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1.0 Introduction
[bookmark: _Hlk56791663][bookmark: _Hlk56791682]‘Plastic’ is a generic term that is given to synthetic and semisynthetic materials that are formed through linking large molecules, known as polymers. The majority of plastics are produced from oil, where crude oil is divided into fractions. Chemical compounds such as hydrogen and carbon are then added to the mix, creating hydrocarbon chains. Monomers are then formed through catalysation, which produces monomers such as ethene and propene. Chepkemoi (2017) explains that “these monomers have double chemical bonds between carbon atoms which eventually undergo reactions to form chains called polymers.”. This process is referred to as polymerization (Fig 1).  Due to the broad range of organic polymers used to produce certain types of plastic, their properties can differ. Generally, plastics are known for being a lightweight material with a high strength to weight ratio. Plastics are mass produced relatively inexpensively compared to other construction materials. Moreover, plastics are water and shock resistant, as well as thermally and electrically insulating. In addition to this, plastics are a very versatile material. When heated, plastics become soft or change state into a liquid. This allows them to be moulded into any shape. 
[image: ]
Fig 1 - Polymerization
[bookmark: _Hlk56791695][bookmark: _Hlk56791709][bookmark: _Hlk56791730]Plastics are a highly desirable material, which has caused world plastic production to increase exponentially from “2.3 million tons in 1950 to 448 million tons by 2015” (National Geographic 2020) However, due to the wide range of uses for plastics, it is now a major threat to the environment. Although some forms of plastics are widely recycled, a 2015 study found that “only around 9% of plastic waste is recycled, with 12% being incinerated and the other 79% accumulating in landfills or in the natural environment. It is estimated that up to 40% of all plastics produced are only used once” (National Geographic 2020). Shocking statistics like these have led to a worldwide acknowledgment of the downfalls of widely using plastics, causing a demand for plastics to be produced and used in a more sustainable manner. In the construction sector, the use of waste plastic as a building material is being consider. This piece will consider the feasibility of using plastic as a construction material, drawing upon examples of when plastic has been used and the professional opinions of those considering waste plastic as a sustainable alternative to conventional building materials. 


2.0 The Classification of Polymers
Polymers are comprised of a molecular structure of many similar units bonded together, referred to as repeating units. These units are the monomers of which the polymers are comprised (fig 2). As there is a variety of monomers, polymers are categorised based on their molecular forces. The three main categories are thermoplastic polymers, thermosetting polymers and elastomers. The main difference between these forms of plastic are how they react under high temperatures.
[image: ]
Fig 2 – Repeating Units
2.1 Thermoplastics
[bookmark: _Hlk56791752]Thermoplastics are a resin that is solid at room temperature but soft upon heating. This is due to crystal melting or the crossing of the glass transition temperature. Processing usually occurs via blow moulding or injection moulding, which allows the thermoplastic to take the shape of its container, meaning thermoplastics can be moulded into any shape. The reversibility of thermoplastics is desirable, as they can undergo reheating and melt again, allowing them to be remoulded. This also allows for additional processing, which processes such as extrusion and thermoforming rely on. Common thermoplastics include polycarbonate (PC), polyethylene (PE) and polyvinyl chloride (PVC). Acrylic is an example of a thermoplastic that is commonly used in the construction industry, mainly due to acrylic’s pleasant aesthetic effect. Acrylic is also used as a replacement to glass. The apparent drawback with the use of thermoplastics as a construction material is that if they are used in an environment subject to high temperatures, they may deform and lose some of their physical properties. 
2.2 Thermosetting Resin
[bookmark: _Hlk56791768][bookmark: _Hlk56791779]Thermosetting resin is generally a liquid at room temperature, which then hardens upon heating or with chemical addition. When placed in a mould and treated, the resin solidifies. This process involves the formation of bonds, referred to as crosslinks. These hold the molecules in place and change the nature of the material, which prevents it from melting. This means that unlike thermoplastics, the resin cannot return to its original state, making the process irreversible. This is the reason why thermosetting plastics cannot be recycled. If overheating takes place, thermosets can degrade without entering a fluid phase. Processes such as compression moulding, resin transfer moulding and pultrusion depends on the thermosetting polymer behaviour. Common thermosets include polyimide, epoxy and phenolic, which are significantly used in composites. Thermosetting resins have multiple applications in the construction sector. Mordor (2017) states “Epoxies are being used for pipes, tanks, pressure vessels, and tooling jigs and fixtures and exhibit high mechanical strength, chemical resistance, electrical insulating properties.”. There are a number of differing properties between thermo and thermosetting plastics, as displayed by the table below (Fig 3).
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Fig 3 – Thermoplastic versus thermosetting plastic
[bookmark: _Hlk56791805]2.3 Elastomers
An elastomer is a polymer type with the specific characteristic of elasticity. Structurally, elastomers are amorphous, meaning there is no order within the molecular structure. The property of elasticity arises due to weak forces between the polymer chains, allowing flexibility. If a polymer has an unorganised structure, it allows for greater elasticity (Fig 4). However, for a polymer to be flexible, it requires some degree of cross-linkage. Generally, elastomers exhibit a low Young’s modulus and high yield strength. Interestingly, some elastomers can be classified as thermoplastics and others as thermosetting polymers. The most widely used elastomer is rubber, with natural rubber mainly being comprised of the polyisoprene polymer. In the construction industry, silicone elastomers are used as coatings, sealants and in water-repellent paints. This is due to properties such as high permeability, water repellence and UV resistance.  
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Fig 4 – Polymers versus elastomer
3.0 Case Studies
3.1 MacRebur
[bookmark: _Hlk56791818][bookmark: _Hlk56791831]Plastics are becoming more commonly used in the construction industry, with one of the most recent innovations being in the field of road construction. It is recorded that the idea of incorporating plastics, specifically waste plastics in road construction, was first developed by Toby Mccartney, the CEO of MacRebur. The idea came from his time in India, where he noticed locals dousing waste plastics in diesel and setting them alight in potholes, in order to fill them. Mccartney furthered this by creating a mix of waste plastics, granulating them and adding them to the asphalt mix that is typically used to create roads, resulting in an enhanced asphalt mix (Fig 5).The Scottish company MacRebur was founded off this, with the company now boasting 3 waste plastic additives for asphalt, all of which “meet various worldwide roads standards and have been rigorously tested against standard asphalt, bitumen and Polymer Modified Bitumen.”. MacRebur (2020). The process involves replacing a portion of the bitumen usually used in asphalt production with pellets that are made from waste plastics, which improves the overall strength of the asphalt surface, as well as improving the longevity of the surface. MacRebur is particularly innovative as it tackles two problems at once, those being the ever-growing problem of plastic waste, as well as the common occurrence of potholes in U.K. roads. Due to the success of MacRebur’s product, the UK Department for Transport has earmarked £1.6m to extend the use of plastic roads in Cumbria (Cumbria County Council 2019). 
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Fig 5 – MacRebur enhanced asphalt mix process

3.2 PlasticRoad
[bookmark: _Hlk56791844][bookmark: _Hlk56791862][bookmark: _Hlk56791894]In the Netherlands, three companies have come together to develop a prefabricated, modular design plastic road. These companies include the largest road construction company in the Netherlands, KWS, as well as the largest supplier of pipes and pipe systems, Wavin, and the oil company Total. Together they have designed and constructed a lightweight road made from recycled plastics, which they refer to as “completely circular” in terms of sustainability. The roads design includes hollow elements, displayed in fig 6, which are used for the drainage of excess water, as well as for the placement of underground utilities. The surface contains a mixture of asphalt and recycled plastics. Their innovation, which they named ‘PlasticRoad’, boasts a lifecycle of “up to three times that of a standard road, a construction time that is 70% faster than usual, as well as being four times lighter than conventional road systems” (PlasticRoad 2020). The first PlasticRoad was opened in the municipality of Zwolle in 2018, which was a bike path totalling 30 metres in length. This path contains about 1000 kilograms of recycled plastics, which is the equivalent of 218.000 plastic cups. It has now reached the milestone of the millionth crossing, which was the turning point that has now led to the industrial production of the PlasticRoad, which is expected to commence during the first quarter of 2021. Jager and Koudstaal of PlasticRoad talk about the project: “Working together with our clients, we have proven that our ground-breaking circular concept – a prefab road based on recycled plastic – is feasible in practice. An initiative that started in 2018 with two pilot projects is now ready for industrial production – a feat that we are incredibly proud of.”.

[image: ]
Fig 6 – Inside view of ‘PlasticRoad’ module
3.3 Analysis of PlasticRoad
[bookmark: _Hlk56791908]Although the PlasticRoad has been in testing for over two years, with sensors that allowed 24/7 monitoring of the behaviour of the road, there are some problems upon closer inspection. The PlasticRoad certainly is a step in the right direction in sustainability terms, but the problems lie within the functionality. Firstly, although supposed ‘24/7 behaviour monitoring’ has taken place, the two-year period of this is not a large enough amount of time in terms of material testing. This is especially relevant given that the PlasticRoad was used as a bike path, not an actual road. This meaning that the behaviours the PlasticRoad portrayed during testing as a bike path may be completely different to those displayed when it is used as an actual road, with vehicles of far greater weight using it. In addition to this, it is not stated on the website whether the 70% increase in production times is in relation to the process of completely building a road, or just the road surfacing. This is relevant because in road construction, the bulk of the work is the levelling of the ground and creating suitable foundations for the road. Since the levelling and foundation work is expected to be a similar process to the one used in conventional road construction, this raises questions regarding how much time it actually saves. Moreover, the waste plastic used in the road construction is Polyethylene terephthalate (PET), which is the same plastic that is used to make plastic drink bottles. PET has some properties that hinder it’s use as a construction material, which include a thermal expansion rate five times that of concrete and ten times the rate as the rocks used in conventional road construction. Additionally, PET has a high degradation rate when exposed to UV light, such as from the sun. 
From a design standpoint, questions can also be raised. Given the hollow inside of the road modules, there are areas where the weight of the vehicles travelling on the road are focussed on. Fig 7 better explains this. The areas circled are going to be under a large amount of stress as the weight of the vehicles using the road is not evenly distributed throughout the road surface like it would be in conventional road construction. This would lead to failures in the road and increase the need for maintenance. This leads directly to another potential downfall, which is the maintenance itself. Even though the website declares that maintenance is as simple as replacing a broken module, this does not take into consideration the connected underground utilities that would be in use. Replacing a module would mean disrupting these utilities, which would cause a myriad of problems for those who rely on those underground utilities. 

Fig 7 – Cross-sectional animated view of ‘PlasticRoad’
4.0 Professional Viewpoints on the use of Plastic in Road Construction
[bookmark: _Hlk56791927]Upon analysis of how plastic is being considered in road construction, it is clear to see the variation in ideology and application. In terms of feasibility, the process that MacRebur undertakes seems to raise less difficulties compared to PlasticRoad. The addition of waste plastic to a bitumen mix is researched, with many published findings being available. A review article published by the Department of Chemical Engineering, from Bharati Vidyapeeth Deemed University, India, explores the possibility of using various waste plastics in road construction. Bale (2011) drew vary similar conclusions to those said by MacRebur. The findings were that plastic additives will increase the melting point of the bitumen, which is particularly helpful given the high temperatures and humidity in India, as it is a contributing factor in the failure of their road systems. They found that the use of plastic additives not only strengthened the road but also increased the life of the road, as well as improving the environment and providing an additional source of income for those who gather the plastic waste materials. 
A separate study found in the International Journal of Scientific and Research Publications, by Trimbakwala (2017) has very similar findings. This study evaluated the modified binder, drawing conclusion based on the percentage of plastic additives to bitumen. This was to find the optimum amount of waste plastic additive. Plastic waste such as carry bags, water bottles, milk packets, glasses, cups, etc was used as a modifier. The optimum modified binder content was found to be 5.0 % by weight of the mix, consisting of 8.0 % by weight of processed plastic added to the bitumen. The conclusions drawn from this study stated “Roads laid with plastic waste mix are found to be better than the conventional ones. The binding property of plastic makes the road last longer besides giving added strength to withstand more loads. While a normal 'highway quality' road lasts four to five years it is claimed that plastic-bitumen roads can last up to 10 years.”. Specific improvements found by this study also included;
· [bookmark: _Hlk56791950]Improved resistance to surface-initiated cracking due to high binder content
· Improved ageing and oxidation resistance
· Improved resistance to fatigue and reflection cracking
· Improved resistance to rutting due to higher viscosity and softening points
· Reduced tyre noise due to increased binder thickness
· Reduced construction time on site
· Lower pavement maintenance costs due to improved quality pavement
· The construction method helps maintain the balance of the environment as it is more eco-friendly. 
On the other hand, there are drawbacks within the use of waste plastic in road construction, specifically from an environmental standpoint. An Article by Nityanand Jayaraman (2015) Offers an insight behind the effect the mass production of plastic roads would have on the environment. If a point was to be reached where there was to be worldwide production of plastic roads, this would undermine the whole issue regarding plastic production, as we would need to produce more plastic to meet the demand. This also promotes the production of plastic, which is a highly polluting process. Jayaraman states “The sooner we admit that we need to phase out plastics, the sooner we will begin the earnest quest for alternatives.”. This viewpoint is not very common within the construction industry, but from an environmental standpoint this can be understood.
[image: ]
[bookmark: _Hlk56787869]Fig 8 – How microplastics enter the food chain
[bookmark: _Hlk56791974]Moreover, chemical additives are added to plastics to allow changes in the properties, such as softeners and plasticizers. The toxicity of these additives is not thoroughly researched, but some studies conducted on phthalates showed that they are toxic and can cause birth defects and cancer. As the plastics used in construction have the potential to enter the natural environment in microscopic form, they have the opportunity to work their way up the food chain and potentially end up in the food we eat, therefore affecting human health directly. This is the same for microplastics, where studies have found more microplastics in the ocean than plankton. The fact is that no one really knows the effects that mass producing plastics and their use in construction processes is going to have on the environment in the long term. In Maraimalai Nagar, India, the idea of plastic roads was adopted. The biggest problem they faced was finding and funding enough manpower to collect the volume of plastic waste that they required (Theaggie 2019). 
Below is a table summarising the main findings from professional research and opinions regarding the use of plastic in road construction.

	Professional Opinions of the use of Plastic in Road Construction

	Positives
	Negatives

	Improved road surface resistance to cracking.
	The plastic production process is highly polluting.

	Improved oxidation resistance.
	The demand for waste plastic may drive a greater demand to produce plastic, which is the opposite to what is required for the construction industry to become more sustainable.

	Improved resistance to fatigue and reflection cracking.
	The raw materials used in the production of plastics are not renewable.

	Provides an income for those collecting waste plastics.
	The long-term effects of plastic in the natural environment are unknown.

	Improved resistance to rutting
	Plastic additives have been found to be toxic to humans. 

	Reduced construction times compared to the traditional road construction process. 
	Microplastics have already invaded the natural environment, their effects will be exacerbated by increased plastic use in the construction sector. 

	Reduced tyre noise compared to conventional road surfacing.
	The slow degradation time of plastics mean they have the potential to remain in the natural environment for hundreds of years. 

	Lower maintenance costs compared to traditional road systems. 
	A large workforce is required to gather enough waste plastic to industrialise the production of plastic roads. 







5.0 Conclusion
[bookmark: _Hlk56791988]Based on the professional evidence referenced in this piece, it is a fact that adding certain percentages of waste plastic to the bitumen mix in road construction will result in an overall improved road. Whether this should be a common practice in road construction depends on which perspective you look at the problem. Application wise, plastic has the proven potential to add strength, longevity and a number of other positive abilities to roads. However, from an environmental standpoint, the risk of having such a large amount of plastic in the built environment is that it will remain there due to the rate at which it degrades, as well as the damage microscopic fragments of plastic have on the natural environment. It would be foolish to majorly industrialise the use of plastic in the construction sector without fully understanding the environmental effects this has on our planet, causing the conclusion to be drawn that more research needs to be completed on the exact implications of plastic incorporation in the construction sector, as well as innovations in the area of treating plastic in a way that will not poison the natural environment, potentially through the production of plastics with a degradation time of ten to a hundred years. To reiterate the findings, the use of waste plastic in road construction is practically and functionally justifiable, but the future potential is hindered by the environmental damage that industrialising the use plastic in construction sector would have.  
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