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Experimental investigation of the physico-mechanical properties of plastic-stabilized pavement materials
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This research investigates the feasibility of utilizing non-biodegradable bottled water plastic waste as a modifier for asphalt binders to enhance pavement performance and address sustainability concerns. The study aimed to determine the optimal plastic content and its impact on key Marshall properties, including stability, flow, and voids in mineral aggregate (VMA). A Marshall mix design was conducted to establish the optimum bitumen content. Subsequently, 15 samples were prepared with varying percentages of melted bottled water plastic (10, 20, 30, 40, and 50wt%) added to the asphalt binder. Results showed that incorporating 20wt% bottled water plastic by weight of optimum bitumen content yielded the most favorable results. The modified asphalt mix exhibited slightly improved stability (5.25kN) compared to the control mix (4.98kN), while maintaining acceptable flow and VMA values. The results demonstrate the potential of utilizing plastic waste as a sustainable and cost-effective modifier for asphalt pavements, contributing to a more environmentally friendly and resource-efficient road construction.
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[bookmark: _Toc187190184]INTRODUCTION
Roads are crucial for economic development, but their high construction and maintenance costs demand efficient design and construction practices. Road surfaces face diverse and evolving challenges, including increased traffic loads due to advancements in vehicle technology, growing traffic volumes exceeding design assumptions, and limited access to high-quality construction materials in some regions. Furthermore, environmental sustainability is paramount, necessitating the adoption of environmentally friendly construction and maintenance methods, such as material recycling (Blade Christopher & Edward Kearney, 2004) Asphaltic road surfaces have been the cornerstone of transportation infrastructure for over a century. However, continuous research aims to enhance both their aesthetic appeal and functional performance. Asphalt, the quintessential black binder for flexible pavements, derives its name from bitumen, a hydrocarbon component soluble in carbon disulfide. This inherent characteristic classifies asphalt as a bituminous material (Asphalt Institute, 2019) Bitumen exhibits remarkable engineering potential due to its inherent properties. Its adhesive strength, ease of application, and high resistance to water infiltration contribute to its durability and suitability for road construction. Asphalt concrete, the predominant paving material, comprises over 90% of paved roads in developed nations, underscoring the significance of bitumen in modern road infrastructure (Institute, n.d.). Bituminous mix, hot asphalt mix, bituminous concrete and plant mix asphalt are just a few of the many names for asphalt concrete. The two primary ingredients that go into making it are aggregates and bitumen. The aggregates comprise 95 to 90% of the material by weight. They are combined with five to six percent bitumen to make asphalt concrete.
Asphalt mix and design come in two methods: cold-mix and hot-mix. For many years, asphalt has been made at 160oC using sophisticated machinery. This high temperature aids in the production process by removing moisture and reducing viscosity, producing a material that is long-lasting. Nonetheless, high-traffic areas like airports and busy highways are places where hot mix asphalt (HMA) is most utilized. Hot mix asphalt manufacture necessitates bitumen and hot-state aggregate drying.
Nigeria possesses substantial bitumen reserves, projected to surpass 42.74 billion metric tons, ranking as the world's second largest. This resource is concentrated within a 120km coastal belt spanning Ondo, Lagos, Edo, and Ogun States, according to Environment Right Action (2013). However, traditional bituminous blends exhibit limitations in performance under heavy traffic loads. This has driven the development of modified binders to enhance durability and longevity. One promising avenue for sustainable road construction involves the utilization of recycled plastic waste, such as beverage and water bottles, to create modified bituminous asphalt. This approach aligns with global environmental concerns and is implemented in numerous countries. Concurrently, a widespread proliferation of water and beverage bottles occurred across Nigeria. Within the economic framework, such a substantial quantity of waste is typically classified as a negative externality, recognized for its detrimental impact on the environment and society (Adetunji, Sylvester et al., 2020). Millions of empty bottles are regularly discarded in almost every town, hamlet, and cities in Nigeria, which is the cause of this. On the basis of estimation, it is evident that Nigeria generates an area of more than 990,344 Km2 (plastic trash) per day, which is higher than the country's total landmass of 923,768 Km2 (Edoga Biodiversity et al., 2023). Additionally, it was reported by (Edoga Biodiversity et al., 2023)that 220 to 229 million used bottles of water and other plastics are dumped of everyday in the country, with at least 71% of adult Nigerians using nothing less than one sachet or bottled water daily. The ecology is in risk due to the reckless dumping and disposal of empty bottles brought on by the rising production and usage of bottled water. Empty bottles and "blocks" of water bottles and sachet garbage are littering the streets. This is demonstrated by the empty bottles that litter the streets and the "blocks" of water bottles and sachet garbage that choke drainage systems. Currently, the largest ecological issues facing emerging nations, especially Nigeria, is the management of public and municipal trash. Because of the abundant and unmanageable solid waste, the cities are filthy.
Globally, the annual generation of plastic waste surpasses 350 million tons, driven by the extensive utilization of non-biodegradable thermoplastic polythene in packaging and storage industries (Bruna Alves, 2021). According to (Mokuolu et al., 2021), 30% of household trash in a normal city in Nigeria is made up of very large amounts of polythene and plastic products, whose disposal has remained a major environmental pollution problem and source of concern in both large and small cities. In cities where the highway drainage channels are easily used as places to dispose of polythene waste, the magnitude of the bottled water container problem is best visualized during or immediately following rains. Plastic Waste material can be processed for a better alternative use by reusing or recycling it to generate other useful goods, which would save material prices and ensure that bituminous mixes used for pavement operations comply with health, safety, and health (HSE) laws. Asphalt shale reformed asphalt (Katamine, 2024); plastic trash rubbles as aggregates in concrete pavements (Zoorob & Thanaya, 2017); tires, plastics, pipes, and cement admixtures in physical shreds as fiber reinforced (Singh, 2023); and as an effective bitumen modifier in asphalt mixes (Singh, 2023). Plastic is recognized to better the mechanical, physical, and rheological qualities of traditional asphalt formulations (Isaccson, 2001). Additionally, modified bitumen (MB), has gained widespread adoption worldwide. 
This study aims to address the critical need for sustainable and cost-effective road construction by investigating the potential of locally sourced and potentially recycled materials to enhance the performance of bitumen-based pavements. The novelty of this research lies in its focus on optimizing resource utilization by exploring alternative materials that can improve pavement properties while reducing reliance on expensive and environmentally impactful conventional materials. This approach not only promises to lower construction costs but also offers a pathway towards waste minimization and the creation of economic opportunities through the valorization of waste materials. This study aims to contribute to the growing body of knowledge on sustainable pavement construction by: (i) investigating the optimal incorporation of bottles water plastic waste into bituminous mixtures. (ii) Conducting a comprehensive evaluation of the impact of plastic waste inclusion on critical pavement properties such as strength, durability, and fatigue resistance. (iii) Developing a methodology for determining the optimal plastic waste content in bituminous mixtures, considering factors such as performance, environmental impact, and cost-effectiveness.
MATERIALS AND METHODS
 Materials

A grade 60/70 bitumen (black in appearance) was sourced from Julius Berger PLC Company in Abuja, Nigeria. Solid materials like fine and coarse aggregate passing sieve size 19.00mm and retained in 12-5mm were well graded. Passing abrasion and impact test, which was carried out in the civil engineering laboratory of Nile University of Nigeria. The Filler used was one passing sieve size 0.075mm. Empty water bottle plastic used in the study were picked within the neighboring community, washed, dried and pulverized for easy melting. 
 Methods
The following laboratory experiment on physical and mechanical properties of the material and samples were carried out.
Los Angeles abrasion test (LAA)
Los Angeles abrasion test-LAA was carried out to ascertain the aggregate's resistance to grinding, impact, and abrasion-induced fragmentation and degradation. The clean aggregates that made up the test sample were oven dried at 105 to 110°C, table 1 & 2 indicates that the grading and number of charges. After being cleaned, the test sample was dried in the oven at 105°C to achieve a largely constant weight. After being divided into clear size fractions, the sample was recombined to give the B grading as in table 2, which almost exactly equals the range of sizes in the aggregate provided for the project. Prior to testing, the sample's weight was determined to the closest 1g (M1). The following equation was used to express the LAA value: 
                                   		              	(1)
where  is the test specimen's initial mass and   the final mass.
 Aggregate impact value test (AIV)    
 Aggregate impact value test was carried out by weighing the empty cup of the test equipment (W1), the prepared aggregates were added until it was up to one-third of the cup, and the tamping shaft was struck 25 times. An additional 25 strokes of tamping were employed, after adding an equivalent amount of aggregates. The measure was then finally filled to overflow, tamped 25 times, and any excess aggregates were struck off using the rod as straightedge. The aggregates' net weight (weight M1) in the measure were now determined. The equipment’s hammer was freely dropped onto the sample in the cup after being raised to a height of 380 mm above their upper surface.
Softening point of bitumen
For the softening point of bitumen experiment, the sample was heated for no more than two hours at a temperature that did not surpass the anticipated softening temperature by more than 110°C. The heated ring that was resting on the pouring plate was then filled with the heated sample. After letting the specimen cool for at least half an hour, a hot knife was used to trim off any extra material. The device was put together with the thermometer and ring, and the transparent container was filled with cool clean water down to a depth of 102–108 mm. For fifteen minutes, the container's temperature was kept at (5 ±1) °C.
Table 1. Experiments with various testing standard
	EXPERIMENTS
	TEST STANDARD (ASTM)     
	 CODE   SPECIFICATIONS
	OBSERVED RESULTS

	
	
	40/50
	60/70
	80/100
	

	Penetration at 25°C
	D5-97
	40-50
	60-70
	80-100
	       64

	Flash point and Fire point (°C)
	D92-02
	232
	232
	219
	       230

	Softening Point °C
	D36- 95
	52/60
	49/59
	45/52
	       57


Marshall Stability and flow test
Marshall Stability and flow test: The purpose of this experiment is to ascertain the characteristics of the asphalt mix that is produced. It aids in assessing the vehicle's resistance to deformation. Additionally, it can be used to find the ideal bitumen content that will yield the asphalt's maximum density, maximum stability, flow deflection, and minimum void percentage.
Bulk density test
The bulk density test was achieved calculating the empty measuring cylinder's weight (T) and volume (V). The measure was filled to one-third of the volume, fingers were used to level the surface. Twenty-five strokes of the tamping rod were used, evenly distributed to rod the aggregate layer across the surface. The measure was again filled to two-thirds of the way, it was leveled and rodded once more. The following formula was used to calculate the bulk density:
                                  					(2)
Where M is the bulk density of the aggregate (kg/m3), G is the mass of the aggregate plus the measure (kg), T is the mass of the measure (kg), and V is the volume of the measure (m3).
Specific gravity test
Specific gravity test was carried out by thoroughly washing the aggregate to remove dust and finer particles, a sample of aggregate weighing at least 2000g (14–10mm) was allowed to drain and was put in the wire basket. It was then immersed in portable water that was 22 to 32°C, with a least of 5cm of water covering the basket's top. The sample's trapped air was extracted immediately the basket was immersed in water. The basket is raised 25mm above the tank’s base and letting it fall same number of times for this to be accomplished, or roughly one drop per second. Following a 24hour period of complete submersion, the basket and aggregate were again jolted and the weight in water was determined at a temperature of 22 to 32°C (W1). The following formula was used to calculate the specific gravity:
                                         	                            (3)
To calculate the void content in the aggregate using the bulk density the following formula was used:
                                  			               (4)
Where M is the bulk density of the aggregate (kg/m3), S is the assumed bulk specific gravity (dry basis) = 2.65, and W is the density of water (998 kg/m3).
The optimum bitumen content (OBC) for proposed mix is the average of three values of bitumen content (Jendia, 2002), which include:
	(5)
With the bitumen content at the highest stability, bulk density and the median of allowed percentages of air voids.
Indirect Tensile Strength (ITS) test
The test was conducted as according to AASHTO T283 on the prepared marshal specimens with 65mm height and 100mm diameter at test temperature brought to 250c using water bath and at a deformation rate of 50mm/min. The test is performed by loading a cylindrical specimen with a single load which acts parallel to the vertical diametrical plane. 
Load (P) at failure were measured for the specimens at 0, 10, 20, 30, 40 and 50% plastic waste.
                      Indirect Tensile Strength (ITS) =                                          (6)
Where P is applied load at failure, D is diameter of specimen and t is specimen thickness
RESULTS AND DISCUSSIONS
The results of the aggregate impact value test showed that the aggregate can be used for road surfacing, with a result of 27.7%, falling within the BS 812: Part 112 limits (20-30% satisfactory for road surfacing). 
The bitumen's softening point rises in proportion to the amount of plastic waste. This demonstrates that bituminous material's softening point is raised by plastic waste. Figure 1 clearly demonstrates a positive correlation between the percentage of plastic waste and the softening point. As the percentage of plastic waste increases, the softening point also increases. This suggests that the addition of plastic waste raises the temperature at which the bitumen begins to soften. The addition of plastic waste alters the thermal properties of the modified bitumen, making it more resistant to heat (requiring a higher temperature to soften). Also, understanding the way plastic waste affects the modified bitumen properties is crucial for developing sustainable waste management and recycling strategies. Also, the results in Figure 1 could be relevant in engineering, particularly in exploring the potential uses of plastic waste in creating various materials with specific thermal properties.

[bookmark: _Ref189512107]Figure 1. Softening point of the modified bitumen
According to the stability results displayed in Figure 2, stability increases from 5% bitumen percentage to 6% bitumen percentage before starting to decline until it reaches 7% bitumen content. Additionally, the same chart indicates that the stability decreases with increasing bitumen content, reaching its lowest point at 3.33kN. The highest stability measured was 4.98kN. The maximum stability exceeds the least stability required by the Nigerian general specification for roads and bridges (NGSRB, 2020) when compared to the Marshall criteria. The results suggest an optimum bitumen percentage exists around 6%. At this point, the stability reaches its peak (5kN). This implies that 6% bitumen content provides the best balance of aggregate binding and mixture strength. As the bitumen percentage increases from 5% to 6%, the stability of the mix also increases. This is likely because at this point, more bitumen provides better cohesion and binding of the aggregate particles, leading to a stronger mix. Beyond 6%, increasing the bitumen content leads to a decrease in stability. This is likely due to over-lubrication of the aggregate particles. Excess bitumen can reduce the internal friction within the mix, making it more susceptible to deformation under load.

	


[bookmark: _Ref189513146]Figure 2. Marshall Stability vs. bitumen content

Figure 3 shows that the stabilities of modified asphalt blends were higher than those of the conventional asphalt mix without modifier for all plastic percentages. The high stabilities may be explained by improved internal friction and increased binder cohesion, as cohesion rises with viscosity. The stability peaks at 20% plastic replacement and then declines as the amount of plastic increases. According to the Nigerian general specification for roads and bridges (NGSRB, 1997), the least stability required (3.5kN) is less than the maximum stability achieved (5.25kN). This indicate that 20% replacement of bitumen with bottle water plastic can be adopted. 


Figure 3. Marshall Stability vs. Plastic content

Figure 4 depicts the relationship between the bitumen percentage and its bulk density (kg/m3). The graph indicates an optimum bitumen percentage around 6% for achieving maximum bulk density. At this point, the density reaches its peak (approximately 2.36 Kg/m3). As the bitumen percentage increases from 4.5% to 6%, the bulk density of the mix also increases. This is because the added bitumen fills the voids between the aggregate particles, leading to a denser, more compact structure. Beyond 6%, further increases in bitumen content led to a decrease in bulk density. This suggests that excessive bitumen starts to push the aggregate particles further apart, increasing the overall volume and thus reducing the density. Other factors like temperature and environmental conditions can also influence the density of the mix.


	


[bookmark: _Ref189514162]Figure 4. Bulk density vs. bitumen percentage

From Figure 5 below, the Bulk density results illustrate the general trend that as the amount of plastic increases, so does the bulk density. At 50% plastic percentage, the highest bulk density is 2.41 kg/m3, and at 30% plastic content, the minimum bulk density is 2.28 kg/m3. Because the specific gravity of plastic is lower than that of aggregate, it significantly affects the maximum density. The figure below shows that from 0% to around 30% plastic content, the bulk density decreases. This suggests that adding plastic initially makes the material lighter for the same volume. The bulk density reaches a minimum at approximately 30% plastic content. Beyond 30% plastic content, the bulk density increases, suggesting that adding more plastic beyond this point starts to make the material heavier per unit volume. This implies that the water bottle plastic used during this investigation significantly influences the bitumen’s density. Because, adding plastic might be filling in gaps, leading to a decrease in bulk density initially. Beyond a certain point, adding more plastic might disrupt the packing efficiency or the plastic itself might be denser, leading to an increase in bulk density. Also, the interaction between the plastic and the base material at different percentages could influence the overall density. The results suggests that there might be an optimum percentage of plastic content (around 30% in this case) where the bulk density is minimized. This could be relevant for applications where lightweight bitumen or engineering materials are desired.

	


[bookmark: _Ref189513512]Figure 5. Bulk density of modified bitumen
Figure 6 below indicates the indirect tensile strength of the specimens at 0, 10, 20, 30, 40 & 50% plastic content. The indirect tensile strength increases from 0.1358Mpa at 0% plastic content to 0.1579Mpa at 20% plastic content. The value decreases from 0.1316Mpa to 0.112Mpa at 30 and 50% plastic content. This suggests that the asphalt specimen’s tensile strength can be increased by up to 20% by adding plastic. The improvement is probably the result of the plastic's improved stiffness and bonding, which increase resistance to deformation and cracking. After 30% plastic content, the indirect tensile strength gradually declines. This decline indicates that too much plastic weakens the mix's cohesiveness. A high plastic percentage can cause brittleness, poor dispersion, or a decrease in bitumen coating, all of which can reduce performance under tensile stress. 


Figure 6. Effect of plastic content on indirect tensile strength
CONCLUSION
This study investigated the effects of incorporating water bottle waste plastic into bitumen for road construction, analyzing aggregate impact value, softening point, Marshall Stability and flow, and bulk density. The aggregate impact value confirmed the suitability of the aggregate for road surfacing. A clear positive correlation was observed between the percentage of plastic waste and the softening point of the bitumen, indicating improved heat resistance with increasing plastic content. Marshall Stability tests revealed an optimum bitumen content of approximately 6%, yielding the highest stability value and meeting Nigerian specifications.  Bulk density analysis also suggested an optimal bitumen content around 6% for maximum density. 
Furthermore, the incorporation of plastic waste influenced the bulk density, with an initial increase up to approximately 20% plastic content, followed by a decrease beyond this point. This suggests a potential optimum plastic content around 20% for minimizing bulk density, which could be beneficial for lightweight applications. It was discovered that 20% by weight of the asphalt blend's optimum bitumen content was the ideal amount of bottled water plastic to be substituted as a modifier. 
Overall, the findings highlight the potential benefits of utilizing waste plastic in road construction, improving bitumen properties and potentially offering a sustainable waste management solution. 
Further research is recommended to explore the long-term performance and durability of the modified bitumen mixes. In order to manage plastic waste sustainably and to enhance the performance of asphalt mixes, bottle water plastic can be easily added as a modifier. Because it transforms the nauseating piles of plastic waste into usable form, this form of pavements mix should be promoted due to its improved environmental quality.
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