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Abstract

:

This study aims to investigate the effect and the possibility of using waste plastic as a sustainable cost-effective polymer to modify bitumen binders. Different types of waste plastic have been used in this modification, including polyethylene terephthalate (PET), high-density polyethylene (HDPE), and low-density polyethylene (LDPE). The modification targets the physical characteristics, rheological properties, and binders’ resistance to ageing. Both long- and short-term ageing are investigated to determine the durability and ageing resistance of the modified binder using rolling thin film oven tests (RTFOT) and pressure ageing vessels (PAVs). Penetration tests and dynamic shear rheometer (DSR) tests were conducted to investigate and evaluate the complex shear modulus, stiffness, elasticity, and viscous properties. The results show that 2% and 4% of HDPE and LDPE are recommended as ideal contents for good performance, as reflected by the penetration tests before and after ageing. However, higher contents, such as 6% and 8% HDPE and LDPE, are not significant in improving the stiffness, elasticity, and ageing resistance. Therefore, samples of 6–8% HDPE and LDPE are more vulnerable to permanent deformation. Furthermore, using waste PET exhibits obvious improvements in terms of the physical characteristics, rheological properties, stiffness, elasticity, and ageing resistance with up to 8% PET-modified bitumen. Based on the results, the ideal type and content is 6–8% PET waste plastic.
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1. Introduction


With the growing importance of geotechnical and pavement issues, research in these areas took the momentum to solve recycle materials inclusion in civil engineering projects. The application of numerical tools [1] and laboratory testing [2,3,4,5,6,7,8] on the aggregate issues are well-documented. On the other hand, waste creation is increasing day by day. This has led to a considerable rise in the cost of waste dumping, blocking future sites for landfills. The application of waste materials as an alternative to new materials in the road-construction industry has several advantages. One is the substantial savings in terms of reduced costs, and the second is the cutting down of waste deposited in landfills. Thus, utilising waste plastic in asphalt modification must focus on enhancing the properties of pavement construction [9,10,11,12,13,14,15].



Joint research by Awwad and Shbeeb [16] investigated the results of the use of polyethylene polymers to improve the engineering properties of asphalt mixtures. Their study was conducted to determine the most optimum type of polyethylene and its proportion in an asphalt mixture to obtain the best properties. Hence, they applied two types of polyethylenes to the aggregate coating: low-density polyethylene (LDPE) and high-density polyethylene (HDPE). The addition of the polymers to the mixture was carried out in two forms: ground and unground. The produced mixture samples showed that the ground HDPE imparted better engineering properties to the resulting mixture. The most appropriate percentage of the modifier to be added to the mixture was found to be 12% by bitumen weight. The results of this experiment further confirm that the introduced HDPE can improve the mixture stability, slightly increase the air voids (VIM) and voids of the mineral aggregate (VMA) in it, and reduce the asphalt mixture density [16]. Another study that focused on the potential of LDPE was jointly conducted by Al-Hadidy and Tan Yi-qiu [17] to study the engineering properties of this polymer as a modifier that could be applied to asphalt-mix modification and improvement. The results confirmed that the softening point of the binders modified by LDPE is comparatively higher while its ductility values were fixed at the minimum specification range (100+ cm), which, in turn, resulted in a decrease in the weight loss percentage due to heat and air. This indicates a significant improvement in the overall durability of the original SMA. Furthermore, the results revealed that the LDPE-modified SMA mixture could be the optimal mixture for pavement construction and coating in regions with extreme temperature fluctuations and excessive moisture [17].



Hinishoglu and Agar [18] used other kinds of waste plastic materials with HDPE to modify binders at various blending temperatures, times lengths, and HDPE percentages. For this experiment, they used the Marshall stability, Marshall quotient, and Marshall flow. It was concluded that 4% of HDPE at 165 °C blended continuously for 30 min provided the best Marshall stability, Marshall flow, and Marshall quotient (MQ). As a result, as a new condition applied to this experiment, the percentage of the Marshall quotient was raised by 50% in comparison to that of the control mixture. Furthermore, researchers noted that the resistance of the HDPE-modified bituminous mix against severe deterioration and deformation was significantly increased (Hinishoglu and Agar 2004).



A study by Zoorob and Suparma [19] revealed that using LDPE waste plastic in bituminous mixtures could result in a significant enhancement of their stability of approximately 2.5 times greater than the stability of the control mixtures and durability while decreasing its density. In addition, the outcomes of the study showed that the plastiphalt fatigue life of the modified mixtures was longer than that of the control ones [19]. Based on the results of these experiments, adding the polymer significantly increased the rutting resistance of the asphalt-modified mixture. Moreover, using polyethylene as a polymer for asphalt mixtures results in improvements to the fatigue resistance, workability, and efficiency of the modified mixture [20,21].



According to previous reports [22,23,24,25], using waste plastic for asphalt modification could help reduce environmental contamination and reduce additional costs. Further, introducing waste plastic into asphalt will also improve the temperature susceptibility and stiffness. Thus, waste plastic-modified bitumen results in an enhancement in the rutting and fatigue resistance [26,27,28]. Modifying and improving the properties of the bitumen and asphalt mix by using certain additives, such as plastic polymers, is one way of increasing the service life of road surfaces.



In 2018, the plastic ban by China, Malaysia, and India put significant pressure on the Australian recycling industry, and researchers have worked to find an effective solution to manage this issue [29]. One significant proposal involved using Australian waste plastic in asphalt and pavement engineering. In 2019, there were some trial sections in Sydney that incorporated waste glass, crumb rubber, and waste plastic bags in asphalt mixtures using the dry mix method; however, these trials did not investigate the mechanical characteristics, rheological properties, durability, and engineering prospects of bitumen plastic modifiers using wet mix methods [30].



Currently, at Curtin University, Perth, scientific research on using waste/by-product in geotechnical and pavement projects is being conducted [31]. The plastic inclusion as a bitumen modifier is being conducted to improve the benefits of using waste plastic to produce asphalt mixtures modified with cost-effective waste polymers, which also have a high resistance to permanent deformation. At Curtin University’s laboratory, Mashaan et al. [30,32] investigated the possibility of using waste PET to improve the engineering properties of the C320 bitumen binder, finding promising results. However, more investigation is required to examine the impact of other types of waste plastic on the engineering properties of modified binders in Australia. The aforementioned literature indicates that there is a lack of research on the impact of waste HDPE and LDPE on C320 bitumen binders, which are most commonly used for road design in Australia. Therefore, it is imperative to conduct more research into this.




2. Materials and Methodology


2.1. Materials


SEM is a useful tool to compare the surfaces [8]. In this study, C320 bitumen was used, provided by SAMI Bitumen Technologies, Perth, Western Australia. Table 1 shows the properties of the bitumen.



Different contents of different plastic types were used in this study, mainly comprising PET, HDPE, and LDPE, as shown in Figure 1. These plastics were collected from local communities in Perth, washed, and ground to a size of about 0.245 mm.




2.2. Sample Production


Three different types of waste plastic—PET, HDPE, and LDPE—were used to prepare the modified binder using the wet-mixing method in different percentages: 0%, 2%, 4%, 6%, and 8%. The blending parameters were 45 min of blending time, a temperature of 180 °C, and a 2000 rpm shear velocity; this selection was based on numerous trial blends. The mixing commenced at a low shear rate of 700–800 rpm for the first 15 min to ensure fewer air voids; subsequently, the speed was increased to 2000 rpm for 30 min. DSR tests were conducted to assess and verify the viscoelastic performance and examine the rutting and fatigue resistance of the modified bitumen binders.




2.3. Methodology and Testing


2.3.1. Penetration Test


The penetration test was conducted following the specifications laid out in AS 2341.12. The penetration test measures the distance, in millimetres, of a standard needle that is perpendicularly diffused in the bitumen sample under specific conditions: 5 s of time, 25 °C temperature, and 100 g for loading. The main purpose of this test is to establish the stability of the bitumen and, thus, the ability to resist rutting failure and cracking deformation.




2.3.2. Dynamic Shear Rheometer (DSR) Test


To examine the viscoelastic behaviour at high temperatures and the bitumen’s resistance to rutting and fatigue, both treated and nontreated binder samples were subjected to the dynamic shear rheometer (DSR) test following the AASHTO 315 standard. This test focuses on determining the shear stress and linear viscoelastic properties of bitumen tested in oscillatory shear using parallel plates. The main aim of the test is to measure the complex shear modulus, which is known as the stiffness indicator G*, and measure the phase angle, which is known as the elasticity indicator.




2.3.3. Rolling Thin Film Oven Test (RTFOT)


To simulate the ageing conditions during pavement construction and under traffic loads, the rolling thin film oven test (RTFOT) is conducted. Figure 2 shows the apparatus at Curtin University. This test was carried out in the Curtin laboratory following the procedure and specification standards as AS/NZS 2341.10:2015 (Standards Australia 2015).




2.3.4. Pressure Ageing Vessel (PAV) Test


To simulate the long-term and in-service ageing of the bitumen binder after five to ten years of traffic service, the pressure ageing vessel (PAV) test is conducted, where the bitumen binders are subjected to a high pressure of 2.1 MPa for a period of 20 h under a high temperature of 110 °C.






3. Results and Discussion


3.1. Physical Properties of Waste Plastic-Modified Bitumen


To investigate the physical properties of the modified bitumen, a penetration test was conducted first. The penetration test is a simple, reliable, and rapid test to establish the stiffness behaviour of the binder, indicating the capability of the bitumen to withstand permanent deformation. The penetration of different contents of PET, HDPE, and LDPE plastic waste for unaged specimens was found, as shown in Figure 3, Figure 4 and Figure 5, respectively. Figure 3 shows the impact of different contents of PET on the penetration. As can be seen, the higher the PET content, the lower the penetration values. The penetration of C320 (0% plastic) was 44 mm, which reduced to 30 mm when using 8% PET. This, in turn, implies that the modified binder becomes stiffer. At 6% and 8%, the behaviour of the modified bitumen is at the same level of resistance as permanent deformation. However, all PET-modified C320 samples exhibited a substantial effect on the penetration results in comparison to unmodified bitumen C320.



Figure 4 shows the penetration results for various contents of waste HDPE (0%, 2%, 4%, 6%, and 8%). The depth of penetration began to decrease at 2% and 4% to about 42 mm and 40 mm, respectively, which increased to 44 mm and 45 mm for samples of 6% and 8%, respectively. It can be seen that higher percentages of HDPE had a negative impact on the penetration. The considerable influence of HDPE on penetration was only reconsidered at 2% and 4%; however, the decrease was close to that of the unmodified C320 bitumen.



Figure 5 shows the results for penetration when using different contents of LDPE. The results for penetration were 44 mm, 42 mm, 40 mm, 40 mm, and 42 mm for the LDPE contents of 0%, 2%, 4%, 6%, and 8%, respectively. The results exhibit a decrease in penetration as the amount of LPDE increases up to 4%, which remains steady at 6% at about 40 mm. However, when increasing the LDPE to 8%, the penetration increased to about 42 mm. These results show that a high percentage of LDPE in the bitumen binder does not significantly affect the penetration characteristics.



Figure 3, Figure 4 and Figure 5 show the impact of different types of waste plastic on the penetration results. The penetration decreases significantly with the addition of PET content up to 8%. However, the HDPE- and LDPE-modified bitumen exhibited an insignificant decrease in penetration through the addition of high percentages of these waste materials. It can be argued that the PET-modified bitumen has the optimum ability to increase the stiffness modulus and, as such, indicates an increase in viscosity. The significant reduction in penetration values because of the addition of waste PET emphasizes the physical–chemical reaction of the modified bitumen. As such, the PET-modified bitumen results highlighted the changes in the properties of the C320 bitumen, and these changes can be mainly attributed to increases in the asphaltene content and decreases in the resin content with increasing PET during the blending process. The amalgamation between PET particles and bitumen particles results in the swelling of the bitumen particles and, as such, increases the dispersion of the polymer phase in the bitumen, enhancing the elasticity [24,28,30,33]. On the other hand, the penetration results when using waste HDPE and LDPE exhibit a nonlinear decrease in penetration. Higher contents of waste HDPE and LDPE increased the penetration and lowered the binder resistance to permanent deformation, making it highly susceptible to hardening and rutting failure.




3.2. Penetration Properties after RFTOT and PAV Tests


To examine the durability and ageing resistance of the binders, ageing RFOT and PAV tests were conducted. Figure 6, Figure 7 and Figure 8 show the penetration results after RTFOT tests and PAV tests on different contents of PET, HDPE, and LDPE samples. Figure 6 shows the significant role of PET in improving the ageing resistance during construction and after long-term service, as indicated by the decrease in penetration from 40 mm—at 0% PET—to 31 mm (after RTFOT) and 29 mm (after PAV) using 8% PET.



Figure 7 shows the insignificant impact of using a high content of HDPE plastic, as this results in a lower ageing resistance. By adding 8% of HDPE, the penetration increases to 43 mm after RTFOT and 45 mm after PAV ageing. As such, the binder is more sensitive to shear stress and is subjected to rutting and fatigue deformation. A similar trend was found in using high contents of LDPE, as shown in Figure 8. As can be seen from the results, the penetration results show no significant difference when using more LDPE, which could be related to the incomplete reaction of the polymer–bitumen phase under bleeding conditions. Despite there being some improvement in the penetration results when using 2–4% LDPE after the RTFOT tests, the results after PAV ageing exhibited some insignificant differences and showed no improvement.




3.3. Rheological Properties


Dynamic shear rheometer tests can help obtain the data regarding the complex shear modulus and phase angle, which can be used as indicators of the stiffness, elasticity, viscosity, and resistance to the deformation of the bitumen binders, respectively. At different temperatures of 50 °C, 58 °C, 60 °C, 64 °C, 70 °C, and 76 °C, Figure 9 and Figure 10 show the effect of LDPE content on the complex shear modulus and phase angle of modified bitumen. As can be seen from Figure 9, increasing the temperature of the testing from 50 to 76 °C decreases the complex shear modulus. At 64 °C, the 8% LDPE sample had a lower shear modulus than the unmodified bitumen. As a result, a high content of LDPE increases the binder’s susceptibility to permanent deformation. On the other hand, elasticity and elastic behaviours could be achieved at 4% LDPE; however, the elasticity—as indicated by the phase angle—was low and did not exhibit significant differences at 6% and 8%. In general, adding a polymer to the bitumen should improve the phase angle by reducing its values; however, Figure 10 shows increases in the phase angle, which suggests that LDPE-modified bitumen samples with high contents of 6 and 8% are more rigid and not able to return to their shapes after deformation. Hence, the resistance to permanent deformation will not be obtained, and high temperatures will lead to mixture failure and deformation [34,35,36].



As can be seen from Figure 9 and Figure 10, 2% and 4% of LDPE are the optimum for improving the complex shear modulus, phase angle, and resistance performance; however, the higher content of LDPE results in less impact on the rheological parameters. In the current study, we targeted a high content of plastic of 6% and higher, such that more waste plastic could be used to produce a cheaper polymer with a higher performance in terms of pavement design and environment friendliness. The results indicate that the reaction between the bitumen and waste plastic LDPE is more physical, as no chemical change could occur in the aromatic phase of the modified bitumen [37].



As shown in Figure 11, there is an obvious reduction in the complex shear modulus when the temperature increases from 50 to 76 °C; however, 4% of HDPE shows an increase in the complex shear modulus at all high temperatures. The phase angle results are presented in Figure 12 and exhibit nonlinear behaviour at different temperatures. In general, the HDPE-modified bitumen samples have better performance than the unmodified bitumen samples. At temperatures of 50–76 °C, the 4% HDPE-modified bitumen shows better performance, as the phase angles improved slightly in comparison to the unmodified C320 bitumen. From previous studies, it is suggested to use low contents of HDPE, as high contents could result in less compatibility of the blended mixtures. In addition, the high content of 4% is not able to significantly improve the bonding and cohesion of the bitumen–aggregate structure [23,32,38].



The use of waste PET in C320 bitumen modification significantly improves its stiffness and elasticity properties because of the increase in the complex shear modulus and phase angle at different temperatures, as shown in Figure 13 and Figure 14.



Figure 13 and Figure 14 show the influence of various contents of waste PET on the rheological characteristics of modified bitumen. Different testing temperatures, ranging from 50 °C to 70 °C, were used to ascertain the complex shear modulus (G*) and phase angle (δ). As demonstrated from the results in Figure 13, adding waste PET led to an increase in the complex shear modulus and a decrease in the phase angle. On the one hand, the waste PET-modified bitumen samples have the tendency to work as elastic materials, which, in turn, reflect the ability of the PET-modified bitumen to absorb high loads and resist permanent deformation, such as rutting [23,30]. On the other hand, this ability to resist permanent deformation has been confirmed by increases in the phase angle, as shown in Figure 14. The phase angle emphasises the bitumen’s transformation from viscous to elastic behaviour. Thus, a high phase angle indicates that the bitumen exhibits viscous behaviour; in contrast, a lower phase angle indicates high elasticity.



The improved phase angle increases the elasticity performance; therefore, the PET-modified bitumen samples had better compatibility and exhibited good swelling of the plastic–bitumen interaction phase. From an engineering point of view, the better swelling and diffusion when blending the bitumen would enhance the bitumen–polymer interaction and improve the physical and mechanical properties of the resulting modified bitumen binders [12].



Moreover, the results for the complex shear modulus and phase angle could be attributed to the fact that both C320 bitumen and PET plastic have dissimilar chemical and physical properties; thus, they have different polar and molecular structures. Furthermore, these properties would be impacted during high shear blending and long-term mixing, changing the dimensions of the plastic–bitumen particles. This change could improve the engineering properties and increase the elasticity. Moreover, increasing the elasticity is a fundamental property that would result in better bonding between the molecules and increase the cohesion in the modified binder’s structure [23,39,40].



From the above results and analysis, it is clear that the waste PET-modified bitumen samples have the potential to significantly enhance the rheological properties, increase the complex shear modulus, increase the elasticity, improve the stiffness, and enhance the mechanical properties. Consequently, PET increases the binders’ rutting resistance and improves the viscosity, exhibiting a better arrangement of the plastic–bitumen particles.





4. Conclusions


The main objective of this paper was to determine the ideal type and content of waste plastic that could be used to modify C320 bitumen, helping it resist permanent deformation. The conclusions can be summarized as follows:




	
The utilization of waste plastic as an environmentally friendly modifier in Australian bitumen was examined. The results show the possibility of using waste plastic in modifying C320 bitumen.



	
Two and four percent of HDPE and LDPE are recommended contents that exhibit good performance, as displayed by the penetration tests before and after ageing. As for the DSR tests, a similar trend found that higher contents of 6–8% do not significantly improve the stiffness or elasticity. As for the ageing properties, the modified binder is more susceptible to ageing, and as such, the samples are more vulnerable to permanent deformation.



	
The results of long-term ageing show that nearly all waste PET samples had a longer fatigue life, lower ageing, and a higher resistance to fatigue and cracking in comparison to C320 bitumen. Using more waste PET plastic, up to 8%, shows significant improvement in terms of a better resistance to permanent deformation.



	
Based on the results, the ideal type and content is 6% and 8% PET waste plastic that show better resistance to permanent deformation.



	
Research on using different sizes of waste plastic; different shapes of waste plastic; different bitumen types; and different blending conditions (in terms of time, temperature, and shear velocity) are recommended for future research. In addition, using advanced technology to examine the chemical development and changes in the plastic–bitumen interaction phase are required for a better understanding of the engineering properties.
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Figure 1. SEM of waste plastic: (a) PET, (b) HDPE, and (c) LDPE. 
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Figure 2. Apparatus of the RTFOT test at Curtin University. 
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Figure 3. Results for the penetration of unaged PET-modified bitumen. 
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Figure 4. Results for the penetration of unaged HDPE-modified bitumen. 
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Figure 5. Results for the penetration of unaged LDPE-modified bitumen. 
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Figure 6. Penetration results for PET-modified bitumen after the RTFOT and PAV tests. 
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Figure 7. Penetration results for HDPE-modified bitumen after the RTFOT and PAV tests. 
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Figure 8. Penetration results for LDPE-modified bitumen after the RTFOT and PAV tests. 
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Figure 9. LDPE waste plastic effects on the complex shear modulus. 
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Figure 10. Phase angle results of LDPE-modified bitumen. 






Figure 10. Phase angle results of LDPE-modified bitumen.



[image: Recycling 07 00018 g010]







[image: Recycling 07 00018 g011 550] 





Figure 11. HDPE waste plastic effect on the complex shear modulus. 
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Figure 12. Phase angle results of the HDPE-modified bitumen. 
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Figure 13. PET waste plastic effect on the complex shear modulus. 
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Figure 14. Phase angle results of the PET-modified bitumen. 
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Table 1. Bitumen properties.
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	Properties
	Data
	Unit
	Methods





	Penetration @ 25 °C
	41
	0.1 mm
	AS 2341.12



	Brookfield Viscosity @ 135 °C
	0.50
	Pa.s
	AS 2341.2



	Flashpoint
	249
	°C
	AS 2341.14



	Viscosity @ 60 °C
	320
	Pa.s
	AS 2341.2
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