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ABSTRACT 

ELECTROSPUN RECYCLED POLYETHYLENE TEREPHTHALATE 

MICROFIBERS AS AN ASPHALT MIX ADDITIVE 

DEBBRATA DATTA 

2023 

In recent decades, the use of different types of fibers in asphalt has become 

increasingly popular. Fibers are used in an asphalt mix to improve its durability and 

resistance against distresses such as rutting and cracking due to repetitive vehicle loading 

at high temperatures, and low-temperature contraction. Consequently, accurate rheological 

and performance characterization of asphalt binders and mixes containing fibers is of vital 

importance. With increased concerns over the environmental disruptions as a result of 

disposing end-of-life plastics in landfills and the need for improving sustainability of the 

construction materials, incorporating plastic in construction materials has always been an 

important topic for researchers. Among different types of plastics, containers made from 

polyethylene terephthalate (PET) constitute a large portion of the waste plastic problem. 

While using waste PET particles in asphalt mixes has been found to be a feasible option, 

mechanical properties of final product may not adequately benefit from the high modulus 

and tensile strength of PET plastic. In this study the end-of-life PET plastic obtained from 

bottled water containers was used for production of PET microfibers using a fiber 

production technique known as electrospinning. A solution-based electrospinning method 

was employed in the laboratory to produce electrospun PET microfibers (EPM) by using 

different concentrations of PET in the solution and discharge rates. Then, the effect of using 

EPM as an additive on asphalt mix properties was investigated. The selection of PET as 

the feedstock for EPM production was made due to its high thermal stability, ductility, 
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surface area, and strain resistance. EPM was produced from a solution of micronized PET 

(MPET) in a mix of dichloromethane (DCM) and trifluoroacetic acid (TFA). Two MPET 

concentrations, namely 15 and 20% and various solution discharge rates, namely 40, 50, 

60, 120, and 250 µL/min were utilized to determine the effects of the electrospinning 

parameters on the mechanical and chemical characteristics of the produced EPM. For this 

purpose, Fourier transform infrared (FTIR) spectroscopy, scanning electron microscopy 

(SEM), and tensile strength tests were conducted on produced EPMs. 

To evaluate the feasibility of incorporating EPM in the asphalt mixes, a 

comprehensive testing program was carried out in this study. The performance of asphalt 

mixes containing different amounts of EPM was assessed by conducting Hamburg wheel 

tracking (HWT), semi-circular bend (SCB), and tensile strength ratio (TSR) tests. These 

tests were included in the experimental design to determine the resistance of the asphalt 

mixes to rutting, cracking, and moisture-induced damage.  

FTIR spectroscopy analysis revealed that the electrospinning parameters and 

solution’s proportions did not alter the molecular structure of the PET or generate new 

molecules.  Analyzing the SEM micrographs showed that the diameter distribution in the 

EPM fibers decreased with a reduction in discharge rates at a constant MPET 

concentrations. In addition, morphological examination of SEM micrographs suggested 

that the most uniform and smooth fibers were consistently produced at the lowest discharge 

rate. Increasing the discharge rates resulted in the formation of fibers with rough textures, 

non-uniform in shape and size, and fractured. The mechanical properties of the produced 

EPM also exhibited a correlation with the fibers’ diameters. More specifically, fibers 

having smaller diameter resulted in enhanced mechanical properties. In view of the 
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findings pertinent to the EPM’s chemical composition, morphological characteristics, 

mechanical properties, and yield consideration electrospinning using a solution of 20% 

MPET concentration and a discharge rate of 60 µL/min was found to result in EPMs of 

optimal mechanical and morphological properties. 

Performance tests conducted on asphalt mixes revealed that the addition of EPM to 

asphalt mixes improved their resistance to rutting, based on the HWT test. Asphalt mixes 

containing 0.5 and 1.0% EPM by binder weight tested in a HWT device exhibited a 

resistance to rutting and moisture-induced damage which were greater than those of the 

mixes which did not contain any EPM. However, increasing the EPM content to 1.5% by 

the weight of binder was not found to benefit its resistance to rutting. Conducting TSR tests 

on asphalt mixes revealed that incorporating EPM in the mixes enhanced their resistance 

to moisture-induced damage, confirming the findings of the HWT tests. Finally, 

conducting SCB tests revealed that incorporating EPM in asphalt mixes resulted in an 

improved resistance to cracking when compared to mixes which did not contain any EPM. 

Overall, it was concluded that incorporating EPM in asphalt mixes can potentially be a 

feasible approach to reduce plastic landfills and improve the performance and sustainability 

of the ground transportation system. 
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CHAPTER ONE: INTRODUCTION 

1.1. Background 

Hot mix asphalt (HMA) is a composite material consisting of aggregates and 

asphalt binder primarily used to build roads and airport pavements. More than 90 percent 

of highways and paved roads in the United States are constructed with asphalt. In addition, 

according to the National Asphalt Pavement Association (NAPA), the United States 

produces approximately 500 million tons of new asphalt mix annually. Asphalt pavements 

may experience different distresses such as rutting (permanent deformation), raveling, 

fatigue cracks, moisture-induced damage, and low-temperature (L-T) cracks (Copeland, 

2011) among other distresses. Consequently, to improve the quality and durability of the 

asphalt pavements, the pavement industry is continually researching materials and methods 

to enhance the engineering properties of asphalt binder and asphalt mix. For example, 

incorporating different types of additives such as polymers, fibers, adhesion boosters, and 

asphalt recycling agents into the HMA is known as an effective method to improve the 

engineering properties of asphalt binders and mixes. Various types of polymer and fibers 

used in asphalt binder as additives are capable of increasing the resistance of asphalt 

pavements to rutting and cracking, extending their service life. For example, previous 

studies have reported that incorporating fibers in asphalt mixes prevent asphalt binder 

bleeding (Serfass and Samanos, 1996; Hassan et al., 2005).  Other studies also suggested 

that the addition of fiber to asphalt mix modifies its viscoelastic properties (Peltonen, 

1991a; Huang and White, 1996), resulting in an enhanced creep compliance and resistance 

to rutting (McDaniel, 2001; Putman and Amirkhanian, 2004), and an improved resistance 
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to moisture-induced damage (Wu et al., 2008). It has also been reported that incorporating 

fibers in asphalt mixes resulted in a reduction in reflective cracks when compared with 

mixes which did not contain fibers in them (Chen et al., 2004; Tapkin, 2008). Other studies 

have found that fibers in asphalt mixes can help improve their resistance to low temperature 

cracks, fatigue cracks, and overall enhanced durability (Huang, 2004; McDaniel, 2001; 

Maurer and Malasheskie, 1989; Lee et al., 2005; Freeman et al., 1989). Furthermore, 

several other properties of asphalt mixes, including wear resistance (Hassan et al., 2005), 

toughness, tensile strength (Wiljanen, 2003; Chen et al., 2005), dynamic modulus (Wu et 

al., 2007), and elasticity (Peltonen, 1991b), are reported to improve as a result of inclusion 

of fibers in HMA. However, the addition of fiber may result in increased air voids within 

the HMA, necessitating additional compaction efforts to attain the same density compared 

to the HMA without fiber (Peltonen, 1991a). Two methods are used to incorporate fibers 

in HMA: modification of the asphalt binder (terminal blending) and addition of fibers to 

asphalt mix (plant mixing). Currently, a variety of fibers, including lignin, basalt, and 

polyester fibers are successfully incorporated in asphalt (Xiong et al., 2015). In the present 

study, PET microfibers produced from waste PET by applying the solvent-based 

electrospinning technique was used. The selection of the PET fibers for this study was 

made based on its superior mechanical properties as well as significant environmental 

advantages its recycling will result. A number of factors contributing to the use of PET for 

producing EPM are summarized as follows.  

PET with its high melting point, thermal stability, tensile strength, stiffness, and 

chemical resistance (Dhaka et al., 2022; Ben Zair et al., 2021; Miao et al., 2021; and Ma et 

al., 2018) is widely utilized for various applications including protective gear, membranes, 
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vascular grafts, tissue scaffolding, filtration (Strain et al., 2015) and beverage industries 

(Zander et al., 2016). But, single-use PET plastics, such as beverage bottles, are frequently 

discarded in the environment, leading to serious environmental concerns (Koo et al., 2014).  

For example, researchers observed that as a form of microplastics, PET can enter food 

chain and consumption of those microplastics can result in decreasing in the migration and 

proliferation of human mesenchymal stem cells in bone marrow and endothelial progenitor 

cells (Dhaka et al., 2022). To mitigate the PET waste problem, research on the natural 

decomposition of those plastics is going on using specific bacterial micro-organisms (Vo 

et al., 2018). Despite ongoing efforts, PET is still considered a non-biodegradable material 

(Ben Zair et al., 2021).   In addition, disposal of PET in landfills or burning in open air 

poses significant environmental challenges and health risks (Chavan and Rao, 2016). Due 

to its single-use nature (Vo et al., 2018) and increase in production of PET bottles year by 

year (NAPCOR, 2019) recycling and repurposing this stream of plastic waste should 

become an environmental and economic priority. Therefore, incorporating PET fiber in 

asphalt pavement can be a sustainable avenue for management of waste PET. However, 

before this can be achieved, it is important to explore the feasibility of using different forms 

of PET plastic in asphalt mixes.  

Some studies suggested that the addition of PET to asphalt mixes has the potential 

to improve its overall performance. Researchers have incorporated recycled PET in asphalt 

mixes in two forms: as crushed PET (aggregate replacement), or as chemically procced 

PET.  For example, different studies have recycled PET as a synthetic aggregate in asphalt 

mixes. However, it was not reported that the use of PET aggregates significantly enhanced 

the performance of mixes when compared to those which did not contain PET aggregates 
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in them (Hassani et al., 2005; Ahmadinia et al., 2012; Moghaddam et al., 2012; Modarres 

and Hamedi, 2014a;2014b). Other studies in which micronized PET (MPET) was used as 

an asphalt binder modifier have reported an improved resistance to rutting and cracking as 

compared with those which did not contain any MPET (Ghabchi et al., 2021; Silva et al., 

2018).  

Findings from those investigations also suggested that a couple of challenges 

associated with the storage stability issues of PET-modified binders, the thermal 

incompatibility of micronized PET with asphalt mix, and the inefficiency of the milling 

process used to produce micronized PET are main obstacles to recycling PET as MPET in 

HMA. Therefore, to overcome those challenges, different studies had been proposed by 

Merkel et al., (2020); Leng et al., (2018a, b) using chemical processing of PET to 

incorporate it into asphalt mixes as an alternative method. According to those studies, the 

use of chemically processed PET-modified asphalt binder can enhance resistance to rutting, 

fatigue cracks, and low-temperature cracks in comparison to unmodified asphalt binder. 

Despite promising results, there are still concerns regarding using chemically processed 

PET in HMA because of the energy required for the chemical reaction, the need for 

multiple chemicals, and the production of toxic byproducts (Merkel et al., 2020) as all 

contribute to an increase in construction cost and environmental impact. Therefore, the 

purpose of this study is to address these environmental issues associated with recycling 

PET waste and to overcome the obstacles associated with the existing recycling techniques 

used to incorporate PET into asphalt mixes. In addition, this study also covers the area of 

integrating PET into the load-bearing structure of asphalt mixes to capitalize on PET's 

superior mechanical properties. To accomplish these objectives, microfibers from waste 
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PET bottles by applying electrospinning techniques in the laboratory were used. 

Laboratory production of electrospun PET microfiber (EPM) was conducted to 

resolve environmental concerns associated with PET waste and to increase the performance 

of asphalt mixes. The structure and morphology of EPM were analyzed using imaging 

techniques. Using laboratory-prepared HMA specimens, the resistance of EPM-modified 

asphalt mixes to cracking, rutting, and moisture-induced damage were also evaluated. 

1.2. Research Objectives 

The specific objectives of this study are as follows.  

a) Produce PET microfibers in the laboratory through the application of solvent-based 

electrospinning technique by using MPET as feedstock. 

b) Determine the effect of electrospinning parameters, namely PET concentration and 

discharge rate on the mechanical, morphology, and chemical properties of the 

electrospun PET microfibers (EPM). Characterize the tensile strength, morphology, 

and chemical structure of the produced EPM by conducting tensile strength tests 

and applying scanning electron microscopy (SEM) and Fourier-transform infrared 

(FTIR) spectroscopy. 

c) Characterize the effect of using EPM on the resistance of asphalt mixes to cracking, 

rutting, and moisture-induced damage by conducting semicircular bend (SCB), 

Hamburg wheel tracking (HWT), and tensile strength ratio (TSR) tests, 

respectively.  
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1.3. Significance of the Study 

The present study was conducted to determine the viability of using EPM generated 

from waste PET as a modifier to improve the mechanical properties of asphalt mixes. This 

investigation will have a positive effect on the environment by reducing the amount of PET 

bottles that end up in landfills. It is also expected to reduce the need for costly polymers 

derived from petroleum, which are commonly used to modify asphalt binders. 

The use of asphalt mixes modified with EPM is anticipated to result in pavements 

that are more resistant to cracking, rutting and more durable than those without EPM. This 

will extend the life of the pavement and reduce the need for polymer-modified asphalt 

compounds, resulting in reduced construction and maintenance costs. In addition, the 

results of the study will assist pavement engineers in comprehending the impact of EPM 

on HMA mix formulations. Consequently, the proposed study is anticipated to have 

substantial economic and environmental benefits. The benefits of this research are expected 

to support environment preservation and the sustainability of the ground transportation 

system, an important step toward a sustainable infrastructure. 

1.4. Plan of Study 

Specific tasks to be carried out in the study are as follows. 

a) Prepare a solution by adding dichloromethane (DCM) and trifluoroacetic acid 

(TFA) at a ratio of 30:70 (volume/volume) and mixing the solvent with two 

different amounts of ground PET (15 and 20%) to produce EPM. 

b) Produce EPM utilizing previously prepared solutions and different solution 

discharge rates using the static electrospinning technique. 
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c) Characterize the tensile strength, morphology, and chemical structure of the 

produced EPM by conducting tensile strength test and applying SEM and FTIR 

spectroscopy. 

d) Optimize discharge rate and ground PET percentage for the mass productions of 

fibers based on produced fibers’ characteristics and observations made during the 

of production EPM by electrospinning technique. 

e) Collect the asphalt binder, namely PG 58-28 and determine the optimum binder 

content of asphalt mixes using volumetric mix design for a given aggregate 

structure. 

f) Prepare asphalt mixes using optimum binder content and various percentages of 

EPM. 

g) Determine the effect of EPM contents incorporated in HMA mixes on their 

resistance to rutting, cracking, and moisture-induced damage in accordance with 

AASHTO T 324 (AASHTO, 2011), ASTM D8044 (ASTM, 2017), and AASHTO 

T 283 (AASHTO, 2011) standard methods, respectively. 

Thesis Organization 

This thesis is arranged and presented in the following order:  

Chapter 1: Introduction – The background section of this chapter provides general 

information about asphalt binders and HMA. Besides, the benefits of adding different 

additives in binders and HMA such as fibers are discussed. Following the background, the 

research objectives, significance of the study, plan of study and thesis organization are 

presented. 
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Chapter 2: Literature Review – This chapter is divided into three parts. The first 

part is a summary of the literature review, which focuses on the production, usage, 

problems associated with plastics and their possible uses in different fields of engineering. 

The second part provides a review of previous studies related to rheological and mechanical 

properties of polymer, fiber, and non-modified binders. In addition, limitations of 

conventional binder characterization methods are discussed. This chapter also provides a 

summary of previous studies related to the characterization methods for asphalt mix, and 

their respective limitations.  

Chapter 3: Materials and Methods – This chapter describes the details of the 

material selection and collection, and production of EPM, and asphalt mixes. In addition, 

the laboratory testing procedures and test matrix used to evaluate the produced EPM, as 

well as EPM-modified asphalt mixes, are discussed. In this chapter, various test methods, 

such as SCB, TSR and HWT tests, among others, are presented.  

Chapter 4: Test Results of PET Fibers – Mechanical, morphological, and chemical 

properties of the produced PET fibers produced using different electrospinning parameters 

are presented in this chapter. More specifically, EPMs’ roughness, entanglement, average 

diameter, and tensile strength are summarized and discussed in this chapter.  

Chapter 5: Test Results of Asphalt Mixes – The results of HWT, SCB, and TSR 

tests conducted on asphalt mixes containing different amounts of EPM are presented and 

discussed in this chapter.  

Chapter 6: Conclusions and Recommendations– This chapter presents the study's 

key findings. In addition, suggestions and recommendations for implementation and future 

research are included in this chapter.  
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CHAPTER TWO: LITERATURE REVIEW 

2.1.    Background 

Plastics are widely used as an essential part of almost every aspect of our daily life. 

The plastic industry has grown tremendously since the development of numerous methods 

for producing polymers from petrochemical sources. It has substantial advantages over 

many other materials in terms of its low weight, toughness, and lower price (Dhaka et al., 

2022; Ben Zair et al., 2021; Ghabchi et al., 2021; Hopewell et al., 2009). Among different 

types of plastic, PET is widely utilized for various applications including protective gear, 

membranes, vascular grafts, tissue scaffolding, filtration (Strain et al., 2015) and beverage 

industries (Zander et al., 2016). To mitigate the end-of-life plastic problem and proper 

waste management, engineers, and researchers are trying to introduce waste PET into 

pavement industry through applying different techniques. This chapter will discuss 

possible challenges, techniques, and performance of PET-modified asphalt.  

2.2.    Availability of Waste PET Plastic 

At a compound annual growth rate (CAGR) of 10.6 percent, the size of the global 

PET market is expected to increase from $35.47 billion in 2021 to $39.23 billion in 2022, 

and then to $57.19 billion in 2026 with a CAGR of 9.9 percent. This fact indicates that an 

increasing number of PET will be available in the global market in the near future (Fortune 

Business Insights, 2022). Additionally, a report published by the national association for 

PET container resources (NAPCOR) indicated that in 2018, US market sold about 6,270 

million pounds of PET bottles, but only 1,816 million pounds, or about 29.0 percent, were 
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collected and resold through recycling programs. That means around 71 percent of PET 

bottles were left to the environment and waiting for recycling or landfilling. This amount 

is produced in only one year and each year it is increasing.  

In addition, the association of plastics recyclers (APR) provided a detailed 

summary of the United States National Postconsumer Plastic Bottle Recycling Report 

(NAPCOR, 2019) and concluded that PET and high-density polyethylene (HDPE) bottles 

comprise 97.1 percent of the United States plastic bottle market, and the rest of them are 

polypropylene (PP), low-density polyethylene (LDPE), and polyvinyl chloride (PVC). 

Although 98.9 percent of recycled plastics are either PET or HDPE, still the last destination 

of large amounts of plastics is either ending up in landfills or left in the environment. 

Consequently, environmental pollution and toxicity of the waste PET have become 

a significant concern as those debris have been found in groundwater, drinking water, soil, 

and the ocean (Smith et al., 2022). Researchers also discovered that PET in the form of 

microplastics can infiltrate food chains, a reason for concern as plastic ingested by humans 

can cause diseases, such as a reduction in the migration and proliferation of human 

mesenchymal stem cells in bone marrow and endothelial progenitor cells (Dhaka et al., 

2022).  Therefore, the widespread generation of waste PET needs a proper end-of-life 

management solution (Sulyman et al., 2016).   

2.3.    Responsible and Sustainable Recycling of PET 

Waste PET bottles are primarily recycled by either a mechanical or chemical 

processes (Ben Zair et al., 2021; Khoonkari et al., 2015). This process involves the grinding 

of PET water bottles into flakes (NAPCOR, 2018). For instance, in 2019, 806 kilotons of 

recycled PET flakes were produced from 2,887 kilotons of post-consumer PET in the 
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United States to manufacture recycled products such as fibers, sheets and films, strapping, 

and food and beverage bottles, among other products. These efforts accounted for 27.9% 

of total PET consumptions (NAPCOR, 2019). Due to the technical challenges associated 

with reusing waste PET, its recycling rates are still low. Those challenges mainly consist 

of collection, sorting, reclaiming, and converting processes (Smith et al., 2022; Leng et al., 

2018a). In addition, stable and low cost of virgin PET does not offer economic incentives 

for recycling (Vo et al., 2018). To generate value-added products from waste PET, it can 

be synthesized into nanofibers with high surface-to-volume ratio and porosity, which can 

replace virgin PET in highly valued applications such as batteries (Jung et al., 2016), 

sensors (Senthamizhan et al., 2014), tissue engineering (Santoro et al., 2016), 

pharmaceutical industry (Hu et al., 2014), and filter media (Bonfim et al., 2021). Many 

studies have been carried out to investigate the manufacturing of micro and nano fibers 

from PET plastics.  Strain et al. (2015), for instance, synthesized nanofibrous isotropic 

membranes from recycled PET using 30:70 weight ratio of DCM and TFA solutions and 

then produced PET mat for air filtration applications. Therefore, producing nano or 

microfibers from MPET can be a sustainable method of application-based recycling.  

2.4.    Electrospinning: A Promising Technique for Fiber Production 

Among nanofiber production techniques, electrospinning, one of the most rapidly 

growing commercial polymer processing methods, is widely used for the manufacturing 

ultrathin nanofibers and nonwoven membranes (Huang et al., 2003). Electrospinning can 

be accomplished using two distinct approaches: melting-based electrospinning and 

solution-based electrospinning (Dasdemir et al., 2013). In melting-based electrospinning 

significant amounts of heat are required to melt the material, and repeated heating cycles 
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degrade the material's mechanical properties (Beyler and Hirschler, 2002; Spinacé and De 

Paoli, 2001). Another drawback of this process is that high viscosity of molten polymers 

makes it difficult to manufacture very thin, uniform fibers (Thompson et al., 2007). For 

this reason, solvent-based electrospinning as an alternative approach is used as it provides 

a high-quality control over fiber morphology (Strain et al., 2015).  In this approach, fibers 

are generated by applying an electric field to a polymer solution between two electrodes 

with opposite charges, one of which is coupled to the syringe containing the polymer 

solution and the other attached to a conductive collector. When electrostatic force 

overcomes the surface tension of a fiber-forming solution, electrospinning occurs and a 

Taylor cone forms from solution droplets (Owida et al., 2022; Christiansen et al., 2021; 

Koenig et al., 2019; Xu et al., 2017; Zander et al., 2016; Huang et al., 2003; Doshi and 

Reneker, 1995). Also, in solution-based electrospinning, fiber morphology, geometry, and 

production rate are all influenced by various processing parameters, such as applied 

voltage, flow rate, nozzle diameter, collection distance, solution properties (including 

polymer molecular weight, concentration, electrical conductivity, surface tension, and 

solvent properties) as well as ambient conditions like temperature and humidity (Fang and 

Lin, 2019; Cramariuc et al., 2013; Tan et al., 2005).    

2.5.    Characterizations of PET Fibers 

Tensile strength, elongation, Young's modulus, and Poisson’s ratio are important 

mechanical properties of EPM. Zhang et al. (2011) used ASTM D882 standard procedure 

(ASTM, 2018) to prepare fiber specimens of 7 mm width and 15 mm length, and a 

crosshead with displacement rate of 30 mm/min to conduct stress-strain analysis at room 

temperature. Strain et al. (2015), on the other hand, employed a templated transfer approach 
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(TTA) to determine the tensile strength of fibers. Tensile strength was calculated as the 

highest stress supported during the test, Young's modulus as the initial linear slope of the 

stress-strain curve, and toughness as the total area under the stress-strain curve. Vo et al. 

(2018) tested fiber samples with a universal tensile testing machine (gauge length: 20 mm, 

crosshead speed: 0.5 mm/s) at 20°C and 30% relative humidity (RH). Kim et al. (2011) 

used ASTM D3822 (ASTM, 2007) to determine tenacity, elongation at the failure point, 

and young’s modulus of single fibers. 

The FTIR spectrometer was utilized by researchers to understand the chemical 

composition of different plastics. Using FTIR with a wavenumber range of 4,000 to 400 

cm-1, the functional groups of produced PET fiber mats can be determined (Abbas et al., 

2018; Espíndola-González et al., 2011). Determining the morphological properties of a 

fiber mat, such as fiber diameter and orientation, is a difficult process for which no well-

established method exists. SEM is widely used for the morphological analysis of the 

electron spun fibers (e.g., Vo et al., 2018; Xu et al., 2017; He et al., 2015; Wang et al.,2013; 

Li et al., 2012; Ogata et al., 2007).  SEM analysis does not directly provide the diameter of 

the fiber, instead, it will produce a scanned image of the fiber mat.  Therefore, using digital 

pictures generated by SEM equipment, the researcher uses a variety of approaches to 

measure the diameter. For example, the fiber's mean diameter was determined using 

AutoCAD® software from an SEM image (Xu et al., 2017; Wang et al.,2015). Vo et al. 

(2018) employed image processing software (ImageJ) to estimate the diameters of fibers 

at a magnification of 2000x. They also used Origin software to compute the size 

distributions of the measured fibers. Li et al. (2012) used Smile View software to analyze 

SEM images and determined the average fiber diameter. Besides, Zhang and Seeger (2011) 
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suggested a micrometer for the determination of fiber diameter. Additionally, the 

researchers employed a digital magnifier to measure various parameters linked to digital 

images of fibers. For example, Li et al. (2012) used energy dispersion spectroscopy for 

chemical analysis while conducting the SEM test.  

Crystal orientation in the fiber bundle is also one of the important parameters 

affecting the mechanical properties of the produced fibers. Ogata et al. (2007) employed a 

spinning disk with a circumferential speed of approximately 1 mm/min, to produce 

unidirectionally aligned PET fibers. He et al. (2015) utilized polarized FTIR spectroscopy 

to examine the crystal orientation of fibers in the amorphous regions.  Other researchers 

used a differential scanning calorimeter (DSC) with a heating scan rate of 10°C/min in a 

temperature ranging from ambient temperature to 300°C in nitrogen to gain an 

understanding of thermal properties of the fibers (Vo et al., 2018; He et al., 2015; Strain et 

al., 2015; Wang et al., 2015; Li et al., 2012; Ogata et al., 2007). DSC thermograms, on the 

other hand, were processed and obtained during the first heating of the fiber sample in the 

temperature range of 30 to 300°C at a rate of 20°C/min (Kim et al., 2011).  

2.6.    Distresses in Asphalt Pavement 

Various types of distresses such as rutting, fatigue cracking, and thermal cracking, 

are visible in asphalt pavement which can affect the pavements performance. Particularly, 

freeze-thaw cycles, low temperature, and permanent deformation (rutting) can have 

negative effects on the performance of a pavement. These distresses can be caused by a 

combination of factors, including environmental conditions, construction issues, and the 

repeated passage of vehicles with high axle loads (Chen and Xu, 2010; Xu and 

Solaimanian, 2008; Liu et al., 2014). 
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Rutting is the surface deformation along the wheel path caused by traffic loads, 

especially during summer when the binder viscosity is reduced due to high pavement 

temperatures. In contrast, fatigue cracking is caused by traffic loads at intermediate 

temperature and characterized in its early stages by longitudinal cracks on the wheel path, 

which later develop into alligator cracking. The main cause of fatigue cracking is the 

application of loading cycles caused by traffic. On the other hand, thermal cracking 

happens due to extreme variations in ambient temperature from high to low, resulting in 

uniformly spaced transverse cracks (Behnood and Gharehveran, 2019). These distresses 

can lead to an increase in maintenance costs and negatively affect pavement's overall 

performance and life span (Yu et al., 2009).  

2.6.1.   Rutting in Asphalt Mix 

Asphalt mix is a heterogenous material consisting of air, binder, and aggregates 

which is frequently used in the construction of modern pavements (Huang et al., 2003). 

During asphalt pavement's service life, it may be subjected to various forms of distress 

such as rutting. Rutting is one of the most common and significant distresses, and it can 

occur in both asphalt and underlying unbound layers.  It is considered one of the primary 

modes of pavement distress and can have a significant impact on the pavement’s 

performance and durability (Domingos and Faxina, 2016; Norouzi et al., 2016; Faruk et 

al., 2015; Shukla and Das, 2008). Approximately, between 85 and 95% of rutting occurs in 

asphalt pavement layer where water infiltrates into pavement layers (Coleri et al., 2008).  

It is characterized by a depression in the surface that develops along the wheel paths. 

Rutting is typically the result of a combination of densification and shear deformation, 
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which causes longitudinal depressions and small upheavals along the wheel paths (Du et 

al., 2018 and Simpson, 1999). 

The HWT test is widely utilized to evaluate the resistance of asphalt mixes to 

rutting. This test is especially useful for identifying premature failure of HMA mixes due 

to insufficient binder rigidity, poor aggregate packing, susceptibility to moisture damage, 

and insufficient aggregate-binder adhesion. Thus, the HWT test provides valuable insights 

into the performance of asphalt mixes under various conditions, enabling the optimization 

of pavement design and maintenance strategies (Chaturabong and Bahia, 2017). Since the 

early 1990s, this method has been extensively used to evaluate the rutting resistance and 

moisture susceptibility of asphalt mixes. Permanent strain or rutting depth versus loading 

cycle (Figure 2.1) obtained from conducting HWT test can be divided into three distinct 

phases: a) the post-compaction phase, b) the creep phase, and c) the stripping or damage 

phase. Each of these phases provide crucial information about the asphalt mixture's 

behavior under various conditions, enabling engineers to make decisions regarding the 

design and maintenance of pavements (Hoffman and Solaimanian, 2019). 

A total rut depth from HWT test can provide an idea of rutting resistance. The 

stripping inflection point (SIP) (Figure 2.2) in the HWT graph indicates the point where 

asphalt binder begins to separate from the aggregates (Solaimanian et al., 2003). However, 

these two parameters may not adequately capture the complex mechanisms underlying 

rutting and moisture susceptibility. This is since rutting can result from both water damage 

and continuous deformation due to repeated loading (Aschenbrener and Currier, 1993).  
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Figure 2.1 Load cycles-deformation curve from testing asphalt sample in HWT 

       (after Zhang et al., 2021) 

Consequently, at a given number of load cycles, when an SIP occurs, rut depth 

cannot be utilized effectively to assess the resistance of the mix to rutting (Park et al., 2017) 

as specimen may reach to failure point governed by both moisture damage and rutting 

(Schram and Williams, 2014; Ghabchi and Acharya, 2022).  

 
Figure 2.2 Stripping inflection point (SIP) (after Moon et al., 2022) 

2.6.2.   Cracking in Asphalt Mix 

The term, fatigue failure of asphalt mixes, defines structural failure under repeated 

traffic load which is a gradual process in which small fractures accumulate and expand 

over time (Cong et al., 2017). Maltenes, a non-polar component of binders, are responsible 

for forming large networks inside the asphalt mixes (Sperling, 2005). These networks’ 
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mechanical behavior is determined by the elongation and warping of intermolecular bonds 

and thus it also determines the brittleness of mixture as well. Since plastic deformations 

are limited to the binder’s brittleness, after each load cycle, energy is dissipated through 

fatigue damage (Rosen, 1964). As binders’ stress-strain behavior is affected by 

temperature, it plays a crucial role in determining the mechanical resistance of asphalt 

mixes to fatigue damage as well (Moreno-Navarro et al., 2018). Measuring fracture energy 

can provide insightful information regarding the efficacy of asphalt mixes under repeated 

loading. Numerous methods have been developed for determining fracture energy and rank 

fracture toughness but a majority of them were originally devised for core-based specimens 

and some of them have been adapted from other disciplines. Chevron bend specimen and 

the short rod specimen are commonly used to measure fracture energy in rocks and other 

materials. With some modifications, those techniques  were adopted to be applied for 

characterizing asphalt mixes (Ouchterlony, 1990).  Several researchers have examined the 

fracture properties of asphalt specimens at intermediate temperatures to differentiate the 

resistance of various materials to cracking.  

In the 1990s, the semicircular bend (SCB) test was applied to determine the 

resistance to cracking and the rate of fracture propagation in asphalt mixes. The SCB test 

is considered to be more accessible than other methods, such as those introduced by Chong 

and Kuruppu, (1984), due to its simplicity and low cost. The SCB test acquired popularity 

in the early 2000s due to its uncomplicated specimen preparation process using the 

SuperPave gyratory compactor (SGC) or by core collected from the field, and relatively 

simple testing procedure (Hofman et al., 2003). Recently, researchers have examined the 

fracture resistance at intermediate temperatures of various asphalt mixes using the SCB 

https://www.tandfonline.com/doi/full/10.1080/14680629.2021.1911831
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test (Al-Qadi et al., 2015; Huang et al., 2013; Mohammad et al., 2012; Nsengiyumva et al., 

2015). Figure 2.3 presents the SCB setup.  

 
Figure 2.3 SCB sample setting in the machine 

Mull et al. (2002) examined the applicability of the SCB sample by determining a 

fracture parameter known as critical strain energy release rate (Jc) using Equation 2.1: 

 Jc = − (
1

b
)

dU

da
 (2.1) 

where Jc = critical strain energy release rate (kJ/m2), b = sample thickness (m), 

a = notch depth (m) and U = strain energy to failure (N.m).  

2.6.3.   Moisture Damage in Asphalt Mix 

Moisture damage is one of the primary distresses leading to premature failure in 

pavements as it can severely compromise their strength and overall service life (Brekah 

and Williams, 2015; Sengoz and Agar, 2007). Due to moisture damage, only in 2005, 

highway agencies in the United States invested an additional $54 billion in maintenance 

costs (Copeland, 2005).  

Moisture damage also referred to as stripping, can be accelerated due to 
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environmental conditions, production and construction practices, pavement design, and 

traffic volume, and material properties (Mercado, 2007). Pavement striping (Figure 2.4) 

can be mitigated by judicious material selection strategies (Bagampadde et al., 2006). 

Different mechanisms of adhesion and debonding between asphalt binder and aggregate 

are responsible for moisture damage. Most of the mechanisms are based on physio-

chemical interactions between the asphalt binder and aggregate, categorized as mechanical 

adhesion, physical adhesion, and chemical bonding and debonding (Bhasin, 2007). 

Researchers believe that moisture damage is the progressive degradation of pavement 

performance caused by the collapse of adhesion bonds (Figure 2.4b) at the interface of 

aggregate and mastic or the loss of cohesion (Figure 2.4b) within the mastic because of 

moisture (Kiggundu and Robert, 1988; Bozorgzad et al., 2018a). Environmental conditions 

such as high relative humidity, intense precipitation, and freeze-thaw cycles can accelerate 

moisture damage (Bozorgzad et al., 2018b).  

 
Figure 2.4 Stripping due to (a) cohesive; and (b) adhesive failures in the asphalt       

mix (after Kringos, 2007) 

Premature deterioration of pavement can get even worse due to aging of the asphalt 

mixes. Short-term aging occurs during the production of the mix and the construction of 

the pavement, while long-term aging occurs during the pavement's service life.  The aging 
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of asphalt mixes as a result of oxidation and exposure to solar ultraviolet radiation increases 

the brittleness of asphalt mix and weakens binder-aggregate adhesion specifically in areas 

near to the surface. Moisture damage becomes increasingly severe as both air and water 

predominantly move through interconnected air voids in asphalt pavements. When 

evaluating the moisture susceptibility of asphalt mixes, it is essential to consider the effects 

of aging (Das et al., 2015). Various methods, including the tensile strength ratio (TSR), 

binder bond strength (BBS), and Duriez tests are utilized to evaluate the moisture resistance 

of asphalt mixes (Solaimanian, et al., 2003). Based on empirical observations, these 

methodologies provide a moisture index ratio that reflects the specimen's retained 

resistance after conditioning. 

2.7.    Asphalt Mix Modification Using Different Types of Fibers 

Various additives can be incorporated as modifier into asphalt mixes to reduce 

pavement distress mentioned in section 2.6. and improve pavement performance. These 

modifications are intended to mitigate or delay emergence of the previously mentioned 

types of pavement distresses (Oruc et al., 2022).  

Fibers are added to improve the mechanical properties of conventional dense 

graded asphalt mixes (Kumbargeri and Biligiri, 2016; Großegger, 2016). The incorporation 

of fiber-reinforced asphalt materials in pavement construction is shown to enhance 

resistance to rutting, fatigue cracking, and moisture-induced damage (Goel and Das, 2004).  

In fiber-reinforced asphalt some portion of traffic-induced shear and tensile stresses in 

asphalt mix is transferred to the fiber, improving resistance of the asphalt mix to rutting 

and cracking. This performance benefits depend on the type, mechanical properties, shape, 

length, thickness and amount of the fibers incorporated in the asphalt mix (Ali et al., 2020; 
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Park et al., 2015).  However, addition of fibers can result in the increase of binder stiffness 

which may lead to brittleness in pavement and other distress (Chen and Lin, 2005).  

Furthermore, fibers can be used to prevent binder bleeding for mixes with high 

binder content (Shukry et al., 2016; Großegger, 2016). In addition, fibers in asphalt reduce 

air voids by impeding water flow through interconnected voids (Marchioni and Becciu, 

2015). There are numerous varieties of fibers, including polypropylene, polyester, 

asbestos, cellulose, carbon, steel, glass, and nylon fibers, each of which possesses its own 

distinct material properties. These fibers have been utilized in asphalt mixes in various 

ways to improve their performance (Nelson et al., 2002; Ye et al., 2009; Abtahi et al., 

2010). The efficacy of various types of fibers in pavement applications are summarized in 

following sections.  

2.7.1.   Cellulose Fibers 

Cellulose fibers produced from the bark, wood, or leaves of plants have greater 

surface area than mineral or polyester fibers and a higher ability to bond with binder (Chen 

and Lin, 2005). According to a study conducted by Ye and Jian (2019), adding 0.3 to 0.5% 

cellulose fibers to an open graded friction course (OGFC) better enhanced the binder's 

stability in comparison to polypropylene and polyester fibers. In addition, Afonso et al. 

(2017) discovered that, due to their high binder absorption capacity, cellulose fibers 

increase the rutting resistance of HMA, but not the raveling resistance when combined with 

neat binders. In addition, the incorporation of cellulose fibers resulted in an increase in 

particle loss when tested using Cantabro method in wet condition, Valeri et al. (2018) 

reported that cellulose fibers enhance raveling resistance up to a certain fiber content, 

beyond which raveling resistance begins to drop. As the fiber content exceeds the optimum 
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binder content, the cohesiveness of the binder decreases, resulting in particle loss. 

However, when combined with modified binders, cellulose fibers can increase asphalt 

mixes' resistance to raveling. 

2.7.2.   Mineral and Glass Fibers 

Mineral fibers are rigid and have the lowest softening point compared to polyester 

and cellulose fibers. Up to a certain optimal fiber concentration, the complex modulus of 

asphalt mixes with mineral fibers increases which results in increased stiffness and 

resistance to rutting. Beyond the optimum fiber content (OFC), complex modulus of 

asphalt mixes decreases (Chen and Lin, 2005). 

Mineral fibers are effective at decreasing binder bleeding (Ma et al., 2018; 

Tanzadeh et al., 2019), but in aged and unaged Cantabro test, their efficacy is not found to 

be adequate. Glass fibers, on the other hand, can enhance Indirect tensile strength (ITS) 

(Tanzadeh and Shahrezagamasaei, 2017; Chen and Lin, 2005), whereas the addition of 

mineral fibers decreases resistance to moisture damage (Tanzadeh and Shahrezagamasaei, 

2017). Due to their high tensile modulus and low thermal susceptibility, glass fibers have 

been utilized in the textile processing sector (Tanzadeh and Shahrezagamasaei, 2017). The 

addition of glass fibers to asphalt mixes significantly increases their ITS value (Tanzadeh 

and Shahrezagamasaei, 2017; Tanzadeh et al., 2019; Enieb et al., 2021) and binder 

absorption, resulting in an increase in air void and binder content without binder draining 

(Slebi-Acevedo et al., 2019). According to Wang et al. (2019), glass fibers also improve 

the cracking resistance of asphalt mixes, especially at low temperatures. 

Tanzadeh et al. 2019, reported that the addition of 12-millimeter-long glass fibers 

improved the mix's stiffness and tensile strength. This study also revealed that the fibers 
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reduced the permeability of the mixture, which could impact the asphalt pavement ability 

to drain water. In addition, glass fibers strengthen the asphalt mix’s elastic properties by 

functioning as an elastic medium to improve the mix stiffness. Consequently, glass fibers 

are a viable option for reducing rut depth in mixes (Enieb et al., 2019). The addition of 

glass fiber to asphalt mixes increases ductility, fatigue life, and high-temperature stability 

by augmenting the mixture's resistance to rutting (Tanzadeh et al., 2019; Luo et al., 2019).  

2.7.3.   Steel Fibers 

Steel fibers are a form of reinforcement that not only improve the mechanical 

properties of asphalt mixes, but also possesses self-healing properties (Karimi et al., 2018; 

Phan et al., 2018; Sun et al., 2016; Wang et al., 2016). They can be used in electrothermal 

procedures to treat asphalt mix. The samples when subjected to an electromagnetic field, 

can produce heat as a result of generating currents in the conductive steel fibers. 

Consequently, the binder melts and fills the micro fractures, preventing further crack 

propagation, a process known as self-healing (Liu et al., 2010). Additionally, the 

incorporation of steel fibers significantly enhances the resistance to particle loss (Lastra-

González et al., 2020). Besides, according to Lastra-Gonzalez et al. (2020), the use of steel 

wool and steel grit increases indirect tensile strength (ITS) value, stiffness, and resistance 

to fatigue fracture of asphalt pavement. Besides, the addition of steel fiber does not impair 

the workability, so it can be compacted with the same compaction energy required for 

asphalt mixes which do not contain fibers.  

Liu et al. (2011) conducted a study with three varieties of steel fibers and found that 

fibers with a smaller diameter and longer length performed better than those with a larger 

diameter and shorter length. This is due to improved fiber-to-fiber contact in the former 
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instance, which results in greater conductivity. In another study by Serin et al. (2012), fiber 

contents varying from 0 to 2.5% by the weight of optimum binder content were evaluated. 

It was found that mixes containing 0.75% fiber showed the greatest stability. The research 

also indicated that high concentrations of very long steel fibers can contribute to the 

formation of clusters, resulting in lower stability values compared to fiber-free control 

samples. This observation is consistent with those reported by Tabakovi'c et al. (2019). 

Tabakovi'c et al. (2019) reported that poor mixing and cluster formation may produce high-

temperature zones that impair the specimen's structure. 

2.7.4.   Synthetic Fibers 

Commonly used synthetic fibers in asphalt mixes are polypropylene, polyester, and 

aramid. The round and smooth microstructure of those fibers help with interlocking with 

one another, resulting in a higher softening point (Chen et al., 2005). 

According to Tanzadeh et al. (2019), the addition of polypropylene fibers to asphalt 

reduces the binder bleeding by up to 49% and increases strength by up to 50%. Adding 

glass fibers with polypropylene fibers produces even more promising results. These two 

combinations of fibers reduce drain down by up to 80% and increase ITS by 65%. Notably, 

half of this improvement was solely attributable to the presence of polypropylene fibers, 

which function as a three-dimensional structure in the asphalt mix, thereby enhancing 

binder stability and strength. On the other hand, the addition of polyester fibers enhanced 

binders’ resistance to raveling and overall stability (Tang et al., 2017). 

Ma et al. (2019) investigated the use of modified binder in conjunction with 

polyester, mineral, and cellulose fibers applied at a rate of 2.5% by weight of aggregate. 

Polyester-containing mixes performed well in the wet Cantabro test which indicated that 



26 

 

 

addition of fiber enhanced abrasion resistance and decreased susceptibility to moisture 

damage.  The findings suggested that mixes containing polyester fibers performed well 

under longer water immersion times and suggested that the fibers substantially enhanced 

moisture resistance. Moreover, the thermal stress restrained specimen test (TSRST) 

demonstrated that polyester fibers enhanced resistance to low temperature cracking. 

However, the use of polyester fibers had a negative effect on the asphalt pavement resilient 

modulus and strength, as well as its permeability (Ma et al., 2018). 

The impact of incorporating polyolefin and aramid fibers into asphalt mixes 

depends on the binder type. For example, fibers used with unmodified binders are typically 

more effective than using them with SBS-modified binders (Kassem et al., 2018). Chen et 

al. (2005) investigated the functioning mechanism of mineral, cellulose, and polyester 

fibers in asphalt mixes. The findings revealed that mineral fibers with smaller diameters 

are more durable than polyester fibers with larger diameters due to a greater interfacial 

area. In terms of tensile strength, however, polyester fibers outperform mineral fibers. 

2.7.5.   Eco-friendly Materials 

To reduce the environmental impact of human activities, the construction industry 

utilizes eco-friendly materials. These materials can either be made from recycled materials 

to conserve energy or be designed to minimize natural resource consumption.  

Multiple studies have shown that incorporating waste materials such as coconut 

shells, coconut fibers, chitosan, date seed ash, and waste tire rubber among others into 

asphalt pavement can enhance the mix's properties (Chen and Wong, 2013; Cheng and 

Wong, 2015; Sangiorgi et al., 2016; Ghabchi et al., 2021). Sangiorgi et al. (2016) 

investigated the utilization of bentonite, a waste bleaching clay, as a replacement for 
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limestone fillers in asphalt mixes. The results demonstrated that the substitution of 

bentonite for limestone did not significantly reduce air void and increased the ITS of the 

mix. Also, addition of bleaching clay increased the indirect tensile stiffness modulus but 

particle loss in the mixture was observed to be twice as high as in the reference mixture 

due to varying embrittlement. According to a study by Zhang et al. (2018), increasing the 

filler-to-binder ratio reduces particle loss and permeability, regardless of the filler type due 

to blocking air voids.  Chen et al. (2005) conducted a study on the use of fully recycled 

concrete aggregates (RCAs) in asphalt mixes. The study revealed that RCAs have a high 

absorptive capacity due to their low density and high porosity which resulted in a high 

abrasion value. Nevertheless, the abrasion loss, drain down value, and moisture 

susceptibility were within acceptable ranges. Chen and Wong (2017) reported that hybrid 

composites (consisting of 78% RCA and 16% glass material) also have a high binder 

absorption rate, necessitating a higher binder content for adequate bonding.  

Mohammadinia et al. (2018) studied the use of recycled ground tires in asphalt 

pavement. The results demonstrated that the addition of ground tire as aggregate 

replacement increased the asphalt mix rigidity by strengthening the interfacial bonds. 

Based on these findings, it was suggested that both recycled concrete aggregates and 

recycled tire could be utilized in the asphalt pavements without compromising their 

performance. 
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CHAPTER THREE: MATERIALS AND METHODS 

3.1.    Introduction 

This chapter presents an overview of the material selection process, test matrices, 

and tests conducted on EPM and asphalt mixes. The major tasks of this study are: (i) 

identification of electrospinning parameters; (ii) solution preparation for electrospinning; 

(iii) production of EPM; (iv) characterization of EPM; (v) preparing laboratory HMA mix; 

and (vi) performing HWT, SCB and TSR tests on laboratory-prepared mixes and analyze 

the test results.  

3.2.    Material Collection and Sample Preparation 

3.2.1.   Grinding PET Water Bottles 

The PET plastic used in this study was obtained from post-consumer PET. To 

prepare the material for milling, the stickers, caps, and cap rings from bottles were removed 

and separated the PET plastic.  Sorted PET then was cut into pieces no larger than 5 mm x 

5 mm and dried at 45°C for 2 hours. According to a study performed by Ghabchi et al. 

(2021), treating PET plastic pieces at low temperatures increases their fragility, resulting 

in greater milling effectiveness. For this reason, small pieces of PET were refrigerated at a 

temperature of -18 °C for a duration of 4 hours prior to grinding them.  Next, a 

commercially available grinder with a double-blade rotor rotating at 15,000 rpm was 

utilized to grind the approximately 10g of PET particles in each batch. After grinding, the 

PET particles were passed through a No. 4 sieve with a 4.75 mm mesh size. Any residual 

particles on the 4.75 mm sieve were added to the following grinding batches after cooling 

to the targeted temperature. The gradation of ground PET is presented in Figure 3.1.   
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Figure 3.1 Particle size distribution of ground PET 

This process was repeated several times until sufficient amount of ground PET was 

obtained.  Figure 3.2 depicts a photographic view of ground PET.  

 
Figure 3.2 Photographic view of ground PET 

3.2.2.  Collection of Aggregates 

Five different stockpiles of aggregates with predetermined gradations (Figure 3.3) 

were collected from a local asphalt plant. The nominal maximum aggregate sizes (NMAS) 

for Bin-1, Bin-2, Bin-3, Bin-4, and Bin-5 are as follows: 19.0 mm, 12.5 mm, 4.76 mm, 9.5 

mm, and 2.36 mm, respectively. The samples were then transported to the asphalt 
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laboratory and stored there. The aggregates collected from the stockpiles were then used 

to produce asphalt mixes. 

 
Figure 3.3 Particle size distribution of collected aggregate stockpiles 

3.2.3.    Collection of Asphalt Binders 

Bitumen, also known as asphalt binder, is a highly viscous, black, semi-solid form 

of petroleum byproduct. It consists of a complex mixture of hydrocarbons and the precise 

composition of which varies depending on the petroleum source and refining method 

employed (Selvasofia et al., 2022). A PG 58-28 asphalt binder, widely used in South 

Dakota’s pavement construction projects was collected from a refinery plant in Sioux City, 

IA.  

3.3.    Electrospinning Setup 

An electrospinning system consists of three main components: a high-voltage 

power supply (HVPS), a syringe pump with a conductive needle, and a conductive collector 

(Owida et al., 2022). In this study, an in-house fabricated electrospinning apparatus was 

used for producing EPM in the lab (Figure 3.4). It is important to note that the two 

electrodes i.e., nozzle and collector were completely enclosed within a 600 mm x 600 mm 
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x 450 mm in-house fabricated plexiglass box.  Previous studies performed by 

Ramakrishnan et al. (2019), Cheng et al. (2017), and Schaub et al. (2013) showed that 

variations in the environment's humidity during electrospinning affect the fiber's diameter 

and surface texture. 

 
Figure 3.4 A Photographic view of the in-house fabricated electrospinning setup 

For this reason, the enclosure of the electrospinning box is important for 

maintaining the relative humidity of the spinning environment during fiber production to 

maintain fiber consistency (Schaub et al., 2017).  A syringe pump (Fusion 200 two-channel 

syringe pump) was placed on an adjustable platform outside the plexiglass box. This setup 

also included a 10 mL glass syringe containing electrospinning solution. A #16 steel needle 

of 1.26 mm internal diameter was used at the tip of the syringe. The needle was then passed 

horizontally through a hole (Equivalent to a #10- or 3.0-mm needle diameter) created on 

the wall of plexiglass box which served as the electrode for the solution. Using aluminum 

foil, cardboard, wooden sticks and glue, a static collection plate (28 cm x 14 cm) was 

constructed in the laboratory. This plate was placed inside the plexiglass box and 20 cm 
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from the tip of the syringe needle. The entire system was then powered by a high-voltage 

power source.  

3.4.    Preparing Electrospinning Solution 

Dichloromethane (DCM) and trifluoroacetic acid (TFA) from Spectrum Chemical 

MFG Corp were used as solvents. Solution was prepared using solvent of DCM and TFA 

in a ratio of 30:70 by volume in a ventilated area. Then, the weight of the solution was 

measured. Two different polymer solutions comprising 15 and 20% of ground PET by the 

weight of solvents were prepared (Table 3.1). According to Veleirinho et al. (2008), both 

TFA and DCM are volatile solvents that can easily evaporate at room temperature and 

pressure. Therefore, to prevent loss of solvents, the solution container was tightly sealed 

and kept in a well-ventilated area at the time of mixing. To make the complete dissolution 

of ground PET possible, solution was stirred using magnetic stirrer at room temperature 

for 24 hours. The process of preparing PET solution is depicted in Figure 3.5.  

 
Figure 3.5 Flow diagram of solution preparation from ground PET 

3.4.1.   Producing PET Fibers 

The prepared solution was transferred into a 10 mL glass syringe connected to a 

#16 needle. Afterward, the syringe was placed in the syringe pump and the discharge rate 

was set on the pump. The pump and the loaded syringe were placed on an adjustable 
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platform. The height of the platform was adjusted to allow the needle passing through a 

hole created in the plexiglass box with its axis opposing the center of the metallic collector. 

Then the positive and negative electrodes connected to the HVPS were connected to the 

nozzle (metallic needle) and the conductive collector. HVPS was set to supply 20 kV and 

the syringe pump was initiated. For each solution type, PET fibers were synthesized at 

discharge rates of 250, 120, 60, 50, and 40 µL/min (Table 3.1). In order to ensure enough 

fiber deposition on the plate, the syringe pump was operated for at least 20 minutes for 

each discharge rate. Afterwards, the EPM mat was collected and set aside for further 

testing. 

Table 3.1  Solution preparation and discharge rate for electrospinning 

 

3.5.    Asphalt Mix Design 

3.5.1.   Aggregate Structure  

Superpave mix design and the available mix designs available for the same 

materials were consulted to select the aggregate structure. As a result, the collected 

aggregates from stockpiles, shown in Figure 3.3, were selected to be blended at 15, 20, 15, 

30, 20% (total weight of blended aggregate), respectively. The combined gradation of the 

 Solution 

Types 

Ground PET 

Amount 

(By wt. of solution) 

Discharge Rate 

(RD) (µL/min) 

Electrospinning 

Parameters 

S1  15% 

250 

Tip-to-Collector 

Distance: 20 cm  

Electrospinning 

Voltage: 20 kV 

TFA and DCM 

70/30 by Volume 

120 

60 

50 

40 

S2 20% 

250 

120 

60 

50 

40 
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aggregate structure has a nominal maximum aggregate size (NMAS) of 12.5 mm as shown 

in Figure 3.6.  Then, FHWA 0.45-power chart was used to evaluate blended aggregate 

gradation (Figure 3.7). 

 
Figure 3.6 Blended aggregates gradation curve 

This chart includes the maximum density line that represents particle size 

distribution required for maximum density which is a straight line based on the Fuller 

formula (Mamlouk and Zaniewski, 2006). The 0.45th power chart in Figure 3.7 shows that 

blended aggregates did not align with the maximum theoretical density line and the blended 

aggregates fell in between upper and lower gradation limits.  

 
Figure 3.7 The 0.45th chart of blended aggregates 
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3.5.2.   Volumetric Properties of Asphalt Mix 

3.5.2.1. Loose Mix Preparation 

For each trial of asphalt binder content two identical specimens of loose asphalt 

mix were prepared to determine the mix maximum theoretical specific gravity (Gmm). For 

this purpose, 1500g of aggregate blend batched according to the determined aggregate 

structure (section 3.5.1) for each sample was batched (Figure 3.8a). The batched aggregates 

and PG 58-28 asphalt binder were then heated at 160°C in the oven and mixed (Figure 

3.8b). The loose mixes were aged for 2 hours at 135°C in the oven (Figure 3.8c). After 24 

hours of cooling the sample in room temperature, the Gmm of the trial blend mixes prepared 

at each binder content was determined according to AASHTO T 209 (AASHTO, 2011) 

standard method. 

 
Figure 3.8 Determination of Gmm value (a) aggregates batching; (b) mixing  

aggregates and asphalt binder; and (c) de-airing of loose mix 

3.5.2.2. Compacting Cylindrical Samples  

A Superpave gyratory compactor operated under gyration mode set to compact the 
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samples at NDesign = 75 gyrations according to AASHTO R 35 (AASTHO, 2011). 

 
Figure 3.9 (a) loose asphalt mix; (b) SGC compactor; (c) compacted sample; (d) 

determination of bulk specific gravity of cylindrical samples 

To prepare a trial batch of compacted samples the aggregates were batched out to 

produce a final mix specimen of approximately 4800 g following the specified aggregate 

batch proportions (section 3.5.1). The heated binder and aggregates were mixed using a 

bucket mixer. The mix was placed in a flat pan and heated for two hours at 135°C in an 

oven and stirred in every 30 minutes for short-term aging. For each trial binder content, 

two specimens were compacted at the design number of gyrations using the Superpave 

gyratory compactor (Figure 3.9b). The gyratory samples of 150 mm diameter (Figure 3.9c) 

were compacted according to AASHTO T 312 (AASHTO, 2011). Then, the bulk specific 

gravity (Gmb) of the compacted specimens was determined according to AASHTO T 166 

(AASHTO, 2011) standard test procedure (Figures 3.9c and 3.9d). 

3.5.3.   Optimum Binder Content 

To determine the optimum binder content, three different trial binder contents of 4.5, 5.0 

and 5.5% were used to prepare asphalt mixes as descry bed in sections 3.5.1 and 3.5.2. For 

mixes and cylindrical samples prepared with each binder content, Gmm and Gmb values were 

determined and important volumetric properties each mix were determined and binder 
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content corresponding to 4.0% air void was selected as the optimum binder content (5.4%). 

To check the volumetric properties according to AASHTO M323 (AASHTO, 2011) at 

optimum binder content, average Gmm and Gmb at 5.4% binder content were determined 

from three identical samples (Table 3.2). Table 3.2 Volumetric properties at selected 

optimum binder content 

Table 3.2 Volumetric properties at selected optimum binder content 

 

3.6.    Preparation of Asphalt Mixes for Performance Tests 

Asphalt mixes were prepared by batching aggregates and PG 58-28 asphalt binder 

in accordance with the asphalt mix design and then adding 0, 0.5, 1.0 and 1.5% of EPM to 

produce HMA-C, HMA + 0.5% EPM, HMA + 1.0% EPM and HMA + 1.5% EPM mixes, 

respectively (Table 3.3).  

Table 3.3 Different HMA mix preparation and their test matrix 

 

 

Properties Value 
AASHTO M323 

Requirements 
Comment 

AV (%), Avg 3.8     

Gmb (Avg) 2.353     

Gmm (Avg) 2.446     

Density, (Avg) % 96.2     

VMA, (Avg) % 15.1 >14 OK 

VFA, (Avg) % 74.7 65-78 OK 

Pbe, % 4.8     

DP 0.9 0.6-1.2 OK 

Gmb @ Nini (Avg) 2.175     

Density @ Nini (Avg) 88.9 <90.5 OK 
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The size of the fiber used in mix preparation was 3 mm x 35 mm (Figure 3.10). The 

addition of EPM to the mix followed a 15-second dispersion method that was previously 

utilized by Alfalah et al. (2020). 

 
Figure 3.10 EPM used for the preparation asphalt mix 

For this purpose, the EPM was first split into three equal weight portions. Then, the 

preheated aggregates were added along with the binder into the bucket mixer bowl (Figure 

3.11a) and mixed to consistency. Then, the first portion of the EPM was gradually added 

while mixing progressed until a consistent mix was produced and no fibers were visible. 

This process was repeated until all EPMs were added into the mix. Mixing was then 

continued until no fibers were visible. After that loose asphalt mixes (Figure 3.11c) were 

kept for further laboratory aging and HMA sample preparation (Figure 3.11d).  

 
Figure 3.11 (a) Mixing asphalt in a bucket mixer; (b) addition of EPM to mix;  

and (c) final mix containing EPM 
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3.7.   Fiber Characterization 

3.7.1. Tensile Strength of Produced EPM 

In the electrospinning process, the presence of lateral instability and different travel 

distances from the nozzle to the collection plate cause nonuniform fiber deposition. 

Consequently, the fiber thickness, parallel to the axis of nozzle, is higher at the center of 

the collector and gradually decreases toward the edges. In addition, it is not feasible to test 

individual fibers because the resulting single fiber is small, and the produced fiber mat has 

a nonwoven structure (Ghabchi and Castro, 2021). For this reason, to determine the tensile 

strength of EPM, the method proposed by Ghabchi and Castro (2021) was applied. In this 

method, constant weight and approximately the same cross-sectional area were maintained 

in every sample. Therefore, to prepare the identical specimens for tensile strength test, the 

EPM mat deposited in the center of the plate was carefully collected from the static 

collector and allowed to dry for a minimum of 24 hours in a ventilated chamber at room 

temperature and to eliminate any residual solvent. Later, the loose mat was placed on 

aluminum foil (Figure 3.12a) and folded in multiple directions as depicted in Figure 3.12b. 

The EPM mat along with the aluminum foil, was then cut into an approximate size of 115 

mm x 140 mm. Next, the weight of the resized EPM mat was determined on a scale to 

0.001g of accuracy (Figure 3.12c). If the weight of the strip exceeded the designated 

amount, it was readjusted by removing a very thin layer from the strip utilizing a sharp 

utility knife (Figure 3.12e). After achieving the specified weight (Figure 3.12f) and 

dimensions, pieces of sandpaper on both ends of the fiber strip were glued (Figure 3.12g). 

The glue strip was then kept aside for at least 2 hours before testing to allow the glue to 

dry completely. Based on observations, the glued sandpaper served two purposes. Firstly, 
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it kept the two or more layers of EPM strips together and assisted them to perform like a 

single-layered mat. Secondly, it provided additional grip to the jaws of loading frame. 

During the transfer of the EPM strip to the loading frame, care was taken to ensure that the 

outer edge of jaws grasped the EPM mat and applied tensile force to the mat (Figure 3.12h). 

Finally, tensile strength test was conducted using a loading frame provided by Texture 

Technologies Corp., USA (Figure 3.12i).  

 
Figure 3.12 EPM’s tensile strength test (a) EPM on aluminum foil; (b) folding along 

its edge; (c) weighting the 115 mm x 140 mm fiber mat; (d) folding the EPM 

mat along its long edge for strip preparation; (e) adjusting the EPM 50 mm 

x 27 mm fiber’s strip to 0.130 g weight; (f) checking the EPM strip weight; 

(g) gluing the both end of the strip using sandpaper; (h) clamping the EPM 

strip on the loading frame; and (i) testing the EPM strip using loading frame 

of Texture Technologies Corp., USA . 

The sample was subjected to tensile force at a rate of 2 millimeters per minute. Four 

identical specimens were tested for each discharge rate, and the specimens' tensile strength 

was determined by analyzing the load and displacement data collected.  

3.7.2. Scanning Electron Microscopy (SEM) Tests 

The morphology of the produced EPM was determined using a SEM device (S-

3000N, Hitachi Co., Tokyo, Japan). To achieve this goal, the EPM fibers (Figure 3.13a) 

 

(d) (e) (a) (b) (c) 

(f) (g) (h) (i) 
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were first coated with a layer of gold-palladium using a CrC-150 sputtering machine 

(Figure 3.13b). Then, a conductive adhesive was used to attach the EPM to the SEM sample 

base and before that EPM from Plasma Science Inc., USA (Figure 3.13c).   

 
Figure 3.13 SEM micrograph collection procedures (a) gluing the EPM for coating; 

(b) coating the EPM mat; (c) coated EPM placing in SEM sample base and 

(d) SEM imaging 

The thickness of the coating layer was 0.15 kA. The SEM test was carried out using 

a 20 kV accelerating voltage (Figure 3.13d) to ensure good resolution of SEM micrograph. 

From SEM micrograph, the diameter of the EPM was measured using the image processing 

software ImageJ, which was developed by the National Institutes of Health of the United 

States. 

3.7.3. Fourier-Transform Infrared (FTIR) Spectroscopy 

FTIR spectroscopy was employed to investigate the chemical compositions of EPM 

and the presence of residual solution in the EPM mat after production. Additionally, this 

 

(a) (b) (c) 

(d) 



42 

 

 

test provided information about any chemical changes in the EPM compared to PET. FTIR 

spectroscopy was performed using a PerkinElmer Universal ATR (Perkin–Elmer 

Corporation, Norwalk, Connecticut, USA). The samples were placed in contact with the 

ATR element (ZnSe crystal, 45° ends) at room temperature. For this purpose, desiccated 

samples were tested at a wavenumber range of between 4000 and 350 cm−1. 

3.8.    Asphalt Mix Characterization 

3.8.1.   Hamburg Wheel Tracking (HWT) Test 

To assess the susceptibility of asphalt mixes to rutting and potential for moisture-

induced damage, the HWT test in accordance with AASHTO T 318 (AASHTO, 2011) 

standard method was conducted. Samples were compacted in a SGC to a diameter and 

height of 150 mm and 60 mm, respectively. According to the AASHTO T 269 (AASHTO, 

2011) standard, the bulk specific gravity values (Gmb) of the resulting cylindrical samples 

were determined.  For the HWT tests, compacted asphalt samples 7.0 ± 0.5% air voids 

were used.   

 
Figure 3.14 HWT device with HMA sample 

Two pairs of cylindrical samples were cut to the desired shape and placed in plastic 

molds, in the HWT machine for testing (Figure 3.14). The testing procedure involved 
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moving a steel wheel with a load of 705 N back and forth over the surface of the HMA 

specimens that were submerged in a constant-temperature water bath set to 50 ± 1 °C, as 

specified by the standard.  The machine's steel wheels have a diameter of 203 mm and a 

width of 47 mm and oscillate at a rate of 52 ± 2 passes per minute. After each pass, the 

machine uses a linear variable differential transformer (LVDT) to determine the relative 

vertical deformation of the sample (Zhang et al., 2021; Lv et al., 2020). The test was 

programmed to end autonomously after either 20,000 passes or 12.5 mm of maximum 

vertical deformation, whichever occurs first. 

3.8.2.   Semi Circular Bend (SCB) Test 

The SCB fracture test is widely utilized to evaluate the fracture energy and cracking 

resistance of the asphalt mixes (Limón-Covarrubias et al., 2019). The SCB tests (Figure 

3.15) were conducted in accordance with the method outlined in D8044 (ASTM, 2017) 

standard. Using a Superpave gyratory compactor, samples with a diameter of 150 mm and 

a height of 135 mm were compacted to obtain final SCB samples with air void of 7.0 ± 

0.5%. Subsequently, specimens with a thickness of 57 ±1 mm were cut from the compacted 

samples by discarding the top and bottom sections of the 135 mm tall specimen, which 

measured 15 ± 5 mm in length.  After preparing the circular specimens as previously 

described, they were cut along their cross-sections’ diameter to obtain two semicircular 

half-cylinders. Air void of each semicircular half-cylinder sample was determined, 

followed by aging them at 85°C for a duration of 120 hours. Then using a precision saw, 

notch depth of 25, 32, and 38 mm were precisely cut as specified by ASTM D8044 (ASTM, 

2017). Then, four SCB specimens were evaluated for every notch of depth. Before 

performing the SCB test, all specimens were conditioned for two hours at 19°C 
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corresponding to the intermediate temperature range at which most of the traffic load is 

applied. Throughout the SCB test, the semicircular specimens were loaded monotonically 

until fracture. The test was conducted by loading the specimen in its midspan at a constant 

rate of 0.5 mm/min in a three-point bending load configuration.   

 
Figure 3.15 SCB testing machine with environmental chamber 

To determine the J-integral (Jc) the Equation 3.1 was used. 

 Jc = − (
1

b
)

dU

da
 (3.1) 

where: 

Jc =  critical strain energy release rate (kJ/m2),
b =  sample thickness (m),
a =  notch depth (m),
U =  strain energy to failure (kJ), and 

dU/da =  change of strain energy with notch depth (kJ/m).

 

3.8.3.   Tensile Strength Ratio Test 

AASHTO T283 (AASHTO, 2011) standard procedure was followed to evaluate the 

moisture sensitivity of asphalt mixes. A SGC was used to prepare specimens with a 

diameter of 150 mm and a height of 95 ± 5 mm, with air voids of 7.0 ± 0.5%. Three 

specimens from each HMA type were kept under dry conditions (dry specimens), while 
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the remaining three specimens were conditioned (wet specimens). The conditioning of 

specimens consisted vacuum saturating them for five minutes by applying 28 kPa absolute 

pressure. After that, saturated surface dry sample was prepared, and mass of the specimens 

was measured to determine the percentage of saturation. If the percentage of saturation was 

less than 70%, the specimens were subjected to more vacuum saturation. If the saturation 

level was above 80%, the specimen was considered damaged and discarded. To attain a 

saturation level between 70 and 80%, lower vacuum times and pressures were used. 

Following saturation, the specimens were wrapped in cling wrap and placed in plastic 

airtight bags along with 10 mL of water and kept at -18 °C for 16 hours. Next, they were 

transferred to a water bath of 60 °C and kept for 24 hr. The specimens were then kept in 

water at 25°C for two hours before testing them in an IDT jig. The conditioning and testing 

steps are depicted in Figure 3.16.  

 
Figure 3.16  Sample conditioning steps for TSR test (after Junior et al., 2019) 

The ITS test involves loading the specimen at a rate of 5.08 cm (2 inches) per 

minute until failure (Figure 3.17). The indirect tensile strength of all six specimens were 

then calculated using the given Equation 3.2. 

 ITS =
2F

πtD
 (3.2) 
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where, ITS is the indirect tensile strength (kPa), F is the force at failure (kN), t is 

the thickness of the asphalt specimen (m) and D is the asphalt diameter (m). 

 
Figure 3.17 (a) TSR test setup; and (b) failure surface 

The average indirect tensile strength of the three dry and wet specimens were 

calculated separately. Equation 3.3 was used to determine the moisture sensitivity or 

stripping potential of the asphalt. 

 TSR =
ITS wet

ITSdry
 x 100 (3.3) 

where, TSR is the indirect tensile strength ratio (%), ITSwet is the average indirect 

tensile strength of the wet specimens (kPa) and ITSdry is the average indirect tensile 

strength of the dry specimens (kPa).  
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CHAPTER FOUR: TEST RESULTS OF PET FIBERS 

4.1.    Introduction 

This chapter presents results and discussions pertinent to the results of the tests 

conducted on EPM produced in the laboratory by changing the electrospinning parameters, 

namely discharge rates and PET concentration in the solution. 

4.2.    Chemical Characterizations of PET Fibers 

FTIR spectroscopy is a chemometrics method used to analyze chemical compounds 

and functional groups through studying molecular vibrations (Schmitt and Flemming, 

1998). FTIR spectrum is interpreted through comparing it to reference spectra to identify 

the functional groups present in the sample in the diagnostic region (4000-1500cm-1) of the 

IR spectrum. In addition, the fingerprint region (1500-400cm-1) of the same spectral graph 

is used to determine various deformations of molecular structure (P. Gable, 2022). 

Figure 4.1 depicts the IR spectra of the EPM obtained at various PET 

concentrations and discharge rates, as well as the ground MPET. These spectra illustrated 

the sample's absorbance of infrared radiation as a function of wavenumber. In FTIR 

spectra, the plot of absorbance versus wavenumber showed peaks that relate to specific 

vibrational modes of molecules present in the sample.  Four distinct and major spectral 

peaks were observed in Figures 4.1a and 4.1b, which complied to the inherent structure of 

PET as well as EPM. One of these peaks was located in the diagnostic region at 1715cm-1, 

while the remaining three were located in the fingerprint region at 1245, 1095, and 715cm-

1, respectively. Using the known IR spectrum table by frequency range from Chemistry 

LibreTexts (Infrared Spectroscopy Absorption Table, 2020), it was determined that the 
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peaks match the following functional groups: ester carbonyl (C=O) at 1715cm-1, C–O 

asymmetric and symmetric stretching at 1245 and 1095cm-1, respectively, and C–H 

wagging vibrations from aromatic structures at 725cm-1. In addition, minor peaks at 1410, 

1015, and 875cm-1 were observed in each sample. However, it was observed that none of 

these minor peaks demonstrated a significant difference between the spectra of PET 

samples cut from the waste PET and the EPM mat prodded in the lab. 

Figure 4.1 IR-Spectra of ground PET and produced EPM at different concentrations of 

MPET (a) 15% PET concentration and (b) 20% PET concentration 

The IR spectra of all EPM samples, including those produced from different 

concentrations of PET, exhibited identical spectra to that of the ground PET sample. 

Therefore, it can be concluded that the electrospinning process and the use of TFA and 

DCM reagents in the preparation of different PET solutions did not cause any chemical 

a) 15% PET concentration b) 20% PET concentration 
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alterations to the PET’s chemical structure. Also, drying process applied for the produced 

fiber was found to be efficient that did not leave any traces of solvent in the produced 

fibers. For example, if trifluoracetic acid was present in the fiber mat after air-drying the 

samples for 24 hours, it should have been visible within the 1400-1000cm-1 region of IR 

spectra, due to the presence of trifluoromethyl (-CF3) functional group. Similarly, the 

dichloromethane (C-Cl) symmetric and asymmetric stretching should have appeared in the 

850-550cm-1 range if any trace of this reagent was present in the fiber.  As no distinguished 

peaks correlating with the trifluoromethyl (-CF3) group or the dichloromethane (C-Cl) 

symmetric and asymmetric stretching were observed in the IR spectra of desiccated fiber 

mat compared to that of ground PET, it can be concluded that the natural drying process 

allowed for the complete evaporation of all solvents used in the production of the EPM 

mat. 

4.3.    Effect of PET Concentration and Solution Discharge Rate on Fiber 

Diameter and Size Distribution 

Figures 4.2 and 4.3 show the SEM micrographs of produced EPM using two 

different PET concentrations, namely 15 and 20% by solution weight. For production of 

EPM using each PET concentration, five different discharge rates, namely 40, 50, 60, 120, 

and 250 μL/min were applied. From the SEM micrographs, the size distribution of fibers 

was determined by analyzing them in ImageJ software with the help of DiameterJ plugin. 

To determine the average diameter of the fibers produced at each discharge rate, a 

histogram obtained from ImageJ data was generated in OriginLab software.  

It can be observed that the average fiber diameter increased with increasing 

discharge rate for both types of fibers produced by PET concentrations of 15 and 20%.  
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            Figure 4.2 SEM micrographs of EPM formed at 15% PET concentration and 

different discharge rates (a) 40 μL/min; (b) 50 μL/min; (c) 60 μL/min; 

(d) 120 μL/min and (e) 250 μL/min 

Particularly, when 15% PET concentration was used in the solution, the mean fiber 

diameter increased from 673 nm (Figure 4.2a) for 40 μL/min discharge rate to 706, 743, 

778, and 799 nm (Figures 4.2b, c, d and e) when discharge rates of 50, 60, 120, and 250 

μL/min were applied, respectively. Similarly, when a concentration of 20% PET was used 

in the solution, the average fiber diameter increased from 735 nm at 40 μL/min (Figure 
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4.3a) discharge rate to at, with intermediate values of 746, 770, 778, and 792 nm (Figure 

4.3b, c, d and e) at 50, 60, 120, and 250 μL/min discharge rate, respectively.  

 
Figure 4.3 SEM micrographs of EPM formed at 20% PET concentration and 

different discharge rates (a) 40 μL/min; (b) 50 μL/min; (c) 60 μL/min; 

(d) 120 μL/min and (e) 250 μL/min 

It can be concluded that, when MPET concentration was kept at 15%, the effect of 

the solution discharge rate on the average fiber diameter was significantly higher than those 
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observed in EPMs produced at 20% PET concentration. This behavior was due to change 

in the solution’s viscosity as a result of increasing PET concentration which affected the 

electrospinning jet (Bonfim et al., 2021).   

The polymer concentration plays a major role in determining the viscosity of the 

solution, which in turn influences the speed of flow and fiber elongation during 

electrospinning. The elongation of the jet impacts the diameter of the resulting fibers, with 

thinner fibers forming from elongated jets and thicker fibers forming from jets with less 

elongation (Bonfim et al., 2021). Therefore, the higher concentration of PET (20%) in TFA 

and DCM solution increased the viscosity of the solution compared to the experiments 

conducted using 15% PET concentration. An increase in solution’s viscosity made it more 

difficult for the electrospinning jet to elongate, leading to larger fiber diameters, as 

observed in the samples with a 20% PET concentration.  

In addition, consistent with the findings of Strain et al. (2015), changing the 

discharge rate by a factor of six (at a given concentration) had a marginal effect on the 

thickness of the fibers at higher concentrations. This suggests that the effect of the 

discharge rate on the fiber diameter was less significant at higher PET concentrations, 

possibly because of the viscosity of the solution. In contrast, solutions with low 

concentrations and discharge rates demonstrated less resistance to the deformation of the 

fiber caused by the applied electric field which resulted in thinner fiber formation (Cho et 

al., 2020; Lasprilla-Botero et al., 2018).  

4.4.    Effect of PET Concentration and Solution Discharge Rate on Fiber 

Morphology 

Multiple studies have demonstrated that the characteristics of electrospun fibers are 
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mostly determined by polymer type, solution properties (such as concentration), and 

various parameters such as applied voltage and discharge rates (Chen et al., 2008). Figures 

4.4 and 4.5 depict SEM micrographs of EPM produced from two concentrations of PET, 

namely 15 and 20%, in a 70/30 TFA/DCM solution. 

 
Figure 4.4 SEM images of 15% PET concentration and different discharge rates (a) 250 

μL/min; (b) 120 μL/min; (c) 60 μL/min; (d) 50 μL/min and (e) 40 μL/min showing 

the morphology of EPM      

As shown in the SEM micrographs, reducing the discharge rate during electrospinning 
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eliminated beaded structures and resulted in the formation of thinner, more cylindrical 

fibers.     

 
Figure 4.5 SEM images of 20% PET concentration and different discharge rates (a) 250 

μL/min; (b) 120 μL/min; (c) 60 μL/min; (d) 50 μL/min and (e) 40 μL/min showing 

the morphology of EPM           

When the discharge rate is excessively high, the solution jet may not be completely 

stretched by the electrostatic field, resulting in larger droplets and ultimately the production 

of thicker and defective fibers. Conversely, decreasing the discharge rate can result in the 
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production of fibers with a reduced diameter and smoother surface (Mercante et al., 2017). 

To achieve smooth and continuous fibers, different electrospinning parameters were 

changed and their effect on the EPM’s quality was investigated. Specifically, PET 

concentrations of 15 and 20%, as well as discharge rates ranging from 250 to 40 μL/min 

were examined in this study. The discharge rate of the solution through the needle has a 

significant effect on the size of the droplets (Zong et al., 2002).  

Conversely, increasing the concentration of MPET in the solution produced fibers 

with more uniform morphology.  Upon analysis of the SEM images of Figure 4.4 and 4.5 

obtained at a discharge rate of 250 μL/min, it was observed that both concentrations of PET 

resulted in fibers with surface fractures. In contrast, when the discharge rate was decreased 

to 120 μL/min, the produced fibers did not exhibit fractures on their surfaces, rather they 

displayed deformations in their morphologies, as shown in Figures 4.4b and 4.5b for both 

concentrations. When the discharge rate was further decreased to 60 μL/min, the resulting 

fibers showed a non-uniform thickness at a concentration of 15% PET (Figure 4.4c), 

whereas fibers with a uniform morphology were observed at a concentration of 20% PET 

(Figure 4.5c). The discharge rates of 50 (Figures 4.4d and 4.5d) and 40 μL/min for both 

concentrations resulted in even more uniform fibers in comparison with their subsequent 

higher discharge rates as shown in Figure 4.4e and 4.5e although the thickness of the fibers 

generated at various concentrations and discharge rates varied. This phenomenon is 

predominantly attributable to the opposition between the surface tension effect and the 

increase in solution viscosity and discharge rate, which causes the solution-air interface to 

expand (Aydemir and Demiryürek, 2022). As the discharge rate increased, so does the 

quantity of solution flowing through the needle, resulting in a jet that was unstable and 
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produced to larger diameter distributions. In addition, it has been observed that there exists 

an optimal viscosity and discharge rate that produces a stable and continuous flow, 

allowing for the defect-free production of fibers (Haider et al., 2018). In this case, beyond 

discharge rate of 120 μL/min, uniform and defect-free fibers began to form for both 

concentrations of PET.  

In summary, the fibers with the highest degree of uniformity were consistently 

generated at the lowest spinnable discharge rate, regardless of the viscosity and discharge 

rate, because fibers produced at lower discharge rates exhibited a smooth and cylindrical 

shape, and their surface was free of structural defects. 

4.5.    Mechanical Properties of EPM Fibers 

The mechanical characteristics of EPM were evaluated by conducting uniaxial 

tensile tests.  Figure 4.6 displays a typical force-strain curve derived from the tensile test 

conducted on the EPM mat. During the initial phases of the test, an entanglement behavior 

was observed. This behavior manifested itself as elongation in the EPM mat without a 

significant increase in measured load (soft behavior). From SEM tests, it was found that 

the filaments within the EPM mat were entangled and randomly aligned. When it was 

subjected to the load, the fibers, before undergoing stretching, needed to un-entangle and 

align in the load direction. Therefore, initial strain without significant loads at the 

beginning of the test was observed (Figure 4.6). Subsequently, the EPM mat exhibited 

elastoplastic behavior characterized by significant deformations.  

The results indicated that, right after the un-entanglement zone, the fibers showed 

linear elastic behavior until they reached the yield point, at which the slope of the force 
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strain curve declined. At higher strains, however, the fibers showed large deformations and 

presented plastic behavior. 

 
Figure 4.6 A typical force-strain curve of EPM mat 

The linear elastic region of the stress-strain graph of EPM was defined by two key 

parameters: Modulus (E) and the force corresponding to yield (F0.2% offset) determined by 

0.2% offset of strain parallel to the slope of the linear section. On the other hand, the non-

linear plastic region was characterized by three parameters: force corresponding to ultimate 

strength (Fult), ultimate strain (ɛult), and toughness (T), which corresponds to the area 

beneath the force-strain curve up to ultimate force. The relationship between mechanical 

properties and fiber diameters (from SEM images) is depicted in Figure 4.7.  Figures 4.7a 

and 4.7b show that the force corresponding to the ultimate strength and strain of EPM 

decreased as fiber diameters increased. In other words, an increase in EPM’s diameter 

resulted in a reduction in the strength and ductility of the produced fibers. Specifically, the 

force corresponding to the ultimate strength was found to decline from 6.54 N to 1.14 N 

for a PET concentration of 15% as the fiber diameter increased from 673 nm to 799 nm.  
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Figure 4.7 Mechanical properties EPM from two PET concentration of five different 

discharge rates with respect to fiber diameters (a) Ultimate Strength, Fult (b) 

Ultimate Strain, ɛ (c) Modulus, E (d) Yield Strength at 0.2% offset, F0.2% offset and 

(e) Toughness, T                 

A similar trend was also observed for EPM prepared by solutions having 20% PET 

concentration. In this case, the force corresponding to ultimate strength dropped from 16.02 

N to 4.72 N as the fiber diameter changed from 735 nm to 792 nm (Figure 4.7a). In addition, 

the ultimate strain was found to decline from 28.6 % to 6.2% for a PET concentration of 

15% as the fiber diameter increased from 673 nm to 799 nm. A similar trend was also 

observed for EPM prepared by solutions having 20% PET concentration. In this case, the 

strain corresponding to ultimate strength dropped from 48.36 % to 14.86 % as the fiber 
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diameter changed from 735 nm to 792 nm (Figure 4.7b). It was observed that the force 

corresponding to the ultimate strength and strain for the same discharge rates were higher 

when a concentration of 20% PET was used compared to EPMs produced using solutions 

having 15% PET concentration. 

The modulus of EPM was found to increase from 13.02 N to 245.48 N for a PET 

concentration of 15% as the fiber diameter decreased from 799 to 706 nm. However, upon 

further reduction in diameter to 673 nm, the EPM’s modulus decreased to 141.46 N. A 

similar trend was also observed for EPM prepared by solutions having 20% PET 

concentration. In this case, the modulus increased from 100.54 N to 370.88 N as the fiber 

diameter changed from 792 nm to 746 nm. Nevertheless, a subsequent reduction in 

diameter to 735 nm led to a decline in modulus to 361.94 N (Figure 4.7c).  Interestingly, 

the highest modulus and force corresponding to yield strength values did not show a 

dependency on the fibers’ diameters. For example, the modulus and force values 

corresponding to the yield point measured for the fibers produced with the PET 

concentration of 15%, increased by 74 and 4 %, respectively, as a result of increasing the 

fiber diameter from 673 to 706 nm. Continuing to raise the diameter of the fiber from 706 

to 799 nm resulted in a reduction in both modulus and yield force values by 95 and 86 %, 

respectively (Figure 4.7c and 4.7d). For EPMs produced using solutions of 20% PET 

concentration, an increase in fiber diameters from 735 nm to 748 nm was associated with 

an increase in modulus and yield force. However, as the diameter further changed from 

746 nm to 792 nm, both modulus and ultimate strain values exhibited a decreasing trend. 

Despite showing similar variation patterns of modulus and ultimate strain values with fiber 

diameters in both PET concentrations, fibers produced using 20% PET concentration 
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showed higher modulus and ultimate strain values compared to those produced with 

solutions of 15% PET concentration. 

Figure 4.7e shows the variation of toughness values and fiber diameters. It was 

observed that the toughness values decreased with increasing the fiber diameters.  More 

specifically, the fibers produced with a solution of 15% PET concentration showed to 

decrease by 97 % as a result of increasing the fiber diameter from 673 to 799 nm. A similar 

trend was also observed for EPM prepared by solutions having 20% PET concentration. In 

this case, toughness values dropped by 93% as the fiber diameter changed from 735 nm to 

792 nm (Figure 4.7e) Therefore, fibers produced with 20% PET concentration are expected 

to have a higher energy absorption before fracture than those produced with 15%. PET 

concentration. The changes in observed mechanical properties of EPM can be attributed to 

the ultrafine nanofibers' interconnected chain orientation network and uniform distribution 

of the fibers’ internal structure as fibers get finer (Papkov et al., 2013). 

Reviewing the presented mechanical properties of the EPMs produced in the 

laboratory reveals that the highest modulus and strength values were achieved when the 

fibers were produced by electrospinning of a solution of 20% PET concentration at a 

discharge rate of 50 μL/min.  While smoother and more uniform fibers were achieved by 

electrospinning PET solutions discharge rates below 50 μL/min, a significant drop in their 

diameter decreased substantially, resulting in a reduction in the force corresponding to 

yield point and a more pronounced plastic behavior. However, as the discharge rate 

decreased, the produced fibers became finer and more cylindrical, resulting in enhanced 

mechanical properties. Consequently, at reduced discharge rates, the ultimate strength and 

toughness increased.       
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CHAPTER FIVE: TEST RESULTS OF ASPHALT MIXES 

5.1.    Introduction 

Four different types of asphalt mixes, containing 0, 0.5, 1.0, and 1.5% EPM, labeled 

as HMA-C, HMA + 0.5% EPM, HMA + 1.0% EPM, and HMA + 1.5% EPM were 

produced in the laboratory. The effect of incorporating different amounts of EPM in the 

HMA mixes on their resistance to different distresses was evaluated by conducting 

performance tests on the aforementioned mixes. This chapter summarizes performance of 

the asphalt mixes and their resistance to rutting, cracking, and moisture-induced damage 

by conducting HWT, SCB, and TSR tests, respectively. 

5.2.    Hamburg Wheel Tracking (HWT) Test Results 

In this study, the rutting and moisture susceptibility of asphalt mixes containing 

different amounts of EPM were evaluated by conducting the HWT test in accordance with 

the AASHTO T 324 standard test method (AASHTO, 2011). HWT device automatically 

records rut depths at 11 equally-space locations on the wheel path during each wheel pass 

in the laboratory. For each HMA mix, two sets of identical specimens (four cylindrical 

samples) were prepared and tested in an HWT device. Tests were conducted at 50ºC while 

specimens were submerged in the water. After completing each HWT test, the measured 

rut depth was plotted with the number of wheel passes and used to analyze the rutting 

behavior of each mix. The deformation-wheel pass plot provides valuable insight into the 

performance of the asphalt pavement and demonstrates three distinct phases: post-

compaction, creep, and stripping phases (Al-Khateeb and Basheer, 2009; Lv et al., 2018 

and Zhang et al., 2020). Figures 2.1 and 2.2 in section 2.6.1 illustrate the characteristics of 
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the three phases of deformation associated with the rutting curve. The post-compaction 

phase corresponds to the consolidation of the specimen as the asphalt mix is compacted 

under the wheel load. The principal mechanism of deformation is the compaction of the 

mix caused by the applied load. The creep phase is characterized predominantly by the 

viscous flow of asphalt mixes. This phase is characterized by a creep slope, which 

represents a constant rate of rut depth per load cycle. The viscous behavior of asphalt mixes 

is responsible for permanent deformation during the creep phase. On the other hand, the 

stripping phase begins when the bond between the asphalt binder and aggregate weakens, 

which results in visible damage to the asphalt mix structure manifested by a dramatic 

increase in creep slope. To distinguish the stripping phase from the creep phase, another 

parameter called stripping inflection point (SIP) is utilized. During the stripping phase, the 

rate of rutting depth increase is typically double that of the creep phase (Lin et al., 2023).  

Figure 5.1 shows the variation of rut depths with wheel passes obtained from 

conducting HWT tests on HMA-C, HMA + 0.5% EPM, HMA + 1.0% EPM, and HMA + 

1.5% EPM mixes. Based on the results depicted in Figure 5.1, all the HMA mixes exhibited 

only post-compaction consolidation and creep, and none of them exhibited an SIP, 

indicating an adequate resistance to moisture-induced damage. The post-compaction 

consolidation was ended when the wheel passes reached approximately 3500, 3000, 2500, 

and 4000 loading cycles for HMA-C, HMA + 0.5% EPM, HMA + 1.0% EPM, and HMA 

+ 1.5% EPM mixes, respectively. It is worth noting that the addition of EPM to the mix 

reduced the post-compaction phase, meaning that fewer loading cycles are required to 

transition into the creep phase. This observation indicates that EPM fibers can reduce the 

post-compaction consolidation of the HMA, resulting in delaying early deformations. 
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Figure 5.1 Rutting development in different EPM added HMA 

Following the post-compaction phase, an extended and well-defined creep phase 

was observed, which continued for the remaining 20,000 loading cycles until the end of 

the test. Notably, a significant stripping phase was not evident. This observation suggests 

that the addition of the EPM did not compromise the asphalt-binder aggregate bonding and 

effectively resisted the stripping. Throughout the entire 20,000 loading cycles, the rutting 

depths of all HMA samples remained well below 12.5 mm, the maximum allowable rut 

depths for many DOTs. It was observed that asphalt mixes containing 0.5% and 1.0% EPM 

effectively reduced the maximum rut depths compared to the HMA-C. However, when the 

EPM content was increased to 1.5%, the maximum recorded rut depth increased and 

became similar to those observed in HMA-C. Table 5.1 summarizes the creep slope values 

and rut depths measured at 5000-wheel pass intervals for the tested mixes. It was observed 

that the rut depths for HMA-C, which does not contain any EPM, were 4.6, 6.0, 7.0, and 
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7.9 mm at 5000, 10,000, 15,000 and 20,000 wheel passes, respectively. The results indicate 

that HMA-C had a creep slope of 5,196 passes/mm, implying that it requires a minimum 

of 5,000 loading cycles to accumulate one mm of rutting.  

Table 5.1 Summary of rut depths and creep slope for different mixes 

 

In contrast, the measured rut depths for HMA + 0.5% EPM at 5000, 10000, 15000, 

and 20,000 loading cycles were 3.4, 4.4, 5.0, and 5.5 mm, respectively. This indicates that 

adding 0.5% EPM to the asphalt mix significantly enhanced its resistance to rutting 

compared to HMA-C. The creep slope of 9,263 passes/mm recorded for HMA + 0.5% EPM 

indicates more than 78% improvement in resistance to rutting as a result of using 0.5% 

EPM compared to HMA-C.  Furthermore, the rut depths recorded for HMA + 1.0% EPM 

mix after 5000, 10000, 15000, and 20000 wheel passes were 1.2, 1.9, 2.4, and 3.0 mm, 

respectively. The creep slope measured for the HMA + 1.0% EPM mix was 9,267 

passes/mm. This indicates that the HMA containing 1.0% EPM, by weight of the asphalt 

binder, experienced a progression in rutting, which was approximately 78%  slower than 

SL 

No 
Mix Type Value 

Rut depth (mm) Inverse Creep 

Slope 

(Passes/mm) 

No. passes 

5,000 10,000 15,000 20,000 

1 HMA-C 

Avg. L 4.7 6.1 7.1 8.1 5390 

Avg. R 4.6 5.9 6.9 7.8 5002 

Avg 4.6 6.0 7.0 7.9 5196 

SD 0.1 0.1 0.2 0.3 274 

2 

HMA 

+ 0.5% 

EPM 

Avg. L 2.6 3.4 3.9 4.3 10,904 

Avg. R 4.2 5.3 6.0 6.6 7622 

Avg 3.4 4.4 5.0 5.5 9263 

SD 1.1 1.4 1.5 1.6 2321 

3 

HMA 

+ 1.0% 

EPM 

Avg. L 1.0 1.6 2.1 2.6 10,362 

Avg. R 1.5 2.2 2.8 3.4 8172 

Avg 1.2 1.9 2.4 3.0 9267 

SD 0.3 0.4 0.5 0.6 1549 

4 

HMA 

+ 1.5% 

EPM 

Avg. L 5.5 6.9 7.9 8.8 5273 

Avg. R 5.6 7.2 8.3 9.2 4935 

Avg 5.6 7.0 8.1 9.0 5104 

SD 0.1 0.2 0.3 0.3 239 
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that in HMA-C. This improvement in rutting resistance can be attributed to the important 

role played by EPM and the aggregate skeleton in the mix, including effective load 

distribution, particle interlock, reduced binder viscosity, reduced tensile and shar 

deformation due to the fibers and increased binder stiffness.  

The HMA + 1.5% EPM mix exhibited rut depths of 5.6, 7.0, 8.1, and 9.0 mm at 

5000, 10000, 15000, and 20000 wheel passes, respectively. Additionally, the creep slope 

measured for HMA + 1.5% EPM was 5,104 passes/mm, which indicated that the mixture 

containing 1.5% EPM rutted at a rate similar to that in HMA-C. This change in creep slope 

is attributed to the asphalt binder film thickness on aggregates and EPM. Since the binder 

content in all batches of asphalt mixes remained unchanged, the addition of EPM increased 

the available surface to be coated by asphalt, a reduction in asphalt film thickness. On the 

other hand, the addition of EPM increased the mixture's overall stiffness by reducing the 

ductility of the mastic. Finally, more EPM means more binder absorption and less effective 

binder content (Pbe) less binder to coat the aggregates. As a result, at low EPM contents 

(0.5 and 1.0%), asphalt mixes exhibited a rutting resistance higher than that of the HMA-

C. However, when the EPM content was increased to 1.5% asphalt mix showed a resistance 

to rutting approximately equal to that of the HMA-C. In addition, the absence of stripping 

inflection points (SIP) in Figure 5.1 indicates that none of the four mixes, including the 

control mixture, exhibited moisture-induced damage during the test. Consequently, SIP 

values were not reported in Table 5.1. 

Figure 5.2 summarizes the maximum average rut depths of different tested HMA 

samples. The results indicated that for EPM contents less than 1.5%, an increase in the 

EPM contents resulted in a reduction in average rut depths when compared to HMA-C. 
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Figure 5.2 Maximum rut depths measured in different mixes 

This indicates 30 and 62% reduction in rut depths when 0.5 and 1.0% EPM was 

incorporated in the mix, respectively, comparison to the HMA-C. As the EPM content 

reached 1.5%, observed ruth depth increased by 14% when compared to HMA-C. 

5.3.    Tensile Strength Ratio Test Results 

The ITS tests were conducted on dry and moisture-conditioned samples to 

determine the moisture-induced damage potential in asphalt. For this purpose, one group 

of the specimens was subjected to moisture-conditioning by vacuum-saturating them with 

water, freezing at -18°C for 16 hours, and subjecting them to 60°C in a water bath for 24 

hours. Finally, samples were kept submerged in the water at 25°C for two hours before 

testing. Another set of the samples (dry set) was kept at 25°C for two hours in dry condition 

before testing. A monotonic load was then applied to both sets of samples along their 

diameter in an ITS jig inside a loading frame. The average tensile strength of each sample 

set was then calculated by measuring the peak load from equation 3.2. The TSR value was 

then calculated for each mix type from equation 3.3. 



67 

 

 

 
            Figure 5.3 Tensile strength values of asphalt mixes in dry and moisture-conditioned 

states 

Figure 5.3 shows the average tensile strength values for dry set and conditioned set 

for each type of the tested mixes. The TSR values calculated for each mix type are also 

shown in Figure 5.4. It was observed that the average tensile strength of dry-conditioned 

and moisture-conditioned HMA-C samples were 160.0 and 131.0 Pa, respectively, a TSR 

value of 81.8%. After adding 0.5% EPM to the asphalt mixes, the average tensile strength 

of the dry and moisture-conditioned samples rose to 204.0 and 189.0 Pa, respectively, a 

TSR value of 92.7%. This indicates that incorporating 0.5% EPM in asphalt mixes resulted 

in a 28 and 44% increase in the tensile strength of mixes in dry and wet conditions 

compared to those in the HMA-C mix, respectively. The EPM with a tensile strength higher 

than that of asphalt binder at 25ºC improved the tensile strength of asphalt mastic as a 

reinforced composite when compared to that of the HMA-C. It was observed that a further 

increase in the EPM content in the asphalt mixes (HMA + 1.0% EPM and HMA + 1.5% 

EPM) resulted in a reduction in tensile strengths of both dry and moisture-conditioned 

samples compared to HMA-C. More specifically, incorporating 1.0 and 1.5% EPM in the 
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mix resulted in 9 and 14% reduction in tensile strength of dry specimens, respectively, 

compared to HMA-C. However, the tensile strength of the moisture-conditioned samples 

containing 1.0 and 1.5% EPM remained unchanged, compared to that of the HMA-C. 

According to Zhu et al. (2020) optimum asphalt binder content of asphalt mix 

increases after adding fibers which are directly related to the asphalt film thickness. 

Consequently, further addition of EPM led to reduction of the film thickness surrounding 

the aggregates and fibers. This occurred because more binder was required to coat the 

fibers, while binder content was kept constant in all mixes. Therefore, while the addition 

of EPM fibers beyond 0.5% had a negative effect on the tensile strength of samples tested 

in dry conditions, their presence was advantageous in reducing moisture damage to the 

mixture. This was observed through the fact that the tensile strength of the moisture-

conditioned samples of the HMA containing 1.0 and 1,5% EPM remained unchanged 

compared to that of the HMA-C.  

 
Figure 5.4 TSR result for different HMA mixes. 
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Figure 5.4 shows that the TSR values measured for HMA-C, HMA + 0.5% EPM, 

HMA + 1.0% EPM, and HMA + 1.5% EPM were 81.8, 92.7, 94.1, and 95.4%, respectively. 

It can be concluded that incorporating EPM into the HMA mix increased their resistance 

to moisture-induced damage. Interestingly, the continuous incorporation of EPM into 

asphalt mixes resulted in a continuous rise in TSR values compared to HMA-C. Therefore, 

one may conclude that the incorporation of the EPM in asphalt mixes can improve their 

resistance to moisture-induced damage.   

5.4.    Semi-Circular Bending (SCB) Test Results 

Fatigue cracking is a frequently observed distress in asphalt pavements at 

intermediate temperatures. The SCB test was utilized to determine the resistance of the 

mixes to cracking (Klinsky et al., 2018). In addition, the fracture energy parameters 

obtained from conducting the SCB tests are found to have an excellent correlation with 

asphalt pavements’ fatigue performance under repetitive traffic loads (Kim et al., 2012; 

Mohammad et al., 2008). Load-deformation curves developed by conducting the SCB test 

are analyzed to determine the critical strain energy release rate (Jc) from equation 3.1. Total 

energy represented by the area under the load-deformation up to the peak load corresponds 

to the crack initiation energy.  By conducting SCB test on samples of different notch depth 

sensitivity of the crack initiation energy to notch depth is calculated for unit thickness of 

the sample, providing insight into asphalt material's crack resistance (Saha and Billigiri, 

2016; Minhajuddin et al., 2016). To evaluate the resistance to cracking at intermediate 

temperature, fracture tests were conducted on SCB specimens having 25, 32, and 38 mm 

notch depths at 19°C. In each notch depth, at least four samples were tested. For each notch 

depth, the fracture energies were calculated.  Figure 5.5 presents the critical strain energy 
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release rate (Jc) values for different asphalt mixes, namely HMA-C, HMA + 0.5% EPM, 

HMA + 1.0% EPM, and HMA + 1.5% EPM. It can be observed that incorporating of 0.5% 

EPM in asphalt mix resulted in 10% increase in the Jc value (0.44 kJ/m2). Compared to 

that of the HMA-C (0.4 kJ/m2). Similarly, the Jc value for the HMA + 1.0% EPM mix 

(0.58 kJ/m2) was 45% higher than that of the HMA-C. Furthermore, incorporating 1.5% 

EPM in the mix resulted in 66% increase in Jc value (0.66 kJ/m2) compared to HMA-C 

mix. This observation indicates that incorporation of EPM in asphalt mixes improved their 

resistance to cracking. 

This enhancement in resistance to cracking was attributable to the fibers' capacity 

to absorb and distribute the concentrated tension generated by loading. Due to their greater 

energy absorption capacity compared to the asphalt binder and mastic phases, the presence 

of EPM contributes to delaying the microcrack formation (Ye et al., 2009). 

 
Figure 5.5 Critical Strain energy release rate (Jc) of different HMA mixes 

Notably, ASTM D8044 (ASTM, 2017) recommends a minimum Jc value of 0.5 

kJ/m2 for an acceptable resistance to cracking. Figure 5.5 demonstrates that the measured 
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Jc values for HMA-C (0.40 kJ/m2) and HMA + 0.5% EPM (0.44 kJ/m2) were below this 

recommended threshold. However, addition of 1.0 and 1.5% EPM effectively increased the 

Jc values exceeding the minimum recommended threshold. This indicates that the addition 

of 1.0 and 1.5 % EPM can be considered as an effective method to improve asphalt mixes' 

resistance to cracking to meet the requirements of ASTM D8044 (ASTM, 2017). 
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CHAPTER SIX: CONCLUSIONS AND 

RECOMMENDATIONS 

In this study, the production of the EPM in the laboratory by varying different 

concentrations and discharge rates were achieved. Also, the effect of the electrospinning 

parameters on the morphology and mechanical properties of the PET fibers were evaluated. 

The investigation involved the production of EPM using solution-based electrospinning 

techniques, employing different PET concentrations and discharge rates. The chemical, 

morphological, and mechanical properties of the EPM at different concentrations and 

discharge rates were assessed using FTIR, SEM, and tensile strength testing. In addition, 

laboratory produced Superpave mixes were prepared using a PG 58-28 asphalt binder and 

its blends with 0.5, 1.0, and 1.5% EPM. The effect of incorporating different amounts of 

EPM on resistance of the asphalt mixes to fatigue cracking, rutting and moisture-induced 

damage of asphalt mixes was characterized by conducting SCB, HWT, and TSR tests, 

respectively. 

6.1. Conclusions 

Based on the results, discussions, and observations presented in this study conclusions were 

drawn as follows. 

a) Chemical analysis of EPMs using FTIR spectroscopy indicated that there were no 

significant alterations in the molecular structure of PET as a result of using the DCM 

and TFA solution and the electrospinning process. Also, no traces of DCM of TFA or 

additional functional groups were found in any of tested EPMs. It was further concluded 
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that drying of fibers in ventilated environment at room temperature for 24 hours is 

adequate for complete evaporation of the solvent.  

b) From post-processing of the SEM micrographs, it was found that reducing the solution 

discharge rate led to a reduction in the fiber diameter. Higher PET concentrations in 

electrospinning solution resulted in fibers with larger diameters.   

c) Qualitative study of the SEM micrographs revealed that regardless of the PET 

concentration in the solution the fibers with the highest degree of uniformity were 

consistently generated at the lowest spinnable discharge rate. Increasing the discharge 

rates resulted in rough, non-uniform and fractured fibers. For 15% PET concentration, 

uniform, smooth surface and cylindrical EPMs were produced at discharge rates less 

than 60 µL/min. For PET concentration of 20%, uniform, smooth surface and cylindrical 

EPMs were produced at discharge rates less than 120 µL/min.  

d) Conducting tensile tests on EPMs revealed that a reduction in the diameter of the 

produced EPM resulted in an improvement in the strength, force corresponding to the 

yield point, and modulus of the fibers.    

e) Based on chemical, morphological, and mechanical characteristics, as well as the 

requirements for mass production of EPMs, it was determined that utilizing a solution 

with a PET concentration of 20% and a discharge rate of 60 µL/min led to the production 

of EPMs exhibiting optimal mechanical properties. These attributes included 

exceptional tensile strength, strain, yield point strength, and toughness. 

f) Based on the results of HWT tests, increasing the EPM content in the mix up to 1.0% 

resulted in continuous improvement in their resistance to rutting and moisture-induced 

damage compared to the mix without any fibers in it. However, further increase in EPM 
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content in the mix to 1.5% was found to have a negative effect on resistance of the mix 

to rutting compared to the mix without any fibers in it (HMA-C). 

g) TSR values suggested that addition of EPM to asphalt mix increased the TSR value, an 

improved resistance to moisture-induced damage.  

h) The SCB tests indicated that an increase in the EPM contents in the asphalt mixes tested 

in this study continuously improved their resistance to cracking, when compared to 

control mix. 

i) Based on HWT, SCB, TSR as well as the requirements for mass uses of EPMs in asphalt 

mix, it was determined that utilizing 1.0% EPMs led to the performance of optimal 

mechanical properties of asphalt mix.  

6.2. Recommendations 

a) For future studies, it is recommended to explore and evaluate different methods of 

electrospinning EPM, with a particular focus on techniques such as melting 

electrospinning. This alternative method can eliminate the need for chemicals. 

Additionally, investigating different techniques for enhancing fiber production, such as 

experimenting with various solvents and their ratios, are suggested to be considered. 

These efforts would contribute to advancing the production process and expanding the 

range of applications for EPM fibers.  

b) For improved control over the morphology of EPM fibers, it is recommended to 

optimize a number of environmental factors. In the beginning of the electrospinning, the 

discharge rate must be carefully regulated. The diameter and uniformity of the produced 

fibers can be substantially altered by adjusting the discharge rate. Secondly, it is 

essential to maintain a controlled humidity level in the laboratory. Fluctuations in 
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humidity can influence the electrospinning procedure and result in morphological 

variations in the fibers. During the electrospinning procedure, it is essential to maintain 

a stable and regulated humidity level. Dispersing the solution horizontally onto the 

collection plate was studied in this work. For future studies, exploring vertical discharge 

is suggested. During the electrospinning process, when the solution is discharged 

horizontally, it may take different travel trajectories. Consequently, the morphology of 

electrospun fibers may vary along the collection plate. By electrospinning of the solution 

vertically, it is possible to achieve a more consistent and controlled travel path, resulting 

in enhanced fiber morphology. 

c) As a result of the use of highly polarized solvents in the production of EPM fibers, the 

surfaces of the fibers tend to be highly charged. To mitigate this issue, it is recommended 

to investigate alternative electrospinning techniques that can aid in lowering the surface 

charge of EPM fibers. By employing these alternative techniques, it may be possible to 

achieve a more balanced surface charge distribution, resulting in enhanced dispersion in 

asphalt.  

d) Before the proposed modified asphalt can be adopted as a standard construction material 

in pavements, additional field-scale construction, long-term pavement performance 

monitoring and life cycle cost analysis (LCCA) should be conducted. The conclusions 

regarding mix performance were derived from tests conducted on a specific mix design 

that included local aggregates, a particular grading, and other site-specific variables. 

These results may not be directly applicable to other mixes or material varieties. To 

further expand the applicability of the findings, further research should be carried out to 
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include a variety of materials. This would entail testing the asphalt binders and different 

aggregate sources, aggregate gradations, and other mix variables.   
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