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Redundant wind turbine blades (WTBs) retired from wind power facilities produce substantial waste annually and induce challenging environmental problems. As the most widely used materials for high-grade pavement construction, asphalt mixtures must have excellent high- and low-temperature performance, as well as water damage resistance, since pavement is subjected to complex loading, temperature, and humidity changes. This study proposed an asphalt mixture with the addition of two types of recycled WTB (rWTB): rWTB powders of granular sizes below 0.075 mm and rWTB fibers in the size range of 0.075–9.5 mm. First, the thermogravimetric analysis results indicated the accepted thermal stability of rWTB material for the requirement of compaction, paving, and service condition of asphalt mixtures. Second, the properties of the asphalt mixtures modified by using (i) rWTB powder (5 wt%, 10 wt%, and 15 wt% in fine filler), (ii) rWTB fiber (0.1 wt%, 0.2 wt% and 0.3 wt% in fine aggregate), and (iii) both rWTB powder and fiber were investigated by wheel tracking tests at 60°C, three-point bending tests at −10°C, and Marshall immersion tests. The experimental results showed that the rWTB asphalt mixtures could improve the overall road performance of asphalt mixtures, and that an optimal pavement performance could be obtained by the synergistic addition of rWTB powder and fiber. In addition, it was indicated that the improving mechanism of the rWTB material on the asphalt mixture was mainly attributed to its good compatibility with the asphalt binder, allowing the rWTB to strengthen asphalt mortar and improve the high- and low-temperature performance of the asphalt mixture.
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1 INTRODUCTION
Wind power is the most important clean energy. The installed capacity of wind energy is dramatically increased with the rising demand of clean energy, with which the number and length of wind turbine blades (WTBs) are both substantially raised. However, the designed service life of a wind turbine is 20–25 years, leading to a vast number of decommissioned products each year (Jensen and Skelton, 2018). The WTB waste is estimated to reach more than 2 million tons by 2050 (Liu and Barlow, 2017). The majority of raw materials for wind turbine blades are made of glass fiber reinforced plastics (GFRPs) that consisted of 60%–70% of fiber and 30%–40% of cross-linked thermoset polymer formed in an irreversible process, increasing the reclaiming difficulty (Morales et al., 2020). Currently, the most mature recycle technique is mechanical crushing, through which the size of end-of-life WTB articles is decreased progressively, and the recyclates in the various shapes are obtained, mostly in the form of fiber and powder (Majewski et al., 2022). With the mechanical crushing, the practical reuse of recycled WTB (rWTB) or the recycled GFRP (rGFRP) portion of rWTB has become another major focus of research. The mechanically recycled GFRP has been used as fiber reinforcement or fillers in the production of artificial wood (Demura et al., 1995), block/sheet molded materials BMC/SMC (Pickering, 2006; Palmer et al., 2009), wood–plastic board (Conroy et al., 2006), and rubber pavement blocks (Itoh and Kaneko, 2002). To improve the value and consumption of reuse, scholars further explored the application of rGFRP in composites (Mamanpush et al., 2018), concrete (Asokan et al., 2010), and asphalt mixture (Qiaoet al., 2020).
The reuse of rWTB is more complex, due to the highly composited properties of WTB containing various materials, including polymer foams, balsa wood, and metals (Jensen and Skelton, 2018). Beauson et al. (2016) applied the shredded composite (SC) from WTBs in new thermoset composites and found that chemical treatments of SC were necessary for improving its adhesion with the resin matrix (Beauson et al., 2016). The glass fiber below 0.4 mm length was reclaimed from the waste wind turbine blades and pelletized with polylactic acid (PLA) to produce recycled glass fiber reinforced filament (RGFRF) for 3D printing. The Young’s modulus of the 3D-printed RGFRF was 8% higher than that of pure PLA (Rahimizadeh et al., 2019). The application of rWTB or rGFRP in concrete is the mostly studied topic, which focused on the influences of the size, contents, and shapes on the workability and mechanical properties of concrete (Asokan et al., 2009; García et al., 2014; Mastali et al., 2016; Zhou et al., 2021). The rGFRP fiber and powder are separately used in concrete as fiber reinforcement and filler, respectively. In most research, the mechanical strength of concrete can be improved by the addition of recycled fiber, especially when the fibers are properly classified and appropriate additives are added to modify the workability (Rodin et al., 2018; Zhou et al., 2021). However, chemical treatment is necessary to improve the alkaline resistance of the recycled GFRF fiber for longer durability of the reinforced concrete (Kimm et al., 2020). On the other hand, the addition of rGFRP powder with proper treatment at appropriate content could slightly increase the compressive and flexural strengths of concrete, while the problem of excessive fresh-state expansion or drying shrinkage is still concerned due to the ultrafine particle size, lightweight nature, and high content of metallic oxide residues (Asokan et al., 2010; Tittarelli and Shah, 2013; Farinha et al., 2019).
Asphalt mixture is the most important engineering material for high-grade pavement, which faces the challenge of various and frequently occurring early diseases, e.g., rutting, cracks, and water damage, seriously limiting the service life of the pavement structure (Gu et al., 2015; Wang et al., 2016). To solve these problems, the high- and low-temperature performance of asphalt mixture is improved by adding polymer modifiers to the binder, such as SBS, SBR, and EVA (Lu et al., 2003; Yildirim, 2007; Sengoz and Isikyakar, 2008) and adding various reinforcements to asphalt mixture, including basalt fiber, glass fiber, waste tires, and waste glass powder materials (Cao, 2007; Abtahi et al., 2010). It was found that adding fiber with appropriate size can effectively improve the rheological properties of asphalt mixture at different temperatures and the flexural strength under medium- and low-temperature conditions (Wu et al., 2007; Wu et al., 2008; Morea and Zerbino, 2018). In addition, the mesoscopic composition of the aggregate skeleton and the geometric shape of the particles will affect the damage development and deformation behavior of asphalt material (Wang et al., 2019; Li et al., 2023). The mining and production costs of gravel aggregates and mineral fillers, with huge consumption in road engineering, are continuously increasing due to the impact of environmental protection factors. These years, many scholars have begun to focus on the use of recycled materials to improve the performance of mixtures from multiple scales. Yang et al. recycled WTB chips from the components of airplane cabins and investigated the effects of crushed chips on the performance of bitumen. Since the bridging function and specific pull-out behavior of the WTB chips, the stiffness, rutting resistance, low-temperature cracking resistance, and water resistances of bitumen were all increased, with the optimum diameter of 0.5–0.71 mm, length of 10–12 mm, and mass content of 5% (Qiaoet al., 2020). Followed by this study, Jin et al. processed the recycled WTB into powders to partially replace limestone filler in asphalt mortars. The recycled WTB powder improved the medium-to high-temperature performance and anti-aging property of the asphalt mortars, while decreased the resistance to low-temperature cracking (Lin et al., 2022). However, the synergistic utilization of recycled fiber and powder for asphalt mixture to against rutting and cracking has never been explored.
In this study, the recycled WTB (rWTB) powder and fiber were added to partially replace the fine filler (<0.075 mm) in asphalt mortar and fine aggregates (0.075–9.5 mm) in the asphalt mixture. The effect of the content of the rWTB powder (5 wt%, 10 wt%, and 15 wt%) and that of rWTB fiber (0.1 wt%, 0.2 wt%, and 0.3 wt%) on the high-temperature rutting, low-temperature cracking resistance, and water stability was evaluated with wheel tracking tests (WTTs) at 60°C, three-point bending tests at −10°C, and Marshall immersion tests, respectively. In addition, the rWTB powder and fiber were added to synergistically modify the viscoelastic properties of asphalt mortar and the macro-performances of the asphalt mixture. Furthermore, the microstructure of the asphalt mixture was characterized to investigate the reinforcing mechanism of the rWTB fiber. The findings in this study were beneficial for developing new techniques to reuse the WTB wastes and sustainable reinforcing materials for extending the service life of the asphalt pavement.
2 MATERIALS AND METHODS
2.1 Materials and sample preparation
2.1.1 rWTB fiber and powder
The rWTB materials were obtained by cutting, crushing, and grinding the waste WTB, as shown in Figures 1A, B. Based on sieve analysis (Figure 1E), the rWTB materials were classified into powder (remained on 0.075-mm mesh) and fiber (passed 0.075-mm mesh). The rWTB powder mainly consisted of small resin particles and short glass fiber, and the rWTB fiber consisted of rod-like glass fiber bundle partially wrapped with epoxy resin and a small amount of wood fiber, as shown in Figure 1E. The inorganic oxide composition of the rWTB was determined via X-ray florescence (XRF), as tabulated in Table 1, which mainly consisted of SiO2 and CaO, since the GFRP portion of WTB was made of glass fiber, resin (i.e., epoxy resin and butyral resin), and auxiliary materials (i.e., calcium carbonate and talcum powder (Seydibeyoglu et al., 2017)).
[image: Figure 1]FIGURE 1 | Images of (A) decommissioned turbine blade, (B) cut WTB panel, (C) crushing equipment, (D) vibration sieves, and (E) particle size distribution of rWTB.
TABLE 1 | Chemical Composition of rWTB powder.
[image: Table 1]2.1.2 Asphalt binder
SBS-modified asphalt with a penetration grade of 70 was adopted in this study. Its basic performance indices, including penetration, ductility, and softening point, obtained through the ASTM standards are listed in Table2.
TABLE 2 | Performance indices of the asphalt binder.
[image: Table 2]2.1.3 Asphalt mixtures
In this study, the rWTB fiber and powder were engaged in the design of asphalt mixture. Table 3 shows the aggregate gradation of all the mixtures. The mass proportion of the asphalt binder to the mixture was 5.3%, obtained according to the Marshall method (ASTM D6927).
TABLE 3 | Aggregate gradation of asphalt mixtures.
[image: Table 3]Three asphalt mixture experimental groups (GXP, GXF, and GXFP) were prepared in this study to verify the feasibility of incorporating rWTB materials in asphalt mixtures and investigate their impact on pavement performance under different content ratios. In the mixture design, the mineral filler (<0.075 mm) was partially replaced by the rWTB powder with the mass ratios of 5%, 10%, and 15%, and the aggregate under 9.5 mm was replaced with the rWTB fiber in three levels of 0.1%, 0.2%, and 0.3%. As illustrated in Table 4, the group labels of GXP and GXF represent the asphalt mixture containing rWTB powder and rWTB fiber, respectively, and the third group of GXFP indicates that both powder and fiber were used.
TABLE 4 | Asphalt mixture group information.
[image: Table 4]Three types of samples with different dimensions were prepared with the asphalt mixtures, as listed in Table 4, for WTT (300 mm × 300 mm × 50 mm panel), three-point bending tests (250 mm × 30 mm × 35 mm beam), and Marshall immersion tests (Φ101.6 × 63.5 mm cylinders). The asphalt binder was placed in the temperature-controlled chamber at 165°C for at least 2 h, and the fine powder, fine aggregates, and coarse aggregates were heated in an oven at 180°C for at least 4 h before sample preparation. The asphalt binder, fine filler, and aggregates were mixed at 170°C according to the mix design shown in Tables 3, 4. The 300 mm × 300 mm × 50 mm panels were prepared by the rolling method using an asphalt mixture rut sample-forming machine. The 250 mm × 30 mm × 35 mm beams were cut from the rut panels, and the Φ101.6 × 63.5 mm cylinders were prepared by using the compacting method.
2.2 Experiments
Laboratory tests were conducted to characterize the physicochemical properties of rWTB and determine the resistance of the rWTB-modified asphalt mixture to high-temperature rutting, low-temperature cracking, and water stability.
2.2.1 SEM analysis
The micromorphology of rWTB powder, fibers, and the corresponding asphalt mortar was imaged using an environmental scanning electron microscope, Quanta 450 FEG, to explore the reinforcing mechanism of the rWTB fiber and powder.
2.2.2 Thermogravimetric analysis
Since the compaction, paving, and service conditions of asphalt mixtures require high-temperature conditions, a thermogravimetric (TG) analysis was performed using a simultaneous thermal analyzer, TA SDT650 DSC/TGA system, to further investigate the thermal stability of rWTB materials and the feasibility of incorporating rWTB materials in asphalt mixtures, through the obtained TG curve, differential thermogravimetric (DTG) curve, and differential scanning calorimetry (DSC) curve. The rWTB particle sample was exposed to N2, with the testing temperature range of 0–1,000°C and at the heating rate of 20°C/min.
2.2.3 Wheel tracking test
The resistance to high-temperature rutting of rWTB asphalt mixtures was investigated by the WTT with the dynamic stability (DS) value under 60°C as an indicator of mixture properties. A SYD-0719A Wheel Rutting Tester was used in this test, and more than three specimens for each mixture group were prepared before testing. The WTT specimens were subjected to repeated axle loads of 0.7 MPa at a rate of 42 passes/min, as shown in Figures 2A, B, while the DS was calculated according to Eq. 1 (JTG E20-2011):
[image: image]
where V is the repeated loading rate of 42 passes/min; t1 and t2 are the two time nodes during loading, which are 45 min and 60 min, respectively; and d1 and d2 are the vertical rutting deformation values corresponding to t1 and t2, respectively, in mm.
[image: Figure 2]FIGURE 2 | Images of (A) the WTT sample preparation process, (B) WTT sample panel, (C) beam sample, and (D) three-point bending tests of asphalt mixtures.
The mean value was obtained through three parallel tests conducted for each asphalt mixture group to evaluate their resistance to high-temperature rutting.
2.2.4 Three-point bending test
The resistance of asphalt mixtures to low-temperature cracking was investigated by three-point bending tests.
Five beam specimens for each mixture group were prepared in this test. The beam specimens were loaded using a universal testing machine (IPC UTM-100) at a temperature of −10°C. The loading process is illustrated in Figures 2C, D. The load PB (N) and the corresponding displacements d were recorded during the loading process at a speed of 50 mm/min until the beam cracked. The bending tensile strength RB (MPa) and the failure strain εB (10−6 mm/mm) of the samples were calculated according to Eqs 2, 3:
[image: image]
[image: image]
where b and h are, respectively, the width and height of the mid-span sections of the beams, in mm; and L is the span of the beam specimens, in mm.
All the beam specimens were placed in the environmental chamber of the UTM at a temperature of −10°C for over 5 h prior to testing. The mean value was obtained based on the results of five parallel tests conducted for each asphalt mixture group to determine their resistance to low-temperature cracking.
2.2.5 Marshall immersion test
The Marshall immersion test was conducted to measure the resistance of asphalt mixtures to moisture damage. A WSY-101 Marshall Stability Tester was used in this test, and more than three specimens for each mixture group were prepared before testing. The Marshall stability results obtained after 48 h of immersion of the samples in water, which was conducted according to the standard Marshall test (ASTM D6927). The residual stability (RS) for each specimen was calculated according to Eq. 4:
[image: image]
where MS1 is the Marshall stability value after 48 h of immersion in water; and MS is the Marshall stability value obtained using the standard Marshall test. Three sets of parallel tests were conducted for each mixture group, and the mean value was calculated for analysis.
3 RESULTS AND DISCUSSION
3.1 Characterization of rWTB
3.1.1 Microstructure
The microstructure images of rWTB powder are shown in Figure 3. The rWTB powder mainly consisted of ground resin particles and short glass fibers, with the particles presenting an angular and irregular surface and relatively uniform size and morphology. The rWTB fiber mixture consisted of a high proportion of glass fibers and a smaller proportion of resin particles. It contained lots of rod-like glass fibers with different sizes and directions in a spatial arrangement and fiber clusters wrapped or bonded together by resin.
[image: Figure 3]FIGURE 3 | SEM images of (A) rWTB powder, (B) rWTB fiber, and (C) ×2000 magnification of the surface morphology of rWTB fibers.
3.1.2 Thermal stability
The heat stability of the rWTB particles was assessed with thermogravimetric analysis using TG, DTG, and DSC curves to ensure that rWTB would not be decomposed under the high-temperature condition during compaction and paving.
The TG curve can characterize the mass loss of the rWTB specimen with the increase of temperature, and the DTG curve represents the corresponding speed rate of mass loss. As shown in Figure 4, according to the TG and DTG curves of the rWTB powder, a significant weight loss of the sample occurred in the temperature range from 300°C to 450°C, peaking at approximately 350°C, which was due to the pyrolysis of epoxy resin. In addition, there was also an obvious mass loss at approximately 500–600°C, which was due to the oxidation of pyrolysis residual carbon in the air. Moreover, combined with the DSC curve, it can be found that the two peaks in the DTG curve presented an exothermic process, and the more severe one appeared at approximately 600°C, indicating the large energy absorbed by the rWTB for the decomposition of epoxy resin.
[image: Figure 4]FIGURE 4 | TG, DTG, and DSC curves of rWTB.
On the other hand, the weight loss of rWTB below 200°C was small and basically reflected in the TG curve with a level or near-plateau trend, illustrating the accepted stability for the construction of an asphalt pavement. Consistently, the energy change in the temperature range of 0–200°C was negligible, as shown in the DSC curve, illustrating almost no matter was decomposed below 200°C.
3.2 Performance analysis of rWTB mixtures
3.2.1 High-temperature performance
The dynamic stability values of the 10 rWTB asphalt mixtures are shown in Figure 5 to comprehensively compare the impact of adding rWTB powder, fiber, and a mixture of both on the resistance to high-temperature rutting.
[image: Figure 5]FIGURE 5 | Dynamic stability of mixtures with (A) rWTB powder, (B) rWTB fiber, and (C) the combination of both rWTB powder and fiber.
As shown in Figure 5A, the GXP samples with the sole addition of the rWTB powder (GXP-5%, GXP-10%, and GXP-15%) attained higher dynamic stability values than those of the GX specimens. The DS value rose remarkably in the GXP-5% and GXP-10% samples by 13.8% and 22.4%, respectively, while the DS value in the GXP-15% sample rose only slightly by 6.9%. This indicated that the partial replacement of mineral powder with rWTB powder improved the resistance to high-temperature rutting of asphalt mixtures, with the optimal ratio near 10%.
The dynamic stability values of the GXF samples with the sole addition of rWTB fiber also significantly increased compared to those of the GX samples. Unlike the findings of the GXP samples, the high-temperature rutting resistance of the GXF samples was found to rise progressively as fiber was added. In particular, the DS value of GXF-0.1% was close to that of the GX sample, while the DS values of the GXF-0.2% and GXF-0.3% mixtures increased by 17.2% and 54.4%, respectively, compared to those of the GX sample. This indicated that the addition of rWTB fiber to aggregates ranging from 0.075 mm to 9.5 mm can enhance the resistance of asphalt mixtures to high-temperature rutting.
The DS value of the GXFP samples gradually rose as rWTB powder and fiber were synergistically added, with the GXFP-0.3% mixture achieving the highest increasing rate of 44.5%. Compared to the results of the GXF samples with the sole addition of fiber, it was indicated that the DS values of the asphalt mixtures with the addition of 0.1% and 0.2% fiber of a size range of 0.075–9.5 mm were further improved with the addition of rWTB powder. This elucidated that the asphalt mixtures with the synergistic addition of rWTB powder and fiber, which modified and improved the materials in multiple scales, had the most significant enhancement of performance under high-temperature conditions.
3.2.2 Low-temperature performance
The flexural strength and ultimate strain of the asphalt mixtures with different contents of rWTB fiber and powder under low-temperature conditions were compared as shown in Figures 6A–C. Compared to that of the GX sample, as shown in Figure 6A, the flexural strength of the GXP-5% and GXP-10% samples did not increase significantly. In contrast, the flexural strength of the GXP-15% specimen rose by 20% compared to that of the GX sample as more rWTB powder was added. On the other hand, the flexural strength of the asphalt mixtures did not improve with the addition of rWTB fiber in the size range of 0.075–9.5 mm, and the flexural strength of GXF-0.3% diminished as more fiber was added compared to that of the GX sample. In addition, a slight increase in the flexural strength was observed in the GXFP samples with the synergistic addition of rWTB powder and fiber, which were approximately 9.5%, 7.1%, and 4.8% for GXFP-0.1%, GXFP-0.2%, and GXFP-0.3%, respectively. In summary, the test results indicated that adding rWTB powder with particles below 0.075 mm in size could increase the flexural strength of the asphalt mixture, while the excessive addition of rWTB fiber in the size range of 0.075–9.5 mm had adverse influence on the flexural strength.
[image: Figure 6]FIGURE 6 | Flexural strength and ultimate strain of the asphalt mixture with the addition of (A) and (B) rWTB powder, (C) and (D) rWTB fiber, and (E) and (F) the combination of both rWTB powder and fiber.
The ultimate strain of asphalt mixtures had also been selected as an important indicator in this study to measure the resistance of the materials to low-temperature cracking. As shown in Figures 6B, D, F, the ultimate strain of GXP-5%, GXP-10%, and GXP-15% rose by approximately 10% compared to that of the GX sample, with no significant fluctuation when more powder was added. For the rWTB fiber mixtures GXF-0.1%, GXF-0.2%, and GXF-0.3%, the ultimate strain increased with the addition of rWTB fiber in the size range of 0.075–9.5 mm. In particular, the ultimate strain of GXF-0.3% mixture increased by 28.2% compared to that of GX, indicating that adding a certain amount of rWTB fiber to the asphalt mixture can enhance the resistance to cracking by a higher strain tolerance. Meanwhile, the ultimate strain of the asphalt mixtures with synergistic addition of powder and fiber, i.e., GXFP-0.1%, GXFP-0.2%, and GXFP-0.3%, was further improved, and the ultimate strain was increased with the increase in fiber content, presenting the result that GXFP-0.3% showed the highest increase of 34.2% compared to GX.
In conclusion, the addition of rWTB powder and fiber in corresponding increments was found to improve the performance of asphalt mixtures under low-temperature conditions, according to the results of the flexural strength and ultimate strain results. Specifically, the addition of rWTB powder could impact the asphalt mortar and the binding between the mortar and aggregates and could further improve the flexural strength of asphalt mixtures, which depended on the added proportion. In addition, adding rWTB fiber of a larger grade range could improve the capacity of asphalt mixtures to withstand a larger deformation by its strengthening effect of the rod-like structure, which enhanced the stability of the materials. Moreover, the synergistic addition of rWTB powder and fiber to the mixtures had the most significant improvement of the performance of the asphalt mixture.
Combined with the results of the high-temperature rutting test, it can be found that the influence of the adding amount of rWTB powder or fiber on the road performance at different temperatures was consistent. This result indicated that both rWTB powder and fiber effectively strengthened the overall structure of the asphalt mixture on the mesoscopic scale, and this reinforcement can improve the high-temperature and low-temperature performance of the asphalt mixture at the same time, which was the critical precondition to having a longer service life of pavement structures.
3.2.3 Moisture damage
The water stability of asphalt mixtures is one of the key indexes for measuring pavement performance. Figures 7A–C present the test results of the Marshall stability (MS), Marshall immersion stability (MS1), and the residual stability (RS) of the GXP, GXF, and GXFP sample groups.
[image: Figure 7]FIGURE 7 | Marshall stability and residual stability of the asphalt mixtures with the addition of (A) rWTB powder, (B) rWTB fiber, and (C) the combination of both rWTB powder and fiber.
The Marshall stability MS of the three rWTB powder mixtures (GXP-5%, GXP-10%, and GXP-15%) was decreased compared with that of the GX sample based on the standard Marshall test. Among the mixtures of the GXP group, the MS value of GXP-10% was the highest and attained a similar value to that of the GX sample. In addition, the RS values of the GXP samples after immersion in water for 48 h were all approximately 90% of the GX sample, and the RS value of GXP-10% was the highest (94.1%). To summarize, adding rWTB powder did not significantly reduce the water stability of the asphalt mixture.
In contrast, the test results of rWTB fiber mixtures GXF-0.1%, GXF-0.2%, and GXF-0.3% differed greatly from those of the GXP group, as shown in Figure 7B. The MS value of GXF-0.2% and GXF-0.3% mixtures increased by nearly 10% compared to that of the GX sample, while the RS values of the two mixtures decreased significantly as more rWTB fiber was added after the immersion in water for 48 h. Although the GXF-0.3% mixture maintained the highest MS value, its RS value became the lowest (70.3%) after water immersion. In addition, the MS value of the GXFP sample group GXFP-0.1%, GXFP-0.2%, and GXFP-0.3% presented in Figure 7C was similar to that of the GX sample and rose with the increase in the addition of fiber. On the other hand, the MS1 values of the three GXFP samples were also close but slightly lower than those of the GX sample and the GXFP group with the highest fiber content (0.3%) obtained the lowest RS value (80.2%), which presented a lower reduction to the results of the GXF sample group.
The experimental results comprehensively showed that no distinctive loss of the RS value or rise of the MS value was identified in asphalt mixtures with the addition of rWTB powder. In contrast, the addition of rWTB fiber effectively increased the MS value, while significantly reduced the RS value after water immersion. This indicated that the addition of rWTB fiber in the size range of 0.075–9.5 mm could reduce the water stability of the mixture, and that the synergistic addition of fiber and powder could decrease the loss of water stability.
3.3 Microscopic analysis of asphalt mortar
In order to further investigate the modification mechanism of the rWTB asphalt mixtures from the test results of high-temperature rutting, low-temperature cracking, and water stability, the microscopic combination mode of rWTB and asphalt binder on the microscopic scale was characterized by SEM. The micromorphology of the cross sections of asphalt mixtures with 0.3% rWTB was imaged by SEM at 500 μm, 100 μm, and 30 μm, as shown in Figure 8A–C, respectively. It was revealed that the rWTB fiber is fully wrapped in a cluster by the asphalt mortar. No obvious breaks in the fiber were found at the cracks of the mixture, indicating that damage to fiber was mainly resulted from peeling under stress, which affected the strain behavior of fiber in the asphalt mixtures.
[image: Figure 8]FIGURE 8 | Microstructure of the asphalt mortar with rWTB fiber at magnifications of (A) 500 μm, (B) 100 μm, and (C) 30 μm.
As illustrated in Figure 8B, a complete interface and tight bond between the fiber and mortar was found, illustrating that the fiber could transfer the load and disperse the stress over the asphalt mixture by bridging the asphalt mixture, as well as improve its strength and resistance to deformation under low-temperature conditions. In Figure 8C, the asphalt binder has good compatibility with the resin, which can improve the dispersity of the rWTB fiber in the asphalt mortar and the formation of a uniform system between asphalt mortar and rWTB fiber. This improved the viscoelasticity of the modified asphalt mortar, thus enhancing the resistance to high-temperature rutting of asphalt mixtures.
To summarize, the performance test results of asphalt mixtures and microscopic characterization of rWTB powder and fiber elucidated that the good compatibility existed between rWTB materials and asphalt binder and that utilizing this advantage could effectively enlarge the specific surface area of fine fillers and small size aggregates within the mixture. As a result, the high stiffness of rWTB fiber can effectively improve the high-temperature rutting performance and ultimate flexural strain of asphalt mixtures through the bridging effect. However, the utilization of fiber was also found to potentially decrease the flexural strength and water stability of asphalt mixtures because the fibers with different particle sizes were distributed unevenly and displayed a spatial rod stacking tendency. It indicated that the amount and particle size range of the rWTB fiber should be considered when designing asphalt mixtures and that optimal material properties could be obtained by the synergistic incorporation of powder and fiber.
4 CONCLUSION
This study explored the feasibility of introducing rWTB material into the design of the asphalt mixture and investigated the performance of high-temperature rutting, low-temperature cracking, and water stability of the mixtures with different proportions of rWTB powder and fiber based on laboratorial experiments. The following conclusions were obtained:
a. The significant mass loss of rWTB particles occurred at approximately 350°C and 600°C in the thermogravimetric test and presented a high thermal stability below 200°C, including that it could be used in the process of asphalt mixture compaction, paving, and service condition.
b. The partial replacement of mineral powder with rWTB powder improved the resistance of asphalt mixtures to rutting deformation with the optimal ratio of approximately 10%, and the addition of rWTB fiber can also improve the high-temperature performance as more fiber was added.
c. rWTB powder could enhance the flexural strength of the asphalt mixture under low temperature conditions, while rWTB fiber could increase the ultimate strain of asphalt mixtures based on three-point bending tests.
d. The water stability of the asphalt mixture was not significantly affected by the addition of the rWTB powder, while the MS of rWTB fiber mixtures was increased obviously and had a lower RS after water immersion.
e. The synergistic addition of rWTB powder and fiber can further improve the performance of asphalt mixtures. The presence of rWTB particles in different scales modified the microstructure of the asphalt mortar and improved the strength and deforming properties of the mixture (ASTM, 2006a, ASTM, 2006b, ASTM, 2006c, ASTM, 2007, Ministry of Transport, 2011).
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