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DISSERTATION 
An evaluation of the impacts of using recycled plastic waste for road construction in the United Kingdom.










[bookmark: _Toc183596590]ABSTRACT
Understanding whether the use of plastic waste in civils construction will be beneficial to use to improve the roads performance levels and reduce plastic waste pollution and virgin polymer production. Most of the plastic waste in the United Kingdom is exported with a goal to end this by 2027. Various laboratory testing was conducted in scientific papers and journals. There are many challenges regarding plastic waste and one of the most promising prospects is the use of these recycled plastic waste that would land up in landfills, oceans and incinerators in the construction of roads. PP and HDPE has the highest sorting, reprocessing and recycling potential overall. 
The studies and the secondary research collected and analysed, shows that the incorporation of plastic waste into asphalt whether via the dry method or wet method is environmentally beneficial over virgin mixes and virgin polymer production. Results and the research proved that a bituminous mix with 6 – 8% was the most durable and highest performance levels reached.  The wet method is more environmentally friendly compared to the dry method, this was proven to be more cost efficient and less carbon emissions versus the dry method.
Tests carried out such as the marshal stability test, results showed with both methods the dry and wet an 8% mix had the best results and that the tests under wet conditions showed lower degradation. Reduction in air pockets during the stripping test and retained strength in the strength tests were shown. 
A primary research questionnaire carried out anonymously, results showed that people are willing and wanting to assist with the plastic pollution and recycling issues within the UK, however a better understanding needs to be presented by government and authorities, which includes one system for all. 
Sustainability is the focus of the construction industry, therefor this is important research to consider, as this will be a move forward towards sustainability. However, the environmental impacts of using plastic in roads still need further studies with regards to plastic leaching and chemicals produced during production and the laying of the roads. Although these hold significant results in the improvement of asphalt and bitumen mixes as well as monetary savings in the long run, it is vital that the importance of the environmental impacts, as well as quality control measures and long-term health affects as well as the microplastic leaching is considered and the limitations and consequences they all hold. This will ensure that there are proper regulations, procedures and policies are put in place to ensure that the effectiveness and the health impacts are maximised on the environment as well as people involved in the processes from start to end.
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[bookmark: _Toc183596591]CHAPTER ONE
[bookmark: _Toc183596592]Introduction
Plastic is non-metallic flexible synthetic polymer that is cheap and can be moulded and formed into almost any shape, resistant to corrosion as well as lightweight these properties make plastic extremely advantageous to use in everyday life and this has skyrocketed the usage in the latter half of the last century making it an integral part of our everyday life, especially when it comes to packaging (Gulseven, et al., 2019).
Plastic waste is emerging, and alarming that affects the world, the economic feasibility of using plastic waste in road construction and in environmental protection factors have made it a viable and feasible option to consider and study (Rana & Khwaja, 2022)
Plastic is a low cost, versatile, and light weight organic molecule product produced by extrusion, casting moulding and spinning it has high recycling potential, and the production of plastic is not likely to decrease due to these factors (Farmer, 2024).
50% of all plastics are not disposed of correctly, they are littered on the streets, and immediately begin to pollute the environment, the average person has daily contact with all kinds of plastic which has been specially made to defy the decaying process, the materials used are mainly derived from petroleum to mould, and cast or they can be applied to coat items, they are nonbiodegradable and due to the incorrect disposal they will land up in landfills, and incinerators. Trade association PlasticsEurope statistics state that plastic production grew 1.5million metric tonnes in 1950 per year to a staggering 275 million metric tonnes by 2010 per year, thereafter per year it has grown to 259 million metric tonnes 2018 and the figure for discarded plastic waste is between 4.8 – 12.7 million metric tonnes which lands up in the oceans annually (Moore, 2024).
Before 1980 plastic recycling was not widely considered by most governments around the world. A prediction of 50% increase in incineration by 2050 with recycling increasing by 44% and only 6% of plastic waste being discarded. Plastic is a non-biodegradable product and therefore this makes it unsuitable for landfills and incinerators, both pose environmental risks through land and air pollution. By recycling plastic this assists in the mitigation of the environmental impacts of plastic pollution, but plastic pollution will continue to rise, this will continue to negatively impact ecosystems and increase the accumulation of plastic on the planet. Due to the impact of plastic on the environment, ecosystems, and working towards sustainable future many studies have focused on incorporating plastic waste into asphalt binders for concrete paving and road construction (Farmer, 2024).
[bookmark: _Toc183596593]Aims 
· Evaluate the impacts of using recycled plastic waste for road construction in the United Kingdom.
The aim of this research is to conclude and understand the impact of using recycled plastic was in civils construction and the impact this has on the United Kingdom’s plastic problem and whether the addition of the recycled plastic waste has a positive impact on the road’s performance levels.
Within this research paper there were case studies, science papers and journals looked at, these studies took place in other countries such as, India, and Australia and the United Kingdom these countries innovations with laying plastic roads and continue to be the forefront of sustainability and innovative ways in which to solve plastic pollution, looking after our natural resources and sustainable construction methods. This research answered the following questions to determine whether it will be a viable alternative in civils to use recycled plastic waste in the United Kingdom.
1. Defining plastic and plastic waste, what are the common practices with plastic recycling within the UK.
2. Which types of plastics are best suited to be used within asphalt and bitumen mixes
3. How is plastic waste or recycled plastic used as an additive or alternative within the mixes for civil construction and what methods are used to incorporate these plastics, do these methods have an effect on the environment.
4. Analysis and comparison on the performance levels traditional roads versus plastic modified bituminous roads.
5. Will using recycled plastic waste in civil construction reduce the plastic waste problem within the United Kingdom?
[bookmark: _Toc183596594]Summary
There is a big focus on the construction industry when it comes to sustainable construction and taking into account the current issues on climate change, this research aims to conclude that using plastic waste in civil construction is the way forward for civil construction.
Is using plastic waste in civil construction in the United Kingdon viable and will this lesson the impact it currently has on the environment. 
The importance of the research lies in the need to ensure that in our rapidly changing and growing world, construction becomes a more sustainable industry of the future. The logical solution would be to use a non-biodegradable product that depletes our natural resources as the best solution. In turn this will protect our natural resources conserve fossil fuels while we move forward within the industry.
It would also be sensible considering the state of the Roads in the United Kingdom and the state of our recycling infrastructure, as well as the methods used to make use of a recyclable material and incorporate that into our roads to improve the performance of our roads and at the same time working towards plastic pollution and recycling issues we face in the UK. There are many things to take into consideration when incorporating plastic waste into our civils construction industry and the below research looks at a few, such as the performance levels of different polymers once added, the various methods in adding to asphalt. The other factor that needs a huge consideration is creating the circular economy and a “one bin to rule them all” approach to recycling within the UK. 
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Figure 1 circular economy cycle (Anwar, et al., 2021)

[image: A road with plastic bottles on it

Description automatically generated]
Image 1 Using Plastic Waste in Road Construction (Highways Industry, 2024)
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[bookmark: _Toc183596597]Introduction
The aim of the research using recycled plastic within road construction in various methods being the wet and dry methods would this increase the roads durability within the United Kingdom while reducing the plastic waste pollution. The research looked at the problems with plastic waste and waste collection in the UK. To begin looking at plastic waste, the research defined first and foremost what plastic is, what plastic pollution is, the methods of incorporating recycled plastic waste into asphalt and bitumen as either and additive or a replacement to aggregate by percentage to volume. It was also important to look at the United Kingdom’s waste collection systems and processes, as this will define and determine how big the changes that will be required to incorporate recycled plastic waste into the construction of roads another option would be for independent companies to take on the same approach as MacRebur and incorporate the entire business model of plastic in roads as their finalised product. 
[bookmark: _Toc183596598]Research Approach
To meet all the objectives mentioned above a range of quantitative and qualitative data was collected from various secondary resources, this included academic papers, scientific journals as well as local UK statistic sites and studies. There was primary research collected via a questionnaire anonymously this research questionnaire included 5 professional bodies within the industry and 5 general members of the public to ascertain whether there is any understanding on plastic waste, plastic pollution and the future of resolving the plastic waste problem within the United Kingdom.
With the secondary data collected from various research papers and journals including google scholar, specific search terms were used including “performance levels of plastic modified roads”, “methods of adding plastic waste to road construction”, “what happens to the plastic in the United Kingdom” and various other phrases to gain the data required to analyse the research and answer the questions. 
Secondary data collected was collected interpreted analysed and conclusions were correlated within the United Kingdom. All relevant data was determined for relevance and applicability, with regards to the different types plastic used within road construction in other countries, the processes involved in the collection methods of waste and the two methods of incorporating the recycled plastic waste into bitumen and asphalt mixes being the wet and dry methods (Farmer, 2024). 
The UK currently exports about 60% of all the plastic waste collected, the UK has set a goal to end all plastic waste exports by 2027 (House of Commons Committees, 2022).
Primary data was collected, this was to understand considering professionals as well as public not involved in the plastic or civil industry to quantify if there is a difference in the understanding of plastic the uses and how its processed or recycled. The consensus to also understand if the public would agree. The questionnaire was limited in the responses it received therefor for future studies to gain a clear understanding of the views both professionally and within the public a larger questionnaire format would be better suited where it is generated to a greater number of people. However, there was enough feedback to gain a general understanding of the situation on plastic recycling and uses of. The data was collected via a form off google and distributed via a link, the answers were completely anonymous and collected via the researcher only. 
[bookmark: _Toc183596599]Methods of Analysis
Several various aspects needed to be looked at to determine the aims of the research. First and foremost a greater understanding of what plastic waste is how recycling currently works in the United Kingdom, what each polymer’s strengths and weaknesses are and would the use of recycled plastic waste be viable and beneficial to use in the civils industry in the United Kingdom on an economic and environmental level. Understanding what happens to our “recycled” plastic is essential in pushing the need with factors such as does the roads constructed with plastic bitumen mixes enhance the lifespan of those roads. 
Tests on sample specimens were completed, in a laboratory type testing environment not a real-life environment, these tests gave results that can be correlated to the real-life environment of roads that have recycled plastic waste bitumen. 
Data was taken from science journals, case studies within the United Kingdom, as well as existing data on plastic waste in road construction in other countries that are currently adopting this form of construction, then corroborated and compared to the present statistics and reports in the UK. There is a mix of qualitative and quantitative data acquired, and the data was evaluated utilising triangulation techniques (Farmer, 2024). 

The study had to look at what recycling is how it carried out within the United Kingdom, and what are the practices of recycling. Then it looks at what plastic is best suited to various uses the methods plastic can be recycled be it mechanically, thermally and the properties of each polymer that is recycled. The methods of incorporating plastic into bitumen and asphalt mixes do these methods have environmental affects and the performance levels of plastic roads versus traditional roads.
The second way to answering the aims of the research was to investigate the processes the UK using, where it is in terms of recycling and plastic waste. Is this working, and what steps would be taken to guarantee a unified and coordinated waste management system is in place? (Farmer, 2024).
Looking into the primary data collection, there were various questions to consider. Nine questions were asked allowing the public to answer as well as any professionals in industry, the questions were easy to understand whether you are in the civils industry, plastics or the public. The reason for the questionnaire and primary research is to gain an understanding of the public and the professionals’ opinions this will allow a consensus on the views of those within and outside of the knowledge behind utilising plastic and civil construction. It can enable a start to public opinion outside of the scientific studies, as if the public are all for it you can begin further research and campaigns to begin the change with ease and the support of people. They can buy into the recycling of plastic for a purpose and assist with the issues faced in landfills and pollution as well as the rapid depletion of our natural resources by using virgin materials. This also gives opinion and thoughts to the people that utilise the roads in the United Kingdom and live with the constant potholes and bad quality of roads due to the heavy rainfalls and lack of maintenance. Should the study find that the use of plastic in road construction increases the performance there is more chance of people accepting the idea and working towards more sustainable future.
Various Plastic Types
There are 7 types of plastic, each type of plastic is different from other types of plastic and dependent on the use, some types of plastic can be reused and some cannot, that also means some types of plastic can be recycled and some cannot and will need to be dispossed of in different methods. The resisn identification code was developed in 1988 to define the 7 different types of plastic (Plastics for Change, 2021). 
1. PET – polyethylene terephthalate
2. HPDE – high density polyethylene
3. PVC – polyvinal chloride
4. LDPE – low density polythylene
5. PP - polypropylene
6. PS - polystyrene
7. PC (other types Polycarbonates)
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Figure 3 The 7 Types of Plastic (Plastics for Change, 2021).
Methods of Adding Plastic Waste to Road Construction
There are two methods of adding recycled plastic waste to asphalt bitumen mixes there is the dry method and the wet method. 
With the dry method the plastic waste is added to the hot aggregate the plastic size should be between 2 – 3mm for the best coating and spread over the aggregate this is heated to 170°C this plastic is melted and foams a coating over the aggregate with the bituminous mix heated to 160°C and then the both are mixed with the bitumen and the mixture is completed and ready to be used for road construction (Sasidharan, et al., 2019).
Wet method of incorporating plastic waste is when the plastic is mixed directly into the hot bitumen at a temperature between 155 - 165°C and only after this takes place will it be added to the aggregate (Sasidharan, et al., 2019).
Performance Levels
The idea for plastic roads was first introduced by “India’s Plastic Man” in 2002, Dr. Rajagopalan Vasudevan’s research showed that plastic had an excellent binding property like bitumen polymers (Karim, et al., 2023).
A study comparing a standard bitumen-controlled sample with a R-LLDPE modified bitumen mix the properties compared were thermal, chemical, physical and rheological. These tests showed that the softening point and viscosity point increased, and the penetration points decreased, the workability decreases with bigger polymer concentrations (Nizamuddin, et al., 220).
The bitumen was preheated and R-LLDPE were gradually added for this testing with a mixing speed of 3500 rpm for one and a half hours and various percentages of recycled low density polyethylene 3%, 6%, 9%, and 12% as listed in the table 1 below (Nizamuddin, et al., 220).
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Table 1 different percentage concentrations of R-LLDPE (Nizamuddin, et al., 220).
Viscosity the higher the viscosity of the bitumen the higher the resistance is to any malformation and deformation however the higher the viscosity the less workability the bitumen will have. The results from the tests showed that the workability of the bitumen modified with polymers had no negative effects on mixes of 6% and lower. Softening points of the polymer modified bitumen has increased with the addition of R-LLDPE this shows that there is an improvement on in service temperature of the asphalt mixes, these tests could not give any indication on the in-service long term high temperature performance. Penetration point testing represented a decrease by the polymer modified bitumen and decreased as percentage of R-LLDPE increased. This indicates a substantial resistance to rutting with the highest reduction in penetration with the 12% addition (Nizamuddin, et al., 220).
With the correct addition of recycled low density polyethylene, the tests concluded that the performance levels of bitumen is increased significantly 3% is the ideal addition within a normal environment conditions while 6% is optimal for tropical climate conditions it is to be mentioned that increasing any additions above 6% is not recommended (Nizamuddin, et al., 220).
Reducing plastic waste pollution, carbon footprint, saving money
Rikesh Gurung from Bhutan built pilot plastic road in Thimphu the capital in 2015 this was constructed by using bitumen with other plastic waste as well as plastic bottles, the Green Road project was developed and supported by the Department of Roads, from this the country expected to reduce the importation of bitumen from India by approximately 40% as well as save plastic waste landing up in landfills by 30 – 40% overall the total length of plastic roads constructed is 200km (Karim, et al., 2023).
India have been the forefront for plastic road construction and have made it mandatory for road construction to use plastic in their road construction, India have currently 100,000km which are 3.75m in width and this is spread over eleven states, these plastic roads have saved approximately $426.90 - $548.88 per kilometre of road constructed. In Nepal a private company took on the task of a 100m pilot study, within the study laying the plastic road they utilised milk, tobacco, and noodle wrappers within the study Green Road Waste Management concluded that the project cost $243.95 and had a savings of $2439.46 per kilometre of road laid. China banned the importation of plastic waste and since then Turkey took the European plastic import market, they recently utilised plastic waste with MacRebur® for pathway paving and laboratory studies on the potential of plastic modified bitumen (Karim, et al., 2023).
Sainsbury Barnwood car park resurfacing was undertaking by MacRebur® in September 2023 there was an area of approximately 18,000m² resurfaced over a two-week period. A total of 1,006.55 tomes of aspalt was used and included 410.16tonnes of ECO MR8 SMA 10mm within this mix recycled plastic was used totalling 11,568kg of polymer and this had a saving on CO2 of 18,851 kilogram compared to traditional asphalt (MacRebur The Plastic Road Company, 2023).
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Table 2– 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 (Farmer, 2024)
Figure 1 above which was taken from a research paper which shows the environmental impact of recycled plastic polymers versus virgin plastic as well as the process of utilising plastic waste in the construction of roads and paving’s. These recycled plastic polymers were HDPE, LDPE and SBS and used in the production of PMB Polymer Modified Bitumen they had a polymer content of 0%, 2%, 4%, 6%, and 8%) (Farmer, 2024)
Figure 1 key:
· VirBit – virgin bitumen
· SBS- styrene butadiene styrene
· LDPE- low-density polyethylene
· HDPE- high-density polyethylene
· RPP- recycled plastic pallets
(Santas, et al., 2021)


[bookmark: _Toc183596600]Literature Review
[bookmark: _Toc183596601]Recycling Handbook
The definition of recycling is “the environmentally preferred method of solid waste management.” Higher concentrations of human settlement have led to the increase of waste being produced this has in turn led to the need for a waste management plan within communities. The most recovered plastics within the recycling systems via communities would include PET include PET (Polyethylene Terephthalate) and HDPE (High-Density Polyethylene) bottles  (Farmer, 2024).
[bookmark: _Toc183596602]Recycling of Plastics
The recycling of plastic often means they will be used in a different form than they were originally made and intended, it is the collection of waste plastic, repurposing and reprocessing them into other useful materials. Using recycled plastic rather than virgin polymers ensure the products are more commercially competitive (Science Direct, 2011) .
[bookmark: _Toc183596603]Plastic Pollution
It is important to understand what plastic pollution is, and why it has such an affect on the environment we live in, it is not only the plastic we ‘try’ and recycle but the pollution from humans that contribute to the ongoing problem, as it looks at both ends the production of plastic from our natural resources we are depleting and where that plastic ends up within the environment which we need to consider for sustainability purposes. 
Plastic pollution can be defined as the build-up and accumulation of unwanted or used plastic, or synthetic plastic products where it will cause problems in the environment, wildlife their habitats as well as for humans. (Moore, 2024).
[bookmark: _Toc183596604]Plastic Waste
There was an increase in domestic recycling from 2010 to 2021 by 240% in the UK. With this increase and a fall in the exporting of plastic waste in from the UK means that there is more plastic waste being recycled this is the first time this has happened since 2003. During 2010 the destination UK mostly exported plastic waste too was China and Hong Kong which accounted for over 80% of the total plastic waste in 2005 – 2012. China banned the importing of certain types of plastic waste in 2018 this saw an extreme dip in UK exports to China by a figure of more than 90% in 2018. The WWF produced a report with a staggering amount of plastic waste produced in 2014 of 4.9 million tonnes in the UK with an estimation of this increasing to 6.3million tonnes by 2030 (Smith, 2024).
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Figure 4 UK Exports in plastic waste per million tonnes (Smith, 2024).

[bookmark: _Toc183596605]One bin to rule them all:
In 2017, 2.4 million tonnes of plastic was sold in the United Kingdom and 56% is for packaging 1.3 million tonnes and the most of plastic packaging is single use plastics which is immediately discarded, although greenhouse gasses produced for single use plastic is much lower than the equivalent of paper, glass and aluminium plastic packaging lands up in the environment. The current issue with plastic waste in the United Kingdom has not been carried into the collection rates from UK households, 54% of drinks and detergent bottles are collected with a small percentage of only 4% of consumer films (plastic bags and sachets) are collected (Burgess, et al., 2021).
Kerb side waste collection from multiple bins, is the usual waste collection system within the UK, these are then taking to Material Recovery Facilities MRF’s for sorting. PET and HDPE2 are separated and sent to specialised recycling centres while singular polymers are sent to PRF’s Plastic Recovery Centres and or exported for incineration these can be treated by heat and pressure to create pellets and can also then be shaped into new uses. There needs to be a coordinated government collection scheme across the UK, as it stands there are thirty-nine different collection schemes across the UK within the local authorities. To simplify the waste collection, system within the UK is key to increasing recycling (Farmer, 2024). Tangible, visible, structural, and system changes increase recycling rates making recycling “easy to do” an individuals’ attitude towards recycling does not equal an increase in recycling. In the United Kingdom the waste collection system responsibility lay with each local authority using a multi bin system for collecting waste, there is no national government coordinated system the responsibility of sorting lays on each household depending on what their local authority collects for recycling (Burgess, et al., 2021).
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Figure 5 Plastic flow diagram of "one bin to rule them all" (Burgess, et al., 2021).
The most important aspect to focus on is the circular economy making use of various discarded materials and reprocessing these materials to become a raw material for a new product (Burgess, et al., 2021).
[bookmark: _Toc183596606]What Actually Happens to Rubbish in the UK
In the UK households alone produced over 26 million tonnes of rubbish each year. Local councils within the UK provide collections for non-recyclable waste on a fortnightly basis, while recyclable waste is collected weekly. There are over 40 Incineration centres within the UK with its popularity growing, however there are growing concerns due to the emissions and air pollution these plants produce. Proper waste collection and management systems will help to preserve our natural resources and reduce pollution. 2024 there was a target in the United Kingdom to recycle 50% of municipal household waste, this was met in years leading up to 2024 (Waste Managed, 2024).
The steps in the United Kingdom for waste collection are.
1. Collection
2. Pre-treatment
3. Screening
4. Biological treatment
5. Physical and or chemical treatment
6. Recycling
7. Landfills
[bookmark: _Toc183596607]Britain’s Plastic Waste Journey: Where Your Plastic Ends Up
Plastic in the bin is only the start of the plastic journey, plastic is not like organic materials which would decompose, when the plastic lands in landfills it slows the process down even more due to the lack of sunlight and layers over the landfill therefor photodegradation does not take place, and landfills release a lot of greenhouse gases which adversely affect the climate and environment. To summarise landfills are not ideal in dealing with waste management. Waste also makes it way to the oceans from landfills. The best solution to lessen the impact plastic waste has on the environment and humanity is recycling, where the plastic can be sorted pelletised and repurposed for a new use. The issue with plastic is the cost in recycling is more expensive than production of virgin polymers this in turn leads to less recycled plastic (PHS Wastekit, 2024). 
[bookmark: _Toc183596608]The Utilization of Waste Plastics in Asphalt Pavements: A Review
There are essentially two methods of utilising recycled plastic waste into asphalt mixtures, the wet method and the dry method. The wet process involves blending the bitumen with polymers at high temperatures to produce a bituminous binder prior to mixing with the aggregate. This method of mixing requires more equipment and machinery as it will need to be shred the plastic pellets into powders to incorporate them with the hot asphalt, plastics with a low melting point such as PE are more appropriate for the wet mixing method (Yuetan, et al., 2021).
During the dry process the recycled plastic pellets are directly added to the mix as a modifier or an aggregate replacement, the replacement is more often used with plastics that have a high melting point, such as PET. Plastics that are added that have a melting point below the mixture production temperature in the dry process, they melt at the point of mixing with the hot aggregate and the result is an improved surface characteristics and physical characteristics, the dry process is cost effective simple energy saving process (Yuetan, et al., 2021).
Hot Mix Asphalt has a high usage in civils construction due to it being ideal for waste plastic application. Reviewing the methods of adding plastic waste to asphalt and the types of plastic used, the overall findings were that adding waste plastic into the asphalt mixes whether it was by dry, or the wet process improved the durability and performance of the roads. There are limitations and long-term performance, aging and the economic and environmental effects should be further studied (Yuetan, et al., 2021).
In conclusion, the wet process is more suitable for low melting point plastics, with an improvement in the fatigue, rutting and moisture resistance, high melting point plastics had an increase in viscosity and reduction in ductility, the wet process concerns found were the phase separation and low temperature performance of the binder blends in order to solve this the incorporation of chemical additives and rubber materials this would improve the surface area to allow better interaction between the asphalt and plastic mix (Yuetan, et al., 2021).
The dry process allows for all plastic types to be incorporated into the asphalt while still improving the rutting, and moisture resistance, recycled plastic waste with high melting points are commonly used as an aggregate substitution rather than additive with lower melting point recycled plastic forms a thin film which in turn increases the adhesion between the asphalt, plastic and aggregates (Yuetan, et al., 2021).
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Image 2 The two different methods of using recycled plastic waste in laying roads (ResearchGate, 2024)
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Table 3 Different types of plastic showing their applications and melting points (Yuetan, et al., 2021)
[bookmark: _Toc183596609]On the Sustainable use of Recycled Plastics in Flexible Asphalt pavement 
Most studies on plastic in asphalt pavement, have been conducted in a laboratory, there are some early papers on the modification of asphalt pavement binder with polyethylene (PE) and polypropylene (PP) as far back as the 1980’s and more over the 1990’s. It is important to preserve our scarce resources, and reach the greatest efficiencies, long life road surfacing by modern science and engineering can help steer us there (Ma, et al., 2022). 
By substituting low cost recycled plastic materials as opposed to high cost virgin materials this will reduce the upfront cost to the end user, the other option is to add low cost recycled materials however this can increase the upfront cost but yield a return by adding a significant enhanced performance level (Ma, et al., 2022).
As shown in figure 5 below is the most studied types of plastic are PET, PE, PP and PS. The most widely studied polymer for asphalt paving is polyethylene which is available in large quantities due to the recycling of grocery bags, milk bottles, and detergent bottles these polymers can be shredded or added as pellets as part of the hot mix, the negative of these polymers as a modifier added to the binder can produce a phase separation in the storage tanks. It is more beneficial to ad this polymer to the hot mix during production (Ma, et al., 2022).
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Figure 6 studies on plastic waste in asphalt paving and the most used plastic types by polymer (Ma, et al., 2022).
[bookmark: _Toc183596610]Utilisation of Waste Plastic in Bituminous Mix for Improved Performance of Roads
Of 2.8 million tonnes of plastic produced in the United Kingdom every year only 0.4 million tonnes of plastic waste is suitable for aggregate use and out of this only 0.008 million tonnes of this plastic waste is recycled (Jafar, 2015). 
It is not economically feasible to use recycled plastic as an alternative to aggregates due to the cost per tonne comparison when comparing aggregates to recycled plastic, however if the recycled plastic is used in conjunction with and or as an additive it adds significant performance improvements to the bituminous cost over the long term it will be cost effective additive (Jafar, 2015).
[bookmark: _Toc183596611]A Sustainable Model for Enhancing Road Quality with Recycled Plastic Bags
Around the world the ever-growing plastic use and waste is a problem in all cities, when plastic waste is not recycled properly or disposed of correctly this creates a problem for our environment and can cause a degradation of our environment for several years. This study looked at using plastic waste in the construction industry with the sole purpose of ways to improve properties and reuse the plastic waste, by using recycled shredded plastic bags with the bitumen at different ratios to determine if the addition of plastic waste enhances the durability and the strength of the roads. The results showed that the addition of plastic waste at 8% to bitumen was the strongest and most durable addition (Anurag V. & Rao, 2018)
[bookmark: _Toc183596612]Green Dragon Lane Enfield Report 2019
MacRebur® the plastic road company, have laid plastic roads in over 30 countries, they are the leaders and producers of Polymer Modified Bitumen PMB, MR6 is a manufactured mix designed to increase the roads durability with stiffness and reduction in deformation the MR6 saves 11.32kgCO2e per tonne of asphalt with MR8 saving 4.65 kgCO2e per tonne of asphalt MR8 has been designed to extend the binder in the asphalt mix both these products are dry mixed (MacRebur The Plastic Road Company, 2024). 
A planned maintenance improvement to the local road system in Enfield, where the council were wanting to explore sustainable engineering solutions for the resurfacing of a busy commuter and bus section route including a roundabout and a bus stop. Green Dragon Lane was divided into four sections and each section a different polymer product was used, Section 1 6% MR8, section 2 standard approved PMB Polymer Modified Bitumen, section 3 6% MR6, and section 4 6% MR10. All the sections were laid on the same day, by the same contractor this was completed to minimise the possibility of variables during the relaying of the road surface. A year later core sections were removed from each section of the resurfaced road of 150mm in diameter and these were then tested for performance the Indirect Tensile Strength Modulus resulted in the commercial polymer modified bitumen tested very close to the MR6 and MR8 with the MR6 and MR8 showing a slight increase in its stiffness in comparison (Hall, 2019). 
[bookmark: _Toc183596613]Paving Roads with recycled plastics: Microplastic Pollution or Eco-friendly Solution?
The effects of using plastic in modified bitumen and asphalt for roads with regards to the micro pollution is relatively unknown even though plastic modified roads is a positive approach and solution to the reduction of plastic landing up in landfill and incinerators as well as the plastic improving the performance levels of the roads. A growing concern worldwide over the last decade, there is a 23% of the 353 million tonnes of plastic produced in 2019 making its way into the environment with 19% recycled, 9% incinerated and 49% was landfilled. A simulation of abrasion to represent road traffic was carried out to assess the microplastic pollution on plastic modified bitumen, the findings were that there was an early release of microplastic in the incorporation of the plastic as a bitumen modifier compared to it as an addition as an aggregate substitute in the asphalt mix (Enfrin, et al., 2022).
[bookmark: _Toc183596614]Summary
Various qualitative and quantitative data was collected from journals and studies within the United Kingdom and as far wide as Australia, United Kingdom, India, Kuwait and Africa by deductive reasoning. Various laboratory tests were conducted such as indirect tensile strength, rutting, fatigue, and deformation resistance. 
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[bookmark: _Toc183596617]The utilization of waste plastics in asphalt pavements: A review
The study looked at modifying asphalt through two processes the wet and dry method, looking at the modified effect and approaches to the blends to enhance the properties, the various melting points of plastics looking at the high and low melting point of plastic and then lastly the future concerns of using recycled plastic in asphalt (Yuetan, et al., 2021).
Wet processed plastic modified asphalt 
Using (PE) Polyethylene, (PP) polypropylene, (EVA) ethyl vinyl acetate, and (PVC) polyvinyl chloride. PE is made up of two categories, LDPE low density and HDPE high density, LDPE consists of a density between 0.91 and 0.94 with HDPE a density of 0.94 and higher. Polyethylene is a mouldable plastic that is heated moulded and turns solid once it has cooled down this type of plastic was first looked at for the wet process, with a mixing temperature for 150° - 180° and a range of 1 – 10% added, this modifier increases the softening point and has a decrease in the penetration point of modified bitumen and therefore a higher resistance to deformation in roads, the PE also increases the rutting resistance. There was a vast difference between HDPE and LLDPE where HDPE had a severe phase separation therefor the recommended quantities added to modified asphalt for LLDPE is not more than 3% this allows for improved binder properties and mitigating the phase separation. Polyethylene increases the rutting resistance but shows a decrease in the binder blends low temperature cracking  (Yuetan, et al., 2021).
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Table 4 Summary of wet process plastics added binder properties (Yuetan, et al., 2021). 
Dry processed plastic modified asphalt 
The dry process for incorporating plastic waste into hot aggregate prior to addition of asphalt is applicable to almost all plastic types. This process allows for plastics to either act as a modifier or aggregate replacement or aggregate coating, low melting point plastic is usually used as an aggregate coating where high melting point plastics are used as a substitute. PET polyethylene terephthalate which has a high melting point, mainly from drinking bottles, PET has tensile strength of around 300 – 350MPa and elasticity modulus of 13 GPa, the majority of which PET is used in the dry process as a replacement for the aggregate. The tests that were carried out using approximately 5 – 15% recycled polyethylene terephthalate waste between the sizes of 2.36 – 4.75mm to replace aggregate in the asphalt mix showed that the marshal stability was in the same range as the control samples therefor PET can be used as aggregate in the mix. (Yuetan, et al., 2021).
Various studies that have taken place and is well documented determined that the addition of 12% Polyethylene terephthalate extended the service life by 2.81 times and saved the thickness of the asphalt by 20%, this includes better rutting and fatigue resistance as well as remedies the resistance to thermal cracking and moisture resistance. Platics with lower melting points were also used in the research studies via the dry process, both LDPE and HDPE were added directly to the hot aggregate between 180° - 190° Celsius. The polyethylene terephthalate formed a coat over the aggregate an addition of 12% increased the Marshall stability of the asphalt mixtures it was also noted that the air voids increased on polyethylene content of 12% and more. PE also contributes towards moisture resistance and the adhesion between the asphalt and aggregates (Yuetan, et al., 2021). 
[bookmark: _Toc183596618]On the Sustainable use of Recycled Plastics in Flexible Asphalt pavement 
According to 2030 Agenda for Sustainable Development Transforming our world; “what we do today affects our children and the world tomorrow”. The transportation industry is accounts for nearly a quarter of all energy related climate impact and therefor it is vitally important to focus on the planning and design of modern transportation (Ma, et al., 2022).
[image: A screenshot of a computer

Description automatically generated with medium confidence]
Figure 7 RPP - Recycled Plastic Pellets - HDPE, LDPE, PP, PS shown above (Ma, et al., 2022).
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Figure 8 Chemical structure of the recycled plastics mentioned in figure 6 HDPE, LDPE, PP, PS (Ma, et al., 2022).
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Table 5 The physical properties of these recycled plastic, HDPE, LDPE, PP, PS (Ma, et al., 2022).
The recycled plastic pellets represented in figure 6, 7 and Table 3 were collected by two Southern Ontario Suppliers asphalt binders were then heated in an oven  for 30 minutes at 160° Celsius, to a viscous oil like consistency and then they were mixed with the RRP recycled plastic pellets with an IKA T50 laboratory homogeniser,  shearing speed was gradually increased until it reached 4000rpm as the recycled plastic pellets were added to the asphalt binder for 15minutes till all solid plastic particles were fully broken down and mixed with the asphalt. The aggregate that was used in the preparation provided by a local plant in Ontario, were ½ stone, washed screenings, 7/8 stone, and IKO Man Sands figure 8 below shows the aggregate and % of mix (Ma, et al., 2022). 
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Figure 9 Aggregates for the laboratory testing (Ma, et al., 2022).

Two tests were conducted, a bind and a mixture test on the samples. Binder test results as in table 4 – 6 below yields interesting results. The high temperature superpave grades increased the rigidity of the asphalt binder, this increased by vast amounts and in turn reflects the effect of the stiffening of the polymers this increases the resistance to deformation (Ma, et al., 2022).  
[bookmark: _Toc183596619]Utilisation of Waste Plastic in Bituminous Mix for Improved Performance of Roads
As a partial replacement for aggregate in a bituminous mix using plastic waste, the mix often has weak bonding capabilities between the plastic surface and the bituminous mix. In this study the plastic waste was used as a partial replacement for the aggregate mix and reporting on the additive of chemicals to improve the overall performance and mechanical properties of the mixtures. A total of three bituminous mixes prepared and modified for testing these were then compared to a control mix, the stiffness increased by 10% overall with the chemically modified bituminous mixes (Jafar, 2015).
Chemical anti stripping additives are reported to be the best type of additives to use to increase the performance levels of the polymer modified bitumen mixes. A liquid anti-stripping agent is used on roads to counter act the effect of water on the roads. Replacing aggregate in the bituminous mix with recycled plastic often shows a weak bonding with the bitumen, suggestions of chemical and physical methods to increase the bonding of the recycled plastic to the bitumen (Jafar, 2015).
 The study further categorised the materials and methods chosen by sub sections to ensure that the reasoning behind the selections and designing of the bituminous mixes for (RLAT) Repeat Load Axial Test and the (RLITT) Repeat Load Indirect Tensile Test, the overall aim of these tests is to discover if there is any feasibility in the addition of recycled plastic waste to replace a percentage of the aggregate mix. With these tests carried out it was observed that the stiffness increased by 10% with the chemically modified mixtures due to the increased boding between the bitumen mix and aggregates (Jafar, 2015).
[bookmark: _Toc183596620]A Sustainable Model for Enhancing Road Quality with Recycled Plastic Bags
It is essential when carrying out tests for the proposal of using plastic waste in road construction that the use of plastic is affordable, the roads are resistant to deformation, rutting and fatigue all of these also need to include the resistance to water and heavy rainfall as well as freezing various mixing ratios have been tested and it is essential to discover the optimum mix ratio (Anurag V. & Rao, 2018).
The study looked at using recycled plastic bags collected from various cooperatives shredded to 2-4mm within Kuwait, the study was carried out in Kuwait due to the increased population over the last two decades (Anurag V. & Rao, 2018).
Various aspects were tested, Marshall stability, stripping and retained strength to discover the best ratio mix there were also additional shredded recycled plastic materials added to the mixes. The processes as previously described to add plastic waste to the mixes are the wet and dry process, the dry process was the chosen method for this study due to the economic factors as well as no need to preheat the plastic, due to the lifespan of plastic it is deduced that it should in theory add to the lifetime of the asphalt. A percentage of 0%, 6%, 8%, and 10% plastic by weight was used in the study (Anurag V. & Rao, 2018).
Method of testing starts with a 0% sample where no plastic is added, this mixture consisted of aggregate mixed with gravel and crushed stone, bitumen mixed filler and sand measured by digital scale with an industrial mixer for uniformed mixes produced. This asphalt mixture was then heated to a 150° C baked for 4 hours in a cylindrical shape and compacted and then allowed to cool until room temperatures were reached, this process was repeated for each mixture created with 0%, 6%, 8%, and 10% plastic and as image shows below labelled (Anurag V. & Rao, 2018).
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Image 3 asphalt samples created (Anurag V. & Rao, 2018).
Marshall stability test
This test carried out on the samples will test under normal standard temperatures the maximum load that can be carried by each sample, this is measured in kilogram per testing area. See image 4 below is the Marshall stability apparatus these tests were carried out while saturated with water, dry air and with general water the flow value is determined by the structural failure at maximum load when deformation begins (Anurag V. & Rao, 2018).
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Image 4 Marshall stability apparatus (Anurag V. & Rao, 2018).
Retained strength testing
This is in simple terms the resistance to fracture, this test is designed specifically to test the affects of water on the samples as they are being compacted, this test is completed with the versa testing machine. Next, the tested samples were placed between the ring and bar. The load jack applied vertical load to the sample, resulting in a cylindrical shape. Fourth, a 0.25-gram sample was added, and the vertical load was applied. These steps were continuously repeated until the moulds were completely full. These samples were then put in an oven for twenty-four hours at a temperature of 60°C they were then cooled and left in water for the day and compressed these load pressures were then tested for dry and wet samples (Anurag V. & Rao, 2018).
Stripping test
This test signifies the strength of the bond between the aggregate and the bitumen mixes. The aggregate is heated to 135°C in its raw form they are then allowed to cool for approximately 3 hours they are all completely covered in distilled water they are kept in a water bath for 18 hours at 25°C cooled to room temperature after that and then the tests results established for each sample (Anurag V. & Rao, 2018).

Results 
The Marshall stability laboratory tests proved that the asphalt mix with the 8% recycled plastic yielded the best results in comparison to the asphalt mixes with no plastic, see table 4 below (Anurag V. & Rao, 2018).
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Table 6 Marshall stability test results (Anurag V. & Rao, 2018).
Dry and wet process data results shown below in table 5 of the 0% and the 8% plastic content for retained strength laboratory testing. The results shown below that again 8% plastic mix can withstand a vastly higher stress in both wet and dry conditions as shown that the mixes with plastic perform better under wet conditions it can be proven this could reduce the gravel build up after heavy rains this in essence is what begins the process of degradation on our roads (Anurag V. & Rao, 2018).
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Table 7 Retained strength tests for dry and wet process of 0% plastic and 8% plastic (Anurag V. & Rao, 2018).
Below in table 6 the stripping results show the addition of plastic to bitumen mixes can reduce air pockets within the asphalt, this is important as air pockets significantly reduce the chemical bond of the asphalt mix, the tests used two samples with 0% plastic and two samples with 8% plastic (Anurag V. & Rao, 2018).
The results below show that the mixture with 8% plastic only had a 5% non-coated area whereas the 0% plastic mix shows an average of 7% non-coated area from these laboratory tests results it can be concluded that the inclusion of plastic reduced the air pockets by 28% thus increasing the chemical bonding of asphalt mix  (Anurag V. & Rao, 2018).
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Table 8 stripping test results 0% and 8% plastic content mixes (Anurag V. & Rao, 2018).
In conclusion to the above tests and results using recycled plastic bags in a bitumen mix has many benefits and could reduce the plastic waste pollution an emphasis on recycling of plastic needs to be raised. The modified bitumen can withstand more stresses in dry and wet conditions with a comparison to the sample mix the plastic mix can withstand 36% more stresses under wet conditions and 22% more under dry conditions (Anurag V. & Rao, 2018).
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Figure 10 performance indicators traditional versus plastic mixed bitumen (Anurag V. & Rao, 2018).
[bookmark: _Toc183596621]Paving Roads with Recycled plastics: Microplastic Pollution or Eco-friendly Solution?
The two methods to incorporate plastic waste into bitumen mixes are the wet and dry method the laboratory testing of micro plastic pollution tested both methods. The wet method used recycled LDPE/LLDPE, PE, and PP while the dry method used recycled PET and ABS while the wet method used ratios of 1%, 2%, 4% and 6% per mass of bitumen mix this was first blended with the hot bitumen mix at 3500rpm for 90min at 180°C then the plastic mixed bitumen would be added to the aggregate mix, while using plastic as a substitute for aggregate to percentage of plastic 1%, 2%, and 4% and then added to the heated bitumen is the dry method  (Enfrin, et al., 2022).
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Figure 11 Cross section of asphalt unmodified, dry method and wet method (Enfrin, et al., 2022).
There are plastics known as microplastics that are known to leach into the environment easily and become toxic to the environment, these plastics are usually less than 5mm in size, the physical and chemical properties of these plastics cause the toxicity of the environment. MP’s or microplastics within the roads can leach into the environment via the abrasion of tyres on the roads in different weather conditions (Enfrin, et al., 2022).
These abrasion tests were carried out on a wet abrasion tract test machine this was completed using a rotation stainless steel abrasion head whilst submerged in water to allow for the collection of any residues. These tests were optimised by investigating the impact of the duration. 5, 20, and 60 minutes, with a water pH of 4, 7, and 10 and temperatures of 5, 25, and 40°C for the release of microplastics. This was run under controlled conditions and all samples were preconditioned for temperature and pH levels for an hour before testing was carried out. (Enfrin, et al., 2022).
The results from these testes presented an early release of micro plastics as a bitumen modifier as opposed to an addition as an aggregate substitute in the mixes. Cold weather and acid rain compounded the release of microplastics from the modified bitumen. Although these laboratory tests could not determine the in use microplastic leaching when factors such as traffic levels and weather conditions need to be taken into account, it does set a benchmark for the incorporation of plastic roads for the future of sustainability and modified bitumen mixes. The long-term effects have not been made clear and these issues and environmental challenges need to be investigated (Enfrin, et al., 2022).

[bookmark: _Toc133920391][bookmark: _Toc183596622]What different types of plastic waste is produced and the definition of recycling these different types of plastic
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Figure 12 Identifying plastic for recycling (BPF, 2023)
Figure 10 Polymer identification. There are various methods of recycling plastic waste these methods would include by mechanic mechanism, chemical, and thermal. By chemical methods the plastic is broken down into monomers or modified chemically these can then be used in place of virgin plastic materials. Thermal is via heating of the plastic waste this is to melt the plastic from here it can then be transferred into moulds which creates completely new plastic products. A study concluded by Faraca and Astrup concluded that characteristics of plastic affected their recycling potential (Farmer, 2024).

Table 9 Individual polymers sorting, reprocessing, and recycling potentials. The column “recycling potential”  	equals to  “sorting potential” x “reprocessing potential” (Faraca & Thomas, 2019)
Soft drink bottles, waterbottles, pots, tubs and oven ready trays made from PET polyethylene have the lowest recycling potential of all the polymers (Faraca & Thomas, 2019).
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Table 10 plastic materials, physical properties and applications (Awoyera & Adesina, 2020)
Table 5 Matching the polymer with the possible applications after recycling and the polymers individual physical property (Awoyera & Adesina, 2020).

	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 11 Melting point of recycled plastics (Awoyera & Adesina, 2020) 
[bookmark: _Toc183596623]Comparison performance of asphalt containing commercial polymer modified bitumen to asphalt containing 6% MR6, 6% MR8, and 6% MR10
A year later in September 2019 two core samples of each of the 4 sections laid of the road surface was taken for testing performance levels, testing included, indirect tensile strength modulus (ITSM), fatigue and wheel tracking of the resurfaced road. The resurfaced road consisted of hot rolled asphalt with different MacRebur® products section 1 standard bitumen plus 6% MR8, section 2 standard approved bitumen polymer modified, section 3 hot rolled asphalt containing standard bitumen plus 6% MR6, and section 4 hot rolled asphalt standard bitumen plus 6% MR10 (Hall, 2019).
Indirect Tensile Strength Modulus
As represented in the figure below, MR6 and MR8 had a slight increase in the stiffness of the mix.
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Table 12 Average ITSM (MPa) (Hall, 2019)
Fatigue 
Fatigue testing is a significant indicator for testing of the road for performance this test identifies the fracture resistance of the road. With the fatigue testing, completed the MR6 showed a significant increase in cycles to failure while MR8 and MR10 again showed a slight increase in but this again matched the commercial polymer modified bitumen. These cycles to failure are represented in the below table 7 (Hall, 2019).
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Table 13 Fatigue testing cylces to failure (Hall, 2019)
Wheel Tracking (Deformation Resistance)
This type of testing results in providing the testing to the road surfaces rutting resultant from the load of traffic. This test is completed by rolling a small, loaded wheel repeatedly over the sample of asphalt this is a direct correlation to the performance of the road. The results shown in this test concluded that the MacRebur® MR6, MR8, and MR10 showed a reduction in the depth of rutting compared to the commercial polymer modified bitumen, MR10 performed the best showing the biggest reduction in rutting, below in table 8 the MR10 rutting depth was only slightly over 2.5mm (Hall, 2019).
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Table 14 Deformation Resistance Testing Rutting (Hall, 2019)
From the test results above, it has been proven that the MacRebur products show an improvement on the road surface or at the very least match the commercial polymer modified bitumen, this concludes that using plastic waste in road construction can indeed offset the environmental damage that plastic waste causes.
Summary of the results below in table 9.
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Table 15 Conclusion of the testing of MacRebur® versus commercial polymer modified bitumen (Hall, 2019)
[bookmark: _Toc183596624]Research Questionnaire Results
Question one: Do you know what happens to your plastic in the UK?
[image: Forms response chart. Question title: Do you know what happens to your plastic in the UK. Number of responses: 10 responses.]
This question is an important question to consider within the public and the civil construction industry. If people do not know what is happening to their waste or plastic waste what would drive them to be more proactive in reducing and recycling. By looking the responses below 60% of those that answered this questionnaire are not aware of what happens to their plastic in the UK. When considering the stance, the UK is taking on plastic and the recycling including having objectives such as the Environmental Improvement Plan 2023 set out to ensure all residual municipal plastic waste has a limitation of 42kg per capita every year by 2028 and including all plastic packing is to be made to enable recycling or reusability by 2025 (Smith, 2024), it is vital that people understand what happens to their waste education is key to understanding and driving the goals set out. 

Question two: Should the UK have 1 system for all recycled plastic across all councils?
[image: Forms response chart. Question title: Should the UK have 1 system for all recycled plastic across all councils ?. Number of responses: 10 responses.]
Currently the United Kingdom run completely different recycling processes and methods right across the country and differs from council to council. This question was considered due to the research conducted on the “One Bin to Rule Them All”. 90% of the anonymous people that answered the question agreed that there should be one unified and simplified system to collect plastic waste, this can ensure that everything that can be done to recycle plastic is being done by the government and councils, this can also save money as the same machinery and systems of work as well as policies can be put in place and be controlled. 










Question three: Do you think recycling plastic for road construction is a good idea in the UK?
[image: Forms response chart. Question title: Do you think recycling plastic for road construction is a good idea in the UK?. Number of responses: 10 responses.]

With the idea of the circular economy and the idea of using recycled plastic in road construction this question was vital to be answered for the circular economy to exist and the steps forward for using recycled plastic, most people need to be in agreement. The UK has taken steps to ensure there is headway into a circular economy by making it legislation for all business to recycle legislation states that by March 31st, 2025, all non-household municipal business need to implement a recycling system for all recyclable waste (Grundon, 2024).  
Question four: Do you think it will become common using plastic in road construction in the future?
[image: Forms response chart. Question title: Do you think it will become common using plastic in road construction in the future?. Number of responses: 10 responses.]



70% of the anonymous people that answered the question believe it will be common practice for civils to use recycled plastics in road construction in the United Kingdom. This question leads onto question five below which majority understand that there is a plastic problem within the United Kingdom, and that recycling and reusing plastic waste would be beneficial not only for the civils industry but also for other industries such as the clothing industry and various others. Understanding of the circular economy for the public and education is a must. More research will need to be undertaken and educating the public. As well as the regulatory framework that would need to be set up for the use of plastic waste in road construction as well as training on using plastic waste in the laying of roads due to any chemical exposure during the process.
Further extensive research will need to be undertaking to ensure there is not more damage being caused by microplastic leaching over time given the research that already states the performance of the roads are increased with plastic modified bitumen mixes.
Question five: Is it a good idea or bad idea to use recycled plastic in road construction? Please state why?
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Question six: What barriers are preventing the UK from using recycled plastic in road construction?
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Question seven: Is using plastic in road construction sustainable?
[image: Forms response chart. Question title: Is using recycled plastic in road construction sustainable?. Number of responses: 10 responses.]


Question eight: Is using plastic in road construction in the UK viable?
[image: Forms response chart. Question title: Is using reclycled plastic in road construction in the UK viable?. Number of responses: 10 responses.]
Question nine: do you think the public would want recycled plastic used in road construction?
[image: Forms response chart. Question title: Do you think the public would want recycled plastic used in road construction?. Number of responses: 10 responses.]
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Results
The conclusion of all studies looked at during this research clearly indicates that the type of plastic does influence the performance levels of the roads a bitumen mixture of recycled plastic of between 6 – 8% has proven to be the strongest and most durable mix for all tests conducted. 
Results showed that can have the potential to be environmentally advantageous when compared to using virgin materials (Santos, et al., 2021)
The use of recycled low-density polyethylene has shown a significant improvement in the physical, chemical and rheological properties of bitumen mixes where the viscosity, penetration points and index increased significantly (Nizamuddin, et al., 220)
Plastic being very versatile, cheap corrosion resistant and lightweight makes it an integral part of our everyday life and will not escape (Gulseven, et al., 2019) this therefor different approaches towards making it sustainable is necessary, especially when 50% of plastics are not disposed of correctly (Moore, 2024). The big focus is on the construction industry where most of the plastic is utilized in various aspects from packaging to installations. 
With regards to climate change and the CO2 impact there is a decrease in the environmental impact and CO2 emissions when using recycled plastic in bitumen and asphalt mixes (Farmer, 2024). The two methods to add plastic waste to the mixes are the wet and dry method which is added as either replacement or additive to the aggregate mixes by percentage of volume.
It has been proven that the softening points as well as the viscosity increased as volume of plastic added, and the penetration points decreased this therefor concludes that the roads with plastic waste in them will have a higher resistance to deformation and malformation although the tests showed that the workability will be negatively affected with any addition of plastic above 6%. The performance levels are increased significantly with 3% addition in a normal environment while 6% is best suited for tropical environments it has been suggested to not increase anything above between 6% - 8% (Nizamuddin, et al., 220). These results show that the United Kingdom will benefit from utilising plastic waste in civils construction. The Green Road Project in Bhutan reduced the need for importation of around 40% of bitumen and saved 30-40% of plastic landing up in landfills of the overall length of the road 200km (Karim, et al., 2023) and a savings of CO2 of 18,851 kilograms in comparison to traditional roads in the Sainsbury Barnwood resurfacing project. There is a clear indication that there is significant savings on CO2 emissions and plastic pollution reduction and increased durability of these roads paved with plastic asphalt mixes (MacRebur The Plastic Road Company, 2023). 
The results of the primary data being the anonymous questionnaire, approximately 80% - 90% agreed using plastic for road construction is a good idea, however 60% of people do not know what happens to plastic waste within the United Kingdom. There are a small percentage of people that answered these questionnaires showed a great concern for the plastic used finding a way and leaching into the environment and the water courses, as well as raising awareness within the public and education. 90% believe there should be one system throughout the United Kingdom for waste collection, recycling and methods used. These are major challenges when incorporating new systems and innovations. The key to addressing these challenges is education and public understanding, this will ensure everyone buys into which ever path is chosen to tackle these challenges. The leaders and policymakers need to agree and lead by example. 
All results have shown significantly that an addition of recycled plastic of no more than 8% adds to the performance levels of the roads, giving this the strongest and most durable mix.
Challenges in the United Kingdom
The upfront cost of utilising recycled materials will initially increase but yield a significant savings further down the line with the durability and performance levels increased, by adding low-cost recycled materials (Ma, et al., 2022). In the United Kingdom the initial financial layout of sorting facilities and state of the art equipment to enhance the recycling process for using the recycled plastic in road construction would be a significant challenge and change to implement, one system across the UK would benefit this (Farmer, 2024). 
Micro pollution with using plastic in roads and paving is relatively unknown and various studies are still being conducted, although using plastic is a positive approach to solving plastic pollution and avoiding plastic in landfills and incinerators micro pollution needs to be looked at in depth. Early abrasion simulations tests showed that there was a release of microplastic when it was used as a bitumen modifier compared to when it is used as an additive or substitute (Enfrin, et al., 2022). During the helpdesk report in the United Kingdom ‘Using Plastics in Road Construction’ the main challenges brought forward were leaching of plastic during the cleaning processes used and during the laying of the roads where there would be hazardous gas released such as chloring based gases (Farmer, 2024).
The benefits of using plastic waste out way the challenges however there are many obstacles that will still need to be overcome in making this a common practice within the civils industry in the United Kingdom. There is a big emphasis that will need to be placed on recycling. 
 The United Kingdom would benefit from the ‘One Bin to Rule Them All’ approach and standardising the collection, recycling, sorting and cleaning process, this would reduce costs overall even though an initial financial layout would be needed this will reduce costs further down the line, regulations and policies would need to be put in place which can be challenging while still under studies. Further training and policies and safe procedures of handling these bitumen mixes will also need to be in place in the United Kingdom and the highest priority placed on worker safety when laying these plastic roads. Evidence based criteria will need to be used when putting these regulations in place and creating the legal framework around the new methods and technologies that will be incorporated (Farmer, 2024). However, with the new regulations brought in for the workplace regarding recycling and separation of business waste is a good step forward to ensure the UK is doing all it can to recycling and reuse. 
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Conclusions can be deducted from all the current research on plastic roads, the recycling processes the current issues in the United Kingdom, sustainability and climate issues the world faces that there is compelling evidence that using recycled plastic in the roads can improve road performance and addressing the issues mentioned. Although fairly new technologies and more research is required on the long-term effects of using plastic waste in roads is required, with regards to the chemical leaching of microplastics into the environment there is a path forward and positives in incorporating these new technologies into our Civil construction within the United Kingdom.
All the research has consistently demonstrated that incorporating recycled plastic enhances the roads performance, with the optimal mix between 6 – 8% plastic content, these roads in turn are structurally stronger and resistant to rutting. The processes to incorporate plastic is straightforward and is achieved through two methods the wet and dry method. The wet method, where the recycled plastic replaces a portion of the aggregate in the asphalt mix and the dry method the plastic would be used as a substitute for a portion of the aggregate within the mix (Farmer, 2024).
The initial layout cost with regards to the machinery and technology has a low initial set up, however the processes across the United Kingdom with regards to the collection, sorting and recycling requires a lot more research and more accurate comparisons to correctly determine the initial set up outlay versus the cost saving over the lifetime of the roads (Farmer, 2024). There is a lot of training, procedures and legislation that would need to be put in place within the United Kingdom as well as incorporating the same standard and procedure throughout the United Kingdom and the separate councils, in short introducing the “One Bin to Rule Them All” strategy. 
To summarise the research in a few points.
· The use of plastic in the civils industry is viable and more environmentally friendly approach while solving some of the plastic waste and recycling problems in the UK as well as improving the performance levels on the roads. 

5.1 Plastic waste is the plastic that is not disposed of and or recycled correctly and or illegally dumped, plastic waste can also be the plastic waste the UK defines as recycled however it was exported and landed up on illegal landfills and incinerators in various other countries. The UK has too many different approaches amongst different councils with regards to waste and waste collection. 
5.2 There are many types of plastic that can be incorporated into asphalt mixes, however the polymer with the best performance levels and recycling capabilities is PP, LDPE and HDPE.
5.3 Two methods of using plastic waste the wet and dry method. The wet method was more environmentally friendly being with less emissions produced and a more cost-effective method.
5.4 Plastic roads had a better performance level compared to traditional built roads, with higher viscosity, and softening points reached, penetration points reduced and less thermos susceptibility.
5.5 Yes, using recycled plastic will reduce the plastic waste problem in the United Kingdom. 
The production of virgin polymers has a higher CO2 emissions produced versus using recycled plastic waste and a noticeable difference in carbon footprint, by utilising recycled plastic we will be solving more than one issue within the United Kingdom at once. 
The above research on the use of plastic waste in road construction is both a significant and compelling topic, with plastic waste and depletion of our natural resources being a major global issue and challenge and not just limited to the United Kingdom these issues cause significant and sever consequences to the environment, our oceans, wildlife and the general health of the planet. Even though much laboratory research has been completed there still needs to be extensive research and innovative solutions to ensure plastic is managed sustainably and deferring these issues for our future generations (Farmer, 2024). 
 The use of plastic waste has the potential to reduce the pollution in the United Kingdom significantly and prevent this plastic from entering the environment and improve performance of roads. 
What innovations lay ahead for plastic recycling and the construction industry, the incorporation of plastic into paver blocks or specialised steel coatings (Farmer, 2024)?
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Temperature, duration, pH and particle size graphs below.
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(Enfrin, et al., 2022).
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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) (Farmer, 2024).
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Results of the Indirect Tensile Strength for dry process mixing showing 0%, 2%, 4%, 6%, 8%, 10%, and 12%
(Farmer, 2024)
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Results of the Indirect Tensile Strength for wet process mixing showing 0%, 2%, 4%, 6%, 8%, 10%, and 12%
(Farmer, 2024)
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Results of the Indirect Tensile Strength for combined process mixing showing 0%, 2%, 4%, 6%, 8%, 10%, and 12%
(Farmer, 2024)
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(Yuetan, et al., 2021)
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Ductility of bitumen modified by plastic with different plastic percentage. The bitumen becomes less ductile as the plastic content increases.
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The penetration dramatically decreases as the volume of plastic increases.
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(Anwar, et al., 2021)
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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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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
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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)

Show all

x





image8.png
UK exports of plastic waste peaked in 2011
million tonnes

2000 2004 2008 2012 2016

2020

0.8

0.6

04

0.2




image9.png
Mechanical

Recycling
Loops, ‘Chemical
%0 K’WSBVR.MWNI
Plastic Waste Virgin
Roturn to Supplier  Sorted by Marker Feedstock

Direct to New Product

toNew
Product
Reprocessing
to New )

Product <§ >




image10.png
(a) The Dry Process

Preheated Agaregates
(20t 10 mm size)

Plastic Coated
Bituminous
agaregates

Road Laying at
120°C

Shredded Plastic

Wastes (236 0 4.75 mm)

Bitumen

(b) The Wet Process

Bitumen
Bitumen with —
Aggregates
heated at
170°C

Plastic Coated
Bituminous
agaregates

Polymer

Aggregates

C

(a) Dry and (b) Wet process for plastic roads manufacturing




image11.png
Types of plastics with different applications and melting points.
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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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“mount of SBS poiymer showed ltle to no distress whie allother six | Asphalt binders were btaned from various soures n Alberta and
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Physical properties of recycled plastics.

‘Recycled plastic wastes Melting Flow Index (FI)* Density, g/em®
HDPE 089 095
&0
LDPE 450 092
a
) 874 090
&2
s 1000 092
&

2 190°C/2.16 kg; 2/10 min (ASTM D1238-10).
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Table 1. Marshall stability test results

Plastic Bulk Corr:
Conton¢  Specific  Stability Flow
Gravity (kg)
0% 2554 2245 1314
6% 2520 243 1277
8% 2534 2656 1401
10% 2497 2155 1357
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Dry Process Measurements

Plastic Bulk-Specific Stress
Content Gravity (kglem?)
0% 2460 3022
8% 2471 3686
Wet Pracess Measurements
Plastic Bulk-Specific Stress
Content Gravity (kg/em?)
0% 2463 2386
8% 2457 3237
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Plastic Content ~ Coated %  Non-coated %

Sample 1 94% 6%
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Sample 2 2% 8%
0% plastic

0% Plastic 93% 7%
Average

Sample 3 96% 4%
8% mix

Sample 4 94% 6%
8% mix

9% Plastic 95% 5%

Average
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recylng*
: ,]\_' polyethylene
= 4 PET Water bottles, soft and fizzy drink bottles, pots, tubs, oven ready trays, jam jars
terephthalate
PETE
,-‘?') Lope Nigh-density Chemical drums, jerricans, carboys, toys, picnic ware, household and kitchenware, cable
(& polyethylene insulation, carrier bags, food wrapping material
HDPE
Window frames, drainage pipe, water service pipe, medical devices, blood storage bags, cable
CH STUDY PLASTIC WASTE IN ROA A and wire insulation, resilient flooring, roofing membranes, stationery, automotive interiors and
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
Buckets, crates, toys, medical components, washing machine drums, bottle caps, and battery
polypropylene
CHAPTER FOUR Q P polypropyl e ¥ : 8 P y
4.1 Results & Findings 33 *
CHAPTER FIVE
5.1 Concl /e' Toys and novelties, rigid pack tic packs and costum,
5.1 Conclusions c ‘) Ps polystyrene. wellen
PS :
Examining the current data on the different methods of adding plastic waste to road construction, /} other types of
Analysis of the performance levels of roads constructed with plastic and asphalt and complete a comparison l ‘) Other plas
against traditional roads. OTHER
Would using plastic in road construction reduce the plastic waste problems we currently face?
6 Closed loop and open loop recycling
As more plastic is recovered and recycled, it provides increasing amounts of raw material for the recycling sector, which can be sed for either closed loop’ or ‘open loop
Page 100111 34s6words [} English United Kingdom) B Accessibilty: Investigate I Foaus Ioop recycling means a product is into another, almost identical product. A simple example of this is recycling a PET drink bottle into a new PET drink
5 bottle. Open loop recycling means a product s turned into  ne mple, recycled plastic packaging could end up in a p
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HDPE Rigid Plastic lumber, table, chairs
LoPE 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
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Material Load Initial strain Cycles to failure
300 146 26236
MR8 360 178 76756
290 142 59636
FmB 400 468 29216
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Performance Requirement MRE MR8 MR10
Structural Contribution Greatest Moderate
(Stiffness) Improvement Improvement No Improvement
Resistance to Fracture Greatest Moderate
(Fatigue) Improvement Improvement Moderate Improvement
Resistance to Deformation Moderate Slight
(Rutting Depth) Improvement Improvement Greatest Improvement
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Do you know what happens to your plastic in the UK
10 responses

@ Yes
® No
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Should the UK have 1 system for all recycled plastic across all councils ?
10 responses

@ Yes
® No
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Do you think recycling plastic for road construction is a good idea in the UK?
10 responses

@ Yes
® No

A





image34.png
Do you think it will become common using plastic in road construction in the future?
10 responses

@ Yes
® No
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yesitis as the UK has a serious plastic problem.

Yes asit's a full loop of recycling materials to prevent from landfill. | do also support plastic being used
also recycling within other industries such as clothing and energy. Biggest concern would be on its use in
highways is heat, could it withstand the pressures of the volumes of traffic but lots of ideas out there as
alternative materials mixed with it

I think it a good idea, but | think it'l require raising awareness, educating people and getting the vast
majority of local authorities and highways to embrace the idea.

It's good for environment and a good way to recycle plastic
It's environmentally friendly
To help the environment

Not sure, will there be micro plastics absorbed into the water tables? Is there any vapour that could come.
off the plastic into the atmosphere eg when it's hot. What is the durability, if it's not long lasting what are
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Not sure, will there be micro plastics absorbed into the water tables? Is there any vapour that could come
off the plastic into the atmosphere eg when it's hot. What is the durability, if its not long lasting what are
the Co2 emissions to remanufacture/reinstall etc over time. Compared to more longer lasting product's,

that are not as green, but last a lot longer.

Does it help meet circular economy principles 2(which will help with countries and businesses
environmental SDG's)

Yes, if the recycled plastic products have similar properties as current methods using less carbon.

Good idea - it needs to go on something we need and most our roads have potholes and it help.
environment as plastic is being used for something

Think its a good idea as the more we recycle the better it is for tge environment
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facilties, collecting and sorting as well as budgets for this

Politicians and also lack of innovators and risk takers in key policy making decisions and of course
everyones excuse cost, rather than looking long term cost effective. Also with projects such as this
everyone needs to buy into it to access the plastic from tfr stations etc

A potential barrier may be the general publics prejudice against plastic and possibly a move to altematives
with the aim of reducing plastic waste. People may also be worried about the long term effects i.e. does it
break down into the environment and could it cause further pollution.

Not sure
Donit know
The amount if plastic that the UK actually have

Research, money, weather conditions, durability/sustainability.
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Is using recycled plastic in road construction sustainable?
10 responses

@ Strongly disagree
@ Disagree

@ Neutral

@ Agree

@ Strongly agree
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Is using reclycled plastic in road construction in the UK viable?
10 responses

@ Yes
® No
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Do you think the public would want recycled plastic used in road construction?
10 responses

@ Yes
® No

A
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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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Summary of binder properties modified with different plastics through wet process (based on literatures).

TypeofPlastis  Rutting resistance _ Fatigue cracking resistance._ Low-temperature cracking resistance  Phase separation _ Envimnmental concerns
PE 1 T ‘ v
23 1 T ‘ v
EVA 1 T T v
BVC 1 T ¢ v
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Fig. 1. Tons of plastics for generation and different treatments.
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Figure 5. Ductility of Modified Bitumen versus different Plastic contents.
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