Experimental investigation of the physico-mechanical properties of plastic-stabilized pavement materials
[bookmark: _Toc187190179]ABSTRACT
[bookmark: _GoBack]This research evaluates the physico-mechanical properties of asphalt pavements modified with non-biodegradable bottled water plastic waste to improve performance and promote sustainability. Key tests included Los Angeles Abrasion (LAA) and Aggregate Impact Value (AIV) on aggregates, softening point and penetration on bitumen, Marshall mix design for optimum bitumen content (OBC), and Indirect Tensile Strength (ITS) for tensile performance. The OBC was determined as 6 wt%. Fifteen samples were then prepared with melted plastic at 10-50 wt% of OBC.
Results indicated that 20 wt% plastic yielded optimal outcomes: stability increased slightly to 5.25 kN from 4.98 kN (control), with acceptable flow (2-4 mm), voids in mineral aggregate (VMA), and ITS (0.1579 MPa vs. 0.1358 MPa control). LAA (42%) and AIV (27.7%) confirmed aggregate suitability.
Compared to prior studies (e.g., on plastic-modified asphalt showing rutting resistance), this work demonstrates superior stability and waste valorization in Nigeria's context, offering a cost-effective, eco-friendly alternative that reduces plastic pollution while enhancing pavement durability for resource-efficient road infrastructure.
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1.1. Problem Statement
Road infrastructure is vital for economic development, yet it faces challenges from increasing traffic loads and environmental concerns. Sustainable road construction requires efficient design practices and environmentally friendly methods, including material recycling (Blade Christopher & Edward Kearney, 2004). Concurrently, Nigeria faces a severe plastic waste crisis, with global plastic waste generation exceeding 350 million tons annually (Bruna Alves, 2021), and millions of water bottles discarded daily in Nigeria, clogging drainage systems and causing environmental pollution (Edoga Biodiversity et al., 2023).



1.2. Significance and a Sustainable Pathway
The modification of asphalt binders with polymers represents an established methodology for enhancing pavement performance (Asphalt Institute, 2015). Research has demonstrated that plastic can improve the mechanical, physical, and rheological properties of conventional asphalt formulations (Isaacson, 2001), with applications ranging from waste material incorporation in cold mixes (Zoorob & Thanaya, 2002) to effective bitumen modification in asphalt mixtures (Singh, 2023). Utilizing waste plastic as a modifier presents a transformative opportunity to address both environmental and performance challenges simultaneously, reducing pollution while creating more cost-effective paving materials (Adetunji, Sylvester et al., 2020). This approach is particularly relevant in Nigeria where plastic products constitute approximately 30% of municipal solid waste (Mokuolu et al., 2021). Recent advances in modified asphalt applications, including asphalt shale reforming (Katamine, 2024), further demonstrate the potential of innovative modification techniques.

1.3. Research Gap
While previous studies have demonstrated the general feasibility of using plastic waste in asphalt (Singh, 2023; Zoorob & Thanaya, 2017), the optimal incorporation rate for Nigerian materials, particularly when evaluated against local specifications (FGN, 1997), remains insufficiently explored. Furthermore, comprehensive evaluation linking Marshall properties with tensile resistance through Indirect Tensile Strength testing is often lacking, making field performance prediction difficult. Current Nigerian standards do not provide specific guidelines for plastic-modified asphalt mixtures, creating a significant knowledge gap for practical implementation.


1.4. Research Objective
This study aims to determine the optimal content of melted bottled water plastic waste and evaluate its impact on asphalt concrete properties through:

1. Determining optimum bitumen content for the control mix according to Marshall design methods

2. Incorporating plastic at 10-50 wt% of optimum bitumen content

3. Assessing performance through Marshall Stability, flow, density, air voids, and Indirect Tensile Strength, with results evaluated against Nigerian specifications (FGN, 1997)




1.5. Hypothesis
It is hypothesized that incorporating 20% bottled water plastic by weight of optimum bitumen content will significantly enhance Marshall Stability and Indirect Tensile Strength by improving binder cohesion and aggregate bonding, without compromising the volumetric properties or flexibility required by Nigerian road standards.


2     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 LAA is the Los Angeles abrasion,  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)

Where SG is the Specific Gravity, W₁ is the Weight of the container filled with water (g), W₂ is the Weight of the container filled with water and sample (g), W₃ is the Weight of the container filled with sample only (g), and W₄ is the Weight of the dry sample in air (g).


To calculate the void content in the aggregate using the bulk density the following formula was used:
                                  			               (4)
Where Va is the Air Voids (%), 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.
ITS =                                                                                                           (6)
Where ITS is the Indirect Tensile Strength (kPa), P is applied load at failure (N), D is diameter of specimen (mm) and t is specimen thickness (mm).
3    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
4    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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