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Compatibility and mechanical performance of crumb rubber (CR)-modified asphalt and mixtures prepared by the dry method are poor at present, which limits the application of dry-mixed asphalt rubber in paving engineering. To solve this problem, various activated treatments for CR were performed, and the modified asphalt binder was prepared by the dry process in this study, aiming to activate the CR as the modifier and improve the compatibility of CR-asphalt blends. The effects of pre-treating methods of high temperature, pre-swelling, and microwave treatment on rutting resistance and compatibility of the asphalt binder and asphalt mixture were evaluated. Furthermore, the dynamic shear rheometer (DSR) of temperature sweep, Brookfield rotary viscosity, physical properties, rutting resistance, and microstructure of modified asphalt were measured. The results indicated that the three treatments have a pronounced effect on the high temperature performance of the crumb rubber-modified asphalt (CRMA) binder in the dry process and modified asphalt storage stability improvement. The high-temperature and microwave pre-treatment for CR lead to the largest complex modulus, viscosity, and rutting factor. Moreover, high-temperature, pre-swelling, and microwave treatment for CR significantly increases the dynamic stability of dry-mixed asphalt mixtures, which indicates the enhanced resistance to permanent deformation. In microscopy, homogeneous and compatible states were obtained for asphalt modified by high temperature-treated CR and pre-swelled CR, in which the strong interaction occurs among rubber molecules and the asphalt component. The microstructure of dry CR-asphalt blends sheds light on the mechanical performance. Consequently, activated CR modification for the asphalt binder by the dry process in this study is a promising technology, and other properties need to be verified in the future.
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1 INTRODUCTION
Asphalt is widely used as a binder in high-grade road pavement. Approximately 92% of four million kilometers of road were surfaced with asphalt in the United States (Wang et al., 2018), and more than 90% of 5.2 million kilometers of highways were estimated to be surfaced with asphalt materials as of 2020 in China. The axle load in highways reached 13.6 million tons at the end of 2019, which has brought a great challenge for asphalt pavement.
In recent years, asphalt pavement has suffered from various damages (rutting, cracking, and water damage) because of the adverse climate and enormous traffic volume (Qin et al., 20092009; Lu et al., 2013; Behnood and ModiriGharehveran, 2019; Du et al., 2020). Therefore, rutting, load-induced permanent deformation, is one of the most serious distresses in asphalt pavement (Witczak et al., 1997). Rutting is divided into three types, wearing, shear, and configuration rutting (Li, 2020). Shear rutting is the main type in recent research because of the insufficient performance of asphalt mixtures at high temperature. A large number of strategies have been proposed for improving the rutting resistance performance of asphalt pavement at high temperature. At present, reducing the heat absorption of asphalt pavement (Ameri et al., 2018; Shanbara et al., 2020), optimizing the asphalt pavement structure combination (Jiang et al., 2020), and improving the high-temperature performance of asphalt binders (Al-Hadidy and Tan, 2010; Geng et al., 2013; Dong et al., 2014; Hajikarimi et al., 2015) and mixtures (Wu et al., 2007; Nazirizad et al., 2015) have been used to improve the rutting resistance of asphalt mixtures. Using modified asphalt is one of the most popular methods. Additives such as styrene-butadiene-styrene (SBS) and anti-rutting additives are the most popular modifiers. However, these additives are expensive and lead to big performance variation in rutting resistance.
With the development of the economy, millions of industrial tires were generated. About 1.4 billion tires are sold worldwide each year, which fall into the end of life after several years (Lo Presti, 2013). These waste tires are generally disposed of by burning, landfill, or stacking, which may cause a potential threat to human health in some cases. To improve the utilization of waste tires, many researchers attempted to focus on the production and application of crumb rubber for asphalt pavement to reduce its environmental burden (Bahia and Davies, 1994; Jang et al., 1998; Navarro et al., 2002). The crumb rubber (CR) modifier could improve the mechanical and rheological properties of asphalt binders (Xiao et al., 2007a; Ameri et al., 2020; Yazdipanah et al., 2021). It has been confirmed that CR can improve the rutting resistance properties of asphalt mixtures (Cao, 2007; Lee et al., 2008; Bessa et al., 2019). The main two productive process for producing crumb rubber-modified asphalt mixtures are the wet process and dry process. Nearly all these reports adopted the “wet process” to prepare the CR-modified asphalt mixture. In wet processes, crumb rubber is added to the paving asphalt before it is blended with aggregates and delivered to the drum mixer. Light fractions in asphalt are absorbed by rubber particles during this process (Xiao et al., 2007b; Cheng et al., 2011; Li et al., 2018). However, the wet process has poor storage stability and higher construction temperature (Xiang and Huang, 2014; Liang et al., 2015; Chavez et al., 2019). In dry processes, crumb rubber is added to the aggregate in a plant as the fine aggregate before adding the asphalt binder (Cheng et al., 2011). The compatibility of CR and asphalt binders in the dry process is expected to be worse than the wet process, but the dry process is economically and environmentally better due to the short reaction time (Shook and Inc, 1990; Lawrence et al., 1991; Buncher, 1995; Moreno et al., 2011). It was agreed that using fine rubber and high asphalt binder content can obtain the stronger rubber-asphalt interaction (Picado-Santos et al., 2020). Several methods, such as optimizing aggregates gradation (Xie and Shen, 2013), utilizing additives (Zhu and Jiang, 2013), and chemical treating for CR (Yin et al., 2020), have been applied to improve the properties of CR-asphalt mixtures in the dry process. However, the blends’ compatibility depends on the interaction among rubber molecules and the asphalt component (Li et al., 2021). If rubber particles are subjected to deep treatment, the inert surface could be activated. In this situation, the compatibility of CR-asphalt blends can be enhanced and a good performance that is equivalent to the wet process can be achieved by the dry process. In addition, the researchers believed that the dry process had more prospects because of its sampling process and economic value, etc. (Rodríguez-Fernández et al., 2020). In recent years, crumb rubber asphalt produced by other methods has also been widely used, such as warm mix asphalt mixtures (Hu et al., 2022) and stable crumb rubber asphalt (SCRA) (Ding et al., 2019). SCRA was obtained by a special manufacturing technique to make the rubber particles sufficiently dissolve in the asphalt, which was different from the traditional wet process (Ding et al., 2019). Thus, the effective treatment for CR needs to be promoted. Even though some literature reported other activating methods for CR to improve the properties of asphalt and mixtures in the dry process, these methods are insufficient for the demands of easy processing, low-cost, and effective treatment for CR.
In this study, various treating methods, including microwave, pre-swelling, and high-temperature treatment, were used to activate the crumb rubber, with the aim of improving the compatibility of crumb rubber and the asphalt binder in the dry process. The influence of high-temperature treatment, pre-swelling, and the two combinations, as well as microwave treatment for CR on the physical performance, viscosity, rheology, and rutting performance of the modified asphalt and mixture were studied through the dry process. The compatibility of activated CR-modified asphalt was evaluated by fluorescence microscopy and the relationship of compatibility, microstructure, and mechanical performance was discussed.
2 MATERIALS AND EXPERIMENTAL METHOD
2.1 Aggregate and Asphalt Matrix
In this study, Qilu AH-70 asphalt provided by Shandong Hi-speed Huarui Road Materials Technologies Co. Ltd. was used as the asphalt matrix. Table 1 summarizes the basic properties of the selected asphalt matrix.
TABLE 1 | Specifications of the asphalt matrix.
[image: Table 1]The aggregates used in this research were obtained from the limestone quarry in Wenzu Town, Jinan, China. The aggregates gradation of the final blend, based on the limitation of the JTG E20-2011 (JTGE20-2011, 2011) specification for dense-graded aggregates, is shown in Figure 1.
[image: Figure 1]FIGURE 1 | The gradation of AC-20 dense-graded aggregates.
2.2 Treatment of Crumb Rubber
Crumb rubber (40 mesh) was provided by Shandong An-zhitai Environmental Protection Technology Co. Ltd. Several treatment methods were adopted to activate the raw crumb rubber, including high-temperature processing, pre-swelling, microwave irradiation, and their combinations. In high-temperature treatment, the scrap tires were heated at 300°C for 6 h after adding the resin tackifier and antioxidant. After that, the waste fiber was filtered and finally, the tires were grinded. During pre-swelling treatment, 0.5 g of aromatic oil was first sprayed on 100 g of CR and then the blends were heated to 200°C for 1.5 h (as shown in Figure 2A). As for the microwave irradiation, 50 g of crumb rubber was irradiated for 5 min each time in a microwave oven at 700 W (as shown in Figure 2B). The microwave frequency was 2,450 MHz. The abbreviations of CR treated by various methods are summarized in Table 2.
[image: Figure 2]FIGURE 2 | The appearance of aromatic oil (A) and crumb rubber (B).
TABLE 2 | The abbreviations of various activation methods of crumb rubber.
[image: Table 2]2.3 Preparation of CRMA and Mixture
The modified asphalt was prepared using a motor stirrer in the laboratory. The base asphalt was heated in a cylindrical container until it became fluid. Then the activated CR (18% by weight of the asphalt matrix) was added into the container, after that, the CR/asphalt was blended at 170°C for 10 min. It is worth mentioning that the CR/asphalt mixture was only stirred for 10 min to evaluate the compatibility of activated CR and asphalt, to distinguish it from the traditional wet process with high-speed shear for CR/asphalt blends for a long time.
The dry method was applied to prepare the activated CR-modified asphalt mixture, which mixes activated CR with mineral aggregates before incorporating asphalt. AC-20 dense asphalt mixtures were designed in the study. The preparation of the CR asphalt mixture was conducted as follows. The mixing machine was preheated until the temperature reached 175°C; then the aggregates were put into the pot and blended for 90 s. After that, the rubberized asphalt was added into the pot and blended for 90 s; finally, the mineral powder was added into the pot for 90 s.
2.4 Measurements
2.4.1 The Test of Basic Physical Properties
The basic physical properties tests were carried out for asphalt with various activated CR mixtures, including penetration (25°C) (T0604-2011), softening point (T0606-2011), and ductility (10°C) (T0605-2011) according to the Chinese specification JTG E20-2011 (JTGE20-2011, 2011). Three virgin samples were used and averaged for three parallel sample data. Three replicates were measured and the average of measured data was achieved.
2.4.2 Brookfield Rotary Viscosity Test
A Brookfield viscometer was employed to characterize the viscosity-temperature properties of the activated asphalt based on the Chinese specification JTG E20-2011 of T0625-2011 (JTGE20-2011, 2011). The 27th rotor was selected and the test temperature rose from 120 to 180°C with a temperature interval of 10°C.
2.4.3 Oscillatory Shear Test
The rheological properties of asphalt modified with activated CR were evaluated by oscillatory shear tests using a dynamic shear rheometer (CV0100, Malvern, United Kingdom). A temperature sweep test was conducted from 30 to 80°C at the 10 Hz frequency based on the AASHTO T315 test protocol (AASHTO, 2013). A parallel plate with a diameter of 25 mm and a gap of 2 mm was selected.
2.4.4 Fluorescence Microscopy
The dispersion state in microscopy of the CR particles in asphalt was evaluated by fluorescence microscopy in this study, which can further reflect the interaction between CR particles and the asphalt component. The two glass slides sandwiched with a drop of CR-modified asphalt were manufactured previously and the surface of the glass was kept clean. The glass slides with the sample were observed with fluorescence microscopy under blue light irradiation with a magnification ratio of 200 at 25°C. The photographs of swelled CR particles were recorded by a high definition camera.
2.4.5 Wheel-Tracking Test
It is important to evaluate the influence of different CR activation methods on rutting resistance of crumb rubber-modified asphalt mixtures. A laboratory wheel-tracking test was conducted to assess the high-temperature rutting resistance of CRMA mixtures in accordance with Chinese standard JTG E20-2011 (JTGE20-2011, 2011). The asphalt mixture slab with the dimensions of 300 × 300 × 50 mm was compacted by a roller compactor. After that, they were placed in an oven at 60°C for at least 6 h to ensure a homogeneous temperature. In the test, the contact tire pressure of 0.7 MPa was set between the slab surface and rubber tire wheel. The standard rubber wheel was reciprocated on the surface of the slab with a speed of 42 rpm and a traveling distance of 230 mm. The rutting depth (RD) was recorded automatically by a Linear Variable Differential Transformer (LVDT) sensor. Dynamic stability was defined as the ratio of 15*42 and the difference between rutting depth at 60 min and 45 min. The higher value of dynamic stability corresponds to the better rutting stability at high temperatures.
2.4.6 Marshall Stability Test
It is important to design the mix ratio of the asphalt mixture and examine the quality of asphalt pavement by a Marshall stability test according to the Chinese standard JTG E20-2011 (JTGE20-2011, 2011). This test aims to evaluate the maximum load sustained by the bituminous material at a constant loading rate of 50 mm/min ±5 mm/min. The diameter and height of the Marshall specimen was 101.6 ± 0.2 mm, 63.5 ± 1.3 mm, respectively. Then the sample was placed in the thermostatic water bath at 60°C for 30–40 min. Four parallel samples were used and averaged for parallel sample data.
3 RESULTS AND DISCUSSION
3.1 Conventional Properties
The penetration, softening point, and ductility of CRMA modified with different activated CR mixtures are shown in Figure 3. Compared with R-CRMA (23.3), the penetration of H-CRMA, S-CRMA, M-CRMA, and HS-CRMA increased by nearly 29.6%, 72.1%, −8.6%, and 67%, respectively, which suggests that the consistency performance of the modified asphalt has been improved compared with raw asphalt. The penetration of microwave-activated CR-modified asphalt was lower than that the asphalt modified by raw CR, indicating the hardness effect of the resulting asphalt by microwave treatment. The softening point of activated CR-modified asphalt increased more than 3.1°C, and the largest softening point of CRMA was 68.7°C of H-CRMA, compared with that of raw CR. Therefore, the high-temperature treatment for CR was most effective to enhance the softening point of CRMA, followed by pre-swelling with high temperature. It is indicated that high-temperature treatment for CR improved the high-temperature stability of modified asphalt. The ductility of modified asphalt with different activated CR mixtures showed a similar increasing tendency, indicating improved flexibility and tensile performance at low temperature. Particularly, pre-swelling and high-temperature/pre-swelling methods can significantly improve the low temperature ductility of modified asphalt. Therefore, high-temperature, pre-swelling, and both combinations, as well as microwave treatment for CR benefitted the physical properties of modified asphalt. These treatment methods in this study are related to the desulfurization of CR (de Sousa et al., 2017; Dong et al., 2017; Dong et al., 2019a), meanwhile, the fracture of the three-dimensional network structure of rubber molecules promotes the low-temperature performance.
[image: Figure 3]FIGURE 3 | The basic physical properties of asphalt with various activated CR mixtures.
3.2 Viscosity-Temperature Property
The viscosity-temperature property of CR-modified asphalt needs to be confirmed in order to obtain good workability, since the incorporation of rubber particles generally results in the evident increase of viscosity. As shown in Figure 4, the viscosity of the modified asphalt decreased with temperature increasing, but the decrease rate was different for asphalt with various activated CR mixtures. Compared with R-CRMA, modified asphalt with CR treated by high-temperature and microwave treatment showed higher viscosity, while pre-swelling and high-temperature/pre-swelling for CR led to the lower viscosity of asphalt. The viscosity changes caused by incorporation of different CR were weakened with increasing temperature.
[image: Figure 4]FIGURE 4 | The viscosity-temperature curve (A) from 120 to 180°C and (B) the fitting results.
The variation of viscosity as a function of temperature was described by the Arrhenius equation in this study, as shown in Eq. 1 (Jiang et al., 2019). The fitting results are listed in Table 3.
[image: image]
Where the η is the viscosity, Pa s; A is the regression coefficient; Eη is the viscous activation energy, J/mol; R is the universal gas constant, 8.314 J mol-1 K−1; and T is the absolute temperature, K. As displayed in Figure 4B, there was a good linear relationship between ln η and 1/T and the correlation coefficient was more than 0.98. The dependence of viscosity on temperature of CR-modified asphalt in the study was well described by the Arrhenius equation. Eη was related to the energy of asphalt flow deformation and the larger Eη implied the better property of resistance deformation of asphalt. Sensitivity of viscosity to temperature change can be evaluated from the slope of linear fitting results as shown in Figure 4B. According to, M-CRMA had the lowest value of 6,834.4 J/mol of Eη while HS-CRMA showed the highest Eη: 8,211.0 J/mol. The lower absolute value of the slope corresponded to the lower sensitivity of viscosity to temperature change. Figure 4B clearly shows that the slope value of S-CRMA and HS-CRMA were lower than the R-CRMA, which indicated that pre-swelling and pre-swelling/high-temperature treatment decreased the viscosity of asphalt compared to the untreated CR-modified asphalt. It is noteworthy that the incorporation of aromatic oil during pre-swelling for CR contributed to the lower viscosity. The M-CRMA and H-CRMA presented higher viscosity compared to R-CRMA at the same temperature, indicating more interactions among rubber molecules and the asphalt component.
TABLE 3 | The fitting results for viscosity as a function of temperature.
[image: Table 3]3.3 Rheological Properties: Temperature Dependence
As a temperature-sensitive material, asphalt shows different temperature-dependent rheological behaviors, which is crucial for the service performance of asphalt pavement (Yang et al., 2021). The parameters of complex modulus G* and G*/sin δ were obtained from the temperature sweep test. G* is the stress-strain ratio of viscoelastic materials subjected to sinusoidal loads. G*/sin δ is the rutting factor. The larger the rutting factor, the stronger the resistance of asphalt to permanent deformation. The influence of temperature on the viscoelastic properties of various CR-modified asphalt mixtures with a constant frequency of 10 rad/s is shown in Figure 5.
[image: Figure 5]FIGURE 5 | The temperature sweep results of DSR at 10 Hz. (A) The complex modulus G*; (B) the rutting factor G*/Sin δ.
As shown in Figure 5, the dynamic viscoelastic parameters of various crumb rubber-modified asphalt mixtures had a similar change curve with temperature in the logarithmic coordinate. S-CRMA and HS-CRMA had a sharp drop at high temperatures, while asphalt modified by high-temperature and microwave treatment showed a gentle reduction in the range of high temperature. Within the test temperatures ranging from 30–60°C, the complex modulus G* and rutting factor G*/sin δ distinctly decreased, respectively, with the temperature increasing, which shows that temperature had a great influence on the complex modulus and rutting resistance. The G*/sin δ change rate (binder thermal sensitivity) decreased for all the modified binders compared to the base binder, which means an increase in the rutting resistance at high temperatures.
The complex modulus G* and rutting factor G*/sin δ of activated CR-modified asphalt were higher than that of raw CR-modified asphalt. This indicates that the activated CR had a great advantage on improving the high-temperature performance of asphalt, meanwhile activated CR had significant environmental benefits. Such increments in G* and G*/sin δ of activated CR-modified asphalt were pronounced in the interval of 50–80°C, which demonstrated that activated CR significantly improved the mechanical properties of the asphalt matrix and its resistance to deformation. The range of modified asphalt value |G*|/sin δ was 545.9 KPa–1.14 KPa which was greater than 1 KPa. The value of |G*|/sin δ≥ 1 KPa was considered to be sufficient to resist rutting and the failure temperature can be calculated at the critical point. The G* and G*/sin δ corresponding to the microwave activation method were the largest and the changing rate of G*/sin δ was the lowest. This indicated that the microwave activation method can significantly decrease the deformation and improve the elastic recovery performance in the medium temperature, because the microwave activation broke the cross-linked chemical bonds of rubber molecules and enhanced the chemical activity of rubber particles and the elasticity of the rubber asphalt (de Sousa et al., 2017; Rodríguez-Fernández et al., 2020). Whereas, the HS-CRMA had the smallest complex modulus G* and G*/sin δ and the largest changing rate. The pre-swelling and high-temperature treatment promoted the degree of desulfurization and degradation of rubber molecules at high temperature, which improved the compatibility of crumb rubber and the asphalt binder. Figure 5B shows the decreasing trend of G*/sin δ with the increasing temperature. Treated CR-modified asphalt had the higher value of G*/sin δ, which denoted improved rutting resistance. Microwave and high-temperature treatment had the most benefits on the high-temperature rheological property of CR-modified asphalt.
3.4 Rutting Resistance
The influence of activated CR on the rutting resistance of asphalt mixture was evaluated by the wheel-tracking test, as shown in Figure 6. As shown, R-CRMA had the highest permanent deformation (2.8 mm), and the curve of deformation versus loading time had an obvious constant increasing trend. After treating CR, the deformation of the asphalt mixture track showed a dramatic decrease, meanwhile, the rutting depth curves gradually increased. The H-CRMA samples showed the minimum deformation, followed by S-CRMA and M-CRMA. Specifically, compared with R-CRMA, the H-CRMA rutting depth reduced by 598%, followed by S-CRMA and M-CRMA with a reduction of 221 and 110%, respectively.
[image: Figure 6]FIGURE 6 | The wheel-tracking test results: (A) the deformation against loading time; (B) the dynamic stability of various asphalt mixtures.
Based on the curve of rutting depth against loading time, dynamic stability was obtained by calculating the proportion of 15*42 with the difference between rutting depth at 60 and 45 min, as displayed in Figure 6A. It can be seen from Figure 6B that for AC20, the dynamic stability of different activated CR-modified asphalt mixtures was 2,423, 21,000, 9,000, and 7,000 cycle/mm. Among these studied samples, the high-temperature treatment for CR led to significantly increased dynamic stability, which indicated the obviously enhanced resistance to permanent deformation of the asphalt mixture. In the stirring process, the aromatic components were reduced, and the resins and asphaltenes increased. As a result, the CRMA mixture became harder and the dynamic stability increased. The dynamic stability results were well in line with the temperature sweeping results for H-CRMA. The viscoelastic properties of H-CRMA changed and the elasticity increased at high temperature, which means improved recoverable deformation ability under the load and the reduced rutting depth. Besides, high viscosity of H-CRMA means the strong adhesion among asphalt and aggregates, which benefits the anti-rutting ability.
3.5 Marshall Stability
The results of Marshall stability are shown in Figure 7. As can be seen, the activated crumb rubber presented an increasing effect on the strength performance of the asphalt mixture. Among these samples, the crumb rubber activated by microwave ameliorated the strength up to 2,223.6 kgf which was 1.5 times more than the untreated CRMA. And the Marshall values of the crumb rubber-modified asphalt mixture by high-temperature treatment and pre-swelling were both higher than the untreated CRMA mixture, which could help to determine the improving effect of crumb rubber activation methods. These can be attributed to the elastic behavior of crumb rubber (Saberi.K et al., 2017), because microwave irradiation can only break the C-S and S-S bonds, not C-C bonds. The process of high-temperature treatment includes shallow cracking that can greatly maintain the elastic property of crumb rubber. As for the pre-swelling activation method, the viscosity of S-CRMA was lower than R-CRMA which is the reason for the low Marshall value of S-CRMA. The viscosity of the asphalt mixture was lower, therefore the strength was worse.
[image: Figure 7]FIGURE 7 | Marshall stability of crumb rubber-modified asphalt.
3.6 Fluorescence Microscopy
To figure out the above results, fluorescence observation was conducted to shed light on the microstructure of various CR-modified asphalt mixtures. The fluorescence microstructures of R-CRMA, H-CRMA, and S-CRMA are presented in Figure 8. As shown, the dark green area is the asphalt phase and the light green spot is the rubber phase. For R-CRMA, the rubber particles were large and assembled with each other, which indicates the inhomogeneity and incompatibility. This indicated that the mechanical behavior of rubber cannot be delivered to the asphalt matrix due to the poorly dispersed raw rubber particles. Moreover, the chemical inert surface of raw CR with activation led to fewer interactions between rubber molecules and the asphalt component (Adhikari et al., 2000), which accounts for the poor rheological properties and rutting resistance. Contrary to this, homogeneous and compatible states were obtained for asphalt modified by high temperature-treated CR and pre-swelled CR. In Figure 8, it can be seen that the uniformly dispersed rubber particles are nearly round and the dimensions of dispersed particles are much smaller than that of untreated CR. For H-CRMA, the blends had few large rubber particles and the compatibility evidently improved. This is related to the desulfurization effect of CR when subjected to high-temperature treatment and rubber particle surface activation effect. Thus, the strong interaction among rubber molecules and the asphalt component results in the continuous and homogeneous asphalt phase formed with a few light green spots. For S-CRMA, the addition of aromatic oil accelerated the swelling of CR in the asphalt binder, so the dispersive and homogenous composite asphalt phase was formed. Consequently, the blends became more compatible systems after activation treatment for CR. The microstructure of asphalt blends explains their mechanical performance.
[image: Figure 8]FIGURE 8 | Fluorescence microscopy of (A) R-CRMA; (B) H-CRMA; and (C) S-CRMA.
4 CONCLUSION
In this study, the effects of activating treatment for CR on rutting resistance of modified asphalt were evaluated. The correlation of fluorescence microscopy with mechanical behavior was discussed, the following findings can be given:
1) The activated CR increased the high temperature performance of the CRMA binder. The microwave and high-temperature pre-treating methods had the largest of complex modulus G* and rutting factor G*/sin δ. While, pre-swelling and pre-swelling/high-temperature treatment for CR decreased the viscosity of asphalt compared to raw CR-modified asphalt. Microwave and high-temperature treatment benefitted the high-temperature rheological property of CR-modified asphalt.
2) The high temperature pre-treating method significantly improved the rutting resistance of the CR asphalt mixture, followed by the pre-swelling and microwave treatment. Homogeneous and compatible states were obtained for asphalt modified by high temperature-treated CR and pre-swelled CR.
3) The microstructure of asphalt blends explains their mechanical performance. Further investigations are needed to complement the findings of this study, such as fatigue behavior and the low temperature properties. Lastly, high-temperature, pre-swelling, and microwave treatment on CR are highly recommended for asphalt modification in paving engineering.
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