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1. Introduction
Around the U.K it is estimated that around 100 billion pieces of plastic (around 2.5 million metric tons) are thrown away. Only abound 44% of that plastic is recycled and most of that figure is made up from energy recovery from plastic incineration. A small amount of the plastic waste gets sent to the U.K.’s reprocessing facility where it will be recycled and the remaining plastic will get sent to landfills, mainly abroad (cycles and Text, n.d.).
With the use of plastic becoming more popular in all fields such as construction, medication packages, consumerism, and many others due to its very low cost to produce, waste plastic is becoming more of a growing concern every year as plastic does not biodegrade. 
To combat the abundance of waste plastic many companies are researching new ways to recycle this plastic. The construction sector is beginning to find some very interesting ways of recycling plastic itself such as bricks being made with recycled plastic, PVC windows made from recycled plastic, concrete made with recycled plastic and even roads made with recycled plastic. The 2 areas this research will be focused on is roads using recycled plastic and concrete using recycled plastic.

2 Waste Plastic Replacing Aggregates in Concrete
The first area this paper will discuss is using waste plastic in concrete. More specifically using waste plastic to replace aggregates in concretes.
Aggregates are often used to bulk up a concretes mix. 60-75% of concrete is made up from aggregates and they have many different effects on the mix of concrete. The aggregates in a concrete mix can increase or decrease, strength under tension or compression, durability, and even fire resistance. 
[bookmark: _Hlk123727842]A good aggregate is usually rough and angular so that it can create good bonds with the cement mix however one immediate issue with using plastic is that it has a smooth surface so would not bond well with cement. One study by Hannawi, Kamali-Bernard and Prince, 2010 uses polycarbonate and polyethylene terephthalate waste plastic to replace sand in various volumes ranging from 3% to 50% and found that as the volume of aggregate was increased, the compressive strength decreased. This was due to a lack of cohesive bonding caused by the low surface friction of both plastics (Hannawi, Kamali-Bernard and Prince, 2010). As shown by the table below, the compressive strength of the concrete is proportional to the amount of plastic aggregate.

(Hannawi, Kamali-Bernard and Prince, 2010). [image: Graphical user interface, application
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In this same experiment, Hannawi et al found that the addition of waste plastic decreased the weight of the concrete as the plastic was less dense than sand meaning that even though the concrete would be useless in load bearing situation it would be useful in situations where lightweight materials are required. 
The addition of plastic waste replacing sand also showed a significant difference in the flexural behaviour of the concrete, coming from increased ductility, meaning that the concrete shows high absorption and would have useful application in situations where the structure is subjected to dynamic or impact stress (Hannawi, Kamali-Bernard and Prince, 2010).



3. [bookmark: _Hlk124188480]Waste plastic Reinforcing Mortar
As well as being used for aggregates in concrete, there has been research into using waste plastic in mortar mixes that hold blocks together. The waste plastic was recycled into strips that was layered into the mortar, reinforcing it the same way that fibres would (Al-Tulaian, Al-Shannag and Al-Hozaimy, 2016). 
[bookmark: _Hlk123902707]Waste plastic Reinforcing mortar Polyethylene terephthalate (PET) and it was used to reinforce Portland cement mortar. The researchers (Al-Tulaian et al) layered the recycled plastic strips into the mortar so as not to cause fibre lumping and to ensure homogeneous distribution of the fibres. The researchers conducted flexural strength tests and shrinkage tests on the plastic reinforced mortar.
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As you can see from the table above (Al-Tulaian, Al-Shannag and Al-Hozaimy, 2016) the mortar reinforced by recycled plastic fibres showed signs of higher flexural strength and higher toughness than the control mortar, increasing in strength and toughness as the percentage of reinforced plastic fibre was increased. This is promising as it shows plastic could possibly be used as fibres to reinforce mortar.
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(Al-Tulaian, Al-Shannag and Al-Hozaimy, 2016)
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The above images show plastic shrinkage cracking for plain mortar, mortar reinforced with 20mm recycled plastic, and 50mm recycled plastic reinforcing the mortar. As you can see, the increase of reinforcement leads to far less visible cracking even up to the point of no visible cracks with 1.50% recycled plastic fibre at the length of 50mm. 
Researchers Al-Tulaian et al state that this evidence could prove as more evidence that recycled plastic could be used as a reinforcement for mortar as the main reason for the fibre’s failure was fibre pull-out rather than fibre failure.
Overall, the extensive research into plastic being used to reinforce mortar shows that it could well be possible. It would solve the issue of excess waste plastic but due to the low friction of the plastics surface it may not hold in large scale situations such as bridge construction where tensile strength would be required. A more viable use for this product could be smaller scale work sites, footings for walls would be an excellent use of the plastic reinforced mortar as the main forces acting upon it would be compressive forces and the improved cracking rates show the reinforced mortar is more durable so would last just as long.


4. [bookmark: _Hlk124188515]Waste Plastic in Road Construction 
Another area this research paper will be discussing is the use of waste plastic in road construction. Most roads are constructed using a bitumen (asphalt) mix. Bitumenis a by-product of the crude oil distillation process and can be treated by removing any impurities to make pure bitumen used for roads (Sasidharan et al., 2019).
The issue with roads is, as they are constantly in use, they need constant maintenance and repair and resource being used currently are finite. Using waste plastic in roads may solve the issue of using these resources such as aggregates for concrete and metals as well as other materials so that they can be used elsewhere. Using waste plastic for roads also solves another problem the world is faced with being the abundance of waste plastic sitting around thanks to single use packaging becoming so popular and plastic being so cheap to produce.
Another type of plastic road being developed in the Netherlands and is made up from hollow fabricated roads made from waste plastic and constructed modularly.
Many countries are developing ways of incorporating waste plastic into the construction of roads such as India, the Netherlands, the U.K, U.S.A, and many more.


[bookmark: _Hlk124188547]4.1 Manufacturing Process of Bitumen Roads Using Plastic
There are 2 main processes to manufacturing bitumen mixes incorporating plastics. The dry mix is a process where the where the waste plastic is shredded and added to a mixture of sand and crushed stone aggregates. The mixture of plastic and aggregate is then heated to around 170ºC. the waste plastic then melts and creates a coat around the aggregates. The bitumen is then heated to 160ºC and the aggregates that are coated in the waste plastic is mixed in with the bitumen (Sasidharan et al., 2019). 
The amount of waste plastic in the bitumen mix should by between 5-10% of the weight of the bitumen and the number of impurities in the mix cannot exceed 1%. According to the Indian Road Congress (2013) and National Rural Roads Development Agency (2019) the plastic size should be about 2-3mm so that they spread around the mix better and coat the aggregate more evenly (Sasidharan et al., 2019).
[image: Diagram

Description automatically generated]The other process used to manufacture the bitumen mix with plastic is known as the wet process. This is where the waste plastic is turned into a powder and is mixed directly with the bitumen and heated to around 155ºC to165ºC before being added to the aggregates (Sasidharan et al., 2019).For dry mix only lines a, b, and d are open.
For wet mix only lines c and e are open.

(Sasidharan et al., 2019)
[bookmark: _Hlk124188628]4.2 National Use
There is a few cases of bitumen and plastic mixes being used in the U.K, all being successful so far. Durham council employed company MacRebur to resurface a section of the A689 using the plastic-bitumen mix and so far, feedback has been positive with the roads having increased durability meaning there is little to no potholes in the road (Sasidharan et al., 2019).
One area in the U.K that is developing “plastic roads” is Cumbria. Cumbria is working with company MacRebur in an initiative to swap standard concrete roads with new roads that include the use of waste plastic in the mix. Each mix of the asphalt has approximately 238,958 single-use plastic bags in it (letsrecycle.com, n.d.). 
An even more local example of the bitumen-plastic roads is a case study taken from the MacRebur website of a road resurfaced in Glasdir Ruthin as part of the Welsh Governments innovative housing programme. 1,800kg of plastic were recycled in this project and the director of Robert Hunter & Sons (asphalt suppliers) claimed the mixing process was easy and resulted in a workable material.
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Description automatically generated]Image taken showing road laid in Glasdir Ruthin, Wales. (Hunter, 2021)

In general, all examples in the U.K have been successful as they have achieved the goal in decreasing excess waste plastic, created a workable material that is quick to lay and prolong the roads life, and helped retain finite resources such as bitumen and aggregates. Some of the with the plastic bitumen mix used for roads include the slickness of the roads, especially when wet. The toxins that are present in the waste plastic have also been reported to leech onto the surface of the roads, causing a more slippery surface.

[bookmark: _Hlk124188668]4.3 International Use
An example of the modular plastic roads can be found in the municipality of Zwolle in the Netherlands. The road is 30 metres long and is the equivalent to 218,000 plastic cups (blog.wavin.com, n.d.). The company “KWS” claim it is the future of roads with the modular nature of the roads allowing for quick replacement meaning less closed roads and less labour and materials spent resurfacing roads. KWS has teamed up with company “Wavin” now to develop more roads around the Netherlands made up from these plastic modular roads. The test roads are already successful withstanding the weight of larger vehicles such as large lorries. The road is expected to last 3 times longer than normal paved roads and have hollow space for services to run through. This could be a problem unless the companies involved have already made modular type service lines for the plastic roads (herculesslr.com, n.d.).
These “PlasticRoads” do sound very good as they are reducing the need for finite resources like bitumen from oil being used up however the extent to which they have been tested is unclear as of right now. Even though the roads are going through some extensive testing it may be years before we see how they hold up compared to regular asphalt roads. Some issues that may occur could come from wear and tear. If these roads are constantly in use and constantly under bad weather conditions like the U. K’s rainy weather would tyre grip become an issue. If this did start to become an issue, then how often would the roads need to be replaced before they become slippery and if they are being replaced often due to grip this would means more road closure and the possibility of service lines being shut off often if the envisioned plan of services running through the roads were to happen. The possibility of these roads is promising however it is definitely evident from articles that more extensive testing is needed.





5. Future Uses of Waste Plastic Materials

5.1 Future Use of Plastic Replacing Aggregates
The potential use of waste plastic in construction could be amazingly beneficial not just for decreasing waste plastic but also situations where lightweight materials are needed such as situations where a low dead load is needed but the negatives tend to outweigh the positives in the case of plastic replacing aggregates as the low compressive strength due to poor bonding means that it won’t be any use in constructions that require high strength for live loads such as larger buildings so the only real use for this concrete would be smaller buildings or decorative features using concrete.
A news report from AZO materials website explains how even though more research is needed to make plastic replacing articles a viable option on a large scale we could still possibly use it as of right now for things that don’t require high compressive strength like paving slabs and in addition using this would be amazing for our carbon footprint as it is not only solving the excess plastic issue but we are prolonging the use of other finite materials such as sand and other aggregates (AZoM.com, 2021).

5.2 Future Use of Plastic Reinforced Mortar
Plastic fibres being used to reinforce concrete mortar could potentially be a useful possibility in the future. The fibres did improve the shrinkage and the flexural toughness of the mortar as well as improving flexural strength but where the material falls short is when larger tensile forces are acting upon it. When the plastic reinforced mortar is subjected to tensile forces the plastic begins to slip out from its bind as the surface of the plastic has very low friction so cannot stay bound tight (Al-Tulaian, Al-Shannag and Al-Hozaimy, 2016). 



This recycled plastic reinforced mortar could possibly replace the use of normal fibre reinforced mortar as it is ecologically beneficial to us and if more research is done and researchers find a way to improve grip on the surface then it could be massive for the construction industry and could be a very beneficial way of dealing with plastic waste.

[bookmark: _Hlk124188894]5.3 Future use of Plastic Roads
The future use of waste plastic into roads could be possible but is not highly likely to take over the standard bitumen roads any time soon. Although they do solve the issue of excess waste plastic and they do create a durable road there are too many unsolved issues.
The slipperiness of the roads is a major concern as more slippery roads would lead to more car crashes. Another issue that is very concerning is the toxins that leech from the roads, especially microplastics. Microplastic pollution is already caused by tyres against normal road or by brake pads being used so having roads that also cause microplastic pollution would be a massive issue (Lee, 2021). With this considered, the likelihood of these roads becoming more widely used is low.
In conclusion, the potential to re-use waste plastic in construction could be detrimental to decreasing the planets amount of excess waste however the materials practicality would need to be explored in much greater detail before it is put into mass production. More testing would be required to see exactly what the new materials can withstand in terms of real life situation and more efforts need to be put into minimising the amount of microplastics leeched from the plastics when heated and especially in the roads but the research could pay off as if these materials do become widely used then the massive issue we have right now of waste plastic and no proper way to recycle it could be solved.
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Figure 2: Sketch of the wet and dry processes in an asphalt plant
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Fig. 6. Compressive strength according to the plastic aggregates content.
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Specimen  Fiber Flexural  Average Toughness  Average
Volume  Strength  Flexural (Nomm)  Toughness
Fraction (%) (MPa) Strength (N.mm)
(MPa)
Plain 0.00 189 2.07 113 111
0.00 226 110
Specimen with  0.50 271 245 49.78 40.74
20 mm length
RPF
0.50 241 3170
1.00 2.69 283 50.73 46.14
1.00 297 41.60
1.50 2.60 281 43.10 50.97
1.50 3.02 58.85
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(a) Plastic shrinkage cracking at 0% RP fiber
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