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[bookmark: _Toc155595204]1. Evaluate research findings in relationships to waste plastic forms as a partial replacement for aggregate in concrete.
 
[bookmark: _Toc155595205]1.1. Use of Plastic as a partial replacement of Coarse aggregate in concrete

In this research, plastic waste was used and assessed to be a partial replacement of coarse aggregate in concrete. It was trialled and tested at four different mix proportions (1:1:1, 1:1.25:2.5, 1:1.5:3 and 1:2:4). For each of the four ratios, the aggregate was replaced with HDPE (high density polyethylene) at percentages of 0%, 25% and 50%. After 28 days of curing, the compressive strength and unit weight of concrete was measured. The results revealed the differences in unit weight of concrete and the compressive strength. (A.Tahsin, 2019)

The methodology used for this experiment was to be composite cement (65% clinker, 35% Gypsum), coarse aggregate, plastic waste (HDPE) and fine aggregate (fineness modulus). To follow the four different ratios, plastic waste replaced coarse aggregate by 0%, 25% and 50%. 24 hours after being mixed, each sample from the mould were removed and prepared for a curing period of 28 days. 28 day curing method enabled for the experimenters to assess each specimen for its unit weight and compressive strength and results were compared with standard aggregate. (A.Tahsin, 2019)

Findings showed that both the compressive strength and unit weight both reduced as the plastic content in each sample increased. From the results found, it was highlighted that the concrete samples that did have 25% plastic did have the compressive strength equal to a Grade-A brick. The results also found that the concrete samples with 50% plastic waste introduced had the strength of First-class bricks. (A.Tahsin, 2019)
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Chart 1: Showing the variation of compressive strength with increased plastic percentage at each proportion (A.Tahsin, 2019)

From the case study performed by Anika Tahsin, the results showed that recycled waste plastic as a partial replacement can be an effective solution as a method to dispose large amount of plastic to reduce environmental pollution, but the strength of the material once waste plastic is interfered was a distress. Mix ratios that were used for this experiment were used by the LGED (Local government of Bangladesh) and classification of bricks were taken from Bangladesh standards (BDS 208:2002) (A.Tahsin, 2019).

[bookmark: _Toc155595206]1.2. Use of Waste plastic in concrete mixture as aggregate replacement
This investigation conducted by Zainab Z. Ismail, performed eighty-six experiments and 254 test to determine the efficiency of using waste plastic in the production of concrete. Thirty kilograms of waste plastic gathered as a replacement for sand and increased from 0 - 20% with 800g of concrete mixtures. All concrete mixtures were evaluated at the same temperature to provide accurate findings that included results for density, slump, compressive & flexural strength. The curing ages checked the strength, starting at 3 days and went up to 28 days. The results from this test were positives and was believe that waste plastic as a replacement for sand provided a good approach to reduce cost for materials and solve waste problems globally posed by plastics. (Z. Ismail, 2007) 
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Figure 1: Representation of waste plastic shredded for aggregate replacement use. (Z. Ismail, 2007)
[bookmark: _Toc155595207]1.2.1. Slump Test 
The slump test indicated that the slump is prone to decrease sharply when plastic content % increased. The reduction of slump was 68.3%, 88.33% and 95.33% for Pl2, Pl3 and Pl4. It was recognised that although results found a reduction in slump, positive analysis showed an ease of workability and applicable for precast applications. (Z. Ismail, 2007)
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Table 1: Showing slump test results and highlights waste percentage for each test (kg/m3) (Z. Ismail, 2007)
[bookmark: _Toc155595208]1.2.2. Density Test	
The assessment consisted of two different density tests, fresh density test and dry density test. The dry density test results indicated a decline in density as waste plastic increased for each test conducted. The trend for this could be as the density for waste plastic being 69% less than sand, which incited a depletion to fresh density. The dry density at each trialled curing age routinely decreased as the waste plastic increased in each of the concrete mixtures. It was highlighted in the 28-day curing age that the lowest dry density exceeded the dry density for structural concrete. (Z. Ismail, 2007)
 
[bookmark: _Toc155595209]1.2.3. Conclusion for the test
From the research evaluated, compressive strength decreased below the values for the mixtures as the amount of waste materials increased at all curing ages. A reason for this could be due the decrease in adhesive strength between the surface of plastic waste and concrete paste and waste plastic is from hydrophobic material that does not hydrate to the concrete as well as in comparison to sand. Researchers identified that the flexural strength values declined with the increased plastic content. The slump values showed a pattern to decrease below the slump of those mixtures as well as easy to work based on the workability having a broad range from low to high for different applications, resulting in less fluidity. (Z. Ismail, 2007). For the testing of the flexural strength in the experiment, ASTM C1018 was used for the standard test method and BS1881-124:2015 was used for the analysis and results for the hardened concrete. (Z.Ismail, 2007)
[bookmark: _Toc155595210]2. Evaluate research findings in relationships to waste plastic forms as a reinforcing material for mortars.
The second part of this investigation is to find research on the findings based on replacing reinforcing mortars with the use of waste plastic materials. In research conducted by Jorge de Brito in October 2018, they investigated the incorporation of waste fibres on their cracking resistance in mortars and provided analysis on the effects of using different types of waste fibres on cement mortars and found analysis in their cracking performances. Al-Tulaian provided research on waste fibres used for reinforcing cement mortar testing its flexural strength, plastic shrinkage, and toughness. This was performed by using different fiber lengths and comparing it with ordinary cement mortar to see if there are improvements in ductility and crack resistance. (Al-Tulaian, 2016)
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Figure 2: Representation of 20mm length recycled plastic fibres. (Al-Tulaian, 2016)

The recycled fibres investigated were divided between two distinct types, either synthetic or natural. Synthetic fibres are found in industrial and post-consumer waste. Natural fibres vary from different types of organic waste such as animal or plant-based waste but for this research it to be focused on the use of synthetic fibres. 
From the research gathered in this investigation, results highlighted that the incorporation of 1.5% of PET fibres 50mm long led to an increase of 85% in flexural strength compared to that of the control mortar (J. De-Britto, 2018). Further research investigated the effects of fishing nets nylon fibres incorporated in mortar and findings found again the flexural strength of the reinforced mortar was higher than that of control mortar and its highest point of flexural strength was approximately 40% when 1.5% volume of fibres 40mm long were assessed. (Orasutthikul, 2017) 

[bookmark: _Toc155595211]2.1. Compressive Strength
Compressive strength is known as a key factor when checking the importance of construction work, especially in concrete. But an increased compressive strength does not always provide a better performance of a mortar. If a mortar has a high compressive load bearing this can cause a low tensile strength resistance and be more susceptible to cracking (Orasutthikul, 2017). For synthetic fibres such as nylon fibres, they show a decrease in compressive strength as the content of fibres increased according to reports obtained in Orasutthikul’ s experiment. A reason for this can be due to the introduction of fibres in the mortar produces voids as the fibres may be non-uniform distribution. 
[bookmark: _Toc155595212]2.2. Toughness 
Toughness is defined at looking at the energy absorption that the mortar can handle. Mortars that are reinforced with fibres tend to have an increased toughness in this area. Researchers tested this using PET fibres and obtained results that significantly found an increase in the toughness of the mortar. In the evidence used in the test, an increase in the PET (Polyethylene terephthalate) content and the use of longer fibres resulted in improved outcomes in toughness and evidentially showed an average reduction in the number of cracks that were portrayed (J. De-Britto, 2018).
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Table 2: Comparison of flexural strength and toughness with use of 50mm RPF and 20mm RPF (Al-Tulaian, 2016)
[bookmark: _Toc155595213]2.3. Cracking Patterns 
When comparing cracking patterns as synthetic reinforced materials were introduced to mortar, the incorporation of fibres showed a general decrease in the number of cracks in the area as well the average width reduced. According to Al-Tulaian investigation, the incorporation of 50mm PET of 1.5% showed the best performance for reduced cracks in the mortar. The authors of this study highlighted that the waste plastic bonded to the mix and provided crack bridging mechanism. (Al-Tulaian, 2016)
[bookmark: _Toc155595214]2.4. Conclusion
Al-Tulaian's study outcomes indicated that incorporating recycled PET fibres into concrete slabs enhanced flexural toughness and reduced cracking. Furthermore, concrete reinforced with 1.5% of 50mm long waste plastic fibres exhibited a substantial increase in flexural toughness by up to 61 times and flexural strength by up to 84%, in comparison to a control mortar lacking fibres. The materials utilized in this experiment adhered to the standard requirements outlined in ASTM C 150. The research findings highlighted a noteworthy reduction in plastic shrinkage, particularly as the fibre content increased from 1.0% to 1.5% with a length of 50mm. At the 1.5% threshold, plastic shrinkage cracks were eliminated (Al-Tulaian, 2016).
[bookmark: _Toc155595215]3. Application of waste plastic materials in road construction techniques
[bookmark: _Toc155595216]3.1 Production processes 
Globally, there's a rising trend in experimenting with waste plastics for road construction materials, seen as pivotal in reducing waste. With the global population growing, the demand for new roads increases. Using recycled plastic in road construction offers a win-win solution, blending various plastic types, including PET, PP, and HDPE/LDPE. Plastic waste undergoes sorting, cleaning, and drying before shredding. The materials are then melted and mixed with bitumen or asphalt (TRVST, 2020).
All plastic waste materials will go through a sorting process, then will be cleaned, and dried prior to the materials going in a shredder. The materials are melted prior to it being mixed with either bitumen or asphalt. 

The production process for this is below:
[bookmark: _Toc155595217]3.1a. Collection and Segregation of Plastic waste
Collect all plastic waste including household products, single-use plastics, bottles, and other plastic materials. Clean all collected plastics and remove any contamination such as labels, liquids, or dirt. The plastic waste collected to be segregated for the type of plastic it is such as Polyethylene (PET), polypropylene (PP) and high / low density polyethylene (HDPE or LDPE). (Government of India, 2019)
[bookmark: _Toc155595218]3.1b. Shred materials
Use a shredder to break down all the materials into small pieces or flakes. The size of the plastic material will vary depending on the specific required for the road construction. (Government of India, 2019)
[bookmark: _Toc155595219]3.1c. Heating and Melting
Combine the shredded waste plastic with bitumen to create a modified bitumen mix that is used as a binding material with asphalt for road construction. Once mixed, heat the mixture to achieve a homogenous blend. This is to be conducted in a controlled environment to ensure mixed thoroughly and melting. The bitumen was heated to 160*C and plastic waste aggregated are then mixed with bitumen for the use of road construction (Government of India, 2019).
[bookmark: _Toc155595220]3.1d. Add Aggregate to the mix.
Add standard aggregate (sand or crushed stone) to the melted mix of plastic / bitumen and the aggregate will provide compressive strength and stability for the road surface. Mix the blend thoroughly and compact the mixture to form the road surface. (Government of India, 2019)
[bookmark: _Toc155595221]3.1e. Curing Process
Allow the mixture of the aggregate to the plastic / bitumen to cure and set. The curing time will vary on environmental conditions and the mix design ratio used. Average curing strength time for concrete is 28 days but this will vary. (Government of India, 2019)
[bookmark: _Toc155595222]3.1f. Testing
Quality control test was measured once cured to ensure the strength meets required standard of strength and durability. Regular maintenance to test performance and address any issues that can arise. (Government of India, 2019)
[bookmark: _Toc155595223]4. Design methodologies and incorporation and utilising case study from both national and international examples.
There are three different methods for use when applying waste plastic to road construction that are commonly used globally. It is the ‘dry’ process or the ‘wet’ process and modular. They all have there benefits and differences to the use and when are best applied. Please see below further details
[bookmark: _Toc155595224]4.1. Dry Process
In the dry process, the waste plastic is shredded and added to hot aggregate and the plastic waste is shredded to a size of 2-3mm for a better shred. The dust in this inclusion should be to a minimum and not exceed 1%. The waste plastic is then added to the aggregate at 170*C. It was indicated that there should be 5% to 10% of the weight of bitumen to be mixed with the shredded waste plastic. ‌ (Sasidharan, M., Mehran, E., Torbaghan, M. and Burrow, 2019). The aggregate when it is coated with waste plastic give an improved quality with reduced voids, moisture absorption and the performance of the pavements increased. This is the most used method for the use of waste plastic in road construction. 
[bookmark: _Toc155595225]4.2. Wet Process
In the wet process, waste plastic in powder is added to hot bitumen. The powdered waste plastic is mixed directly with the bitumen before it is mixed with the aggregates. The temperature range when mixing the plastic / bitumen with aggregate is to be approximately 160*C. High shear blender is required to prepare the plastic / bitumen with chemical treatment required to restrict separation. ‌ (Sasidharan, M., Mehran, E., Torbaghan, M. and Burrow, 2019). 
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Figure 3: Showing the difference in process between wet and dry. (Yasir Qayyum Gill, 2019)
[bookmark: _Toc155595226]4.3. Modular Process
In the Netherlands, they have introduced using modular construction process for road construction and involved the use of waste plastic. It is built in modular component that involved recycled plastic and is preassembled and delivered to site. Scientist understands it, to last three times longer than a normal tarmac road and reduces the risks of cracking and pothole. www.bbc.com. (n.d.). The first construction in the Netherlands was a 30-metre cycle path entirely prefabricated in Zwolle. The cycle paths were designed using a modular process and was manufactured as blocks to be installed one by one. This has now progressed across the Netherlands as a second cycle path was constructed in Steenwijkerland. (PlasticRoad,2018).
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Figure 4: A representation of modular process for road construction using waste plastic (Startupselfie.net, 2024).
The illustration depicts the identity of a modular process involving waste plastic in road construction, recognized for its efficiency and durability in new installations. Figure 4 displays a design incorporating water and waste pipes within the modular construction. However, this aspect raises a significant concern regarding potential difficulties in conducting maintenance for both the road and the pipes.
[bookmark: _Toc155595227]5. Incorporation of waste plastic road construction
In recent years, the incorporation of using waste plastic in construction has seen a large growth in countries such as India, Australia, United States and in the UK. Scotland based company MacRebur are one of the national leaders in using waste plastic to contribute is producing new roads and are now being contracted to bring it across the world. The first major project for this in the UK was in Carlisle, England. In the construction work, they succeeded in constructed the UK first highway road involving waste plastic that had a combined area of 3,000 square metres. (www.scotsman.com. (n.d.). The CEO of MacRebur, Toby McCartney, thought about this initiative idea after a visit to South India to participate in charity works and came across India already using this method to fill potholes. Bringing this idea back to the UK but expanding it to road construction, they are now setting the path for this involvement on many different road constructions as part of a UK Government £22.9million programme called ‘ADEPT Smart places live labs’ on locations such as Queen Elizabeth Olympic Park and in Welsh town of Connah’s Quay. (www.theconstructionindex.co.uk (n.d)
Leading globally, India is seen to be the most experienced for the use of waste plastic in road construction and have used this method of mixing waste plastic with bituminous mixes for both rural areas and highway road covering a population of 500,000 people and 50km perimeter. (Government of India, 2015; National Rural Roads Development Agency, 2019). India started using waste plastic in road construction in 2002 and covered more than 2500km of roads that are still to be in excellent condition 10 years later. (Indian Road Congress, 2013)
[bookmark: _Toc155595228]6. Application use for the Use of Plastic waste in concrete
As highlighted, there are positive environmental aspects associated with incorporating plastic waste into the construction industry. However, significant concerns arise regarding the practicality and suitability of this approach for various construction types. The inherent lightweight nature facilitates easier handling and transportation during construction, yet the diverse properties of plastic introduce complications into standard concrete mixes. Notably, a case study by Al-Tulaian indicated the flexibility provided by plastic, enhancing crack resistance and durability. For instance, PET fibres contributed to improved flexural toughness and reduced plastic shrinkage cracks. When used as a reinforcing material in mortar, waste plastic has demonstrated positive functionality, displaying resilience to temperature variations and durability. However, questions persist regarding its performance in terms of heat and fire resistance, especially when plastic waste is mixed with concrete. An experiment was carried out by Yong-Chang Guo to test the fire resistance. This involved concrete containing PET aggregate were subjected to a 300-s fire test and results showed that specimens with 30 – 50% plastic aggregate produced foul-smelling and toxic white smoke from the plastic burning. (Yong-Chang Gui, (2023). This highlights the importance of when applying plastic waste to concrete can be vital considering the heat resistance required for the property (road construction, infrastructure, residential, etc.). Compressive strength is a key factor in all experiments that have been performed in all research development found and most research studies have advised of similar findings of compressive strength decreasing when waste plastic, particularly PET plastics are implemented into aggregates. But results showing that the compressive strength is still within an acceptable range for use. For the future efficiency use of these 2no type of methods, this method can be put into practice and has already started being implemented across the World. 
There is no specific British Standard exclusively dedicated to the utilisation of plastic waste in road construction. Instead, this application is addressed within broader standards pertaining to bituminous mixtures and road construction materials. For instance, BS EN12620 (Aggregates for concrete) briefly mentions recycled waste usage, specifically focusing on aggregates with an oven-dried particle density greater than 1.50 mg/m3, accompanied by relevant conditions, and recycled fine aggregate under appropriate considerations (knowledge.bsigroup.com.n.d). BS EN13108 (Bituminous mixtures) encompasses various types of bituminous mixtures employed in road construction, providing specifications for materials such as aggregates, bitumen, and additives. Additionally, BS 594987 (Code of Practice for the installation of Asphalt paving for drives and car parks) offers guidance on asphalt paving installation, outlining recommendations for bituminous use in specific applications.
The global media have provided positive articles on the idea of introducing waste plastic into our road construction as the BBC wrote an article highlighting that ‘Could plastic roads make for a smoother ride’. This article mentions the introduction of this method in India, Netherlands, and Ghana and that the process is to be very simple and requiring little high-tech machinery. Economic benefits are highlighted as noted “with the incorporation of plastic resulting in savings of roughly £480 per kilometre of road”. www.bbc.com. (n.d.). Another article published by ‘Bettermeetsrelatity.com’ provided a full report of their opinion on the use of plastic waste which overall seemed positive, but they mentioned cons that are involved in the usage. A significate finding that they deemed is a con is that using plastic roads ironically increase our dependence on plastic and as more roads are built, the more plastic will be required to build them. (Reality, B.M, 2022).
Based on my research analysis, further investigations are necessary to explore the diverse applications of waste plastic in the construction industry, as road construction currently stands out as the most efficient method. However, if improvements in compressive strength and fire resistance are not achieved, this approach may not become a viable method for large infrastructure buildings worldwide. While it may have limitations for broader construction use, I see potential for introducing plastic waste in road construction to benefit UK residential areas, including roads, pavements, and motorways, enhancing longevity and durability. Globally, media coverage highlights the positive impact of using plastic waste in road construction, reducing overall waste accumulation worldwide and promoting smarter utilization. The notion of potential over-reliance on plastic waste globally, while interesting, seems distant at present. Nevertheless, it raises intriguing questions about the long-term viability of this methodology, pondering if it could be implemented for centuries to come.
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Table 6

Waste plastic concrete mixtures

Symbols Materials W/C or W/(C+ WP)
Cement (kg/m’) Aggregate (kg/m®) Sand (kg/m”) Waste plastic (kg/m") Waste (%)

Pl 380 1020 715 0 0 0.53

Pl 380 1020 6435 715 10 0.53

Ply 380 1020 607.75 107.25 15 0.53

Pl 380 1020 572 143 20 0.53
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Table 3

Flexural Strength and Toughness of Mortar.

Specimen Fiber  Flexural Average Toughness Average
Volume Strength Flexural (Nmm)  Toughness
Fraction (MPa)  Strength (N.mm)
*) (MPa)

Plain 000 189 207 113 111
000 226 1.10

Specimen with 050 271 245 4978 4074

20 mm length RPF

050 241 31.70
100 269 283 5073 46.14
100 297 41.60
150 260 281 4310 5097
150 3.02 5885

Specimen with 050 227 220 3221 3092

50 mm length RPF

050 212 2963
100 332 308 5884 58.75
100 283 5865
150 410 382 6912 68.90
150 353 68.66
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