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[bookmark: _Toc124210697]The Potential Use of Plastics in Civil Engineering

This academic research paper will evaluate the use of waste plastic as a partial replacement for aggregates in concrete and as reinforcing materials for mortars. The report will also analyse how waste plastic materials are applied in road construction by exploring the techniques, production processes and design methodologies from international and local (British) case studies. Finally, the paper will decipher if waste plastics are practical and functional for partially replacing aggregates, reinforcing mortars, and road construction by using the opinions of experts and media bodies. 

[bookmark: _Toc124210698]Plastics 
Plastic is a type of synthetic polymer. Polymers are large molecules or linked chains made up of repeating units called monomers. Plastics are usually made from carbon-based compounds, such as natural gas, crude oil, and coal. (Plastics Europe, 2022)

Plastics are lightweight, durable, fire resistant, have good thermal and insulating properties, have chemical resistance, are resistant to corrosion, flexible, and some are recyclable (Britannica, 2022). These properties of plastics are what make them so prominent and widely used in many industries. However, these appreciated properties also create a significant pollution problem because plastics never fully degrade. 

The world produces over 400 million tonnes of plastic waste each year, and there are 7 billion tonnes of plastic waste on earth; of that, only less than 10% has been recycled (UNEP[footnoteRef:2], 2022). In the UK, approximately 3.7 million tonnes of plastic waste were produced in 2018. (British Plastics Federation, 2022) [2:  UN Environment Programme] 


Globally, the construction sector consumes 20% of plastic (Our World in Data, 2022). The UK’s construction industry consumes 22-28% of plastics. (British Plastics Federation, 2022)

It is important to recycle plastics to conserve the non-renewable, natural resources that are used to make them, to reduce pollution which generates harmful greenhouse gases contributing to climate change, and to protect and preserve the environment and natural habitats. (UNEP 2022) 

To recycle plastic, the construction industry has been engineering and testing using waste plastics as aggregates in concrete, as reinforcement in mortars, and to build roads. 
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Britannica defines concrete in construction as “structural material consisting of a hard, chemically inert particulate substance, known as aggregate (usually sand and gravel), that is bonded together by cement and water”. 

The characteristics of a ‘good mix,’ i.e. a strong and efficient concrete mix, include:
· Durability/ resistance to weathering
· Workability 
· Impermeability
· Resistance to compressive stresses 
· Cost 
· Resistance to fire 
· Compactness/ density 
· Fit for purpose 

These factors are dependent on the ratios of aggregates (coarse and fine), water and cement used. 
(Civil Today, 2022)

In a good concrete mix, aggregates should be hard, clean and without organic impurities. Aggregates take up 60-70% of the total volume in concrete and are therefore big determinants on the performance of concrete. 
The functions of aggregates are to:
· Reduce the cost (by bulking) 
· Increase or decrease density 
· Increase durability (heavy aggregates)
· Increase fire resistance 
· Increase sound and heat insulation (light weight aggregates)
· Change colour/texture 
· Improve workability (smooth rounded, fine aggregates)
· Increase strength (large, angular aggregates) 
· Increase the binding strength (fine aggregates) 
(Concrete Network, 2022)

Therefore, partially replacing aggregates with different waste plastic forms can have a significant impact on the quality of the mixture. There are numerous studies that have investigated the behaviour of concrete with the substitution of waste plastics. 

[bookmark: _Toc124210700]Workability
Fine
The workability of concrete increases as the substitution of plastic bag waste (PBW) increases because of the smooth surface, and the plastic cannot absorb the water, thus increasing the fluidity of the mix (Amalu et al., 2016). When using polyethylene terephthalate particles (PET), the workability increases as the substitution percentage increases (Arivalagan, 2016). The workability increases as the substitution of low-density polyethylene (LDPE) increases because there is more free water in the mixture (Guendouz et al., 2016). Saikia and De Brito (2014) found that PET pellet-shaped aggregates increase workability because of the spherical shape; however, PET (fine) particles decrease workability. 

Coarse
Workability decreases with the substitution of PET (coarse) particles because it needs a higher water-to-cement ratio due to its flaky shape to reach the same slump range as natural aggregates (Saikia and De Brito 2014). Rai et al., (2012) say that the more plastic that is substituted lowers the results in workability of concrete. However, Kou et al., (2009) say that no significant changes were seen in the slump when substituting plastics. 
[bookmark: _Toc124210701]Compressive Strength 
Fine 
The compressive strength at day 28 for 10% and 20% replacements with high-density polyethylene (HPDE) remains close to the control sample; however, at 30%, the concrete becomes weak (Jaffe et al., 2015). The compressive strength will decrease when any fine aggregate is replaced by plastic by any percentage (Arvind and John 2015). Saikia and De Brito (2014) results showed that pellet-shaped PET aggregates had higher compressive strength than fine PET, but they were both still lower than the control sample with natural aggregates. The reason for the decrease in compressive strength is a result of the interfacial transition zone; PET aggregates cannot interact with the cement paste as natural aggregates do (Saikia and De Brito 2014). On the contrary, Black (2020) results showed a decrease in strength with a 10% substitution and an increase in strength with a 20% substitution of PET aggregates. 

Coarse 
As the percentage of plastic waste increases, the compressive strength shows a significant decrease which is caused by the poor bond between the polystyrene polymer and the cement (Kirbia et al., 2017). Results from Saikia and De Brito (2014) proved that PET coarse aggregates have the lowest compressive strength, and that the strength decreases as more percentages of plastic are substituted. The water/cement ratio attributed to this significant decrease in strength; the coarse aggregates had the highest ratio (Saikia and De Brito 2014). 
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Most researchers have reported a gradual decrease in flexural strength with an increase in waste plastic percentages as aggregates (Bahij et al., 2020). A 28-day test was carried out, and the results showed that as the amount of PET aggregate in concrete increases, the flexural strength decreases; however, the post-crack strength is increased. The samples containing fine and coarse PET aggregates did not split in two (after failure) like the pellet-shaped aggregate and natural aggregate samples; rather, a bridge was created between the two pieces (Saikia and De Brito 2014). In contrast, Black (2020) states that there is no significant effect on the flexural strength of the concrete for replacement levels of up to 20% of PET fine aggregates. 

[bookmark: _Toc124210703]Split Tensile Strength 
Studies suggest that there is a strong relation between split tensile strength and compressive strength of concrete when plastics are substituted as aggregates (Saikia and De Brito, 2014) and (Mohammed et al., 2019). A significant reduction in split tensile strength is seen for any substitution of PET aggregates as the replacement percentage increases; though the highest strength was shown in PET pellet-shaped aggregates, and PET coarse aggregates exhibited the worst split tensile strength (Saikia and De Brito 2014). On the contrary, Jaffe et al., (2015) reported that 20% HPDE replacement of fine aggregates showed an increase in split tensile strength. 
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Sustainable Concrete defines mortar as “a material used in masonry construction to fill the gaps between the bricks and blocks. Mortar is a mixture of sand, a binder such as cement or lime, and water and is applied as a paste which then sets hard”. 
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Tulaian et al., (2016) results show a significant increase in the flexural strength and toughness of recycled plastic fibre mortar compared to plain mortar; the fibre-reinforced mortar failed in a ductile flexural manner with considerable energy absorption, while the plain mortar failed in a brittle way with little energy absorption. While an increase in flexural strength was seen in the fibre-reinforced mortar, the 50mm long fibre had more strength than the 20mm long fibres. Pereira de Oliveira and Castro-Gomes (2011) results show that incorporating fibre in the mortar increases flexural strength. However, when the PET fibre content increased by 1%, it did not show more flexural behaviour because of the random distribution in the tensile zone (Pereira de Oliveira and Castro-Gomes 2011).

[bookmark: _Toc124210706]Toughness 
The fibres can bridge the cracks in the mix, hence increasing the toughness significantly compared to plain mortar. Increasing the volume percentage of fibres also increased the toughness, and the 50mm long fibre showed even more increased toughness percentages than the 20mm long fibres (Tulaian et al., 2016). Fibre-reinforced mortars do not affect the result of the toughness at the first crack because they do not influence the ultimate strength and the elastic modulus. There is an increase in the toughness with an increase in fibre volume (Pereira de Oliveira and Castro-Gomes 2011). 
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National Highways state that most of the roads in the UK are surfaced with asphalt, also known as blacktop or tarmac, but some roads are made of concrete. Roads are made up of at least five layers; below the surface has four to provide stability and shape, and the surface offers durability, safety, and resilience to withstand heavy loads and abrasive force (Natratex, 2022). 

Asphalt is a composite of aggregates, sand and bitumen, where bitumen acts as a liquid binding material that holds the asphalt together (CivilToday, 2022). Bitumen is a black, tarry material obtained from fossil fuels (Global CAD, 2022).

There are different ways that waste plastic can be incorporated into the construction
of roads:

1. Using Waste Plastics in Bituminous Mixes: This is a polymer bitumen blend prominently used in India to construct national highways and rural roads; for example, Jumbulingam Street. Since 2002, waste plastic has been used to construct roads spanning 2500km, which are reportedly working well without potholes, ravelling, and rutting even ten years later (Vasudevan et al., 2012) (Indian Road Congress, 2012). Polymer bitumen blend is a better binder than plain bitumen; the blend has an increased softening point and decreased penetration value with good ductility. It can withstand higher temperatures and loads (Vasudevan et al., 2012). In India, five different plastic roads showed better results and were within the acceptable values for unevenness, skid numbers, texture depth, and rebound deflection, while the plain bitumen road exceeded the acceptable values in all fields. (International Journal of Pavement Research and Technology, 2010). This is a flexible pavement design.

2. Using Waste Plastic in Asphalt: This design was engineered by MacRebur, a company in the UK, and a road was developed in Cumbria. MacRebur incorporates the waste plastic into the asphalt rather than the bitumen. In this mix, some of the bitumen is replaced by household plastic waste (Global CAAD, 2022). Partially replacing bitumen with waste plastic by 6% by weight improves the stability of road construction (Prasad et al., 2015). MacRebur says that each km of road built with their product saves over 740 000 single-use plastic bags from going to a landfill; and that 1 tonne of their mix has an equivalent of 80 000 plastic bottles. This design is a life cycle assessment. 


3. Modular Construction: The Dutch company Volker Wessels made the world’s first bicycle path (30m) that is modular, hollow and consists mainly of recycled plastic in the Netherlands. The bicycle path is a trial to ensure the future road’s safety and to gain more research before it is implemented. The road has sensors that detect the performance by measuring the temperature, the number of bikes that pass and how much traffic it can take (Global CAD, 2022). These prefabricated, modular roads have hollow interiors to allow utility services such as cables (for fast internet) and pipes (to drain excess water) to exist within the road. Volker Wessels says that these roads will provide easy installation, are resistant to the effects of precipitation and temperature fluctuations and are 2-3 times more durable than traditional roads. 

The process of waste plastic road construction follows these steps:
1. Plastic waste collection
2. Segregating and choosing suitable plastics
3. Cleaning and drying 
4. (Gaikwad et al., 2021). 
After those three steps, it changes depending on the method used to build the road.

For bituminous mixes:
Dry
5. The waste plastic is shredded (2-3mm for better spread and coating) and added to the hot aggregate (170°C)
6. Then the plastic-coated aggregates are added to the heated bitumen(160°C)
(Natural Rural Roads Development Agency) 

Wet
4. The plastic waste is turned to powder and is added to the hot bitumen 155°-165°C
5. Then they are added to the aggregate 
(Asare et al., 2019)

Improvement in indirect tensile strength was seen when the dry process is utilised in comparison to the wet process (Mishra and Gupta, 2018).

For asphalt mixes: 
4. the waste plastic is converted to pellets and added to the asphalt 
5. then the mix is heated to 160°C-180°C
(MacRebur, 2022) 

Disadvantages of constructing plastic roads:
According to Chakraborty and Mehta (2017), there are chemical hazards associated with this invention. 
1. Leaching of toxic components during the cleaning process.
2. Generating hazardous chlorine-based gases during the road construction process. 

[bookmark: _Toc124210708]Conclusion
Plastics are one of the most used materials in today’s world, and they contribute significantly to pollution. Plastics need to be recycled or have use for its rest of life to make a positive change in the climate and to prevent further damage. Engineers have tested using plastics in concretes, mortars, and roads, as they require natural resources; substituting these natural resources with plastics can conserve them as well as create a solution for plastic pollution. 

The results for testing waste plastic as partial replacements for aggregates in concrete are mixed and depend on the type of plastic being used, the percentage of plastic being substituted, and if they were replacing fine or coarse aggregates. The workability of concrete increases with the substitution of fine plastic aggregates except in one case (Saikia and DeBrito 2014), but with coarse, it is decreased, or no changes are seen. The compressive strength of concrete with any plastic aggregate replacement showed a significant decrease as more plastic waste was substituted, except in one case (Black 2020 with 20% replacement of fine PET), which showed an increase in strength. The flexural strength followed the same trend as the compressive strength. Split tensile strength is decreased as the percentage increased for any plastic waste aggregate, except for Jaffe et., 2015 with a 20% replacement of fine HPDE, which showed an increase in strength. The varying results with waste plastics in concrete tell that there is potential for the successful replacement of aggregates with them. However, more research and experiments must be conducted to perfect the mix to attain results that show positive and consistent characteristics in the concrete with plastic aggregates compared to concrete with natural aggregates. Saikia and Debrito (2014) also agree that further research must be conducted on plastics to consider the long-term behaviour and the possible damage to the environment due to leaching of plastics. 

There was a positive change in the characteristics of mortars when waste plastics were added as reinforcement. A significant increase in flexural strength is seen when plastic fibres are incorporated in mortar, and the 50mm showed more than the 20mm; however, an increase in the percentage of fibres does not necessarily show an increase in flexural strength. The toughness in mortars is increased with the addition of plastic fibres because they create bridges in the cracks; increasing the volume percentage and length of the fibres increases the toughness. Plastics in mortars are already showing promising results with the addition of plastic fibres for future applications. Mercante et al., 2018 say that the application of plastic waste in mortars would be useful in both technical and environmental aspects.

Plastic roads with bituminous mixes are successful and show better results than traditional roads; however, more research must be conducted to prove if it reduces greenhouse gas emissions and lowers the carbon footprint. The MacRebur design has proof of potentially significantly lowering the carbon footprint and reducing plastic pollution; however, this design needs time to prove its longevity and its road-like characteristics. Volker Wessels modular road has the correct measures in place to assess the potential full-time use of this road but needs more time to collect data, and it is promising that it will reduce the carbon footprint as almost 100% of the road design is made of recycled plastic. However, it needs revision in the aspect of the utility services if the road is to act as modular and be replaced or lifted at any time.
[bookmark: _Toc124210709]


References 

ADNAN, H.M., DAWOOD, A.O. and WEIMER, W., 2015. Concrete Mixture with Plastic as Fine Aggregate. Construction and Building Materials, 4, pp. 49-53.
AL-TULAIAN, B.S., AL-SHANNAG, M.J. and AL-HOZAIMY, A.R., 2016. Recycled Plastic Waste Fibres for Reinforcing Portland Cement Mortar. Construction and Building Materials, 127, pp. 102-110.
ARAVIND S and DR. ELSON JOHN, 2015. Replacement of Fine Aggregate by Crumb Rubber and Plastic Fines. International journal of engineering research & technology (Ahmedabad), 4(11), pp. 305-309.
ARIVALAGAN, S., 2016. Experimental Investigation on Partial Replacement of Waste Plastic in Concrete. International Journal of Engineering Sciences & Research Technology, 5(11), pp. 443-449.
ASARE, P.N.A., KURANCHIE, F.A. and OFOSU, E.A., 2019. Evaluation of Incorporating Plastic Wastes into Asphalt Materials for Road Construction in Ghana. Cogent Environmental Science, 5(1), pp. 1576373.
BAHIJ, S., OMARY, S., FEUGEAS, F. and FAQIRI, A., 2020. Fresh and Hardened Properties of Concrete Containing Different Forms of Plastic Waste - A Review. Waste Management, 113, pp. 157-175.
BLACK, J., 2020. The Use of Recycled Polyethylene Terephthalate as a Partial Replacement for Sand on the Mechanical Properties of Structural Concrete. The Plymouth Student Scientist, 13(1), pp. 143-172.
Concrete 2022- last update. Available: https://www.britannica.com/technology/concrete-building-material.
Difference between Asphalt and Bitumen 2022- last update. Available: https://civiltoday.com/transportation/highway/298-differences-between-bitumen-and-asphalt#:~:text=Asphalt%20is%20a%20composite%20of,cement%20(binder)%20for%20pavements.
EDMUND, T.S.J., JUN HON, C., HEJAZI, F. and JAAFAR, M.S., 2019. Waste Plastic as a Partial Replacement for Aggregates: A Review. Earth and Environmental Science, 357(1), pp. 12018.
GUENDOUZ, M., DEBIEB, F., BOUKEMDAKDJI, O. and SOUALHI, H., 2016. Use of Plastic Waste in Sand Concrete. Journal of Materials and Environmental Science, 7(2), pp. 382-389.
Guideline for the Use of Waste Plastic in Hot Bituminous Mixes (Dry Process)2012-last update.
Guidelines for the Use of Plastic Waste in Rural Roads Construction2019-last update.
It’s the end of the road for waste plastics 2022- last update. Available: https://macrebur.com/.
LUMINA, P., PALLAVI, G.A., BHAVYA, C.H., VANISHREE, S. and SUPRIYA, C.B., 2016. Use of Waste Plastic as Fine Aggregate Substitute. International Journal of Scientific Engineering Research, 7(4), pp. 172-177.
LYSYANNIKOV, A.V., EGOROV, A.V., LYSYANNIKOVA, N.N., SHRAM, V.G., KOVALEVA, M.A., LYNEV, A.S. and KAIZER, Y.F., 2019. Polymer Materials from Recycled Plastic in Road Construction. Journal of Physics: Conference Series, 1399(4), pp. 44064.
Main Properties of Concrete for Construction 2022- last update. Available: https://civiltoday.com/civil-engineering-materials/concrete/338-properties-of-concrete.
MERCANTE, I., ALEJANDRINO, C., OJEDA, J.P., CHINI, J., MAROTO, C. and FAJARDO, N., 2018. Mortar and Concrete Composites with Recycled Plastics: A Review. Science and Technology of Materials, 30, pp. 69-79.

MILAD, A., ALI, A.S.B., BABALGHAITH, A.M., MEMON, Z.A., MASHAAN, N.S., ARAFA, S. and MD. YUSOFF, N.I., 2017. Utilization & Minimization of Waste Plastic in Construction of Pavement: A Review. International Journal of Engineering Technology Science and Research, 4(8), pp. 2394-3386.
MISHRA, B. and GUPTA, M.K., 2018. Use of Plastic Waste in Bituminous Mixes by Wet and Dry Methods. Proceeding of the Institution of Civil Engineers - Municipal Engineer, 173(2), pp. 87-97.
MOHAMMED, A.A., MOHAMMED, I.I. and MOHAMMED, S.A., 2019. Some Properties of Concrete with Plastic Aggregate Derived from Shredded PC Sheets. Construction Building Materials, 201, pp. 232-245.
Mortar 2022- last update. Available: https://www.sustainableconcrete.org.uk/Sustainable-Concrete/What-is-Concrete/Mortar.aspx.
NOOR, A., REHMAN, M.A.U., PATIL HARSHWARDHAN and MALGUNDKAR ATHARVA, 2021. A Review on Use of Plastic in Bituminous Roads/Pavements. International Journal of Engineering Research & Technology, 4(05), pp. 100059.
Our Concrete Roads Programme 2022- last update. Available: https://nationalhighways.co.uk/our-roads/concrete-roads/#:~:text=Most%20of%20our%20network%20is,roads%20are%20built%20of%20concrete.
Our Planet is Choking on Plastic 2022- last update. Available: https://www.unep.org/interactives/beat-plastic-pollution/.
PEREIRA DE OLIVEIRA, L.A. and CASTRO-GOMES, J.P., 2011. Physical and Mechanical Behaviour of Recycled PET Fibre Reinforced Mortar. Construction and Building Materials, 25(4), pp. 1712-1717.
Plastic Pollution 2022- last update.                    Available: https://ourworldindata.org/plastic-pollution.
Plastic Road 2022- last update. Available: https://www.volkerwessels.com/en/projects/plasticroad.
Plastics Explained 2022- last update.            Available: https://plasticseurope.org/plastics-explained/.
Roads constructed in India using waste plastic and their condition. 2010. International Journal of Pavement and Research Technology, , pp. 39.
RODRIGUEZ FERDINAND, Sep, 2022- last update. Available: https://www.britannica.com/science/plastic.
SAIKIA, N. and DE BRITO, J., 2014. Mechanical Properties and Abrasion Behaviour of Concrete Containing Shredded PET Bottle Waste as a Partial Substitution of Natural Aggregate. Construction and Building Materials, 52, pp. 236-244.
Science of Plastics 2022- last update. Available: https://www.sciencehistory.org/science-of-plastics.
SEEGERBRECHT GEORGE, The Role of Aggregate in Concrete. Available: https://www.concretenetwork.com/aggregate/.
SHARMA, R. and BANSAL, P.P., 2016. Use of Different Forms of Waste Plastic in Concrete - A Review . Journal of Cleaner Production, 112, pp. 473-482.
TEROL CARLOS, August, 2020-last update, Plastic Road: The Future of Highways?. Available: https://globalcad.co.uk/plastic-roads-the-future-of-highways/#:~:text=Plastic%20roads%20are%20one%20of,our%20roads%20by%20eliminating%20potholes.
The UK Plastics Act Annual Report 2021-22. 2022- last update. Available: https://wrap.org.uk/resources.
VASUDEVAN, R., RAMALINGA CHANDRA SEKAR, A., SUNDARAKANNAN, B. and VELKENNEDY, R., 2012. A technique to Dispose Waste Plastics in an Eco Friendly Way - Application in Construction of Flexile Pavements. Construction and Building Materials, 28(1), pp. 311-320.
What Information on Plastics is Covered? 2022- last update. Available: https://www.bpf.co.uk/plastipedia/default.aspx.
What is a Surface Course? 2022- last update. Available: https://www.natratex.co.uk/knowledgehub/what-is-a-surface-course/.
