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Plastics have come a long way since Alexander Parkes introduced the first man-made plastic made from cellulose nitrate, called “Parkesine”, in 1862 (Bellis, 2020).  Plastics are derived primarily from refined crude oil petroleum products. There will always be a great demand for plastic materials over other materials due to the different physical, mechanical and chemical properties that plastics exhibit, depending on the polymer and other constituents added (Woodford, 2019). 
[bookmark: _Toc60921624][bookmark: _Toc61259129]Properties of plastics
Plastics exhibit various different chemical and physical forms, such as cross-linked or non-cross-linked, amorphous or crystalline, and glass-like or rubbery (National research council, 1994). In general, plastics are inexpensive, lightweight (compared to other materials), durable, resistant to water absorption, have different resistances to chemicals, corrosion and abrasion, as well as good thermal and electric insulating properties with some, such as polytetrafluoroethylene (PTFE) having both excellent electric insulation and very high heat stability. Different plastics exhibit different behaviour in fire, and also depends on constituents added such as fillers, plasticisers, or fire-retardant additives. For example, polystyrene and olefins are quite flammable, while PTFE and Polyvinyl chloride (PVC) are flame retardant (Omnexus, n.d.).
The strength, toughness, and ductility of plastics are all important mechanical properties, which depend on several factors such as the nature of polymers, density, molecular weight and orientation of the material, bonds between molecules, level of stress, temperature, processing methods and age of the material (Clark, 1985).  The viscoelastic behaviour of a material involving stress and strain of the material under the influence of applied forces is an important factor to consider. This is tested by continuously measuring the force developed as the material is elongated at constant rate of extension until break point (fig.1.). In Fig.1, the initial linear slope demonstrates stiffness measure, which provides a value for the modulus of elasticity, also known as Young's modulus. This tells you how much a material can elastically stretch and its toughness when a particular tensile load is applied. Increasing load magnitude on the material will cause the material to begin plastically deforming, known as the 'Yield Strength'. Beyond this point, known as ultimate strength, the material cannot handle any more increase of tensile stress and finally breaks (Blaga, 1973; Gotro, 2017).
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Fig. 1. Graph demonstrating tensile stress-strain curve for polymeric material.
(Source: Blaga, 1973)

Different materials will react differently to the stress-strain test, as seen in fig.2. 
[image: ]
Fig. 2 Graph demonstrating Tensile Stress-Strain curves for typical plastics.
(Source: Gotro, 2017)

Stress-strain curves of different materials help engineers understand key properties of a material like its elastic region, plastic region, yield point, and ultimate tensile strength, and can offer insights into developing materials to survive more loading (Milne, 2016; Velling, 2020). The properties of plastics are generally enhanced by the addition of different additives, such as antioxidants, stabilisers, colourants, plasticisers, or fillers (Hall, 1981).
[bookmark: _Toc60921625][bookmark: _Toc61259130]Thermoplastics, thermosets, or elastomers
[bookmark: _Hlk60921074]Plastics are mostly classified as thermoplastics, thermosets, or elastomers, each with their own specific properties. Fig. 3 shows examples of typical thermoplastic, thermosetting and elastomer materials produced.
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Fig. 3. Examples of typical thermoplastic, thermosetting and elastomer materials produced.
(Source: lecture slides)

[bookmark: _Toc60921626][bookmark: _Toc61259131]Thermoplastics
Thermoplastics can be repeatedly softened and shaped when heated, then solidify to the moulded shape when left to cool. They slowly change from rigid solids to highly viscous liquids when heated to a range of temperatures (Blaga, 1973). This is due to the relatively weak intermolecular bonds between the monomer molecules. They are, therefore, versatile, useful in a vast range of applications, as well as having the advantage of being recyclable (Ibeh, 2011). However, thermoplastics also have disadvantages in that some low-quality types will melt, some degrade when exposed to direct sunlight or UV light, and some have poor resistance to hydrocarbons as well as some solvents (Soffar, 2016). Low- and high-density Polyethylene (PE) (LDPE & HDPE), polypropylene (PP) and PS are the most widely used thermoplastics. LDPE and HDPE have similar characteristics, with the exception that HDPE has a higher strength-to-density ratio than LDPE with an increased tensile strength, therefore, are tougher and more rigid, and are hence used in piping systems in the construction and civil engineering sectors (Paben, 2019).  As a recycling plastics option, both LDPE and HDPE ﬁbres are added to concrete mix to improve the mechanical properties of concrete and reduce costs (Chaudhary et al., 2014; Pesic et al., 2016; Abhijith et al., 2019). 
[bookmark: _Toc60921627][bookmark: _Toc61259132]Thermosets
Unlike thermoplastics, thermosets cannot be reshaped when heated due to the 3D network of covalently bonded atoms with strong cross-links between polymer chains. Hence, they are strong, durable, have a high resistance to solvents and corrosives and are heat resistant, although excessive or prolonged heating will result in the material becoming brittle, over hardening, contraction, and even disintegration (Blaga, 1973). Thermosets have the disadvantage of being non-recyclable (Ibeh, 2011). Examples of thermosets and their uses include Phenol formaldehyde (PF), also known as ‘Bakelite’, mainly used in the circuit board production and the production of laminates by hot pressing of layers of resin-impregnated paper, fabric or wood veneers (our education, n.d.). Urea formaldehyde (UF) is used for manufacture of electrical components like light switches, moulded components and adhesives. Similarly, Melamine formaldehyde (MF) is used in the production of wood-based laminates and surfaces on flooring, and exterior cladding (Kohlmayr et al., 2012).
[bookmark: _Toc60921628][bookmark: _Toc61259133]Elastomers 
Elastomers, also known as rubbers, are composed of long coiled chainlike polymers that are cross-linked, and hence restrict movement, and allow chains to restore to their coiled form. This significant property gives elastomers their high elasticity. Weak inter-molecular forces give elastomers a low Young’s modulus (Shanks & Kong, 2013). They are tough and impermeable to air and water, with good mechanical, electrical and thermal properties, and hence used for an array of applications. For instance, elastomers are used in tyres, anti-vibration mounts and flooring, sports and medical equipment, personal protection and diving products (Henneberry, n.d.; Hanhi et al., 2007; Woodford, 2019). In the construction and civil engineering industry, elastomers are used as adhesives, roofing membranes, seals and gasket systems, rubberised asphalt and bridge bearings, as well as wire insulation due to their high heat resistance (Nittmannová & Magura, 2016; Walker, 2017).
[bookmark: _Toc60921629][bookmark: _Toc61259134]Uses of plastics in construction and civil engineering
Plastics are one of the major materials used in the construction and civil engineering sectors. Some of  the commonly used thermoplastics are PVC, PTFE, PP, PMMA, and polycarbonate (PC) (Al-Sharrawi et al., 2018). Plastics are involved in so many different applications such as cable insulation, damp proofing, roofing, floorings, pipes and geotextiles and much more.
[bookmark: _Toc60921630][bookmark: _Toc61259135]PP and Geotextiles
Geotextiles are synthetic, permeable materials, available as woven, nonwoven, and knitted, which are made of non-degradable polymers from polypropylene, polyester, or polyamide family. Nonwoven PP Geotextiles are characterised by having high mechanical strength and can withstand temperatures as high as 150ºC, as well as excellent resistance to moisture, biological substances, and aggressive chemicals (Agrawal, 2011). They are used in many infra-structure works, such as landfills, roads, railways, drainage structures, riverbanks and other types of civil engineering projects, to improve soil characteristics, making soils more suitable for construction. They have the ability to separate, filter, drain, reinforce, seal, and protect soils (Wu et al., 2020). 
[bookmark: _Toc61259136]PTFE and ETFE
[bookmark: _Hlk58350974]PTFE (also known as Teflon) and ethylene tetrafluoroethylene (ETFE) are both used for large-scale tensile structures as they are light weight, strong, durable and resistant to weather and chemicals. However, PTFE has a higher tensile strength than PTFE. Examples of buildings that have used PTFE include Burj Al Arab and Millennium Dome (Pfeifer Fabritec, n.d.; Prasad, n.d.). ETFE is used as roofing material in buildings such as Beijing water-cube for the 2008 Olympics (Carfrae, 2006) and the Eden project in Cornwall (Srisuwan, 2016). 
[bookmark: _Toc61259137]PMMA and PC
PMMA (also known as acrylic) and PC are both transparent plastics with high transmissivity and are substitutes to glass. PC is stronger than PMMA with higher impact strength, and therefore, acrylic is easier to crack than PC under stress. Acrylic is more scratch resistant and a cheaper choice, and is therefore used in windows and doors, canopies, decorative signs, bath and shower trays, and roofing materials. PC is used in greenhouses and roof lights (creative mechanisms staff, 2016). 
[bookmark: _Toc61259138]PVC
PVC is extensively used in a vast range of applications, particularly in the construction industry. It is affordable, hard and strong, durable and resistant to moisture, heat, oil and chemicals. The addition of additives enhances its durability and makes it suitable for a variety of construction applications, like for cladding, window frames, roofing, fencing, decking, flooring, water pipes and cable insulation. The major disadvantage PVC has is that it can be a health hazard, as  it emits hydrogen chloride (HCl) fumes when it burns (BPF, n.d.; Creative mechanism staff, 2016; Gilani, 2017)
[bookmark: _Toc61259139]Wood plastic composites (WPC)
[bookmark: _Hlk60922972]One of the solutions for recycling plastics are wood plastic composites (WPC). WPC is created entirely from wood waste and recycled thermoplastics. The pelleted form of WPC can be extruded into any shape or size and can be coloured to suit any scheme. It is mainly used for decking, wall cladding, fencing, siding, window and door frames. WPC has the properties of timber but with additional performance benefits, such as low moisture content, and is therefore not susceptible to deforming or cracking with the aid of additives and antioxidants (Bhaskar et al., 2012; Klyosov, 2007)
[bookmark: _Toc61259140]Effects of plastics on environment
Over the years, there has been an increase in global awareness of the harmful impact non‐biodegradable plastics have on the environment. Plastics are not just made of carbon and hydrogen but have different additives added to maintain or enhance their properties, like colouring agents, chemical additives like softeners and plasticisers to give them flexibility, stabilisers and antioxidants to prevent loss of their mechanical properties and delay degradation, flame retardants to make them fireproof, and other additives depending on the purpose (Jayaraman, 2015).
Table 1 demonstrates some of the sources of non-biodegradable waste plastics. Amongst the problems faced are that landfills are overflowing with materials like plastics, as well as the detrimental effects on animals, wildlife and sea life causing their entanglement, starvation and death (Parker, 2019). This awareness has made scientists and researchers seek ways to recycle these non-biodegradable plastics.
[image: ] 
Table 1 Waste plastics and their sources.
[bookmark: _Hlk56805144](Source: Gawande et al., 2012)

[bookmark: _Toc61259141]Application of waste plastic materials in road construction
In 2001, Indian chemistry professor, Professor Vasudevan, took on the challenge of finding a way of tackling the ever-growing plastics waste problem in India. Following on from the fact that plastic is known to be a good binder in a molten condition, he experimented with chemicals of similar nature. He added plastic to bitumen combined with gravel and found that this mix enhanced its binding property. When this plastic/bitumen mix was tested on a road, it improved the tensile strength of the road and made it more flexible and durable (Vasudevan et al, 2007). It was also found that this mix prevented pothole formation by filling in the space between the bitumen and gravel (Menon, 2016). This is a great advantage as normal asphalt roads can suffer from rain induced damage, hence causing potholes, and will therefore require frequent maintenance which in turn is costly and causes disruption (McSheffrey, n.d.). In addition, these roads can withstand high climate temperatures of above 50°C and can last longer (Verma, 2008). Using plastics in the mix saves about one tonne of bitumen per km of road; this is the equivalent of about 684,000 plastic bottles or 1.8m of single-use plastic bags (Thiagarajan, 2018). Since then, this technique has been used all over India and ten years on, the roads are still in good condition (Smith, 2018).
[bookmark: _Toc61259142]International case studies for plastic roads
Many countries have trialled paving roads using plastic waste added to asphalt mix. For example, Christchurch International Airport in New Zealand have also trialled out the use of Plastiphalt (plastics/bitumen mix) at its fire station. 3000 shredded 4L plastic oil containers were added to bitumen to make 250 tonnes of Plastiphalt (Davies, 2018). Meanwhile, in Vancouver, plastics were ground up, made into a wax and used as a lower heat mix for asphalt, resulting in a much lower estimated carbon footprint of 300 tonnes for the city, than using the usual high heat (Ball, 2012). 
On the other hand, Holland took the plastic road concept even further by creating a 30m bike path, in Zwolle, made entirely of plastic. The path is made of hollow prefabricated sections, which take only few days to assemble, and can be easily replaced and recycled if necessary. They have sensors that collect data for further development, space for  cables and services to run underneath, and rainwater drainage system (Boffey, 2018;  Fourtane, 2019). 
[bookmark: _Toc61259143]National case studies for plastic roads
In the UK, a Scottish company, MacRebur, manufactured three plastic ‘additives’; M6, M8 and M10, that can be used to reduce the volume of bitumen required in an asphalt mix by a recommended 6%, as well as enhance asphalt performance (MacRebur, n.d.; White, 2018).  After the successful initial trials carried out in Cumbria in 2016, Cumbria council has been granted a fund of  £1.6 million from the Department for Transport to use the MacRebur’s patented asphalt mix (Smith, 2018). Amongst other authorities that have trialled plastic roads are Durham council (Browne, 2018), Dumfries, Galloway and East Renfrewshire Councils (Hilley, 2019) and Enfield council (Dickinson, 2018). 
[bookmark: _Toc61259144]Controversial opinions of the use of plastics in road construction
[bookmark: _Hlk57807779]It is clear that many countries have been and are showing serious interest in the concept of plastic roads and have been trialling them out. The general outcomes from experiments and tests, in nearly all literature, show that plastic roads have much improved performance, durability and strength, better resistance to weather conditions, reduced porosity, reduced rebound deflection and about 10% reduced need of bitumen. These advantages mean lower costs and minimal road maintenance as there will be no potholes (Kashiyani et al., 2013). However, some studies revealed that heating plastics released toxic emissions, and the presence of chlorine will release HCL gas as well as leaching (Kashiyani et al., 2013; Chakraborty & Mehta, 2017; Manju et al., 2017). However, Vasudevan et al. (2010), Rajasekaran et al. (2013) and White (2019) presented controversial results that in the dry process, waste plastic is not burnt but softened to coat aggregates. In addition, they explained that there is no release of the toxic compound, Dioxin, as Chlorine, copper and a high temperature are not present. However, it is recommended by most research that PP, PS and PE polymers should be used rather than PVC, to avoid possible release of harmful HCL. 
[bookmark: _Toc61259145]Conclusion
The problem of waste plastics is increasing rapidly. Exporting plastic waste to developing countries will be banned or restricted under a new environmental bill. These developing countries have stopped accepting the import of any plastic wastes and, therefore, there has to be alternatives to the ‘recycling’ of tonnes of plastics waste (Harrabin, 2020). Reducing the amount of solid waste in landfills is one of the main goals that should be on everyone’s minds. Therefore, finding different ways of recycling plastics should be researched and encouraged. Finding smart, innovative recycling techniques are crucial to reduce the ever-growing waste landfills. It will help protect ecosystems and wildlife, as well as conserve natural resources, save energy, and reduce carbon dioxide and greenhouse gases (friends of the earth, 2018).
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