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In this study, a ternary blend modifier (TBM) was prepared with RPE, RPP, and various dosages of PP-g-MAH (i.e., 0%, 1%, 3%, 5%, 7%, and 9% by weight of RPE and RPP) by a twin-screw extruder. The performance of TBM (4% by weight of asphalt) modified asphalt was studied, with the increase of PP-g-MAH content, the penetration decreases gradually, but softening point and viscosity increases and ductility exists minimum value at 7% content, with the increasing of PP-g-MAH percentage, the dynamic rheological properties show that |G*| increases, while the δ and |G*|cosδ decrease, and the fatigue performance (|G*|sinδ) of TBM modified asphalt is worse than virgin asphalt. Dynamic stability test shows that TBM shows the prominent high-temperature properties of a modified (asphalt mixture. BBR test indicates that the m-value of asphalt modified with TBM does not fulfill the requirements (m-value>0.3) except at 5% and 7%, but the S meets the standard requirements (S < 300 MPa), and increases from 0% to 7%, then decreases slightly. In order to illuminate possible reasons, a chemical reaction (ester compounds generated) and physical twines of concerned polymer molecules were put forward, and the results were confirmed by infrared analysis.
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1 INTRODUCTION
Polyethylene and polypropylene are two major raw materials of plastic products, and recycled polyethylene (RPE) and recycled polypropylene (RPP) are still the main types of plastic waste in 2020 (Colantonio et al., 2019). Compared to energy utilization and landfill, recycling plastic waste is the best way to dispose of it (Ragaert et al., 2017; He et al., 2019). Therefore, a lot of reuses have been found by researchers for recycled plastics, such as utilizing them for infrastructure (Keskisaari and Kärki, 2018). The performance of asphalt modified by recycled plastics is comparable to virgin asphalt, utilization of recycled plastic shows a great potentiality on reducing construction costs and the impacts on the environment (Kalantar et al., 2012; Ragaert et al., 2017; Costa et al., 2019).
With the increase of RPE content, the softening point of RPE modified asphalt increases, while its penetration decreases; the asphalt mixture modified by RPE exhibits better strength and better rutting resistance as compared to unmodified one, especially when it is used in high-temperature conditions (Polacco et al., 2005; Ahmedzade et al., 2014; Gibreil and Feng, 2017). The rheological tests show that the modified asphalt with RPE increases the complex modulus of asphalt, reduces the phase angle, and improves the rheological properties of asphalt binder (Mohd Hasan et al., 2016; Ameri et al., 2020). Nevertheless, the storage stability of modified asphalt by RPE is not good due to crystallization (Liang et al., 2020). The utilization of RPE may also potentially reduce the low-temperature properties of modified asphalt (Othman, 2010).
The addition of RPP significantly reduces penetration and increases the softening point of asphalt binder; under the same proportion of RPP addition, the reduction percentages are greater than the RPE modified asphalt. In addition, if RPP degrades at high temperatures or reacts with maleic anhydride as additives, the results display similar change trends (Casey et al., 2008; Ahmedzade et al., 2015). Tapkın et al. (2010) utilized the artificial network model to simulate the variations of Marshall stability and flow value of asphalt modified with RPP, the simulation values are consistent with the experimental ones, both show improvement. Regarding the low-temperature performance, the ductility of asphalt binder modified with 5% RPP reduces about 20%, when the RPP is grafted with maleic anhydride, the ductility of asphalt with the same addition content reduces only about 5% (Al-Hadidy and Yi-qiu, 2009; Ahmedzade et al., 2015). The complex modulus, phase angle, and rutting factor (|G*|/sinδ) of asphalt also greatly improve when the asphalt is modified by RPP and other additives, especially with 5% chlorinated polypropylene (26% of Cl) and isotactic polypropylene (Yeh et al., 2005; Nien et al., 2008).
Although modification of asphalt with single RPE or RPP has been extensively studied, the combined utilization of RPE and RPP is rarely reported. Many recycled polymer combinations have been reported in the literature, but most of them were made from elastomers and plastomers, such as RPE + GTR (ground tire rubber) (Navarro et al., 2010; Zhang and Hu, 2015), RPP + GTR (Zhang and Hu, 2015), and REVA (recycled ethyl vinyl acetate) + RPE (Brovelli et al., 2015) etc. This possible reason is that the ingredients of recycled plastic blends are more complex, and their effects on asphalt and asphalt mixture are hard to characterize. The waste plastics are a mixture of various polymers (especially RPE and RPP), and numerous studies have shown that it is usually difficult to use a single modifier to improve the performance of modified asphalt (Casey et al., 2008; Jahromi and Khodaii, 2009; Zhu et al., 2014). It is thus significant to investigate a blended modifier prepared with RPE and RPP for asphalt binder (Yin et al., 2015).
In this study, a ternary blend modifier (TBM) was prepared with a twin-screw extruder. Chemical reactions appeared between the ring-opening of the maleic anhydride group and the -OH from RPE and RPP to generate ester compounds in the high temperature, synchronously, physical entangling of the polymer chains (such as PP molecule chain) raises. The influence of different contents of PP-g-MAH on the performance of TBM modified asphalt and its mixture was experimentally studied. This study provided a theoretical basis for industrial production and engineering application involving TBM.
2 EXPERIMENTAL
2.1 Materials
RPE was collected from Dongguan Zhongmin New Material Technology Co. Ltd, its physical properties are 0.4522 g/10 min MFI (MFI test condition: 190°C and 2.16 kg), 7.423 wt% ash content, and 0.994 g/cm3 density. RPP was supplied by the Shanghai Jinfa Technology Development Co. Ltd., which has 11.486 g/10 min MFI (MFI test condition: 190°C and 2.16 kg), 2.337 wt% ash content, and 0.816 g/cm3 density. RPE and RPP were washed and then dried in an oven at 30°C for 24 h. PP-g-MAH was obtained from Xiamen Keisi Plastic Technology Co. Ltd., whose technical properties are 2.5 g/10 min MFI (ASTM D1238 ISO 1133), 0.95 g/cm3 density, 1.1% grafting ratio, 130°C melting point, and white particles. The virgin asphalt was produced by Shandong Yurun Road Material Co. Ltd., and its physical properties are >100 cm ductility (25°C), 54°C softening point (R&B), 89 mm Penetration (25°C), and 243°C flashpoint, its chemical composition is 23.64% resins, 10.84% saturates, 13.15% asphaltenes and 52.37% aromatics.
2.2 Sample Preparation
2.2.1 Preparation of TBM
The preparation of TBM is illustrated in Figure 1. RPP and RPE were dried in an oven with a temperature of 80°C for 2h, PP-g-MAH was dried at 60°C for 2 h, and then they were cooled to room temperature. The feeding speed and material quantity information of hopper A and hopper B (RPP) are displayed in Table 1. The RPE/PP-g-MAH blends were premixed for 15 min at a speed of 2000 rpm before being fed into hopper A. The RPP was fed into hopper B. In this study, 0%, 1%, 3%, 5%, 7, and 9% PP-g-MAH dosage was added into TBM by the weight of RPP/RPE blends. Temperature controllers of the twin-screw extruder (from the first zone to the ninth zone) were set from 170 to 190°C, and the temperature of the nose was controlled at 185°C. After cooling and air blow-drying, the extruded strip materials were pelleted by the granulator. Then TBM modifier was obtained for virgin asphalt and its mixture.
[image: Figure 1]FIGURE 1 | Flow chart of TBM preparation.
TABLE 1 | Information on preparation of TBM.
[image: Table 1]2.2.2 Preparation of Modified Asphalt and its Mixture
The virgin asphalt (six samples, each sample 500 g) was heated to 170°C, then six different TBM modifiers (20 g, i.e., 4% by the weight of asphalt) were gradually added into the preheated asphalt. They were stirred at a low speed of 1,000–1,500 rpm at 170°C for 0.5 h. Then, TBM/asphalt blends were heated to 180°C and sheared at a high speed of 3,500–4,000 rpm for 1.5 h to obtain a well-dispersed phase. The testing samples were prepared in accordance with the Standard Test Methods of Bitumen and Bituminous Mixtures for Highway Engineering (Ministry of Transport of PR China, 2011).
The asphalt mixtures modified with TBM were prepared in the dry process. The aggregate for asphalt mixture was heated to 185°C, the gradation curve of aggregate used in this study is shown in Figure 2. The TBM (0.35% mass percentage of TBM to aggregate) was added into the aggregate via the mixer of the asphalt mixture and stirred at 180°C for 40°s until homogenized with the aggregates. Then, 4.5% (the optimum asphalt-aggregate ratio) asphalt was added into the blends (TBM/aggregate) and mixed for 90°s. The mineral powder was added to the mixtures and stirred constantly for 90°s at 180°C. The specimens of the dynamic stability test (three replicates) were prepared with 300°mm × 300°mm × 50°mm steel mold (Ma et al., 2016).
[image: Figure 2]FIGURE 2 | Gradation curve of AC-20 asphalt mixture.
2.3 Characterization Methods
In this study, the basic properties including penetration (25°C), softening point, ductility (5°C), and rotational viscosity were conducted in accordance with the Standard Test Methods of Bitumen and Bituminous Mixtures for Highway Engineering (Ministry of Transport of PR China, 2011).
FTIR tests were performed to identify the possible chemical reactions between the virgin asphalt binder and TBM modifier at 665 to 3,050 cm−1 wavelengths.
The effect of PP-g-MAH content on the rheological properties of asphalt modified with TBM was evaluated by the temperature sweep test with a dynamic shear rheometer (DSR). A parallel plate with a diameter of 25.0 mm and a 1.0 mm gap was selected in the DSR tests. The temperature sweep tests were carried out from 40°C to 90°C at a constant frequency of 10 rad/s. The complex modulus (|G*|) and phase angle (δ) were obtained from the DSR tests. Then, |G*|cosδ and |G*|sinδ were calculated to evaluate the elastic properties and fatigue resistance of TBM modified asphalt, respectively.
A bending beam rheometer (BBR) was employed to evaluate the effect of PP-g-MAH dosage on the low-temperature performance of asphalt modified with TBM. The creep stiffness (S) and creep rate (m-value) were obtained at −18°C (0.5°C accuracy) from the BBR tests, The S characterized the permanent deformation resistance of the constant load, m-value characterized the stiffness change, stiffness sensitivity, and stress relaxation ability of asphalt modified with TBM. The higher the S, the more brittle modified asphalt, the worse the performance at low temperature. The higher the creep rate, the greater m-value, the better the anti-cracking performance at low temperatures (Yang, 2016).
Dynamic stability was performed through the wheel tracking test at 60°C, AC-20 gradation was selected, and the dynamic stability and rutting depth values were obtained from the wheel tracking tests (Ma et al., 2016).
3 RESULTS AND DISCUSSION
3.1 Softening Point and Penetration
Figure 3 shows that softening point of asphalt modified by 4% TBM. The TBM-modified asphalt shows a greater softening point than that of the virgin asphalt. With increasing PP-g-MAH content, the softening point gradually increases, indicating that the PP-g-MAH has a positive effect on the high-temperature performance of asphalt. This experimental observation is consistent with asphalt modified with waste plastic (Alghrafy et al., 2021). The increasing rate of softening point is lower when the PP-g-MAH dosage exceeds 7%. The possible reason is that the chemical reactions between PP-g-MAH and the hydroxyl functional groups from RPE and RPP have completed at 7% content and formed a relatively complete polymer structure. After that, the softening point of asphalt modified by TBM is not significantly affected as further TBM is added into the asphalt.
[image: Figure 3]FIGURE 3 | Effect of PP-g-MAH content on the softening point and penetration of modified asphalt.
The penetration of asphalt modified by TBM is lower after the addition of PP-g-MAH, and the changes are more obvious with the increase of PP-g-MAH content. When PP-g-MAH content is more than 7%, the penetration does not change significantly (61 mm), and it remains similar level with softening point when PP-g-MAH dosage is greater than 7%. Figure 3 shows that the PP-g-MAH content has a significant influence on high-temperature performance of asphalt modified with TBM.
3.2 Ductility
Figure 4 gives the effect of PP-g-MAH content on the ductility of asphalt modified by TBM. Compared with virgin asphalt [>100 cm ductility (25°C)], the ductility of TBM modified asphalt becomes lower after the addition of PP-g-MAH. The ductility decreases gradually with the increase of PP-g-MAH content which ranges from 0% to 7%. This indicates a negative effect on improving the low-temperature performance of asphalt. However, when PP-g-MAH content is above 7% (7%–9%), the ductility of modified asphalt increases slightly, and finally reaches 30 cm at 9% dosage. When the PP-g-MAH content increases to 7%, chemical reactions have been completed between hydroxyl groups (from RPP, RPE, and asphalt) and maleic anhydride groups (from PP-g-MAH), the remaining PP-g-MAH is conducive to enhancing the flexibility of the modified asphalt, the possible reason is that melting point of PP-g-MAH is relatively low only to 130°C, and this is of great significance for improving the low-temperature performance of the modified asphalt by TBM.
[image: Figure 4]FIGURE 4 | Effect of PP-g-MAH content on the ductility of modified asphalt.
3.3 FTIR Analysis
Figure 5A shows the FTIR results of raw RPE/RPP used in this study. The peaks of -CH3 and -CH2 appear at 1,470 cm−1, the free hydroxyl peaks appear at 2,600 cm−1, 2,670 cm−1, and 1,130 cm−1. The stretching vibrations of hydroxyl groups raise up at 3,130 cm−1 and 3,110 cm−1.
[image: Figure 5]FIGURE 5 | FTIR analysis of RPE/RPP (A) and TBM modified asphalt with different content of PP-g-MAH (B).
The main functional groups involved in the TBM modified asphalt at different content levels of PP-g-MAH were investigated by FTIR spectra in the wavenumber range of 680–3000cm−1, as shown in Figure 5B, at the addition of 0%, 1%, and 3% PP-g-MAH content, the FTIR curves of transmittance of TBM modified asphalt are similar and there are no obvious new characteristic peaks to occur in the infrared spectrums, and this indicates that no chemical reactions appear at lower concentration of PP-g-MAH and that interactions between the asphalt and the TBM is very limited. However, it is observed that a few typical absorption peaks were located at 1124 cm−1 (C-O-C stretch) and 1755 cm−1(C=O stretch) when the PP-g-MAH content increased to 7% from 5%, and the chemical reactions (ester compounds formed) between -OH from the asphalt and maleic anhydride groups from TBM particles are more obvious at this stage. The possible reaction mechanism is illuminated in Figure 6 [PP-g-MAH contains maleic anhydride groups, so it has active chemical properties and is easy to esterize with a hydroxyl group at high temperature (Zhang et al., 2013)]. The bonding of TBM modified asphalt with 5% PP-g-MAH dosage is consistent with that of 7% PP-g-MAH but with different intensities, and the possible reason is that PP-g-MAH is excess and all hydroxyl groups from RPE/RPP/asphalt have reacted completely at 9% PP-g-MAH dosage, so MAH groups can be seen obviously at 1896 cm−1.
[image: Figure 6]FIGURE 6 | The reaction mechanism of asphalt modified by TBM.
3.4 Mechanism of Possible Interaction
The possible interaction mechanism involved in the preparation of TBM and chemical action with asphalt can be obtained from Figure 6. PP-g-MAH contains conjugated maleyl groups, and one vinyl group is connected with two carbonyl groups in the molecular structure, so PP-g-MAH has active chemical properties and is easy to esterize with a hydroxyl group at high temperature to generate new substances (Zhang et al., 2013). TBM is prepared with the twin-screw extruder and the process diagram is shown in Figure 1. First, PP-g-MAH and RPE are uniformly input from hopper A according to the ratio information in Table 1. The melt-grafting reaction is conducted at a temperature of 170°C–190°C to generate ester compounds (between anhydride and hydroxyl group generated after RPE aging, Figure 5A) by the twin-screw extrusion, as shown in the first red rectangle ( EQ \o\ac(○,Ⅰ)) of Figure 8. Simultaneously, the RPP is added into hopper B, the esterification reaction occurs under the influence of temperature and screw blending, and because the RPP and PP-g-MAH contain similar PP molecular chains, the physical-winding structure is formed by the van der Waals force, which further enhances the interfacial compatibility among three kinds of raw materials. It is beneficial to obtain TMB modifier with relatively stable performance, the related products of this reaction process are shown in the second red rectangle ( EQ \o\ac(○,Ⅱ)). Last, in the process of preparing modified asphalt network structures comprising of the molecular chain are formed after mixing and shearing at 170°C–190°C, on the one hand, a light component of matrix asphalt is adsorped by TBM, which reduces the interfacial tensions between asphalt and TBM, on the other hand, ester compounds come into being between excessive maleic anhydride groups of PP-g-MAH and matrix asphalt (-OH), and the product structure is shown in the third red rectangle ( EQ \o\ac(○,Ⅲ)).
3.5 Storage Stability
The difference in softening point (ΔT) between the top and bottom portion of samples had been conducted to evaluate the effect of PP-g-MAH content on the high-temperature storage stability of modified asphalt with TBM. It is clearly observed from Figure 7 that the ΔT of TBM modified asphalts decreases with the increase of PP-g-MAH content. The possible reason is that chemical reactions occur between the asphalt and TBM particles, as shown in Figures 5B, 6. When the PP-g-MAH content increases from 6% to 9%, the ΔT basically remains similar, which indicates that there is no substantial phase separation or chemical reactions between the TBM and asphalt during mixing which is strong enough to resist phase separation of modified asphalt. When PP-g-MAH dosage increases to 6.7%, ΔT is 2.5°C, the storage stability of modified asphalt by TBM has completely met the standard of stable asphalt, ΔT is no greater than 2.5°C at the PP-g-MAH content of 7% and 9%, so it can be concluded that PP-g-MAH has a positive effect on storage stability, but an optimum content is important for improving its high-temperature storage stability and achieving the expected performances in construction.
[image: Figure 7]FIGURE 7 | Effect of PP-g-MAH content on softening points of modified. asphalt at top and bottom section.
3.6 Viscosity
The effect of PP-g-MAH content on the viscosity of TBM modified asphalt is illustrated in Figure 8. Based on the slope change of the viscosity curves, it is divided into three regions. In region, I, the viscosity of asphalt slightly increases with an increase in the dosage of PP-g-MAH from 0% to 3%. In region II (the dosage of PP-g-MAH from 3% to 7%), the slope of the curve is the greatest among the three regions. The slope retains constant values in region III (the dosage of PP-g-MAH from 7% to 9%). The possible reasons are as follows: In the first region, with the increasing of PP-g-MAH content, the chemical reaction between PP-g-MAH and -OH of RPE has been gradually completed in the case of a small dosage (3%). In the second region, according to the theory of similarity-compatibility, as the dosage of PP-g-MAH increases, PP-g-MAH contains PP-attracting groups (PP) which has good affinity to RPP, and hydrophobic group (oil-attracting MAH) can interact with -OH of RPP, more crosslinking (chemical interaction) and interwinding (physical interaction) appear. The ester compounds are produced from the reaction between -OH from the asphalt and maleic anhydride groups of TBM. Therefore, the increase of viscosity with an increase in PP-g-MAH content is due to the molecular interaction. More network structures of TBM are rich in asphalt which is responsible for viscosity enhancement by forming a more complex microstructure, it is most obvious in region II as compared to the other regions (Stastna et al., 2003). At a higher dosage of PP-g-MAH (i.e., 7%–9%), the viscosity remains almost unchanged because PP-g-MAH is in excess in comparison to the asphalt content. The PP-g-MAH content has a significant effect on the pumping, mixing, and workability of asphalt modified by TBM.
[image: Figure 8]FIGURE 8 | Effect of PP-g-MAH content on the viscosity of modified asphalt.
3.7 Rheological Properties
3.7.1 Complex Modulus (|G*|)
|G*| is the complex shear modulus of modified asphalt under cyclic shear deformation, it consists of two main parts: elastic part G' (recoverable) and viscous part G″ (irreversible). |G*| were measured directly from DSR under a range of temperatures (i.e., from 40°C to 90°C) at a constant frequency of 10 rad/s, as shown in Figure 9. Under the same conditions of temperature, |G*| increases gradually with an increasing PP-g-MAH content, under the same dosage of PP-g-MAH, |G*| decreases with the rising in testing temperature. PP-g-MAH is effective in improving rutting resistance under high-temperature conditions. In addition, the increasing ratio of |G*| is much faster from 3% to 7%, then slows down in the range of 7% and 9%. The possible reason is that the reactions between the functional groups of PP-g-MAH and -OH (from RPE/RPP/asphalt), which produces more complex polymer network structures, and the molecular chain winding may appear to increase the Van Der Waals Force, the chemical reactions between -OH from the polymers and asphalt has been basically completed at the 7% PP-g-MAH content, so |G*| of the TBM modified asphalt only increases slightly at 9% compared to 7% PP-g-MAH dosage.
[image: Figure 9]FIGURE 9 | Effect of PP-g-MAH content on |G*| of modified asphalt.
3.7.2 Phase Angle (δ)
The phase angle (δ) is defined as the time delay between the peak stress and strain in the sweep test. It can be used to evaluate the viscoelastic properties of the asphalt binder. The phase angle δ gradually decreases with the increase of PP-g-MAH dosage under the testing temperature condition from Figure 10, which indicates that TBM modified asphalt displays more elastic behaviors with the higher dosage of PP-g-MAH. The phase angle δ gradually increases with increasing temperature and at the same content of PP-g-MAH. The chemical reactions occur between PP-g-MAH and asphalt, light components of asphalt are absorbed by TBM chains and more complex TBM structures appear, which will be of importance to the above changes (Lu and Isacsson, 1997).
[image: Figure 10]FIGURE 10 | Effect of PP-g-MAH content on δ of modified asphalt.
3.7.3 Elastic Modulus (|G*|cosδ)
Elastic modulus (|G*|cosδ) is the elastic part of complex modulus, which refers to the energy storage modulus, it can be used to evaluate the elastic characteristic of modified asphalt. The variations of test temperature versus |G*|cosδ for different PP-g-MAH content are depicted in Figure 11. Under the same temperature conditions, |G*|cosδ value increases with the increasing of PP-g-MAH dosage, especially the change is more obvious at the lower temperature (40°C–50°C). However, at certain PP-g-MAH content, with the increase of the temperature, |G*|cosδ values decrease, as the |G*| values decrease and δ values increase (Figures 9, 10, respectively). For example, the |G*|cosδ at 70°C increases by 956.5% for different PP-g-MAH concentrations (from 0% to 9%), but it is only 585.3% at 90°C. Therefore, PP-g-MAH improves the ability of modified asphalt to return to its original state after loading.
[image: Figure 11]FIGURE 11 | Effect of PP-g-MAH content on |G*|cosδ of modified asphalt.
3.7.4 Fatigue Resistance (|G*|sinδ)
Fatigue performance of the modified asphalt with TBM was evaluated by the fatigue parameter (|G*|sinδ), which is the energy loss of modified asphalt under cyclic load (Liu and Glover, 2015). It can be seen from Figure 12 that the fatigue performance of modified asphalt deteriorates with the addition of TBM. |G*|sinδ values increase gradually with the PP-g-MAH contents increase (from 0% to 7%). The possible reason is that new network structures may be formed from chemical reactions between PP-g-MAH and hydroxyl groups of RPE/RPP and the formation of physical crosslinking structures between molecular chains (Figure 6). It makes the modified asphalt much stiffer and reduces the fatigue performance compared to virgin asphalt. When the PP-g-MAH dosage increases from 7% to 9%, the change of |G*|sinδ value is less than that of 7%, because the reactions between PP-g-MAH and hydroxyl groups of RPE/RPP/asphalt have been completed, overall, the flexibility of PP-g-MAH material is beneficial to improve the fatigue resistance of modified asphalt (at 9% dosage, i.e., excess). According to specifications, the fatigue resistance parameter (|G*|sinδ) should have a maximum value of 5000 KPa up to 19°C, and lower values of |G*|sinδ are desirable from the standpoint of resistance to fatigue cracking, so it needs to be lucubrated in the future to meet practical engineering applications in different climate zones.
[image: Figure 12]FIGURE 12 | Effect of PP-g-MAH content on |G*|sinδ of modified asphalt.
3.8 BBR Test
As shown in Figure 13, m-value gradually decreases in the range of 0%–5%, the reduction percent is 50.9%, but the m-value cannot meet the requirement (m-value>0.3) only at 5%–7% PP-g-MAH percentage. However, the m-value increases gradually in the other range (from 7% to 9%), the increasing ratio of m-value is about 66.7%, and the corresponding m-value is 0.45 (>0.3) at 9% PP-g-MAH dosage. With the increasing of PP-g-MAH content, the S value of modified asphalt gradually enhances except 9% dosage, and all S values are lower than 300 MPa that meets the requirements. The BBR testing results indicate that the proper PP-g-MAH concentration is critical to improving the low temperature of TBM modified asphalt. An opposite situation will occur when using the improper PP-g-MAH dosage, especially for m-value at −18°C.
[image: Figure 13]FIGURE 13 | m-value and stiffness S of asphalt modified with different PP-g-MAH content.
3.9 Dynamic Stability of Modified Asphalt Mixture
Figure 14 illustrates the rutting depth and dynamic stability testing results of TBM modified asphalt with various PP-g-MAH content. The RD (rutting depth) decreases with the increase of PP-g-MAH content from 0% to 9%, regardless of the testing time (45 min or 60 min). The increase of PP-g-MAH content is conducive to improve the high-temperature performance of TBM modified asphalt mixture, which is consistent with the conclusions that waste plastics improve the dynamic stability of asphalt mixture (Polacco et al., 2005; Ahmedzade et al., 2014). It can be seen from Figure 14B that the change of PP-g-MAH content shows a more obvious effect on the dynamic stability between 0% and 3% PP-g-MAH dosage, but then the improvement is gentler with 3%–9% of PP-g-MAH. The main reason is that the chemical reaction and physical winding occur from the three different raw materials (RPE/RPP/PP-g-MAH/asphalt, Figure 6).
[image: Figure 14]FIGURE 14 | RD (A) and DS (B) for modified asphalt with different PP-g-MAH content.
Although TBM-modified asphalt mixture shows a significant effect on the high-temperature performance, there are negative impacts on the fatigue resistance of asphalt modified by TBM. Therefore, a good balance should be considered on both sides, the optimum content of PP-g-MAH in the TBM should be selected to meet the practical use in road construction.
4 CONCLUSION
TBM was prepared with RPE, RPP, and PP-g-MAH (different content, i.e., 0%, 1%, 3%, 5%, 7%, and 9%) by twin-screw extruder, effects of PP-g-MAH dosage on the properties of asphalt and its mixture modified with TBM were analyzed, the main results were summarized as follows:
1) With an increase of PP-g-MAH content, needle penetration decreases gradually, viscosity and softening point of TBM modified asphalt increases inch by inch, ductility decreases first and then increases, and minimum value arises at 7% PP-g-MAH concentration.
2) PP-g-MAH improves the high-temperature performance (|G*|) of asphalt modified with TBM, especially in the range of [3%, 7%] than other PP-g-MAH percentage, but |G*|cosδ and δ decreases with the increase of PP-g-MAH content between 0% and 9%, however, |G*|sinδ of matrix bitumen is superior to asphalt modified by TBM within the experimental scale, so, with adding the amount 4% by weight of asphalt, in the process of TBM produced optimal PP-g-MAH content was 7% on the basis of total weight with RPE and RPP.
3) In the process of discussion and analysis of softening point, viscosity, |G*|, δ etc., the microscopic mechanism involved chemical reaction, which generates ester compounds in the high temperature between Maleic anhydride active groups of PP-g-MAH and hydroxyl groups from RPE/RPP, etc., and chain segment winding (the same chain, for instance, PP or PE) were proposed and expressed in the detailed description.
4) RD and DS show that TBM improves high-temperature properties of modified asphalt mixture, and m-value of TBM modified asphalt could fulfill the requirements (m-value>0.3) except for 5% and 7% PP-g-MAH content, and the S met the standard requirements (S < 300 MPa) completely in the under experimental conditions by BBR tests.
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