 MPa for 2 minutes using a double 
plunger compactor. The compacted sample has a 63.5-mm height and a 101.6-mm 
diameter. Two sample groups were made: unsoaked samples, designated as a control 
sample, and soaked samples, which were vacuum-saturated with the sodium chloride 
solution for 60 minutes and then soaked at 60°C for one day. The ratio between 
Marshall's stability of soaked and unsoaked samples is the SI value. The Marshall's 
stability test was run at 25°C using a compression speed of 50 mm/min. The 
Department of Highways, Thailand (DOH, 1999) specified that the SI value of asphalt 
concrete should be above 75%. 
  Additionally, for open-graded HMA or PAC, crucial tests were required 
to evaluate the properties of PAC mixture, concluding drain down and Cantabro 
abrasion tests. The drain down test measured the potential for the AC to drain out of 
the mixture when subjected to elevated temperatures, which can indicate how well 
the PAC mixture retains its AC during handling, transport, and placement. According 
to AASHTO T305 (AASHTO, 2018), uncompacted PAC mixtures were evaluated for the 
drains down characteristics. First, the uncompacted PAC sample determined the initial 
weight. Second, the uncompacted PAC sample was moved into a wire basket and 
placed the basket into an oven at mixing temperature (approximately 150 oC) with 
container plate. After 1 hr of heating, the weight of uncompacted PAV sample was 
measured. The loss percentage of PAC sample by weight was regarded as the drain 
down value. The Cantabro abrasion was conducted to evaluate the resistance to 
particle loss of PAC samples according to ASTM D7064 (ASTM, 2021). The PAC samples 
were prepared by Marshall method. PAC samples shall be tested in 7 days after de-
mold in two conditions, concluding soaked and unsoaked. The soaked PAC sample 
was submerged in water bath at 25oC for 24 hours and then placed in Los Angeles 
abrasion machine for 300 rotations with speed of 30-33 rpm. The unsoaked PAC 
sample was placed directly into the Los Angeles abrasion machine. The test was 
conducted without steel sphere. After 300 rotations, the broken particle of PAC 
sample was discarded. The weight of PAC sample before and after test was measured. 
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The loss in PAC sample weight is expressed in percentage of ratio of weight of 
disintegrated to the initial weight of the specimen.  

 2.4.4  Performance of asphalt concrete 
 Performance testing for asphalt concrete aims to assess its potential 
behavior under operational conditions and predict its long-term performance under 
various environmental and traffic loading scenarios. This section explains commonly 
used performance tests for asphalt concrete. 
 1)  Indirect tensile strength (ITS) 
  The ITS test is widely used to evaluate the cohesive strength of 
asphalt mixtures. Rather than applying a direct load to pull the sample apart (as in a 
direct tension test), the ITS test applies a compressive load along the vertical 
diameter of a cylindrical asphalt concrete sample, causing the sample to fail in 
horizontal tension. The point at which the sample fails provides a measure of its 
tensile strength. This method is particularly effective for asphalt concrete mixtures 
since they are weak in tension. 
 The ITS test is analyzed using the ASTM D 6931 standards (ASTM, 
2017). The Marshall method is used to prepare the samples, and they are tested by 
loading them across their vertical diametrical plane at a 50 mm/min deformation rate 
at varying temperatures. The ITS value of the sample is determined using the 
observed maximum load and the following equation: 
 

ITS =
2000 P

𝜋𝑡𝐷
      (2.1) 

 
where ITS stands for indirect tensile strength (kPa), P represents maximum load (N), t 
denotes the sample thickness (mm), and D is the sample diameter (mm). 
 2)  Indirect tensile resilient modulus (ITMR) 
  The ITMR is a metric that indicates the ability of an asphalt concrete 
mixture to recover after repeated loading or its elastic response. This property is 
important to consider when designing pavements and assessing their performance 
under traffic loading. The ITMR is not the same as ITS, which measures the strength of 
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the material. In simpler terms, ITMR gauges the material's resistance to deformation or 
its resilience. 
  The ITMR is determined by ASTM D 4123-82 (ASTM, 1995) standard by 
subjecting a Marshall sample to dynamic loading under indirect tensile conditions. 
Each sample is subjected to a load equivalent to 15% of its ITS along its vertical 
diameter. The loading frequency is set to 1 Hz with a 0.1-second load and 0.9-second 
rest period. The test protocol involves 200 loading pulses, and the sample is tested 
at desired temperature. The ITMR is calculated as the average elastic stiffness over the 
last five values after the first 150 cycles, as described in equation (2.2). 
 

𝐼𝑇𝑀𝑅 =
𝑃(0.27+𝜈)

𝑡𝐻𝑟
                 (2.2) 

 
where ITMR is indirect tensile resilient modulus (MPa), v is Poisson’s ratio, t is the 
sample thickness, and Hr is recoverable horizontal deformation (mm). 
 3)  Indirect tensile fatigue (ITF) 
 One major cause of pavement failure is fatigue cracking from 
repeated loads that accumulate damage. According to BS-EN-12697-24 (BSI, 2004), 
the stress control method is selected using varying target stress levels. A loading strip 
made of 12.5 mm wide curved stainless steel was used to apply the load. A haversine 
loading pulse is used to simulate repetitive traffic loading at 1 Hz with a 0.1-second 
load and 0.9-second rest period. The Marshall sample is subjected to repetitive 
loading until failure, and its vertical deformation is recorded relative to the number 
of loading pulses. There are three zones of vertical deformation. In the first zone, the 
deformation increment is relatively high due to a rapid decrease in air void caused by 
initial loading cycles. The second zone shows a linear increase in vertical deformation 
with the number of cycles. During this stage, plastic deformation accumulates, which 
leads to the formation of microcracks throughout the loading period. The third zone, 
the development of the microcracks from the first and second zones propagate the 
macrocrack, resulting in complete failure (Aragao et al., 2008). Indirect tensile fatigue 
life (ITFL) can be estimated from the second and third-zone slopes intersection 
points. 
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 4)  Rutting resistance 
  Based on AASHTO T324 (AASHTO, 2008), the rutting resistance of 
asphalt concrete samples is determined through wheel track test ing using the 
Hamburg wheel tracker testing machine. The testing sample includes two adjacent 
cylindrical specimens measuring 150 mm in diameter and 60 mm in thickness for 
measuring rut depth. The testing sample is securely mounted using plastic molds to 
maintain stability during loading and minimize movement. The cylindrical specimens 
must be precisely trimmed to fit the plastic molds. A 47-mm wide steel wheel 
applied the 705-N load on the sample, operating at a rate of 26 cycles/min. The test 
will end automatically after 10,000 cycles or a rut depth of 20 mm, whichever comes 
first. The rutting resistance of the asphalt concrete sample is determined through the 
measurement of the rut depth. 
  These tests allow for a comprehensive assessment of the behavior of 
asphalt concrete under var ious conditions. The results help in mix design 
optimization, quality control, and the prediction of pavement service life.  
 

2.5  Using recycled materials as aggregate in asphalt concrete mixture 
 Several studies have suggested using asphalt concrete and concrete wastes as 
sustainable recycled aggregates (RA) for road construction (Arulrajah et al., 2014; 
Jayakody et al., 2021; Naser et al., 2022). According to these studies, RAP and RCA 
exhibit mechanical properties comparable to natural aggregates (NA), especially for 
low-traffic roads. Moreover, RCA has been found to have superior mechanical 
properties compared to RAP. RAP and RCA as a substitute for NA in producing new 
asphalt concrete have exhibited favorable and equivalent mechanistic performance 
to conventional asphalt concrete (Shu et al., 2008; Sreeram et al., 2018). Shu et al. 
(2018) investigated the effect of different RAP replacement ratios (0, 10, 20, and 30% 
by weight of NA) on the mechanistic performance of asphalt concrete. Their findings 
show that increasing RAP replacement ratio increases ITS and ITMR but decreases 
fatigue life of asphalt concrete. The improvement of ITS and ITMR can be attributed to 
the higher stiffness of aged AC present in RAP aggregate compared to new AC, which 
enhances the overall stiffness of asphalt concretes. However, the stiff aged AC in RAP 
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aggregate negatively affects the fatigue resistance of the asphalt concre te. Abdul-
Mawjoud and Ismaeel (2015) also found a similar result in their study, where rutting 
resistance and ITS increased with increasing RAP replacement content. However, 
fatigue resistance decreased with increasing RAP replacement content. Nokkaew 
(2018) reported that asphalt concrete with 40% RAP content has the highest ITS and 
ITMR, while asphalt concrete with 10% RAP content has the lowest permanent 
deformation. Thephsriha et al. (2018) conducted a study to investigate the effect of 
replacing NA with RAP at varying percentages of 0, 20, 40, and 60%. They found that 
60% RAP content resulted in the highest ITS and ITFL. However, they recommended 
that the maximum RAP content should be less than 60% due to its mostly fine 
particle composition, which can affect the job mix formula. Table 2.5 shows the 
summary of reviewed research for use of RAP as aggregate in asphalt concrete. 
 
Table 2.5 Summary of reviewed research for use of RAP as aggregate in asphalt 

concrete 

RAP content 
(%weight by 
aggregate) 

Conditions Findings References 

0, 10, 20, 30 Replaces in 
NA 

- ITS and ITMR increase as RAP content 
increase. The highest improvement is 
found at 30% of RAP content. 

Shu et al. (2008) 

0, 20, 30, 50, 
100 

Replaces in 
NA 

- ITS and rutting resistance increase as 
RAP content increase. The h ighest 
improvement is found at 100% RAP.  

- ITFL decrease as RAP content 
increases. 

Abdul-Mawjoud & 
Ismaeel (2015) 
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Table 2.5 Summary of reviewed research for use of RAP as aggregate in asphalt 
concrete (Continued) 

RAP content 
(%weight by 
aggregate) 

Conditions Findings References 

10, 20, 30, 40, 
50, 60, 70 

Replaces in 
NA 

- ITS and ITMR increase as RAP content 
increases. 

- Lowest permanent deformation is 
found at 10% RAP content. 

Nokkaew (2018) 

20, 40, 60 Replaces in 
NA 

- ITS increases as RAP content increases. 

- The highest ITFL is found at 60% RAP 
content. 

- Lowest permanent deformation is 
found at 60% RAP content. 

Thephsriha et al. 
(2018) 

 
 Radevic et al. (2017) investigated the substitution of coarse RCA (>4.75 mm) 
for NA in asphalt concrete. Their finding indicated that replacing 30% of NA with RCA 
resulted in the lowest rut depth, attributed to the interlocking and friction of RCA 
particles with rough surfaces and sharp edges. Exceeding the 30% replacement of NA 
with RCA led to an increase in rut depth due to the higher porosity and lower density 
of RCA compared to NA, which resulted in reduced stiffness and strength of the 
asphalt concrete. Motter et al. (2009) conducted a study investigating the effect of 
different percentages of RCA content on rutting resistance. The percentages tested 
were 0, 25, 50, 75, and 100%. The results showed that rut depth was lower than NA 
at 25, 50, and 75% RCA content. The lowest rut depth was observed at 75% RCA 
content. Nejad et al. (2013) conducted a study that used 0%, 35%, 70%, and 100% 
RCA replacement content. They found that using 70% of RCA replacement content 
resulted in the highest ITFL. Their results indicate that RCA can be used with RAP to 
improve the ITFL of asphalt concrete. However, Hou et al. (2018) reported that RCA 
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replacement negatively impacted the ITMR, fatigue resistance, and rutting resistance of 
asphalt concrete, attributable to RCA's high porosity and microcracks. Huang et al. 
(2021) investigated the elastic modulus of the interfacial transition zone between the 
AC and the surface of various aggregates, including RCA, crushed brick, aged granite, 
and natural limestone. The interfacial transition zone around the RCA particle is 
thicker than the other aggregates due to its higher porosity. The interfacial transition 
zone of RCA asphalt concrete also exhibited the lowest elastic modulus, resulting in 
adverse effects on the performance of asphalt concrete. The summary of reviewed 
research for use of RCA as aggregate in asphalt concrete are shown in Table 2.6.  
 
Table 2.6 Summary of reviewed research for use of RCA as aggregate in asphalt 

concrete 

RCA content 
(%weight by 
aggregate) 

Conditions Findings References 

0, 15, 30, 45 Replaces in 
NA 

- The lowest rut depth is 
found at 30% RCA content. 

Radevic et al. (2016) 

0, 25, 50, 75, 
100 

Replaces in 
NA 

- 25, 50, and 75% RCA content 
result in lower rut depth than 
NA. 

- The lowest rut depth is 
found at 75% RCA content. 

Motter et al. (2009) 

0, 35, 70, 100 Replaces in 
NA 

- 70% of RCA content result in 
highest ITFL. 

Nejad et al. (2013) 

 

2.6  Improvement of asphalt concrete mixture 
 Under intensive environmental effects, road pavements can only sometimes 
meet the desirable quality requirements. For instance, the impact of temperature 
differences between summer and winter, load deformation, etc. This results in the 

 



28 

fact that pavement service life is decreased (Syrmanova et al., 2017). Road pavements 
also have thermal susceptibilities and often experience thermal cracking in cold 
weather and creep and distortion in high-temperature regions (Maharaj & Maharaj, 
2015). Moreover, traffic road volume rises and requires an increase in the load-bearing 
capacities of pavements and their service life span. Such factors illustrate the need 
for developing AC with enhanced characteristics compared to conventional AC 
(Fernandes et al., 2017). 
 The performance of asphalt concrete mixtures implemented in the wearing 
course of road pavements is likely to be enhanced with different additives to AC like 
crumb rubber, polymers, rubber latex, etc (Appiah et al., 2017). The most used 
modifiers or additives in the asphalt concrete mixtures industry are polymers, mostly 
virgin elastomers, and plasterers, but more recently, other polymers from plastic 
wastes have also been investigated. Plastic wastes can improve the properties of AC 
and, consequently, the performance and durability of asphalt concrete mixtures, and 
they present environmental and economic advantages. On this basis, waste plastics 
can partially replace AC (Fernandes et al., 2015).  
 Plastic waste can be either recycled, landfilled, or incinerated for energy 
recovery (Luijsterburg, 2015). Recycling can further be divided into chemical and 
mechanical recycling, wherein the latter is the most common method and applied at 
large scale worldwide (Stenmarck et al., 2017). Chemical recycling allows polymeric 
waste to be chemically degraded in its monomers or other basic chemicals that can 
later be reused as a raw material for the production of plastic and petrochemicals, or 
even as an alternative fuel (Al-Salem et al., 2009; Stenmarck et al., 2017). Mechanical 
recycling which is the main focus of this study stands out from the other alternatives 
since it generates pellets/granules that can later be transformed into new plastic 
products (Aznar et al., 2006) or be used for other purposes such as in the asphalt 
industry for road paving applications (Ling et al., 2019; White, 2019; White & Reid, 
2018). Mechanical recycling is applied to recycle thermoplastic polymers through a 
mechanical process, which usually includes collection, sorting, shredding, separation, 
washing, drying, and granulating (Ragaert et al., 2017; Stenmarck et al., 2017). Figure 
2.6 illustrates the typical stages of mechanical recycling. 
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Figure 2.6   Schematic illustration of mechanical recycling of plastic materials (Duarte 

& Faxina, 2021).  
 
 Figure 2.7 illustrates the procedure to incorporate recycled polymers into 
asphalt concrete mixtures in a discontinuous asphalt plant. As previously stated, in 
the wet process, plastic is directly added to the hot AC before mixing with aggregates 
when point ‘b’ is opened, ‘a’ and ‘c’ are closed. In the dry process, plastic is added 
to the aggregates and mixed properly, then AC is added to this mixture when points 
‘a’ and ‘c’ are opened, ‘b’ is closed (Brasileiro et al., 2019).  
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Figure 2.7  Schematic illustrates of the wet and dry processes in a discontinuous 
asphalt plant (Brasileiro et al., 2019). 

 
 The first use of waste plastics in the form of fiber was used in asphalt 
modification (Tapkın et al., 2009). Since then, the inclusion of all types of plastics has 
been investigated by researchers (Polacco et al., 2015). The most common forms are 
the polyethylene terephthalate (PET), polyethylene (PE), and polypropylene (PP) 
(Giustozzi & Boom, 2021).  
 The investigations have shown that asphalt performance parameters such as 
rutting resistance (El-Naga & Ragab, 2019), fatigue resistance (Yu et al., 2019), and 
stiffness (Nouali et al., 2020) can be improved when plastic waste is added to the 
asphalt concrete mixture. Nevertheless, some conflicting results were found in the 
literature. For example, experiments on the effects of HDPE and PP on rutting 

 



31 

resistance are not aligned (Wu & Montalvo, 2021). There are various reasons for the 
inconsistencies, including sample variabilities, poor mixing conditions, lack of 
temperature controls, and experimental errors. Understanding how waste plastic is 
introduced into the mixture is also essential. Different mixing methods have different 
effects on the performance of the resultant mixture. 
 According to the studies, the wet process enhances some characteristics  of 
virgin AC, such as rutting resistance, temperature susceptibility, and rheological 
properties (Akkouri et al., 2020; Ibrahim et al., 2020; Köfteci et al., 2020; Nizamuddin 
et al., 2020; Ponnada & Krishna, 2020). The waste plastic-modified AC is reported to 
have a higher softening point and lower penetration value than virgin AC (Padhan et 
al., 2020; Shahane & Bhosale, 2021) . The wet process requires special blending 
equipment, a high-energy and time-consuming process. Moreover, the amount of 
plastic being recycled in this process is minimal because plastics substitute a small 
proportion of the AC, and the AC itself is only around 5% of the total weight of the 
asphalt concrete mixture (Gawande et al., 2012). Similar to the wet process, the dry 
process has its pros and cons. Compared with the wet process, it can consume more 
plastic with minor modifications (Cao, 2007; Yildirim, 2007). It is also easier and 
requires no special equipment (Rodríguez-Fernández et al., 2020). Much of the 
research on the dry process states that waste plastic modification  improves the 
stiffness modulus, fatigue behavior, rutting resistance, moisture susceptibility, and 
temperature susceptibility of the mixture (Almeida et al., 2020). These improvements 
are because the plastics can coat the aggregate surface and enhance the aggregate 
and AC connection (Vasudevan, 2012; Zoorob & Suparma, 2000) or modify the AC 
later in the mixing process (Khurshid et al., 2019). However, only some of the research 
found the same results . The adverse ef fects  of  the dry  process on the 
abovementioned properties have been reported (da Silva et al., 2018; Jeong et al., 
2011; Moreno et al., 2012). It has been stated that plastics introduced in the dry 
process are poorly absorbed into the AC due to the short mixing time (Martin-Alfonso 
et al., 2019). This problem results in an insufficient interaction between the AC and 
plastics (Tahami et al., 2019). 
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 2.6.1  PET-modified asphalt concrete mixture by dry method 
  In the dry process, crushed PET bottles are typically added as an 
aggregate to the asphalt concrete mixture to enhance the road pavement's resistance 
to permanent deformation and fatigue life (Ahmadinia et al., 2011; Moghaddam et al., 
2014). Moghaddam et al. (2012) reported that modifying asphalt concrete with 
crushed PET bottles with a maximum size of 2.36 mm at various contents, from 0.2 
to 1.0%, using the dry method, led to a significant improvement in fatigue life and 
rutting resistance (Moghaddam et al., 2012). PET’s melting components enhance the 
bond between aggregate and AC, while solid components absorb or dissipate energy 
during loading cycles. The air void is a crucial factor in the design of asphalt concrete 
mixtures. Insufficient coating of AC due to increased air voids in the asphalt concrete 
mixture can lead to pavement cracking. According to multiple studies, increasing the 
amount of PET in asphalt concrete leads to more air voids (Ahmadinia et al., 2011; 
Badejo et al., 2017; Moghaddam et al., 2015; Taherkhani & Arshadi, 2019). Therefore, 
it is necessary to increase the amount of AC to maintain a consistent level of air 
voids, as noted by Buritatum et al. (2022). The summary of reviewed research for use 
of PET as an additive in asphalt concrete is shown in Table 2.7. 
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Table 2.7 Summary of reviewed research for use of PET as an additive in asphalt 
concrete. 

PET 
content 

(%) 
Conditions Findings References 

0.1, 0.2, 0.3, 
0.4, 0.5, 0.6, 
0.7, 0.8, 0.9, 

1.0  

- Dry method 

- %weight of aggregate 

- size of PET less than 
2.36 mm  

- The highest ITMR is 
found at 0.1% PET 
content. 

- Permanent 
deformation decrease 
as PET content 
increase. 

Moghaddam et al., 2014 

10, 11, 12, 13, 
14, 15 

- Dry method 

- %weight of AC 

- size of PET less than 
2.36 mm 

- Highest ITS is found at 
12% PET content. 

- Lowest rut depth is 
found at 14% PET 
content. 

El-Naga et al., 2019 

5, 10, 15, 20, 
25  

- PET replaces in fine 
aggregate 

- %weight of mixture 

- size of PET in range 
1.18 to 2.36 mm 

- 5% AC content is fixed 

- ITMR decreases as PET 
content increases. 

- Lowest permanent 
deformation is found at 
20% PET content. 

Rahman and Wahab., 2012 

 

 2.6.2  PP-modified AC by wet method 
  Polypropylene (PP) pellets can be added to asphalt concrete (AC) 
using the wet method to enhance its specific properties, such as stiffness, rutting 
resistance, and temperature susceptibility. The process involves integrating the 
polymer directly into the AC. First, an initial percentage of PP pellets must be decided 
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Table 2.8 Summary of reviewed research for use of PP as an additive in asphalt 
concrete (Continued) 

PP content 
(%) 

Conditions Findings Reference 

0, 1, 3, 5 - Wet method 

- %weight of 
AC 

- The PP-modified AC has a lower 
penetration value than virgin AC.  

- The softening point of PP-modified AC is 
higher than that of virgin AC. 

- The viscosity of PP-modified AC is higher 
than that of virgin AC. 

- The ductility of PP-modified AC is lower 
than that of virgin AC. 

- The highest improvement value is found 
at 5% PP content. 

Fattah et al., 
2021 

 
2.7  Fatigue distress model 
 Fatigue cracking is a failure which directly affects the service life of asphalt 
pavement. Usually, the vertical loads applied by traffic create horizontal tensile stress 
on the bottom of asphalt concrete layers. Strain caused by this stress eventually 
leads to the occurrence of fatigue cracks in the bottom of asphalt layer as shown in 
Figure 2.8. Cracks which developed at the bottom of layer will propagate vertically 
due to increase of load repetitions (Sewell, 2017). These cracks not only decrease the 
load spreading capacity of asphalt layers, but also allow water to percolate to the 
base and subgrade, thereby accelerating the complete destruction of pavement, if 
timely maintenance is not taken up (Pandey, 2003). Fatigue cracks mostly occur at 
medium and low temperatures because reducing the temperature increases the AC 
stiffness and at these temperatures asphalt concrete mix tends to behave like a 
brittle material (ASTM, 1995). Most standards of fatigue testing propose to analyze 
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the fatigue response of asphalt concrete mixtures at moderate temperatures         
(e.g., 25oC).  
 

 
 

Figure 2.8 Tensile and compressive strain in pavement  
 
 Fatigue distress models are mathematical representations that describe the 
relationship between the number of load repetitions (cycles) and the damage 
progression in the pavement. These models are crucial for predicting the life of a 
pavement under given conditions and are instrumental in the des ign process. A 
fatigue distress model can be developed by utilizing fatigue law and analyzing data 
from dynamic testing. 
 The BS EN 12697-24 (BSI, 2004) standard identifies a linear relationship on a 
log scale between the fatigue life (Nf) and the initial tensile strain (𝜀𝑡), which is known 
as fatigue law. Based on this law, a fatigue distress model can be developed using 
the initial tensile strain as a determining factor as follows: 

 

𝑁𝑓 = 𝑎 [
1

𝜇𝜀𝑡
]

𝑏
                 (2.3) 

 

where a and b stand for the fatigue parameters based on the regression coefficients, 
depending upon the material characteristic.  
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 It should be noted that the initial tensile strain can be derived from the 
applied stress level, Poisson’s ratio, and ITMR, which is obtained through experimental 
measurements (Kennedy, 1979; Mohammad & Paul, 1993) . The initial tensile strain 
can be calculated using the following equation: 
 

𝜀𝑡 =
𝜎(1+3𝑣)

𝐼𝑇𝑀𝑅
                  (2.4) 

 
where 𝜎 is applied stress level (kPa) obtained from ITF test, 𝑣 stands for Poisson’s 
ratio which, is assumed to be 0.35 based on BS EN 12697-24. 
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CHAPTER III 

EVALUATING POLYETHYLENE TEREPHTHALATE IN ASPHALT 
CONCRETE WITH RECLAIMED ASPHALT PAVEMENT FOR 

ENHANCED PERFORMANCE 
 

3.1  Introduction 
 This chapter aims to evaluate the effect of polyethylene terephthalate (PET) 
content on the Marshall properties and mechanical performance of RAP asphalt 
concrete. The mechanical performance of RAP asphalt concrete modified with PET 
was evaluated through various tests, including indirect tensile strength (ITS), indirect 
tensile resilient modulus (ITMR), indirect tensile fatigue life (ITFL), and rutting resistance 
tests.  
 

3.2  Materials and Methods  
 3.2.1  Materials 
  The PET aggregates were obtained by cleaning and chopping plastic 
water bottles into smaller pieces. As depicted in Figure 3.1(a), the PET was 
subsequently passed through a sieve with a mesh size of 2.36 mm. Reclaimed asphalt 
pavement (RAP) analyzed in Figure 1(b) was prepared in the same manner as in 
Buritatum et al.'s (2023) study, and a summary of its properties is provided in Table 
3.1. Before adding asphalt cement during dry mixing, PET was incorporated into the 
RAP aggregate. Six distinct percentages of PET were employed, specifically 0%, 0.2%, 
0.4%, 0.6%, 0.8%, and 1.0% relative to the total weight of RAP. 
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   (a)      (b) 

 
Figure 3.1 Studied PET (a) and RAP (b). 

 
Table 3.1 Properties of RAP aggregate. 

Properties Unit 
Specifications 
(DOH, 1999) 

RAP 
(Buritatum et al., 2023) 

Soundness  % < 9 10.21 
Los Angeles abrasion value  % < 40 47.03 
Flakiness index % < 35 33.00 
Elongation index % < 35 34.00 
Water absorption % - 1.49 
Asphalt content in RAP % - 5.67 

 
  The asphalt cement AC60/70 was used in this study. As shown in Table 
3.2, the material's properties were evaluated in relation to the asphalt cement 
specifications outlined by the standard of Department of Highways, Thailand (DOH, 
1988). This standard is similar to the international standard for asphalt cement 
specifications by the Asphalt Institute (AI, 2014). The properties of the studied asphalt 
cement were found to satisfy the specified requirements. 
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Table 3.2 Properties of asphalt cement 

Properties Units 
Specifications 
(DOH, 1988) 

AC60/70 
(Buritatum et al., 2023) 

Penetration - 60-70 67 
Flash point oC >232 332 
Ductility 25oC cm >100 150 
Solubility in 
trichloroethylene 

%Weight >99.0 99.97 

Test on residue from thin film oven test (5 hour @ 163oC) 

Weight loss % <0.8 0.12 

Penetration 
% of 

original 
>54 71.1 

Ductility 25oC cm >50 150 

 
 3.2.2  Mix design and sample preparation 
 Figure 3.2 depicts the gradation curve developed for the RAP aggregate 
utilized in this study. The curve adheres to the maximum aggregate size mandated 
for asphalt hot mix recycling, which is 12.5 millimeters, in accordance with DOH 
(1999). 
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Figure 3.2 Gradation curve of aggregate (Buritatum et al., 2023). 
 
  The determination of suitable blend proportions for RAP-asphalt 
concrete, which has been modified with polyethylene terephthalate (PET), was 
conducted using the Marshall method as outlined in ASTM standard D 6927 (ASTM, 
2015). Both RAP and AC60/70 samples were heated to 180°C and 160°C, respectively. 
To ensure complete coating of the aggregate, the RAP and AC60/70 mixtures were 
mixed at 150°C for 60 seconds. Using the Marshall hammer, the mixtures were then 
densely compacted into metallic molds. Based on the DOH (1999), the surface-
wearing course of the recycled asphalt concrete mixture must be prepared by the 
Marshall method with 75 blows for each side. The referenced standard of DOH (1999) 
is the present standard for recycled asphalt concrete construction in Thailand, which 
is still commonly used for field practice. It is similar to the international standard for 
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the recycled asphalt concrete mixture of the Asphalt Institute (AI, 2014). The samples 
were characterized using standard dimensions, specifically 63.5-mm height and 101.6-
mm diameter. The samples were removed from the molds following a 24 -hour 
duration. The Marshall test was developed with the purpose of assessing the 
characteristic properties of RAP-asphalt concrete that has been modified using 
polyethylene terephthalate (PET). The aforementioned characteristics encompassed 
density, void mineral in aggregate (VMA), air void content, voids filled by asphalt 
concrete (VFA), Marshall stability (MS), and Marshall flow. 
  RAP-asphalt concrete utilized in the experiment served as the control 
group, devoid of any PET content. The aggregate properties, aggregate gradation, and 
asphalt cement properties of this control group were consistent with those outlined 
in the Buritatum et al. (2023) study. Hence, the asphalt cement that yielded the best 
results for the asphalt concrete mixture was also the same. The optimal asphalt 
cement content was determined by assuming a total asphalt cement content ranging 
from 6 to 9% by total weight of the mixture, which includes both the old asphalt 
cement in the RAP aggregate and the added AC60/70. The criterion for determining 
the optimum content was to achieve a 4% air void. When higher quantities of 
AC60/70 are introduced, there is a reduction in the volume of air voids. To attain an 
air void percentage of 4%, a total asphalt cement content of 7.07% is required 
(Buritatum et al., 2023). This total asphalt cement content comprises of 5.67% old 
asphalt content and an additional 1.40% of AC60/70 asphalt cement. 
 

3.3  Experimental program 
 3.3.1  Strength index (SI) 
  The AASHTO T 283 standard (AASHTO, 2007) was adopted for the 
strength index (SI) tests. The samples were compressed at a constant pressure of 20.7 
MPa for 2 minutes. This compression was attained using a double-plunger compactor 
with dimensions of 63.5-mm height and 101.6-mm diameter. The experiment required 
the preparation of two test sets. Set 1, comprised of unsoaked samples, was 
designated the control group. In Set 2, samples were vacuum-saturated with the 
soaking solution for one hour, followed by a 24-hour soak at 60°C. The SI value was 
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determined through the computation of the ratio between the Marshall stability (MS) 
of the immersed samples and the MS of the non -immersed samples. The 
experimental procedure was carried out under controlled conditions with a 
temperature of 25°C and a loading rate of 50 mm/min. 
 3.3.2  Indirect tensile strength (ITS) 
  The indirect tensile strength test samples were prepared using the 
Marshall technique with 75 hammer blows on each side. The indirect tensile strength 
of RAP asphalt concretes modified with PET were evaluated according to ASTM D 
6931 (ASTM, 2017). The samples were loaded along their vertical diametrical plane at 
a constant deformation rate (50 mm/min) during testing. Temperatures of 25, 40, 50, 
and 60°C were used for testing. The sample's ITS value was determined using the 
observed maximum load and the following equation (3.1). 
 

ITS =
2000𝑃

𝜋𝑡𝐷
                           (3.1) 

 
where ITS stands for indirect tensile strength (kPa), P represents maximum load (N), t 
denotes the sample thickness (mm), and D is the sample diameter (mm). 
 3.3.3  Indirect tensile resilient modulus (ITMR) 
  The ITMR was calculated using the ASTM D 4123-82 (ASTM, 1995) 
standard, which involved subjecting a Marshall sample to dynamic loading while 
under indirect tensile conditions. A load equivalent to 15% of the sample's initial 
tensile strength (ITS) was applied along its vertical diameter. The loading frequency 
was configured at a rate of 1 Hz, accompanied by 0.1-s loading and subsequent 0.9-s 
resting. The experimental procedure consisted of subjecting the sample to a total of 
200 loading pulses, with the testing conducted at 25°C. ITMR was determined by 
averaging elastic stiffness of the five most recent data points following the initial 150 
cycles, as specified in equation (3.2). 
 

𝐼𝑇𝑀𝑅 =
𝑃(0.27+𝜈)

𝑡𝐻𝑟
                      (3.2) 
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where ITMR is indirect tensile resilient modulus (MPa), v is Poisson’s ratio, t is the 
sample thickness, and Hr is recoverable horizontal deformation (mm). 
 3.3.4  Indirect tensile fatigue (ITF) 
  Fatigue cracking resulting from the accumulation of damage caused by 
repeated loads is a major contributor to pavement failure. According to the 
specifications outlined in BS-EN-12697-24 (BSI, 2004), the stress control method was 
implemented, with 3 target stresses (namely 250, 300, and 350 kPa). A 12.5-mm wide 
and curved stainless steel was utilized to apply the load. In this study, a haversine 
loading pulse was employed to replicate the repetitive traffic loading conditions with 
loading frequency of 1.0 Hz. The sample was subjected to cyclic loading until failure, 
and its vertical displacement was recorded at every loading cycle. The vertical 
displacement can be divided into three separate zones. Due to the rapid reduction in 
air void caused by the initial cycles of loading, the deformation increment in the 
initial zone has a relatively high magnitude. Vertical displacement and the loading 
cycles are positively correlated in the second zone. Throughout the duration of the 
applied load, microcracks develop as a result of the gradual accumulation of plastic 
deformation that occurs during this phase. According to Aragao et al. (2008), the 
propagation of macrocracks is caused by the development of microcracks in the third 
zone, which originates from the first and second zones, ultimately resulting in 
complete failure. It is possible to estimate ITFL by locating the point of intersection 
between the slopes of the second and the third zones.  
 3.3.5  Rutting resistance by the Hamburg wheel tracking test 
  According to AASHTO T324 (AASHTO, 2008), the rutting resistance of 
RAP asphalt concretes modified with PET was evaluated. The Hamburg wheel tracker 
testing machine, which is specifically designed for wheel track testing, was utilized for 
this evaluation. The wheel-tracking test samples were prepared with a gyratory 
compactor based on ASTM D6925 (ASTM, 2015). Two cylindrical specimens, each with 
150-mm diameter and 60-mm thickness, were positioned closely together to form 
the testing sample. These samples were utilized to determine the depth of ruts. 
Plastic molds were used to securely mount the test sample to ensure stability during 
loading and minimize movement. In order for the cylindrical specimens to fit the 
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plastic molds precisely, they must undergo precise trimming. A 47 mm wide steel 
wheel operating at a frequency of 26 cycles per minute exerted a load of 705 N on 
the sample. The test will end automatically at either 10,000 cycles or 20 mm of rut 
depth, whichever criterion was met first. 
 

3.4  Test results and discussion  
 3.4.1  Properties of asphalt concrete 
  The research results on RAP asphalt concretes (no PET inclusion) by 
Buritatum et al. (2023) was reanalyzed and used for comparison only in this research. 
This reanalysis seeks to determine the effect of PET content on RAP-PET-asphalt 
concrete's optimal AC, Marshall properties, and mechanical performance . Table 3.3 
presents the Marshall properties of RAP asphalt concrete with varying percentages of 
polyethylene terephthalate (PET) content (0, 0.2, 0.4, 0.6, 0.8, and 1%) considered. 
Taherkhani and Arshadi (2019) revealed that coating PET particles with asphalt 
cement can result in lower asphalt cement content in the RAP asphalt concrete 
mixture, leading to increased air void. In order to maintain a consistent 4% air void 
level, higher asphalt cement content is required.  
  All RAP asphalt concrete samples have density values ranging from 
2.235–2.262 g/cm3. The density of RAP asphalt concrete decreases with the increased 
PET content because all PET aggregates were not completely melted during the 
preparation process (its melting point is 250°C). With higher PET content, the PET 
particles located between the aggregate particles lead to a larger sample volume and 
a decreased density (Moghaddam et al., 2014). Moreover, PET having a lower specific 
gravity (approximately 1.297) than the RAP aggregate (2.274), contributes to the 
reduction in density of the asphalt concrete mixture (Widojoko & Purnamasari, 2012; 
Choudhary et al., 2018). 
  The range of void mineral in aggregate (VMA) values for RAP asphalt 
concrete with varying PET contents is 18.70% to 20.87 %. As per the recommendation 
by DOH, 1999, all RAP asphalt concrete samples exhibited VMA values that exceeded 
the minimum requirement of 14%. This ensures that RAP asphalt concrete modified 
with PET contains adequate void space for the asphalt cement filler. Void filled by 
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asphalt cement (VFA) refers to the amount of empty spaces in the compacted RAP 
asphalt concrete sample, filled with asphalt cement. The VFA values of RAP asphalt 
concrete at varying PET contents range between 78.60 and 80.90 percent. 
  Marshall stability (MS) and flow values of PET modified RAP asphalt 
concrete samples range from 10.5 to 14.0 kN and 8.15 to 8.68, respectively. Without 
PET, RAP asphalt concrete samples have a lower MS than RAP-PET asphalt concrete 
samples. The SI values of RAP asphalt concrete samples fall within the range of 
71.6% to 90.2%. The addition of PET is seen to contribute to the SI improvement. 
Notably, the MS, flow, and SI requirements specified by DOH (1999) are met by all 
RAP asphalt concrete mixtures modified with PET. Due to a lower SI value than the 
minimum requirement, the RAP asphalt concrete without PET did not meet the 
requirement, demonstrating the negat ive effects of aged asphalt cement. The 
inclusion of PET escalates the asphalt cement content, enhancing adhesion and 
preventing aggregate surface stripping. In addition, the PET components that melt 
strengthen the adhesion among the aggregates and asphalt cement (Moghaddam et 
al., 2014). 
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Table 3.3 Summary of asphalt concrete’s properties 

Description 

PET content (%) Specific
ation 
(DOH, 
1999) 

0.0 
(Buritatum et 

al., 2023) 
0.2 0.4 0.6 0.8 1.0 

Co
m

po
sit

io
n 

of
 a

sp
ha

lt Total asphalt 
(%by weight of 
aggregate)  

7.07 7.80 8.04 8.13 8.25 8.34 
- 

New Asphalt 
(%by weight of 
aggregate) 

1.40 2.13 2.37 2.46 2.58 2.67 
- 

Ch
ar

ac
te

ris
tic

 v
al

ue
s 

Air Void (%) 4.0 4.0 4.0 4.0 4.0 4.0 3 - 6 

Bulk  Dens i ty 
(g/cm3) 

2.262 
2.24

9 
2.24

3 
2.24

1 
2.23

7 
2.23

5 

 

VMA (%) 18.70 
19.9

6 
20.3

7 
20.5

2 
20.7

2 
20.8

7 
>14 

VFA (%) 78.60 
80.1

3 
80.3

8 
80.5

9 
80.7

2 
80.9

0 

 

Stability (kN) 10.5 11.3 13.4 13.1 13.0 14.0 > 6.7 

Flow (0.25mm) 8.68 8.15 8.57 8.36 8.24 8.63 8 - 16 

Stability/Flow 
(N/0.25mm) 

1,205 
1,39

1 
1,55

9 
1,56

9 
1,57

0 
1,62

2 
> 556 

 
Strength index 
(%) 

71.6 84.2 82.9 85.5 91.0 90.2 
> 75 

 

 3.4.2  Mechanistic performance  
  Figure 3.3 illustrates the ITS at different testing temperatures. As the 
temperature rises, the ITS value decreases due to the reduction in the asphalt 
cement's adhesion strength. Adding PET to the RAP asphalt concrete mixture 
improves ITS, with the maximum ITS observed at the optimal PET content of 0.6% for 
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all tested temperatures. The addition of PET to RAP asphalt concrete initially 
enhances its tensile strength. However, this improvement decreases when the 
addition of PET exceeds 0.6%. Excessive PET particles occupying a more significant 
volume reduce overall mixture stiffness, as they have lower stiffness than RAP 
aggregates (Modarres & Hamedi, 2014b). 
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Figure 3.3 ITS of RAP asphalt concrete samples at 25°C, 40°C, 50°C, and 60°C and PET 

content. 
 
  The relationship between ITMR versus PET content is presented in 
Figure 3.4. The ITMR values of RAP asphalt concrete samples are 1,805.43, 1,927.05, 
1,937.36, 2,004.07, 1,791.25, and 1,715.44 MPa for 0, 0.2, 0.4, 0.6, 0.8, and 1.0% of PET 
contents, respectively. Comparable to the ITS results, the highest ITMR is found at 
0.6% PET content. As PET content exceeds 0.6%, the ITMR of RAP asphalt concrete 
decreases. Incorporating PET into the RAP asphalt concrete mixture enhances the 
resilient properties of asphalt concrete. The melted PET component can improve 
adhesion between aggregate and asphalt cement. Meanwhile, the solid PET 
component can absorb and dissipate energy during loading cycles, hence improving 
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the ITMR (Moghaddam et al., 2012). Beyond the optimum PET content (0.6%), the 
higher PET content causes a reduction in the ITMR. This excessive PET content reduces 
mixture stiffness due to the low stiffness of PET particles (Moghaddam et al., 2014; 
Modarres & Hamedi, 2014).  
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Figure 3.4 ITMR of RAP asphalt concrete samples versus PET content. 
 
  Observations indicate a direct proportionality between the 
improvement in ITMR and ITS versus the PET content (Figure 3.5) and expressed by 
equation (3.3). When subjected to dynamic tensile stress, the improved ITS results in 
a greater capacity to withstand permanent deformation. The ITMR of PET-modified 
RAP asphalt concrete can be determined using ITS values with a significant reliability 
coefficient of 0.94. 
 

ITMR = 0.487(ITS) + 1599                (3.3) 
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where ITMR is expressed in MPa and ITS is expressed in kPa. 
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Figure 3.5 Relationship between ITMR and ITS of RAP asphalt concrete samples. 
 
  Figure 3.6 depicts the correlation between the polyethylene 
terephthalate (PET) content and the indirect tensile fatigue life (ITFL) of RAP asphalt 
concrete modified with PET for various stresses. A notable observation is that as the 
applied stress is augmented, there is a corresponding decrease in the ITFL across all 
samples. The inclusion of PET in RAP asphalt concretes has been observed to 
enhance their resilient properties, resulting in increased ITFL under equivalent stress 
conditions. The findings for ITFL are consistent with those for ITS and ITMR. The 
maximum ITFL is observed when the PET content reached 0.6% across all stress 
levels that were examined. The ITFL values of RAP asphalt concretes modified with 
0.6% PET content are 3,002, 2,203, and 1,200 cycles at 250, 300, and 350 kPa stress 
levels, respectively. 
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Figure 3.6  ITFL of RAP asphalt concrete samples versus applied stress at different 
PET content. 

 
  Based on the standard BS EN 12697-24 (BSI, 2004), a fatigue law is 
derived that demonstrates a linear relationship on a logarithmic scale between the 

fatigue life versus the initial tensile strain (𝜀𝑡). On the basis of the aforementioned 
law, it is possible to formulate a fatigue distress model by incorporating the initial 
tensile strain as a decisive parameter in the following manner: 
 

𝐼𝑇𝐹𝐿 = 𝑎 [
1

𝜀𝑡
]

𝑏
                                    (3.4) 

 
where a and b (fatigue parameters) represent the regression coefficients that are 

dependent on the material characteristic and 𝜀𝑡 is expressed in micro-strain. 
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  It should be noted that the initial tensile strain can be derived from 
the applied stress level, Poisson’s ratio, and ITMR, which are obtained through 
experimental measurements (Kennedy, 1979; Mohammad & Paul, 1993) . The initial 
tensile strain can be determined by employing the subsequent equation: 
 

𝜀𝑡 =
𝜎(1+3𝑣)

𝐼𝑇𝑀𝑅
                 (3.5) 

 
where 𝜎 is applied stress level (kPa) obtained from ITF test, 𝑣 is conventionally 
taken as 0.35 as specified in the BS EN 12697-24 standard. 
  A distress model was developed for RAP asphalt concrete with and 
without PET, utilizing fatigue law and analyzing data from dynamic testing. As shown 
in Figure 3.7, the ITFL decreases as initial tensile strain increases for all asphalt 
concrete mixtures. At a particular initial tensile strain, the highest ITFL is observed at 
the PET content of 0.6%. The result supports Modarres and Hamedi's (Modarres & 
Hamedi, 2014b) findings that PET-modified asphalt concrete shows better ITFL than 
unmodified asphalt concrete at the same initial tensile strain. Different pavement 
materials show varying amounts of tensile strain for an equal number of cycles 
because of variations in their material characteristics. These differences in tensile 
strain response result in the variable potential to resist fatigue damage. 
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Figure 3.7 Relationship between ITFL and 𝜺𝒕 of RAP asphalt concrete with and 

without PET samples. 
 

  Figure 3.8 and Figure 3.9 show the parameters a and b of RAP asphalt 
concrete modified with PET, respectively. An augmentation in the polyethylene 
terephthalate (PET) content results in an elevation of the magnitude of parameter a 
and a reduction in the magnitude of parameter b. As determined by the experimental 
study, parameters a and b are a function of the PET content as established through 
the linear regression analysis presented in equations (3.2) and (3.3), respectively.  
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Figure 3.8 Fatigue parameter (a) of RAP asphalt concrete with PET samples versus 
PET content. 
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Figure 3.9 parameter (b) of RAP asphalt concrete with PET samples and PET content. 
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  The aforementioned equations offer a valuable method for estimating 
the service life of RAP asphalt concrete that is modified with PET, with given PET 
content. 

 

a = (2.626 × 1010) × (%PET) – (6.987 × 109)             (3.2) 
 

b = -1.039 × (%PET) – 2.003                (3.3) 
 
  The comparison of the relationship between ITFL and initial tensile 
strain of RAP asphalt concrete modified with PET to that reported in previous studies 
in Thailand, as shown in Figure 3.7. It is revealed that different materials result in 
distinct fatigue distress models. At the same range of studied initial tensile strain, all 
RAP asphalt concretes modified with PET have higher fatigue resistance than that of 
the 60% RAP modified asphalt concrete studied by Tepsriha et al. (2018). Moreover, 
RAP asphalt concrete modified with 0.6% of PET content is comparable to that of the 
asphalt concrete using natural aggregate studied by Kasikitwiwat and Jantarachot 
(2011). 

  Figure 3.10 shows the rut depth of RAP asphalt concrete at various PET 
content versus number of cycles. The rut depths observed for the RAP asphalt 
concretes are 9.69, 5.19, 2.94, 3.19, and 3.63 mm for 0.2, 0.4, 0.6, 0.8, and 1.0% of 
PET contents, respectively. The lowest rut depth of 2.94 mm is observed at 0.6% PET 
content.  
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Figure 3.10 Rut depth of RAP asphalt concrete at various PET content versus number 
of cycles. 

 
 Without PET, the RAP asphalt concrete failed at a rut depth of 20 mm under 
the wheel load after 7,203 cycles, not reaching the desired 10,000 cycles, as 
presented in Figure 3.11(a). When PET is added to RAP asphalt concrete, it improves 
its ability to resist rutting, as depicted in Figure 3.11(b-f). The findings of this discovery 
are consistent with the research conducted by Moghadam et al. (2014b), which 
determined that the incorporation of PET in asphalt concrete resulted in superior 
resistance to rutting compared to unmodified asphalt concrete, when subjected to 
comparable conditions. The PET-modified RAP asphalt concrete exhibits improved 
rutting resistance due to PET particles’ ability to absorb wheel load, thereby delaying 
rutting failure (Ziari et al., 2016). 
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(c) (d) 
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Figure 3.11  Failure characteristics of RAP asphalt concrete modified with (a) 0% PET 

content (Buritatum et al., 2023), (b) 0.2% PET content, (c) 0.4% PET 
content, (d) 0.6% PET content, (e) 0.8% PET content, and (f) 1.0% PET 
content. 

 
  The findings of this study suggest that a novel waste management 
strategy can be presented in the form of PET additives to RAP asphalt concrete, 
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leading to significant performance improvements. Utilizing these two materials 
provides an economically and environmentally viable alternative for pavement 
applications. 
 

3.5 Conclusions 
 The goal of this chapter was to evaluate the PET-modified RAP asphalt 
concretes as a sustainable pavement surface. Notable findings included the following: 

1) The incorporation of polyethylene terephthalate (PET) into the RAP 
asphalt concrete led to a rise in both the air void and the optimal asphalt cement 
content in the mixture. The augmentation of asphalt cement content resulted in an 
enhancement of both adhesion strength and resis tance to separation from the 
aggregate surface. This, in turn, led to improvements in the Marshall properties and SI 
values. 

2)  The inclusion of PET enhanced the thickness of the asphalt cement film 
that envelops the aggregates, which has resulted in the enhancement of adhesion 
strength, as well as the improvement of tensile properties and resistance to rutting in 
RAP asphalt concrete. These improvements were evidenced through ITS, ITMR, ITFL, 
and wheel-tracker tests, with the most significant improvement observed at 0.6% PET 
content. The addition of PET influenced both the static and dynamic performance of 
the RAP asphalt concrete up to the best performance value at the optimum PET 
content of 0.6% for all experimental tests. At the optimum PET content, asphalt 
concrete was found to have the highest percentage improvement in both static and 
dynamic performances compared to the 0% of PET content. For static tests, the 
percentage improvement of Marshall stability, SI, and ITS were 25%, 19%, and 69%, 
respectively. For dynamic tests, the percentage improvement of ITMR, ITF, and rutting 
resistance were 11%, 270%, and 80%, respectively. The excessive PET content (> 
0.6%) had an adverse effect on the RAP asphalt concrete stiffness due to their lower 
stiffness compared to RAP aggregates, and the excessively thick film on PET particles 
caused a susceptible zone, leading to decreased mechanical properties.  

3)  The distress model of RAP asphalt concrete modified with PET was 
developed based on experimental data. The fat igue parameters of RAP asphalt 
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concrete modified with PET were found to vary depending on the PET content. A 
distress model was proposed to accurately forecast the service life of the material, 
taking into consideration its specific PET content. The proposed model demonstrates 
its utility in facilitating mechanistic approaches to pavement design, thereby 
promoting the adoption of sustainable construction practices both within Thailand 
and on a global scale. 
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CHAPTER IV  

MECHANICAL PERFORMANCE OF POLYETHYLENE TEREPHTHALATE 
MODIFIED ASPHALT CONCRETE WITH BLENDED RECYCLED 

AGGREGATES 
 

4.1  Introduction 
 The increasing demand for sustainable construction materials has led to          
a surge in using recycled materials in infrastructure projects. This chapter focuses on 
incorporation of reclaimed asphalt pavement (RAP) and recycled concrete aggregate 
(RCA) in asphalt concrete mixtures. This chapter explores using RAP as the total 
aggregate, replacing RCA in coarse RAP, and enhancing the mixture with polyethylene 
terephthalate (PET). The performance of this innovative RAP-RCA-PET asphalt 
concrete is compared to conventional asphalt concrete, which utilizes natural 
aggregate. The comparison is based on asphalt concrete performance, including 
indirect tensile strength (ITS), indirect tensile resilient Modulus (ITMR), indirect tensile 
fatigue (ITF), and rutting resistance. Based on the critical analysis of the cyclic test 
data, the fatigue distress model of RAP-RCA-PET asphalt concretes has been 
developed for the mechanistic-empirical pavement design.  
 

4.2  Materials and Methods 
 4.2.1  Asphalt cement (AC) 
  The properties of AC penetration grade of 60/70 (AC60/70) were the 
same as that studied by Buritatum et al. (2023), as shown in Table 3.2 in Chapter 3.  
 4.2.2  Aggregates 

  Studied RAP and RCA were produced by crushing and grinding the 
demolished asphalt concrete and concrete pavements. As the same in Chapter 3, 
RAP was studied by Buritatum et al. (2023) as shown in Figure 3.1(a). The studied RCA 
is shown in Figures 4.1(a). The RCA was obtained from Thailand's Local Administration 
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Department. Properties of RAP and RCA were evaluated based on the local standard 
(DOH, 1999). The studied natural aggregate (NA) is limestone, which was sourced from 
Sakon Nakhon province, Thailand, as shown in Figure 4.1(b). Summarized properties 
of RAP, RCA and NA are depicted in Table 4.1.  
 

   
       (a)            (b) 

 
Figure 4.1 Studied (a) RCA and (b) NA. 

 
Table 4.1 Properties of aggregates 

Properties Unit 
Test 

method 
Specifications 
(DOH, 1999) 

NA 

RAP 
(Buritatum 

et al., 
2023) 

RCA 

Soundness  % DH-T 
213 

≤ 9 3.31 10.21 3.84 

Los Angeles abrasion 
value, LA  

% DH-T 
202 

≤ 40 30.4 47.03 33.13 

Flakiness index % DH-T 
210 

≤ 35 15 33.00 28.00 

Elongation index % DH-T 
211 

≤ 35 9 34.00 27.00 

Water absorption % DH-T 
207 

- 0.47 1.49 9.10 

Specific gravity - DH-T 
207 

- 2.753 2.274 2.790 

Asphalt content in RAP % ASTM D 
2172 

- - 5.67 - 
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 4.2.3  Polyethylene terephthalate (PET) 
  In this study, the same PET, as shown in Figure 3.1(b) in Chapter 3, was 
used. The PET was added using the dry process at different weight percentages of 
0.0, 0.2, 0.4, 0.6, 0.8, and 1.0% by weight of aggregate.  
 4.2.4  Mix design and sample preparation 
  Before preparing RAP-RCA-PET asphalt concrete, the RAP aggregate was 
cleaned using trichloroethylene agents. The cleaned RAP aggregate was then sieved, 
and the gradation curve was altered in compliance with the pavement surface 
wearing course specifications outlined by the local authority (DOH, 1999), as 
illustrated in Figure 4.2. The gradation curves of RAP-RCA and RAP were adjusted to 
be the same. In this study, the coarse RAP aggregate (4.75 mm to 19 mm) was 
replaced with RCA at various RAP/RCA ratios of 100/0, 90/10, 80/20, and 60/40 by 
weight of aggregate. The gradation curve of the NA asphalt concrete is also shown in 
Figure 4.2 
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Figure 4.2 Gradation curve of aggregates 
 
  The appropriate mix proportions of RAP-RCA-PET asphalt concrete and 
NA asphalt concrete were acquired using the Marshall method following ASTM D 
6927 (ASTM, 2015a). Before mixing, the aggregate and AC were warmed at 180°C and 
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160°C, respectively. The heated aggregate and AC were blended at 150°C for 1 
minute. The PET was then added during the mixing process for RAP-RCA-AC. The 
mixture was then compacted in a standard 101.6-mm mold with 75 blows to each 
side by a Marshall hammer. The sample was next de-molded after 24 hours at room 
temperature. The Marshall test was carried out to obtain the common Marshall 
properties of the asphalt concrete, including density, void mineral in aggregate (VMA), 
air void, void filled by AC (VFA), Marshall stability, and Marshall flow. 
  The influence of the RAP/RCA ratio and PET content on the mechanical 
performances of RAP-RCA-PET asphalt concretes and NA asphalt concretes was 
evaluated through various performance tests, including ITS, ITMR, ITFL, and rutting 
resistance. The performance-tested samples were prepared at a constant air void of 
4% based on the local authority standard (DOH, 1999). For RAP-RCA-PET asphalt 
concretes, the optimum AC content (AC content providing 4% air void) was 
determined by assuming the total AC content (aged AC in RAP aggregate + added 
AC60/70). 
  The strength index (SI) of the studied asphalt concretes was calculated 
in line with AASHTO T 283 (AASHTO, 2007). The SI samples were prepared by 
compression under a constant pressure of 20.7 MPa for 2 minutes using a double 
plunger compactor with a 63.5-mm height and a 101.6-mm diameter. Two sample 
groups were made, including group 1 (unsoaked samples), which was designated as a 
control group, and group 2 (soaked samples), which was vacuum-saturated with the 
sodium chloride solution for 60 minutes and then soaked at 60°C for 1 day. The ratio 
between Marshall stability of soaked and unsoaked samples is the SI value. The test 
was run at 25°C using a compression speed of 50 mm/min. The Department of 
Highways, Thailand (DOH, 1999) specified that the SI value of asphalt concrete should 
be above 75%. 
 

4.3  Experimental program 
 4.3.1  Indirect tensile strength (ITS) 
  The tensile properties of RAP-RCA-PET asphalt concrete were analyzed 
using the ITS test, which followed the ASTM D 6931 (ASTM, 2017) . The Marshall 
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samples were tested by loading at a 50 mm/min deformation rate at 25, 40, 50, and 
60°C. The ITS value of the sample was determined using the observed maximum load 
and the following equation (4.1). 
 

ITS =
2000𝑃

𝜋𝑡𝐷
                           (4.1) 

 
where ITS stands for indirect tensile strength (kPa), P represents maximum load (N), t 
denotes the sample thickness (mm), and D is the sample diameter (mm). 
 4.3.2  Indirect tensile resilient modulus (ITMR) 
  The ITMR was evaluated following the ASTM D 4123-82 (ASTM, 1995). A 
vertical load equivalent to 15% of the sample's ITS was applied during the 
experiment. The test consisted of 200 loading pulses at a temperature of 25°C. The 
ITMR was calculated using the average elastic stiffness obtained from the last five 
values after the initial 150 cycles, as per equation (4.2). 
 

𝐼𝑇𝑀𝑅 =
𝑃(0.27+𝜈)

𝑡𝐻𝑟
                          (4.2) 

 
where ITMR is indirect tensile resilient modulus (MPa), v is Poisson’s ratio, t is the 
sample thickness, and Hr is recoverable horizontal deformation (mm). 
 4.3.3  Indirect tensile fatigue (ITF) 
  According to BS-EN-12697-24 (BSI, 2004), the stress control method 
was chosen with target stress levels of 250, 300, and 350 kPa. A loading strip made of 
12.5 mm wide curved stainless steel was used to apply the load. Repetitive traffic 
loading was simulated at 1 Hz using a haversine loading pulse with a 0.1-second load 
and 0.9-second rest period. The Marshall sample was repeatedly loaded until it 
failed, and its vertical deformation was recorded concerning the number of loading 
pulses. 
 4.3.4  Rutting resistance by the Hamburg wheel tracking test 
  According to AASHTO T324 (AASHTO, 2008), the Hamburg wheel tracker 
testing machine was used to determine the resistance of RAP asphalt concrete 
samples against rutting. The test involved two adjacent cylindrical specimens with a 
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diameter of 150 mm and a thickness of 60 mm to measure rut depth. The test will 
automatically stop after 10,000 cycles or if the rut depth reaches 20 mm. The rutting 
resistance of the RAP asphalt concrete sample was measured by recording the rut 
depth. 
 

4.4  Results and discussions 
 4.4.1  Aggregate properties 
  Properties of studied RAP (Buritatum et al., 2023), RCA, and NA are 
depicted in Table 4.1 and benchmarked with the hot mix recycling standard (DOH, 
1999). NA has the lowest values of soundness, Los Angeles abrasion, flakiness index, 
and elongation index compared to RAP and RCA. This implies that NA has the highest 
resistance to corrosion, abrasion, and particle breaking. RCA has superior properties to 
RAP as shown by its lower values for soundness, Los Angeles abrasion, flakiness 
index, and elongation index. However, the RCA has greater water absorption than NA 
and RAP due to its larger porosity, indicating that the RCA has a higher ability to 
absorb AC. It was evident that all properties of NA and RCA pass the standard 
requirement. 

 4.4.2  Marshall properties 
  The studied results of RAP asphalt concretes (RAP/RCA ratio of 100/0 
and 0.0% PET content) by Buritatum et al. (2023) were diagnosed for investigating the 
influence of RAP/RCA ratios on the optimum AC content, Marshall properties, and 
mechanical performances of RAP-RCA-PET asphalt concretes. The optimum AC 
contents of the RAP-RCA-PET asphalt concretes at different PET contents, and NA 
asphalt concrete are summarized in Table 4.2. The optimum AC content for the RAP 
asphalt concrete was determined to be 7.07% by weight (5.67% old AC + 1.40% new 
AC content) (Buritatum et al., 2023). The optimum AC content of NA asphalt concrete 
is 5.1%. The lower RAP/RCA ratio (higher RCA replacement content) contributes to 
the decreased old AC content in the RAP-RCA-PET asphalt concretes at a particular 
PET content. As such, the lower RAP/RCA ratio  (higher RCA) results in a higher 
optimum AC content (De Farias & Sinisterra, 2012; Hou et al., 2014; Pasandín & Pérez, 
2013; Wong et al., 2007). At identical RAP/RCA ratio, the more PET content contributes 
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to a greater optimum AC content due to the coating of PET particles with AC, 
resulting in the increased air void of the mixture (Taherkhani & Arshadi, 2019).  
 
Table 4.2 Optimum AC content of asphalt concrete. 

AC 
content 

RAP-RCA-PET asphalt concrete NA 
asphalt 
concrete 

RAP/RCA 
ratio 

%PET 
0.0 0.2 0.4 0.6 0.8 1.0 

Old AC 

100/0 5.67 5.67 5.67 5.67 5.67 5.67 

0.0 
90/10 5.14 5.14 5.14 5.14 5.14 5.14 
80/20 4.63 4.63 4.63 4.63 4.63 4.63 
60/40 3.61 3.61 3.61 3.61 3.61 3.61 

New AC 

100/0 1.40 2.13 2.37 2.46 2.58 2.67 

5.1 
90/10 2.70 2.95 3.00 3.10 3.13 3.43 
80/20 3.40 4.07 4.13 4.23 4.49 4.60 
60/40 4.68 5.35 5.37 5.54 5.70 5.71 

 
  The Marshall properties of RAP-RCA-PET asphalt concretes and NA 
asphalt concrete are presented in Table 4.3 and compared with the requirements 
specified by the local authority (DOH, 1999). At the same PET content, the lower 
RAP/RCA ratio causes a higher density of asphalt concretes due to RCA having higher 
specific gravity than RAP. At a given RAP/RCA ratio, the more PET content results in a 
lower density of the RAP-RCA-PET asphalt concrete. The VMA and VFA values of the 
RAP-RCA-PET asphalt concretes range from 18.7 to 21.21% and 77.55 to 82.06%, 
respectively. The Marshall stability and SI values of the RAP -RCA-PET asphalt 
concretes range from 10.5 to 20.7 kN and 81.6 to 92.8%, respectively. The lowest 
Marshall stability and SI values are observed in RAP asphalt concrete (no RCA and 
PET). The highest Marshall stability and SI values are observed in the asphalt concrete 
with a 80/20 RAP/RCA and 06% PET content. The Marshall flow values range from 
8.15 to 15.1. The NA asphalt concrete has 2.456 g/cm3 density, 15.1% VMA, 73.8 VFA, 
15.2 kN stability, 12.8 flow, and 78.2% SI. The Marshall properties, including VMA, 
stability, flow, and SI for all mix proportions, meet the requirements of the DH -S-
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410/1999 standard, except for the SI value of RAP asphalt concrete (RAP/RCA ratio of 
100/0 and PET content of 0%). 
 
Table 4.3 Marshall properties of studied asphalt concrete mixtures at 4% air void. 

Properties 
RAP-RCA-PET asphalt concrete NA 

asphalt 
concrete 

Specification 
(DOH, 1999) 

RAP/RCA 
ratio 

%PET 
0.0 0.2 0.4 0.6 0.8 1.0 

Density  
(g/cm3) 

100/0 2.262 2.249 2.243 2.241 2.237 2.235 

2.456 - 
90/10 2.275 2.254 2.249 2.244 2.241 2.237 
80/20 2.281 2.259 2.252 2.247 2.244 2.240 
60/40 2.290 2.267 2.261 2.256 2.252 2.248 

VMA  
(%) 

100/0 18.70 19.96 20.37 20.52 20.72 20.87 

15.1 min 14 
90/10 19.52 19.99 20.06 20.24 20.29 20.79 
80/20 19.41 20.54 20.64 20.82 21.24 21.41 
60/40 19.49 20.56 20.07 20.36 20.62 20.65 

VFA  
(%) 

100/0 78.60 80.13 80.38 80.59 80.72 80.90 

73.8 - 
90/10 79.50 79.99 80.05 80.22 80.27 80.81 
80/20 79.39 80.53 80.62 82.06 81.23 81.31 
60/40 78.85 77.55 80.07 80.35 80.59 80.72 

Stability 
 (kN) 

100/0 10.5 11.3 13.4 13.1 12.9 14.0 

15.2 min 6.7 
90/10 12.4 13.1 13.8 16.4 15.6 15.1 
80/20 18.8 17.5 19.1 20.7 20.6 18.4 
60/40 16.0 16.8 17.3 18.4 17.8 17.5 

Flow  
(0.25 mm) 

100/0 8.7 8.2 8.6 8.4 8.2 8.6 

12.8 8-16 
90/10 10.2 10.8 11.3 11.8 12.3 13.1 
80/20 11.0 11.8 12.1 13.6 14.5 14.8 
60/40 11.9 12.6 13.9 14.2 15.1 15.0 

SI 
(%) 

100/0 71.6 84.2 82.9 85.5 91.0 90.2 

78.2 min 75 
90/10 81.6 85.6 86.8 91.9 91.7 91.2 
80/20 86.3 87.4 87.8 92.8 92.5 89.7 
60/40 83.7 84.1 85.1 86.4 84.5 84.2 

 

  

 



82 

 4.4.3  Mechanistic performance 
  The ITS of RAP-RCA-PET asphalt concretes at various temperatures, 
RAP/RCA ratios and PET contents are compared with that of NA asphalt concrete as 
demonstrated in Figure 4.3. The raised temperature results in a decrease in ITS for all 
asphalt concretes due to a reduction of AC adhesion strength. The lower RAP/RCA 
ratio causes a more ITS until the maximum ITS value at the optimum RAP/RCA = 
80/20 at a given PET content for RAP-RCA-PET asphalt concretes. Li et al. (2018) 
reported that RCA particles have rough surfaces and angular shapes (Hou et al., 2018), 
resulting in a higher mechanical interlocking than RAP aggregate. The improved 
interlocking strength at the optimum RAP/RCA therefore contributes to the improved 
adhesion strength between aggregate and AC for all PET contents and temperatures. 
Although the RCA has superior basic and engineering properties than RAP, the elastic 
modulus of the interfacial transition zone between AC and RCA particles gets lower 
than that of other recycled materials and NA, as reported by Huang et al. (2021). 
Hence, the excessive RCA in the asphalt concretes generates weak interfacial 
transition zones within the asphalt concrete matrix, reducing the ITS of asphalt 
concretes.  
  At the same RAP/RCA ratios, adding PET in the RAP-RCA-PET asphalt 
concretes can improve ITS. The highest ITS is observed at the optimum PET content 
of 0.6% for all tested temperatures. The inclusion of PET enhances the ITS of RAP-
RCA-PET asphalt concretes by improving cohesive strength between the aggregate 
and AC through the melted components of PET during the hot mixed process 
(Moghaddam et al., 2012). However, the ITS decreased as the PET content exceeded 
0.6% for all RAP/RCA ratios and temperatures. Modarres and Hamedi (2014) revealed 
that the excessive volume of un-melted PET particles, which have lower stiffness 
than RAP and RCA, leads to the a weak structure in asphalt mixture (Modarres & 
Hamedi, 2014b). Compared to NA asphalt mixture, the RAP asphalt mixture (no RCA) 
with 0% PET content has a lower ITS at 25°C. However, ITS of RAP asphalt concretes 
with 0.0% PET content is higher than that of NA ones at 40, 50, and 60 oC. In other 
words, the RAP asphalt concrete has a less significant loss of ITS than the NA asphalt 
concrete because of aged AC in the RAP aggregate, providing greater stiffness to the 
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mixtures under high-temperature conditions (Marín-Uribe et al., 2022). Reducing the 
RAP/RCA ratio and increasing PET improves the ITS of RAP-RCA-PET asphalt concretes. 
Therefore, RAP-RCA-PET asphalt concretes with the optimum RAP/RCA = 80/20 and 
0.6% PET content have higher ITS values than NA asphalt concretes for all 
temperatures. 
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Figure 4.3 ITS of RAP-RCA-PET asphalt concrete at 25, 40, 50, and 60oC versus PET 
content. 

 
 The ITMR of RAP-RCA-PET asphalt concretes at various temperatures, RAP/RCA 
ratios, and PET contents are compared with that of NA asphalt concretes, as 
illustrated in Figure 4.4. Like the ITS test results, the highest ITMR of RAP-RCA-PET 
asphalt concretes comes across at the optimum RAP/RCA = 80/20 for all PET 
contents. At a given RAP/RCA ratio, the highest ITMR of RAP-RCA-PET asphalt concrete 
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is observed at the optimum PET content of 0.6%. Beyond the optimum PET content, 
ITMR decreases as the PET content increases. RAP-RCA-PET asphalt concretes have 
smaller ITMR than NA asphalt concrete, except the RAP-RCA-PET asphalt concretes 
with RAP/RCA = 80/20 and 0.2, 0.4, and 0.6% PET contents. The RAP-RCA-PET asphalt 
concrete with a RAP/RCA = 80/20 and 0.6% PET content has a superior ITMR of 14.1% 
compared to NA asphalt concrete. 
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Figure 4.4 ITMR of RAP-RCA-PET asphalt concrete versus PET content. 
 

 Both ITMR and ITS improvement is influenced by the mixture sti ffness (the 
addition of RCA) and the AC adhesion improvements (the addition of PET). The 
relationship between ITMR and ITS of RAP-RCA-PET asphalt concretes is therefore 
directly related as depicted in Figure 4.5. The relationship is found to be dependent 
upon the RAP/RCA ratio. The increased ITS enhances the endurance to plastic strain 
under cyclic tensile stress. At the same ITS value, the asphalt concrete with a smaller 
RAP/RCA ratio exhibits a larger ITMR due to a higher mixture stiffness. PET additives 
show the most significant improvement in mechanical properties at the optimum 
RAP/RCA = 80/20, observed by the steepest gradient of the relationship. 
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Figure 4.5 Relationship between ITMR and ITS of RAP-RCA-PET asphalt concrete. 

 
 The ITFL values of RAP-RCA-PET asphalt concretes with RAP/RCA ratios and 
PET contents under different applied stresses of 250, 300, and 350 kPa are compared 
with those of NA asphalt concretes and illustrated in Figure 4.6. The ITFL decreases 
with the increased applied stress for all asphalt concretes due to the higher plastic 
deformation. At the same applied stress, without PET, the RCA inclusion can improve 
the ITFL of RAP-RCA-PET asphalt concretes. Like the ITS and ITMR results, the maximal 
ITFL is observed at the optimum RAP/RCA ratio of 80/20 for all applied stresses and 
PET contents. Increasing PET content can advance the ITFL of RAP-RCA-PET asphalt 
concretes up to the maximal value at the optimum PET content of 0.6% for all 
RAP/RCA ratios. Moghaddam et al. (2012) revealed that the solid components of PET 
(which were not melted during the hot mixed process) had the potential to absorb or 
dissipate energy from loading cycles, further contributing to the improvement of ITFL 
of asphalt concretes. Compared to NA asphalt concretes, the RAP asphalt concretes 
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have lower ITFL values for all applied stresses. Increasing PET and RCA content 
improves the ITFL of RAP-RCA-PET asphalt concretes for all applied stresses. The RAP-
RCA-PET asphalt concretes with the optimum RAP/RCA ratio and PET content have 
superior ITFL values of 125, 243, and 379% compared to NA asphalt concretes for 
applied stresses of 250, 300, and 350 kPa, respectively. 
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Figure 4.6 ITFL of RAP-RCA-PET asphalt concrete versus PET content. 
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 As per BS EN 12697-24 (BSI, 2004), the initial tensile strain (𝜀𝑡) influences the 

fatigue life (Nf) (fatigue law). The asphalt concrete with a lower 𝜀𝑡 generally presents 

a higher Nf. The Nf of the asphalt concrete pavement can be estimated using the 𝜀𝑡 
based on the fatigue law as follows: 
 

𝑁𝑓 = 𝑎 [
1

𝜇𝜀𝑡
]

𝑏
                          (4.3) 

 
where a and b are the fatigue parameters, which can be determined from the 
regression analysis. 
 Kennedy (1979) and Mohammad and Paul (1993) revealed that the applied 

stress and ITMR influence the 𝜀𝑡 in the following equation: 
 

𝜀𝑡 =
𝜎(1+3𝑣)

𝐼𝑇𝑀𝑅
                                    (4.4) 

 

where 𝜎 is applied stress (kPa) obtained from the indirect tensile fatigue test, and 𝑣 
is Poisson’s ratio (taken as 0.35 suggested by BS EN 12697-24). 

 𝜀𝑡 of RAP-RCA-PET asphalt concretes and NA asphalt concrete, which are 
calculated from Eq. (2.4), versus PET content under different applied stresses, is 
illustrated in Figure 4.7. At the same RAP/RCA ratios and PET contents, the higher 

applied stress causes a higher 𝜀𝑡. Asphalt concrete with a superior ITMR has a 
predominant resistance to plastic strain under applied stress (Gupta & Veeraragavan, 
2009). At the same applied stress, the replacement of RCA and addition of PET 

contribute to a reduction in 𝜀𝑡, and the lowest value for specific applied stress is 
found at 80/20 RAP/RCA and 0.6% PET content. Compared to NA asphalt concrete, 

all RAP-RCA-PET asphalt concretes have higher 𝜀𝑡 except RAP-RCA-PET asphalt 
concretes with RAP/RCA ratios of 80/20 and 0.2, 0.4, and 0.6% PET content for all 
applied stresses.  
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Figure 4.7 𝜺𝒕 of RAP-RCA-PET asphalt concrete versus PET content. 
 

 The relationship between the ITFL and the 𝜀𝑡 in the logarithmic scale of RAP-
RCA-PET asphalt concretes, and NA asphalt concrete is illustrated in Figure 4.8. 
Asphalt concrete with a larger initial tensile strain presents a lower fatigue life 
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(Modarres & Hamedi, 2014a). In other words, the ITFL decreases as the 𝜀𝑡 increases 
for all asphalt concretes. The PET content is found to significantly affect in the 

position and the slope of ITFL-𝜀𝑡 relationship. Without PET, the ITFL-𝜀𝑡 relationship 
exhibits the steepest slope, whereas the gentlest slope is found at the optimum PET 
content of 0.6%, regardless of the RAP/RCA ratios. It is noted that, in the range of 

studied strains, the ITFL-𝜀𝑡 relationships of RAP-RCA-PET asphalt concretes are above 

the ITFL-𝜀𝑡 relationship of NA asphalt concrete. However, the ITFL-𝜀𝑡 relationships of 

RAP-RCA-PET asphalt concretes and NA asphalt concrete are below the ITFL -𝜀𝑡 
relationship of the Asphalt Institute (AI, 2014). The AI’s model was developed based 
on the assumption that wheel loads on actual pavements are not applied at  the 
same location and have longer rest periods; hence the higher fatigue life. 
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Figure 4.8 Relationship between ITFL and 𝜺𝒕 of RAP-RCA-PET asphalt concrete. 
 

 Different pavement material properties cause a difference in tensile strain 
response, resulting in different resistance to fatigue damage, expressed in terms of 
fatigue parameters a and b. The fatigue parameters of RAP-RCA-PET asphalt concretes 
versus PET content are given in Figure 4.9. Evidently, the value of parameter a 
decreases as the PET content increases and the lowest value is observed at 0.6% PET 
content. After that, the value of parameter a increases with the raised PET content. 
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However, the value of parameter b rises with the increased PET content, and the 
largest value is noted at 0.6% PET content. Then, the value of parameter b declines 
with the increased PET content. Based on a linear regression analysis, the values of 
parameters a and b for RAP-RCA-PET asphalt concretes can be calculated in terms of 
PET content using Eq. (4.1) and (4.2), respectively. These equations can facilitate the 
ITFL estimation of RAP-RCA-PET asphalt concretes at different PET contents. 
 
log (a) = -7.333 × (%PET) + 11.4   for 0.0 ≤ %PET ≤ 0.6  
 (4.1.1) 
log (a) = 9.029 × (%PET) + 1.6   for 0.6 ≤ %PET ≤ 1.0   
 (4.1.2) 
b = 3.254 × (%PET) – 3.4    for 0.0 ≤ %PET ≤ 0.6   
 (4.2.1) 
b = -4.068 × (%PET) – 1.0    for 0.6 ≤ %PET ≤ 1.0   
 (4.2.2) 
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Figure 4.9 Fatigue parameters of RAP-RCA-PET asphalt concrete versus PET content. 
 
 The advantages of PET-modified RA asphalt concretes compared to NA 
asphalt concrete can be explained by Figure 4.8 and Table 4.4. It is interesting to 
mention that both the fatigue law and the ITMR control the stability of asphalt 

concretes. The material with the location of ITFL versus 𝜀𝑡 relationship on more right 
does not always exhibit a longer service life. For instance, although the position of 
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the ITFL-𝜀𝑡 relationship of RAP-RCA asphalt concrete is above NA asphalt concrete, 
the RAP-RCA asphalt concrete has lower ITFL than the NA asphalt concrete at a given 

applied stress of 300 kPa due to its lower ITMR (higher 𝜀𝑡). However, when 0.6% PET 
content is added to RAP-RCA-PET asphalt concrete, its ITFL is greater than that of NA 

asphalt concrete due to its larger ITMR and higher position of ITFL-𝜀𝑡 relationship. This 
comparison highlights the potential of PET-modified RA asphalt concrete as an 
alternative material that can provide a longer fatigue life than natural materials. 
 
Table 4.4  Comparison of ITFL of NA asphalt concrete and RAP-RCA-PET asphalt 

concrete. 
Asphalt 
concrete 
mixtures 

Applied stress 
(kPa) 

ITMR 
(MPa) 

Strain 
(micro-strain) 

ITFL 
(cycles) 

NA asphalt 
concrete 

300 2,370 259.5 903 

RAP-RCA 
asphalt 

concrete with 
RAP/RCA ratio 
of 100/0 and 

0.0% PET 
content 

300 1,805 340.6 450 

RAP-RCA 
asphalt 

concrete with 
RAP/RCA ratio 
of 80/20 and 

0.6% PET 
content 

300 2,705 227.3 3,292 
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 Relationship between rut depth and number of wheel cycles of RAP-RCA-PET 
asphalt concretes at various RAP/RCA ratios and PET contents are compared with NA 
asphalt concrete and illustrated in Figure 4.10. Figure 4.11 shows rut depth at target 
cycle of RAP-RCA-PET asphalt concretes and NA asphalt concrete. Without PET, the 
RAP asphalt concrete (RAP/RCA ratio of 100/0) could not withstand the repetitive 
wheel load and failed to reach 20 mm of rut depth at 7,203 cycles prior to reaching 
the target 10,000 cycles, as seen in Figure 4.11(a) (Buritatum et al., 2023). Due to the 
superior stiffness of RCA benchmarked with that of RAP at a given PET content, the 
RCA inclusion can enhance the rutting resistance at the same target cycles; the 
lowest rut depth value is observed at the optimum RAP/RCA = 80/20 (Figure 4.10 and 
Figure 4.11(c) and (d)). Beyond the optimum RAP/RCA ratio, the low elastic modulus 
of interfacial transition zones between AC and RCA reduces the mixture stiffness 
(Huang et al., 2021), increasing rut depth with the decreased RAP/RCA ratio as shown 
in Figure 4.11(e) and (f). 
 Incorporating PET enhances RAP-RCA-PET asphalt concretes’ resistance to 
rutting failure, as seen in Figure 4.10 and Figure 4.11(b), (d),  and (f). The lowest rut 
depth is observed at the optimum PET content of 0.6% for all RAP/RCA ratios. At the 
optimal PET content, the rut depth of RAP-RCA-PET asphalt concretes at the target 
cycles is 2.94 mm, 0.85 mm, 0.42 mm, and 0.83 mm for RAP/RCA = 100/0, 90/10, 
80/20, and 60/40, respectively. According to Moghadam et al. (2014b), adding PET 
into asphalt concretes can improve energy absorption against wheel loading. The 
improved energy absorption is caused by the higher adhesion of AC film resulting 
from the melted particles of PET, improving rutting resistance. 
 The rut depth of NA asphalt concrete at the target cycles is 2.56 mm. Figure 
4.10 shows that even with the addition of PET to RAP asphalt concretes (RAP/RCA 
ratio of 100/0), the rut depth at the target cycles is still larger than that of NA asphalt 
concrete. For 90/10 and 60/40 RAP/RCA ratios, rut depth at the target cycles of RAP-
RCA-PET asphalt concretes is higher than NA asphalt concrete at PET contents of 0.4, 
0.6, 0.8, and 1.0%. Meanwhile, the rut depth of the RAP-RCA-PET asphalt concretes 
with RAP/RCA ratio of 80/20 is lower than that of NA asphalt concrete at PET contents 
of 0.2, 0.4, 0.6, 0.8, and 1.0%. At the optimum PET content of 0.6% and RAP/RCA ratio 
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of 80/20, RAP-RCA-PET asphalt concrete has a superior rutting resistance of 84% 
compared to NA asphalt concrete. These results indicated that incorporating RAP, 
RCA, and PET at the optimum contents in asphalt concrete mixtures can enhance 
their rutting resistance, superior to NA asphalt concrete. 
 This research suggests that adding PET additives to RAP-RCA asphalt concretes 
results in a significant performance improvement, presenting a new method for waste 
management. Using these mater ials together offers a cost -effective and 
environmentally friendly alternative for pavement applications. 
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Figure 4.10 Rut depth of RAP-RCA-PET asphalt concrete versus number of cycles. 
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    (a)        (b)  

  
              (c)        (d)  

  
          (e)       (f)  

  
(g) 
 

Figure 4.11 Rut depth at target cycle of RAP-RCA-PET asphalt concretes with (a) 
RAP/RCA = 100/0 with 0% PET content (Buritatum et al., 2023), (b) 
RAP/RCA = 100/0 with 0.6% PET content, (c) RAP/RCA = 80/20 with 0% 
PET content, (d) RAP/RCA = 80/20 with 0.6% PET content, (e) RAP/RCA = 
60/40 with 0% PET content, (f) RAP/RCA = 60/40 with 0.6% PET content, 
and (g) NA asphalt concrete.  
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4.5  Conclusions 
 This chapter evaluated the mechanical performance of RAP-RCA-PET asphalt 
concretes. Following significant findings are summarized from the current research: 

1) PET addition in asphalt concrete causes the higher asphalt cement 
required for PET particles coating, hence the higher optimum AC content of RAP-RCA-
PET asphalt concretes. The RAP/RCA ratio also significantly influences the optimum 
AC content of asphalt concretes. Reducing the RAP/RCA ratio increases the optimum 
AC content due to a higher ability to absorb the AC of RCA. The Marshall properties 
of RAP-RCA-PET asphalt concretes meet the requirements of DH-S 410/1999 for 
Marshall stability, Marshall flow, VMA, and SI.  

2) The RAP/RCA ratio and PET content significantly affect the performance of 
RAP-RCA-PET asphalt concretes. The lower RAP/RCA ratio leads to a higher ITS and 
ITMR until the optimum RAP/RCA ratio of 80/20, where the improved interlocking 
strength of RCA particles and PET adhesion strength enhance mechanical properties. 
Beyond the optimum RAP/RCA, the excessive RCA replacement generates weak 
interfacial transition zones within the asphalt concrete matrix, reducing ITS, ITMR, ITFL, 
and rutting resistance. Addition of PET to the asphalt concrete mixture improves ITS, 
ITMR, and ITFL, whereby the highest values are observed at an optimum PET content 
of 0.6%. These improved properties are due to the melted components of un-melted 
PET enhancing the bond between the aggregate and AC and the higher energy 
absorption of un-melted PET particles. However, due to weak structure formation, 
excessive volume of PET particles (lower stiffness than RAP and RCA) reduces the 
performance. 

3) The ITMR improvement is directly related to the ITS improvement. At the 
optimum RAP/RCA ratio and PET content, RAP-RCA-PET asphalt concrete has a higher 
performance when compared to NA asphalt concrete. Adding PET also enhances the 
resistance to rutting failure, leading to lower rut depth at the target cycle. The lowest 
rut depth at the target cycle is found at the PET content of 0.6% for all RAP/RCA 
ratios, which is attributed to the improved energy absorption against wheel loading 
and thicker AC film due to the addition of PET. With a RAP/RCA ratio of 80/20 and 
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0.6% PET content, the RAP-RCA-PET asphalt concrete outperforms NA asphalt 
concrete. 

4) According to the critical test results analysis, the fatigue distress model of 

RAP-RCA-PET asphalt concrete is developed in terms of the ITFL- 𝜀𝑡 relationship. The 
relationship is unique for all RAP/RCA ratios and the fatigue parameters are 

dependent on the PET content. Additionally, the ITFL-𝜀𝑡 relationships of RAP-RCA-
PET asphalt concretes are above and gentler than the relationship of NA asphalt 
concrete, which emphasizes the potential of PET as an additive to enhance the 
fatigue life of RAP-RCA-PET asphalt concrete alternative to NA asphalt concrete. The 
proposed fatigue distress model is helpful for the mechanistic design for RAP-RCA-PET 
asphalt concrete pavement, which supports sustainable construction strategy 
worldwide. 
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CHAPTER V  

PERFORMANCE OF POROUS ASPHALT CONCRETE USING 
POLYPROPYLENE- MODIFIED ASPHALT CEMENT AC60/70 

 

5.1  Introduction 
 Porous asphalt concrete (PAC), the surface drainage layer on asphalt 
pavements, has many application advantages (noise reduction and safety during 
rainfall) due to its open-graded structure. The water from rainfall is stored and moved 
horizontally within the layer, which reduces splash and spray effects and thus 
increases the visibility of drivers during rainfall. However, due to its high air void 
(approximately 20%) in the mixture, unsuitable asphalt cement (AC) properties may 
lead the PAC to have a high separation of AC, resulting in low stiffness, high rutting, 
and low durability. Polymer-modified asphalt (PMA) is mainly used in PAC mixtures 
because of its superior performance characteristics, including elasticity, resistance to 
deformation, and durability under varying environmental conditions compared to 
conventional AC. Unfortunately, PMA costs are higher than those of conventional 
ACs, such as AC60/70 and AC40/50. Hence, using PAC, which has a higher material 
cost than conventional asphalt concrete (Dense-graded), is not promoted in Thailand. 
This chapter aims to assess the utilization of PP to modify asphalt cement penetration 
grade 60/70. The effect of PP on the asphalt cement properties, its influence on the 
Marshall properties of PAC, and its effect on the mechanistic performance of PAC 
were evaluated. The results of this chapter lead to the use of alternative materials 
that reduce the cost of PAC pavement construction and increase the PAC's use in 
pavement construction in Thailand. 
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5.2  Materials and Methods  
 5.2.1  Aggregate and asphalt cements 
  The studied aggregate was limestone, which was sourced from Sakhon 
Nakhon province, Thailand, as shown in Figure 5.1. The aggregate properties were 
compared to the Thailand PAC standard specified by the Department of Rural Roads 
(DRR, 2020), as indicated in Table 5.1. It was evident that the studied aggregate met 
the specifications of the DRR (2020).  
 

 
 

Figure 5.1 Studied aggregate 
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Table 5.1 The aggregate properties 

Description 
Specifications 
(DRR, 2020) 

Fine Aggregate Coarse Aggregate 
Total Passing 

#200 
Retaine
d #200 

Retained 
#4 

Retained 
3/8” 

Retained 
1/2” 

Bulk 
Specific 
Gravity 

- 2.745 2.750 2.755 2.757 2.753 

Apparent 
Specific 
Gravity 

- 2.776 2.790 2.797 2.790 2.790 

Water 
Absorption 
(%) 

≤2 - 0.83 0.52 0.47 0.43 - 

Flakiness 
Index (%) 

≤25 - 24 17 17 15 

Elongation 
Index (%) 

≤25 - 14 7 11 9 

Asphalt 
Absorption 
(%) 

≤2 Total = 0.24 

Los Angeles 
Abrasion 
(%) 

≤30 Coarse Aggregate = 30.4 

Soundness 
(%) 

≤5 Fine Aggregate = 4.65, Coarse Aggregate = 1.96 

 

 The studied asphalt cement (AC), including AC60/70 and PMA, was supplied by 
Zola Asphalt Co., Ltd, Thailand. Both were characterized according to the AC for PAC 
specifications of the local authorities for each type. The PMA properties were 
evaluated according to the asphalt cement specifications outlined by the Department 
of Rural Roads standard (DRR, 2002), while the AC60/70 properties  were 
evaluated following the Thai Industrial Standard Institute standard (TISI, 2017). The 
properties of PMA and AC60/70 are summarized in Table 5.2. 
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Table 5.2 Properties of PMA and AC60/70 

Properties of asphalt 
cement 

Unit 

PMA AC60/70 

Specifications 
(DRR, 2002) 

Results 
Specifications 
(TISI, 2017) 

Results 

Asphalt cement 

Penetration at 25oC, 100 g, 
5 sec 

0.1 
mm 

60-70 60 60-70 64.0 

Flash point oC ≥232 340 ≥232 327 

Softening point (Ring & 
Ball) 

oC ≥60 82.5 - 48.1 

Ductility, 5 cm/min 
- at 13oC 
- at 25oC 

 
cm 
cm 

 
≥20 

- 

 
88.6 
223 

 
- 

≥100 

 
- 

162 

Shear dynamic at 10 rad/s,  

- at 64oC, G*/sin 

- at 70oC, G*/sin 

- at 76oC, G*/sin 

 
kPa 
kPa  

 
- 
- 

≥1.0 

 
1.93 
1.84 
1.71 

 
≥1.0 

- 
- 

 
1.32 
1.28 
1.09 

Toughness/Tenacity test, 
25oC 
- Toughness 
- Tenacity 

 
kg.cm 
kg.cm 

 
≥200 
≥100 

 
218.3 
178.4 

 
- 
- 

 
- 
- 

Storage stability at 165oC. 
120 hrs. Difference in 
softening point  

oC ≤5 0.4 - 
 
 

- 
 
 

Density at 25oC g/cc 1.00-1.05 1.03 - 1.02 

Solubility in 
trichloroethylene 

%wt ≥99 99.78 ≥99 99.86 
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Table 5.3 Properties of PMA and AC60/70 (Continued) 

Properties of asphalt 
cement 

Unit 

PMA AC60/70 

Specifications 
(DRR, 2002) 

Results Specifications 
(TISI, 2017) Results 

Test residue thin film oven test 

Weight loss %Wt. ≤0.5 0.32 ≤0.8 0.29 

Retained penetration at 
25oC, 100 g, 5 sec 

% ≥65 90.8 ≤54 69.4 

Ductility, 5 cm/min 
- at 13oC 
- at 25oC 

 
cm 
cm 

 
≥10 

- 

 
72.0 
181 

 
- 

≥50 

 
- 

132 

 

 5.2.2  Polypropylene modified asphalt cement 
  Figure 5.2 shows the polypropylene (PP) pellets obtained from Epac 
Groups Company Limited, Khon Kaen, Thailand. PP pellets are cylindrical with a size 
of approximately 3 mm in length and 2 mm in diameter. The uniform shape and size 
of the PP pellets ensure a consistent and even distribution within the asphalt mixture, 
which is crucial for achieving the homogenous and desired modification effects. The 
PP-modified AC60/70 was prepared by United Asphalt Products Company Limited in 
Khon Kaen, Thailand. A high-shear homogenizer was employed to incorporate PP into 
AC60/70 by the wet process. The AC60/70 was first heated adequately and then 
poured into a mixing container. Subsequently, the PP pellets were added to the 
warmed AC60/70 and mixed at a shear rate of 3,000 rpm for 2 hours with a constant 
temperature of 170oC. PP contents of 2%, 4%, and 6% by weight of the asphalt 
cement were used for the modification. The properties of the PP-modified 
AC60/70 were assessed through various tests, including penetration, softening point, 
flash point, dynamic shear, and the residue from the rolling thin film oven test.  
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Figure 5.2 Studied PP. 
 

 5.2.3  Mix design and sample preparation 
  Before preparing studied porous asphalt concrete (PAC) mixtures, the 
aggregate was sieved, and the gradation curve was altered in compliance with the 
pavement surface wearing course specifications outlined by the local authority (DRR, 
2020), as illustrated in Figure 5.3. The aggregate gradation curves were adjusted to fit 
the DRR (2020) specification.  
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Figure 5.3 Gradation curve of aggregate 
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  The appropriate mix proportion of PACs was acqui red using the 
Marshall method following ASTM D 6927 (ASTM, 2015a). Before mixing, the aggregate 
and AC were warmed at 180°C and 160°C, respectively. The heated aggregate and AC 
were blended for 1 minute. The mixture was then compacted at 150°C in a standard 
101.6-mm mold with 50 blows to each side by a Marshall hammer. The sample was 
next de-molded after 24 hours at room temperature. The Marshall test was 
conducted to determine the typical properties of asphalt concrete, such as density, 
voids in the mineral aggregate (VMA), air voids, voids filled by asphalt concrete (VFA), 
stability, and flow value. In addition, PAC samples were tested to assess PAC 
properties, including drain down and Cantabro abrasion tests.  
  The influence of  PP -modified AC60/70 on the mechanica l 
performances of PAC (AC60/70-PP-PAC) was evaluated through various performance 
tests, including ITS, ITMR, ITFL, and rutting resistance, compared to PAC using PMA 
(PMA-PAC). The performance-tested samples were prepared at a constant air void of 
20% based on the local authority standard (DRR, 2020). For PACs, the optimum AC 
content (AC content providing 20% air void) was determined by assuming the AC 
content. 
 

5.3  Experimental program 
 5.3.1  Drain down  
  The drain down test determines the separation of the AC from the 
asphalt concrete mixture due to the action of gravity. According to EN12697–18:2017 
(BSI, 2017), the drain down test is carried out by preparing the uncompacted mixture 
at 150°C in an 800 ml beaker and after keeping it in an oven at 180°C for 3 hours. The 
drain down value can be determined by using the following equation: 
 

𝐷𝑟𝑎𝑖𝑛 𝑑𝑜𝑤𝑛 =  
𝑊𝑓𝑐−𝑊𝑖𝑐

𝑊𝑖𝑠
                                  (5.1) 

 
where Wfc = final weight of container(g); Wic = initial weight of container (g); and Wis = 
initial weight of the mixture sample(g). The drain down for the PAC mixture must be 
less than 0.3%. 
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 5.3.2  Cantabro abrasion loss 
  The Cantabro abrasion was conducted to evaluate the resistance to 
particle loss of PAC samples according to ASTM D7064 (ASTM, 2021). The PAC samples 
were prepared by Marshall method. PAC samples shall be tested in 7 days after de-
mold in two conditions, concluding soaked and unsoaked. The soaked PAC sample 
was submerged in water bath at 25oC for 24 hours and then placed in Los Angeles 
abrasion machine for 300 rotations with speed of 30-33 rpm. The unsoaked PAC 
sample was placed directly into the Los Angeles abrasion machine. The test was 
conducted without steel sphere. After 300 rotations, the broken particle of PAC 
sample was discarded. The weight of PAC sample before and after test was measured. 
The loss in PAC sample weight is expressed in percentage of ratio of weight of 
disintegrated to the initial weight of the specimen shows in equation (5.2). 
 

𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑙𝑜𝑠𝑠 (%) =  
(𝑀𝑖−𝑀𝑓)

𝑀𝑖
× 100                        (5.2) 

 
Mi = weight of PAC sample before test and Mf = weight of PAC sample after test. 
 5.3.3  Strength index (SI) 
  The strength index (SI) of the asphalt concretes was determined 
according to AASHTO T 283 (AASHTO, 2007). The SI samples were prepared by 
compression under a constant pressure of 20.7 MPa for 2 minutes using a double 
plunger compactor with a height of 63.5 mm and a diameter of 101.6 mm. Two 
sample groups were prepared, including group 1 (unsoaked samples), which was set 
to be a control group, and group 2 (soaked samples), which was vacuum-saturated 
with the soak solution for 1 hour and then soaked at 60°C for 24 hours. The ratio 
between Marshall stability of soaked and unsoaked samples determined the SI value. 
The test was conducted at 25°C using a loading rate of 50 mm/min. The Department 
of Highways, Thailand (DRR, 2020) specified that the SI value of asphalt concrete 
should be above 80%. 
 5.3.4  Indirect tensile strength (ITS) 
  This study used the ITS test to determine the tensile properties of 
PACs according to ASTM D 6931 (ASTM, 2017). The ITS value was determined by 
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loading a sample across its vertical diametrical plane at a 50 mm/min deformation 
rate at testing temperatures of 25, 40, 50, and 60°C. The maximum load at failure was 
measured and used to determine the ITS value of the Marshall sample. The ITS value 
can be determined using the following equation (5.3). 
 

ITS =
2000𝑃

𝜋𝑡𝐷
                                     (5.3) 

 
where ITS stands for indirect tensile strength (kPa), P represents maximum load (N), t 
denotes the sample thickness (mm), and D is the sample diameter (mm). 
 5.3.5  Indirect tensile resilient modulus (ITMR) 
  The ITMR is a crucial factor in evaluating the performance of asphalt 
concretes for pavement design using the mechanistic-empirical method. The ITMR was 
determined by subjecting the Marshall sample to dynamic loading under indirect 
tensile conditions following ASTM D 4123-82 (ASTM, 1995). The ITMR test was 
performed at a stress level of 15% of ITS with haversine loading (frequency of 1 Hz, 
with a loading period of 0.1 seconds and a rest period of 0.9 seconds) for 200 pulses 
at 25°C. The ITMR is determined using the average of the last five elastic stiffness 
values after the first 150, as described in equation (5.4). 
 

𝐼𝑇𝑀𝑅 =
𝑃(0.27+𝜈)

𝑡𝐻𝑟
                                                      (5.4) 

 
where ITMR is indirect tensile resilient modulus (MPa), v is Poisson’s ratio, t is the 
sample thickness, and Hr is recoverable horizontal deformation (mm). 
 5.3.6  Indirect tensile fatigue (ITF) 
  Fatigue failure is a significant distress of the flexible pavement under 
the accumulated damage caused by repeated loads. According to BS -EN-12697-24 
(BSI, 2004), the stress control method was adopted to determine the fatigue 
resistance of asphalt concrete sample. The target applied stress of 150, 200, and 250 
kPa were selected based on the BS-EN-12697-24 recommendation. The haversine 
loading pulse with a loading frequency of 1.0 Hz, a loading period of 0.1 seconds, and 
a rest period of 0.9 seconds was applied until the Marshall sample failed. 
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Theoretically, the deformation behavior under fat igue loading can be divided into 
three distinct zones of the relationship between horizontal deformation and the 
number of cycles. In the first zone, the initial loading cycles cause a relatively high 
deformation increment due to a rapid decrease in air void. In the second zone, the 
deformation increases linearly with the number of cycles. Throughout the loading 
period, accumulated plastic deformation gradually developed, leading to the 
formation of microcracks. In the third zone, the microcracks from the first and second 
zones propagate the macrocrack, resulting in complete failure (Aragao et al., 2008). 
The indirect tensile fatigue life (ITFL) is estimated from the intersection point of the 
slopes of the second and third zones.  
 5.3.7  Rutting resistance by the Hamburg wheel tracking test 
  The rutting resistance of asphalt concrete was evaluated according to 
AASHTO T324 (AASHTO, 2008) using the Hamburg wheel tracker testing machine. The 
wheel-tracking test samples were prepared by a gyratory compactor based on ASTM 
D6925 (ASTM, 2015b). The testing sample comprised two cylindrical specimens, each 
measuring 150 mm in diameter and 60 mm in thickness, positioned adjacent to each 
other to measure rut depth. The testing sample was securely mounted using plastic 
molds, with the cylindrical specimens precisely trimmed to fit the molds. A steel 
wheel, which is 47 mm wide, applied the 705-N load to the sample at a wheel speed 
of 26 cycles per minute. The machine automatically terminated the test upon 
reaching 10,000 cycles of wheel passes or a rut depth of 20 mm, whichever occurs 
first. The resistance to rutting failure was expressed in terms of the rut depth. 
 

5.4  Test results and discussion  
 5.4.1  Properties of AC 
  The properties of PMA and PP-modified AC60/70 are shown in Table 
5.3. Based on experimental testing, the 2% PP-modified AC60/70 (AC60/70-2%PP) 
has been found to meet the AC40/50 standard specified by TISI (2017), while 4% PP-
modified AC60/70 (AC60/70-4%PP) and 6% PP-modified AC60/70 (AC60/70-6%PP) do 
not meet any standard of TISI (2017). According to the specifications for AC40/50 (TISI, 
2017), AC's penetration value should be 4.0 to 5.0 mm. The penetration values of 
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PMA, AC60/70, AC60/70-2%PP, AC60/70-4%PP, and AC60/70-6%PP are 6.00, 6.40, 
4.56, 4.11, and 3.80 mm, respectively. The PMA has lower penetration than 
unmodified AC60/70, indicating a more rigid material. Similar to the previous study by 
Habib et al. (2011) and Fattah et al. (2021), the penetration value of AC60/70 
decreases as the PP content increases, indicating increased stiffness. Compared to 
PMA, all PP-modified AC60/70 exhibit lower penetration values than PMA. 
  The flash point indicates the safety of using AC at high temperatures. 
The flash point should be higher than 232oC (TISI, 2017). The flash point of PMA, 
AC60/70, AC60/70-2%PP, AC60/70-4%PP, and AC60/70-6%PP are 340, 327, 339, 350, 
and 361oC, respectively. PMA has a significantly higher flash point than AC60/70. The 
flash point of PP-modified AC60/70 increases as the PP content increases. The test 
result shows that PP improves the safety of AC60/70 for high -temperature 
applications, which is consistent with the findings of Sembiring et al. (2018). 
  The softening point indicates AC's temperature sensitivity or ability to 
maintain adhesion as the temperature increases. AC's softening point should be 48 to 
58oC (TISI, 2017). The softening point of PMA, AC60/70, AC60/70-2%PP, AC60/70-
4%PP, and AC60/70-6%PP are 82.5, 48.1, 51, 67, and 73oC, respectively. PMA has the 
highest softening point. The softening point of PP-modified AC60/70 increases as the 
PP content increases. The result indicates that PP reduces the temperature sensitivity 
of AC, aligning with the findings of Habib et al. (2011) and Fattah et al. (2021). 
  The ductility value indicates the ability of AC to elongate without 
breaking. The ductility should be higher than 100 cm (TISI, 2017). The ductility of  
PMA, AC60/70, AC60/70-2%PP, AC60/70-4%PP, and AC60/70-6%PP are 289, 162, 139, 
122, and 110 cm, respectively. PMA has the highest ductility. The ductility of PP -
modified AC60/70 decreases as PP content increases. This result shows that adding 
PP makes the AC stiffer and reduces its elongation ability, correlating with the 
decrease in penetration values, aligning with the findings of Habib et al. (2011) and 
Fattah et al. (2021). 
  Dynamic shear resistance, a term of G*/sind, indicates the ability of AC 
to resist permanent deformation. G*/sind should be not less than 1 kPa (TISI, 2017). 
G*/sind of PMA, AC60/70, AC60/70-2%PP, AC60/70-4%PP, and AC60/70-6%PP are 1.84, 
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1.28, 1.41, 1.52, and 1.57 kPa, respectively. As expected, PMA has the highest G*/sind. 
G*/sind of PP-modified AC60/70 increases as PP content increases. The result shows 
that PP makes the AC stiffer, which helps it resist deformation under dynamic loading. 
These results are consistent with Yeh et al. (2005) and Habib et al. (2011). 
  According to the specifications for AC40/50 (TISI, 2017), the weight loss 
of residue AC after heating by rolling thin film oven test (Aged AC) should be less 
than 0.8%. The weight loss of PMA, AC60/70, AC60/70-2%PP, AC60/70-4%PP, and 
AC60/70-6%PP are 0.32, 0.29, 0.24, 0.20, and 0.18%, respectively. PMA has the highest 
weight loss. The weight loss of PP-modified AC60/70 decreases as PP content 
increases. The result shows that PP reduces the weight loss of AC when subjected to 
high temperatures aging. 
  Compared to AC40/50's standard of TISI (2017), the softening point of 
AC60/70-4%PP does not meet the requirement. Meanwhile, the penetration and 
softening point values of AC60/70-6%PP do not meet the requirement. In other 
words, a PP content of 2% is the optimum content for  improving the AC60/70 
properties to meet the requirement. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



113 

Table 5.4 Properties of PMA and PP-modified AC60/70 compared to TISI (2017) 

Properties of 
asphalt cement 

Unit 
AC40/50 

Specifications 
(TISI, 2017) 

Results 

PMA 
PP content (%) 

0 2 4 6 

Penetration at 
25oC, 100 g, 5 
sec 

0.1 
mm 

40-50 60 64.0 45.6 41.1 38 

Flash point oC ≥232 340 327 339 350 361 

Softening point 
(Ring & Ball) 

oC 48-58 82.5 48.1 51 67 73 

Ductility at 25oC, 
5 cm/min 

cm ≥100 289 162 139 122 110 

Shear dynamic at 
10 rad/s, at 70oC, 

G*/sin 

kPa ≥1.0 1.84 1.28 1.41 1.52 1.57 

Test on the residue obtained from thin film oven test 

Weight loss %Wt. ≤0.8 0.32 0.29 0.24 0.20 0.18 

Retained 
penetration at 
25oC, 100 g, 5 
sec 

% ≥58 90.8 69.4 77.2 79.1 82.0 

Ductility at 25oC, 
5 cm/min 

cm ≥48 271 132 123 113 87 
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 5.4.2  Properties of PACs 
  Table 5.4 presents the properties of PACs, including PMA-PAC, AC60/70-
PAC, AC60/70-2%PP-PAC, AC60/70-4%PP-PAC, and AC60/70-6%PP-PAC. At the desired 
air voids of 20%, all PAC samples have density values ranging from 2.023 to 2.066 
g/cm3. Void mineral in aggregate (VMA) values are 25.5 to 27.4%. The VFA values 
range from 23.9 to 26.3%. 
  The stability of PMA-PAC, AC60/70-PAC, AC60/70-2%PP-PAC, AC60/70-
4%PP-PAC, and AC60/70-6%PP-PAC are 8.52, 5.49, 7.56, 8.51, and 10.09 kN, 
respectively. It is fascinating to note that the stability of PP-modified AC60/70-PAC 
increases as the PP content increases. Using PP-modified AC60/70 leads to a decrease 
in penetration, thereby enhancing the stiffness of PAC. Compared to PMA-PAC, the 
AC60/70-PAC, AC60/70-2%PP-PAC, and AC60/70-4%PP-PAC have lower stability. In 
contrast, AC60/70-6%PP-PAC exhibit higher stability, indicating PP content's significant 
influence on PAC performance. However, the stability of all PAC samples is higher 
than 3.56 kN, which meets the requirement specified by DRR (2020). All PAC samples 
show a flow of approximately 13, which falls in the 8 to 16 range specified by DRR 
(2020).  
  The SI values of PMA-PAC, AC60/70-PAC, AC60/70-2%PP-PAC, AC60/70-
4%PP-PAC, and AC60/70-6%PP-PAC are 88.9, 82.5, 83.5, 80.0, and 77%, respectively. 
PMA-PAC has the highest SI value. The SI value of AC60/70-2%PP-PAC is higher than 
AC60/70-PAC. In contrast, the SI value of AC60/70-4%PP-PAC and AC60/70-6%PP-PAC 
is lower than AC60/70-PAC. The excessive PP can negatively impact the interaction 
between the AC and aggregate due to a high stiffness of AC, leading to poor adhesion 
and cohesion within the mix. The SI value of all PAC samples exceeds 80% specified 
by DRR (2020), except AC60/70-6%PP-PAC. 
  The PMA-PAC has the lowest drain down. Meanwhile, the drain down 
of PP-modified AC60/70-PAC is almost the same. The drain down of all PAC samples 
is lower than 0.3%, as specified by DRR (2020). 
  The Cantabro abrasion of unsoaked PAC samples are 6.55, 7.99, 7.83, 
21.05, and 31.30% for PMA-PAC, AC60/70-PAC, AC60/70-2%PP-PAC, AC60/70-4%PP-
PAC, and AC60/70-6%PP-PAC, respectively. The Cantabro abrasion of soaked PAC 
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samples are 16.99, 18.85, 18.30, 23.67, and 37.64% for PMA -PAC, AC60/70-PAC, 
AC60/70-2%PP-PAC, AC60/70-4%PP-PAC, and AC60/70-6%PP-PAC, respectively. The 
unsoaked PAC sample has a lower abrasion loss than the soaked PAC sample due to 
moisture, reducing internal adhesion. DRR (2020) specified that the Cantabro abrasion 
loss should be less than 20 and 40% for unsoaked and soaked PAC samples, 
respectively. It can be seen that all of the PAC samples have the Cantabro abrasion 
loss less than the requirement except AC60/70-4%PP-PAC and AC60/70-6%PP-PAC. 
 
Table 5.5  Properties of PMA-PAC, AC60/70-PAC, AC60/70-2%PP-PAC, AC60/70-4%PP-

PAC, and AC60/70-6%PP-PAC  

Properties Unit 

Specificati
ons 

(DRR, 
2020) 

Results 

PMA-
PAC 

AC60/70-
PAC 

AC60/70-
2%PP-PAC 

AC60/70-
4%PP-PAC 

AC60/70-
6%PP-PAC 

%AC by 
weight 
of 
Aggregat
e 

% 3-7 3.5 4 3.5 3.5 3.5 

Bulk 
density 

g/ml - 2.034 2.023 2.042 2.066 2.050 

VMA % - 26.7 27.4 26.4 25.5 26.1 

Air voids % 20±2 20 20 20 20 20 

VFB % - 23.6 26.3 23.9 25.1 24.1 

Stability kN ≥3.56 8.52 5.49 7.56 8.51 10.09 

Flow 0.01
” 

8-16 13.4 12.7 12.5 13 13 
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Table 5.4  Properties of PMA-PAC, AC60/70-PAC, AC60/70-2%PP-PAC, AC60/70-4%PP-
PAC, and AC60/70-6%PP-PAC (Continued) 

Properties Unit 

Specificati
ons 

(DRR, 
2020) 

Results 

PMA-
PAC 

AC60/70
-PAC 

AC60/70-
2%PP-
PAC 

AC60/70
-4%PP-

PAC 

AC60/70-
6%PP-PAC 

Strength 
index 

% ≥80 88.9 82.5 83.5 80 77 

Drain 
down 

% <0.3 0.05 0.08 0.08 0.10 0.10 

Cantabro abrasion loss 

- 
Unsoake
d 
sample 
abrasion 
loss 

% <20 6.55 7.99 7.83 21.05 31.30 

- Soaked 
sample 
abrasion 
loss 

% <40 16.99 18.85 18.30 23.67 37.64 

 
 5.4.3  Mechanistic performance  
  The ITS of PAC samples under different testing temperatures of 25, 40, 
50, and 60oC are illustrated in Figure 5.4. The ITS values decrease with increasing 
temperature for all mixtures, which is expected as asphalt tends to soften at higher 
temperatures. PMA-PAC shows the highest ITS values across all temperatures, 
indicating superior tensile strength compared to the other PAC samples. At low 
temperature (25°C), AC60/70-PAC has lower ITS values than AC60/70-2%PP-PAC but 
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higher than that of the AC60/70-4%PP-PAC and AC60/70-6%PP-PAC. At high 
temperatures (40, 50, and 60°C), the AC60/70-PAC has a lower ITS than AC60/70-
2%PP-PAC, AC60/70-4%PP-PAC, and AC60/70-6%PP-PAC, demonstrating adding PP 
leads to low-temperature susceptibility of AC due to its higher softening point. Adding 
2% of PP content yields the greatest increase in ITS. However, AC60/70-2%PP-PAC has 
lower ITS than PMA-PAC across all tested temperatures. 
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Figure 5.4 The ITS of PAC samples under different testing temperatures of 25, 40, 50, 
and 60oC  

 
  As shown in Figure 5.5, the ITMR of PMA-PAC, AC60/70-PAC, AC60/70-
2%PP-PAC, AC60/70-4%PP-PAC, and AC60/70-6%PP-PAC is 2,243.6, 1,457.3, 1,784.4, 
589.3, and 477.4 MPa, respectively. PMA-PAC shows the highest ITMR value. Compared 
to AC60/70-PAC, the ITMR of AC60/70-2%PP-PAC is higher, while the ITMR of AC60/70-
4%PP-PAC and AC60/70-6%PP-PAC are lower. Adding PP can enhance the ITMR of PAC, 
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particularly by PP content of 2%. However, when PP content exceeds 2%, the ITMR of 
PAC decreases as PP content increases. Higher PP content increases the stiffness and 
reduces the flexibility of AC, as shown in penetration and ductility test results. 
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Figure 5.5 The ITMR of PAC samples 

 
  Figure 5.6 illustrates the ITFL values of PACs under different applied 
stresses of 150, 200, and 250 kPa. The ITFL decreases with the increased applied 
stress for all PACs due to the higher plastic deformation. At the same applied stress, 
the PMA-PAC has the highest ITFL. Adding PP can enhance the ITFL of PAC, particularly 
by PP content of 2%. However, when PP content exceeds 2%, the ITFL of PAC 
decreases as PP content increases. Similar to the ITMR test result, higher PP content 
increases the stiffness and reduces the flexibility of AC. At the higher applied stress, 
AC60/70-4%PP-PAC cannot withstand the applied stress at 250 kPa, while AC60/70-
6%PP-PAC cannot withstand applied stress at 200 and 250 kPa due to its lower ITS 
than the applied stress. 
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Figure 5.6 The ITFL of PAC samples under difference applied stress of 150, 200, and 

250 kPa 
 

 As per BS EN 12697-24 (BSI, 2004), the initial tensile strain (𝜀𝑡) influences the 

ITFL (fatigue law). The asphalt concrete with a lower 𝜀𝑡 generally presents a higher 

ITFL. The ITFL of the asphalt concrete pavement can be estimated using the 𝜀𝑡 
based on the fatigue law as follows: 

 

ITFL = 𝑎 [
1

𝜇𝜀𝑡
]

𝑏
                                   (5.5) 

 
where a and b are the fatigue parameters, which can be determined from the 
regression analysis.  
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 Kennedy (1979) and Mohammad and Paul (1993) revealed that the applied 

stress and ITMR influence the 𝜀𝑡 in the following equation: 
 

𝜀𝑡 =
𝜎(1+3𝑣)

𝐼𝑇𝑀𝑅
                                    (5.6) 

 
where 𝜎 is applied tensile stress (kPa), and 𝑣 is Poisson’s ratio (taken as 0.35 
suggested by BS EN 12697-24). 

 𝜀𝑡 of PMA-PAC, AC60/70-PAC, and AC60/70-2%PP-PAC are calculated from Eq. 

(2.4). The relationship between the ITFL and the 𝜀𝑡 in the logarithmic scale of PAC 

samples is illustrated in Figure 5.7. The ITFL reduces as the 𝜀𝑡 increases, consistent 
with the behavior described by BE EN12697-24. Within the range of studied strains, 

the ITFL- 𝜀𝑡 relationship for PMA-PAC is positioned highest above those of the other 
PACs, indicating that PMA-PAC exhibits the longest service life under the same 
induced strain, highlighting the superior fatigue resistance of PMA-PAC. It can also be 
revealed that the addition of PP to AC60/70 significantly influences the position and 

slope of the ITFL- 𝜀𝑡 relationship. Precisely, AC60/70-2%PP-PAC is positioned above 
AC60/70-PAC and exhibits a gentler slope, suggesting enhanced resistance to strain 
and a potentially longer fatigue life. The result demonstrates that incorporating 2% 
PP content into AC60/70 can improve the fatigue performance of PAC.  
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Figure 5.7  Relationship between ITFL and met of PMA-PAC, AC60/70-PAC, and 
AC60/70-2%PP-PAC 

 
 Figure 5.8 illustrates the rut depth of PACs under testing wheel cycles. The rut 
depth at the target 10,000 cycles of PMA-PAC, AC60/70-PAC, AC60/70-2%PP-PAC, 
AC60/70-4%PP-PAC, and AC60/70-6%PP-PAC are 2.78, 4.11, 3.69, 3.58, and 7.26 mm, 
respectively. The PMA-PAC has the lowest rut depth. Adding 4% PP can improve the 
rutting resistance of PP-modified AC60/70-PAC, resulting in the lowest rut depth. 
When PP content exceeds 4%, the rut depth of PAC increases as PP content increases. 
AC60/70-6%PP-PAC has the highest rut depth due to the high G*/sind of AC, resulting 
in lower flexibility under the wheel load. 

 

 
 
 
 
 

 



122 

 

Number of wheel cycles

0 2000 4000 6000 8000 10000

R
u
t 

d
e
p
th

 (
m

m
)

0

2

4

6

8

10

PMA-PAC
AC60/70-PAC
AC60/70-2%PP-PAC
AC60/70-4%PP-PAC
AC60/70-6%PP-PAC

 
 

Figure 5.8 The rut depth of PAC samples under testing wheel cycles 
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5.5  Conclusions 
 The goal of this chapter was to evaluate the polypropylene (PP)-modified 
asphalt cement penetration grade of 60/70 (AC60/70) for porous asphalt concrete 
(PAC) as a sustainable pavement surface. Notable findings included the following: 

1) Based on experimental testing, it was found that AC60/70 modified with 
2% PP content (AC60/70-2%PP) meets the AC40/50 standard specified by TISI (2017), 
while AC60/70 modified with 4% PP (AC60/70-4%PP) and 6% PP (AC60/70-6%PP) do 
not meet TISI standard. PP-modified AC60/70 penetration values decrease as PP 
content increases, indicating increased stiffness. The flash point temperature increases 
with higher PP content, enhancing the safety of AC60/70 for high -temperature 
applications. The softening point temperature increases as PP content increases, 
showing reduced temperature sensitivity. The dynamic shear resistance (G*/sind) 
increases with higher PP content, indicating better resistance to deformation. 
However, ductility decreases with increased PP content, indicating reduced elongation 
ability. The weight loss after heating also decreases with higher PP content, suggesting 
better resistance to aging. 

2) With higher AC properties, PAC using PP-modified AC60/70 performs better 
than AC60/70-PAC. Adding PP improved AC's temperature susceptibility, stiffness, and 
dynamic load resistance. At 2% of PP content, it led to the most significant 
improvement in the ITS of PAC. ITMR, ITFL, and rutting resistance of PAC. In contrast, 
with an exceeded PP content, PAC's ITMR, ITFL, and rutting resistance were reduced 
due to the exceeded stiffness of AC, particularly at 6% of PP content. Compared to 
PMA-PAC, all PP-modified AC60/70-PAC samples have a lower mechanical 
performance. 

3) The distress model of PAC samples was developed based on experimental 
data. Using PP-modified AC60/70 in PAC can significantly enhance its fatigue life. 
AC60/70-2%PP-PAC's superior performance in resisting strain-induced fatigue makes it 
a suitable candidate for applications requiring viscous materials for PAC pavement. 
The proposed fatigue distress model is helpful for the mechanistic design of AC60/70-
2%PP-PAC, which supports a sustainable construction strategy worldwide.  
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CHAPTER VI  

CONCLUSION AND RECOMMENDATION 
 

6.1  Summary and conclusions 
 This thesis consists of three main objectives. The first is to examine the use of 
recycled PET as an additive to improve the mechanistic performance of RAP asphalt 
concrete. The second involves using recycled PET to enhance the mechanistic 
performance of RAP-RCA asphalt concrete. This part also studies the effect of the 
RAP/RCA ratio on the Marshall properties and mechanical performance. In both the 
first and second parts, the effectiveness of PET is evaluated using the dry method, 
which is incorporated into dense-graded asphalt concrete mixtures. The third is to 
evaluate the use of PP through the wet method, where the properties of asphalt 
cement are assessed. PP-modified asphalt cement is then evaluated for use in open-
graded asphalt concrete mixtures, also called porous asphalt concrete. The results of 
this study will provide valuable insights into the potential use of waste materials in 
asphalt concrete pavement to improve waste management and enhance the 
sustainability of pavement infrastructure. 
 6.1.1  The effect of PET content on the optimum asphalt cement, the 
  Marshall properties, and the mechanistic performances of RAP 
  asphalt concrete.  
  Incorporating polyethylene terephthalate (PET) into RAP asphalt 
concrete increases air voids and optimal asphalt cement content, enhancing adhesion 
strength and resistance to aggregate separation, ultimately improving Mar shall 
properties and strength indices (SI). The addition of PET thickened the asphalt cement 
film around the aggregates, boosting adhesion strength, tensile properties, and rutting 
resistance. The optimal improvement was observed at a 0.6% PET content. At 0.6% 
PET, the RAP asphalt concrete showed the highest performance improvements: 
Marshall stability, SI, and ITS improved by 25%, 19%, and 69%, respectively, while 
ITMR, ITF, and rutting resistance improved by 11%, 270%, and 80%. Excessive PET 
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content (>0.6%) negatively affected stiffness. A distress model for RAP asphalt 
concrete modified with PET was developed, accurately forecasting service life based 
on PET content. 
 6.1.2  The effect of PET content on the optimum asphalt cement, the 
  Marshall properties, and the mechanistic performances of RAP-
  RCA asphalt concrete. 
  Adding PET to RAP-RCA asphalt concrete increases the optimum 
asphalt cement (AC) content for coating PET particles. The RAP/RCA ratio also affects 
the optimum AC content, with lower ratios requiring more AC due to RCA's higher 
absorption capacity. The Marshall properties of RAP-RCA-PET asphalt concretes meet 
DH-S 410/1999 standards. The performance of asphalt concrete is significantly 
influenced by the RAP/RCA ratio and PET content. An 80/20 RAP/RCA ratio provides 
optimal interlocking strength and mechanical properties, while excessive RCA reduces 
performance. PET improves ITS, ITMR, and ITFL, with the best results at 0.6% PET. 
Beyond this, excessive PET reduces stiffness and performance. The ITMR improvement 
corresponds to ITS enhancement. At optimal RAP/RCA ratios and PET content, RAP-
RCA-PET asphalt concrete outperforms natural aggregate (NA) asphalt concrete. PET 
enhances rutting resistance, with the lowest rut depth at 0.6% PET. The fat igue 

distress model developed for RAP-RCA-PET asphalt concrete, based on ITFL-𝜀𝑡 
relationships, shows better fatigue life than NA asphalt concrete, supporting the use 
of PET for sustainable construction. This fatigue distress model aids in the mechanistic 
design of RAP-RCA-PET asphalt concrete pavements, promoting sustainable 
construction globally. 

 6.1.3  The effect of PP content on the asphalt cement properties and 
 the effect of PP-modified asphalt cement on the optimum asphalt 
 cement,  the Marshall propert ies ,  and the mechanis t i c 
 performances of porous asphalt concrete. 

  Incorporating AC60/70 with PP significantly affects its properties, 
enhancing its performance in various aspects. The study found that 2% PP content 
optimally improves the penetration, softening point, flash point, and dynamic shear 
resistance of AC60/70, making it stiffer and more resistant to high temperatures and 
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deformation. However, higher PP contents (4% and 6%) result in reduced ductility 
and increased brittleness, negatively impacting the mixture's overall performance. 
The optimal PP content of 2% balances enhancing stiffness and maintaining adequate 
flexibility, ensuring improved performance of the AC60/70. Compared to PMA, PP -
modified AC60/70 remains the lower performance. The use of PP-modified AC60/70 
in PAC shows significant improvements in stability, tensile strength, and resistance to 
deformation. PAC samples with 2% PP-modified AC60/70 exhibit higher stability and 
lower rut depth than unmodified PAC samples, meeting the performance criteria 
specified by DRR (2020). However, higher PP contents (4% and 6%) lead to increased 
abrasion loss and reduced flexibility, indicating that excessive PP can adversely affect 
PAC performance. The findings suggest that a 2% PP content is optimal for enhancing 
the properties of PAC, providing a balance between stiffness and durability while 
maintaining adequate flexibility. The distress model of PAC samples was developed 
based on experimental data. The proposed fatigue distress model is helpful for the 
mechanistic design of AC60/70-2%PP-PAC, which supports a sustainable construction 
strategy worldwide. 
 

6.2  Recommendations for future work 
1) It is advisable to conduct field research for additional study. 
2) The construction cost should be assessed for cost-benefit analysis. 
3) This study only examined one PET and PP size. Further research should 

explore other sizes. 
4) This study utilized the Marshall method for mix-design. The Superpave 

method could be considered for future study. 
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