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Thesis Summary 

 
There are current largescale efforts within the paving industry to move 

towards the use of sustainable binder alternatives to bitumen, which is a non-
renewable and highly impacting resource. The use of waste plastics as binder 
materials within asphalt concrete is considered as a practical and cost-effective 
alternative, especially as the growth of new recycling capacities is becoming 
more crucial. Furthermore, plastic-derived bitumen modifiers from the 
thermochemical treatment of plastics could be a viable solution to the current 
limitations associated with plastic bitumen modifiers (PMB), while producing 
asphalt with enhanced rheological properties and failure resistances. 

This study provides a novel contribution to outlining the potential of high-
density polyethylene (HDPE) thermal pyrolysis waxes in the modification of 
bitumen (w-binder) and subsequent hot mix asphalt (HMA) mixtures (w-asphalt), 
as well as in reclaimed asphalt (RAP) rejuvenation. In the interest of product and 
process optimisation, it establishes key relationships between pyrolysis process 
parameters, the chemical and thermal properties/ mechanisms of the wax 
modifiers and the rheological and mechanical performance of the modified 
binders/mixtures. Finally, dense graded asphalt concrete modified with an 
optimal HDPE pyrolysis wax (6 wt% of the binder) and 20% RAP was produced 
and its resistance to key pavement deterioration modes was determined.    

The optimal wax was produced at higher pyrolysis temperatures and 
nitrogen flowrates (having the lowest vapour residence times.) Such process 
parameters had a crucial role in the resultant wax chemistry and thermal ageing 
behaviours. Oxidation and polymerization reactions were key mechanisms 
identified during wax thermal ageing and their effect on the resultant binder and 
mixture properties were highlighted. The asphalt mixtures produced had 
enhanced or unaffected resistance to the key failure modes studied, with the RAP 
+ HDPE pyrolysis wax mixture showing superior performance. The HDPE 
pyrolysis wax acted as a sufficient rejuvenating agent to mitigate the otherwise 
adverse effects to fatigue resistance of high RAP content in HMA mixtures. This 
application of plastic pyrolysis wax could help to reduce the amount of non-
renewable materials used for HMA production, increasing the usage of recyclable 
and secondary materials within flexible pavements in the effort to approach a 
circular economy. 

Keywords: Waxes; High-density polyethylene; Thermal degradation; Hot mix 
asphalt; RAP rejuvenators   
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CHAPTER 1: Introduction  

 

1.1 Background  
 

Recently, plastomers such as High-Density Polyethylene (HDPE) have 

contributed to a significant increase in disposable medical waste as a result of 

the COVID-19 pandemic [1]. The identification of sustainable valorisation routes 

for ‘end-of-life’ plastic waste such as this is becoming more crucial. One emerging 

trend in research and an application that is considered both practical and cost-

effective is the incorporation of these plastics into asphalt binders as a partial 

replacement, typically at modification levels between 3% and 5% weight of the 

binder [2,3]. The material performance enhancements achieved with 

polyethylene-modified bitumen can include an improved resistance to rutting and 

fatigue cracking; lowered thermal, degradation, moisture and stripping 

susceptibility; and an enhanced Marshall stability [4]. Yet, this approach has not 

yet gained widespread acceptability in practise and commercialisation due to its 

associated technical limitations. These can include higher binder viscosity and 

reduced workability, thus raising the production temperature and energy 

requirements; poor low temperature performance; low chemical compatibility and 

poor storage stability; poor dispersion of the plastic modifiers in bitumen, with 

high mixing times and temperatures that lead to excessive aging; and the 

indeterminate performance of higher blend ratios [2, 4-7].  

 

Bituminous asphalt binders naturally contain microcrystalline and amorphous 

waxes containing branched, alicyclic, and aromatic components [8]. Due to 

current refinery processes of straight run bitumen, this wax is low in content and 

does not particularly influence the binder or subsequent asphalt properties. 

However, commercial waxes have gained recent attention as binder viscosity 

improvers, especially for high viscosity/low workability binders such as polymer-

modified and rubberised bitumen, as well as mixtures that contain reclaimed 

(RAP) binders and aggregates. Their purpose is to reduce the process 

temperature and energy requirement, in turn lowering both production cost as 

well as emissions [9-12]. When utilised as a warm-mix asphalt (WMA) 
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technology, they have been observed to achieve reduced process temperatures 

of 100-140 °C. Furthermore, achieving a lower void content due to improved 

compaction would make pavements denser and more robust. Typical viscosity 

lowering additives used for bitumen are Fischer-Tropsch (FT) paraffin, 

polyethylene and Montan waxes [8]. In particular, polyethylene wax is a low 

molecular weight binder additive that has previously been incorporated into 

polymer-modified WMA and reported to enhance the fatigue, moisture, and 

temperature cracking resistances, as well as rutting in some instances [15-17]. 

Waste polyolefin plastics can be treated via thermochemical processes such as 

pyrolysis to produce value-added products including polyethylene waxes.  

 

Pyrolysis involves the heating of plastics to moderate-severe temperatures (<800 

°C) in an inert atmosphere. At moderate process temperatures (500 °C), aliphatic 

waxes are the primary product as well as pyrolytic oil containing high contents of 

heavy hydrocarbon waxes [18, 19]. Literature review work conducted within this 

thesis has highlighted the current scope of established applications for these wax 

products, with a general lack identified outside of the alternative fuel and 

chemical feedstock industries [4]. Comprehensive research is necessary to fully 

explore the potential of polyethylene pyrolysis wax within asphalt binder 

modification, to ensure commercial viability and profitability for this circular 

economy application. As a hot-mix asphalt (HMA) binder additive, it may negate 

the technical limitations of plastic modifiers. Furthermore, it may provide 

rejuvenating as well as similar technical advantages to current commercial 

viscosity reducing waxes, when used as an additive with RAP.  

 

Previously, blends of pyrolysis oils and waxes from waste rubber and plastic 

feedstocks have been incorporated at 5 wt% into bitumen, enhancing the 

workability and mechanical properties of the binders and increasing resistance 

to rutting, fatigue and low-temperature cracking [12]. Pyrolyzed low-density 

polyethylene (LDPE) has been incorporated at 2-8 wt% into bitumen, 

demonstrating increased compatibility with the bitumen to an extent. The 

resultant admixtures had improved resistances to temperature, permanent 

deformation, and moisture, as well as increased Marshall stability [20]. The 
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pyrolysis wax produced from fresh and waste HDPE has been used in a 

composite binder (polymer-modified binder, styrene-butadiene-styrene (SBS) 

and other functional additives) at a 2 wt% dosage. The composite wax modified 

binder had a reduced the binder viscosity and while increasing the |G*|, it also 

reduced the δ values and had an improved rutting resistance [21].  

 

Within this context, this thesis aims to further provide a baseline of understanding 

of the interactions between HDPE pyrolysis process parameters, the product wax 

characteristics and resultant HDPE pyrolysis wax modified binder (‘w-binder’) 

performance in HMA. These key relationships have not yet been fully explored 

by the previous works described within this particular scope of research. This 

baseline may then be applied for the pyrolysis waxes obtained from other end-

of-life materials, providing a full understanding of the benefits of this application, 

from a circular economy perspective. Furthermore, extensive characterisation of 

the waxes can provide an insight into their use as RAP rejuvenating agents, when 

used in conjunction within the current standard type of rolled mixed asphalt. 

 

1.2 Research Questions 

 

Literature review work within this thesis details the current scope of established 

applications for the main wax product obtained from plastic thermal pyrolysis, 

with a sizeable research gap identified outside of petrochemical and chemical 

feedstock industries [2]. This gap in literature can be attributed to a lack in the 

extensive characterisation for this product to match it with potential applications. 

Furthermore, there is a large absence of research knowledge in the sole capacity 

of fully degraded polyolefin pyrolysis products and their capacities as flexible 

pavement materials, such as in asphalt binder and mixture modification. 

Additionally, there has also been no comprehensive attempt to form relationships 

between the pyrolysis parameters used and the resultant effects of pyrolysis 

products on the asphalt binder performance, from chemical/thermal and 

mechanical/rheological standpoints.  
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With further consideration of the desired application, conventional flexible roads 

are prone to deterioration as a result of multiple factors, namely traffic loading, 

construction practices and thermal susceptibility of the asphalt materials [31,32]. 

Therefore, the addition of plastic-derived wax products and reclaimed materials 

should be adopted with the aim of enhancing bitumen and subsequent HMA 

performance over the service temperatures and timescales associated with the 

main modes of pavement failure.  

 

With these identified research gaps and considerations, the key research 

questions of this study have been selected: 

1. How can pyrolysis process conditions effect the quality of the product waxes 

from pure HDPE pellets, in terms of chemical composition and thermal 

characteristics. Moreover, how can the resultant wax chemistry impact the 

thermal ageing mechanisms that occur to both the wax upon its incorporation 

into bitumen, as well as the wax modified bitumen throughout its service life 

(in terms of evaporation, oxidation, and polymerization reactions.) Identifying 

such relationships are in the interest of product and process optimisation. 

Likewise, this point of investigation may highlight the requirement of additional 

stabilising additives within this practical application.  

 

2. As a result of the chemical and thermal ageing characteristics, can the 

pyrolysis waxes be effectively added to bitumen at reduced blending times and 

temperatures to typical polymer-modified bitumen production, achieving good 

dispersity. Furthermore, how can these properties impact the rheological, 

mechanical, thermal and workability performance of the resultant w-binders. 

This investigation will determine if the plastic-derived waxes negate the 

technical limitations of conventional polymer-modified binders, especially in 

terms of high and low temperature performance.  

 

3. Finally, in the interest of waste management and circular economy, can HDPE 

pyrolysis waxes be paired with end-of-life road materials (RAP) to increase the 

total amount of recyclables used within asphalt flexible pavements, while 

improving vital failure resistances. This will determine if HDPE pyrolysis wax 
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may be suitable for RAP rejuvenation applications. A selected wax dosage will 

be selected for this investigation, dependent on optimum enhancement to the 

bitumen as demonstrated by the previous research outcomes.   

 

1.3 Research Aim & Methodology 

 

This work aims to provide a baseline of understanding of the interactions between 

HDPE pyrolysis process parameters, the product wax characteristics and 

resultant plastic pyrolysis wax modified binder (‘w-binder’) performance in HMA. 

This baseline of understanding may then be applied for waxes from other plastics 

as well as waste plastics, further increasing the amount of recyclable material 

within flexible pavements to approach a circular economy. To achieve this 

research aim, the study was divided into three phases (which are further 

illustrated in Figure 1.1,) each with their own research objectives: 

 

Phase 1: Establish the thermal pyrolysis mechanisms of HDPE and the 

relationships between the process operating parameters and resultant wax 

chemical and thermal properties. Also, determine the thermal stability and ageing 

mechanisms that occur to the waxes upon incorporation and blending with the 

bitumen. This will enable the suggestion of a suitable blending protocol for the w-

binders and later aid in providing an understanding of the wax’s behaviour as a 

modifier material, from a chemical perspective.  

Phase 2: Produce w-binders with a lower (6wt%) and higher (12wt%) modification 

level of HDPE pyrolysis wax, using the suitable blending protocol suggested in 

Phase 1. Determine the relationships between the chemical and thermal 

properties of the waxes and their rheological and mechanical performance via 

the utilization of rheological, chemical, and thermal characterisation techniques. 

This will also allow for the selection of an optimal wax/wax dose to take forward 

for w-asphalt formulation.  

Phase 3: Investigate the resistance of HDPE pyrolysis wax modified asphalt 

mixtures (w-asphalt) to the key modes of failure within HMA. This will be achieved 

through a series of mechanical performance mixture tests. Additionally, establish 
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the rejuvenating capacity of the pyrolysis wax modified binders when 

incorporated into HMA with 20% RAP. 

 

1.4 Thesis Outline 

 

This thesis is composed of two journal papers that have been published and two 

papers that have been submitted for review. The contents of these papers have 

been modified and dispersed throughout the document into relevant chapters to 

ensure article flow and avoid repetitions. Additional information was included in 

the literature review and methodology to further expand on the research scope 

and testing principles. The thesis includes seven chapters and is organised as 

follows:  

 

Chapter 1 presents an introduction, including background, problem statement, 

research objectives/workflow and thesis outline.  

Chapter 2 presents a comprehensive technical review which: introduces current 

plastic waste management methods; the thermal pyrolysis of plastic waste 

polyolefins, with a heavy focus on wax production; exploration into the current 

use of polyolefin plastics in HMA, including the achievable property 

enhancements of PO plastic asphalt (binder) modification, the associated 

limitations from a technological and environmental standpoint, as well as life 

cycle and economic assessment data; provides a discussion on plastic wax-

based warm mix asphalt (WMA) technologies and the potential use of PO plastic-

derived wax products from pyrolysis as a modifier with similar properties in HMA. 

The technical review in this chapter has been published as a paper in Resources, 

Conservation and Recycling, [2].  

Chapter 3 presents the laboratory experimental work performed in this study. It 

details the materials used, followed by the experimental principles, setups, and 

data analyses.  

Chapter 4 presents the thermal pyrolysis of HDPE, in which pyrolysis 

mechanisms and wax yields are described, and relationships between the 

process operating parameters and resultant wax chemical and thermal properties 
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are established. It additionally focuses on the thermal properties and ageing 

performance of the waxes, especially with regards to volatile loss and the 

proposed ageing mechanisms that occur. These characterisations allow for the 

selection of optimal waxes to be taken forward to the next phase for blending with 

bitumen. The optimum blending conditions are also suggested. This chapter is a 

paper published in the Journal of Cleaner Production, [33]. 

Chapter 5 presents the relationships between the chemical and thermal 

properties of the waxes and their rheological and mechanical performance, 

allowing for the selection of an optimal wax to take forward for w-asphalt 

formulation. An extensive investigation using shear fatigue tests and a DSR 

based crack growth model (DSR-C) is employed. The ageing mechanisms of the 

w-binders are explored as a continuation of the investigation into the thermal and 

oxidative stability of the waxes within this application.  

Chapter 6 presents the laboratory performance investigation of HMA mixtures 

with the incorporation of high-density polyethylene (HDPE) wax that has been 

obtained via thermal pyrolysis and up to 20% RAP. Mixture resistances to the 

key modes of failure within HMA are investigated using standard procedures 

including mixtures’ stiffness, fatigue, rutting, fracture, and moisture susceptibility. 

Chapter 7 presents the summaries and conclusions from the thesis as well as 

recommendations for future studies.  
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Figure 1.1 Research Workflow. 
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CHAPTER 2: Literature Review 

 

2.1 Background  
 

To increase Europe’s sustainability and resource efficiency as part of the 

European Commission’s Circular Economy Plan (CEP), concepts such as 

Industrial Symbiosis have recently been promoted. Industrial symbiosis is the 

process by which wastes, or by-products of an industry or industrial process 

become the raw materials to be used in a more sustainable way [34, 35] 

Moreover, the document published by the European Commission entitled 

‘Roadmap to a Resource Efficient Europe’ emphasises the role that waste should 

play in boosting the economy and viewing it as a resource by the year 2020 [36]. 

Therefore, there is increasing importance in the investment of research 

examining the innovative ways of using wastes such as recycled plastics as a 

resource. In 2018, global plastics production reached 359 million tonnes, with 

Europe producing 61.8 million tonnes of that total. Correspondingly, of the 29.1 

million tonnes of European post-consumer plastic waste collected in the same 

year, only 32.5% of the waste was sent to recycling facilities [37].  

 

A major portion of the plastic produced each year is used to make disposable 

items of packaging or other short-lived ‘single use’ products that are discarded 

within a year of manufacture [38]. Polyolefin (PO) plastics such as High-Density 

Polyethylene (HDPE), Low-Density Polyethylene (LDPE) and Polypropylene 

(PP) make up the majority of municipal plastic waste streams and have had a 

recent demand surge due to their versatility in single-use medical applications, 

mainly due to the COVID-19 pandemic [39]. Plastic is a petroleum-based 

material, and its rising demand has led to the increased depletion of the non-

renewable fossil fuel, indicating that our current use of plastics is not sustainable 

[40]. With the rising demand and consumption of this inexpensive, non-

biodegradable material and it’s recycling still at a low rate, the shear 

accumulation and disposal of end-of-life plastic solid waste (PSW) is now a great 

problem. In 2019, the EU exported 1.5 million tonnes of plastic waste mostly to 

recycling facilities in Turkey and Asian countries. This share of exported plastic 
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waste to countries such as China has recently fallen significantly due to the 

adoption of restrictions on the import of plastic waste in 2018 [41]. Additionally, 

as of 2021 the export of hazardous plastic waste and plastic waste that is hard 

to recycle from the EU to non-member countries of the Organisation for Economic 

Co-operation and Development (OECD) has been banned. Therefore, new 

sustainable recycling capacities must grow to accommodate the new tonnages 

of plastic waste, diverting from incineration and landfill and equally fulfilling the 

new EU recycling targets [42]. 

 

The potential of thermochemical technologies such as pyrolysis for the 

conversion of waste polyolefins to value-added products and feedstocks/new 

materials for other industries makes it a suitable and viable waste management 

route, as well as a possible contributor to achieving industrial symbiosis in the 

future for the plastic industry and others. A concept relevant to examining 

application routes for plastic wastes and advocated for by recent review works is 

Design from Recycling [43, 44]. This concept was adapted from the Design for 

Recycling schematic promoted within the framework of the CEP and entails that 

the secondary raw materials originating from the recycled polymer waste of a 

previous products end of life (EoL) is the new starting point of new product 

development. Its key aspects are shown in Figure 2.1, adapted from [45]. 

Pyrolysis could become increasingly crucial in the future as a strategy for 

upgrading plastics to products that can be extensively characterised and 

matched with applications throughout different industries.  

 

On the other hand, following a recent push from governments and road 

authorities to become more sustainable, there has been an increasingly 

prominent trend within the pavement industry in using waste materials in hot mix 

asphalt (HMA) roading applications. This is in response to the need of reducing 

consumption of both costly virgin and increasingly scarce materials and avoiding 

landfilling [46]. The use of waste polyolefin plastics in asphalt modification are 

well documented to impart enhanced service properties over a wide range of 

temperatures in road paving applications, especially improving rutting resistance 

at high in-service temperatures as well as temperature and stripping susceptibility 
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[47, 48]. However, using these waste materials doesn’t come without limitations, 

from both technical and environmental standpoints [46]. 

Figure 2.1 Design from Recycling Concept Key Aspects, adapted from [45]. 

 

Based on the research gaps discussed in the problem statement of this thesis 

and as part of phase one of the project, a literature review was conducted with 

the following objectives: 

1) Discuss the current plastic waste management methods and the need for 

new sustainable recycling capacities. 

2) Investigate the thermal pyrolysis process for the most abundant plastic 

waste polyolefins, low-density polyethylene (LDPE), high-density 

polyethylene (HDPE) and polypropylene (PP), with a focus on the heavy 

wax products. 

3) Explore the current use of recycled PO plastics in the hot mix asphalt 

(HMA) layers of flexible roads as an alternative binder material and 

aggregate. However, its use in binder modification via wet process 

manufacturing techniques is mainly considered. 

4) The achievable property enhancements of PO plastic asphalt (binder) 

modification, the associated limitations from a technological and 
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environmental standpoint, as well as life cycle and economic assessment 

data will be examined. 

5) Provide a discussion on plastic wax-based warm mix asphalt (WMA) 

technologies and the potential use of PO plastic-derived wax products 

from pyrolysis as a modifier with similar properties in HMA and HMA 

containing reclaimed asphalt (RAP).  

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

2.2 Plastic Waste Management 

 

Landfilling plays an important role in current plastic solid waste (PSW) 

management strategies; however, this method is a non-sustainable and 

questionable option as the plastics remain as a lasting environmental burden. 

The continuous disposal of PSW and its accumulation in landfill sites has been 

associated with significant effects that are detrimental to both environmental 

quality and human health [49]. Recycling and re-use play considerable roles in 

the 2019 Zero Waste Europe hierarchy for achieving circularity and sustainability 

goals [50]. Recycling is an important PSW management method as it avoids the 

environmental burdens associated with landfill, while minimizing the consumption 

of energy and finite resources as well as reducing emissions associated with 

plastic production [51]. There are currently four recycling methods outlined for 

PSW, which are shown in Figure 2.2 as part of the plastic production chain, 

adapted from [52, 53]. 

 

Re-extrusion (primary) recycling is a closed loop recycling scheme that is 

considered as an efficient solution for industrial PSW process scrap [54]. The 

scrap is mechanically reprocessed into a product with equivalent properties 

through its re-introduction into the heating cycle of the processing line, in order 

to increase production [38]. This type of recycling requires semi clean, non-

contaminated waste which is the same type as the virgin resin to which the 

degraded plastic will partially substitute. Increasing the recycled plastic fraction 

may save on market prices compared with the virgin counterparts as well as 

reduce processing costs and waste generated by plastic converters, however, 

the feed mixture decreases the quality of the overall product [55]. Mechanical 
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(secondary) recycling is the most common method for the recycling of plastic 

wastes. This is an open-loop recycling scheme that involves the mechanical 

reprocessing of PSW into new lower-value products. The mechanical recycling 

of PSW can only be performed on single-polymer waste, thus needing an 

extensive number of pre-treatment and preparation steps (collection, sorting, 

washing, grinding) that are discussed in detail elsewhere [45]. This creates the 

challenge of high energy demand and utilities associated with process operation. 

Multiple re-processing steps (heating and mechanical shearing) also result in 

molecular damage mechanisms, reducing the integrity of the final product [43, 

56]. Open-loop recycling can be considered as a form of cascading into ever 

lower-valued applications and the consumer demand for high end products 

makes investment in these types of recycling schemes nonprofitable [57]. 

Alternatively, energy recovery via incineration (quaternary recycling) is a well-

supported treatment method for municipal solid waste with high PSW content in 

Europe by associations such as ISOPA (European Diisocyanate & Polyol 

Producers Association). The high calorific value (CV) of plastics match that of 

conventional fuels and therefore PSW can be used in incinerators to give energy 

via electricity generation, district heating or combined heat and power schemes 

[58]. This method is an effective way to reduce the volume of PSW, however, 

results in the loss of valuable raw materials as all waste is converted to energy. 

It is also considered ecologically unacceptable due to the production of airborne 

highly toxic substances (furans, dioxins, acid gases) and groundwater pollution 

as a result of the plastic content in the processed waste and process conditions 

[5]. The EU has established directives (2000/76/EC) for emission limits and 

guidelines for incineration plants, however, reducing hazardous components 

dramatically increases operation costs [55]. 

 

The discussed challenges faced by the current PSW recycling methods lead to 

them being unacceptable to the principles of sustainable development and 

consequently, there has been a large growing research interest surrounding 

chemical (tertiary) recycling. Chemical recycling is the process in which polymers 

are converted into smaller hydrocarbon molecules via a change to their chemical 

structure using a chemical reaction or heat. It is based on a number of 
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technologies that can generate pure value-added products for various industrial 

and commercial applications [45]. These technologies include both chemical and 

thermo-chemical techniques, such as catalytic cracking, glycolysis, gasification, 

hydrogenation, methanolysis, pyrolysis, amongst others. Pyrolysis and 

gasification are thermochemical methods that are especially under extensive 

research and development for the establishment of suitable conditions, due to 

recent works demonstrating the potential of the products from PSW as alternative 

fuels [59-61]. The increased global effort in this area of research has particularly 

been demonstrated in recent bibliometric analysis [62]. Monomer recovery is 

another product destination that has received research interest from these 

techniques, involving feedstock recycling in closed cycle material flows for certain 

plastic-wastes, thus reducing the demand on petroleum for virgin plastic 

production [63, 64]. Chemical recycling has a high potential for heterogeneous 

and contaminated PSW when separation is not economical or technically 

feasible. Furthermore, the depolymerisation technologies utilised in chemical 

recycling can result in a very profitable and sustainable industrial scheme, 

providing high product yields with minimum residual waste. The research and 

development of such technologies would increase the incentive to recycle 

polymers, as well as decouple the plastic industry from fossil feedstock [52, 65]. 

Figure 2.2 Plastic solid waste management methods including four valorisation 
routes, adapted from [52, 53]. 
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2.3 Pyrolysis of Polyolefin Plastics 

2.3.1 Polyolefins in Plastic Solid Wate Streams 
  

Thermoplastics are materials that can be melted when heated and hardened 

when cooled. Due to this susceptibility to change and molecular reformation with 

heat exposure, currently about 80% of consumed plastics in western Europe are 

thermoplastics, especially polypropylene (PP), low-density polyethylene (LDPE), 

high-density polyethylene (HDPE), polyvinyl chloride (PVC), polyethylene 

terephthalate (PET) and polystyrene (PS) [57]. Polyethylene alone makes up 

around 40% of the plastic total in plastic waste streams, thus the majority of solid 

plastic wastes are of polyolefin (PO) nature. In fact, due to their versatility towards 

many applications (packaging, bags, foils, toys, storage, etc.), within municipal 

solid waste streams; LDPE, HDPE, and PP account for around 65% of waste 

stream PSW [6].  

 

Plastics have been thoroughly studied over the years with major research focus 

on their valorisation through thermochemical processes from low grade recycled 

plastics into petrochemical feedstock. More recently, pyrolysis particularly has 

been extensively applied on various scales and has been presented as a 

promising technique for such purposes. The suitability of plastic as a feedstock 

has also been demonstrated and its viability is clear, especially for polyolefins 

such as polyethylene, polypropylene, and polystyrene [66]. This is due to their 

capability for the production of somewhat clean distillates by comparison to other 

organic feedstock materials. As well as this, unlike biomass, polyolefins in 

particular have little oxygen content, thus a higher carbon efficiency as well as 

higher margin products can be obtained [45].  

 

This literature review has focused its scope on the pyrolysis of polyolefins namely 

LDPE, HDPE, and PP, as they are most abundant in plastic waste streams and 

have very similar composition, such that the same valorisation routes may be 

applied to them [67]. They are suitable as a feedstock with high carbon and 

volatile matter contents, and low ash content. Due to these properties, the 

capacity for production of valuable pyrolysis tar products has been demonstrated 

extensively in literature, making pyrolysis a favoured treatment and method of 
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choice for the thermochemical treatment (TCT) of plastics [40, 57, 68] The 

chemical structures, properties and examples of each polyolefin is shown in 

Table 2.1, collated from [69, 70]. 

 

Table 2.1 Chemical structures, properties, and examples of applications for 

polyolefins HDPE, LDPE, and PP, collated from [69, 70]. 

Plastic 
Chemical 
Structure 

Properties Applications 

High Density 
Polyethylene 

(HDPE) 

 

❖ Melting range: 
250-260°C 

❖ Softening 
range: 90°C 

(approx.) 
❖ Clear, tough, 

solvent 
resistant, 

barrier to gas 
and moisture 

Shopping 
bags, 

household 
articles, bottle 

caps 

Low Density 
Polyethylene 

(LDPE) 

 

❖ Melting range: 
120°C 

(approx.) 
❖ Softening 
range: 80-90°C 

(approx.) 
❖ Soft and 

flexible, 
translucent, 

easily 
scratched 

Shopping 
bags, bin 

bags, cosmetic 
and detergent 
bottles, milk 

pouches 

Polypropylene 
(PP) 

 

❖ Melting range: 
140-160°C 
(approx.) 

❖ Softening 
range: 95-

110°C 
(approx.) 
❖ Hard, 
translucent, 

versatile, 
solvent 

resistance 

Detergent 
wrapping, 
bottle caps 

and fasteners, 
food and 
vapour 

packaging, 
microwave 
food trays 
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2.3.2 Plastic Recycling via Pyrolysis  
 

Pyrolysis is a thermochemical conversion technology that can be considered a 

‘feedstock recycling’ process, in which the thermal degradation of long chain 

organic materials in an inert atmosphere occurs at temperatures of around 500 

°C [71, 72] The hydrocarbon content in the waste is converted into gases, oil and 

chars of different proportions and compositions depending on multiple process 

operational factors that have been comprehensively studied throughout plastic 

pyrolysis literature. These commonly include the feedstock used, e.g. co-

pyrolysis of plastic mixtures and the use of virgin or real-life plastic waste [73, 74] 

the reactor technology [57, 75, 76], variable reactor operating parameters such 

as the temperature [6, 58, 77], reaction or residence time [40, 78, 79], as well as 

the presence of chemical agents [80-83], or catalysts [83-88], used in the 

reaction. The process is considered flexible such that it is capable of treating 

many different solid hydrocarbon wastes, producing clean fuel gas of high 

calorific value [89]. The solid char contains both carbon and mineral content of 

the original feed material, while the tar fractions consist of a complex of organic 

compounds and can be very rich in aromatics [54]. 

 

The pyrolysis process varies between authors in terms of cracking technologies, 

conditions, catalysts, and units used, depending largely on the selected 

feedstock and targeted products. However, the principle depolymerisation 

cracking reactions and subsequent recovery of valuable hydrocarbon products 

remain analogous. An example pyrolysis system is the cylindrical screw reactor 

depicted in the schematic shown in Figure 2.2. During operation, feedstock 

continuously enters the system via a screw feeder and conveyed through the 

reactor via an inner screw conveyor. The pyrolysis vapour leaves the reactor and 

passes through a shell and tube condenser, where the pyrolysis vapour is 

condensed to form pyrolysis liquid. The permanent gases pass through an 

electrostatic precipitator system for aerosol removal. After further fibre cartridge 

filtration, the final cleaned gas is sent to a flare system. Char from the pyrolysis 

is collected in a char pot [90].  
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Pyrolysis has long been investigated as a viable recycling route for wastes such 

as biomass and rubber and more recently has received increasing attention for 

PSW treatment. Surveying the literature reveals an extensive number of studies 

on virgin and PSW polyolefin pyrolysis at micro-, bench and pilot scales, some 

articles are summarised in Table 2.2 for example. It is important to note that 

pyrolysis experiments are dominantly operated at laboratory scale (micro- and 

bench scale). Availability of information is more limited for larger scale processes; 

however, many countries and business entities are developing processes for 

waste polymer pyrolysis [75]. 

 

Figure 2.3 Schematic diagram of the intermediate pyrolysis system (1) Feeder; 
(2) Feed Inlet; (3) The Pyrolysis Reactor; (4) Heating Jackets; (5) Outer Screw; 
(6) Inner Screw; (7) Vapour Outlet; (8) Stands; (9) Char Outlet and Char Pot; 

(10) Motor; (11) Shell and Tube Condenser; (12) Liquid Vessel; (13) 
Electrostatic Precipitator [90]. 
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Table 2.2 Summary of example studies investigated as a chemical treatment for 

virgin/waste polymers in laboratory micro-, bench and pilot scale. 

Author Scale 
Feedstoc

k 

Process 
Condition

s 
Products Summary 

Al-Salem 
et al [91]  

Micro LLDPE 20-800 °C, 
heating 
rates of 5, 
10, 15, 20, 
25 °C/min 

Gases Thermal 
degradation 
kinetics and 
stability 
investigated via 
non-isothermal 
thermogravimetri
c analysis.  

Al Salem 
et al [92]  

Micro HDPE 500-800 
°C, heating 
rate 5 
°C/min, 
nitrogen 
gas flow 
rate 20 
ml/min 

Oil, 
waxes, 
gases, 
solid 
chars 

Isothermal 
pyrolysis 
including a 
comprehensive 
gas 
chromatography 
(GC) analysis of 
both liquid and 
gaseous 
products. 
Proposed model 
for degradation 
kinetics of 
parallel first order 
reactions. 

Horvat et 
al [65]  

Benc
h 

HDPE, 
LDPE, 
waste PE  

400-460 
°C, 4-hour 
reaction 
time, 
nitrogen 
flowrate 5-
75 mL/min 

Oil, 
polymer 
residue 
(waxes), 
gases, 
coke 

Pyrolysis in a 
semi-batch 
pyrolysis reactor, 
followed by 
hydrogenation of 
product oils into 
liquid fuel 
fractions.  

Mastellon
e et al [93]  

Benc
h 

Recycled 
PE 

300-450 
°C, 
residence 
time 60-
180 s 

Gases, 
Liquid, 
Solid (not 
degraded 
PE), 
Solid (tar) 

Pyrolysis in a 
fluidised bed 
reactor. Process 
yields with 
differing fluidizing 
velocities, bed 
temperatures, 
residence times 
were reported. 

Miskolczi 
et al [94]  
 
 

Pilot Waste 
LDPE 

250-
400 °C, 60 
min 

Liquid oil, 
gases, 
solid 
residue 

Pyrolysis using a 
ZSM-5 catalyst, 
feed capacity 9.0 
kg/hr. The 
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reaction 
time 

composition of 
product gasoline 
and light oil 
fractions 
produced using 
the catalyst were 
advantageous for 
fuel-like 
applications. 

Csukás et 
al [75]  
 
 

Pilot Waste 
HDPE 

465-545 °C Gases, 
Naphtha, 
middle 
distillates
, heavy 
oil 

Pyrolysis in a 
tubular reactor 
with distillation 
unit, feed 
capacity range 
0.04-1.2 kg/h. 
Dynamic 
simulation model 
developed for 
pyrolysis of 
plastics wastes 
based on a four-
step degradation 
scheme. 

 

So far, pyrolysis has been developed to a commercial scale [55]. In 2018, there 

were 15 companies operating 87 plants worldwide to produce petrochemical and 

chemical feedstocks from plastics [95]. For example, the Recycling Technologies 

pilot plant located in the UK operating an advanced fluidised reactor system that 

converts non-recycled plastic, such as those commonly used in the packaging 

industry for film, into the low sulphur hydrocarbon Plaxx™. This can be refined 

into a low sulphur alternative to heavy fuel oil, slack wax or as a feedstock for 

more plastics. The system is being upscaled to process 7,000 tonnes per annum 

(tpa) of plastic waste [95]. In the US, Renewology pyrolyzes mixed plastics and 

packaging materials (grade 3-7) in a continuous auger kiln reactor calibrated to 

produce naphtha or a middle distillate suitable for diesel use at refineries. With 

current 10 tonnes per day (tpd) modules, the company will be commencing 

‘Renew Pheonix’ in 2021 for a 6,000,000 lbs annual target capacity commercial 

plant [76, 96, 97]. In Europe, Plastic Energy’s recycling plant in Spain has a 

processing capacity of 5,000 tonnes of plastic waste (including PE, PP and PS) 

per annum. The PSW is recycled via their thermal anaerobic conversation (TAC) 

process in a continuous stirred-tank reactor at moderate temperatures to produce 
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TACCOIL™ chemical feedstock, sold to the petrochemical industry to convert to 

virgin plastic, oil, or transportation fuels [76, 98]. Further information on other 

commercial pyrolysis processes and advanced technologies can be found 

elsewhere [54, 71]. 

 

Numerous authors have published articles for the purpose of presenting various 

thermochemical recycling technologies for the conversion of PSW, with a number 

of technologies including pyrolysis concluded to be robust enough to warrant 

further research and development [57, 99, 100]. Such review articles frequently 

offer similar analyses of PSW recycling technologies, both conventional and 

thermochemical, with a research focus on comparisons of environmental 

impacts, such as greenhouse gas (GHG) emissions, energy consumption and 

waste reduction between technologies [45, 54, 57, 67, 101]. Other authors have 

utilised specific waste management strategies using evaluation tools for 

comparison, such as life-cycle assessments (LCA) and Technology Readiness 

Levels (TRL) [55, 102]. A common trend in these research analyses is the 

comparison of current waste management in Europe with the pyrolysis of waste 

plastics to produce petrochemicals including propane, butane, and gasoline 

[103]. Table 2.3 presents key advantages and limitations for the pyrolysis of 

PSW, gathered from the analyses mentioned. 

 

Table 2.3 Key advantages and limitation for the pyrolysis of PSW. 

Advantages Limitations 

Technical 

• Simple Technology 

• Suitable for lower quality/mixed 
wastes 

• High efficiency and product yield 

• High capacity for electricity and 
valuable products from waste 

• Capable of continuous operation 

• TRL range 7-9 for production of 
liquid fuels 

• Insufficient understanding of 
reaction pathways 

• Subsequent problems with 
scaling up reactions 

• Requires handling of char co-
product 

• Sensitivity to feedstock 
 

Environmental 

• Lower GHG emissions and 
consumption of fossil fuel resources 
(compared to other TCTs and 
conventional recycling methods)  

• Landfilling of residues: char, 
silica (sand) and bottom ashes 
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• Dioxins not formed due to inert 
reaction atmosphere  

Cost 

• Few pre-treatment steps required 

• Lower operating temperatures 
compared to other TCTs  

• High energy requirement  

• Products often need upgrading  
 

 
 

2.3.3 Pyrolysis Mechanism  

 

Polyolefin pyrolysis proceeds via a complex degradation mechanism, yielding a 

broad spectrum of products (C1-C30), yet the primary devolatilization reaction 

yields mainly wax-like materials with a typical carbon number range of C20-C50    

[104]. Wax is the main product obtained by thermal pyrolysis of polyolefins at 

lower temperatures and its formation is an attractive route to minimise energy 

requirements. The pyrolytic waxes from polyolefin feedstocks are aliphatic, 

mostly long-chain unbranched alkanes, with a chemical composition that is very 

similar to that obtained for commercial paraffinic waxes, as demonstrated by 

[105]. However, significant differences include the olefinic groups present in 

pyrolytic waxes due to radical degradation mechanisms, as well as the alkyl 

chains being much less branched [29, 105].  

 
Polyolefin pyrolysis consists of a set of free-radical reaction mechanisms, 

predominantly yielding a broad product spectrum of lower molecular paraffins 

and α-olefins (C1 to C50). The plastic degradation mechanism has been previously 

described to involve three main steps that occur sequentially, being initiation, 

propagation, and termination [56, 64]. During the initiation reaction, the polymer 

chain undergoes a random homolytic scission, initiating the mechanism by 

producing primary radicals. Moreover, hydrogen abstraction and β-scission are 

considered as the propagation steps and are associated particularly with the 

degradation of PO plastics [69]. Hydrogen abstraction (intermolecular) entails the 

transfer of hydrogen between the primary radicals and hydrocarbon chains to 

produce new hydrocarbon products as well as more stable radicals. β-scission 

involves the scission of paraffin, olefin and diolefin radicals to produce olefin or 

diolefin products, as well as a new radical. The thermal degradation is completed 

by a recombination reaction which generates a smaller residual polymer chain 
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[29, 105]. The radical chain mechanisms can be seen in Figure 2.3. Typically, 

waxy materials in the C20-C50 range are produced in the primary devolatilization 

reaction of pyrolysis. These primary products are cracked further in secondary 

reactions to yield mainly olefinic hydrocarbons. Though, the gaseous products 

are highly reactive and thus further tertiary reactions take place to form more 

stable compounds, including aromatics. The process may also yield additional 

products such as hydrogen, methane, and coke when the product stream 

undergoes a long residence time [102, 105]. 

 

Figure 2.4 Radical mechanism of the thermal degradation of polyethylene, 

taken from  [65, 106]. 

 

2.3.4 Pyrolysis of Polyolefin Plastics for Oil & Wax Production  

 

A prominent trend in polyolefin pyrolysis literature is the thermal and catalytic 

pyrolysis of PE and PP into oils with heating values similar to conventional diesel 

and high aromatic content (BTX-benzene, toluene, and xylene aromatics) to be 

used as a petrochemical feedstock or fuel oil [107, 108]. Others have also 
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considered the light and heavy wax co-products for their suitability as feedstock 

for steam and catalytic crackers to be upgraded into products for both chemical 

and petrochemical industries [29, 109]. Pyrolysis experiments are dominantly 

operated at laboratory scale, however, the range of reactor technologies used 

with a focus on polyolefin wax production, or the wax co-product analysis is 

diverse. Prevalent technologies include fluidised bed and conical spouted bed 

(CSBR) reactors. Kaminsky et al pyrolysed pure and mixed polyolefins (PE, PP 

and PS) in a fluidised bed reactor at 510 °C to produce aliphatic waxes. The wax 

product fractions were categorised as light waxes (bp between 300-500 °C, n-

C18-37, and i-C21-50) and heavy waxes (bp > 500°C, > n-C37 and > i-C50) to give a 

total wax yield of 84 wt% for PE and 57.5 wt% for PP. No interaction between the 

two polymers PE and PP was indicated in fluidised bed pyrolysis [109]. Williams 

et al pyrolysed LDPE between 500-700 °C in a fluidised bed reactor, obtaining a 

45.3 wt% wax yield [110]. It should be noted that this yield in comparison to 

results from other authors highlights the inconsistency that can be found in 

literature regarding wax product categorisation and methods of reporting yield 

data [109]. In this instance, for conditions below 600 °C, the distinction between 

the oil and wax phases were less clear and the product oil was classed as a low 

viscosity waxy material.  

 

Alternatively, in more recent works Aguado et al utilised a conical spouted bed 

reactor (CSBR) for the selective obtaining of wax by polyolefin (HDPE, LDPE, 

and PP) pyrolysis. The design of this alternative technology negates the 

limitations of the fluidised bed reactor that can lead to bed defluidization, such as 

particle agglomeration which can be serious when handling solids of irregular 

texture and/or sticky nature and with size distribution. No differences were 

observed between the results for the two types of PE, both producing very similar 

wax products, with a maximum yield of 80 wt% at the lowest temperature of 450 

°C [104]. Arrabiourrutia et al received very similar results using the same 

technology, obtaining a maximum wax yield of 80 wt% at 450 °C for both HDPE 

and LDPE. However, a notable trend in these studies is the highest wax yield 

coming from PP, obtaining 92 wt% at 450 °C. Higher wax yields at lower 

temperatures for PP were deduced to be due to a more branched structure in PP 
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compared to that of PE [29]. Other authors have utilised vacuum pyrolysis in a 

batch reactor, in which the energy of evaporation of the primary macromolecules 

formed in the radical initiation reactions is lower than the activation energy 

required to trigger further radical initiation reactions, yielding fewer light organics 

and gases. Chaala et al obtained a 71.3 wt% wax yield in a bench scale reactor 

at 20 kPa reduced total pressure from electric cable wastes [105]. Additional 

pyrolysis reactor technologies to note include batch and auger reactors, in which 

authors have previously obtained >75 wt% and 93.2 wt% wax yields respectively 

from thermal pyrolysis at lower to moderate process temperatures [36, 111]. 

Table 2.4 can be referred to for further comparison of pyrolysis technologies in 

literature and resultant wax yield capacities and further technologies and their 

analysis can be found throughout review articles in current literature [40, 67]. 

 

In terms of pyrolysis parameters, the wax yield decreases dramatically at higher 

process temperatures. The temperature is the main parameter that controls the 

cracking reaction of the polymer chain and high temperatures support the 

cleavage of C-C bonds, resulting in the increased cracking of macromolecules 

into lighter organic oil fractions, and at higher temperatures to gases [73, 110]. 

An increase in reaction time will also decrease the yield of wax due to the 

increased conversion of the primary products [40, 112]. Furthermore, studies 

have been carried out with the focus to produce wax from plastic waste, 

investigating the effect of these pyrolysis parameters on the resultant wax quality 

and comparing the wax products to industrial standards. This was done using 

indicators such as wax melting point and penetration degree and clearly 

demonstrated that with careful control of both temperature and pyrolysis time, 

waxes with the properties of both commercial paraffinic and microcrystalline wax 

can be produced. It has also been indicated that plastic waste dyes do not affect 

the quality indicators of the PE pyrolysis wax [111, 112]. Additionally, at low 

pressures with short residence time of vapours in the reactor, it has been seen 

in the pyrolysis of mixed PE wastes that the major reaction to take place is the 

disproportionation of the primary macroradicals, forming n-paraffins and olefins 

at moderate temperatures [113]. Or when operating under vacuum conditions, 
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low cleavage of the macromolecular chain ends occurs, resulting in lower yields 

of light organics and gases, with increased soft and hard wax products [105]. 

 

Table 2.4 Pyrolysis technologies and parameters used in literature for polyolefin 

pyrolysis with resultant product wax yields. 

Author Type of 
Pyrolysi
s 

Reactor  PO 
Plastic 

Pyrolysis 
Temperatur
e (°C) 

Pyrolysi
s Time 
(s) 

Wax 
Yield 
(wt 
%) 

Arabiourruti
a et al [29]  

Thermal 
Pyrolysi
s 

Conical 
Spouted 
Bed 
(CSBR) 

LDPE 450 
500 
600 

- 80 
69 
51 

HDPE 450 
500 
600 

- 80 
68 
49 

PP 450 
500 
600 

- 92 
75 
50 

Chaala et al 
[105] 

Vacuum 
Pyrolysi
s 

20 kPa 
Bench 

Electric 
cable 
waste 
(mainly 
XLPE) 

450 - 71.3 

Predel et al 
[109]  

Thermal 
Pyrolysi
s 

Fluidise
d Bed 

PE 510 - 84 
83.7 
76 

PE/PP 
(60:40) 

510 - 71.5 

PE/PP 
(40:60) 

510 - 56.2 

PP 510 - 57.5 

Williams et 
al [110]  

Thermal 
Pyrolysi
s 

Fluidise
d Bed 

LDPE 500 
550 
600 
650 
700 

- 45.3
* 
35.4 
24.8 
12.1 
4.0 

Aguado et 
al [104]  

Thermal 
Pyrolysi
s 

Conical 
Spouted 
Bed 
(CSBR) 

LDPE 450 
500 
550 
600 

1-1080 80 
69 
57 
51 

HDPE 450 
500 
550 
600 

1-1080 80 
68 
61 
49 

PP 450 
500 

1-1080 92 
75 
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550 
600 

67 
50 

Al-Salem et 
al [36]  

Thermal 
Pyrolysi
s 

Auger PSW 
(PE 
majority
) 

500 - 93.2 

Ademiluyi et 
al [111] 

Thermal 
Pyrolysi
s 

Batch Waste 
PE 
sachets 

130-150 18,00-
2,400 

>75 

* Excluding results for ‘Oil and Wax’ product mixtures. 

 

2.4 Asphalt Pavement  

 

Hot mix asphalt (HMA) is a composite material commonly used within flexible 

pavements, consisting largely of mineral aggregates bound by a bituminous 

binder. Within flexible pavements, traffic loading is transferred to a soil sub-grade 

via points of contact between aggregates in a granular structure [114]. Due to 

this, wheel loads acting on the pavement are distributed to a wider area and thus 

flexible pavements typically consist of multiple layers to utilize this mode of stress 

distribution. Conventionally, the multi-layered systems of flexible pavements 

place high quality materials in the top layers, as this is where stress is the highest. 

The lower layers experience lower stress magnitudes and therefore are 

formulated using lower-quality materials. Aside from sealant, tack and prime 

coats that waterproof the pavement and ensure proper bonding between the 

upper courses, the typical layers of conventional flexible pavements are depicted 

in Figure 2.4 and include:  

• Surface Course 

This course (also known as the wearing course) is constructed using high quality 

bituminous materials including dense graded asphalt concrete, as it is in direct 

contact with traffic loads. It must be waterproof, skid-resistant, and highly 

resistant to deformation and distortion as a result of loading.  

• Binder Course 
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This layer is similar to the surface course, however, consists of lower quality, 

larger aggregates, and less bitumen binder. The binder course is responsible for 

distributing loads from the surface to the base courses.  

• Base Course 

The base course typically consists of larger aggregates in a granular asphalt 

structure and/or hydraulically bound (such as concrete,) as well as crushed 

stone, slag, and other untreated materials. It provides additional structural 

support and sub-surface drainage while further transferring loads from the upper 

to the subbase and subgrade courses.  

• Sub-Base Course  

A layer of material beneath the base course that provides additional structural 

support and drainage. In the case of low quality and stiffness sub-grade courses, 

it acts as a barrier to prevent fines from entering the pavement structure, as well 

as a filler for the base course when it is open graded. If the pavement design 

includes a stiff, high quality sub-grade layer the sub-base course may not be 

needed.  

• Sub-grade  

The bottom foundational layer of the pavement, consisting of natural soil that is 

compacted to a particular density to ensure it can endure the stresses transferred 

to it from the upper courses. This layer transfers the traffic loads from the upper 

material layers to the ground.  

Figure 2.5 Typical cross-section of a conventional flexible pavement [114]. 
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2.4.1 Bitumen 

 

Bitumen is a by-product of vacuum distillation in petroleum oil refineries (or can 

be found in natural deposits) and is a viscoelastic, rheological, and non-magnetic 

material [115]. Possessing waterproof and adhesive properties, it is a black or 

brown substance that is non-volatile and gradually softens when heated [116]. 

Elemental analysis of bitumen manufactured from a variety of crude oils shows 

that most bitumens contain: carbon 82-88%, hydrogen 8-11%, sulphur 0-6%, 

oxygen 0-1.5% and nitrogen 0-1% [117]. The complexity of both the chemical 

composition and structure of bitumen gives explanation to its complex physio 

mechanical and physiochemical behaviours [118]. Its characterisation can be 

split into four main constituents: saturates (5-15 wt%), aromatics (30-45 wt%), 

resins (30-45 wt%) and asphaltenes (5-20 wt%), otherwise known as SARA 

fractions. The exact composition of each chemical family depends on the crude 

origin [115, 119]. These constituents together form a colloidal structure, as 

depicted in Figure 2.5.  

 

 

 

 

Figure 2.6 The colloidal structure of SARA fractions in bitumen, adapted from 

[120]. 

 

Descriptions of the main SARA fractions in bitumen are as follows:   

Maltenes: 

Saturates 

Aromatics 

Resins 

Asphaltene

s 

Resin  

Shell 

Asphaltene 

Core 
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• Saturates are colourless/white, non-polar and viscous oils with an 

average molecular weight 600 g mol-1 [121]. They mainly consist of straight 

and branched-chain aliphatic hydrocarbons with some heteroatoms and 

aromatic rings, as seen in Figure 2.6. Softer bitumens generally contain 

more saturates and have the increased ability to restore broken bonds 

[32].    

 

 

 

 

 

 

 

 

Figure 2.7 Typical molecular structure of the saturate fraction in bitumen [121]. 

 

• Aromatics are black/brown in colour and are more viscous than saturates 

with a molecular weight of 800 g mol-1 [121]. They are composed of lightly 

condensed aromatic and naphthenic rings with side chains. The function 

of the aromatic fraction in the colloidal structure is as a plasticiser as well 

as solvent for the asphaltene and resin fractions. Its typical molecular 

structure is presented in Figure 2.7.  

Figure 2.8 Typical molecular structure of the aromatic fraction in bitumen [121]. 
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• Resins are polar aromatics which are dark in colour, heavy 

semisolids/solids at room temperature. They have an average molecular 

weight of 1100 g mol-1, become brittle when cold and act as a disperser 

for the asphaltene colloidal structure to form a homogeneous liquid [32]. 

Alongside asphaltenes, resins can govern the rheological properties of the 

bitumen [121]. Their typical molecular structure is exhibited in Figure 2.8. 

.Figure 2.9 Typical molecular structure of the aromatic fraction in bitumen 

[121]. 

 

• Asphaltenes are described as dark brown/black friable solids that have 

the greatest influence on the properties of bitumens, increasing their 

viscosity, hardness, brittleness and softening point [122, 123]. They have 

molecular weights estimated to be 250 to 3500 g mol-1 [121]. Possible 

molecular structures that can be identified in asphaltenes are polyaromatic 

units, alkyl chains, heteroatoms (nitrogen, oxygen, and sulphur) and metal 

porphyrins (vanadium, nickel, and iron), as exhibited in Figure 2.9. 

Figure 2.10 Possible molecular structures present within the asphaltene 
fraction [121]. 
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2.5 Pavement Failures  

 

Within flexible pavements, major modes of deterioration and eventual failure 

include fatigue cracking and rutting. When the multi-layer material is being 

subjected to wheel loading, the layers will bend which causes tensile 

stresses/strains in the horizontal direction (at the bottom of each bound course) 

and compressive stresses/strains in the vertical direction (in the bulk section of 

the material.) This is depicted in Figure 2.10. Repetitive loading characteristic of 

vehicle traffic and these resultant stresses/strains can cause fatigue cracking at 

the bottom of the bound course as well as rutting within the vertical section. These 

major modes of pavement deterioration will be described in this section.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11 Pavement response to traffic loading, adapted from [124]. 

 

 

 

1 
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5 

1. Tensile horizontal strain at the top of the HMA layer 
2. Compressive vertical stress/strain within the HMA layer 
3. Tensile horizontal strain at the bottom of the HMA layer 
4. Compressive vertical stress/strain within the base/subbase layers 
5. Compressive vertical stress/strain at the top of the subgrade 

Wheel              Loading 
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2.5.1 Fatigue Cracking 

 

At intermediate temperatures between 10-40 °C, the main distress within flexible 

pavement structures is fatigue cracking. It entails two phases of degradation 

processes, the first corresponding to damage that is uniformly distributed 

throughout the material via the initiation and propagation of ‘micro-cracks,’ which 

reduce the stiffness of the material. The second phase involves the coalescence 

of the ‘micro-cracks’ and the appearance of ‘macro-cracks,’ which propagate 

through the material bound layers (as seen in Figure 2.11) until material failure 

[125]. When 20% of the pavement surface is cracked, it is considered to be failed 

[32].  

 

 

 

 

 

 

 

 

Figure 2.12 Fatigue ‘alligator’ cracking in asphalt pavement [126]. 
  

2.5.2 Rutting 

 

At temperature conditions above 40 °C, the asphalt binders within flexible 

pavements become softer and more viscous. The main failure mode exhibited at 

these conditions is permanent deformation or rutting. Rutting mainly occurs due 

to high volumes of traffic and therefore load repetitions, causing plastic 

deformation of the materials within the multi-layer pavement structure. It can be 

observed by extreme consolidation of the pavement along the wheel path (as 

seen in Figure 2.12) possibly due to a reduction of air voids within the asphalt 

layer, or the permanent deformation of the base or subgrade layers. Possible 

causes of rutting may include insufficient manufacturing and compaction of the 
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HMA layer allowing for plastic lateral flow; a higher binder content reducing 

internal friction between aggregates; the use of rounded aggregates; the use of 

softer binder in warmer regions. The material is considered to be failed if a rut 

depth of 20 mm is reached. 

 

 

 

 

 

 

 

 

 

Figure 2.13 Rutting in asphalt pavement [127]. 
 

2.6 Polyolefin Plastics in Road Construction 

2.6.1 Flexible Road Materials  

 

In order for an application to be viable for the reuse of plastic waste, it would need 

to have the capacity for incorporating high volumes of plastic. As well as this, 

very little cost should be involved in the preparation. Using waste plastic directly 

in HMA pavement structures is considered as a practical application with the 

large volumes of both plastics and roads produced [11]. In a literature analysis 

conducted by Zhao et al out of the articles evaluated between 2014-2019 

studying plastics as a waste solid material in pavement engineering, polyolefins 

PE and PP were two of the most studied plastics [128]. It is noted that the plastics 

are predominantly evaluated in literature for the application as a modifier or 

‘reinforcement’ in the pavement material, more specifically via incorporation into 

the bituminous binders. Throughout its service life, HMA requires durability over 

a range of climate conditions and traffic loads. The engineering performance of 

its constituent materials such as the neat bitumen binders may not be satisfactory 

under all possible climates. Therefore, cost effective and alternative binder 
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materials such as waste plastics are increasingly being investigated to boost 

binder performance and extend service life, while decreasing the use of bitumen 

[129, 130]. 

 

Waste polyolefin (PO) plastics are good candidates as a cheaper material for 

asphalt binder modification. The melting point ranges of polyolefin plastics are 

below the temperature range that is commonly used in the production of HMA 

(usually varying between 150-180 °C); therefore, these materials can be readily 

incorporated into the bitumen [10]. Plastics may be directly introduced via the wet 

process into the hot asphalt binder (polymer modified bitumen, PMB.) This is 

done prior to being used in the production of modified asphalt mixtures (polymer 

modified asphalt, PMA [131].)  

 

Alternatively, the plastics can be added via the dry process to the hot mineral 

aggregates before the asphalt binder as another aggregate. The dry process 

promotes simplicity and requires no process modification within the asphalt plant, 

facilitating the use of waste plastics via this modification technique [10]. In this 

way, authors have investigated varying percentage replacements of mineral 

aggregates with waste polymeric materials in different asphaltic mixture fractions. 

Many have reported improved asphalt mixture properties such as Marshall 

stability, indirect tensile strength (ITS), indirect tensile strength ratio (TSR), 

resistance to permanent deformation and fatigue [132-136]. This method can 

utilise a higher amount of waste plastic in comparison to the wet process (by 

weight of the total mix) and result in a reduction in the bulk density of the 

compacted mix, proving advantageous in terms of haulage costs [132]. 

Additionally, upon adding the plastics directly with the hot aggregates, they can 

soften and coat the aggregates, improving aggregate linkage as well as the 

adhesiveness between the binder and aggregates.  

 

However, the dry process has been reported to have the limitation of performing 

inconsistently when using high plastic content in the asphalt mixtures [131, 132]. 

The majority of published studies prefer the use of the wet process, as this leads 

to a larger degree of modification and therefore to a better use of the waste 
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plastics for property improvement [10]. Due to this, studies modifying bitumen 

binders and subsequent asphalt with waste plastics via the wet process will be 

primarily reviewed in Section 2.6.2. 

 

2.6.2 Polyolefin Modified Asphalt Binders  

 

Polymers are one of the most important and widely used additives for the 

improvement of asphalt properties. Synthetic and virgin polymers have been 

used in asphalt as a binder modifier as early as 1843 for improving asphalt 

resistance against permanent deformation related to temperature changes [137]. 

However, they are well documented to impart enhanced service properties over 

a wide range of temperatures in road paving applications [47, 48]. The use of 

virgin polymers is uneconomical due to their high cost, thus can only be used in 

small amounts to enhance asphalt binder properties. With the current challenge 

of minimizing plastic waste and finding sustainable routes for its valorisation and 

re-use, a large number of research works have emerged for the incorporation of 

waste plastics into bitumen and studying the effect of these additives on the 

properties of the modified asphalt. It has been shown throughout numerous 

studies that the modification of bitumen with recycled polymers gives analogous 

results in enhancing the properties of bitumen as compared to virgin polymers 

[138-140]. This can be seen further in Table 2.5, which details the studies that 

have used both virgin and waste plastics as binder modifiers, obtaining similar 

conclusions that will be further discussed in Sections 2.6.3-2.6.5.  

 

The percentage of polymer added to the binder can vary between 1-10 wt%, the 

most common being between 3-5 wt% [10]. The majority of authors employ the 

wet process to incorporate plastic additives into bitumen, using high shear mixing 

at a particular temperature until a homogenous blend is achieved. However, this 

mixing can be done using a variation of process parameters. In Table 2.5 it can 

be see that both virgin and waste PO plastics are typically added at temperatures 

of 150-190 °C, blended for 0.5-2 hours at a blending speed of 200-8200 rpm. The 

structure and properties of PMBs can be a function of blending conditions, mainly 

the temperature and blending time. Optimum blending parameters are chosen by 
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evaluating certain blend characteristics including the waste plastic dispersion and 

storage stability, microstructure, and performance properties of the PMBs [47, 

141]. 

 

Table 2.5 Existing studies using virgin or waste Polyolefins HDPE/LDPE/PP in 
Polymer-Modified Bitumen Binders (PMBs) and Asphalts (PMAs.) 

Author Base 
Binder 
(pen. 
grade) 

Plastic 
Modifier 

Blending 
Method 

Conclusions 

Attaelmanan 
et al [140]  

80/100  
 
 

• HDPE: 
1,3,5,7 wt% 

Mixed at 170 
°C using a 
high-speed 
stirrer, 3000 
rpm, 2 h 

• Raised 
softening point 
and decreased 
penetration  

• Modified 
binders less 
susceptible to 
temperature 
and more 
favourable for 
hot climates 
(higher rutting 
resistance)  

• Increase in 
adhesion 
between 
aggregate and 
bitumen, 
decrease 
stripping of 
HMA and 
moisture 
susceptibility 

Casey et al 
[142]  

200  
and 150 
 
 

• Waste PP, 
LDPE, 
HDPE 
powder: 
2,3,4,5 wt% 

• Waste PP 
mulch: 
2,3,4,5 wt% 

•  Blends 4 
wt% 
HDPE/LDP
E with 
2wt% 

Heat the base 
binder to 160 
°C, add 
additive and 
mix for 60 min, 
add the plastic, 
mix for a 
further 90 min 

• Storage 
stability not 
achievable from 
PP powder and 
mulch blends 

• 4% 
LDPE/HDPE 
concentrations 
minimises 
mixture 
disassociation 
with improved 
performance  
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DETA/ 0.8 
wt% PPA 

• Additives: 
Diethylenetr
iamine 
(DETA)  
Phosphoric 
Acid (PPA)   

• Addition of 0.8 
wt% PPA 
further 
enhanced 
performance 
levels while 
improving 
storage stability 
of blends 

Ait-Kadi et 
al [143]  

159/200 
 
 

• HDPE: 
1,3,5 wt% 

• Blends 
HDPE/EPD
M (90/10): 
1,3,5 wt% 

• Additives: 
Ethylene-
Propylene-
Diene 
terpolymer 
(EPDM) 

Prepared at 
170 °C using 
high shear 
mixing element 
in jacketed 
reactor, stored 
in metallic 
containers at -
4 °C 

• HDPE and 
HDPE/EPDM 
results in 
increased low 
frequency 
viscosity and 
storage 
modulus 

• The presence 
of chemical 
additives like 
EPDM result in 
a more stable 
emulsion 

Hinislioğlu 
et al [144]  

AC-20* 
 
 

• Waste 
HDPE: 4-6 
and 8 wt% 

Vertical shaft 
mixer, 200 
rpm, 145-155 
and 165 °C, 5-
15 and 30 min 
 

• 4% HDPE 
binder prepared 
at 165 °C for 30 
min has the 
highest 
Marshall 
Stability 

• HDPE mixes 
highly resistant 
to permanent 
deformation 
(rutting) in 
asphalt  

Fang et al 
[145]  

90A#* 
 
 

• Waste PE 
(WPE): 4 
wt% 

High shear 
emulsifier, 
3750 rpm, 150, 
170, 190 °C, 
0.5, 1, 1.5, 2 h, 
particles 
added over 5 
min 

• Optimum WPE 
dispersion in 
the mixture is 
achieved at 150 
°C after 1.5 
hours of 
shearing 

• Relatively good 
storage stability 
achieved  

• Decreased 
temperature 
sensitivity of 
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modified 
bitumen  

* Sinopec Xi’an Petrochemical Company, Styrene- butadiene rubber (SBR) 

Modified Asphalt. 

 

2.6.3 Polyolefin Modified Asphalt Binder Performance 

 

A wide application of standard rheological parameter tests such as penetration, 

softening point, ductility, and viscosity (typically used to characterise neat 

bitumen grades) have been employed to characterise the performance of waste 

PO modified bitumen mixtures in literature. A prominent trend in bitumen 

modification with PO plastics is the decreasing penetration point (increasing 

stiffness) and increasing softening point of the binder as the proportion of polymer 

is increased [10, 139, 140, 146]. However, it is noted that some authors such as 

Casey et al have observed lower variations of penetration and softening point 

values for PP than those for PE [142]. Moreover, a substantial rise in viscosity 

has been observed by authors once more with increasing plastic dosage.  

 

HDPE modified asphalt binders have relatively higher viscosities than its LDPE 

and PP counterparts and have been seen to exceed the Superpave Performance 

Grade (PG) defined limit of 3000 cP at 135 °C at lower percentage addition. This 

can be attributed to its more crystalline and higher density structure, with strong 

forces of attraction between molecules [137, 147, 148]. Additionally, the ductility 

of the PO modified binders can remain at a minimum range (100 cm) of the 

specification up to certain percentages, which is important at low winter 

temperatures [149]. Al-Ghannam et al observed this up to 8% addition of 

polyethylene, after which the ductility sharply decreased at further higher 

percentages [150]. From the observed trends in standard rheological 

parameters, it has been established that the addition of PO plastics and their 

wastes improves thermal susceptibility as well as the resistance to permanent 

deformation (rutting) at high temperatures [151]. Therefore, the use of waste 

polymers could help to extend the service life of pavements with high traffic loads 

and those placed in hot climates [10, 146, 152]. Naskar et al explored the 

enhancement of binder thermal stability through a number of thermal degradation 
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characteristics, observing enhancements up to 5 wt% waste plastic addition 

[153]. This was attributed to better swelling of the waste plastic by bitumen light 

components (paraffinic and aromatic compounds), disrupting the crystallinity of 

the polymer and improving interaction between plastic and bitumen matrix.  

 

The viscoelastic properties of PO modified asphalt binders can additionally be 

characterised by the complex (stiffness) modulus (G*) and phase angle (δ), which 

are obtained from a dynamic shear rheometer (DSR). Yu et al modified bitumen 

using 4 wt% waste LDPE and LLDPE and when compared with the original base 

binder, the G* of the modified binders was increased, showing that the non-

deformability of modified asphalt binders is enhanced. The phase angle (δ) of the 

modified binders was smaller than that of the base binders, which, combined with 

the enhanced G* parameter, the storage modulus (G′, equals G*· cosδ) of the 

modified binders increased, indicating an increase in the elastic component [48]. 

Cardone et al also observed that the presence of a polymer network in 2-6 wt% 

plastic modified bitumen leads to an increase in stiffness (G*) and the elastic 

properties of the material (lower phase angle [152].) Abdullah et al blended 1.5-

6 wt% waste plastic with a 60/70 bitumen binder and focused on the rutting factor 

G*/sin (δ) obtained from DSR, finding that a higher percentage of plastic waste 

will result in a higher rutting resistance [146]. To further compare the rutting 

behaviour of short-term aged binders, the recoverable strain (R) and non-

recoverable creep compliance Jnr are also measured from the Multiple Stress 

Creep and Recovery (MSCR) test. Authors have demonstrated a reduced total 

strain with higher dosages of PO plastics. The PMBs have higher R values and 

lower  Jnr values with increased dosages, as the inclusion of polymeric chains in 

the asphalt binder restricts and thus improves resistance to permanent 

deformation [154-156]. 

 

An asphalt binder will have higher resistance to fatigue cracking if it is more 

elastic and not too stiff [157]. Multiple authors have conducted recent popular 

tests (the Linear Amplitude Sweep test, for example) to determine the fatigue life 

of long-term aged, modified binders by calculating the damage accumulation. In 

a study conducted by Amirkhanian et al, it was shown that the addition of PE 
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improves binder fatigue life in comparison to the base binders, regardless of the 

PE type, content, and applied shear strain [156]. Roja et al showed that a 3-5 

wt% addition of lower molecular weight (Mw) LDPE will improve the fatigue life of 

the binder, due to increased chain mobility [155]. Despite this, some authors have 

alternatively found that PO plastics fail to improve the elastic recovery and stress 

relaxation of the binder, indicating the potential for thermal and fatigue cracking 

at low in-service temperatures [158]. Isacsson et al found that the addition of PE 

failed to significantly improve the low-temperature flexibility of bitumen [159]. This 

was attributed to its regular long chain structure, the PE molecule is prone pack 

closely and crystallize, which could lead to a lack of interaction between the 

bitumen and polymer and result in instability of the modified bitumen.  

 

2.6.4 Polyolefin Modified Asphalt Mixture Performance 

 

The stability of an asphalt mixture verifies its performance under loading. A 

prominent trend in literature is that the addition of recycled PO plastic can 

substantially increase the stiffness and thus stability of the asphalt mixture, but 

only up to certain percentages, after which the stability will decrease. For 

example, authors have determined the highest Marshall stability values to be at 

a 4% dosage for HDPE [144, 160]. Hinislioğlu et al saw a stability increase in the 

range of 3-21% using 1-4 wt% HDPE in asphalt concrete formulated via the wet 

process, with other authors seeing similar results [161, 162]. The higher stabilities 

have been suggested to be attributable to higher cohesion of the binder and 

internal friction due to the plastic addition, indicated by lower flow values for 

modified specimens [144]. In comparison, Zoorob et al applied the dry method 

for the formulation of ‘Plastiphalt’, replacing 29.7 wt% of aggregates with LDPE 

and found a Marshall stability of approximately 2.5 times the control mix [136]. 

The recorded flow values were also lower, indicating that the mixes were both 

stronger and more elastic. The Marshall Quotient (MQ) is largely used as an 

indicator of the resistance against deformation of asphalt. Higher stability and 

lower flow values of Marshall specimens modified with PO plastics seen in 

various studies supports the increase in MQ values. This has been used to 
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conclude that mixes blended with PO plastics are highly resistant to rutting at 

high temperatures [144, 161-163]. 

 

The dynamic creep has been widely used to characterise the permanent strain 

behaviour of paving mixtures at relatively high temperatures where the flexible 

pavements are more susceptible to rutting distress [164]. The influence of PO 

plastics on the Marshall properties of asphalt provides an increase of the service 

life under repeated creep testing [160, 165]. Nejad et al saw such results with the 

addition of 5 wt% HDPE into the bitumen binder [166]. It was also observed that 

moisture increased the rutting potential the least for the modified binders, 

indicating a decreased moisture susceptibility. Tapkin et al observed a 

substantial increase in the service life of PP fibre-reinforced asphalt specimens 

under repeated loading, to the extent that the control specimens entered the 

tertiary stage of creep at the loading rate corresponding to the primary stage of 

creep for the modified mixes [162]. However, it is importantly noted by some 

authors that due to the stiffening effect of the polymers, mixtures with the highest 

polymer percentage are rather incompressible and have lower workability [134, 

165]. This is an important consideration in terms mixture pumpability and the 

potential increase in energy and emissions required for the PMA formulation. This 

also may present a limit on the amount of each plastic that can be added to the 

flexible pavement via this production technique. Especially when plastics used in 

the ‘wet’ process already account for a very small percentage of the overall mass, 

given that bitumen is approximately 5% of the total mix [46]. Care must also be 

exercised with very high stiffness mixes due to their lower tensile strain capacity 

to failure. Such mixes are more likely to fail by cracking, particularly when laid 

over foundations which fail to provide adequate support [136]. Regardless, 

multiple authors have agreed in fatigue life studies for PO modified asphalt that 

for a thick pavement that is evaluated in the constant stress mode of testing, 

increasing stiffness of the asphalt binder causes a better fatigue life in the asphalt 

mixture [166, 167]. Nejad et al saw the fatigue life of 5 wt% HDPE asphalt 

mixtures to be 1.16 times the control mixture when conducting Indirect Tensile 

Fatigue (IFT) tests [166]. Other authors have found an improvement in tensile 

strength and related properties of mixtures containing polymer fibres, especially 
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polypropylene. Tapkin et al [136] found that a 0.3-1% addition of polypropylene 

fibres into asphalt concrete on a dry basis prolonged the fatigue life with less 

reflection cracking.  

 

Flexible pavements are additionally susceptible to the damaging effects of 

moisture, causing the displacement of the bitumen film from the aggregate 

surface in the presence of water. In literature it has been demonstrated via 

various techniques (Indirect Tensile Strength (ITS) and Tensile Strength Ratio 

(TSR), Marshall Stability ratio of ‘wet and ‘dry’ specimens) that PO plastics 

improve binder-aggregate adhesion as higher moisture resistance is gained. 

Therefore, PO modified PMAs will have higher durability and service life with 

potentially lower construction and maintenance costs [140, 166, 168, 169]. In 

addition, Haider er al found that PE modified asphalt mixtures through the wet 

process showed better adhesion and moisture resistance than those modified 

through the dry process [170]. However, plastic coated aggregates have too been 

demonstrated to favour the impact, crushing, stripping and abrasion resistance 

of aggregates [171]. 

 

2.6.5 Technical Limitations  

 

Modifying bitumen binders and the subsequent asphalt with waste PE and PP 

plastics is an attractive option for the low-cost improvement of asphalt concrete 

mixes at 3-5 wt% of bitumen [172]. However, despite the advantages of PO 

modification, there are several potential challenges that could limit its future 

development and commercialisation. Some are related to the chemical 

compatibility between waste plastics and bitumen, leading to phase separation 

and poor storage stability that has been reported in various works [142, 145, 173]. 

The tendency for long chain PO plastics to pack closely and crystallise can lead 

to a lack of interaction with the bitumen and result in the instability of the modified 

binder. Compatibility can also be poor due to the non-polar nature of the 

polymers, making them completely immiscible with the bitumen [174, 175]. Other 

factors such as viscosity and density differences, the molecular weight 

distribution, melt flow index (MFI), concentration, and the degree of branching of 
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the polymers as well as the aromaticity and asphaltene content of the base 

binders have additionally been linked to determining the compatibility of PMB 

mixtures [130, 173, 176]. 

 

A popular solution is the use of polyolefin-based copolymers that can have polar 

components and are either inert or reactive with the asphalt binder. Elastomers 

such as ethylene-vinyl acetate (EVA) and ethylene-propylene-diene (EPDM) 

have received much research attention for steric emulsion stabilization and can 

be effective (as seen in some of the studies included in Table 2.5.) The 

copolymers can additionally enhance binder properties that the polyolefin plastics 

cannot improve alone [139, 143, 151, 177]. However, as reported by Pérez-Lepe 

et al, upon mixing various (EPDM/PE) blend compositions, these materials are 

not always efficient due to not being able to entangle sufficiently with the 

polyolefins in the absence of cross-linking promoters, therefore the stabilising 

effect is not fulfilled [173]. Alternatively, reactive compatibilizer agents that modify 

the olefinic chain with additional functional groups can improve the miscibility of 

the polymer and bitumen and enhance binder characteristics further, for example 

maleic anhydride (MA), glycidyl methacrylate (GMA), polyphosphoric acid (PA) 

and reactive ethylene terpolymers (RET) [10, 151, 178, 179]. Despite this, the 

use of compatibilizers could limit the economic benefits of using recycled 

materials and in some cases, reactive additives do not always result in sufficient 

enhancements to obtain a homogeneous and stable mix [151]. Another unknown 

is whether the enhanced material properties e.g., increased rutting resistance, 

less temperature susceptibility, and elevated adhesion, will remain being 

enhanced when the PSW mixing weight is at a higher percentage (greater than 

10% of bitumen.) 

 

Other authors have focused more on the environmental aspects that mixing 

bitumen with waste plastics could pose, such as fuming, emissions during 

production, contamination and microplastics [46]. If waste plastics or other 

organic recycled material will be used in asphalts, more research is needed to 

assess their effects on workers’ exposure and health, due to mutagenic potency. 

The sorting of plastics before possible use in asphalt may also be important in 
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order to remove plastics that decompose to hazardous compounds in heating, 

for example the noxious HCl gas from Polyvinyl Chloride (PVC) [180, 181]. The 

potential of waste plastic fragmentation into microplastics upon introduction in 

asphalt pavement layers and their role as a pollutant with potentially serious 

ecological impacts is also in need of further research [182]. Additionally, there 

are rising concerns regarding the future recyclability of the asphalt and whether 

this could be hindered by the incorporation of waste materials [183]. The 

increased viscosity of PMB blends unfortunately results in the decreased 

workability of the binder, needing to increase the mixing and compaction 

temperatures for manufacturing. This increases in energy consumption are 

undesirable and creates environmental concerns about emissions generated 

[184].  

 

2.6.6 Life Cycle Analysis and Cost Assessment 

 

The potential environmental effects of using waste materials in road pavement 

applications must be quantitively evaluated and numerous life cycles assessment 

(LCA) studies have been conducted in literature for this purpose [185, 186]. 

Santos et al conducted a LCA investigating the impact of recycling waste plastics 

from local processing facilities in asphalt mixes when incorporated via the wet 

and dry method [46]. It showed that for the conditions and assumptions 

considered in the study, recycling PE plastics (as a substitute of virgin plastics) 

using the wet method (up to 8% addition) can be beneficial for the environment 

by reducing greenhouse gas (GHG) emissions up to approximately 16%. 

However, the use of PMB is more environmentally burdensome than the use of 

standard bitumen due to the fact that asphalt binder modification implies the 

consumption of at least one additional material. However, as discussed by Zhu 

et al, environmental benefits are expected to be observed in the other pavement 

life cycle phases in terms of reduced maintenance costs as a result of increased 

pavement failure resistances and greater adhesion between asphalt binder and 

aggregates over the service life [187]. On the other hand, the production of 

asphalt mixes via the dry method consumes a larger quantity of recycled plastic, 

however, the environmental benefits of this technique are diminished. The GHG 
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emissions increased by 160% when 20% recycled plastic was included in the 

mixes as a replacement of virgin quarry aggregate. The increase in certain impact 

categories is due to a greater energy demand required to produce the recycled 

plastic pellets. Though, it was seen that using a lower percentage aggregate 

replacement can still use a sizable amount of waste plastic without significantly 

increasing the number of emissions generated [46]. 

 

The LCA conducted by Oreto et al also concluded that wet and dry plastic 

modification of asphalt mixtures does entail additional environmental burdens 

compared to the traditional HMA binders [188]. This was attributed to factors such 

as the plastic pelletization process and long transportation distances. However, 

human carcinogen toxicity was lowered through the reduction of particulate 

matter and polycyclic aromatic hydrocarbons emitted during the recycling and 

production of plastic pellets compared to industrial modification of bitumen with 

virgin polymers. The predicted service life (using the Boussinesq theory and the 

calculation of the stress-strain state of each pavement structural layer, in 

compliance with the fatigue damage and rutting accumulation laws) 

demonstrated the use of recycled polymers in HMA binder and base layers 

improved the service life compared to traditional HMA without significantly 

affecting the environmental burdens.  

 

In terms of cost effectiveness, binder modification using recycled plastic in PMA 

is considered cost effective as this is a cheaper resource than virgin polymers, 

while reducing bitumen use. However, the cost of recycled plastic aggregates 

needs further evaluation as it could potentially be much higher than that of quarry 

aggregate due to pelletization production processes required [46]. Alghrafy et al 

conducted an economic study in terms of initial cost and performance for various 

recycled PE modified binders [137]. The authors found that in general, 2% and 

1% in the initial cost of binder can be saved when using 6% LDPE and 2% HDPE 

to modify virgin asphalt. Furthermore, the cost could be further substantially 

decreased up to 29% when modifying sulphur extended asphalt with recycled PE 

plastics. Furthermore, Souliman et al divided the expected performance 

(predicted number of fatigue cycles to failure) by the mixture unit cost of one mile 
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for unmodified and polymer modified asphalt [189]. The cost effectiveness value 

of the PMA was 105.2 cycles per cost of one mile in comparison to 41.2 cycles 

for the unmodified mixture.  

 

2.7 Pyrolysis Polyolefins in Road Construction  

 

As discussed in Section 2.3.2, waste PO plastics can be thermally cracked into 

smaller molecular products via thermochemical technologies such as pyrolysis. 

It has been common in the past for authors to use pyrolysis for waste material 

treatment prior to the preparation of bio-binders/bio-asphalt, especially for 

biomasses, crumb rubbers and cooking oils [190, 191]. Pyrolysis could easily be 

applied in the same way as an acceptable strategy for upgrading waste plastics 

for this product application, through the concept of Design from Recycling. In this 

way, PO pyrolysis products could have large potential as a plastic derived 

additive for HMA. The idea of using pyrolysis plastics in asphalt binder and 

subsequent mixture modification is not entirely new but is currently not widely 

researched in literature.  

 

Al-Hadidy et al proposed the use of pyrolysis PP as a new modifier material, 

which was thermally degraded at 308 °C and grinded into powder before being 

incorporated into 40/50 grade bitumen at 1-8 wt% [149]. The pyrolysis plastic was 

mixed for 7 minutes at 150 °C, which is a substantially smaller time in comparison 

to raw recycled PP, as can be seen in Table 2.5. It was determined that the plastic 

is well dissolved into the binder and compatible to an extent. Similar to PP 

modification, the penetration points decreases while the binder stiffness, 

softening point, and resistance to temperature susceptibility increases. The 

modified asphalt mixture showed an increase in Marshall stability and decrease 

in flow up to 2% PP content. From the indirect tensile strength test, it was 

concluded that the addition of pyrolysis PP increases the adhesion between 

aggregate and asphalt, indicating increased stripping resistance. The pyrolysis 

PP enhanced the resistance to permanent deformation and rutting. Later, Al-

Hadidy et al conducted a similar study using pyrolysis PP with an aim to produce 

a homogeneous a storage stable PMB [192]. The PP was pyrolysed at 400 °C 
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for 2 hours, producing a brown coloured monomer material with a lower density 

and melting point range of 153-157 °C. This was mechanically ground and 

incorporated at 1-11 wt% into 50/60 grade bitumen at 160 °C for 5 minutes by 

slow speed shearing. The study produced analogous conclusions to [149].  

 

The same authors then proposed to use pyrolysis LDPE as a modifier material in 

the stone mastic asphalt (SMA) layer of flexible pavements [13]. The LDPE was 

subjected to thermal degradation at 406 °C in a stirred batch reactor set-up, 

depicted in Figure 2.13. The reactor was heated using an internal heater 

connected to a temperature controller with corresponding temperature 

thermocouples. Upon heating, the feedstock was stirred, and upon cracking, left 

the system and entered a storage tank for collection. The pyrolysis LDPE was 

incorporated into bitumen at 2-8 wt% using a high-speed stirrer at 160 °C and 

1750 rpm for 3-5 minutes. It was demonstrated that the pyrolysis LDPE can be 

well dissolved in the asphalt matrix and that it was compatible to an extent. The 

modified binders were less susceptible to temperature and had improved 

resistance to deformation. The Marshall stability increased with a decreasing flow 

up to 6 wt% LDPE addition. It was shown that the modified SMA specimens did 

not weaken when exposed to moisture and that the pyrolysis LDPE was effective 

in preventing excessive drain down of the mixtures (bleeding phenomenon.) It 

was speculated that after thermal degradation, LDPE contains a larger number 

of activated groups which made the chemical reaction with bituminous molecules 

easier and contributed to the indicated improvements in resistance to 

deformation. In addition, the pyrolysis LDPE reduced cracking potential at low 

temperatures (-10 °C.) 
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Figure 2.14 Thermal degradation stirred reactor system  for pyrolysis PP, used 
by Al-Hadidy et al [192]. 

 

So far, pyrolysis PO plastics in asphalt binder and mixture modification has 

mainly resulted in very similar results to raw recycled plastic modification (see 

Section 2.6.3-2.6.4.) From the publications reviewed, an issue arises being 

whether the additional cost and further process environmental burdens 

associated with using pyrolysis plastics outweigh the advantages of using this 

new modifier material. A clear advantage is the ability to use lower mixing times 

and temperatures while achieving seemingly good mixture homogeneity, as the 

lower density and molecular weight additives can be completely dissolved in the 

bitumen. Despite this, rising mixture viscosities with an increase in pyrolysis 

plastic addition could still be a concern, as this suggests potential issues 

associated with blend workability or a limit on the amount of pyrolysis plastic that 

can be used. It is noted that the pyrolysis temperatures used in the works 

discussed are much lower than those commonly used in plastic pyrolysis 

literature (Sections 2.3.2, 2.3.4.) Looking at the thermogravimetric curves for the 

PO plastics, they typically completely thermally degrade at higher temperatures 

[193, 194]. This serves as explanation for the monomer materials produced with 

a melting point range of 153-157 °C that could be mechanically ground in certain 

studies [149]. Therefore, the extent of cracking of the plastics may not have been 



63 
C.L. Abdy, PhD Thesis, Aston University, 2023  

 

enough to allow for any real changes to be seen, in comparison to the parent 

polymers.  

 

Ling et al produced pyrolysis oils and waxes from waste rubber and plastic 

feedstock. Blends of these pyrolysis products were incorporated at 5 wt% into 

bitumen at 115 °C for 10 minutes. The waste-derived additive enhanced the 

workability and mechanical properties of the binders, increasing resistance to 

rutting, fatigue and low-temperature cracking [17]. Martinho et al thermally 

pyrolysed fresh and waste HDPE at 430-500 °C, using the resultant wax in a 

composite binder (polymer-modified binder, styrene-butadiene-styrene (SBS) 

and other functional additives) at a 2 wt% dosage. The composite wax modified 

binder exhibited a lower penetration point and higher softening point in 

comparison to the polymer-modified binder. The pure wax reduced the binder 

viscosity and while increasing the |G*|, it also reduced the δ values and had an 

improved rutting resistance [195].  

 

More research in this area that can provide more detailed pyrolysis processes 

and degraded product characterisation, as well as exploration into the 

modification mechanism between this new modifier and bitumen is needed. 

Additionally, further studies into the extent of compatibility of pyrolysis plastics 

and binders are needed to determine whether there are outstanding concerns 

with the storage stability of plastic-derived modifiers. Furthermore, LCA and cost 

assessments including the pyrolysis process to upgrade recycled plastics for use 

in HMA production will be beneficial in the future.  

 

2.7.1 Wax in Bitumen  

 

Bitumen naturally contains macrocrystalline, microcrystalline and/or non-

crystalline waxes that contain branched, alicyclic, and aromatic components with 

heteroatoms [196]. The wax content and type within bitumen is highly dependent 

on the source and production process utilised. Such that, bitumens that originate 

from crude oil and naphthenic sources tend to contain microcrystalline and 

amorphous type waxes. Due to the chemical composition and structure of these, 
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performance problems associated with the crystallization and melting points seen 

within n-alkane microcrystalline waxes are negated. However, nowadays due to 

current refinery processes of straight run bitumen, wax is generally low in content 

and does not tend to negatively impact the binder or subsequent asphalt 

properties. 

 

2.7.2 Wax Technologies in Asphalt Pavement 

2.7.2.1 Warm-Mix Asphalt  

 

Recently it has been suggested that due to the drawbacks associated with the 

waste plastic modification of asphalt binders, they instead be incorporated into 

warm mix asphalt (WMA) technologies. WMA mixtures have lower production 

temperatures of 100-140 °C (as opposed to HMA >150 °C) and therefore reduce 

the required energy, cost, fuel consumption and hazardous fumes, without 

compromising the performance of the mix [15]. There are various additives and 

foaming technologies that have been developed for WMA, one of which is organic 

additives. Organic additives function by reducing the viscosity of the base asphalt 

binder due to the presence of waxes and have been widely applied to improve 

the workability of high viscosity asphalt binders such as rubberised asphalt [16, 

17]. 

 

A popular wax additive applied in literature from wax studios such as Sasol is the 

“Fischer-Tropsch” (Sasobit) paraffin waxes, produced synthetically from syngas 

[197]. While they reduce the viscosity of the bitumen at mixing and compaction 

temperatures, depending on the wax chain length, they can also generate stiffer 

materials at in-service conditions. Studies have shown an improved resistance 

of the mixtures against permanent deformation as well as improved interaction 

between modifiers (such as crumb rubber) and base asphalt [18-20]. 

Polyethylene wax is a lower molecular weight by-product of the polymerization 

process and is also widely studied for its application as a WMA additive [21, 196]. 

Authors have reported its incorporation in the form of fine-grained powder or 

granules into asphalt binder for mixture formulation [198]. The waxes have been 

seen to improve the moisture resistance of warm asphalt mixes; however, it is 
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recommended by some authors to be used as a warm mix additive at lower 

compaction temperatures and implemented in colder regions due potential rutting 

distress [21]. 

 

PE wax-based WMA additives have additionally been studied for its influence on 

polymer and rubber modified WMA mixtures, that provide high rutting resistance 

yet require higher mixing and compacting temperatures due to higher viscosities. 

Kim et al compared polymer modified, stone mastic HMA and WMA (with 1.5% 

polyethylene wax additive) and concluded that the polymer modified WMA with 

the wax additive had better performance characteristics [199]. The modified 

WMA had superior moisture, rutting, fatigue, and low temperature crack 

resistance than the modified HMA. Another publication to note is that by Shang 

et al, using pyrolysed wax from recycled crosslinked polyethylene as a WMA 

additive for crumb-rubber modified asphalt [200]. The pyrolysed wax was 

incorporated into the asphalt binder at 1-7% at 150 °C for 30 minutes. Its addition 

increased the softening point as well as the penetration point of the asphalt, while 

reducing the ductility negligibly. The addition of the wax also improved the rutting 

resistance parameter. The production of warm mix asphalt (WMA) has been a 

topic of discussion for many years within the paving industry yet has not become 

the standard for types of rolled asphalt mixes. The complete estimation of the 

potential economic benefits of using WMA technologies still needs to be explored 

and may not be feasible if not jointly evaluated with environmental regulations 

and additional costs and offsets of WMA production [17, 201]. 

 

Furthermore, at HMA production temperatures, Roja et al demonstrated that a 

1% addition of PE wax to LDPE modified binders improved the dispersion of low 

melt flow index polymers [155]. The addition of PE wax reduced viscosity of the 

blends as well as the strain response and non-recoverable creep compliance of 

the mixtures (however, not to the extent of the binders with only LDPE additives.) 

The addition of the PE wax alone deteriorated the fatigue life of the binders, 

except when blended with low molecular weight LDPE with increased polymer 

chain mobility. Zhang et al reported an important relationship between the 

molecular weight (Mw) of LDPE and HDPE waxes and the modifying process 
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[202]. As the Mw of the waxes increases, the viscosity, moisture and low 

temperature resistance capacity of the wax modified asphalt mixtures increases, 

while the storage stability decreases. The high temperature resistance capacity 

of the PE wax modified mixtures was improved at higher Mw waxes also. A clear 

benefit of using plastic waxes in both hot and warm mix asphalt binders and 

subsequent mixes is the significantly lower mixing times (10-30 minutes [17, 

200]) and/or temperatures (reduced from 20-60 °C [201].) Therefore, there is a 

lower cost of manufacturing, especially in comparison to raw plastic modification 

blending methods (see Table 2.5.)  

 

2.7.2.2 Reclaimed Asphalt Pavement  

 

As part of the Waste Framework Directive 2008/98/EC on waste, re-use is the 

second order in the hierarchy [203]. Such that, when the most favourable 

‘prevention/repair’ route is no longer possible, asphalt can be reclaimed from the 

road at the end of its service life. After intermediate screening processes such as 

crushing and sieving, the aggregates and aged bitumen binders can be re-used 

in the production of new pavements. In the European Asphalt Pavement 

Association (EAPA) 2020 report, the total amount of reclaimed asphalt (RAP) 

available in the European reporting countries was 46 Mt [204]. Two key benefits 

of using RAP are the economic savings and environmental benefits, due to 

conserving energy, the reduction of virgin materials usage (resource 

preservation) and lower transportation costs associated with obtaining virgin 

materials. It also reduces the amount of construction waste that is sent to landfill. 

In general, the RAP level achievable in batch plants for hot mix recycling is 10-

40% using the cold method (the RAP is heated by the virgin aggregates prior to 

mixing) and 30-80% using the hot method (the RAP is directly preheated in a 

separate drum.) Other batch and continuous RAP operations, as well as 

guidelines and standards are detailed elsewhere [203]. Researchers are 

exploring the potential of raising RAP content further, from 20-30%, to 40-50% 

and even 100% [205]. However, the most critical technical limitation in using RAP 

within HMA is the high stiffness of the mixtures and resultant low workability. This 

can lead to improper compaction in the field and ultimately lead to premature 
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material failure [27]. Studies have shown that the incorporation of RAP into HMA 

will make the mixture stiffer and more brittle due to the addition of aged binder 

[25]. A high stiffness will improve rutting resistance, yet negatively impact the 

fatigue performance of the mixture. 

 

Recently, rejuvenators and soft binders have been researched for the 

modification of asphalt mixtures that contain RAP, improving their engineering 

properties. A rejuvenator contains a higher proportion of maltenes (or 

petrolenes), which are a mixture of small molecular weight resin and oil 

components [206]. The aim of using these additives is to re-balance the chemical 

composition of the aged and oxidized mixtures, which lose their maltenes during 

the ageing processes that occur during construction and service life [28]. Some 

rejuvenating agents used in literature include refined rape seed oil-based 

additives and tall oil from lignin depolymerization [198]. 

 

Higher usage of RAP is also reported to be feasible via the WMA wax 

technologies mentioned in Section 2.7.2.1, with ongoing research into new 

additives and rejuvenators [207]. Valentová et al utilised bio-based sugar cane, 

Fischer-Tropsch and polyethylene waxes in the modification of paving grade 

bitumen for use in an asphalt surface course containing up to 30% RAP. Upon 

evaluating the stiffness modulus, fracture toughness and indirect tensile strength 

(when subjected to water and frost), the study commented that this application of 

natural and synthetic waxes allows for the reduction of compaction temperature, 

while maintaining the quality of common HMA mixtures. This improves the 

favourability of recycling RAP which would typically have to be heated to 

extremely high temperatures, therefore excess thermal degradation of mixtures 

can be avoided [198]. Wanga et al conducted a performance investigation on 

recycled binders containing up to 70% artificial RAP binder with the incorporation 

of WMA additives. Of the WMA additives studied, it was demonstrated that the 

RAP + polyethylene wax mixture especially can offset the disadvantages of each 

other in fatigue and rutting resistance respectively, while reducing susceptibility 

to low temperature cracking. Moreover, the percentage of RAP binder can be 

increased with WMA technologies such as this [24]. However, the production of 
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WMA has been discussed for a while within the paving industry and has not yet 

become the standard type of rolled mix asphalt. An extensive valuation of the 

economic benefits of using these technologies still needs to be conducted, 

considering environmental regulations, the additional costs and offsets of WMA 

production, etc. [17, 201]. 

 

Considering the uses of pyrolysis products from other waste materials and blends 

in flexible pavements, multiple authors have noted the potential of pyrolysis oils 

as a rejuvenator for aged bitumen to reduce stiffness [17, 90]. Due to their 

softening effect, bio-oils have been widely studied in the recycling of RAP. They 

offer a double advantage of greater RAP amount in the asphalt mix and superior 

recycled asphalt functioning. It is observed that the majority of literature 

surrounding this topic utilises oils largely derived from sources such as 

biomasses and cooking/vegetable oils [208, 209]. This may be attributed to the 

large potential of PO plastic pyrolysis oils as alternative fuels, diverting research 

attractiveness. Further research into the effectiveness of PO plastic pyrolysis oils 

and waxes as sole rejuvenators for RAP could be conducted, apart from works 

that have previously studied combined polymer modified bio-derived 

rejuvenators [210]. Alternatively, recent publications have been conducted 

demonstrating the viability of biochar (derived from biomasses) for use in asphalt 

mixtures as bitumen modifiers and cement-based composites as nanoparticle 

fillers [211-213]. Such investigations are again limited for such plastic pyrolysis 

products, highlighting a research gap in the full understanding of plastic pyrolysis 

products as flexible road materials. 

 

2.7.3 Plastic Pyrolysis Wax: Established & Potential Applications  

 

It is typical in the pyrolysis of municipal plastics wastes (MPWs) that contain a 

high fraction of polyolefin polymers that aliphatic waxes are the main product at 

temperatures of around 500 °C and that the pyrolytic oil obtained also has a high 

content of wax in the form of heavy hydrocarbons. The undesirable qualities of 

this low-grade wax-oil mixture have attracted research attention around its 

potential as a cracking feedstock, upgrading the pyrolysis wax-oil into high-value 
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fuels and petrochemicals [29, 85]. Currently, catalytic degradation using solid 

acid catalysts such as zeolites, silica-alumina, fresh FCC catalysts and MCM-41 

is the most commonly used method. HZSM-5 catalysts especially are well 

documented for the upgrading of pyrolytic wax-oils [84, 214]. Furthermore, it has 

been established in literature the suitability of different pyrolytic wax fractions for 

different upgrading processes. Light product waxes with a boiling point below 500 

°C are typically planned for use as a (co-) feed in a steam cracker to yield 

monomers for polymer production, whereas the waxes with a boiling range above 

500 °C are planned for use in fluid catalytic crackers (FCC-process) to yield 

petrochemical products, as aforementioned [109]. A commercial example of 

using paraffinic wax as a feed for refineries or steam crackers is the BP Polymer 

Cracking Process pilot plant, utilising a feedstock of mixed plastic wastes [215]. 

The higher heating value (HHV) analysis of pyrolytic waxes produced from 

cracking at 600 °C have been determined as comparable to original polymers 

and not much lower than gasoline or natural gas. Although an increase in olefin 

nature has been observed at higher processing temperatures, the HHV values 

are in the same order as standard fuels [29].  

 

Alternatively, the direct combustion of pyrolytic waxes for energy is a suggested 

option if there is no commercial interest for their use as raw materials for 

production of fuels or chemicals. It has also been suggested that the product 

waxes could be gasified to hydrogen to make them more commercially beneficial 

[6]. Additionally, properties such as the freezing point of polyethylene (PE) wax 

from degradation do not in some cases make it feasible for gasoline and it would 

be more profitable to convert to wax compositions alike to commercial PE wax. 

Commercial PE wax has a wide application field including lubricants, additives in 

polyolefin processing, dyes, inks, antioxidants, candles, toys. Most commercial 

waxes such as this are produced from PE resins, making production cost high 

and the world market in short supply. Therefore, a technology such as pyrolysis 

has large potential and very strong competitive capability for the production of 

PE wax especially [112].  
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Multiple studies have been conducted for the investigation of pyrolysis 

parameters influence on waste polyethylene, to determine the applicability of this 

thermochemical technology for the production of waxes of ASTM commercial 

standard. With the careful control of parameters, waxes within the same melting 

point ranges as paraffinic and microcrystalline waxes and with penetration points 

close to the material standard range can be achieved [111, 112]. Compositional 

analysis has shown that degradation waxes are less branched and more olefinic 

than commercial waxes. Few authors have demonstrated that the application 

properties of waxes are only influenced to a minor extent by the olefinic groups, 

yet perhaps further investigation into their suitability for certain commercial 

applications may be necessary [104, 105].  

 

In terms of commercialisation, the first waste packaging plastic conversion 

pyrolysis facility opened in 2019 by Trifol in Ireland for the target production of 

‘Envirowax’. This product is estimated to remove up to two tonnes of plastic waste 

with each tonne of wax produced and can be used for the production of 

cosmetics, candles, lubricants and chewing gum [216]. This commercialisation is 

significant as the technology is readily available for scaling up when further 

applications within other industries are identified for pyrolytic polyolefin wax. All 

established and on-going researched applications for pyrolytic waxes from waste 

polyolefin pyrolysis within the petrochemical and chemical industries have been 

summarised in Figure 2.14. With the current commercialisation of plastic 

pyrolysis waxes for use in typical commercial PE wax applications, as well as 

research and pilot plant-based investigations into the production of feedstocks 

for the petrochemical and chemical industries, it is yet still noted that this trend in 

research is less prominent than that for the production of pyrolysis oils from waste 

plastics for use in fuels. As well as this, outside of the applications stated, there 

is a general lack in knowledge of the known applications of pyrolysis wax outside 

of these industries.  
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Figure 2.15 Established and on-going researched applications/upgrading 
routes for plastic pyrolytic waxes within the petrochemical and industries. 

 

2.8 Summary  

 

As part of the first phase of the project, in this chapter a comprehensive review 

of the pyrolysis of the abundant polyolefins found in municipal waste streams for 

the production of heavy wax products has been conducted. The use of these 

plastics as alternative materials in flexible pavements was investigated, 

specifically in asphalt binder and mixture modification. Furthermore, the use of 

plastic wax-based technologies in WMA and as modifiers in HMA was presented, 

providing discussion for the potential future use of PO plastics-derived wax 

products from pyrolysis as a modifier material in HMA.  

 

Pyrolysis is a promising thermochemical technology for the treatment of plastic 

wastes that still largely go to landfill. From an environmental perspective, a 

multitude of author reviews and assessments indicate its advantage when 

compared to conventional recycling methods. It additionally has the capacity for 
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much future research and development to overcome its technological limitations. 

Furthermore, its current commercialisation for waste plastic treatment to fuel oils 

and waxes implies that the technology is readily available for adaptation and 

scaling up. In terms of the heavy wax fraction that is a main product of polyolefin 

thermal pyrolysis, a general lack in knowledge of its known applications outside 

of the fuel and chemical feedstock industries was identified.  

 

The use of recycled polyolefin plastics in flexible pavements is a practical route 

as it has the capacity for incorporating high volumes of plastics, as well as 

reducing the cost of virgin materials. Their use in the modification of asphalt 

binders and subsequent mixtures, manufactured via the wet process, was mainly 

evaluated due to its prevalence in literature. These recycled modifiers offer a 

multiplicity of enhanced service properties over a wide range of temperatures, 

especially improving rutting resistance at high in-service temperatures as well as 

temperature and stripping susceptibility. LCA and cost assessment data from 

literature also support its use as opposed to the use of virgin plastics. However, 

it is not indicated as beneficial when compared to the traditional use of virgin 

binders due to the associated cost and environmental burdens with extra process 

steps and materials. It is recommended that extended investigation into the 

environmental and cost savings over the service life of the modified pavements 

needs to be conducted in the future, considering the increased service life and 

lesser maintenance costs. Nevertheless, the technical limitations with storage 

stability of polymer modified blends as well as environmental concerns of 

contamination, microplasticity and fuming remain as major hindrances to its 

future development and commercialisation. Such problems bring restrictions to 

the overall amount of waste plastic that can be used in this particular application, 

using either manufacturing method.  

 

Alternatively, the use of polyolefin pyrolysis products was considered in asphalt 

modification. However, from the available publications that were reviewed, a 

query arises being whether the additional cost and further process environmental 

burdens associated with using pyrolysis plastics outweigh the similar results 

obtained for this new modifier material in comparison to raw plastic modifiers. 
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Future research is important to provide more detailed pyrolysis product 

characterisation and exploration into the modification mechanism between this 

new modifier and bitumen. Additionally, further studies into the extent of 

compatibility of pyrolysis plastics and binders are needed to determine whether 

there are outstanding concerns with the storage stability of plastic-derived 

modifiers. Furthermore, LCA and cost assessments including the pyrolysis 

process to upgrade recycled plastics for use in HMA production will be beneficial 

in the future.   

 

The use of plastic-based waxes in warm mix technologies are seen to be 

beneficial from the perspective of performance, as well as the cost and time 

savings associated with manufacturing. A wax-based additive derived from the 

pyrolysis of recycled PO plastics for possible use in unmodified and modified 

HMA, WMA and RAP recycled asphalt applications could potentially be a viable 

solution to the current limitations associated with raw plastic modifiers. This may 

also offer environmental and economic benefits that are associated with wax-

based modification and the increased use of recyclable materials in the flexible 

roads. At the moment, there is little comprehensive understanding of the full 

capacity for this pyrolysis product (and others) in industries such as infrastructure 

and construction and is worth more research, as part of Design from Recycling 

concepts. 
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CHAPTER 3: Experimental Programme 
 

3.1 Introduction  

 

This chapter details the laboratory experimental work performed for this study. A 

description of the materials used is provided as well as the experimental 

configurations utilised for pyrolysis wax production, w-binder, and asphalt mixture 

characterisation and performance testing. The main principles and techniques for 

data analysis are discussed for each test.  

 

3.2 Materials  

3.2.1 High-Density Polyethylene  

 

High-density polyethylene (HDPE) was sourced from Sigma-Aldrich in the form 

of approximately 2 mm diameter clear round pellets (injection moulding grade). 

The materials physical properties were declared as density (ρ = 0.952 g/mL), 

melt index (MI; 12 g/ 10 min), visca softening point (125 °C), and melting point 

(125-140 °C). HDPE was selected as it is one of the most abundant polyolefins 

in plastic waste streams today and has a very similar composition to its LDPE 

counterpart, such that the same valorization may be applied to them to produce 

very similar wax products (see Section 2.3.4.) Additionally, it decomposes into a 

relatively simple spectrum of hydrocarbons (waxes, oils, and gases) and due to 

the oxygen-free atmosphere, has much reduced emissions (dioxins, carbon 

dioxide) in comparison to other thermal treatment methods. Furthermore, its 

durable and rigid chemical structure allows it to withstand higher temperatures 

than LDPE, therefore requiring higher blending times and temperatures for raw 

plastic modification of bitumen. The findings of this study may act as a baseline 

and be translated to other pyrolysis configurations for the processing of HDPE 

and other plastics, as well as waste. 
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3.2.2 Asphalt Binder 

 

The asphalt binder utilised was the Total Energies UK Azalt® 40/60 penetration 

grade binder. It is a commonly used bitumen grade in the UK, especially for 

heavily trafficked roads. Its grade designation properties are displayed in Table 

3.1. 

 

Table 3.1 Grade designation properties of Azalt® 40/60 asphalt binder.  

Property  Units Grade 
Designation 

Test Method 

Penetration @ 25 °C dmm 40 – 60 EN 1426 

Softening Point  °C 48 – 56 EN 1427 

Resistance to hardening @ 
163 °C 

- Change in mass  
- Retained penetration  
- Softening point after 

hardening  

 
% max +/-

min % 
min °C 

 
0.5 
50 
49 

 
EN 12607 – 1 
 
EN 1427 

Flash point  min °C 230 EN 22592 

Solubility in Toluene  min % 
(m/m) 

99.0 EN 12592 

Kinematic Viscosity @ 135 °C min mm2/s 325 EN 12595 

 

3.3 Thermal Pyrolysis of HDPE 

 

The HDPE pellets were pyrolysed using a bench scale system at 450-550 °C to 

examine the influence of operating temperature on product wax yield and 

properties. As seen in Figure 3.1, the system consisted of a fixed-bed reactor 

vessel containing a metal crucible that was first filled with 20 g of metal balls to 

provide improved heat transfer within the crucible, followed by 25 g of HDPE 

pellets for every batch pyrolysis reaction. The dimensions of the reactor tube 

were 50.8 mm diameter and 150 mm length. A Carbolite electric furnace model 

EVT 12/150B with a power capacity of 750 watts was used as the external 

heating source. Prior to each experimental run, the system was purged with 

nitrogen (N2) gas to eliminate the presence of oxygen. Upon exiting the pyrolysis 

reactor, the gases passed through a 5 °C water condenser and further glassware 

for wax product condensation and collection. A cotton wool filter was in place to 
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capture any escaping vapours and the non-condensable gases were vented. 

Using this reactor configuration, the HDPE pellets were thermally degraded 

gradually, achieving the final temperature using a heating rate of 10 cm min-1. 

Volatile products were purged from the reactor tube using two nitrogen flowrates 

(2 and 4 L min-1) to additionally observe the influence of vapour residence time 

on the yield and properties of the pyrolysis wax products. The vapour residence 

times were estimated using the ideal gas law for the carrier gas and can be found 

in Table 3.2. The condensed wax product was collected after >2 hours of 

pyrolysis reaction time without separating the light and heavy fractions. All 

experiments were conducted in triplets. The product waxes were named 

according to the pyrolysis parameters used, for example the pyrolysis wax 

produced at 450 °C with a 2 L min-1 carrier gas flowrate is referenced to as sample 

450-2, and so on. 

                                                    

Table 3.2 Pyrolysis conditions.   

*Superficial, vapour residence time was estimated using Ideal Gas Law. 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

Pyrolysis Temperature 
(°C) 

Nitrogen (N2) Flowrate 
(L min-1) 

Vapour Residence 
Time* 

(s) 

450 2 3.76 

4 1.88 

500 2 3.52 

4 1.76 

550 2 3.30 

4 1.65 
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Figure 3.1 Schematic diagram of the bench scale pyrolysis reactor system 

used in this study. 
 

3.4 w-Binder Production  

 

Based on the experimental findings in Chapter 4, three waxes produced at 450, 

500 and 550 °C using a constant nitrogen flowrate of 2 L min-1 and resultant 

variable vapour residence times (Table 3.2) were selected for production of the 

w-Binders. The pyrolysis wax modified asphalt binders (w-binder) were prepared 

by blending the waxes produced at different pyrolysis conditions and 40/60 neat 

binder using a high-speed shear mixer at 150 °C with a rotation speed of 500 rpm 

for 15 minutes [9]. The mixing temperature, time and speed were recommended 

to minimize binder aging and reduce wax volatile loss in Chapter 4 [33]. The 

dosages of the wax modifiers were 6 wt% (typical plastic modification level in 

literature) and 12 wt% (high modification level.) 300 g of each w-binder was 

prepared with each batch blending. Figure 3.2 illustrates a summary of the 

production program for the w-binders. For simplicity, throughout the study the w-

binder samples are referred to using the process temperature used to produce 

the HDPE pyrolysis wax, followed by the wax dosage, ‘temperature (°C)-
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modification level (%)’. For example ,‘450-6%’ refers to a 6 wt% dosage of the 

pyrolysis wax produced at 450 °C. 

Figure 3.2 w-Binder production program summary. 

 

3.5 Wax and Binder Characterisation  

3.5.1 Gas Chromatography-Mass Spectroscopy (GC-MS)  

 

• Principle 

Gas Chromatography-Mass Spectroscopy is an analytical technique for the 

separation and identification of components within chemical mixtures, on a 

molecular level. The sample is vaporised, and its gaseous components are 

injected into a capillary column that is coated in a stationary solid or liquid phase. 

The sample components are carried through the column by an inert gas and elute 

at different retention times based on their interaction with the stationary column 

coating and mobile carrier gas phases (as a function of boiling point and polarity.) 

They are then ionized via a high energy electron beam and fragmented in the 

mass spectrometer, separating based on their mass-to-charge (m/z) ratios. Upon 

acceleration through the MS column, the ion fragments hit a detection plate, 

allowing for their relative abundance to be calculated and thus the components 

identified using commercial mass spectra libraries. A typical configuration of a 

GC-MS instrument is displayed in Figure 3.3. 
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Figure 3.3 Typical GC-MS instrument configuration, [217]. 

 

• Testing Protocol 

In this study, the wax samples were submitted for GC-MS chemical analysis. 

Prior to submission, the waxes were dissolved in toluene and filtered using PTFE 

0.2µm filters to remove any undissolved solids that could affect the operation of 

the GC column. A Shimadzu GC-MS-QP2010 SE model was used for the 

analysis using a GC program of 50 °C to 300 °C with a heating rate of 10 °C/min 

[36]. The results are typically presented in chromatograms of the retention time 

of each sample component versus their relative abundance, a typical 

chromatogram for paraffin wax is displayed in Figure 3.4.  

 

Figure 3.4 Typical chromatogram for paraffin wax, [218]. 
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3.5.1.1 Mass Response Factor (RF) Calculation  

 

To facilitate product analysis via GC-MS, the concepts of effective carbon 

numbers (ECN) and subsequent response factors (RF) for volatile organic 

compounds (VOCs) were utilised to obtain the relative mass% of each 

component within the waxes. The ECN is the sum of the carbon number (and 

equivalent for each molecular descriptor,) multiplied by the number of 

occurrences within the molecular structure of each compound, as exemplified in 

Equation (1) [219]: 

 
ECN = I*(CNE C) + J*(CNE H) + K*(CNE O) + L*(CNE-CH3)  

 + M*(CNE-CH2-) + N*(CNE-O-) + O*(CNE>C=O)        (1) 

 + P*(CNE-CHO) + Q*(CNE-CO2H) + R*(CNE Benzene ring) 

 + S*(CNE>C=C<)  

 
Where I, J, K, L, M, N, O, P, Q, R and S are the occurrence number of each 

descriptor within each wax component’s molecular structure. The ECN approach 

was then used to calculate the relative response factor for each wax component, 

where:  

 

RF = m*(ECN) + b   (2)  
 
m and b were taken from Szulejko et al, a dataset of RF versus ECN for relevant 

VOCs in an experimental setup correlating to the one used in this study [219]. As 

the response factor is defined as the ratio between the concentration of a 

compound and the response of the GC-MS detector to that compound, the 

relative mass% could then be obtained:  

 

mass% component = 
Peak Area

RF
           (3) 

 

The mass fractions for each component with the pyrolysis waxes are categorised 

into carbon number distribution and component class and utilised to establish the 

existing relationships between pyrolysis process conditions and wax 

composition. They are also used to investigate the pyrolysis wax chemical 

composition before and after thermal ageing to determine ageing mechanisms. 
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3.5.2 Thermogravimetric Analysis (TGA)  
 

• Principle  

Non-isothermal thermogravimetric analysis (TGA) is a common methodology to 

examine the thermal properties of materials. It determines the fractional weight 

loss of volatiles in an inert environment of a sample as a function of temperature 

or time. Information about the temperature at which pyrolysis is initiated, when 

the rate of devolatilization is maximum, and the temperature at which the process 

is completed for plastic samples can be determined (onset to end-set 

temperatures.) Reactor design and operating temperatures can also be selected 

based on this analysis [220].  

 

• Testing Protocol 

Initially, TGA was utilised to confirm the selected range of pyrolysis temperatures 

to use within this study for the obtaining of waxes. It was then used to examine 

the thermal characteristics of the pyrolysis wax materials. Additionally, it was 

applied as an indicator for the thermal stability of the waxes for potential 

applications such as within asphalt pavements as alternative binder materials at 

150-170 °C. A plastic/wax sample of 10mg was placed into a ceramic crucible. A 

Perkin Elmer Pyris 1 TGA (Figure 3.5) was used to analyse the pyrolysis waxes 

from 20-600 °C with a heating rate of 10 °C min-1 under a constant flow of pure 

nitrogen (N2) gas at 30 mL min−1. 
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Figure 3.5 Thermogravimetric Analyser. 

 

Typical weight loss versus temperature curves for HDPE show single step 

thermal decomposition in nitrogen, as shown in Figure 3.6, with decomposition 

generally ranging around 400-500 °C. Any residual masses noted tend to be 

attributed to the charring of the plastics under pyrolytic conditions and the 

presence of commercial additives [91, 221]. Likewise, a derivative 

thermogravimetric (DTG) curve can be utilised to observe the rate of change of 

mass with respect to temperature or time (rate of decomposition,) as also 

observed in Figure 3.6 for HDPE.  

Figure 3.6 Typical TGA/DTG curves obtained for HDPE [222]. 

Data acquisition   

Hooked ceramic 

crucible with 10 

mg sample  

Thermal heating 

chamber with 

pure nitrogen 

supply 
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3.5.3 Differential Scanning Calorimetry (DSC)  

 

• Principle 

Differential Scanning Calorimetry (DSC) can be used in the thermal analysis of 

materials through the observation of how their heat capacity (Cp) changes with 

temperature in a controlled, inert atmosphere. It entails a sample of known mass 

to be heated/ cooled and its subsequent heat capacity recorded as changes in 

heat flow. Through this, the detection of key material transitions can be observed, 

such as melting temperature, glass transition and phase changes [223]. The 

experimental set-up involves two sample pans (the sample is placed in the first 

pan and the second pan is empty.) The two pans are placed on heaters within 

the DSC unit and the temperature is increased at a constant rate. When 

conformational changes happen within the sample material, more/ less heat flow 

is required from the heater to perform such transitions. In order for the heat flow 

of the sample pan to match that of the reference pan, the heat is adjusted 

accordingly and is recorded by the DSC. A typical DSC experimental 

configuration is shown in Figure 3.7. 

 

 

 

 

 

 

 

 

 

Figure 3.7 A typical DSC experimental configuration, [224]. 

 

• Testing Protocol 

Waxes are made up of molecules of different size and nature, therefore do not 

have a characteristic melting point as in the case of pure substances. The melting 

temperature range (on-set and peak) of the plastic pyrolysis waxes in this study 
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were obtained via DSC. A sample of 10 mg was placed in a sealed hermetic 

aluminium pan. The thermal analysis was performed in a Mettler 

Toledo DSC 1 from 25-200 °C with a heating rate of 5 °C min-1, in a nitrogen 

atmosphere. A typical results thermogram of heat absorbed versus temperature 

for polymers is shown in Figure 3.8. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.8 A typical DSC thermogram of heat absorbed versus temperature for 

polymers, adapted from [225]. 
 

3.5.4 Wax Ageing Experiment 

 

To provide further interpretation of the results obtained from both TGA and DSC 

analyses for the pyrolysis waxes, an additional experimental setup was arranged 

for the thermal conditioning of the waxes in an ashing oven set at 170 °C for 1, 

3, and 6 hours. 10 mg of the waxes were tested in ceramic crucibles (Figure 3.9.) 

The loss of volatiles was calculated from the mass loss. GC-MS and FTIR 

techniques (Sections 3.5.1 and 3.5.5, respectively) were utilised to show the 

effects of somewhat short-term ageing on the wax chemical composition. This 

was also utilised as an indicator for the suitability of pyrolysis waxes in asphalt 

pavement production, in which the bitumen binders are heated for prolonged 

times during mixing and storage. All ageing experiments were repeated three 

times. 
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Figure 3.9 Pyrolysis waxes in ceramic crucibles for short-term ageing test. 

 

3.5.5 Fourier Transform Infrared Spectroscopy (FTIR) 

 

• Principle  

FTIR spectroscopy was employed in attenuated total reflectance mode (ATR), to 

allow for sample analysis in the solid or liquid state without further preparation. 

During the sampling, an infrared (IR) light is passed through a potassium bromide 

(KBr) crystal window, on which the sample is placed. Regions of the IR spectrum 

will be attenuated where the sample absorbs energy at this crystal-sample 

interface. The attenuated beam is directed via the crystal to a detector in the 

spectrometer, which uses this signal to generate an FTIR spectrum. This is 

further exemplified in Figure 3.10. The produced spectrum displays the 

measurement of IR absorption at different wavelengths (or wavenumbers, the 

reciprocal of wavelengths), which corresponds to the presence of certain 

functional groups within the samples [226]. FTIR spectra allow for the 

identification of organic, polymeric and some inorganic compounds while giving 

reliable information about the chemical aliphaticity and aromaticity of samples 

[227]. 
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Figure 3.10 FTIR-ATR principle of operation. 

 

• Testing Protocol 

Within this study, FTIR was utilised to qualitatively identify the vibrational bands 

of chemical functional groups in both unaged and aged pyrolysis waxes. This 

may be used to determine their chemical and thermal stability in terms of 

chemical functional groups. It was also used to demonstrate the repeatability of 

the wax products between pyrolysis batches. Additionally, it was utilised to 

investigate the modification of the pyrolysis waxes upon incorporation into the 

bitumen binder. It was applied quantitatively to investigate oxidative ageing that 

takes place within the binders, as will be discussed in the next Section 3.5.4.1. A 

PerkinElmer Frontier Spectrometer was utilised to record the FTIR spectra 

between the wavelengths of 400 and 4000 cm-1, performing 32 scans with a 4 

cm-1 resolution. For analysis of the control and w-binders, the samples were 

heated, homogenized, and left to cool to ambient temperature. The analysis was 

carried out at room temperature, with the samples placed directly onto the ATR 

crystal window of the FTIR [228].  

 

3.5.5.1 FTIR Calculation for Oxidative Ageing Indexes  

 

The FTIR test has been applied to qualitatively and quantitatively analyse the 

oxidation reactions occurring to the unaged and (short-term and long-term) aged 

asphalt binders [227, 229]. For ageing tests, see Sections 3.6.2-3.6.3. Studies in 

literature provide the quantitative calculations for oxidation analysis using band 

areas [230]. The band areas are calculated using integration methods which 
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consider the area below the spectrum around a band maximum value, using 

baseline or tangential approaches. Hofko et al noted that between the two band 

integration methods, the tangential method has significantly worse reproducibility 

[228]. Therefore, the baseline approach was taken, and band areas were 

calculated using OMNIC Software. A typical FTIR spectrum obtained for long-

term aged bitumen, demonstrating the key functional groups for the assessment 

of oxidation, as well as the different band area integration methods can be seen 

in Figure 3.11.  

 

Functional group indexes that are typically used to characterise the oxidative 

aging of asphalt binders are the carbonyl (C=O) and sulfoxide (S=O) indexes. 

These are calculated via the following Equations (4-5):  

 

Carbonyl Index: IC=O=
𝐴𝑅1,700

∑ 𝐴𝑅
      (4) 

                           

Sulfoxide index:IS=O=
𝐴𝑅1,030

∑ 𝐴𝑅
      (5) 

 

Where AR comprises of the band areas for certain bond indexes: 1,700 cm-1 

(C=O), 1,030 cm-1 (S=O), 1,035, 1,120 and 1,214 cm-1 (C-O), 1,465, 2.850, 2,920 

cm-1 (CH2) and 1,375 and 2,960 cm-1 (CH3). 
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Figure 3.11 Typical FTIR spectrum obtained for long-term aged bitumen, 

demonstrating key functional groups for oxidation assessment and different 

band area integration methods. Adapted from [228]. 

 

3.5.6 Penetration Test  

 

The penetration value of asphalt binder has been described as an indicator of its 

consistency, which in turn reflects its rheological properties [141]. Penetration 

tests were conducted at 25 °C on the samples according to BS EN 1426, using 

a standard needle, a 100 g weight and 5 second loading time [231]. Measuring 

this conventional physical property will indicate the hardness or softness of the 

control and w-binders. It will also aid in selecting a suitable control grade binder 

to provide good comparison to the w-binders in asphalt formulation and testing. 

Typical test configuration and the test set-up used is shown in Figure 3.12. The 

penetration distance was recorded to a tenth of a millimetre. Generally, lower 

penetration grade bitumens are used in hotter regions, whereas higher 

penetration grade bitumens are utilised in colder climates [32].  
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Figure 3.12 The penetration test: configuration and set-up, adapted from [232]. 

 

3.6 Binder Performance Tests  

3.6.1 Dynamic Shear Rheometer  

 

• Principle 

The dynamic shear rheometer (DSR) is a piece of dynamic oscillatory test 

equipment that is used to characterise both the viscous and elastic behaviour of 

asphalt binders at intermediate to high service temperatures. In the case of the 

dynamic shear rheometer utilised in this study, an asphalt binder sample is 

placed between a top oscillating and bottom static plate. A constant strain is 

applied by moving the top plate to a fixed distance away (B) from the start position 

(A), back to the start position (A), and then repeated in the other direction at the 

same fixed distance (C), to move back to the start position again and complete 

one cycle [167]. This cycle is repeated continuously throughout testing and is 

further demonstrated in Figure 3.13. The required magnitude of stress to perform 

these movements is calculated from the required torque [167, 233]. The DSR 

OMNIC software used the following Equations (6-7) to calculate the stress and 

strain.  

 

σ= 
F

A
= 

2T

πr3
          (6) 
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γ =  
θr

h
           (7) 

 
Where σ is the maximum shear stress, F is force, A is area, T is torque, r is radius 

γ is maximum shear strain θ is deflection angle and h is the gap between the 

parallel plates.  

 

 

 

 

 

 

 

 

Figure 3.13 Basic principle of the Dynamic Shear Rheometer (DSR), [167]. 

 

From this, key rheological parameters may be measured for the asphalt binders 

at an applied sinusoidal strain and selected test temperatures and loading 

frequencies, including the complex shear modulus |G*| and phase angle δ. The 

complex modulus is typically used to assess a binder’s resistance to deformation 

under repeated shear, such that a high complex modulus indicates a higher 

resistance to deformation [234, 235]. The phase angle is used for assessing the 

viscoelastic behaviour of asphalt binders, in which a higher phase angle (90°) 

indicates more viscous behaviour, while a low phase angle (0°) indicates a more 

elastic response [234, 235]. The selected sinusoidal strain applied to the asphalt 

binder during testing is expressed as:  

 

γ*= γ
o

sin ωt          (8) 

 

Where γ* is the oscillating shear strain, γ
o
 is the peak shear strain, ω is the 

angular frequency (rad sec-1) and t is time (seconds). The loading frequency (ω), 

also known as the angular frequency, is defined as:  

 
ω=2πf           (9) 
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Where f is the frequency (Hz) and is the reciprocal of time, t. Sinusoidal stress is 

the response of the applied sinusoidal strain, however there is typically a time 

delay observed between the two which causes a lag. This lag is expressed as 

the phase angle (δ), as seen in Figure 3.14. 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 3.14 Phase lag between the applied sinusoidal strain and stress 
response, adapted from [236]. 

 

The sinusoidal stress response is expressed as:  

 

σ*=𝜎0 sin (ωt- δ)         (10) 

 

Where σ* is the oscillating stress response (Pa), 𝜎0 is the peak stress (Pa) and δ 

is the phase angle (°). Furthermore, the ratio between the stress response and 

the applied strain is the complex modulus (G*), which is defined as:  

  

G
*
= 

σ*

γ*
=  

σ0

γ0

𝑒𝑖𝛿         (11) 

         
Where G* is the complex shear modulus (Pa). The absolute function of this 

parameter can be expressed as the ratio of the peak stress to peak strain:  

 

|G
*
|= 

σ0

γ0

          (12) 

Which can also be written as:  
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G
*
= (

σ0

γ0

) cos δ +i (
σ0

γ0

) sin δ        (13) 

 
And:  

 

G
*
= G

'
+iG

"
          (14) 

 
Where G’ is the storage modulus (Pa) or the elastic component, which is related 

to the amount of energy stored in the sample during each testing cycle. G” is the 

loss modulus (Pa) or viscous/non-recoverable component and is related to the 

energy lost during each testing cycle through plastic flow or permanent 

deformation [167]. From Equation (14), the absolute function of the complex 

shear modulus can be calculated as the square root of the sum of the square of 

the storage and loss moduli:  

 

|G
*
|= √(G

'
)

2
+(G

"
)

2
         (15) 

 

Additionally, the storage and loss moduli may be expressed as:  

 

G
'
= G

*
cos δ          (16) 

G
"
= G

*
sin δ          (17) 

 
The ratio of the viscous and elastic components of the complex modulus is 

equal to the phase angle tangent, written as:  

 

tan δ= 
G

"

G
'          (18)  

 
Testing temperature and frequency of loading have a significant effect on the G* 

and δ of asphalt binders. Such that, they behave as elastic solids (represented 

by the horizontal arrow in Figure 3.15) at low temperatures. Whereas at high 

temperatures, they behave as viscous fluids (represented as the vertical arrow in 

Figure 3.15.) At pavement service temperatures, they simultaneously act like 

both, thus they are viscoelastic materials.  
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Figure 3.15 Relationship between the complex shear modulus, storage 
modulus (elastic component), loss modulus (viscous component) and phase 

angle. 
 

• Testing Protocol 

Rheological tests were conducted using a Kinexus Dynamic Shear Rheometer 

(DSR) from Malvern Panalytical. The bitumen samples were prepared according 

to BS EN 14770 [237]. An 8 mm diameter parallel plate geometry with a 2 mm 

gap was employed for tests conducted below 30 °C (increased stiffness of 

samples) due to torque limitations of the DSR [238]. A 25 mm diameter parallel 

plate geometry with 1 mm gap was utilised for tests above this temperature. The 

binder samples were heated to and remained at the test temperature for 5 

minutes to achieve stability before loading was applied [239]. The DSR test 

equipment and plate geometries are shown in Figure 3.16.  
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Figure 3.16 DSR test equipment with plate geometries. 

 

3.6.2 Rolling Thin Film Oven Test (RTFO)  

 

Prior to rheological characterisation of the control and w-binders, they were 

subjected to the rolling thin-film oven (RTFO) test to simulate the short-term aging 

process (BS EN 12607 [240]). 35 g of each sample was placed into a glass bottle 

and rotated to create a film of bitumen over their interior surface. Eight bottles 

containing samples at a time could be placed within the continuously rotating 

shelf (15 rpm) of the oven. The samples were aged at 163 °C for 85 minutes. 

Continuous rotating of the sample bottles was to ensure that no surface skin 

formed on the samples to prevent binder ageing and the air flow into the sample 

bottles was maintained at 4000 mL/min to ensure proper exposure of the bitumen 

to the heat and air [241]. The testing oven and sample bottles are shown in 

Figures 3.17-3.18. The mass loss of the control and w-binders was calculated 

using their weight prior to and following RTFO ageing, to determine the 

percentage weight reduction as a result of volatile loss at high temperatures, 

obtained by: 

Mass loss= 
Aged mass-Original mass 

Original mass
 ×100      (19) 

Heating/cooling chamber 

Plate geometry  

Sample Loading   
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 Figure 3.17 RTFO oven.      Figure 3.18 RTFO sample bottles. 

 

3.6.3 Pressure Ageing Vessel (PAV) Test  

 

A portion of the RTFO aged asphalt binders subsequently placed in a pressure 

ageing vessel (PAV) chamber at to simulate the long-term ageing process (BS 

EN 14769 [242]). 50 g of each sample was poured into 140 mm diameter pans 

and placed into the pan holder of the PAV machine (Figures 3.19-3.20.) The 

control and w-binders were aged at 100 °C and 2.1 MPA for 20 hours. 

Furthermore, the aged samples were placed into a vacuum oven at 170 °C for 

30 minutes at 15 kPa for degassing.  

 

 

              Figure 3.19 PAV sample pan. 

      

                                          Figure 3.20 PAV test set-up. 
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3.6.4 Frequency Sweep (FS) Test  

 

• Principle 

A frequency sweep (FS) test enables the viscoelastic properties of a sample to 

be determined in the undamaged linear viscoelastic (LVE) range. Key rheological 

parameters can be obtained such as the complex shear modulus (G*), phase 

angle (δ) and complex viscosity (η*). It can be performed at different 

temperatures for a fixed strain rate and varying loading frequencies. In literature, 

this testing method has been used to indicate the presence of synergistic effects 

of modified asphalt binders/mixtures and the effect of modifier materials on the 

viscoelastic properties [243]. It has been utilised for the selection of optimal 

dosage of modifier, a common trade-off being enhanced stiffness, which is 

favourable for rutting resistance but detrimental for fatigue cracking. Its results 

can indicate when the excess addition of a modifier will deteriorate the properties 

of the base binder [244].  

 

• Testing Protocol 

Frequency Sweep (FS) tests were performed according to BS EN 14770 on the 

unaged and aged (RTFO and RTFO+PAV) binders at 10-70 °C, with 10 °C 

intervals to obtain the shear complex modulus, phase angle and complex 

viscosity. Throughout the test, a frequency range of 0.1-25 HZ under a shear 

strain level of 0.5% were applied. [237]. 

 

3.6.4.1 Master Curve Construction  

 

Master curves are constructed from FS data to enable the assessment of a 

binder’s viscoelastic behaviour over an expanded range of loading frequencies. 

The continuous plot is obtained from isothermal plots that are manually shifted 

about a reference temperature using shift factors, 𝑎(𝑇). In this study, master 

curves were produced using the Arrhenius shifting factor law and the Christensen 

and Anderson (CA) Model. The horizontal time-temperature superposition 

principle (TTSP) shifting of the rheological parameters was modelled using the 

following Arrhenius and associated Equations (19-20) [245]:  
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log(aT)=
-∆H

2.303R
(

1

T
-

1

Tref
)           (19) 

aT= 
fr

f
            (20) 

 
Where aT is the shift factor, R is the universal gas constant, ∆H is the flow 

activation energy, T is the tested temperature, Tref is the selected reference 

temperature (40 °C), f is the tested frequency and fr is the reduced frequency at 

the reference temperature. For the determination of |𝐺∗|, the following CA model 

was used in Equation (21) [246]:  

 

|G
*
|= Gg [1+(

fc

fr
)

log2

R ]
-

R

log 2

         (21) 

 
Where |G∗| is the predicted shear modulus, Gg is the glassy modulus, R is 

rheological index and fc is the crossover frequency. The resultant master curve 

will be a plot of the complex modulus against the reduced frequency on a log-log 

scale. A typical master curve and its construction is shown in Figure 3.21.  

 

 

 

 

 

 

 

 

 

 

Figure 3.21 A typical master curve and its construction, adapted from [247]. 

 

 

 

 

 

𝑎(𝑇) 

Master curve 
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3.6.4.2 Black Diagram  

 

The black diagram is often utilised to identify patterns within datasets that can be 

influenced by the presence of binder modifiers. For wax modifiers, this data 

representation can indicate the melting of the wax and whether it occurs within 

the measured temperature range, as well as the effect on the mechanical 

properties of the material [197]. Black diagrams were constructed from the FS 

data over the temperature range of 30-70 °C to evaluate the relationship between 

|G*| and δ in the unaged condition for the control and w-binders. If there is a high 

content of wax, asphaltenes and polymer within the binder, a disjointed curve as 

opposed to a smooth one is often observed [248]. Typical black diagrams plot 

log |G*| versus δ, as seen in Figure 3.22, for bitumens modified with different 

chain length Fischer-Tropsch waxes.   

Figure 3.22 A typical black diagram for bitumens modified with different chain 
length Fischer-Tropsch waxes, [197]. 

 

3.6.4.3 Complex Viscosity  

 

Viscosity is one of the most important properties of asphalt binders used as 

paving materials. Knowledge of binder viscosity provides information about their 

pumpability, mixability and workability [249]. The complex viscosity (η*) is a vital 
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rheological parameter that indicates the change within a materials structure and 

consistency, in relation to temperature and loading time. This parameter may also 

be used to indicate an asphalt mixtures resistance to viscoelastic deformation 

[250].  

 

Non-Newtonian fluids can have a viscosity that is dependent on the applied shear 

rate and shear stress and have two main categories: shear-thinning 

(pseudoplastic) fluids and shear-thickening (dilatant) fluids. Highly modified 

binders especially exhibit non-Newtonian behaviours due to the interaction 

between the bitumen and the modifier [249]. Cox and Merz stated the empirical 

relationship that the steady-state viscosity at some shear rate (𝛾̇) can be related 

to the dynamic complex viscosity as follows:  

 

|η*(ω)|= η(γ)̇          (22) 

 
Where |𝜂∗(𝜔)| is the absolute value of the dynamic complex viscosity as a 

function of angular frequency, and 𝜂(𝛾)̇ is the steady-state viscosity as a function 

of shear rate [251]. This has been found to be applicable in the shear-thinning 

region of bitumen [252]. In this study, complex viscosity (η*) values were obtained 

from the DSR test results over the whole FS test temperature range (10-70 °C.) 

This was to understand the effect of the pyrolysis waxes on this rheological 

parameter as well as categorise the non-Newtonian behaviour of the w-binders. 

It was also used to indicate binder resistances to permanent deformation and 

determine whether the pyrolysis waxes offer a solution to the workability issues 

previously seen in polymer modified binders. [134, 165]. A typical isochronal plot 

of the log η* versus temperature and log-log plot of the η* versus 𝜔 is shown in 

Figure 3.23. 
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Figure 3.23 A typical isochronal plot of the log η* versus temperature and log-

log plot of the η* versus 𝜔, [253]. 

 

3.6.5 Rutting factor  

 

• Principle 

The high temperature performance of the RTFO aged control and w-binders was 

initially going to be characterised by obtaining the non-recoverable creep 

compliance (𝐽𝑛𝑟) using the multiple stress creep recovery (MSCR) test at 58 °C 

(BS EN 16659 [254]). During this test, a creep load is applied for 1 s followed by 

a 9 s recovery time. Each specimen is subjected to 10 cycles with a creep stress 

of 0.1 kPa, followed by 10 cycles with a creep stress of 3.2 kPa [255]. Due to the 

results obtained from this test, as will be discussed in Chapter 5, the original 

Superpave rutting factor was alternatively obtained [256].  

 

With each traffic loading cycle, work is done to deform the pavement surface. A 

portion of this work is recovered through the elastic component of the surface, 

while some work is dissipated in the form of deformation and heat [257]. The 

work dissipated with each loading cycle at a constant stress is expressed as:  

 

Wc= π x σo
2 (

1

G
*
/ sin δ

)         (23) 

 
Where Wc is the work dissipated with each loading cycle; 𝜎𝑜 is the applied stress 

per loading cycle, G* is the complex modulus and δ is the phase angle. According 

to Equation (24), G*/sinδ may be extracted and considered the rutting factor for 
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predicting the rutting resistance of asphalt binders. This calculation is typically 

considered as unsuitable for the evaluation of polymer modified binders, as 

recoverable delayed-elastic deformation is not taken into account [258]. 

However, it may be acceptable for characterising binders modified with polymer 

derived products from thermal degradation, such as waxes.  

 

• Testing Protocol 

In this study, G*/sinδ is extrapolated from the rheological analysis to evaluate the 

performance of the control and w-binders at higher in-service pavement 

temperatures. A higher rutting factor indicating superior performance of a binder. 

Authors in literature have started the G*/sinδ test from 52-64 °C and increased 

the temperature until the rutting factor is (or less than) 2.2 kPa [17, 255]. Due to 

the results seen in the MSCR test, in this work a lower starting temperature of 40 

°C was selected, increasing in 10°C intervals (10 rad/s, 0.5% shear strain). Figure 

3.24 shows a typical plot for the rutting factor as a function of temperature.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.24 Typical plot of G*/sinδ as a function of temperature, adapted from 

[259]. 
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3.6.6 Shear Fatigue Tests 

 

The accurate characterisation and quantification of the fatigue resistance of 

asphalt binders is critical for the optimisation of asphalt mixture design and 

furthermore, the extension of the pavement service life. Two types of shear 

fatigue tests were performed on the RTFO+PAV aged binders, the linear 

amplitude sweep (LAS) test and time sweep (TS) test. This was in accordance 

with the accurate and effective DSR-based crack growth mechanics model (DSR-

C) for fatigue crack length prediction, as proposed by Gao et al [239]. The 

predicted crack growth under a rotational shear force in terms of crack length can 

serve as a direct evaluation of the bitumens resistance to fatigue cracking. 

 

To overcome the deficiencies of the Superpave fatigue parameter (G*sinδ), 

which does not measure the material in the damaged condition; has poor 

correlation with the fatigue phenomena that occur in the field; and low 

applicability for modified binder characterisation, Bahia et al proposed the Time 

Sweep (TS) test [260]. The Time Sweep (TS) is a repetitive cyclic loading test 

that has been successfully utilised for defining the fatigue failure of bitumen, from 

which established the empirical indicators for fatigue failure such as the 

dissipated energy concept [261]. Despite its good correlation with the asphalt 

mixture fatigue test, it unfortunately has an excessively long testing time and is 

unrepeatable. [262] Therefore, Johnson developed the Linear Amplitude Sweep 

(LAS) test, which quantifies the accelerated fatigue damage of asphalt binders. 

It involves cyclic loading of the tested sample with a constant frequency and a 

gradually increasing strain amplitude in order to measure the bitumen damage 

tolerance [261]. This procedure was later modified further to achieve correlation 

with the asphalt mixture fatigue test; used to develop fatigue laws based on 

viscoelastic continuum damage (VECD) mechanics; and became a provisional 

standard procedure for AASHTO (The American Association of State Highway 

and Transportation Officials) [261, 263]. 
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3.6.6.1 Linear Amplitude Sweep (LAS) Test  

 

In this study, the LAS test was used to obtain the shear modulus (|𝐺0
∗|) and phase 

angle (𝛿0) of the binders in the undamaged condition, performed under strain 

amplitudes ranging from 0.1% to 15% linearly, at 20 °C and a frequency of 10 

Hz. Additionally, from this test a suitable level for the controlled strain could be 

selected for the TS fatigue damage test. Li et al stated that theoretically, the (|𝐺0
∗|) 

and (𝛿0) can be obtained using the average of the |G*| and δ within the 

undamaged strain level range of 0.01- 0.8% [264]. However, it is stated that 

sample-to-sample variation should also be considered. Therefore, these 

parameters were obtained by averaging the values within the LVE (plateau) 

region of each LAS curve, as seen in Figure 3.25.  

 

The DSR-C model will be used to evaluate the fatigue performance of the binders 

in this study. However, the maximum stress (τmax) reached by a sample during 

the LAS test is a specified criterion of its fatigue life, the peak stress being the 

yield threshold when the binder is subjected to increasing load [265]. Additionally, 

a higher peak area indicates a more ductile, tougher binder, indicating that more 

energy is required to collapse the material. A typical stress versus strain curve 

obtained from the LAS test is shown in Figure 3.26.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.25 The (|𝐺0
∗|) and (𝛿0) determined from LAS test results, [261]. 
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Figure 3.26 A typical stress versus strain curve obtained from the LAS test, 

[266]. 

 

3.6.6.2 Time Sweep (TS) Test 

 

In this study, the TS test was performed to obtain the shear modulus (|𝐺𝑁
∗ |) and 

phase angle (𝛿𝑁) of the binders with the number of load cycles in the damaged 

condition. A 5% strain level was utilised with the same test frequency and 

temperature as employed in the LAS tests. As can be seen in Figure 3.27, the 

phase angle increases up to a peak during the test and this peak is used to obtain 

the values for (|𝐺𝑁
∗ |) and (𝛿𝑁), defining the fatigue failure of binders. Additionally, 

a common criteria used for determining the material failure point in the TS test is 

the point at which |G*| reaches 50% of its initial value, N50%G*ini [267]. 

 

 

 

 

 

 

 

Figure 3.27 Typical results of time sweep (TS) test, from which (|𝐺𝑁
∗ |) and (𝛿𝑁) 

may be obtained [261]. 
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3.6.6.3 Mechanistic Modelling of Crack Growth  

 

The measured rheological parameters described in Sections 3.6.6.1-3.6.6.2 were 

used in the DSR-C model defined in Equation (24), to obtain a predicted crack 

growth length in the Time Sweep test:  

 

c= [1- (
|GN

*
|/sin(δN)

|G0
*

|/sin(δ0)
)

1

4

] r0           (24) 

 

Where c is the crack length in a cylindrical bitumen sample; |𝐺0
∗| and 𝛿0 are the 

shear modulus and phase angle in the undamaged condition, respectively; |𝐺𝑁
∗ | 

and 𝛿𝑁 are the shear modulus and phase angle at the Nth load cycle at the 

damaged condition respectively; and r0 is the original radius of the bitumen 

specimen [239]. From this, pre-defined phases (see Figure 3.28) for crack 

evolution and propagation may be identified within the generated crack length 

curves for the control and w-binders. These can give key insights to the 

relationships between the chemical composition of the binders and fatigue 

damage tolerance, as will be discussed in the results chapters.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.28 Evolutions of crack length for bio-oil modified bitumen, [264]. 
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3.6.7 Dispersity – Optical Microscope  

 

Dispersity describes the extent of fragmentation of a dispersed phase or additive 

within the bitumen binder. A considered technical limitation for waste plastic 

modified binders is the ease of dispersity as well as potential to phase separate 

from the bitumen during static storage, aggregating within the binder. To evaluate 

the dispersity of the pyrolysis waxes within the neat bitumen, the optical function 

of an OSTEC RAMOS S120 Raman microscope, using 2592x1944 resolution, 

50x magnification, was utilised. The samples were heated and homogenized, 

stirred to remove air bubbles, and an aliquot of each sample was placed between 

two 1 mm soda lime glass slides and viewed under the microscope. The 

microscope equipment and an example of the glass slide samples are in Figures 

3.29-3.30. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.30 Example of 
glass slide samples. 

Figure 3.29 OSTEC RAMOS 
S120 microscope. 
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3.7 Asphalt Mixture Formulation  

3.7.1 Asphalt Binder 

 

This phase of the study involved the formulation of three mixtures:  

1. Control mixture using 70/100 binder (Control). 

2. Test mixture using 40/60 binder + 6wt% pyrolysis wax (PW).  

3. Test mixture using 40/60 binder + 6wt% pyrolysis wax + 20wt% RAP 

(RAP+PW). 

The Control mixture utilised a Total Energies UK Azalt® 70/100 penetration grade 

binder to provide an accurate comparison with the test mixtures, based on the 

effect of the selected pyrolysis wax on the penetration point value of the 40/60 

base binder, as seen in Chapter 5. The grade designation properties of the 

70/100 binder are presented in Table 3.3. The PW mixture was formulated using 

a preblended 40/60 binder with HDPE pyrolysis wax. The method for its 

production as well as properties can be found in Sections 3.2-3.4.  A 6wt% 

dosage was initially chosen as this is a typical dosage for raw HDPE modification 

in literature. The RAP+PW mixture uses the same binder as the PW mixture and 

will provide analysis of the rejuvenation capacity of the pyrolysis wax in a mixture 

containing RAP. In this way, the wax may reinstate the aged binder’s properties 

to ensure better performance of recycled mixes, while greatly increasing the total 

amount of recyclables used in asphalt roads. 

 

Table 3.3 Grade designation properties of Azalt® 70/100 asphalt binder. 

Property  Units Grade 
Designation 

Test Method 

Penetration @ 25 °C dmm 70 – 100 EN 1426 

Softening Point  °C 43 – 51 EN 1427 

Resistance to hardening @ 163 
°C 

- Change in mass  
- Retained penetration  
- Softening point after 

hardening  

 
% max +/-

min % 
min °C 

 
0.8 
46 
45 

 
EN 12607 – 
1 
 
EN 1427 

Flash point  min °C 230 EN 22592 

Solubility in Toluene  min % 
(m/m) 

99.0 EN 12592 

Kinematic Viscosity @ 135 °C min mm2/s 230 EN 12595 
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3.7.2 Aggregates  

 

A Porphyritic Andesite aggregate from Bardon Hill Quarry, UK was used for the 

asphalt mixtures formulated in this investigation. The filler was crushed 

limestone, which was obtained from Tunstead Quarry, Derbyshire, UK. The 

aggregate grading envelope for an AC14 close surface course was utilized for all 

mixtures, complying with BS EN 13108-1:2006, the gradation curve is shown in 

Figure 3.31 (top). This target composition required a binder content (Bact) of 5.1%. 

The target air void content for this design was 4.0 ± 0.5%. The reclaimed asphalt 

utilised within the RAP+PW mixture was sourced from Colemans Quarry, 

Somerset, UK, with a 4.1% soluble binder content and particle size distribution 

that is presented in Figure 3.31 (bottom). The maximum density for each mixture 

was determined via density pycnometer apparatus according to BS EN 12697-

5:2018. From this and the target air voids, the required bulk density of the 

mixtures could be calculated and subsequently the mass of each mix (BS EN 

12697-33:2019) and the coated blend proportions for each component. The 

resultant composition for each mixture is presented in Appendix A, with the 

relevant formula. 
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Figure 3.31 (Top) Target particle size distribution of the mixtures used in this 
investigation; (Bottom) RAP particle distribution. 

 

3.7.3 Mixing and Compaction  

 

The mixing and compaction of the mixtures was carried out according to BS EN 

12697-35:2016 and BS EN 12697-33:2019 and at specified temperatures of 190 

°C and 170 °C, respectively. Prior to mixing, the aggregate and binders were 

heated at the specified mixing temperature for 8 and 3 hours, respectively. A 

uniform mixture of aggregates and binders were produced using a mechanical 

asphalt mixer, as shown in Figure 3.32 (left). For the RAP mixture, the RAP was 

heated with the virgin aggregates for at least 3 hours before entering the mixer, 

as is the typical process for this achievable RAP level [268]. Prior to compaction, 

the mixtures were subjected to oven ageing to simulate short-term aging at 135 

°C for up to 4 hours. 
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It has been reported in literature that, in addition to the effect of aggregate type 

and gradation on compaction, concern has often been expressed that certain 

methods of compaction in the laboratory, such as Marshall compaction, may lead 

to excessive aggregate degradation [269]. Alternatively, a laboratory roller 

compactor, as seen in Figure 3.32 (right), was utilised to manufacture 305 x 305 

h mm slabs, which were compacted until the desired slab thickness (roughly 40 

mm and 60 mm for the slabs to produce 100 Φ and 150 Φ specimens, 

respectively)  was achieved. It has been seen that this compaction method yields 

test specimens with mechanical properties that more closely simulate those 

encountered in cores removed from the field [270]. The slabs were dried at room 

temperature and cored to produce 100 Φ x 40 mm and 150  Φ x 60 mm 

specimens for volumetric and mechanical testing. The distribution of air voids, 

determined by BS 12697-6 (Procedure B: Bulk density – Saturated Surface Dry) 

were calculated for all test mixtures and can be found in Appendix B. 

 

 

 

 

 

 

 

 

 

 

Figure 3.32 (Left) Mechanical asphalt mixer; (Right) Laboratory Roller 
Compactor. 

 

 



111 
C.L. Abdy, PhD Thesis, Aston University, 2023  

 

3.8 Asphalt Mixture Performance Tests  

3.8.1 Indirect Tensile Stiffness Modulus (ITSM) Test  

 

The stiffness modulus is an important asphalt mixture property as it indicates its 

capability to spread applied loads [271]. In this study, the ITSM test was utilised 

to evaluate the stiffness modulus of the asphalt mixtures using a Cooper servo-

hydraulic universal testing machine (UTM-HYD) at Aston University. The test was 

performed in accordance with BS EN 12697-26:2018 (E), in which cylindrical 100 

Φ x 40 mm specimens were subjected to stress-controlled harmonic sinusoidal 

loading to achieve a maximum tensile strain of 50 με. Under this strain level the 

specimens were believed in an undamaged or cracked condition. The load 

frequencies were 0.1, 0.5, 1, 5 and 10 Hz at test temperatures -10, 0, 10, 20 and 

30 (±0.5) °C. The specimens were placed vertically with two linear variable 

transducers (LVDTs) placed diametrically along each side, in order to measure 

the deformation (Figure 3.33) [272]. Prior to the test, the specimens were 

preheated at each test temperature for at least 2 hours. At each test temperature, 

four specimens from each mixture were tested, chosen with small variability in 

air voids (<0.6%) for the purpose of repeatability. The stiffness modulus |E*| 

values were obtained from Dimension software, which calculated this property 

according to Equation (25):  

 

ITSM = 
F x (v + 0.27)

z x h
         (25) 

 
Where ITSM is the indirect tensile stiffness modulus (MPa), F is the applied load 

(kN), v is Poisson’s ratio, z is the horizontal deformation (mm), and h is specimen 

thickness (mm). For master curve construction, the sigmoidal dynamic modulus 

master curve model was applied, as seen in Equation (26). The horizontal time-

temperature superposition principle (TTSP) shifting of the rheological parameters 

was modelled using the following Arrhenius and associated equations (Equations 

27-28):  

 

log|E*| = δ+ 
α

1+ eβ-γ( log(fr))
        (26) 
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log(aT)=
-∆H

2.303R
(

1

T
-

1

Tref
) =C (

1

T
- 

1

Tref
)        (27) 

 

aT= 
f

fr
           (28) 

 
Where 𝑎𝑇 is the shift factor, C is a constant, T is the tested temperature (°C), Tref 

is the selected reference temperature (10 °C), f is the tested frequency (Hz) and 

𝑓𝑟 is the reduced frequency at the chosen reference temperature (Hz). α, β, γ , δ 

within the sigmoidal dynamic modulus master curve model (Equation (26)) are 

constant parameters. This master curve fitting method involves the simultaneous 

variation of the shift factor (C) and these parameters, to fit the most suitable 

function to the measured points. This optimal value search can be performed by 

the Solver module of Excel [273, 274]. The generated master curve will look 

analogous to that produced from the frequency sweep test for the control and w-

binders, as seen in Section 3.6.4.1. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.33 The configuration of the ITSM test in the UTM-HDY machine. 
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3.8.2 Indirect Tensile Fatigue Test (ITFT)  

 

The fatigue performance of the asphalt mixtures can be characterised by the 

Indirect Tensile Fatigue Test (ITFT) using UTM-HYD machine, performed 

according to BS EN 12697-24:2018 (E). The cylindrical 100 Φ x 40 mm samples 

were subjected to a repeated compressive loads with a haversine load signal 

through the vertical diametrical plane. LVDTs were placed diametrically along 

each side, in order to measure the deformation (Figure 3.34). A repetition period 

of 0.1s loading time and 0.4s rest time was applied in stress-controlled mode, the 

input stress level of 400 kPa was selected. The test temperature was 15 °C with 

preconditioning of at least 2 hours. 3 specimens with small variability (<1%) in air 

voids from each mixture were tested. To consider both the tensile strength and 

strain tolerance of each mixture, the output was expressed in terms of resilient 

strain amplitude (εres) over cycles N. The energy ratio (Eratio) was also plotted to 

calculate the number of cycles to failure (peak of the Eratio vs. N curve [275].)  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.34 The configuration of the ITFT test in the UTM-HYD machine. 
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3.8.2.1 Mechanistic Modelling of Cracking Damage  

 

A mechanistic model of cracking damage produced by Dr. Yuqing Zhang was 

utilised to predict the evolution of crack growth under an indirect tensile fatigue 

load. Employing the relationship between the horizontal tensile stress and vertical 

load outlined in BS EN 12697-24:2018 (E); equilibrium principle in continuum 

damage mechanics (CDM); strain energy equilibrium principle based on Griffith 

fracture theory and the elastic-viscoelastic corresponding principle based on 

pseudo strain (Schapery); the following simplified cubic equation and 

corresponding equations were outlined [276]. The horizontal tensile stress, 

strain, calculated resilient modulus, bond energy and the strain energy release 

volume can all be determined at different fatigue load cycles using the IDT fatigue 

test measurements; therefore, the parameters a, b, c, and d were determined. 

Then, the damage density (an indicator defined as the ratio between the cracked 

area and total area in the local cracked region,) obtained by solving the cubic 

equation in Equation (29) and the crack length of the specimen under the IDT 

fatigue test could be predicted using Equation (30): 

aξ
3
+bξ

2
+cξ+d=0         (29) 

Where:                                                       

a=2Γ       

b=-4Γ-
1

2

σH
2

Er
αD   

c=2Γ+
σH

2

Er
αD-

1

4

σH
2

E0
αD    

d=
1

2

σH
2

E0
αD-

1

2

σH
2

Er
αD    

ξ=
ch

S
A =

c

D
          (30) 

 
Where  is the damage density of the specimen;   is the bond energy of the 

materials that is determined using the material surface energy; H  is the 

apparent horizontal tensile stress in the centre part of the specimen along the 
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vertical direction; which 
rE  is the resilient modulus of the materials that 

represents the modulus in the apparent (damaged) configuration;   is the ratio 

of width of the local cracked region to the diameter of the specimen; D  is the 

diameter of the specimen; 
0E  is the initial undamaged resilient modulus 

(E0=Er(N=1)); c  is the crack length along the vertical direction of the specimen; 

h  is the height of the specimen and AS  is the apparent area which is the total 

area that the apparent horizontal stress acts on. 

 

3.8.3 Repeated Load Axial Test (RLAT)  

 

The rutting performance of the test mixtures was characterised via uniaxial cyclic 

compression tests (CCT) in accordance with BS EN 12697-25:2016 (A2). 150  Φ 

x 60 mm specimens were subjected to a cyclic axial haversine-pulse with rest 

time. Following a preload of 200 N for 30s, the maximum pulse and minimum rest 

loads used were 350 kPa and 80 kPa, respectively (0.2s loading pulse with a 

1.5s rest period.) The test temperature was 40 °C with preconditioning for at least 

4 hours. The specimen was positioned horizontally between a steel upper loading 

and a lower platen, the contact areas between these were coated in silicone 

grease (Figure 3.35.) The confined axial stress was applied vertically by the load 

actuator of the HYD-UTM. Three specimens with small variability in air voids 

(<1%) from each mixture were tested. The rutting behaviour was evaluated using 

the average creep rate (fc), which incorporated the theory of the minimum strain 

rate (µε/cycle) that is considered more reliable, as it is independent of the initial 

strain experienced by the mixtures during the RLAT test. This can be calculated 

using the secondary steady state zone (rate of deformation of the mixture is 

constant with loading cycle) that is observed in a typical raw data plot of the 

cumulative axial strain vs. number of cycles N (Figure 3.36.) The slope of the 

(quasi-linear) steady state zone was obtained between pulse 3000 and 5000, the 

creep rate was calculated using Equation (31) [7, 277, 278].  

 

fc  = 
εn1 - εn2

n1 - n2
         (31) 
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Where 𝜀𝑛1  is the accumulated strain at cycle 3000,  𝜀𝑛2 is the accumulated 

strain at cycle 5000, 𝑛1 is pulse number 3000 and 𝑛2 is pulse number 5000. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.35 Configuration of the RLAT test in the UTM-HYD machine. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.36 Typical raw date from the RLAT for asphalt mixtures. 
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3.8.4 Indirect Tensile Strength (ITS) Test  

 

The fracture resistance of the mixtures was investigated using the Indirect 

Tensile Strength (ITS) test in accordance with BS EN 12697-23:2017. According 

to the standard test conditions, a vertical strain of 51 mm/min was applied 

diametrically to the cylindrical 100 Φ x 40 mm specimens, which were loaded 

vertically between two loading strips (Figure 3.37.) The tests were performed at 

10 °C and the samples were preheated at the test temperature for at least 2 

hours. Three specimens form each test mixture with small variability in air voids 

(<0.9%) were tested. The indirect tensile strength was calculated from the peak 

load applied at breaking and the dimensions of the specimen, as seen in 

Equation (32): 

 

ITS = 
2P

πDH
 x 1000         (32) 

 
Where ITS is the indirect tensile strength (kPa), P is the peak load (N), D is the 

diameter of the specimen (mm) and H is the height of the specimen (mm).  

 

The ITS tests were also carried out on cylindrical 100 Φ x 40 mm specimens 

preliminarily subjected to wet conditioning in order to investigate the susceptibility 

to moisture of each test mixture, in accordance with BS EN 12697-12:2018 (A). 

The wet subset of three specimens for each test mixture was placed in a water 

bath at 40 °C for 72 hours. The specimens were then placed at the test 

temperature of 10 °C for at least 4 hours prior to performing the ITS test as 

outlined for the dry subset of specimens. From this, the tensile strength ratio 

(TSR) could be determined using Equation (33) for each mixture. This is a ratio 

of the tensile strength of the dry, unconditioned specimens to the tensile strength 

of the wet, conditioned specimens. A higher TSR value typically indicates that 

the mixture has good resistance to moisture damage [279].   

  

TSR = 
ITSWET

ITSDRY
 x 100         (33) 

 
Where ITS is the tensile strength ratio (%), ITS WET is the indirect tensile strength 

of the wet, conditioned specimens (kPa) and ITS DRY is the indirect tensile 
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strength of the dry, unconditioned specimens (kPa). ITS and resultant TSR 

results are typically presented in a combined bar and scatter graph chart, 

respectively (Figure 3.38.) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.37 Configuration of the ITS test in the UTM-HYD machine. 

 

Figure 3.38 Typical data presentation for the ITS and TSR for asphalt mixtures, 

[280]. 
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3.9 Summary  
 

In this chapter, the materials and methodology implemented throughout this 

study have been outlined. The thermal pyrolysis of high-density polyethylene in 

a fixed bed reactor was performed in the 450-550 °C range with two different 

nitrogen carrier gas flowrates, 2 and 4 L min-1, to study the effect of these 

process parameters, as well as the resultant vapour residence times on the 

formation of wax and its chemical and thermal properties. The waxes were 

characterised using different techniques such as gas-chromatography-mass 

spectroscopy (GC-MS), Fourier transform infrared (FTIR), thermal gravimetric 

analysis (TGA) and differential scanning calorimetry (DSC). Thermal conditioning 

in an ashing oven at 170 °C for 0-6 hours was conducted with a detailed analysis 

of GC-MS and FTIR at each stage of thermal exposure to further support thermal 

characterisation results and identify key thermal and oxidative ageing 

mechanisms. The rheological, chemical, and thermal characterisation of 40/60 

asphalt binder modified at 6 and 12 wt% with high-density polyethylene (HDPE) 

pyrolysis waxes, produced using different process parameters (450, 500 and 550 

°C), was performed. This was to establish relationships between the chemical 

and thermal properties of the waxes and their rheological and mechanical 

performance, allowing for the selection of an optimal wax to take forward for w-

asphalt formulation. For the asphalt mixtures, a 14 mm dense graded asphalt 

concrete was formulated that utilised porphyritic andesite and limestone 

aggregates and filler, respectively. A laboratory study was performed to 

investigate the use of a selected HDPE pyrolysis wax modified binder in a hot-

mix asphalt (HMA) mixture and a mixture additionally containing 20% reclaimed 

asphalt (RAP.) The indirect stiffness modulus test, indirect tensile fatigue test 

(employing a novel mechanistic model for the prediction of cracking damage,) 

the repeated load axial test and indirect tensile strength test were performed to 

determine the resistance of the mixtures to key pavement deterioration modes.  
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CHAPTER 4: High-Density Polyethylene Pyrolyzed Wax: 

Mechanism, Thermal Properties, and Ageing Performance 
 

4.1 Overview  
 

Using a fixed bed reactor to obtain wax from the thermal pyrolysis of HDPE, this 

chapter describes the first phase of the project, in which pyrolysis mechanisms 

and wax yields are described, and relationships between the process operating 

parameters and resultant wax chemical and thermal properties are established. 

The wax thermal ageing properties are investigated with regards to volatile loss, 

oxidation, and polymerization. This can be linked to the chemical composition of 

the wax and thus the pyrolysis parameters utilised that result in certain pyrolysis 

reaction mechanisms. The techniques utilised to assist in this investigation 

include non-isothermal thermogravimetric analysis (TGA) and differential 

scanning calorimetry (DSC) to examine the thermal degradation characteristics 

and melting point ranges of the unaged waxes. Gas Chromatography-Mass 

Spectroscopy (GC-MS) and Fourier Transform Infrared Spectroscopy (FTIR) are 

used to quantitatively determine the chemical composition and distribution as well 

as qualitatively identify the chemical functional groups present in the pyrolysis 

waxes, respectively. The two latter techniques especially are used to 

comprehensively analyse the unaged and thermally ages waxes, in order to 

propose ageing mechanisms that take place. These techniques in conjunction 

can be used to assess the ageing performance of the waxes, such that optimal 

waxes can be taken forward to the next phase for blending with bitumen and 

optimum blending conditions can be suggested.  

 

4.2 Pyrolysis Yields  

 

In this study, the two controllable variables were the pyrolysis temperature and 

carrier gas flowrate. Initial TGA analysis was performed on the HDPE pellets to 

determine a suitable temperature range for pyrolysis. The results showed that 

thermal degradation commenced within the range of 425-500 °C, as seen in 

Appendix C. Figure 4.1 shows the wax yield with respect to the process 

conditions described in Section 3.3. The yield of wax obtained for HDPE pyrolysis 
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is higher than that reported by other authors in literature, such as 32 wt% wax in 

a fixed-bed reactor 500 °C obtained by Al-Salem et al [281]. Nevertheless, 

Arabiourrutia et al saw a similar yield in a conical spouted bed reactor at 450 °C 

of 80 wt% [29]. A prominent trend reported in literature is the favouring of 

secondary cracking reactions at high operating temperatures, which generates 

more gaseous products and in turn reduces the formation of wax products [29, 

57, 104, 110]. This is due to the increased concentration of short radicals from 

favouring the vaporisation of long chains and as a consequence increasing the 

rate of this process. In this study, the trend in wax yield with increasing pyrolysis 

temperature differs to this, such that the wax yield increases with temperature 

from 75.73-79.46 wt% at 450 °C to 86.53-87.86 wt% at 550 °C. The wax yield is 

only seen to decrease with temperature from 91.87 wt% at 500 ° to 86.53 wt% at 

550 °C at the higher carrier gas flowrate of 4 L min-1.  

 

For HDPE, an initial increase in wax yield at increasing low-moderate operating 

temperatures (500-600 °C), followed by a yield decrease at higher temperatures 

(600+ °C) was also reported by Al-Salem et al [281] and was explained as a 

consequence of the low branched structure of HDPE. For polyolefins with a 

higher degree of branching (polypropylene), at lower temperatures (450-500 °C), 

cracking initially takes place in branched chains. At the short residence times 

achieved by reactor configurations designed for optimised wax production, the 

cracking of principal chains is low. At temperatures of 450-500 °C, the cracking 

of HDPE feedstock to gases is favoured, which may later be condensed to 

pyrolysis oils. Furthermore, it was reported that commingled plastic solid waste 

(PSW) consisting of mildly branched feedstock (such as HDPE) with 10 wt% of 

the higher branched PP yielded no wax at 500 °C and produced low yields at 600 

and 800 °C [281]. It was attributed to the mildly branched, more crystalline 

feedstock requiring higher temperatures and residence times [104, 281]. This 

was consistent with the lower wax yield from HDPE pyrolysis at 500°C and 

agrees with this work at 450-500 °C.  
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Another explanation is that a lower residence time as a result of increasing the 

temperature (as seen in Table 3.2) in the reactor reduces cracking of the 

feedstock, therefore higher molecular chain hydrocarbons are obtained [74]. A 

governing factor in the pyrolysis of PO polymers is the residence time of the 

feedstock material in the reactor; longer residence times typically increase the 

cracking of primary products to more thermally stable products, favouring the 

production of oils [282]. Moreover, Park et al reported the non-isothermal 

pyrolysis of low-density polyethylene (LDPE) at 440 °C in a semi-batch reactor, 

noting that the retention time increased in the low temperature region and a 

subsequent increase in ratio of lower molecular weight products [283]. 

Figure 4.1 Yields (wt%) of wax with respect to the reactor operating conditions. 

 

In terms of the effect of the carrier gas flow rate and subsequent vapour residence 

times calculated at each temperature, a faster nitrogen flowrate decreased the 

yield of wax at 450 °C. This could be attributed to the structure of HDPE, which 

may require more elevated temperatures for higher wax yields to be obtained, as 

discussed. The only increase in wax yield with an increase carrier gas rate is at 

500 °C, whereas the yields are somewhat similar at each flowrate at 550 °C. It 
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can be comprehended that the effect of the operating temperature and its 

subsequent vapour residence time had a lager effect on the resultant wax yields. 

The predominant influence of reactor temperature on the resultant spectrum of 

pyrolysis products, more so than other process parameters, has been reported 

by other authors. This is due to the temperature being the key parameter in 

controlling the cracking mechanisms of the polymer chains [77, 284].  

 

4.3 Wax Chemical Characterisation  

4.3.1 FTIR Analysis 

 

Infrared spectra of the waxes obtained at the pyrolysis parameters studied are 

shown in Figure 4.2. The spectra are analogous to each other and it is noted that 

they are also comparable to those obtained by Chaala et al for commercial 

paraffinic wax as well as pyrolysis wax obtained from the vacuum pyrolysis of 

polyethylene based electric cables [105]. There are two bands corresponding to 

the stretching of -CH2- groups at 2920 and 2850 cm-1, as well as a doublet seen 

at 725 cm-1 which relates to the skeletal vibrations of these C-H groups. Two 

shoulders are observed at 2960 and 2900 cm-1 which correspond to -CH3 

terminal bond groups. Aguado et al noted that these are much weaker for 

pyrolytic waxes than for commercial waxes, inferring that the alkyl chains of 

waxes obtained from pyrolysis are less branched than those produced 

commercially [104]. Deformation vibrations of these C-H alkyl groups are 

additionally observed by the bands at 1465 and 1380 cm-1. When comparing the 

spectra of this study with those produced by Chaala et al for commercial waxes, 

it is noticed that the waxes obtained from plastic pyrolysis are more unsaturated, 

the generation of -C=C- olefinic groups explained by the occurrence of radical 

degradation mechanisms such as β-scission [105]. The bands located at 3040, 

1645 and in the 890-995 cm-1 range correspond to C-H deformation vibrations of 

olefinic bonds, stretching of conjugated alkene groups and R-CH=CH2, trans -

CH=CH- and R1R2C=CH2 groups, respectively [104].  
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Figure 4.2 FTIR Spectra for HDPE Pyrolysis Waxes. (‘450-2’ stands for 
pyrolysis wax produced at 450 °C using a 2 L min-1  nitrogen flowrate, etc.) 

 

4.3.2 GC-MS Analysis 

 

The GC-MS chromatograms produced for the pyrolysis waxes are appended in 

Appendix D (a-g) and show homologous series of triplets that are typical of HDPE 

depolymerisation. [285]. Within the spectrum, each triplet is comprised of an α,ω-

diene, olefin and paraffin for each carbon number [36]. In addition, trace amounts 

of branched and cyclic hydrocarbons between the triplets as well as noticeable 
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peaks for aromatic components, such as benzene and xylene, can be seen at 

the lower retention times within the spectrum. The mass response factors and 

thus percentiles were calculated for each component and the peak areas were 

integrated and totalled for representative categories: gasoline range (<C12) and 

high molecular weight (MW) hydrocarbon (C13<) components, as well as the 

class of hydrocarbons (aromatic, paraffinic, olefinic and diene) present in each 

sample, as shown in Table 4.1.  

 

Table 4.1 Distribution in weight percentage of hydrocarbons in each pyrolysis 
wax sample and percentile distribution in gasoline and high MW categories, as 
well as class of components.  

450-2* 500-2 550-2 450-4 500-4 550-4 

Gasoline Range 
(<C12) 

25.87 25.76 26.37 22.92 29.93 30.18 

High MW (C13-C30) 74.13 74.24 73.63 77.08 70.07 69.82 

              

Aromatic 3.38 3.48 2.91 2.45 1.83 2.38 

Paraffinic 57.53 39.57 36.70 61.83 38.11 35.53 

Olefinic  36.03 49.65 51.38 35.72 54.53 54.79 

Diene 3.06 7.29 9.00 0.00 5.53 7.30 

*‘450-2’ stands for pyrolysis wax produced at 450 °C using a 2 L min-1  nitrogen 
flowrate, etc. 
 

The wax samples were extremely viscous (semi-solid) at room temperature, and 

the majority of each sample eluted in the higher molecular weight carbon range 

(C13-C30). It is observed that heavy hydrocarbons did not elute with a 

considerable differentiation from the baseline due to the GC-MS program utilised, 

as also observed by Al-Salem et al [36]. This should be considered when the 

heavy components are analysed. However, this program is still considered as 

suitable as it meets the criteria previously outlined by Lund et al for the analysis 

of plastic depolymerisation [285]. Kumar and Singh reported the characteristics 

of heavy hydrocarbon thermal degradation to include poor gasoline selectivity, 

with a wide distribution of light molecular weight products [86]. The results and 

chromatograms show that this work is in agreement mainly due to the reactor 

system operating under thermal (non-catalytic) pyrolysis conditions, therefore 

fuel production is not favoured. Furthermore, it can be seen that the operating 

temperature has the most significant effect on the cracking and wax product 
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composition, rather than the effect of the carrier gas flow rate on volatile 

residence times in the reactor system.  

 

It is generally established that increasing the pyrolysis temperature results in a 

reduction of residence time, lowering the extent of cracking reaction rates and 

thus a generating higher molecular weight compounds (oils and waxes [74]). 

Noticeably in this work, with the increase in pyrolysis temperature, the 

percentage of gasoline range hydrocarbons is seen to rise. Specifically, the 

increased generation of C6-C8 aliphatic compounds is noted, such as 1-hexene, 

1-heptene and 1-octene. Similar observations have been made; Hernández et al  

conducted thermal pyrolysis of HDPE in a fluidised bed reactor. Yields of these 

compounds (especially n-hexane) were reported to have increased due to the 

extension of secondary propagation reactions of intermediate compounds, 

facilitated by high operating temperatures and low resistance times [286]. 

 

In this work, the pyrolysis temperature is seen to have a dominating impact in 

promoting secondary cracking reactions to generate smaller compounds (C6-C8) 

within the gasoline range. These are further promoted (to an extent) at higher 

temperatures with lower residence times, reducing the mass% of (C13-C30) wax 

compounds somewhat. Al Salem et al also saw an initial increase in high 

molecular weight compounds in the product oil with increasing operating 

temperature (500-600 °C), for the thermal cracking of HDPE in a fixed bed 

reactor. However, the authors also saw an increase in gasoline range 

compounds with the further elevation of bed temperatures (600 °C+) as a 

consequence of further cracking reactions [92]. The analysis of the wax products 

confirms mainly aliphatic products comprising of paraffins, olefins and diolefins 

[287]. The latter possibly a result of propagation intramolecular hydrogen 

transference and β-scission mechanisms. With the exception of paraffinic 

compounds being the main product at the lower pyrolysis temperature of 450 °C, 

with increasing temperature the main product was olefinic, while the amount of 

diene production increased significantly. Other authors have reported similar for 

the thermal pyrolysis of HDPE [86, 288]. This work is also in agreement with 

mechanistic models produced in literature to predict the product distribution of 
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HDPE pyrolysis in a conical spouted-bed reactor, based on radical mechanisms 

[289]. The results from such models demonstrated that the fastest reaction and 

controlling propagation stage in cracking is β-scission for the production of olefins 

and dienes. The importance of other stages was also emphasised, such as 

hydrogen abstraction in the role of paraffin and diene production.  

 

Aromatics such as benzene belong to a group of compounds which yield 

increases by increasing the residence time and temperature [286]. Generally, 

raising the pyrolysis temperature increases the formation of aromatic 

hydrocarbons as it promotes the rapid release of radicals which undergo 

intramolecular exchanges to produce cyclic compounds [92, 290]. Additionally, 

high residence times and temperatures favour secondary reactions that produce 

highly reactive gaseous products, allowing for tertiary reactions to form more 

stable aromatics compounds. In this study, small amounts of benzene, ethyl 

benzene and xylene were seen in the lower region of the chromatograms. The 

amount of aromatics in the wax samples varies between 1.83-3.48%, the carrier 

gas flowrate does not largely affect the yield of cyclic compounds present, 

however, it is observed that the aromatic yield is higher for the reactions with a 2 

L min-1 carrier gas flowrate, corresponding to slightly higher residence times. 

Overall, a slight decrease in aromatics can be seen as the temperature 

parameter is increased, suggesting that the effect of temperature and nitrogen 

flowrate on volatile residence times within the reactor has a larger influence on 

aromatic production in this reactor system. Jung et al. suggested that the Diels-

Alder reaction mechanism followed by dehydrogenation may result in aromatic 

production from the catalytic pyrolysis of polypropylene/polyethylene [107].  
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4.4 Wax Thermal Characterisation  

4.4.1 TGA Analysis  

 

Representative TGA and DTG thermograms for each pyrolysis wax thermal 

degradation as a function of pyrolysis conditions (temperature, carrier gas 

flowrate) are presented in Figure 4.3. HDPE typically shows a two-stage 

decomposition process; the initial degradation starts at a lower temperature and 

propagates gradually until the second degradation stage is reached in which a 

sharp degradation is observed [291]. The pyrolysis of HDPE significantly 

shortens the initial stage of thermal decomposition in the wax products and the 

rapid weight loss of hydrocarbons now happens over a wider temperature range, 

as the pyrolysis has yielded a broad spectrum of small molecular weight 

hydrocarbons. The maximum degradation of PE is typically achieved within 420-

490 °C, whereas this can be seen to happen between 90-460 °C for the pyrolysis 

waxes.  

 

As the temperature was increased for the pyrolysis, an increase in thermal 

stability, or a decrease in volatility, of the pyrolysis waxes was observed. This 

infers that heavier hydrocarbon chains are generated and distilled during the 

chain scission mechanism at higher pyrolysis temperatures. The effect of carrier 

gas flowrate on vapour residence time is also seen to influence the thermal 

properties of the waxes, with the waxes produced using a faster nitrogen flowrate 

having a slightly higher thermal stability, for the same reason as the higher 

temperature conditions. These results for thermal stability of the waxes indicate 

their potential suitability in asphalt pavement applications such as alternative 

binder materials, as these are incorporated into bitumen at temperatures of 150-

170 °C.  
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Figure 4.3 Representative TGA and DTG thermograms for each pyrolysis wax 
thermal degradation as a function of pyrolysis conditions (‘450-2’ stands for 
pyrolysis wax produced at 450 °C using a 2 L min-1  nitrogen flowrate, etc.) 

 

4.4.2 DSC Analysis  
 

Waxes are mixtures of different size and nature molecules and therefore do not 

have a defined characteristic melting point that pure substances have [292]. 

Therefore, when investigating the melting points of the pyrolysis waxes with DSC, 

a temperature from which the samples start to melt (onset temperature) and a 

highest peak indicating the point at which the samples have melted completely 

were recorded. The onset and peak melting temperatures are recorded in Table 

4.2, taken from the endothermic peak identified for the melting of the wax on the 

DSC thermograms. The melting point values obtained for the HDPE pyrolysis 

waxes can be compared to commercial paraffin (50-70 °C), microcrystalline (60-

91 °C), Barnsdall (70-74 °C) and beeswax (63-70 °C) waxes, as observed by 

Arabiourrutia et al when characterising waxes produced from the pyrolysis of 

polyolefins in a conical spouted bed reactor [29].  
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The same trend in influence of the pyrolysis parameters is seen in these results 

as those for the TGA analysis. The pyrolysis temperature is seen to have a more 

definitive impact on the thermal properties of the waxes (as with chemical 

characterisation.) With increasing process temperature, higher peak melting 

points can be observed. Additionally, the waxes produced using a higher carrier 

gas flowrate and thus lower vapour residence time, also have slightly higher 

melting points than those produced with the lower nitrogen flowrate. In Section 

4.3.2 it was discussed that the rise of process temperature results in an increase 

gasoline range (<C13) compounds, therefore, containing more lower melting point 

compounds. The higher melting points seen in the waxes produced at the higher 

pyrolysis temperatures (500 and 550 °C) will be explained in Section 4.5.2, in 

which further GC-MS and FTIR analysis of the waxes at different stages of 

thermal (and oxidative) ageing are investigated.  

 

The waxes produced at higher temperatures are more olefinic in nature, 

containing more unsaturated compounds as a result of the influence of process 

temperature on the radical mechanisms involved in pyrolysis. Not only do alkenes 

have slightly higher melting points than alkanes due to stronger intermolecular 

forces, but they are also more prone to oxidation reactions, as indicated by the 

number of compounds containing hydroxyl and carbonyl functional groups in 

Table 4.3, even at the unconditioned stage. The hydroxyl and carbonyl groups 

present within alcohol molecules require a greater energy to overcome the 

stronger intermolecular forces of hydrogen bonding, therefore the melting point 

of alcohols is higher than that of alkanes with the same chain length [293]. 

Additionally, when further exposed to elevated temperatures in analysis, the 

more unsaturated waxes may take part in polymerization reactions to form 

heavier molecules.  
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Table 4.2 Onset and peak melting points of the pyrolysis waxes using DSC. 

*‘450-2’ stands for pyrolysis wax produced at 450 °C using a 2 L min-1  nitrogen 
flowrate, etc. 
 

4.5 Thermal Ageing of Waxes 
 

In this study, it has been established that the pyrolysis operating temperature is 

the dominant parameter that influences the chemical and thermal properties of 

the wax products in the thermal pyrolysis of HDPE. To further support the thermal 

characterisation results in Section 4.4.1 and 4.4.2 and to assess the suitability of 

the waxes for applications that may involve their incorporation at temperatures 

above their melting points, such as in asphalt road construction, three of the 

waxes (450-2, 500-2 and 550-2) were selected for thermal conditioning/ageing 

and analysis. The mass losses were recorded, and a further detailed analysis of 

GC-MS chromatograms was conducted at each stage of the thermal 

conditioning. This included further representative categories for the different 

molecular weight components within the waxes; diesel (C4-C9), gasoline (C10-

C19) and wax (C20-C30) fractions. A focus on compounds that are present in trace-

small amounts and therefore overlooked in the initial analysis by the peak width 

integration and identification are also examined to identify possible oxidation 

products. FTIR analysis was additionally utilised to examine the change in 

functional groups present at each stage. 

 

4.5.1 Mass Loss 

 

Due to the wax fractions being cooled swiftly from hot vapours to a low 

temperature (5 °C) after leaving the pyrolysis reactor vessel, they contain 

lightweight components (<C10) that have boiling points lower than the chosen 

condition temperature of 170 °C. Significant mass losses from 15.96-21.61% at 

1 hour to 28.2-41.49% at 6 hours were observed (Figure 4.4) as a result of the 

Sample Onset (°C) Peak (°C) 

450-2* 46.84 49.26 

500-2 85.25 88.92 

550-2 71.22 78.25 

450-4 48.02 49.75 

500-4 82.21 86.42 

550-4 74.18 87.67 
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loss of volatiles. A high mass loss indicates high emissions and therefore detailed 

information on the low molecular weight hydrocarbons should be evaluated with 

respect to influence on the environment and exposure. If the effects are 

substantial, further efforts to reduce this should be considered for potential 

applications.  

Figure 4.4 Mass loss of pyrolysis waxes with thermal conditioning. 
 

4.5.2 Chemical Characterisation  
 

(In continuation of Section 4.5.1) The distribution in weight percentage of 

molecular weight and class of hydrocarbons in pyrolysis waxes (450-2, 500-2 and 

550-2) after thermal conditioning at 170 °C from 0-6 hours is presented in Table 

4.3. At all time periods, the mass loss surpasses the initial percentage of 

compounds with a boiling point below 170 °C, indicating thermal decomposition 

taking place of the decreasing gasoline range (C10-C19) to lower molecular weight 

components (C4-C9), which are emitted by the samples. In all waxes, an initial 

significant decrease in diesel (C4-C9) fractions is observed within the first hour as 

the low boiling point components are emitted and lost from the samples. The 

fractional category is then seen characteristically to increase, assumed to be a 
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result of the gasoline (C10-C19) fractions beginning to thermally decompose upon 

extended thermal exposure. The diesel fractions again begin to incrementally 

decrease at 6 hours as the produced lower molecular weight products of thermal 

decomposition begin to be emitted and lost from the samples. The heavier wax 

fraction (C20-C30) is seen to significantly increase, obviously due to the mass % 

decrease of the diesel and gasoline fractions. However, the increase in wax 

components is larger than the overall reductions in the other fractional categories 

and the total mass loss in the wax samples at the end of the thermal conditioning.  

 

Thermal hydrocarbon chemistry involves the degradation of large molecules into 

smaller ones, but it can also involve the production of heavier molecules [294]. 

The thermal polymerisation of alkenes within the wax may be a contributing 

reaction to the substantial increase in heavier molecular weight fractions. A 

reaction such as this can be evident by the sizable drop in percentage of 

unsaturated (alkene and diene) compounds present in the waxes from the non-

conditioned state to 6 hours of thermal conditioning, and the subsequent increase 

in mass percentage of larger paraffinic hydrocarbons. The peaks in the GC-MS 

chromatograms were seen to shift to the right, as seen in Appendix E (a-j). 

Additionally, in the FTIR spectra presented in Appendix F (a-i), the bands 

corresponding to olefinic bonds (890, 900-980, 995, 1645 and 3040 cm-1) are all 

seen to decrease or disappear entirely from the spectra throughout the stages of 

thermal exposure. In the case of not all unsaturated bonds being located at the 

terminal position of the hydrocarbon chains, this could contribute to the reduction 

in the two bands at 2960 and 2900 cm-1 that correspond to -CH3 terminal groups. 

The C-H bond stretching of -CH2- groups at 725, 2850 and 2920 cm-1 are seen 

to be slightly more elongated in shape but are not significantly changed.  

 

In the case of self-initiated polymerization, the initiating radicals, and 

mechanisms by which they are formed can be unclear. However, it is noted that 

the primary and secondary products of paraffin and alkene oxidation, as will be 

discussed, include hydroperoxides and acids. Hydroperoxide groups are used as 

initiators in radical polymerization reactions with alkenes as these functional 

groups can break easily, generating free radicals. Acidic reagents are also 
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typically used in cationic polymerization by donating a proton to an alkene to yield 

long-chain carbocations [295, 296]. In the unconditioned waxes, small amounts 

(2.08-2.52 %) of primary alcohols were detected. This may be attributed to 

oxidation processes during the cooling of the waxes within the glassware in the 

instance of oxygen entering the system and upon wax storage prior to analysis. 

It can be observed in Table 4.3 that when subjected to heat in oxygen for 

prolonged times, the number of primary alcohols (C10<) as well as diols are 

increased, which is supported by the FTIR spectra in Appendix F (a-i). With 

increased time of thermal conditioning, the band at 1076 cm-1 for primary alcohols 

significantly increases, while the bands at 2960 and 2900 cm-1 for -CH3 terminal 

bond groups decreased.  

 
Some cycloalkanes with alcohol substituents such as methanol were also 

identified, such as Cyclododecanemethanol (C13H26O.) Additionally, trace 

amounts of compounds containing carbonyl functional groups were detected, 

increasing with conditioning time from the initial unconditioned waxes and 

including larger chain esters and acids especially. Products such as this are 

common in the thermal oxidation of paraffin wax conducted at 110-140 °C, 

however, typically with an appropriate catalyst present. This is reported to lead 

predominantly to the formation of alcohol isomers with the same number of 

carbon atoms as the initial hydrocarbon molecules, as well as other secondary 

products including acids, esters, and ketones [293]. The oxidation products 

identified may also be a result of the oxidation of alkene molecules within the 

pyrolysis waxes. Alkenes are more susceptible to reactions with oxygen, with the 

addition of O2 molecules most commonly occurring to the carbon atom adjacent 

to the double bond [295]. This produces unstable hydroperoxide molecules that 

decompose to form two aldehyde or carboxylic acid groups [295]. This can be 

observed in the FTIR spectra as the reduced CH3 band, as previously discussed, 

and the growing band at 1650-1800 cm-1 with conditioning time that corresponds 

to conjugated and aliphatic aldehydes, carboxylic acids, esters, and ketones.  

 

This is similar to the oxidation of bitumen fractions, which produces higher 

polarity components. The oxidation products from pyrolysis waxes may also 

increase polar-polar interactions with other active polar sites, thus increasing the 
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apparent molecular weight of the wax. The occurrence of such ageing 

mechanisms and resultant formation of higher molecular weight components 

(C20-C30) resulted in visibly stiffer/harder wax products, with the pyrolysis waxes 

consisting of a higher distribution of (C20-C30) hydrocarbons having hardened the 

most after thermal conditioning. An important relationship between the molecular 

weight of HDPE waxes and the bitumen modifying process has been reported 

[202]. The molecular weight of the waxes can influence the viscosity, moisture, 

low and high temperature resistance capacity of PE wax modified asphalt 

mixtures. Therefore, the influence of these ageing mechanisms will have a 

significant impact on the pyrolysis wax performance as a bitumen modifier (as 

already demonstrated by the thermal properties of the waxes, as discussed in 

Section 4.4.), which will be investigated further in Chapter 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



136 
C.L. Abdy, PhD Thesis, Aston University, 2023  

 

Table 4.3 Distribution in weight percentage of molecular weight and class of 
hydrocarbons in pyrolysis waxes (450-2, 500-2 and 550-2) after thermal 
conditioning at 170 °C from 0-6 hours. 
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4.6 Summary  
 

The key findings in this chapter are: 

 

1. The fixed-bed reactor vessel produced for this study was efficient for the 

thermal pyrolysis of HDPE at moderate temperatures (450-550 °C), which 

allowed for obtaining (in batch mode) a yield of up to 91.87% wax at 500 °C. 

The melting points of the waxes were within the range of 49-89 °C, 

corresponding to commercial waxes that are typically used as flow improvers 

and performance enhancers in hot-mix asphalt, or as low temperature 

additives in warm-mix asphalt.  

2. The waxes produced at higher temperatures were mainly olefinic, due to 

higher temperatures promoting certain thermal degradation radical 

mechanisms, such as β-scission. The more olefinic waxes produced at higher 

temperatures and higher nitrogen flowrates (having the lowest vapour 

residence times) saw the lowest volatile mass loss. They were observed to be 

more prone to oxidation and polymerization reactions, the products from each 

supporting the higher melting point and thermal stability of these waxes. 

3. The lowest loss in volatiles was seen for the wax produced at 550 °C, inferring 

that it would be the optimal wax to blend with asphalt binders. For HMA 

modification purposes, blending at temperatures lower than 170 °C should be 

considered to lessen the volatile loss with initial blending and storage of the 

wax modified binders. In the case of significant volatile loss, further efforts to 

reduce this should be considered for potential applications.  

 

The relationship between pyrolysis parameters, resultant wax properties and 

their subsequent performance and compatibility as binder modifiers in hot-mix 

asphalt is not yet fully realised and will be investigated in the following chapters.  
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CHAPTER 5: High-Density Polyethylene Pyrolysis Wax in 

Asphalt Binder ‘w-bitumen’ Modification 
 

5.1 Overview   

 

In Chapter 4, the final pyrolysis temperature was observed to have a controlling 

influence on the properties of the pyrolysis waxes. Therefore, three waxes 

produced at 450, 500 and 550 °C using a constant nitrogen flowrate of 2 L min-1 

have been selected for use in this chapter for the production and testing of the 

w-binders. A penetration grade 40/60 binder was used as the base binder for the 

pyrolysis wax additives as well as the control binder for comparison. This chapter 

details the second phase of the project, aiming to provide a baseline of 

understanding of the interactions between HDPE pyrolysis process parameters, 

the product wax characteristics and resultant plastic pyrolysis wax modified 

binder (‘w-binder’) performance in HMA. The relationships between the chemical 

and thermal properties of the waxes and their rheological and mechanical 

performance are explored, allowing for the selection of an optimal wax to take 

forward for w-asphalt formulation. Furthermore, an extensive investigation using 

shear fatigue tests and a DSR based crack growth model (DSR-C) is employed. 

The ageing mechanisms of the w-binders are explored as a continuation of the 

investigation into the thermal and oxidative stability of the waxes within this 

application.  

 

5.2 w-Bitumen Rheological Testing  

5.2.1 Needle Penetration  

 

The penetration value of asphalt binder has been described as an indicator of its 

consistency, which in turn reflects its rheological properties [141]. It can be seen 

in Figure 5.1 that the addition of the pyrolysis waxes resulted in an increase in 

penetration value, indicating that it tends to increase the softening of the binder, 

regardless of the pyrolysis parameters utilised to produce the wax and wax 

dosage. Moreover, the effect of increasing the wax dosage from 6 to 12 wt% led 

to a further increase in penetration value. This suggests a decrease in 
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consistency of the w-binders and thus, the resistance to deformation must be 

closely monitored. Otherwise, the application of the waxes may be considered 

for the composite modification of high viscosity and low workability binders, such 

as polymer-modified and rubberized bitumen, or potentially the rejuvenation of 

reclaimed asphalt (RAP) [197, 297-299]. It is noted that the 450 °C waxes result 

in the largest increase in penetration, followed by the 500 and 550 °C waxes. The 

450 °C wax was much less viscous and softer than the other waxes at room 

temperature, exhibiting a significantly lower melting temperature range. This can 

be attributed to its higher content of shorter hydrocarbon chain structures (C4-

C19.) The waxes produced at higher process temperatures were more viscous 

and harder waxes, with higher melting point ranges due to higher contents of 

larger chain olefins and paraffins (C20-C30) that may produce more crystalline 

structures within the binder [33].  

 

In contrast, the addition of commercial wax additives in literature, such as Sasobit 

® (Fischer-Tropsch paraffin wax) and polyethylene wax has resulted in the 

reduction of penetration values. However, this was reported due to the fact that 

viscosity-reducing additives do not fluidify until fusion, which occurs at 

temperatures greater than 90 °C, and the penetration test is performed at 25 °C, 

a temperature at which the additives were seen to increase the stiffness of the 

binder [300-302]. 

 

 

 

 

 

 

 

Figure 5.1 Penetration point of the control and wax modified asphalt binders at 
25 °C. (450-6%’ stands for a 6 wt% dosage of the pyrolysis wax produced at 

450 °C.) 
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5.2.2 Frequency Sweep Test Analysis 

 

The rheological results are plotted in the master curve (isothermal frequency 

sweeps shifted to a reference temperature) presented in Figure 5.2 for the 

complex shear modulus (|G*|). The reference temperature is 40 °C and based on 

the time-temperature superposition principle of viscoelastic materials, low 

frequency refers to high temperature, etc. The complex modulus is typically used 

to assess a binder’s resistance to deformation under repeated shear, such that a 

high complex modulus indicates a higher resistance to deformation [234, 235].  

 

The shape of the master curves for the w-binders are identical to the base binder, 

at both the low and high levels of modification, however, at all temperature and 

frequency ranges, the |G*| is decreased when the pyrolysis waxes are mixed with 

the conventional asphalt binder. This can be observed for all w-binders and their 

subsequent doses, by the master curve of the |G*| shifting horizontally towards 

the right. The sequence of decreasing complex modulus for the binders is 40/60 

> 550-6% > 500-6% > 500-12% = 550-12% > 450-6% > 450-12%. In general, 

with the increase in each of pyrolysis wax, the |G*| is decreased further. The |G*| 

of the wax modified binders decreased in the high temperature-low frequency 

ranges and with the increase of temperature; showing that at higher temperatures 

the binders became soft and their resistance to rutting declined. Though, their 

moduli were lower in the higher frequency range, indicating them superior to the 

conventional binder in low-temperature, anti-cracking performance. This has 

been similarly reported in bio-oil modifiers obtained from this thermochemical 

process [303, 304]. These results differ to that reported by Edwards et al, in which 

a commercial polyethylene wax (Luwax © by Sasol) exhibited the highest 

stiffening effects of all the viscosity-reducing modifiers studied at 25-90 °C. This 

high effect was suggested to be partly due to its narrow melting temperature 

range when compared to other commercial waxes such as Fischer-Tropsch 

paraffin or Montan wax, as well as its ability to form a crystal/gel network within 

the bitumen matrix that improves its elasticity [22].  
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Not only does the presence of the pyrolysis waxes highly influence the 

mechanical properties of the binders, but also their chemical composition, namely 

the hydrocarbon chain lengths present within each wax. In previous chapter, it 

was established that the waxes produced at higher process temperatures are 

composed of a higher content of olefinic hydrocarbons. The chemical 

composition of the waxes shifted to more olefinic when increasing the pyrolysis 

temperature, due to these process conditions promoting thermal degradation 

mechanisms, such as β-scission. With the exposure to typical binder mixing and 

storage temperatures, all waxes were seen to undergo oxidation reactions as 

well as increase in heavier molecules and become more saturated, explained by 

polymerization mechanisms. The more olefinic (500 and 550 °C waxes) are 

slightly more susceptible to these reactions, producing larger and more thermally 

stable components (supported by their volatilization and thermal degradation 

behaviour [33].) While all waxes reduce the complex modulus of the bitumen, it 

can be seen that the 450 °C waxes result in the largest reductions in |G*|, while 

the waxes produced at 500 and 550 °C give lower reductions. Despite the overall 

softening action of the higher process temperature waxes, this may be due to the 

presence of more crystalline structures as a result of longer chain paraffins in the 

waxes. A significant relationship between the molecular weight (Mw) of low-

density polyethylene (LDPE) and HDPE waxes and their performance as bitumen 

modifiers was commented on by Zhang et al. Waxes with increasing Mw further 

increased the viscosity, low temperature, and moisture resistances of the 

modified asphalt. Higher Mw waxes improved the high temperature resistance of 

the modified mixtures also [202]. 

 

Furthermore, the phase angle is used for assessing the viscoelastic behaviour of 

asphalt binders, in which a higher phase angle (90°) indicates more viscous 

behaviour, while a low phase angle (0°) indicates a more elastic response [234, 

235]. Table 5.1 in Section 5.6.1 presents the δ of the unaged, RTFO and 

RTFO+PAV aged control and w-binders at a loading frequency of 1.59 Hz (10 

rad/s) for two different temperatures. At 20 °C (in the unaged condition), it is 

observed that the 450 °C at both modification levels provided a substantial 

increase in δ, especially at 12 wt% addition (likely due to the additive containing 



142 
C.L. Abdy, PhD Thesis, Aston University, 2023  

 

a higher concentration of  light molecular weight components). The 500 and 550 

°C waxes provided similar values to the control binder or showed a decrease in 

δ. At 60 °C, a significant increase in δ of all binders occurs as they become more 

viscous. The δ values of the w-binders are slightly lower than that of the control 

binder, indicating a larger elastic component. This may be due to some of the 

lighter components within the waxes having melted but not all, so the w-binders 

are not yet tending fully towards viscous behaviour, as will be investigated further 

in the next Section 5.2.3. 

 

Figure 5.2 Master curves for the complex shear modulus (|G*|) of the control 
binder and pyrolysis wax modified binders. (450-6%’ stands for a 6 wt% dosage 

of the pyrolysis wax produced at 450 °C.) 
 

5.2.3 Black Space Diagrams  

 

The black space diagram is often utilised to identify patterns within datasets that 

can be influenced by the presence of binder modifiers. For wax modifiers, this 

data representation can indicate the melting of the wax and whether it occurs 

within the measured temperature range, as well as the effect on the mechanical 

properties of the material [197]. Figure 5.3 shows the frequency sweep results of 
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the control and w-binders in an ordinary black space diagram, in the temperature 

range of 30-70 °C (the range in which rheological changes are observed with 

temperature increase). For all binders studied, an increase in temperature 

resulted in a decrease in stiffness as well as an increase in viscous response. 

The presence of the HDPE derived waxes reduces the phase angle of the base 

binder, and generally, the higher the content of each wax, the higher the 

reduction in phase angle. An increase in elastic component due to the presence 

of a polymer network has been reported for plastic modified binders, such as 

styrene-butadiene-styrene, polyethylene and polypropylene [32, 305]. This 

behaviour is seen until the inferred point of each wax’s fusion, in which the phase 

angle starts to tend towards viscous behaviour in the same way as the base 

binder. Especially as the temperature increases, a highly viscous response 

indicates that the material is becoming more fluidlike [139].  

 

For the neat bitumen blended with 450 °C wax, the curved shape of the datasets 

obtained are indicative of a binder with the mechanical behaviour that is affected 

by the presence of a modifier up the temperature ranges of 30-40 °C and 40-50 

°C for the 6 and 12% dosages, respectively. The datasets obtained above this 

temperature range then move asymptotically towards the phase angle value of 

90° for a fully viscous response, showing no interference in the mechanical 

behaviour from the plastic wax. This infers that the melting of this wax and the 

subsequent softening action of the bitumen happens at 40-50 °C, which agrees 

with the DSC results for the pyrolysis waxes obtained in Section 4.4.2 [33].  

 

The 500 and 550 °C w-binders demonstrated a larger reduction in the phase 

angle and the curved shape of the datasets show the that the mechanical 

response of these binders are still affected by the wax modifier. A fully viscous 

response was not achieved at 70 °C for the 500 °C wax at a 12% dosage and for 

the 550 °C wax at both modifier dosages. Flow-improver additives do not fluidify 

until fusion, which doesn’t fully occur above 70 °C for these waxes, as verified by 

previous DSC results [33]. Desidery et al saw comparable result datasets in their 

investigation involving the effect of short and long chain Fischer-Tropsch waxes 

on the viscoelastic properties and performance of bitumen [197]. 
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Figure 5.3 Black diagrams of neat and pyrolysis wax blended binders, from 30-
70°C utilising frequency sweep test parameters. 
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5.2.4 Complex Viscosity  

 

The complex viscosity is a vital rheological parameter that indicates the change 

within a materials structure and consistency, in relation to temperature and 

loading time. This parameter may also be used to indicate an asphalt mixtures 

resistance to viscoelastic deformation [250]. The complex viscosity η* results at 

test temperatures of 10-70 °C are shown in Figure 5.4. The results indicate that 

the use of pyrolysis wax additives significantly reduces the complex viscosity of 

the binders, independent of temperature. The reduction in η* shows a similar 

trend to that of |G*|, regarding the wax modifier type and dosage. A frequency 

dependence was observed which provided evidence for non-Newtonian shear-

thinning behaviour, such that, decreasing the oscillation frequency of the applied 

shear strain resulted in an increase in the binders complex viscosity, which is 

expressed by |G*|/(sinδ·ω), (Appendix G) [306].  

 

Within the bitumen matrix, asphaltenes are regarded as randomly orientated 

particles within the maltene fraction which mainly contribute to a binder’s viscosity 

and may aggregate at rest. At certain temperatures, when the bitumen undergoes 

shear loading the asphaltenes will transition to an ordered state within the 

maltenes, causing shear-thinning behaviour. This explanation is extended to the 

shear-thinning behaviour of wax-modified bitumens by Wang et al., regarding 

wax as solid particles [249]. The decrease in viscosity indicates that the wax 

modifiers offer promising solutions to workability issues previously seen in 

polymer modified binders, increasing binder workability of the binders at typical 

process temperatures for mixing and compaction [134, 165].  
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Figure 5.4: Complex viscosity as a function of temperature.  

 

5.3 w-Bitumen Fatigue Performance  

5.3.1 LAS and TS Tests  

 

In accordance with the DSR based crack growth model (DSR-C) for fatigue crack 

length prediction as proposed by Gao et al, the LAS test was used to obtain the 

undamaged shear modulus (|𝐺0
∗|) and phase angle (𝛿0) of all RTFO+PAV aged 

binders [239]. From this, a suitable level for the controlled strain could be selected 

for the TS fatigue damage test. Li et al stated that theoretically, the (|𝐺0
∗|) and (𝛿0) 

can be obtained using the average of the |G*| and δ within the undamaged strain 

level range of 0.01- 0.8% [264]. However, it is stated that sample-to-sample 

variation should also be considered.  

 

Appendix H shows the results of the LAS test at 20 °C and 10 Hz for all tested 

binders. It can be seen that after RTFO+PAV ageing, the recorded values for |G*| 

are significantly higher, indicating much stiffer binders due to the effects of 

oxidative aging mechanisms. The range of δ is also seen to decrease, moving 

towards a more elastic behaviour after ageing. The observed trend in the 

reduction of stiffness of the w-binders with each wax modifier and subsequent 

dosage is comparable to that of the unaged frequency sweep master curves. The 
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DSR-C model will be used to evaluate the fatigue performance of the binders in 

this study, however, the curve of shear stress as a function of shear strain may 

still be commented on. The maximum stress (τmax) reached by a sample during 

the LAS test is a specified criterion of its fatigue life, the peak stress being the 

yield threshold when the binder is subjected to increasing load [265]. Additionally, 

a higher peak area indicates a more ductile, tougher binder, indicating that more 

energy is required to collapse the material. Regarding Appendix I, depicting the 

stress-strain curve of the binders produced during previous LAS tests conducted 

between 0.1-30% strain (10Hz, 20°C), the peak stress is reduced with the 

addition of the softening pyrolysis waxes. The larger molecular chain waxes (500 

and 550 °C at 6% dosage) reduce the peak stress the least and a higher wax 

modification significantly decreases the peak stress with shear strain. The 550 

°C w-binder (6% modification) has the highest peak area, suggesting a more 

ductile and tougher binder. Additionally, it is noted that in comparison to the 

control binder curve, the stress response of the wax binders (especially at 6% 

modification) decreases the least by the end of the applied strain amplitude of 

the test. Not exhibiting a significant degradation in stress response at the higher 

levels of strain indicates that these binders are the least damaged and may be 

subjected to strain amplitude higher than 30%.  

 

The TS test was utilised to obtain (|𝐺𝑁
∗ |) and (𝛿𝑁) at a 5% strain level as 

determined from the LAS test, performed at 20 °C and 10 Hz for all the tested 

RTFO+PAV aged binders. The results of which are presented in Appendix J. A 

common criteria used for determining the material failure point is the point at 

which |G*| reaches 50% of its initial value, N50%G*ini [267]. The N50%G*ini values 

determined from this test can be seen in Appendix K. To comment, the sequence 

of decreasing N50%G*ini values of the binders is 550-12% > 500-12% > 450-12% > 

450-6% > 500-6% > 550-6% > 40/60. This is comparable to the sequence of 

decreasing |G*| observed within the frequency sweep and aged fatigue damage 

tests. 
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5.3.2 Crack Growth Modelling  

 

Utilising the undamaged and damaged values for the |G*| and δ, the propagation 

and length of fatigue cracks could be determined for the RTFO+PAV aged 

binders when a rotational shear fatigue load is applied. Figure 5.5 depicts the 

calculated crack growth of the neat and w-binders, as a function of the loading 

cycle. Li et al showed that crack length evolution can typically be characterised 

by three phases: initiation of a crack, a plateau in crack length and then its 

propagation [264]. Figure 5.5 mainly depicts the plateau and propagation phases. 

Within the plateau phase, the crack growth with loading cycles is slow, which is 

a result of microstructure restructuring after crack initiation, through the 

reorganizing of low molecular components (e.g., saturates and aromatics). With 

binder ageing, the loss of lightweight components would tend to minimise this 

plateau phase.  

 

It can be observed that in comparison to the control binder, the crack evolution 

of the aged w-binders is dominated by the plateau phase. Chapter 4 investigated 

the thermal ageing properties of the wax modifiers used within this study, 

including volatile loss with heating time [33]. The relationship between the length 

of the plateau phase in the crack evolution curve (550°C > 500°C > 450°C) and 

extent of volatile loss (450°C > 500°C > 550°C) can be observed especially at 

the higher modification level. Yet overall, it is observed that the trend in crack 

length correlates strongly to the trend on |G*| values obtained for the RTFO+PAV 

aged samples, as seen later in Figure 5.9 (b). 

 

Furthermore, pyrolysis waxes contain light saturated and unsaturated 

components. A higher saturation of lightweight components within the w-binders 

from the waxes will increase the extent of microstructure rearrangement available 

during crack initiation, thus further delaying crack growth. This is comparable to 

the crack evolution of bio-oil modified bitumen also observed by Li et al [264]. As 

with bio-oil, the addition of pyrolysis wax significantly decreases the final crack 

length, rejuvenating and enhancing the fatigue cracking resistance of the binders.  
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Figure 5.5 Binder crack length evolution curve of the RTFO+PAV aged neat 
and w-binders. 

 

5.4 w-Bitumen High-Temperature Performance 

 

At temperature conditions above 40 °C, the asphalt binders within flexible 

pavements become softer and more viscous. The main failure mode exhibited at 

these conditions is permanent deformation or rutting. Rutting mainly occurs due 

to high volumes of traffic and therefore load repetitions, causing plastic 

deformation of the materials within the multi-layer pavement structure. The high 

temperature performance of the RTFO aged binders was initially characterised 

using the multiple stress creep recovery (MSCR) test at 58 °C (BS EN 16659 

[254]) by obtaining the non-recoverable creep compliance (𝐽𝑛𝑟). Observing the 

accumulated shear strain plots in Appendix L (a-b) (taken from the rSpace 

software) for the neat, aged binder, inaccurate readings resulted in no obvious 

strain recovery and dubious results, especially at 3.2 kPa creep stress. This is 

thought to be due to the softness of the binder, even at a reduced temperature 

of 52 °C. Due to the observed softening of the w-binder samples, it was thought 

appropriate to alternatively obtain and comment on the Superpave rutting factor, 

|G*|/sinδ [256]. This factor is utilised to evaluate the performance of bitumen 

blended with different modifiers at higher in-service pavement temperatures, with 
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a higher rutting factor indicating superior performance of a binder. The rutting 

factors of all RTFO-aged binders were calculated and are exemplified in Figure 

5.6.  

 

It can be observed that the rutting factor of the binders sharply decrease due to 

an increase in the viscous component with increasing temperature, followed by 

its slow decline after a certain temperature. The ageing of asphalt binders mainly 

proceeds via volatilization and oxidation mechanisms. The temperature at which 

the |G*|/sinδ of each binder equalled or was less than 2.2 kPa followed the trend 

of 40/60 > 550-6% > 450-6% > 500-6% > 550-12% > 500-12% > 450-12%. The 

450-12% w-binder had the lowest rutting performance, most likely due to an over-

saturation of light components within the w-binder, despite high volatilisation 

(Figure 5.10.) The same can be inferred for all high modification level wax 

modifiers, having the lowest rutting performance. The 500-6% and 550-6% w-

binders had the highest rutting performance, their rutting factors closest to that 

of the neat binder, possibly due to their higher affinity for other ageing 

mechanisms (polymerisation.) The rutting performance of the w-binders shows 

that the higher pyrolysis temperature waxes especially can have a value-added 

application in asphalt binders, showing significant improvements in failure 

resistances such as fatigue damage, while having minor impact on rutting 

resistance after the short-term ageing that occurs with storage and compaction. 

  

 

 

 

 

 

 

 

 

 

 

Figure 5.6 The |G*|/sinδ of the neat and w-binders after short-term ageing. 
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5.5 Chemical Characterisation   

5.5.1 Modification Mechanism  
 

The chemical composition of the neat and w-binders was evaluated by means of 

FTIR Spectroscopy. The main functional chemical groups of the (unaged) neat 

bitumen are identified in Figure 5.7. In the spectrum, it is observed that the main 

peaks are located at: 2920 and 2850 cm-1 (CH2 stretch), 2900 and 2690 cm-1 

(CH3 stretch), 1600 cm-1 (C=C stretch),  1465 cm-1 (CH2 bend), 1375 cm-1 (CH3 

bend), 1030 cm-1 (S=O stretch), 700-900 cm-1  (C-H bend). It has been observed 

in previous literature that sulfoxides are formed earlier than carbonyls and are 

present under weak ageing conditions [307]. The same functional groups listed 

can be seen in Figure 5.8 for the w-binders. No additional peaks were observed 

yet it is noted the more prominent shoulder at 1700 cm-1 for C=O and peak at 

1030 cm-1 for S=O, which correspond to the chemical composition and ageing 

processes available to the waxes during its collection, storage and blending with 

the asphalt binder. This indicates that there are no chemical interactions between 

the asphalt binder and the waxes. Moreover, this indicates that the pyrolysis 

waxes consist of similar fractions to those already present in the bitumen, such 

as natural waxes, inferring that its addition and partial replacement will not 

negatively impact the recyclability of the resultant asphalt. FTIR analysis of the 

binders can additionally be utilised to show the chemical functional groups 

present prior to and after the binder ageing that might occur upon blending, 

compaction and throughout their service life, which will be investigated in Section 

5.6.3.   
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Figure 5.7 Neat bitumen infrared spectrum, identifying main functional chemical 
groups. 

Figure 5.8 FTIR spectra of the unaged neat and w-binders. 
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5.6 Ageing Performance  

5.6.1 Rheological properties of aged w-Binders  

 

Referring to Figure 5.9 (a-b), it can be observed that the |G*| values of all binders 

increase after the RTFO and PAV ageing processes. The difference between the 

complex modulus and subsequent stiffness of the 40/60 binder and the w-binders 

is much reduced, with some overlapping after the RTFO ageing for the 500-6% 

binder. However, the evident softening of the binder with the addition of the 

pyrolysis waxes indicates a resistance to ageing, with similar trends for |G*| 

values as observed within the master curve for the unaged w-binders in Figure 

5.2.  

 

After the short-term ageing, notable increases in stiffness are seen for the 450-

6% and 500-6% w-binders. The 500-6% wax is now slightly stiffer than the 550-

6% wax, which was originally the stiffest of the w-binders in the unaged condition, 

while the 450-6% exhibits similar |G*| values to the 550-6% binder. This 

correlates (especially within the high temperature/low frequency region of the 

master curve) with the described trend in Superpave rutting factors |G*|/sinδ 

obtained in Section 5.4 and presented in Figure 5.6. The observed stiffening 

effects can additionally be related to the extent of volatilization available to each 

wax type (450 °C > 500 °C > 550 °C), which will be discussed further in the next 

Section 5.6.2. The trend in |G*| values for the RTRO+PAV aged w-binders is 

similar to that after RTFO ageing, except from the notable stiffening of the 450-

12% w-binder after long-term ageing, a result of the substantial mass loss 

exhibited by this sample. Some correlation can be drawn between this trend 

(especially within the low temperature/high frequency region of the master curve) 

and the described trend in the w-binders fatigue performance obtained in Section 

5.3 and presented in Figure 5.5.  

 

Individual values were obtained at a loading frequency of 1.59 Hz (10 rad/s) at 

two different temperatures for the phase angle of the control and w-binders 

before and after RTFO and RTFO+PAV ageing, the values are presented in 

Table 5.1. At 20 °C, all unaged w-binders (apart from the 500-12% sample) have 
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a larger viscous component than the control binder. They all follow a similar trend 

with a movement towards more elastic behaviour after ageing. At 60 °C, all 

binders generally have a more viscous response overall, yet it is observed that 

the phase angles do decrease (increase in elastic response) or remain at similar 

values after the RTFO+PAV ageing, in comparison to the unaged condition, with 

the exception of the 450-12% binder.  

Figure 5.9 Master curve of the |G*| for the control binder and pyrolysis wax 
modified binders in the: (a) short-term (RTFO) aged  (b) long-term 

(RTFO+PAV) aged condition. 
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Table 5.1 Phase angle of neat and w-binders at loading frequency of 1.59 Hz for 
two different temperatures. 

 
 

5.6.2 Mass Loss during Ageing  

 

The control and w-binders were aged in an RTFO oven at 163 °C for 85 minutes. 

According to the Superpave standard and BS EN 12607-1 (ASTM D2872), the 

mass loss of the asphalt binders after the short-term ageing must not exceed one 

percent. The mass loss results are presented in Figure 5.10, in which it can be 

determined that only the control 40/60 binder and 550 °C wax w-binder (at both 

modification levels) met this requirement. However, it is noted that the 500 °C 

wax at the lower modification level had a mass loss averaging 0.06 % over the 

standardised 1 %  limit, with a mass loss variance below this. The results indicate 

that as the neat binder had negligible mass loss, the mass loss is from the 

pyrolysis waxes. The higher modification w-binders were observed to have the 

highest mass loss, especially the 450-12% w-binder. The mass loss varied in 

accordance with and most likely due to an over-saturation of light components 

within the w-binders. Additionally, the source of the mass loss is the pyrolysis 

waxes, the trend in these results being comparable to that obtained in Section 

4.5.1 for the thermal ageing and volatile mass loss of the waxes (450 °C >  500 

°C > 550 °C), as discussed.  

 
δ at 20 °C δ at 60 °C 

Unag

ed 

RTFO RTFO+PAV Unaged RTFO RTFO+PAV 

40/60 59.08 49.29 48.38 85.96 84.00 82.39 

450-6% 63.99 46.20 42.23 82.53 85.11 82.28 

450-12% 66.05 46.98 47.83 75.93 85.52 86.14 

500-6% 60.51 46.40 42.7 83.68 82.94 82.01 

500-12% 46.77 44.69 40.95 71.41 83.4 82.99 

550-6% 57.45 47.28 44.32 78.07 83.94 82.92 

550-12% 61.98 42.92 38.31 82.70 81.95 81.65 
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In Figure 5.9 (a) depicting the master curve of the RTFO aged samples attained 

using the frequency sweep test, the same trend |G*| reduction and softening of 

the binders with the addition of pyrolysis wax can still be discerned, however, 

with an observed increase in |G*| for all binders as a result of the thermal ageing. 

The 450 °C waxes are still observed to have the lowest modulus values over the 

reduced frequency range, despite the highest observed mass loss of volatiles 

during the short-term ageing. Therefore, it can be deduced that the increased 

stiffness and over rheological change of the binders is more dependent on the 

ageing mechanisms apart from volatilization, such as oxidation, as well as other 

ageing mechanisms that are characteristic to the pyrolysis waxes with thermal 

ageing. The oxidation mechanisms that occur during the different stages of 

binder thermal ageing will be investigated using FTIR Spectroscopy and 

discussed further in the next Section 5.6.3. 

Figure 5.10 The mass loss of the neat and w-binders after RTFO ageing. 

 

5.6.3 Ageing Indexes from FTIR 
 

The ageing mechanisms of bitumen affect its chemical composition and 

mechanical performance. In an FTIR spectrum for bitumen, the absorbance 

bands corresponding to carbonyl and sulfoxide functional groups are commonly 

used as indicators for ageing. Using the obtained spectra (which are shown in 
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Appendix M and N for further reference), the ageing indices for each sample were 

calculated. The resultant carbonyl and sulfoxide indices are shown in Figure 5.11 

(a-b). It is observed in the results that both indices increased with ageing time. It 

has been observed in previous literature that under weak ageing conditions, only 

sulfoxides are initially formed due to sulphur being more reactive with bitumen 

components than carbon [307]. After RTFO ageing, the sulfoxide index for the 

neat binder was higher than that of the w-binders. This remained true after the 

RTFO+PAV ageing, except for the index for the 550-12% binder being 

significantly higher.  

 

Considering the carbonyl index, the addition of the pyrolysis waxes increases this 

index to higher values than that of the control binder apart from the 550-6% wax, 

which is of a similar value. There is a discernible trend for this index, being that 

the index increases with the increasing degree of modification with pyrolysis wax. 

This trend remains similar for both the short- and long-term ageing processes. 

The chemical composition of the waxes produced at higher pyrolysis 

temperatures are more olefinic and therefore, may tend more to oxidation 

reactions. The effect of this can be seen for the higher modification binders 

especially. This effect is observed less within the lower modification w-binders, 

as the 550-6% w-binder has a lower C=O index, similar to that of the neat binder. 

The polymerization of unsaturated species within the waxes may account for this. 

After the RTFO+PAV ageing, only the 550-6% w-binder has a similar index to the 

neat binder, followed by the 450-6% and 500-6% w-binders. Despite the waxes 

having similar functional groups to the bitumen, this increase will be due to the 

waxes increasing the percentage of small molecules and carbonyl functional 

groups within the binder as a result of their chemical composition. Some authors 

utilise additional phenolic additives such as lignin, which can neutralize oxygen 

free radicals lowering the formation of carbonyl compounds [308].  
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Figure 5.11 Ageing indices of the neat and w-binder at different stages of 
ageing: (a) Sulfoxide Index, (b) Carbonyl Index. 

 

Overall, from a rheological perspective the pyrolysis waxes function as binder 

softeners before and after thermal oxidative ageing. They generally reduce the 

formation of the sulfoxide index, yet due to their own chemical structures increase 

the carbonyl functional groups present within the binders. However, this is more 

of an issue within the higher modification w-binders. The lower-level modification 

binders (such as the 550-6% w-binder) obtained similar C=O indices to that of 
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the neat bitumen. Upon considering the thermal and oxidative stability of the 

higher modification w-binders, these are quite unstable and other stabilizing 

additives may be considered. In terms of volatilization and ageing indices, the 

550-6% and 500-6% wax additives had the most stable behaviour and promising 

results.  

 

5.7 w-Bitumen Dispersity  

 

Dispersity describes the extent of fragmentation of a dispersed phase or additive 

within the bitumen binder. A concern with waste plastic modified binders is its 

ease of dispersity as well as potential to phase separate from the bitumen during 

static storage, aggregating within the binder. Optical microscopy was used to 

evaluate the dispersity of the waxes within the 40/60 binder after a high-speed 

shear mixing at 150 °C with a rotation speed of 500 rpm for 15 minutes, in the 

unaged and aged (RTOF+PAV) condition. From visual analysis, it can be inferred 

in Figure 5.12 (a-g) that the waxes are well dispersed within the binder after the 

blending protocol and static storage, with no obvious aggregating and phase 

separation. This indicates that the mixing time could be potentially reduced to 

minimise the ageing during mixing. However, it is noted that more small particles 

are observed within the images for the higher-level modification w-binders.   

 

During ageing, bitumen constituents react with oxygen to form higher molecular 

weight molecules from unsaturated species, similar polymerization mechanisms 

have been observed for the pyrolysis waxes. Overall, more particles were 

observed within all of the sample images after RTFO+PAV ageing, which can be 

viewed in Appendix O. For the w-binders, some samples such as the 500-12% 

sample also exhibited particles with a larger diameter. However, in comparison 

to bitumen modification with the parent polymer (HDPE) in literature, the w-

binders are still considered much better dispersed with no very obvious phase 

separation and therefore are not subject to this technical limitation. 
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Figure 5.12 Optical microscope images of the control and w-binders for 
evaluation of dispersity in the unaged condition: (a) 40/60, (b) 450-6%, (c) 450-

12%, (d) 500-6%, (e) 500-12%, (f) 550-6%, (g) 550-12%. 

(a) (b) 

(d) 

(e) (f) 
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5.8 Summary  

 

In this chapter, a comprehensive laboratory study has been performed to 

characterize and compare the rheological, mechanical, chemical, and ageing 

properties of a 40/60 asphalt binder modified at 6 and 12 wt% with HDPE 

pyrolysis waxes, produced using different process parameters (450, 500 and 550 

°C). The following findings have been obtained:  

 

1.  The HDPE pyrolysis wax additives increase the penetration point and soften 

the asphalt binder, reducing the complex viscosity. These characteristics are 

more pronounced for the higher modification level (12 wt%) w-binders. They 

are also more pronounced for the 450-6% and 450-12% w-binders, due to the 

450 °C wax being softer and less viscous as a result of its chemical 

composition. The addition of pyrolysis wax substantially reduces the overall 

fatigue crack length, rejuvenating and enhancing the crack resistance of the 

binders. The higher modification level binders and binders with softer wax 

additives (450 °C) reduces the final fatigue crack length the most, however, 

these have the largest negative impact on the rutting factor.  

2.  The 500 and 550 °C (harder, more viscous) waxes at the lower modification 

level (6wt%) were observed to have similar performance characteristics, 

improving fatigue resistance while affecting the rutting factor the least. This 

performance was attributed to the waxes chemical composition as a result of 

specific pyrolysis mechanisms, allowing for lower volatilization and the 

polymerization of unsaturated species to produce larger molecules during 

thermal ageing. There was a considerate amount of binder stiffening for the 

450-6% and 450-12% w-binders, as a result of high volatile mass loss with 

ageing. Only the 40/60 binder and 550 °C wax w-binder (at both modification 

levels) had a mass loss under 1%. The 500-6% w-binder had a mass loss 

averaging 0.06 % over the standardised 1 %  limit, with a mass loss variance 

below this. 

3.  All w-binders were observed to soften the base asphalt binder after 

RTFO+PAV ageing and reduced the sulfoxide ageing index. Due to the 

chemical structures of the waxes, they increase the amount of carbonyl 
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functional groups within the binder and thus the carbonyl ageing index. 

However, this is more of an issue within the higher modification w-binders. The 

lower-level modification binders (especially 550-6% w-binder) obtained similar 

C=O indices to that of the neat bitumen. Good dispersity of all pyrolysis waxes 

within the binder (high-speed shear mixed at 150 °C with a rotation speed of 

500 rpm for 15 minutes) was observed with no obvious phase separation, both 

in the unaged and aged (RTFO+PAV) condition. Therefore, reducing this 

prominent technical limitation associated with plastic modified bitumen.  

 

The findings of this experimental chapter may act as a baseline and be translated 

to other pyrolysis configurations for the processing of HDPE (and other plastics, 

as well as waste) with the knowledge that certain wax properties relate to specific 

bitumen additive performance characteristics. Furthermore, considering 

performance trade-offs between fatigue and rutting resistance as well as ageing 

resistance and stability, the 550-6% w-binder is the most suitable to be taken 

forward to further investigate its suitability in HMA asphalt formulation.  
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CHAPTER 6: Pyrolysis Wax Binder Additives from High-Density 

Polyethylene in Hot Mix and Reclaimed Asphalt Mixtures 
 

6.1 Overview  

 

This chapter details a laboratory performance investigation of HMA mixtures with 

the incorporation of high-density polyethylene (HDPE) wax that has been 

obtained via thermal pyrolysis and up to 20% RAP. It describes the third phase 

of this study, aiming to provide a baseline of understanding of the relationships 

between HDPE pyrolysis process parameters, the product wax characteristics 

and resultant plastic pyrolysis wax modified binder and mixture performance as 

well as that when RAP in used in the wax modified mixture. The pyrolysis HDPE 

wax contains lower molecular weight constituents than commercial wax 

additives, potentially allowing it to act as a temperature lowering additive for 

mixtures containing RAP, while acting as a rejuvenator for the aged RAP binder, 

due to its chemical composition. Furthermore, this baseline of understanding may 

then be applied for waxes from waste plastics, further increasing the amount of 

recyclable material within flexible pavements to approach a circular economy. 

Mixture resistances to the key modes of failure within HMA are investigated using 

standard procedures including mixtures’ stiffness, fatigue, rutting, fracture, and 

moisture susceptibility. 

 

6.2 Compatibility  

 

The air voids of an asphalt mixture are an important parameter that will affect 

performance throughout its service life. A mixture should contain enough air voids 

to prevent bleeding in hot environments, yet have low enough air voids to not 

affect rutting resistance and prevent permeability of water and air [309, 310]. 

Mixture design and compaction factors that can affect the air voids within HMA 

have been observed to include: low filler and insufficient binder content in the 

mixture design, the compact effort and environment such as pressure, number 

of passes, temperature (including cessation temperature) presence of moisture 

[311-313].  
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The target air void content for the test mixtures within this study was 4%. This 

was not achieved for any of the mixtures produced using the selected compaction 

method, as can be seen in Figure 6.1. In this figure, the air void content for all 20 

specimens (100 Φ x 40 mm and 150  Φ x 60 mm) from each mixture were 

rounded to the nearest integer so that the frequency could be calculated for each 

air void level within the range achieved (7-11%.) The roller compactor is set to 

compact to a preset specimen thickness and the mass of the material is 

proportioned accordingly, further studies are required to assess the reliability of 

this method. Higher air void content indicates a lower resistance to plastic flow 

and rutting. It is also a prominent observation within literature that permeability 

increases rapidly as the void content increases above 8% [314, 315].  

 

The results obtained suggest that the addition of plastic wax within the asphalt 

binder of the PW mixture slightly improves workability, as shown by the lower air 

void mean in Table 6.1. Both test mixtures PW and RAP+PW have a significantly 

tighter range than the control mixture. The RAP+PW mixture containing plastic 

pyrolysis wax and RAP had the highest frequency of specimens with the lowest 

air void content (7%) within the range of air voids observed for the mixtures. This 

test mixture additionally had no specimens over 8% air voids, as well as the 

lowest mean and range. Generally, the addition of RAP has been seen to 

increase voids with its increasing content, however, the addition of reclaimed 

asphalt with rejuvenating agents and warm mix asphalt (WMA) additives such as 

polyethylene waxes have been seen to reduce the void content in comparison to 

control mixtures [198]. It is noted that the frequency of specimens above 8% air 

voids is slightly higher for the PW mixture than the Control mixture, suggesting 

the possibility of a greater susceptibility to air and moisture especially, which will 

be investigated further in Section 6.6. 
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Figure 6.1 Frequency distribution of air void content of the control and test 
mixtures. 

 

Table 6.1 Descriptive statistics for the air void content of the control and test 
mixtures. 

 

3.3 Indirect Tensile Stiffness Modulus Test (ITSM) 

 

Figure 6.2 illustrates the master curve of the ITSM for the control and test 

mixtures. The reference temperature to shift the data points is 10 °C and based 

on the time-temperature superposition principle of viscoelastic material, low 

frequency refers to high temperature and vice versa. The ITSM is typically used 

to assess the deformation resistance of asphalt mixtures, such that a higher 

stiffness modulus value indicates that the ability of the mixture to spread the load 

is higher [316]. A lower stiffness modulus indicates a higher resistance to fatigue, 

while stiffer mixtures have greater resistance to permanent deformation [272, 

317].  

Descriptive Statistics 
Mixture 

Control PW RAP+PW 

Mean 8.24 8.13 7.24 

Median 7.80 7.95 7.2 

Range 4.1 1.9 1.8 

Standard Deviation 1.14 0.55 0.47 

Confidence Level (95%) 0.50 0.24 0.21 
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It can be seen that the stiffness modulus value for the PW mixture is decreased 

in comparison to the Control mixture. The incorporation of plastic pyrolysis wax, 

which has been observed to act as a softening and viscosity-reducing additive in 

the same way as WMA additives, reduces the stiffness modulus of the mixture 

over the whole temperature and frequency range. In the hot temperature/ low 

frequency region, ITSM: Control = RAP+PW > PW, whereas in the low 

temperature/ high frequency region, ITSM: Control > PW > RAP+PW. At 20 °C, 

the trend of the ITSM of the mixtures is RAP+PW > Control > PW. Studies have 

shown that the incorporation of RAP into HMA will make the mixture stiffer and 

more brittle due to the addition of aged binder [25]. A high stiffness will improve 

rutting resistance, yet negatively impact the fatigue performance of the mixture. 

However, the stiffness modulus of the RAP+PW mixture was similar to that of the 

Control mixture in the high temperature/ low frequency region, suggesting similar 

rutting performance. Additionally, the RAP+PW mixture had the lowest stiffness 

modulus in the low temperature/ high frequency region, demonstrating that the 

pyrolysis plastic wax may act as a sufficient softening and rejuvenating agent to 

mitigate the adverse effects to fatigue resistance of high RAP content in HMA 

mixtures.  
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Figure 6.2 ITSM master curves for the stiffness modulus of the control and test 

mixtures. 

 

3.4 Indirect Tensile Fatigue Test  (ITFT) 

 

As can be seen in Appendix P, the resilient strain amplitude (εres) and energy 

ratio (Eratio) were plotted as a function of the number of cycles (N). The Eratio plot 

was utilised to calculate the number of cycles to failure, Nf, which is the peak of 

the resultant Eratio vs. N curve. The average Nf calculated for each mixture is 

presented in Figure 6.3, in which it can be inferred that the addition of the plastic 

pyrolysis wax binder additive enhances the tensile resistance of a HMA mixture. 

The additive led to a x 1.3 higher fatigue fracture resistance, with a higher strain 

at failure to the Control mixture. Furthermore, in comparison to the Control 

mixture, the RAP+PW mixture had a x 2.5 higher fatigue fracture resistance and 

a significantly higher strain at failure in comparison to the other mixtures. This 

supports that the pyrolysis plastic wax acts as an efficient rejuvenating agent for 
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the old RAP binder, allowing for superior fatigue performance despite the high 

content of RAP used within this HMA mixture.  

 

Additionally, the damage density ( ) and predicted evolution of crack growth (c) 

of the mixtures when subjected to an indirect tensile fatigue load are plotted in 

Figure 6.4. As c =  x D and the diameter of all mixture specimens are similar 

values, the shape of the crack length curve is analogous to that of the damage 

density curve. The number of cycles does not begin at zero as it took a different 

number of cycles for the target maximum stress to be achieved for each mixture. 

In the crack initiation phase (N < 1,000), it can be seen that the curves for the 

PW and RAP+PW mixtures have significant overlapping, while the curves for the 

Control mixture also overlap, yet they have a slightly higher damage density and 

crack growth as a result of its higher stiffness. Both curves for all of the mixtures 

are dominated by a plateau phase, in which the growth of accumulated damage 

density and crack growth is slow with loading cycles. Within both plots, the trend 

within this propagation phase is RAP+PW > PW > Control, for both damage 

density and crack evolution.  

 

In the damage mechanics crack growth model for waste-derived asphalt binders 

proposed by Li et al., it is stated that a plateau phase is due to the restructuring 

of the microstructure via the rearrangement of light components, following crack 

initiation [264]. It is evidenced in the ITSM results (Section 6.3) observed in 

Chapter 5 (Sections 5.3, 5.6), that despite long-term ageing, the mixtures 

containing binders modified with the pyrolysis plastic wax have a lower stiffness 

and extended fatigue life. This can be attributed to the waxes containing a high 

amount of lower molecular weight saturated and unsaturated components that 

are available for rearrangement after crack initiation. Therefore, the higher 

amount of lighter components within the PW and RAP+PW prolong the 

propagation and increase in accumulated damage density with cycles. The PW 

and RAP+PW mixtures can also have a higher final damage density and 

predicted crack length prior to the total failure of the specimen. Overall, the results 

indicate the extension of fatigue life when pyrolysis wax is used within HMA and 

especially as a rejuvenating agent for RAP.  
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Figure 6.3 The average number of cycles to failure (Nf) for each mixture, 
determined by the peak of the Eratio vs. N curve. 
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Figure 6.4 (Top) The damage density ( ); (Bottom) The predicted evolution of 

crack growth (c) of the mixtures when subjected to an indirect tensile fatigue 

load. 

 

3.5 Repeated Load Axial Tests (RLAT) 

 

A key parameter obtained from the RLAT test is the cumulative axial strain (%), 

which can be plotted as a function of the number of load cycles to produce a 
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creep curve, as seen in Figure 6.5. A higher accumulated axial strain for a mixture 

typically indicates a lower resistance to rutting [318]. Previously, authors have 

stated that if the axial strain of a mixture exceeds 2%, it is considered to have 

poor resistance to rutting [270]. According to Figure 6.5, only the RAP+PW 

mixture was below this threshold, having superior rutting resistance to the Control 

and PW mixtures. These two mixtures have a poorer rutting resistance, with a 

3.21 and 3.23 % axial strain at cycle 5000, respectively.  

 

It is noted that the mixture design (Appendix A) for the Control and PW mixtures 

contain a higher proportion of virgin binder (+ wax additive). Previous studies in 

literature have shown that mixtures with a higher binder content generally have 

a higher susceptibility to rutting [319, 320]. This is due to the reduction in friction 

between the aggregate particles due to thicker binder film coating them, 

therefore, the binder will be carrying loads more than the aggregate structures 

[319]. Even so, as seen in Chapter 5 (Section 5.4), the softness of the control 

and pyrolysis wax modified binders made them unsuitable to have their rutting 

behaviour characterised by the multiple stress creep recovery (MSCR) test. 

Despite this, it can be seen that all mixtures do not reach the tertiary stage of a 

typical creep curve, in which strain accumulates rapidly, increasing the 

deformation rate and indicating sample failure. Therefore, the Control and PW 

mixtures do have an axial strain above the 2% threshold, most likely due to their 

lower stiffness modulus in comparison to the RAP+PW mixture. Yet it would 

require more loading pulses for all mixtures to enter the tertiary zone of the creep 

curve and exhibit permanent deformation damage.  

 

The trend of the creep rate (fc) that incorporates the minimum strain rate of the 

mixtures are presented in Figure 6.6 and observed to be Control > PW > 

RAP+PW. The strain rate vs. number of load cycles is also depicted in Appendix 

Q, demonstrating the same trend. This parameter indicates the rate of change in 

the rutting performance of the mixtures [32]. The RAP+PW mixture has the lowest 

strain rate, supporting its superior rutting resistance. The Control mixture does 

have the largest strain rate, yet the highest variance of the PW mixture is a similar 

value to the average of the Control mixture. The findings indicate that the plastic 
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pyrolysis wax binder additive does offer valued benefits to fatigue performance, 

while not significantly or adversely affecting the rutting performance. Additionally, 

incorporating pyrolysis plastic wax and RAP into HMA produces a superior 

mixture in terms of both fatigue and rutting performance, while increasing the 

proportion of recycled materials within the mixture.  

 

Figure 6.5 Averaged RLAT results of the control and test mixtures at test. 
temperature 40 °C. 

Figure 6.6 Calculated creep rate, fc of the control and test mixtures. 
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3.6 Indirect Tensile Fatigue (ITS) Test & Moisture Resistance 

 

Figure 6.7 shows the ITS of the dry and wet condition as well as the TSR values 

for each mixture. The observed trend in ITS in both conditions is mixture 

RAP+PW > Control > PW. The ITS of the Control and PW mixtures can be seen 

to have a small decrease in the wet condition, while statistically, there is no 

difference in the ITS value of the RAP+PW mixture after wet conditioning.  

 

Comparing the Control and PW mixtures, the ITS and TSR is decreased for the 

PW mixture containing the plastic pyrolysis wax binder additive. Authors in 

literature have observed an increased TSR value with increasing commercial wax 

addition and have attributed this increase in moisture resistance to the 

hydrophobic characteristics of organic waxes. However, the waxes ability to 

decrease the adhesion between the binder and aggregated can negate this [321, 

322]. In this case, there is at 1.64% drop in the TSR value of the PW mixture in 

comparison to the Control mixture. The drop is very small and could be attributed 

to the increased diffusion of moisture as a result of the higher frequency of 

specimens with an air void content of 8%, as discussed in Section 6.2, which 

could be attributed to factors such as mixture design and compaction method. 

Despite this, overlapping in the ITS lower variance of the Control mixture and 

upper variance of the PW mixture as well as the very small drop (<2%) in TSR 

value would suggest that the effect of the wax modifier binder additive has very 

little impact on fracture resistance and moisture susceptibility.   

 

The RAP+PW mixture had the highest fracture and moisture resistance, 

indicated by the highest average ITS values in both conditions and highest TSR 

value of 101.00%. Adding the RAP positively influenced the moisture resistance 

of the HMA, which is indicated by the slightly increased ITS in the wet condition. 

Explanations for this in literature include the increase in asphalt-coated 

aggregates, which are insensitive to the effect of water due to the existing 

bituminous film, as well as the percentage of aged binder increases the strength 

of the mixture [323, 324].  
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Figure 6.7 Average ITS values of unconditioned (dry) and conditioned (wet) 
specimens from each mixture and TSR values. 

 

6.7 Summary   

 

This chapter investigates the use of HDPE pyrolysis wax modified binders in a 

HMA mixture and a mixture additionally containing 20% reclaimed asphalt. As 

part of achieving circular economy goals within sustainable infrastructure, this 

was to greatly increase the total amount of recyclables used within asphalt 

flexible pavements, while improving vital failure resistances. The main findings 

were: 

 

1. The compatibility results suggest that the addition of plastic pyrolysis wax 

within the asphalt binder slightly improves mixture workability, as shown by the 

lower air void mean achieved. Both mixtures containing plastic wax and RAP 

+ plastic wax had a significantly tighter air void range than the control mixture. 

The stiffness of the mixture containing RAP + plastic wax had the lowest 

stiffness modulus in the low temperature/ high frequency region of the ITSM 

master curve, demonstrating that the pyrolysis plastic wax may function as a 

sufficient softening and rejuvenating agent to mitigate the adverse effects to 

fatigue resistance of high RAP content in HMA mixtures. This was further 
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supported by the ITFT test, in which the Nf and εres at failure were superior for 

the mixtures containing plastic pyrolysis wax and RAP plus the wax additive. 

The plastic wax additive improved the fatigue resistance by x 1.3, while the 

RAP + plastic wax improved the fatigue resistance by x 2.5, in comparison to 

the control mixture.  

2. A novel mechanistic model for the prediction of cracking damage was further 

employed to present the evolution of the cracking performance within each 

mixture. The plastic wax and RAP + plastic wax mixtures demonstrated a lower 

initial damage density and crack growth initiation, followed by prolonged 

accumulated damage and crack propagation phases before specimen failure, 

in comparison to the control mixture.  

3. The control mixture and pyrolysis plastic wax mixtures had a poorer rutting 

resistance than the mixture containing RAP + plastic wax, yet it was 

determined that the pyrolysis plastic wax binder additive did not adversely 

affect the rutting performance of the mixture, when compared to the control 

mixture. Both mixtures containing the plastic wax additive and RAP + plastic 

wax had lower creep rates than the control mixture. The effect of the plastic 

wax binder additive had very little impact on fracture resistance and moisture 

susceptibility. The RAP + plastic wax mixture had the highest fracture and 

moisture resistance. 
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CHAPTER 7: Conclusions and Recommendations  
 

7.1 Conclusions  

 

In this research study, the effect of waxes generated from the thermal pyrolysis 

of HDPE were investigated in terms of the rheological, mechanical, chemical, and 

thermal performance characteristics of modified binders and asphalt mixtures. 

The key conclusions produced from this work are as follows:  

 

1. Six types of pyrolysis wax were produced from the thermal pyrolysis of HDPE 

in a fixed bed reactor, using temperatures and carrier gas flowrates of  450-

550 °C and 2 and 4 L min-1, respectively. The melting point ranges of the 

pyrolysis waxes were compared to commercial paraffin and microcrystalline 

waxes typically used in WMA technologies. Chemical characterisation of the 

waxes showed that, in comparison to commercial waxes studies in literature, 

the waxes in this study were more olefinic in nature. This is through the 

promotion of certain degradation mechanisms such as β-scission, as a result 

of the pyrolysis system and parameters applied.   

2. The more olefinic waxes, which were produced at higher temperatures and 

carrier gas flowrates (lowest vapour residence times,) saw the lowest volatile 

mass loss during the wax ageing experiments. They were observed to be 

prone to oxidation and polymerization reactions, similar to those observed for 

the thermal and oxidative ageing of bitumen components. 

3. For HMA modification purposes, blending at temperatures lower than 170 °C 

should be considered to lessen the volatile loss with initial blending and 

storage of the wax modified binders. 

4. Three waxes produced at 450, 500 and 550 °C and a set carrier gas flowrate 

(2 L min-1) were taken forward for w-binder production, blending at 500 rpm 

and 150 °C for 15 minutes using a high shear mixer. Two wax modification 

levels: lower (6 wt%) and higher (12 wt%), were utilised to determine optimum 

dosage. HDPE pyrolysis wax additives increase the penetration point and 

soften the asphalt binder, reducing the complex viscosity. These 

characteristics are more pronounced for the higher modification level (12 wt%) 

w-binders. 
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5. The addition of HDPE pyrolysis wax substantially reduces the overall fatigue 

crack length, rejuvenating and enhancing the crack resistance of the binders. 

The higher modification level binders and binders with softer wax additives 

(450 °C) reduces the final fatigue crack length the most, however, these have 

the largest negative impact on the rutting factor.  

6. The harder, more viscous waxes produced at higher process temperatures 

(500 and 550 °C) provided enhanced cracking resistance while affecting the 

rutting factor the least. This was attributed to the chemical composition of 

these waxes as a result of specific pyrolysis mechanisms, allowing for lower 

volatilization and the polymerization of unsaturated species to produce larger 

molecules during thermal ageing. 

7. The thermal and oxidative stability of the higher modification w-binders were 

unstable and other stabilizing additives may be considered. The lower dose (6 

wt%) of pyrolysis waxes produced at higher process temperatures 

demonstrated the most stable thermal behaviour with promising results. Even 

so, the use of additional phenolic additives that neutralize oxygen free radicals 

to lower the formation of carbonyl compounds could be considered. 

8. The use of plastic-derived products such as this for bitumen modification 

negates prominent technical limitations associated with polymer-modified 

bitumen, such as poor workability and modifier dispersion.  

9. An optimum wax and dose (HDPE pyrolysis wax produced at 550 °C, 6 wt% 

dose) was taken forward for w-asphalt modification. It was additionally used in 

conjunction with 20% RAP, to evaluate its capacity as a rejuvenating agent. 

The compatibility results suggest that the addition of pyrolysis wax within the 

asphalt binder slightly improves mixture workability. 

10. The stiffness modulus of the RAP mixture with pyrolysis wax demonstrated 

that the pyrolysis wax may act as a sufficient softening and rejuvenating agent 

to mitigate the adverse effects to fatigue resistance of high RAP content in 

HMA mixtures.  

11. The pyrolysis wax additive improved the fatigue resistance by x 1.3, while the 

RAP + pyrolysis wax improved the fatigue resistance by x 2.5, in comparison 

to the control mixture. The mechanics model for the prediction of cracking 

damage demonstrated a lower initial damage density and crack growth 
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initiation, followed by prolonged accumulated damage and crack propagation 

phases before specimen failure for the mixtures containing pyrolysis wax and 

RAP. 

12. The w-asphalt mixture containing pyrolysis wax and 20% RAP demonstrated 

the highest rutting resistance. As opposed to the w-binder high temperature 

performance results, it was determined that the HDPE pyrolysis wax additive 

did not adversely affect the rutting performance of the w-asphalt mixtures, 

when compared to the control mixture. 

13. The HDPE pyrolysis wax + 20% RAP mixture had the highest fracture and 

moisture resistance. The effect of the HDPE pyrolysis wax additive had very 

little impact on fracture resistance and moisture susceptibility of the w-asphalt 

mixtures.  

14. Modified HMA mixtures with enhanced or unaffected resistance to the key 

failure modes studied were achieved using HDPE pyrolysis wax solely and in 

conjunction with reclaimed asphalt. This application of plastic pyrolysis waxes 

could help to reduce the amount of virgin and non-renewable materials used 

for HMA production, while increasing the amount of recyclable material. It may 

lead to potential cost, emission and energy saving for the industry, with respect 

to the use of secondary materials. Also the lower temperature and faster 

blending times, in comparison to polymer-modified bitumen especially. These 

findings may be applied for waxes from waste plastics, further increasing the 

amount of recyclable material within flexible pavements to approach a circular 

economy. 

 

7.2 Recommendations  

 

This study provides a novel contribution to outlining the full potential of thermal 

pyrolysis products from polyolefin plastics, such as HDPE, in the modification of 

bitumen and subsequent HMA (+RAP) mixtures. In the interest of product and 

process optimisation, it establishes key relationships between the pyrolysis 

process parameters, the chemical and thermal properties/mechanisms of the 

wax modifiers and the rheological and mechanical performance of the modified 

binders/mixtures. Additionally, the research aims of producing modified HMA 
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mixtures with enhanced or unaffected resistance to the key failure modes studied 

were achieved using HDPE pyrolysis wax solely and in conjunction with 

reclaimed asphalt.  However, there are some areas that merit further 

investigation to continue the production of effective research. Recommendations 

for future studies are suggested as follows:    

 

1. Perform further high temperature performance tests on the control and w-

binders using a revised MSCR test to obtain creep compliance values. This 

would provide more appropriate analysis for modified binders as opposed to 

the rutting factor.  

2. Study the low temperature thermal cracking performance of the w-binders via 

bending beam rheometer as well as apply further conventional tests such as 

softening point to achieve further understanding of the temperature 

susceptibility.  

3. Further investigation into the storage stability of the w-binders, perhaps using 

the cigar tube separation/toothpaste test.  

4. A study into the effect of ultraviolent exposure on the physiochemical 

properties of the w-binders.  

5. Evaluate the method of laboratory roller compaction to assess its reliability to 

achieve target specimen dimensions and air voids, as opposed to gyratory 

compaction. 

6. Perform the ITFT in strain-controlled mode, as the initiation and propagation 

of fatigue cracking is more stable and better replicated to provide an even 

more reliable cracking damage prediction results. Repeating this test and 

cracking damage analysis at different stresses/strains, temperatures, and 

frequencies to provide further model verification for viscoelastic materials. 

7. Expand the study findings to other polyolefin plastics and waste plastics to 

study the effects of co-pyrolysis, as well as contaminants and colourants on 

the product wax. 

8. A study on the Life Cycle Cost Analysis (LCCA) of pyrolysis wax (+RAP) 

modified bitumen/asphalt is recommended to evaluate its effectiveness based 

on cost and life cycle. Further study should investigate the Life Cycle 

Assessment (LCA) analysis for measuring the cost and environmental impact.  
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9.  Investigation into the role of lower molecular weight waxes or distilled oils from 

HDPE pyrolysis as fluxing agents.  

10. Further exploration into RAP + plastic pyrolysis waxes modified asphalt, 

testing different percentages of RAP. Additionally, a study on the rejuvenating 

effects and interactions between the pyrolysis waxes and aged RAP 

binder/aggregates. 
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Appendices  
 

Appendix A 

The maximum density (BS EN 12697-5:2018), bulk density (BS EN 12697-

33:2019) calculations with the resultant composition for each mixture. 

 

• Formula for Maximum Density (Mg/m3) according to BS EN 12697-

5:2018: 

𝜌𝑚𝑣  =  
𝑚2  − 𝑚1

106𝑥𝑉𝑝 − (𝑚3 − 𝑚2)/𝜌𝑤
 

Where 𝜌𝑚𝑣 is maximum density (Mg/m3); 𝑚1 is the mass of the empty pycnometer 

and head piece (g); 𝑚2 is the mass of the sample, pycnometer and head piece 

(g); 𝑚3 is the mass of the sample, pycnometer and water (g); 𝑉𝑝 is the volume of 

the pycnometer (m3) and 𝜌𝑤 is the density of the water at water bath temperature, 

25.2 °C (0.9971 Mg/m3). 

 

• Formulae for Bulk Density and Mass of Slab, according to BS EN 12697-

33:2019: 

𝑉𝐴  =  1 −  (
𝜌𝑚𝑣

𝜌𝑏𝑑
) 

Where 𝑉𝐴 is air void content (%); 𝜌𝑚𝑣 is maximum density (Mg/m3) and 𝜌𝑏𝑑 is bulk 

density (Mg/m3). (In general, ρ = m/V.) 

𝑚𝑆  =  𝑉𝑆 𝑥 𝜌𝑚𝑣 𝑥 (
100 −  𝑉𝐴 

100
)  

Where 𝑚𝑆 is the slab mass (g); 𝑉𝑆 is the slab mould volume (m3); 𝜌𝑚𝑣 is maximum 

density (Mg/m3) and 𝑉𝐴 is the air void content (%). From this, the coated blend 

proportions of the mix components were determined, as can be seen in Table 

A1. 
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Table A1: Coated blend proportions for the control and test mixtures. 

 A B C 

RAP 0 0 20 
14 mm 19.9 19.9 19.9 
10 mm 30.4 30.4 24.7 
6 mm 9.5 9.5 7.6 
Dust 33.4 33.4 22.9 
Limestone Filler 1.7 1.7 0.7 
Binder 5.1 5.1 4.3 

 

 

Appendix B  

The distribution of air voids, determined by BS 12697-6 (Procedure B: Bulk 

density – Saturated Surface Dry) for mixture specimens.  

Specimen 

ID Control PW RAP+PW 

A 8.3 7.2 6.9 

B 7.7 9.1 7.2 

C 7.1 7.7 7.4 

D 8.3 7.4 7.2 

E 7.8 8 7.2 

F 7.4 7.8 7 

G 7.4 8.2 6.6 

H 6.9 8.8 6.7 

I 8.2 8.5 7.8 

J 7.9 8.2 7.3 

K 7.8 9 7.9 

L 8.1 7.7 8.3 

M 7.8 7.9 7.3 

N 7.8 7.9 6.5 

O 7.4 8.2 6.9 

P 7.4 7.6 7.8 

        

Q 10.6 8.9 7.5 
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R 11 8.9 7.7 

S 9.8 7.9 6.7 

T 10 7.7 6.9 

 

 

Appendix C 

TGA results for HDPE pellets to determine an appropriate temperature range for 

thermal pyrolysis. 
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Appendix D 

GC-MS chromatograms for (a) 450-2 (450 °C, 2 L/min N2 flowrate) wax, (b) 500-2 (500 

°C, 2 L/min N2 flowrate) wax, (c) 550-2 (550 °C, 2 L/min N2 flowrate) wax, (d) 450-4 (450 

°C, 4 L/min N2 flowrate) wax, (e) 500-4 (500 °C, 4 L/min N2 flowrate) wax, (f) 550-4 (550 

°C, 4 L/min N2 flowrate) wax, (g) Chromatogram depicting homologous series of triplets 

which is indicative of PE depolymerisation. 
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Appendix E 

GC-MS chromatograms for (a) 450-2 wax, 1 hour @ 170°C, (b) 500-2 wax, 1 

hour @ 170°C, (c) 550-2 wax, 1 hour @ 170°C, (d) 450-2 wax, 3 hours @ 170°C, 

(e) 500-2 wax, 3 hours @ 170°C, (f) 550-2 wax, 3 hours @ 170°C, (g) 450-2 wax, 

6 hours @ 170°C, (h) 500-2 wax, 6 hours @ 170°C, (i) 550-2 wax, 6 hours @ 

170°C, (j) Chromatogram depicting the alcohol and carbonyl containing 

compounds between triplets as a result of oxidation reactions.  
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Appendix F 

FTIR spectrum for (a) 450-2 wax, 1 hour @ 170°C, (b) 500-2 wax, 1 hour @ 

170°C, (c) 550-2 wax, 1 hour @ 170°C, (d) 450-2 wax, 3 hours @ 170°C, (e) 

500-2 wax, 3 hours @ 170°C, (f) 550-2 wax, 3 hours @ 170°C, (g) 450-2 wax, 6 

hours @ 170°C, (h) 500-2 wax, 6 hours @ 170°C, (i) 550-2 wax, 6 hours @ 

170°C. 
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Appendix G 

Complex viscosity as a function of oscillation (angular) frequency at 20 and 60 

°C. 
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Appendix H 

LAS test at 20 °C and 10 Hz used to obtain the (|𝐺0
∗|) and (𝛿0) of the RTFO+PAV 

aged binders in the undamaged condition.  

 

Appendix I  

Stress versus strain curve from the LAS test conducted at 20 °C. 
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Appendix J 

TS test at 20 °C, 10 Hz and 5% strain used to obtain the (|𝐺𝑁
∗ |) and (𝛿𝑁) of the 

RTFO+PAV aged binders in the damaged condition.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix K 

N50%G*ini values of the binders studied, determined from the TS test. 

 

 

 

 

 

 

 

 

 

 

 

Binder N50%G*ini 

40/60 4,100 

450-6% 10,500 

450-12% 11,850 

500-6% 7,300 

500-12% 13,150 

550-6% 6,400 

550-12% 13,600 

N
50%G*ini
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Appendix L 

Example accumulated shear strain plots (taken from rSpace) from the MSCR test 

performed at 52 °C for the RTFO aged 40/60 binder: a) 0.1 kPa b) 3.2 kPa. 
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Appendix M 

FTIR spectra of the short-term (RTFO) aged control and w-binders, with a focus 

on the C=O (1700 cm-1) and S=O (1030 cm-1) peaks.  
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Appendix N 

FTIR spectra of the long-term (PAV) aged control and w-binders, with a focus on 

the C=O (1700 cm-1) and S=O (1030 cm-1) peaks.  

 

Appendix O 

Optical microscope images of the control and w-binders for evaluation of 

dispersity in the aged (RTFO+PAV) condition: (a) 40/60, (b) 450-6%, (c) 450-

12%, (d) 500-6%, (e) 500-12%, (f) 550-6%, (g) 550-12%. 
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(d). 
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(g). 
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Appendix P 

The resilient strain amplitude (εres) and energy ratio (Eratio) plotted as a function 

of the number of cycles (N) from the ITFT test.  
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Appendix Q 

The strain rate vs. number of load cycles from the RLAT test. 
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