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[bookmark: _Toc133920370]ABSTRACT
The concern for plastic waste and the environmental impact it has along with an ever-growing world has led to the increased production of virgin plastic, this has on a global level influenced the interest in innovative ways to reuse and recycle plastic waste, to prevent it entering our waterways, landfills and incinerators which all have a very detrimental effect on our environment. Plastic is non-biodegradable and production of virgin plastic adds to the depletion of our natural resources.
The United Kingdom exports most of their plastic waste, the goal to end this by 2027 has increased the drive to recycle plastic waste in road construction looking at the effects and feasibility of introducing plastic waste to bitumen and asphalt mixes.
The secondary research conducted provided the environmental impact using recycled plastic as an additive or mix to the various bitumen and asphalt mixes for road construction. The research looked at the different ratios added in comparison to virgin material for performance levels as well as analysis on the wet and dry methods impacts on the environment and plastic recycling processes for road construction.
The review looked at the different types of plastic available and the properties of each polymer and where they are best suited in the application of plastic waste to road construction. The review concluded that using recycled plastic waste in the wet method had a lower environmental impact than the dry method, although using smaller quantities in the dry method would still have a significant impact on lessoning the impact of plastic on our environment and an still yield a significant increase in rate of recycling. 
The secondary research data concluded that the use of recycled plastic waste in civil road construction, had a considerable effect on environmental sustainability while also producing higher performance roads compared to traditional roads.
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[bookmark: _Toc133920371]CHAPTER ONE
[bookmark: _Toc133920372]1.1 Introduction
Plastics are organic molecules formed by extrusion, molding, casting, or spinning and the use of plastics in everyday life will not decrease due to plastics low cost, versatility, light weight, and recyclability. Prior to 1980 very few governments considered plastic recycling. A prediction by 2050 states 50% increase in incineration rates and 44% in recycling while discarded plastic waste will be at 6%. Plastic wastes lack bio-decomposition quality, making them unsuitable for landfilling or combustion. Both processes are environmentally unhealthy and lead to land and air contamination. Recycling plastic helps reduce the impact on the environment and ecosystems, plastic waste will continue to increase with a negative effect on ecosystems and more plastic will be stored on the planet. As a result of this increase in plastic waste and production there have been many studies on how to use plastic waste in asphalt binders as well as concrete paving (Science Direct, 2022).
The world produces 381 million tonnes of plastic waste yearly, this is also predicted to double by 2034 and half of this is single use plastic, and only 9% of that has ever been recycled (Condor Ferries, 2022).
With an ever changing and growing world and a housing shortage along with population growth, the need for housing arises with new and old infrastructure required as well as repairing old roads and paving. The norm is building, creating, and developing with natural resources and other materials that produce some sort of carbon footprint such as concrete, wood, and steel. The question arises as to why not reuse plastic waste that has already been produced (TRVST, 2022)?
When talking about sustainability and avoiding the depletion of our natural resources, it makes sense to try and use a product in construction that will have a low carbon footprint and last for the entire life cycle of the product or building by recycling or reusing (Parson, 2021).
There have been many debates and research on the use of plastic waste in building materials from using a plastic bottle as a brick, adding plastic waste into concrete production as well as constructing infrastructure like roads from plastic waste (Parson, 2021).
A recent article in an online magazine that offers opinion, analysis, reporting and debate on global environmental issues, stated that, paving with plastic could make a dent in the global waste problems we face (Parson, 2021).
The idea of using plastic in road construction is a fairly new research area, there have however been various examples of plastic being used in road construction around the world, some countries that have already put this case study into practice are the UK, Netherlands, Ghana, Ethiopia and South Africa (Sasidharan, et al., 2019). 
[bookmark: _Toc133920373]1.2 Aims 
· The aim of this research is to discover and understand if plastic or plastic waste can be used in the construction of roads in the United Kingdom to reduce plastic waste pollution? 
[bookmark: _Toc133920374]1.3 Objectives
The research will answer the questions below by looking at case studies, and secondary research such as science and academic papers within the United Kingdom and other countries such as India and Australia to determine whether using plastic waste in road construction in the United Kingdom is viable.
1. Defining recycling and the different types of plastic waste produced.
2. Examining the current data on the different methods of adding plastic waste to road construction as well as the environmental impact of using recycled plastic pellets as opposed to virgin polymers. 
3. Analysis of the performance levels of roads constructed with plastic and asphalt and complete a comparison against traditional roads.
4. Would using plastic in road construction reduce the plastic waste problems we currently face?
[bookmark: _Toc133920375]1.4 Summary
With the current issues on climate change and sustainability in the world today, mainly focusing on the construction industry, this research sets out to determine if using plastic in construction is sustainable and the way forward for the future of civils construction.
The conclusion of this research paper will determine if using plastic in road construction, is viable in the United Kingdom to lessen the impact on the environment.
The significance of this research is the fact, we need to ensure in a constantly growing world, construction and other industries become more sustainable for the future, it makes sense to use a product that is not biodegradable and is landing up in landfills and oceans while very little is being recycled would be the way forward. We need to look after our natural resources, and fossil fuels.
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Figure 1 Recycling waste plastic for use in infrastructure like roads (Science Direct, 2021).
Figure 1 taken from a Science Direct research paper represents the process in using plastic for road construction, and the environmental impact using plastic waste can have. 
[bookmark: _Toc133920376]CHAPTER TWO
[bookmark: _Toc133920377]2.1 Methodology
[bookmark: _Toc133920378]2.1.1 Introduction
The aim of this research is to determine if plastic waste can be used in the construction of roads in the United Kingdom to reduce plastic waste pollution? The research briefly looked at how plastic is collected and recycled, in everyday life and what types of plastic are produced, the research looked at science papers on the different methods of adding plastic to road construction. The performance levels were examined with a comparison to traditional road construction. Finally, the research discusses the plastic waste pollution issue and would using the plastic waste in civil construction reduce the current pollution levels and issues we face in the United Kingdom.
[bookmark: _Toc133920379] 2.1.2 Research Approach
To reach the objectives stated, various quantitative and qualitative data had to be collected from several secondary sources, such as academic research papers and science journals this was mainly collected online. This research was interpreted and analysed. Various data was then used to correlate the findings and apply the findings and methods within the United Kingdom. The data clarified if any of the critical data research was applicable to the United Kingdom by comparing the type of plastic waste used in other countries for road construction, the processes, and methods of incorporating that plastic waste into bitumen and asphalt, as well as looking at the type of plastic waste pollution and recycling taking place. Secondary research data was collected from British Plastics Federation, statista and Commons Library to gather statistics and information on the type of plastic that is recycled in the United Kingdom as well as the percentages recycled in the United Kingdom and various other countries. The United Kingdom exports approximately 60% of its plastic waste, with a goal in mind to ban all United Kingdom exports of plastic waste by 2027 (House of Commons Committees, 2022).
It was imperative to understand the use of plastic waste in road construction, as well as the types of plastic most produced and landing up in oceans and or landfills and incinerators. How these plastics are collected, sorted, cleaned, and finally recycled. The data presented the different methods used in recycling plastic waste for road construction, the performance levels as well as the limitations in these methods. There were limitations and variables not considered in this research paper for instance climate in the United Kingdom. Although the United Kingdom has begun to follow the trend and currently there is an existing company that makes use of plastic waste for road construction, it remains extremely new, and the roads may not be old enough to understand the long-term benefits or downfalls. Other factors that needed to be considered was the environmental hazards and impact created by using these methods. Education is key to all including the public as well as those that work within the industry. Regulations would need to be set and followed.
[bookmark: _Toc133920380]2.1.2 Methods of Analysis
Selective data was extracted from science journals such as Science Direct and existing data on plastic waste in road construction internationally already using this method of road construction and correlating it and comparing that data to the current data and reports set out in the United Kingdom. There was a mix of qualitative and quantitative data collected from research papers and journals the data was analysed using a form of triangulation. 
1.Types of plastic
There are seven common basic types of plastic produced:
1) Polyethylene Terephthalate (PET or PETE)
2) High-Density Polyethylene (HDPE)
3) Polyvinyl Chloride (PVC or Vinyl)
4) Low-Density Polyethylene (LDPE)
5) Polypropylene (PP)
6) Polystyrene (PS or Styrofoam)
7) Other
[image: Graphical user interface, application
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Figure 2 The Basic 7 Types Common Types of Plastic (Plastic Oceans, 2021)
2. Methods of Adding Plastic Waste to Road Construction
The secondary data collected looked at the collection, sorting, shredding and palletisation of the plastic waste collected as well as the methods and procedure of adding the plastic waste to the asphalt or bitumen mixes.
The limitations in the collecting and sorting plastic were completed by a study that collected primary data from three Australian companies that specialise in different stages of recycling plastics. The modelling completed on this study was completed on the assumption that all the recycling processes to convert to waste to recycled plastic waste took place within the same recycling facility (Science Direct, 2021).
The two basic methods in the production of adding plastic to asphalt mixes as an additive which is the wet method or the replacement of natural aggregates the dry method. The types of plastic used in the process would determine the method chosen for the mixing processes, as different types of plastic have various melting points. The data that was looked at for the wet method in the science paper titled ‘Recycling waste plastics in roads: A life-cycle assessment study using primary data’ used polyethylene-based (PE) plastics to analyse due to the low melting point of this type of plastic. The dry method used recycled plastic waste as a substitute for natural aggregate higher melting point plastics are used in this method the benefits and limitations were highlighted in the comparison of the methods used (Science Direct, 2021).
3. Performance Levels
This research looked at studies conducted that evaluated the use of a very common and largely available soft plastic - recycled linear low-density polyethylene (R-LLDPE). The research paper conducted tests on the viscosity, softening point, penetration test and penetration index on various plastic-bitumen blends using various plastic % concentration for testing. (Science Direct, 2020). 
4. Reducing carbon footprint and pollution
The data collected was used to determine the potential environmental impacts associated with the production of recycled plastic waste substitute for virgin polymer and compare these to the polymer-modified bitumen. The limitations in this data however were the fact these were completed from a product orientated process and not a process orientated perspective (Science Direct, 2021). 
The data also looked at the carbon footprint when comparing producing virgin plastic versus recycling plastics and the impact on the environment and greenhouse gases, these were also compared between the two mixing methods being the wet versus dry method and the environmental impact each has.
[bookmark: _Toc133920381]2.1.3 Summary
Qualitative and quantitative data collection from secondary sources and research papers were collected to analyse, interpret, and compare the data. By deductive reasoning this paper can determine if plastic waste is viable in civil engineering in the construction of roads and would this method of recycling plastic waste assist in plastic waste pollution the United Kingdom. In conclusion the research looked at the types of plastic produced, recycled and the methods for adding and mixing recycled plastic waste in bitumen/asphalt mixes which methods proved better for the environment and the comparison of performance levels in recycled plastic waste roads to virgin aggregate roads.
[bookmark: _Toc133920382]2.2 Literature Review
[bookmark: _Toc133920383]2.2.1 Recycling Handbook
The definition of recycling is “the environmentally preferred method of solid waste management.” Early humans being the hunter gathers did not require a solid waste management strategy, as humans began to settle permanently within communities with higher concentrations of waste being produced a waste management plan was needed. Recycling occurs for three main reasons: altruistic, economic, and legal (McGraw-Hill, 2001).
Plastics most recovered via community recycling include PET (Polyethylene Terephthalate) and HDPE (High-Density Polyethylene) bottles (McGraw-Hill, 2001).
[bookmark: _Toc133920384]2.2.2 Pyrolysis of Polyolefin plastic waste and potential applications in asphalt road construction: A Technical Review
Plastic is petroleum-based material, that is non-biodegradable and is in high demand, this has led to a depletion of non-renewable fossil fuels, therefor plastic is not sustainable, and the recycling of plastic is still at a very low rate. Pyrolysis could become the strategy used for recycling plastics to products that can be matched with other applications throughout different industries. However, there are limitations in using these plastic waste materials from an environmental and technical perspective. Design from Recycling examines the concept of different application routes for plastic waste (Science Direct, 2022).
Polyethylene makes up 40% of plastic in the plastic waste streams, leaving PO Polyolefin making up the majority of the waste. Valorisation has been thoroughly researched over the years from low grade recycled plastics via thermochemical processes recycling the low grade plastics into petrochemical feedstock. More recently pyrolysis (heating of an organic material in the absence of oxygen) has been used on various scales and presented promising (Science Direct, 2022).
[bookmark: _Toc133920385]2.2.3 Recycling Waste Plastics in Roads: A life-cycle assessment study using primary data.
There are currently two processes of using waste plastic in road construction, either the plastic has been recycled and pellets formed, and it is then added as an additive this is called the wet method, or the dry method of plastic recycling for roads is where it is used as a replacement for natural aggregate. Recent case studies in Australia have been carried out with the results showing that using recycled plastics as a polymer for bitumen as a synthetic aggregate in asphalt can be very advantageous to the environment compared to natural aggregates used (Science Direct, 2021).
[bookmark: _Toc133920386]2.2.4 Could Plastic Roads Make for a Smoother Ride?
India has been a leader in the world constructing roads out of plastic-tar since the early 2000’s. Using plastic in road construction, helps prevent the plastic waste landing up in the oceans, and landfills, early data has shown that using plastic in road construction also increases the life expectancy of the average road. Plastic roads seem to deteriorate slower and have less potholes. The process is not complicated and does not require the use of high-tech equipment. Using plastic in roads also saves tonnes of carbon dioxide by incineration. (Lee, 2021)
[bookmark: _Toc133920387]2.2.5 Plastic Waste in Road Construction for Sustainable Plastic Paving
Some advantages of using plastic waste in road construction would be the reduction in plastic waste. Plastic is extremely durable; it takes hundreds of years for plastic to break down. Using plastic waste would in turn lead to a reduction on our natural resources, the main advantage with plastic is once we have made it, it can be reused there is no need for reproduction of plastic again. Plastic in roads and paving can assist in the prevention of flooding. Plastic paving and roads can remove rainwater, by using hidden channels and direct it to run off areas (TRVST, 2022).
[bookmark: _Toc133920388]2.2.6 Use of Wate Plastics in Road Construction.
A helpdesk report conducted in 2019 for the United Kingdom government by the University of Birmingham, investigated the use of waste plastic in construction of roads what the latest innovations and the possible future of and maintenance.  The idea is a new idea and there are still many tests and studies taking place, laboratory test however showed that 5 – 10% by weight of plastic used in bitumen asphalt mixes produced higher stability, strength, and durability. The limitations of the study are the fact the roads developed using these methods are approximately 10 years old, long-term results cannot be determined (Sasidharan, et al., 2019).
[bookmark: _Toc128820339][bookmark: _Toc133920389]CHAPTER THREE
[bookmark: _Toc128820340][bookmark: _Toc133920390]3.1 Data Analysis
[bookmark: _Toc133920391]3.1.1 Defining recycling and the different types of plastic waste produced.
Recycling is todays preferred method of environmentally friendly method of solid waste management. It occurs due to three basic reasons, altruistic, economic, and legal considerations (McGraw-Hill, 2001). Plastic recycling is a pressing environmental issue the world and the UK faces, in 2021 the UK produced 36kg of plastic waste per person, and only 43.8% is recycled most of the UK’s plastic waste is sent overseas (Botham, 2021). The United Kingdom exports approximately 60% of its plastic waste, with a goal in mind to ban all United Kingdom exports of plastic waste by 2027 (House of Commons Committees, 2022). If the UK is set to meet this goal by 2027 it is vitally important to begin looking at more ways, we can utilise and recycle our plastic waste produced.
PP Polypropylene, High-Density Polyethylene (HDPE), and Low-Density Polyethylene (LDPE) plastic waste make up majority of municipal plastic and have had a recent demand surge due to their versatility in single-use medical applications, mainly due to the COVID-19 pandemic (Science Direct, 2022). Plastic waste have very little elastic properties with low temperature performance, they cannot biodegrade and therefor most plastic is left to be incinerated or landfilled, these are both not environmentally friendly or feasible as it leads to land and air contamination (Science Direct, 2022).
Plastic materials have a broad collection but can be manufactured to have various properties, for example clear, opaque, hard, or soft, stiff, or flexible, brightly coloured, or colourless. The various types of resin can be made to be runny when melted or viscous. This means all plastic can be different at molecular levels and cause them to be incompatible with other types of plastics when they are melted and mixed, like the way in which oil and water separate. This is the reason different types of plastics and different types of grades need to be separated from each other during the recycling process this is especially important if the recycled resin needs to be of high quality with predictable properties for recycling purposes (McGraw-Hill, 2001).
In the UK 86% or plastic packaging is recovered, 75% PET drink bottles are recycled, 49% of plastic packaging is recycled, 81% of post-consumer plastic is recovered, 61% of all plastic bottles are collected for recycling, 37% of plastic is recycled (BPF, 2023). 
Why recycle plastic? Plastic should be regarded as a valuable resource rather than waste. By recycling plastic, we are providing a sustainable resource, reducing the environmental impact such as CO2emissions, minimising the amount of plastic that enters the UK’s landfill sites, it avoids the depletion of natural resources such as our oil reserves, recycling plastic produces less energy than creating virgin polymers, and it creates the right values and human behaviour towards reducing our impact on the environment (BPF, 2023).
[image: Graphical user interface, application

Description automatically generated]
Figure 3 Identifying plastic for recycling (BPF, 2023)
Figure 3 identifies the different types of plastic and what polymer it is. Plastic waste can be recycled in various methods such as mechanically, chemically, or thermally. Chemically recycling plastic by means of breaking down the plastic into monomers or chemically modified which can be used instead of virgin raw materials. Thermally recycling plastic waste is when you heat the plastic waste to melt and then pouring the melted plastic into moulds to create a new plastic product, a study conducted by Faraca and Astrup concluded that characteristics of plastic affected their recycling potential (Science Direct, 2020).
 
Table 1 Sorting, reprocessing, and recycling potentials for individual polymers as a result from the material flow analysis modelling. The column “recycling potential” was calculated as “sorting potential” multiplied by “reprocessing potential” (Faraca & Thomas, 2019).
PET polyethylene, being waterbottles, soft and fizzy drink bottles, pots, tubs oven ready trays and jam jars have the lowest recycling potential. 
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	Plastic composition
	Physical properties
	Possible applications

	HDPE
	Rigid
	Plastic lumber, table, chairs

	LDPE
	Flexible
	Bricks and blocks

	PP
	Hard and Flexible
	Aggregates in asphalt mixture

	PS
	Hard and Brittle
	Insulation materials

	PET
	Hard and Flexible
	Fibres in cementitious composites

	PC
	Hard and Rigid
	Aggregates in cementitious composites


Table 2 Physical properties of plastic materials and purpose (Science Direct, 2020)
Table 2 shows plastic by polymer and what their physical properties are and match that with their possible applications for recycling. 
[bookmark: _Toc133920392]3.1.2 Examining the current data on the different methods of adding plastic waste to road construction as well as the environmental impact of using recycled plastic pellets as opposed to virgin polymers. 
Collection, sorting, shredding and pelletisation to paving.
‘Collection’ in the UK is the first stage of the recycling process, this takes place by collecting from homes, businesses, and schools, it is important that everyone that recycles is correctly sorting their plastic waste prior to collection. This is then taken to a Material Recovery Facility or a Plastic Recovery Facility. From there it can go through various sorting techniques, such as manual picking, trommels, OCC screening, ballistic separator, magnetic separator, and or an optic sorting machine. The plastic is then washed to clean off contaminants, before it is then shredded or grinded (BPF, 2023).
‘Sorting’ A study was conducted in Australia at a state-of-the-art multinational company sorting facility, the sorting facility makes use of the latest sensor sorting equipment, that can sort metal, plastic waste as well as mining material. This state-of-the-art sorting equipment can sort plastic by colour and polymer type, this makes sorting highly efficient (Science Direct, 2021). 
‘Shredding’ a state-of-the-art shredding facility in Australia can process 12 000 tonnes of plastic per year, which can process all plastic waste including PE Polyethylene, and PP Polypropylene among others (Science Direct, 2021).
The study in Australia produced environmental impact scores with the use of recycled plastic pellets with percentage ratios of 0%, 2%, 4%, 6% and 8% against virgin polymers. The limitations of the study conducted and modelled below assumed that all processes would take place in the same facility, while it was true for one of the facilities the study was conducted in, there were two others where they were specialised sorting only facility and specialised shredding only facility. This means that the entire recycling process necessitates the flow of materials between the two types of businesses. To account for this, a scenario analysis was undertaken that takes into consideration the transit of sorted plastic by trucks between two enterprises based on two real transportation distances evaluated using Google Maps: i) 28 km. (Science Direct, 2021). 
‘Pelletisation’ is the process where plastic flakes are fed into hoppers which are then fed into a vacuum reactor via a vacuum sluice into three separated zones, the first zone the plastic flakes are stripped of any moisture, then once it feeds to the second zone the temperature is increased to 190°C while in the third zone moisture content and decontamination takes place. From the third zone it is fed through an extruder where the plastic is melted and pushed through a mesh screen to remove any contaminants this melted plastic material becomes pellets. Results of the environmental impact scores (see Appendix B), results show that the pelletisation process is primarily responsible for the potential environmental impact scores. It accounts for 93% of the total score on average.
Figure 4 an image of what the recycled plastic pellets would look like once recycled and formed to make pellets.
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Figure 4 Recycled plastic pellets HDPE, LDPE, PP, and PS (Science Direct, 2021)
Table 3 represents the environmental impact scores on climate change when using recycled plastic pellets RPP versus virgin polymers namely LDPE, HPDE and SBS at different percentages ie 0%, 2%, 4%, 6%, 8%, in the production of polymer modified bitumen when constructing the paving/road represented in figure 5. In every instance of the study conducted on the life cycle assessment of using plastic in road construction the environmental impact using RPP was less than using virgin polymers. For more results on Acidification, Eutrophication, Ozone Depletion, and Photochemical Oxidation results (see Appendix A) (Science Direct, 2021).
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Table 3– Environmental impact scores associated with the use of recycled plastic pellets (RPP) and virgin polymers – namely LDPE, HDPE and SBS – in the production of PMB according to the road/paving characteristics in figure 5 (Science Direct, 2021)
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Figure 5 Characteristics of a road/paving with which the asphalt surface is produced with recycled plastic pellets (Science Direct, 2021)
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Table 4 Carbon footprint of substituting 1t of virgin PP for 1t Axypoly Recycled Plastic Pellets saves nearly 1200kg of CO2 (BPF, 2023)
Table 4 represents the amount of CO2 that could be saved by a BPF member who substituted 1 tonne of virgin polypropylene (PP) for 1 tonne Axpoly RPP, this equalled to nearly a 1200kg CO2 saving which is equivalent to transporting a lorry from London to Milan (BPF, 2023).
According to British Plastic Foundation if all plastic was to be recycled this could lead to a saving of around 30 – 150 million tonnes of CO2   every year which is equal to closing 8 – 40 coal fired plants globally.
There are two main methods of adding plastic to asphalt paving for road construction. The wet-processed and dry-processed. During the wet-processed the asphalt is modified with plastic waste, and in the dry-processed the plastic waste is used as a substitute for a portion or percentage of agreggate in the asphalt mixes (Science Direct, 2022). Most recent studies on adding plastic to asphalt have focused around PET Polyethylene Terephthalate, HDPE, LDPE, and PP Polyprpylene. This is a reflection of the availability, alternate high value end use variations in the materials performance as well as the compatibility of the plastic waste within the paving practices (Ma, et al., 2022). 
Dry-processed 
The plastic waste in the dry process is used as a substitute for a portion or percentage of the aggregate in the asphalt mixes. Due to this method the size of the plastic particles must be comparable to the aggregate particles and due to the heating process the plastic particles can soften or melt when heating, this makes it challenging in keeping the particles the same size throughout the process. Using plastic flakes collected after drying to substitute plastic particles can reduce recycling costs and plastic addition during the dry-processed method of the asphalt mixing (Science Direct, 2022).
Wet-processed
The plastic waste is added as an addition to the asphalt binders directly before mixing with the aggregates in wet-processed technologies, which is suited for plastic wastes with low melting points such as PS, PP, and LDPE.
The plastic is ground into powder form, this is mixed with the asphalt binders at different percentage rates, this addition of plastic increases the melting point of asphalt binder which in turn causes the road paving to retain flexibility in winter prolonging the life. Table 5 shows the melting points of some plastic waste, only those plastic wastes with a melting point of below 200 °C are considered suitable for wet-processed modification to asphalt binders. (See Appendix C) for a summary of both wet and dry processed technologies and the use in asphalt with a summary of their performance benefits (Science Direct, 2022).
	Plastic composition
	Melting point °C
	Blending point °C

	PET
	250
	-

	HDPE
	132
	180

	PVC
	298
	-

	LDPE
	110
	160

	PP
	162
	190

	PS
	HIGHER THAN 100
	-


Table 5 Melting point of recycled plastics (Science Direct, 2022)
The conclusion of the study using primary data from local processing facilities in Victoria Australia, by using recycled soft plastics for bitumen modification produces a significant benefit to the environment in comparison to virgin polymers. Where the wet method is significantly environmentally friendly even with a small percentage to total asphalt mix, there are less emissions and is more cost effective as well as proven to be efficient in improving the performance levels of bitumen (Science Direct, 2021).
[bookmark: _Toc133920393]3.1.3 Analysis of the performance levels of roads constructed with plastic and asphalt and complete a comparison against traditional roads.
A combination of plastomers used for road construction are polyethylene, polypropylene, ethyl vinyl acetate and ethylene-butyl acrylate or just one of them, with polyethylene being the most effective polymer in asphalt binder modification (Science Direct, 2020).  As an addition in small doses to bitumen for road construction by about 5-10% of the weight of bitumen this increases the stability, strength, and fatigue of the bituminous mixes which in turn leads to an overall improved longevity and performance of the paving and roads (Sasidharan, et al., 2019)
Viscosity 
Viscosity testing Figure 6 a was an important factor in which to analyse bitumen and modified bitumen as a higher viscosity results in a better resistance to permanent deformation in the asphalt mix, although a higher viscosity reduces the workability of the mix (Science Direct, 2020). 
[image: ]Viscosity (Pa.s)

Figure 6 a Viscosity at 135 °C with 3%, 6%, 9% and 12% recycled LLDPE modified bitumen mix (Science Direct, 2020)
Softening point
Softening point of the bitumen mix is increased by the addition of recycled LLDPE as represented in figure 7 b. Although the softening point does not give clear evidence of the long-term effects of the asphalt performance at high temperatures, this does suggest that the addition of recycled LLDPE gives a greater resistance to any deformations both at moderate and high temperature (Science Direct, 2020).
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Figure 7 b Softening point with 3%, 6%, 9% and 12% recycled LLDPE modified bitumen mix (Science Direct, 2020
Penetration test
This is the most experiential tests conducted on bitumen and polymer-modified bitumen, as shown in figure 8 c, it denotes consistency and is empirically linked to the binder’s flow and deformation characteristics of the bitumen. The penetration value of the polymer-modified bitumen was greatly reduced. Thus, suggests that the fluidity is decreased while the high temperature consistency of the modified bitumen is increased. With higher loading of recycled plastic(R-LLDPE) % added it was as expected, indicating the binder becomes hard and consistent, this in turn results in better resistance against rutting  (Science Direct, 2020).
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Figure 8 c Penetration with 3%, 6%, 9% and 12% recycled LLDPE modified bitumen mix (Science Direct, 202
Penetration Index
The standard penetration index figure 9 d for bitumen ranges from -2 to 2. The penetration index is a quantitative measurement of the response to change in temperature. This experiential formula for the penetration index of bitumen is a correlation between the softening point and penetration this is used to signify the thermos-susceptibility of bitumen. Lower PI suggest that the bitumen changes quicker when subjected to temperature changes, therefor making it more thermo-susceptible. Knowing this information about bitumen or polymer-modified bitumen mixes enables the prediction of their thermal susceptibility within road construction.
Generally, binders with low penetration index Figure 6 a viscosity at 135 C, Figure 7 b softening point, Figure 8 c penetration and Figure 9 d penetration index (PI) of base bitumen and R-LLDPE modified bitumen at different concentrations of RLLDPE value (i.e. less than 2) are called soft binders and are suitable for application in cold climates whereas binders having high penetration index (i.e. more than 2) are called hard (or semi-oxidised) binders and their use is preferred in warm climate (Science Direct, 2020).
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Figure 9 d Penetration Index with 3%, 6%, 9% and 12% recycled LLDPE modified bitumen mix (Science Direct, 2020)
According to studies, hybrid roads have much less wear and tear than standard roads. This is because the plastic provides a little amount of elasticity to the road surface, preventing cracking, which eventually leads to potholes. Water runoff is also improved, and water entering asphalt cracks is another cause of road failure. As a result, plastic roads require less care and last longer. Because road construction is an energy and resource demanding industry, the emissions savings are greatly multiplied (Williams, 2022).
[bookmark: _Toc133920394]3.1.4 Would using plastic in road construction reduce the plastic waste problems we currently face?
Using recycled plastic in road constructions is a simple process that requires very little high-tech machinery, and many different types of plastic can be used in polymer modified bitumen mixes (Lee, 2021). Using plastic waste in road construction is beneficial as it reduces the plastic waste, which ends up in waterways by incorporating plastic waste into roadways we reduce the amount being discarded (TRVST, 2022). Plastics alongside steel, aluminium and cement have been identified as the material most promising to reduce carbon footprint in Europe (Science Direct, 2019). 
The utilisation of plastic waste for construction applications in the engineering industry has a significant potential for reducing global ecological contamination and pollution (Ogundairo, et al., 2021).
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Table 6 Consumption projection in 2018 and 2030 (Elliot & Elliot, 2018)
Table 8 indicates that the consumption of plastic is set to increase overall and the overall change in % of waste in this 12-year period in the UK (Elliot & Elliot, 2018).
MacRebur, the company to lay the first UK plastic road in Scotland in 2019 and constructed plastic roads from Slovakia to South Africa (Lee, 2021) have demonstrated that their plastic road product while still in the early stages, can reduce the amount of plastic in the environment by 80, 000 plastic bottles per ton of mix (Lilian, 2023).
The United Kingdom government has provided £23 million for trials on research for new surface materials or pothole repair techniques this research extends to using plastic in road construction in Cumbria (Department of Transport, 2019) this research aims to also produce guidance document for the specification and design of plastic asphalt (Sasidharan, et al., 2019).
According to Department of Environment, Food & Rural Affairs (DEFRA), “The only way to achieve a significant reduction in the flow of plastic into the environment is by taking action across the whole lifecycle of plastic, reducing our consumption of plastic, re-using plastic products and improving waste management systems.” (DEFRA, 2022).
[bookmark: _Toc132799135][bookmark: _Toc133920395]CHAPTER FOUR
[bookmark: _Toc132799136][bookmark: _Toc133920396]4.1 Results, Challenges, & Reflection
4.1.1 Results
When opposed to using virgin polymers, recycling soft plastics as a polymer for bitumen modification provides significant environmental benefits, with the wet method being environmentally friendly even with a small percentage of recycled plastic waste to the total asphalt mix. It has proven that there are fewer carbon emissions and cost effective. While recycling hard plastic in aggregate replacement asphalt mixes has only shown to have minor environmental benefits, the use at a lower percentage could dramatically boost recycling rates  (Science Direct, 2021). 
The addition of recycled plastics to bitumen has suggested by tests that it improves and enhances the overall performance of the binder (Science Direct, 2020). Adding plastic to road construction improves the overall elasticity and flexibility of the road, Vasudevan’s first plastic road has shown no signs of potholes after 10 years (Lee, 2021). 
The concentration of R-LLDPE enhanced the viscosity, softening point, and penetration index while decreasing the penetration value (Science Direct, 2020).
4.1.2 Challenges in the United Kingdom
The various challenges set out for the introduction of plastic waste in road construction in the United Kingdom were brought forward in the Helpdesk Report ‘Using waste plastics in road construction’.  Such as leaching of toxic components during the cleaning processes and during the road construction phase there is a generation of a hazardous chlorine-based gas. 
The use of recycled plastic in road construction is all based on a good system of collecting sorting, and cleaning of high-quality plastics. 
Mandatory training and methods of handling for construction workers to provide understanding and methods of handling as well as for the contractors, and engineers involved in plastic waste management and the use of recycled polymers in road construction. 
A suitable regulatory framework for the use of waste plastics in civil engineering for plastic road construction, structured on evidence-based criteria, is required to create both the legal and technological foundations for the use of this technology (Sasidharan, et al., 2019)
4.1.3 Reflection
The topic of plastic waste and the recycling and reuse of plastic within construction is a very interesting and serious topic. The huge problem the world faces and not just the United Kingdom with regards to plastic waste as well as the plastic waste that makes its way into our oceans and wildlife polluting and destroying our planet is a very important subject and an issue that needs a lot of research and solutions to ensure we are handling the plastic the correct way and that it will not just push the problem further down the line.
It has also taught me that finding secondary research is a difficult task when you are specifically looking for a certain aspect or piece of evidence to back up or present within your findings, the reading and understanding of the data is not as simple as it may seem and can take more time than actually putting it together to try make it make sense to yourself and the reader. Great thought needs to go into the subject matter as well as how you will find your research and the presentation of it. I would look to improve the thought process in the subject matter, this has given me a challenge and questioned by capabilities on a personal level. On a professional level this has influenced my thoughts on how important sustainability and recyclability is within the construction industry.
There was a lot of frustration on achieving what I had in mind, reading and rereading so much data was challenging learning how to put together a professional report was enjoyable and I like organised and structured documents so learning to put a research document together was a success I enjoyed, I wouldn’t consider any challenges or failurs as failures, as everything is a learning curve. There was an adjustment of how to introduce, put information together, and the steps taken felt a little back to front, which makes sense in the end, once completed. 
I wouldn’t change the way I did anything while putting this assignment together, however if I had the time and resources to put more primary research into the paper, I would have done that differently, I think physically doing the tests and experiments would have shed a completely different understanding and light on the subject matter and given more of a complete understanding. It would have made the research a bit more exciting being hands on, but I thoroughly enjoyed doing the research with a subject that is new where there is so many different types of studies done on it that are quite fresh and adjusting with the times, we are living in such as the ever-growing population causing a knock on of ever-growing issues, such as the plastic production. It has always frightened me the way the world seems to produce and produce plastic with no consideration to the environment, and the pollution we create a simple thing like not littering can have a huge impact and make a dent in how we deal with our plastic waste after we discard of it.
This has strengthened my ambition.
[bookmark: _Toc132799137][bookmark: _Toc133920397]CHAPTER FIVE
[bookmark: _Toc132799138][bookmark: _Toc133920398]5.1 Conclusions
Although this is a new technology and there is still a lot of research that needs to be conducted in order to gain a better understanding of the long term effects of using recycled plastic in road construction, with regards to any leaching of chemicals into the environment and microplastics entering the environment as well as the long term performance levels of the plastic road, there is clear evidence that it is possible in using recycled plastics to enhance road performance and deal with the issue of plastic recycling and waste.
The research to date has shown that very little cost set up with regards to machinery and technology involved in adding recycled plastic to asphalt and bitumen mixes. The process of collecting plastic, sorting, cleaning shredding and pelletisation needs to be refined to ensure high quality polymers are used and that society are playing their part in the process. 
All the research conducted on the mixing or addition of recycled plastics, have proven it only enhances the road, and the mixing is a simple process of either using a wet method of where plastic waste is added as an addition to the asphalt binders before mixing with the aggregates or the dry method where the recycled plastic is used as a substitute for a portion or percentage of the aggregate in the asphalt mixes. 
Many different types of plastics are suitable to be used in the asphalt or bitumen mixes for road construction, research has shown that it drastically reduces the carbon footprint to use recycled plastic rather than using virgin polymers which have greater CO2   emissions in production and avoid depletion of our natural resources. By avoiding sending these plastics to landfills, incinerators or exporting the plastic we are ensuring we look after our environment by not polluting air and land.
The use of plastic waste in civil engineering has the capability to reduce pollution in the United Kingdom and keep plastic out of our environment as well as enhance the performance levels of our roads.
[bookmark: _Toc133920399]Appendix
[bookmark: _Toc133920400]Appendix A
Results on a life-cycle assessment study using primary data on the environmental impacts on using recycled plastic waste as opposed to virgin polymers in polymer bitumen mixes.
(Key: VirBit – virgin bitumen; SBS- styrene butadiene styrene; LDPE- low-density polyethylene; HDPE- high-density polyethylene; RPP- recycled plastic pallets)
[image: A screenshot of a computer

Description automatically generated with medium confidence]


[image: ]








[bookmark: _Toc133920401]Appendix B
Impact processing scores.
(Key: Ac- acidification; Eu- eutrophication; CC- climate change; OD- ozone layer depletion; PO- photochemical oxidation).
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[bookmark: _Toc133920402]Appendix C
Summary of plastic waste that can be recycled using the WET process technologies along with their performance benefits.
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Comparison of sorting, reprocessing and recycling potential

PP	Sorting potential	Reprocessing potential	Recycling Potential	0.86	0.79	0.68	HDPE	Sorting potential	Reprocessing potential	Recycling Potential	0.84	0.73	0.61	PVC	Sorting potential	Reprocessing potential	Recycling Potential	0.94	0.56000000000000005	0.53	PS	Sorting potential	Reprocessing potential	Recycling Potential	0.72	0.79	0.56999999999999995	PET	Sorting potential	Reprocessing potential	Recycling Potential	0.5	0.8	0.4	
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The research analysis on the actual mix of plastic-bitumen blends has adopted various studies, testing and

experiments conducted testing the viscosity, softening point, penetration test and penetration index these plastic-
bitumen blends used various % of plastic concentration for testing.
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There are seven common basic types of plastic produced:

1) Polyethylene Terephthalate (PET or PETE)
2) High-Density Polyethylene (HDPE)

3) Polyvinyl Chloride (PVC or Vinyl)

4) Low-Density Polyethylene (LDPE)

5) Polypropylene (PP)

6) Polystyrene (PS or Styrofoam)

7) Other
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Defining recycling and the different types of plastic waste produced.

Examining the current data on the different methods of adding plastic waste to road construction.

Analysis of the performance levels of roads constructed with plastic and asphalt and complete a comparison
against traditional roads.

Would using plastic in road construction reduce the plastic waste problems we currently face?
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Tod Hardin is the Chief Operating Officer of Plastic Oceans International. He is also a
filmmaker, a longtime communications professional, and has worked in a variety of
industries, from casinos and entertainment, to nonprofits, broadcasting, politics, events
and the fast-paced landscape of Silicon Valley's tech world.
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R P S d 3‘) PVC  polyvinyl chloride e s Y
seat coverings, fashion and footwear, packaging, cling film, credit cards, synthetic leather and
Why recycle plastic? Plastic should be regarded as a valuable resource rather than waste. By recycling plastic, we are v other coated fabrics.
providing a sustainable resource, reducing the environmental impact such as Co2 emissions, minimising the amount
of plastic that enters the UK’s landfill sites, it avoids the depletion of natural resources such as our ol reserves,
recycling plastic produces less energy than creating virgin polymers, and it creates the right values and human ‘) Lope oW density Squeeze bottles, toys, carrier bags, high frequency insulation, chemical tank linings, heavy duty
behaviour towards reducing our impact on the environment (BPF, 2023). Lu:ps polyethylene sacks, general packaging gas and water pipes
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6 Closed loop and open loop recycling
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‘The study in Australia produced environmental impact scores with the use of recycled plastic pellets with percentage
ratios of 0%, 2%, 4%, 6% and 8% against virgin polymers, The limitations of the study conducted and modelled below
assumed that all processes would take place in the same facility, while it was true for one of the facilities the study
‘was conducted in, there were two others where they were specialised sorting only facility and specialised shredding
only facility. This means that the entire recycling process necessitates the flow of materials between the two types of
businesses. To account for this, a scenario analysis was undertaken that takes into consideration the transit of sorted
plastic by trucks between two enterprises based on two real transportation distances evaluated using Google Maps:
1) 28 km (Science Direct, 2021).
37903

“Pelletisation’ is the process where plastic flzkes are fed into hoppers which are then fed into a vacuum reactor via a
vacuum sluice into three separated zones, the first zone the plastic flakes are stripped of any moisture, then once it
feeds to the second zone the temperature is increased to 190°C while in the third zone moisture content and
decontamination takes place. From the third zone it s fed through an extruder where the plastic is melted and

[ pushed through a mesh screen to remove any contaminants this melted plastic material becomes pelets.
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Below is an image of what the recycled plastic pellets would look like once recycled and formed to make pellets.
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On the sustainable use of recycled plastics in flexible asphalt pavements L . )
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‘well before the surface temperaure ofthe pavement had reached the 211, Raw materials
low temperature Superpave rade for ther respecive binders. The  Recycled plastic pellts were obtained from o southern Ontaro
Sradesafe thee days of conditioning were found 10 be 8 much more  supplies (Pos Plastcs ocaed n Aax, Ontario, and EFS Plasic located
Sccurste indicator of e performance. By the time the contract was in Listowel, Ontari). They are HDPE, LDPE, PP, and PS as shown in
Seconsructed ate only szound 10 yers of service, section  made with “The chemical structre of the four ecycied plastc s hown in
& superior qualiy binder from Lioydminser modifed with  small and thei physical propertis are listed in
“mount of SBS poiymer showed ltle to no distress whie allother six | Asphalt binders were btaned from various soures n Alberta and
ctions had cracked excessively and prematurey Ontario and were heted . viscousoil-ike consistency and mixed with
In summary, experence in Ontaro and cliewhere in Canada has  therecycld plastic peles under high shea using an KA Ulra-Turrax
750 laboratory homogenizer Fis, the asphalt binder was heated in
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3.1.2 Examining the current data on the different methods of adding plastic waste to road
Collection, sorting, and shredding

“Collection’ in the UK is the first stage of the recycling process, this takes place by collecting from homes, businesses,
and schools, it is important that everyone that recycles is correctly sorting their plastic waste prior to collection. This
is then taken to a Material Recovery Facility or a Plastic Recovery Facility. From there it can go through various
sorting techniques, such as manual picking, trommels, OCC screening, ballistic separator, magnetic separator, and or
an optic sorting machine. The plastic is then washed to clean off contaminants, before it is then shredded or grinded
(BPF, 2023).

nstruction.

“Sorting’ A study was conducted in Australia at a state-of-the-art multinational company sorting facility, the sorting
facility makes use of the latest sensor sorting equipment, that can sort metal, plastic waste as well as mining
material. This state-of-the-art sorting equipment can sort plastic by colour and polymer type, this makes sorting

Ana highly efficient (science Direct, 2021).

Autodesk
Desktop App L

“Shredding’ a state-of-the-art shredding facility in Australia can process 12 000 tonnes of plastic per year, which can
process all plastic waste including PE Polyethylene, and PP Polypropylene among others (Science Direct, 2021),

“The study in Australia produced environmental impact scores with the use of recycled plastic pellets with percentage
ratios of 0%, 2%, 4%, 6% and 8% against virgin polymers.

There are two main methods of adding plastic to asphalt paving for road construction. The wet-processed and dry-
processed. During the wet-processed the asphalt is modified with plastic waste, and in the dry-processed the plastic
waste is used as a substitute for a portion or percentage of agreggate in the asphalt mixes (Science Direct, 2022).
Most recent studies on adding plastic to asphalt have focused around PET Polyethylene Terephthalate, HDPE, LDPE,
and PP Polyprpylene. This is a reflection of the availability, alternate high value end use variations in the materials
performance as well as the compatibility of the plastic waste within the paving practices (Ma, et al, 2022).

Dry-processed
The plastic waste in the dry process is used as a substitute for a portion or percentage of the aggregate in the asphalt
mixes. Due to this method the size of the plastic particles must be comparable to the agaregate particles and due to
the heating process the plastic particles can soften or melt when heating, this makes it challenging in keeping the

1
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Fig.4. - Environmental impact scores associated with the use of recycled plastic pellets (RPP) and virgin polymers ~ namely LDPE, HDPE and SBS ~ in the production of PMB according to
various polymer content (i. 0% 2%, 4%, 6% and 8%), as a result of their application in the construction of the surface layer of a road pavement section with the characteristics presented in
Table 1. (Key: VirBit - virgin bitumen; SBS- styrene butadiene styrene

DPE- low-density polyethylene; HDPE- high-density polyethylene; RPP- recycled plastic pallets)
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quarry in asphalt mixes at various replacement contents (i.e., 0%,
2.5%, 5% 10% and 20% quarry aggregate replacement), in which the
potential environmental impacts related to the avoided consump-
tion of virgin aggregates are credited to the system under study.

Table 1

plastic arrived at the materials recovery facility (MRF) until the moment
the RPP were made available for use in PMB (wet method) and PMA
‘mixes (dry method). This excludes the collection phase (i.e. kerbside
collection) and the transport between collection points and the MRF.

Characteristics of the road pavement section in which the asphalt surface layer is made using PMB produced with different RPP contents (ie. 0% 2%, 4%, 6% and 8).

Item Value Unit

Note

Lane width 35 m
Road length 1000

“standard lane width in Australia

Density of compacted asphalt mixture 2450 kg/m*

“common value for resurfacing works in Australia

“typical density of asphalt surface mixture
Mass of asphalt mix 343 tonnes -

Approx. 5% by mass of asphalt
For polymer content ranging between 0 and 8% by mass of bitumen
Aggregate replacement ranging from 0 to 20% by mass of virgin aggregates

Mass of polymer 0-137 tonnes

Mass of aggregate replacement 0-65.17 tonnes
17000

% Asphalt surface layer thickness 004 m
3 3+ 23000 ieoLe 3 2077374 21067.02 Asphalt surface layer volume 140 m?
Autodesk > 2
21000 2045046
Mass of bitumen 17.15 tonnes
19000

15000

ding to the road/paving chara
There are two main methods of adding plastic to asphalt paving for road construction. The wet-processed and dry-
processed. During the wet-processed the asphalt is modified with plastic waste, and in the dry-processed the plastic
waste is used as a substitute for a portion or percentage of agreggate in the asphalt mixes (Science Direct, 2022). J. Santos et ./ Science of the Total Environment 751 (2021) 141842
Most recent studies on adding plastic to asphalt have focused around PET Polyethylene Terephthalate, HDPE, LDPE,
and PP Polyprpylene. This is a reflection of the availability, alternate high value end use variations in the materials

Table 2
performance as well as the compatibility of the plastic waste within the paving practices (Ma, et al, 2022). Mass of the components making up the recycled PMB alternatives and PMA mixes with waste plastics

Item Polymer (wet method)
The plastic waste in the dry process is used as a substitute for a portion or percentage of the aggregate in the asphalt = P
mixes. Due to this method the size of the plastic particles must be comparable to the agaregate particles and due to

the heating process the plastic particles can soften or melt when heating, this makes it challenging in keeping the 'WET Method

Management

Virgin thermoplastic elastomers (i.e. SBS) (tonnes) 0 0343

Revizto s

particles the same size throughout the process. Using plastic flakes collected after drying to substitute plastic
particles can reduce recycling costs and plastic addition during the dry-processed method of the asphalt mixing
(science Direct, 2022).
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Figure 4 Charocteristics of a road/paving with which the asphalt surfaceis produced wit recyc

Appro. 5% by mass o aphalt

plastic peliets (Scence Direct, 2021)

There are two main methods of adding plastic to asphalt paving for road construction. The wet-processed and dry-

processed. During the wet-processed the asphalt is modified with plastic waste, and in the dry-processed the plastic

waste is used as a substitute for a portion or percentage of agreggate in the asphalt mixes (Science Direct, 2022).

Most recent studies on adding plastic to asphalt have focused around PET Polyethylene Terephthalate, HDPE, LDPE,

and PP Polyprpylene. This is a reflection of the availability, alternate high value end use variations in the materials
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« Provides a sustainable source of raw materials to the industry
« Greatly reduces the environmental (especially the CO2) impact of plastic-rich products
« Minimises the amount of plastic being sent to the UK's landfil ites

« Avoids the consumption of the Earth's oil stocks

« Consumes less energy than producing new, virgin polymers

« Embeds the right values and behaviour to reduce human impact on the environment

plastic ver plants globally [13].

& recycled it would save 30 - 150 million tonns of Co2 each year which is equivalent to closing between 8 and 40 coa

1kg PP 1 kg ABS 1 kg HIPS

-

1.00

0.50

CO, emission per kg produced
o

0.00

MRecycled from ASR [l Virgin

BPF Member, Axion Polymers, analysed its carbon footprint. It found that substituting one tonne of virgin polypropylene (PF) for one
tonne of PP would save nearly 1200 kg CO2, which is the equivalent to transport ial from London to Milan in a
ithough this data is spedific to Axion Pol rocess, other methods wi
for other material recycled by Axion.

xpol

standard lorry. show similar benefits. The graph to the right

shows the savings
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asphalt mix, there are less emissions and is more cost effective as well as proven to be efficient in improving the
performance levels of bitumen (Science Direct, 2021).

c and asphalt and compl
comparison against traditional roads.
A combination of plastomers used for road construction are polyethylene, polypropylene, ethyl vinyl acetate and
ethylene-butyl acrylate or just one of them, with polyethylene being the most effective polymer in asphalt binder
modification (Science Direct, 2020). As an addition in small doses to bitumen for road construction by about 5-10%
of the weight of bitumen this increases the stability, strength, and fatigue of the bituminous mixes which in turn
leads to an over all improved longevity and performance of the paving and roads (sasidharan, et al., 2019),

Viscosity testing was an important factor in which to analyse bitumen and modified bitumen s a higher viscosity
results in a better resistance to permanent deformation in the asphalt mix, although a higher viscosity reduces the
‘workability of the mix (Science Direct, 2020).
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Penetration index Penetration index (P1) s 2 quantitative measurement of the bitumen response to temperature
change. The empirical formula for the penetration index builds on the inverse correlation between penetration and 4o
softening point and it is commonly used to identify the thermo-susceptibility of a bitumen. A lower penetration
index is indicative of a bitumen that changes its behaviour faster when subjected to a temperature change (L. more 2
thestudentroom.co.uk g
thermo-susceptible). Although based on the empirical assumption that bitumen has a penetration of 800 (0.1 mm) at g5
the softening point temperature, the use of PI/penatration/softening point i still very common in many countries. forums.moneysavingexp F
By knowing the penetration index of bitumen or modified bitumen, it is possible to predict their thermal- thestudentroom.co.uk z
susceptibilityin road applications. Generally, binders with low penetration index Fig. 3. (a) Viscosity at 135 EC, (b)
Softening point, (c) penetration and (d) penetration index (P1) of base bitumen and R-LLDPE modified bitumen at gov.uk £
different concentrations of RLLDPE value (1. less than 2) are called soft binders and are suitable for application in studentfinancehelp.org.uk i
cold climates whereas binders having high penetration index (i.e. more than 2) are called hard (or semi-oxidised) 3|
binders and their use is preferred in warm climate. Standard bitumen is commonly between -2 and 2 whereas SBS-
modified bitumen exhibits Pl values greater than 2.
0
dent-finance-payment +
just follow these steps: Signir
gin. Click ‘Undergraduate a4
bn/1151685 +
locked, they have said this s because )
B o number! Bitumen RLLDPE3%  RLLDPE4%  RLLDPE9%  R-LLDPE-12% Bitumen RLLDPE-3%  RLLDPE-6% RLLDPE-12%
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Using recycled plastic in road constructions is a simple process that requires very little high-tech machinery, and
F many different types of plastic can be used in polymer modified bitumen mixes (Lee, 2021). Using plastic waste in
P +oad construction s beneficral s i recuce th plasicwaste,which ends p i iateriays by ncorporating plati Figure 3: Projocted Gonsumption in 2018 and 2030
Re waste into roadways we reduce the amount being discarded (TRVST, 2022). Plastics alongside steel, aluminium and
E| cement have been identified as the material most promising to reduce carbon footprint in Europe.
2019).
a1 47
The utilisation of plastic waste for construction applications in the engineering industry has a significant potential for
a reducing fbal ecologicl contaminaton nd pltion (Ogundaio, e l 2021 I z
Rel
Desf
! Language [oetaut 2030 =% ncrease
A orporate Author [Scence Direct 23 Recycling Rates and other Waste Management
T [yt of ool plastc waste and patentiat appktions n spatt Routes
e Most types of single use plastic products are not easily recyclable. The overall UK
| rges [1-6 recycling rate for single use plastic products for 2018 (based on projections from the
i Votume (180 latest year of data -~ 2016) s estimated at 29%, the majority of this recycling is from
1 drinks bottles, however, which have a 56% recycling rate. Stirrers and food containers
) show have recycling rates of less than 10%, while all other product types are rarely recycled,
| 4 I9g name. with recycling rates of less than 1%.
L Recycling rates are unlikely to increase by much in the future. The projected rate for
fo 2030 s 37%, an increase of only 8% in 12 years. The main driver of this change is the
Ve proposed revisions to the Packaging and Packaging Waste Directive, which set a 5%
\ plastic packaging recycling target by 2025. This policy is expected to mainly impact the
§ - recycling of larger SUP items, such as bottles and food containers. The projections used
g CHAPTER FOUR here assume that the UK will achieve a 70% recycling rate in 2030 for plastic bottles,
R 4.1 Results & Findings similar to the maximum recycling rate found in countries without a deposit return
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the mixing is a simple process of either using a wet method of where plastic waste is added as an addition to the
asphalt binders before mixing with the aggregates or the dry method where the recycled plastic is used as a
substitute for a portion or percentage of the aggregate in the asphalt mixes.
Many different types of plastics are suitable to be used in the asphalt or bitumen mixes for road construction,
research has shown that it drastically reduces the carbon footprint to use recycled plastic rather than using vi
polymers which have greater CO, emissions in production and avoid depletion of our natural resources. By avoiding
sending these plastics to landiils, incinerators or exporting the plasti look after our
environment by not polluting air and land.
The use of plastic waste in civil engineering has the capability to reduce pollution in the United Kingdom and keep
plastic out of our environment as well as enhance the performance levels of our roads.
some information
[Accessed 31 October 2022].
Enfrin, M. & Guistozzi, F., 2022. Wiley Online Library. [Online]
Available at: https://onlinelibrary.wiley.com/doi/full/10.1002/51.6405
[Accessed 11 November 20221
Government, United Kingdom, 2015. Gov.UK. [Online]
Available at: https:
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‘Table 2 — Summary of waste plastics that can be recycled in asphalt using wet process technologies.

Plastic type
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Performance benefit

‘Waste polyethylene terephthalate (PET)
( ;

Recycled polyethylene (RPE) (
)

‘Waste polyethylene (WPE) (
Waste low-density polyethylene (LDPE)
( ;
)

‘Waste polyethylene (PE) (
3 )

‘Waste polypropylene (PP) ( :

)

Waste high-density polyethylene (HDPE)
)

Polyurethane (PU) (:

Acrylonitrile butadiene styrene (ABS) (
)
Poly(-methylmethacrylate) (PMMA)/
aluminiumtrihydroxide (ATH)
1)
‘Waste package PVC and OMMT (
)

4 b)

« Extended fatigue life

« Enhanced elasticity and recovery properties

« Increased the stiffness level of the mixture

« Improved resistance against permanent deformation

« Increased resilient modulus values of mixtures

« Increased rutting resistance

« Improved intermediate and high in-service temperature properties

« Thermal susceptibility and mechanical glass transition temperature
were improved

« Improved thermal stability

« Improved Marshall stability (strength)

« Improved Marshall quotient value (i, resistance to rutting)

« Improved indirect tensile strength (ITS)

« Improved shear resistance in medium to high temperatures

« Improvement in resistance to deformation

 Reduced the temperature susceptibility of asphalt

« Increased the stiffness and modulus of rupture values of the asphalt
‘mixtures at low temperature (10 °C)

« Improved resistance to rutting, fatigue, and moisture damage

« Less susceptibility to aging resistance and temperature, and
degradation

« Improved shear resistance in medium to high temperatures

« Improvements in resistance to deformation

« Improved binder performance viscosity (stiffness)

« Decreased the temperature susceptibiity of asphalt

« Increased Marshall stability, Marshall stiffness, and density

« Improved shear resistance in medium to high temperatures

« Provided better resistance against permanent deformations

« Increased the stiffness and modulus of rupture values of the asphalt
‘mixtures at low temperature (10 °C)

« Increased resilient modulus values at high (25 °C) temperatures

 Reduced the temperature susceptibility of asphalt

« Lowered indentation of the binder so it can be used for heavy.-traffic
roads

« Increased the rutting resistance

« Increased road pavement durability

« Improved rutting resistance

« Decreased moisture susceptibility

« improved low- and high-temperature properties/stability of the
‘modified asphalt

« Improved dispersion of PVC
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‘The limitations in the collecting and sorting plastic were completed by a study that collected primary data from three
Australian companies that specialise in different stages of recycling plastics. The modelling completed on this study

‘was completed on the assumption that all the recycling processes to convert to waste to recycled plastic waste took
place within the same recycling facility (Science Direct, 2021).
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3.1.3 Analysis of the performance levels of roads constructed with plastic and asphalt and complets
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Table 3 — Summary of waste plastics that can be recycled in asphalt using dry process technologies

Plastic type Performance benefit
‘Waste polyethylene terephthalate (PET) « Improved resistance against moisture damage
(Lugeiyamu et ) « Increased fatigue life

Cross linked polyethylene (PEX) waste

(Costact )
Recycled polyethylene (R7E)
(Angelone et al, 20165)

Waste low-density polyethylene (LDPE)
« et )

« Improved dynamic modulus at low to medium
temperatures and high loading frequency

« Improved the ability of permanent deformation

« Reduced the density of the mixtures

« Increased stability and the flow of the mixtures

« Increased the fracture energy

« Satisfied the requirements relating to the moisture susceptibility

« Improved the ability of permanent deformation

« Fair moisture susceptibility

« Acceptable workability

« Better resistance to traffic-compaction

« Higher stiffness

« Higher rutting resistance

« Slightly lower fatigue resistance

flows than the control mixture. The indirect tensile strength
and moisture susceptibility results for mixtures by wet
processes were comparable to the control mix. Moreover, at
high temperatures, the wet process mixtures were stiffer
than the control mixture and more resistant to the
development of permanent deformations. In another study,
the performance of asphalt surface mixtures was
investigated using high-density polyethylene (HDPE) and
ethylene-vinyl acetate (EVA) by dry and wet processes
(Ranieri ¢ 2017). The water sensitivity for the mixture
with EVA was comparable to the control mixture; however,
this parameter for HDPE showed the lowest value, equal to
65%, in the wet process. The indirect tensile strength for
EVA and HDPE by the wet process was lower than that of the
control mix but higher than that of mixtures by the dry
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performance of e-waste modified asphalt binders. Peroxide
and hydroperoxide initiators such as cumene hydroperoxide
(CHP) decompose to produce alkoxy (RO) and hydroxy (HO)
radicals, as shown in Fig. 2(a), that can go on to abstract a
labile hydrogen (refers to as H) from the plastic and the
asphalt, thereby producing a new radical, as shown in

ig. 2(b). These new radicals can then couple, giving covalent
bonding between the additive and the binder to promote
interfacial adhesion and between different parts of the
asphalt itself to enhance branching. Fig. 2(c) shows how a
new radical (RO) produced an abstract as H, leading to a
reactive radical on a polymer backbone. Here, a styrene unit
in ABS or SBS with the labile H atom, which is shown in bold
or labile hydrogen on hydrocarbon components commonly
present in bituminous asphalt, leads to new reactive
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