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Recycling waste tires, crushing them into crumb rubber (CR) and adding them to asphalt can effectively improve the performance and prolong the service life of asphalt pavement. However, the crumb rubber modified asphalt (CRMA) prepared by aforementioned process is prone to segregation during storage and transportation. The terminal blend rubber asphalt (TB) prepared with fine rubber powder by high-speed shearing at high temperature for long time, which effectively improves the storage stability and working performance of crumb rubber modified asphalt, but reduces the high-temperature performance. In this study, grafting activated crumb rubber (GACR) was incorporated into TB to improve its high temperature performance without impairing storage stability. Using shearing temperature, shearing time and grafting activated crumb rubber content as influencing factors, the response surface method (RSM) was carried out to optimize the preparation process. The results indicated that 180°C was a critical temperature, and the swelling of crumb rubber dominated with the temperature below it, but the desulfurization prevailed with the temperature above it. The extension of time favored the swelling of crumb rubber at low temperature but promoted desulfurization at high temperature. With the increase of crumb rubber content, the high temperature performance of modified asphalt improved whereas the storage stability deteriorated. According to the determination of response values and the prediction of optimal values, the suitable preparation conditions and parameters were recommended as shearing temperature of 190°C, shearing time of 90 min, and GACR content of 15%. The composite modified asphalt prepared through the optimized process showed good high temperature stability and storage stability.
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1 INTRODUCTION
At present, the concept of sustainable development and the principles based on the “4R” (reclaim, recycle, reuse, and reduce) have attracted widespread attention (Jamshidi et al., 2016). As a sustainable low-cost composite material, crumb rubber has been widely used in industries such as roads, construction, electricity, and power sources (Khaloo et al., 2015; Xu et al., 2020; Phiri et al., 2021; Zhang et al., 2021). Adding crumb rubber (CR) to asphalt can not only improve various performances of asphalt but also provide an environmentally friendly way for the recycling of waste tires. Studies have found that crumb rubber modified asphalt (CRMA) has the advantages of excellent high temperature stability, low temperature crack resistance, fatigue resistance, anti-aging performance and less traffic noise (Yu et al., 2020). However, the storage stability is poor due to the “solid-liquid” two-phase system of rubber powder and asphalt and the density difference between them, which greatly hinders the use of rubber asphalt in actual engineering (Han et al., 2016; Ma et al., 2021a).
In order to solve the above problems, the rubber powder is pretreated before being added to the base asphalt to improve its compatibility with the asphalt, which in turn improves the storage stability of the CRMA. Wang et al. (2020) introduced tetraethyl orthosilicate (TEOS) to modify the surface of CR, and determined the optimal amount of TEOS. This research has a positive effect on improving the storage stability of CRMA. Hosseinnezhad et al. (2019) pretreated CR by the combination of microwave radiation and bio-modification. The results showed that the storage stability of CRMA was significantly improved, and its performance was also improved. It is worth mentioning that Xiao et al. innovatively applied a cold plasma surface treatment technology to the surface treatment of CR, which enhanced the compatibility of CR and base asphalt and thus improved the storage stability of CRMA (Li et al., 2020). At the same time, our group’s previous research also found that graft activation of rubber powder could improve the storage stability of modified asphalt (Xie et al., 2019a; Xie et al., 2019b; Xie et al., 2020a). But generally speaking, the incorporation of CR leads to high viscosity of CRMA and decreases its workability (Yu et al., 2021). In addition, adding admixtures has been proven to improve the storage stability of CRMA, but which made the factors affecting the performance more complicated and the preparation process more difficult to control (Liu et al., 2014; Fini et al., 2017; Ma et al., 2021b).
Moreover, some existing studies indicated the storage stability of CRMA could be increased by adjusting the preparation process (Sienkiewicz et al., 2017). It has been confirmed that the solubility of CR in asphalt could be improved under strict shearing conditions (such as high temperature, high pressure and long-time), and when it is up to 97% (Huang et al., 2017), CRMA will not segregate during storage. Terminal Blend rubber asphalt (TB) is developed on this basis and solves the defects of poor storage stability and high viscosity of traditional rubber asphalt (Han et al., 2016). TB is usually prepared with 40–80 mesh rubber powder through high-speed shearing for a long time at temperature above 220°C (Huang et al., 2017; Xie et al., 2020b). During the process the rubber powder conducts desulfurization and degradation, its molecular chains gradually break into small molecules and dissolve in asphalt (Ragab and Abdelrahman, 2018). On the one hand, this preparation process reduces the viscosity of the rubber asphalt and improves the storage stability significantly (Huang et al., 2016). But on the other hand, this process decreases the high temperature performance of modified asphalt and keeps it from being used alone (Polacco et al., 2015). Compounding with other modifiers is considered to be an effective way to solve this problem, and the most common modifiers include SBS (Lin et al., 2017; Tang et al., 2017), nano-materials (Han et al., 2017; Zheng et al., 2018), polyphosphoric acid (PPA) (Niu, 2017), rock asphalt (Zhong et al., 2017) and other chemical modifiers (Wen et al., 2018). But the high cost of SBS and nano-materials, and the deterioration of low temperature performance caused by rock asphalt and PPA are issues for composite modification (Huang et al., 2016; Lin et al., 2018).
Therefore, the research objectives of this article are as follows.
• Attempt to composite the acrylamide grafted activated crumb rubber prepared earlier with TB to improve its high-temperature performance. Simultaneously utilizing the unique advantages of GACR (Xie et al., 2020a), ensuring the excellent storage stability and other performance of TB will not be affected.
• Based on response surface methodology (RSM), to determine the optimal preparation for TB/GACR modified asphalt (TB/GACR). Shearing temperature, shearing time and crumb rubber content were selected as influencing factors, and their effects on the penetration, ductility, storage stability and viscosity of modified asphalt were explored.
• To study the synergistic effect of GACR and terminal blend technology on the high temperature performance and storage stability of composite modified asphalt, GACR modified asphalt (GACR-MA) and TB asphalt were also prepared as the reference via the optimized process.
2 MATERIALS AND METHODS
2.1 Materials
Base asphalt of PG 64-22, 70#A grade was supplied by Hunan Poly Company (Hunan, China), crumb rubber of 80 mesh was purchased from Sichuan Lubaotong Company (Chengdu, China), and all other reagents were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
2.2 Preparation of TB/GACR
GACR was prepared according to the literature (Xie et al., 2020a), and the process was sketched as follows: crumb rubber, potassium persulfate and acrylamide were mixed at a certain ratio and stirred for 4 h at 65°C. Through grafting action, amide groups were introduced into the molecular chains of crumb rubber, which could improve the compatibility between rubber powder and base asphalt.
TB asphalt was prepared by homemade high-speed shearing instrument with nitrogen protective device (Figure 1). The steps of preparation were as follows:15% (by the weight of base asphalt, the same hereinafter) untreated crumb rubber and base asphalt were mixed and swelled in an oven for 30 min at 180°C, followed by being sheared at a rate of 4,000 r/min for 3 h at 220°C (Xie et al., 2020c). During the preparation process, nitrogen protection was adopted to alleviate the aging of asphalt.
[image: Figure 1]FIGURE 1 | Schematic diagram of high-speed shearing instrument with nitrogen protective device.
The wet process was employed to prepare TB/GACR and was illustrated as below. TB asphalt was heated at 145°C–165°C to fluid state and then mixed with dried GACR (10%–20% dosages). The mixture was sheared at 160°C–200°C for 30–90 min, followed by being placed in an oven at 165°C for 1 h.
2.3 Test methods
Detailed physical performance test methods are listed in Table 1.
TABLE 1 | Test methods.
[image: Table 1]In addition, the storage stability was tested according to the “Standard Test Methods of Bitumen and Bituminous Mixtures for Highway Engineering” (JTG E20-2011). A standard aluminium tube (diameter 25 mm, height 140 mm) was filled with the obtained asphalt and sealed. Then it was placed vertically in the oven at 163°C for 48 h to simulate the segregation during high temperature storage. Afterwards the aluminium tube was taken out and frozen for 240 min at 4°C, followed by being divided into 3 sections to measure the softening point of the upper and lower sections. The softening point difference and rutting factor separation index (SI) of the upper and lower sections of modified asphalt were measured to appraise storage stability. The value of SI was calculated by the following formula: 
[image: image]
where (G*/sinδ)bottom and (G*/sinδ)top are the rutting resistance factor of modified asphalt at the bottom and top of tube, respectively.
2.4 Analytical methods
Response surface methodology (RSM) is a method that combines experimental design and mathematical modeling for optimization, whose advantage is that it can continuously analyze various levels of the experiment, more intuitively reflecting the optimal value of the dependent variable (Chelladurai et al., 2021). There are two main types of design in RSM: Central Composite Design (CCD) and Box-Behnken Design (BBD). By comparison, the latter can provide more accurate responses with fewer combination schemes (Goo et al., 2020). So, BBD was used to optimize the preparation process of TB/GACR through a three-factor composite design. In this study, shearing temperature (160°C–200°C), shearing time (30–90 min) and GACR content (10%–20%) were chosen as influencing factors, and the penetration (25°C), softening point, ductility (15°C), softening point difference and viscosity were defined as response values.
3 RESULTS AND DISCUSSION
3.1 Influence of different factors on the properties of TB/GACR
The experimental schemes and performance test results obtained through RSM were shown in Table 2. The results of simulation showed that the values obtained by the quadratic equation were close to the actual values. Therefore, the quadratic equation was used to simulate the response values and influencing factors, so as to estimate the significance of the variables. The three influencing factors: shearing temperature, shearing time, and GACR content were recorded as A, B, and C, respectively. Analysis of variance of the experimental data in Table 4 was performed and the results are described below. Therein F represents the significance of the whole fitting equation, and P represents the correlation between the control group and the experimental group. Generally, the larger the value of F, the higher the fitting degree, and the smaller the value of P, the more significant the analysis result.
TABLE 2 | Experimental schemes and various performance test results of TB/GACR.
[image: Table 2]3.1.1 Penetration
The results of analysis of variance on penetration are shown in Table 3. It can be seen that this model had a high degree of fitting with small error and could be used to predict and analyze the variation law of penetration. The significant variables of the model were A, B, C, AB, BC and A2, which meant in the single effect, the influence of shearing temperature, shearing time and GACR content were significant. But in the quadratic effects, the interaction between shearing temperature and shearing time, and the interaction between shearing time and GACR content were significant. Moreover, in the quadratic effect, the influence of shearing temperature was significant.
TABLE 3 | The analysis of variance results of penetration.
[image: Table 3]The fitting equation of penetration based on significant variables is.
[image: image]
where: R1 is the penetration value of TB/GACR.
The RSM models of GACR content, shearing temperature and shearing time on penetration were obtained according to Eq. 2, as shown in Figure 2. With the increase of shearing temperature, the penetration of TB/GACR decreased first and increased afterwards, which may be due to the swelling and desulfurization of crumb rubber during the shearing process (Xie et al., 2019b). In the range of 160°C–180°C, GACR absorbed the light component and swelled. With the increase of temperature, the swell degree increased and a network structure was gradually formed, leading to the rise in viscosity and the reduction in penetration. When the shearing temperature exceeded 180°C, the network was broken and the solubility of GACR improved because of the desulfurization and degradation, causing the increase in penetration (Navarro et al., 2007; Nanjegowda and Biligiri, 2020).
[image: Figure 2]FIGURE 2 | Response surface plot of penetration (A) Under the interaction of temperature and time; (B) Under the interaction of time and GACR content.
The penetration increased with time in the whole temperature range. But interestingly, the extent of increase was slight when the temperature was below 180°C and was remarkable when the temperature was above 180°C. Similarly, that was ascribed to the swelling and desulfurization of GACR.
The effect of GACR content on the penetration of TB/GACR showed obvious regularity, that is, the penetration declined with the increase of GACR content. It can be illustrated by volume expansion of crumb rubber caused by swelling (Ghavibazoo et al., 2013; Pais et al., 2019) and enhanced interaction between GACR and base asphalt due to the grafting activation (Xie et al., 2019a; Xie et al., 2019b).
3.1.2 Softening point
The analysis of variance of softening point (shown in Table 4) indicated that the model was significant with small P (<0.05) and the correlation coefficient was high. The fitting effect of the model was accurate, so it could be used to predict the variation law of softening point. The significant variables were A, C, A2 and C2 when variables with non-significant effects were removed. Among the single effect, the shearing time and GACR content were significant, but among the quadratic effects, the significant variables turned to be shearing temperature and GACR content.
TABLE 4 | The analysis of variance results of softening point.
[image: Table 4]The response surface fitting equation of softening point according to the significant variables is:
[image: image]
where: R2 is the softening point value of TB/GACR.
From Eq. 3, the RSM models of GACR content, shearing temperature and shearing time with softening point were obtained, as shown in Figure 3.
[image: Figure 3]FIGURE 3 | Response surface plot of softening point (A) Under the interaction of temperature and time; (B) Under the interaction of time and GACR content.
As illustrated in Figure 3A, with the temperature increasing, the softening point rose at first and then declined. Meanwhile, the effect of shearing time on the softening point was a little bit complicated. Under the temperature condition of 160°C the softening point gradually increased with the increase of shearing time. When the shearing temperature increased to 200°C, the opposite trend appeared. The above results can be explained by the swelling and desulfurization of crumb rubber as mentioned before.
It can be seen from Figure 3B that the addition of GACR improved the softening point of TB/GACR, which could be explained from two aspects: one is that the increased GACR absorbed more light components; the other is that the chemical reaction between the basic groups on the molecular chains of GACR and the acidic groups in the asphalt reinforced the interfacial bonding between them (Xie et al., 2019a).
3.1.3 Ductility
The results of analysis of variance on ductility are listed in Table 5. It is observed that the fitting effect of the model was good and the correlation coefficient between predicted values and actual values was high.
TABLE 5 | The analysis of variance results of ductility.
[image: Table 5]The significant variables were determined as A, B, C, AC and BC. And the fitting equation of this model based on the significant variables is:
[image: image]
where: R3 is the ductility value of TB/GACR.
According to Eq. 4, the RSM models of shearing temperature, shearing time and GACR content with respect to ductility were obtained, as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Response surface plot of ductility (A) Under the interaction of temperature and time; (B) Under the interaction of time and GACR content.
Raising temperature not only favored the swelling of the GACR and the generation of the network structure in modified asphalt but also accelerated the chemical reaction between acrylamide groups of GACR and anhydride groups of base asphalt (Xie et al., 2019a; Xie et al., 2019b). To sum up, the homogeneity of TB/GACR increased with temperature, which improved the ductility consequently.
Even GACR has higher compatibility with asphalt and dispersed more uniformly compared with original crumb rubber (Li et al., 2021), the ductility still gradually decreased with the increase of its content. This is because that GACR cannot dissolve in asphalt and the particles aggregate easily with the increase of content. Hence the homogeneity of TB/GACR got worse and the stress concentration formed, resulting in a fall in ductility.
3.1.4 Softening point difference
The results of analysis of variance on storage stability are shown in Table 6. It can be seen that the fitting model of quadratic equation was significant (p = 0.0004). After correction, the correlation coefficient between predicted values and measured values was 91%, indicating that this model was reasonable to predict and analyze the softening point difference.
TABLE 6 | The analysis of variance results of softening point difference.
[image: Table 6]The significant variables were A, B, AC, C2, and the response surface fitting equation obtained based on the variables is:
[image: image]
where: R4 is the softening point difference value of TB/GACR.
From Eq. 5, the RSM models of shearing temperature, shearing time and GACR content on softening point difference can be obtained, as shown in Figure 5.
[image: Figure 5]FIGURE 5 | Response surface plot of softening point difference (A) Under the interaction of temperature and time; (B) Under the interaction of time and GACR content.
It can be seen from Figure 5A that with the increase of shearing temperature, the softening point difference of TB/GACR decreased, indicating that the storage stability improved. However, the way temperature affected storage stability was not same in different range. When the temperature was raised from 160°C to 180°C, the swelling degree of GACR increased and a gel film formed on the surface of GACR, which led to the semi-solid continuous phase of TB/GACR (Xie et al., 2019a; Xie et al., 2019b). When the temperature exceeded 180°C, GACR conducted desulfurization and degradation to generate small molecules. According to Stokes’ law, the reduction of particle size helps to reduce the speed of its falling (Wen et al., 2018). Therefore, the generation of small molecules improved the storage stability.
With the increase of shearing time, the softening point difference showed a downward trend, indicating that the longer the shearing time, the better the dispersion of GACR and the better the storage stability of TB/GACR.
The grafting activation of crumb rubber strengthened the interaction between it and base asphalt but not improved its solubility in base asphalt very much, and so the aggregation of GACR could not be avoided when the content was high. That’s why the storage stability dropped with the increase of GACR content.
3.1.5 Viscosity
The results of analysis of variance on viscosity are shown in Table 7.
TABLE 7 | The analysis of variance results of viscosity.
[image: Table 7]It can be seen that the model had high correlation and fitting degree to predict and analyze the change law of viscosity. The response surface fitting equation of viscosity based on significant variables is:
[image: image]
where: R5 is the viscosity value of TB/GACR.
From Eq. 6, the RSM models of GACR content, shearing temperature and shearing time on viscosity were obtained, as shown in Figure 6.
[image: Figure 6]FIGURE 6 | Response surface plot of viscosity. (A) Under the interaction of temperature and time; (B) Under the interaction of time and GACR content.
The change trend of viscosity with temperature was the same with that of softening point, namely, first rose then descended. Also, the prolongation of shearing time raised viscosity at lower temperature (160°C–180°C) but reduced it at higher temperature (>180°C). Simultaneously, the reason causing this phenomenon was identical to that discussed in the softening point section.
When talking about GACR content, it increased the viscosity TB/GACR regardless of temperature and time. This could be attributed to the decrease in light components because of GACR swelling and the reinforcement in interaction between GACR and base asphalt.
3.2 Optimized process parameters of TB/GACR
On the basis of the analysis and discussion of the influence of GACR content, shearing temperature, and shearing time on the performance of TB/GACR, using the desired goal values as control, the optimal process parameters were predicted through Optimization module of RSM and listed in Table 8. Since TB system contained 15% rubber powder, in view of operation convenience and comprehensive properties of TB/GACR, the process parameters were proposed as shearing temperature of 190°C, shearing time of 90min and GACR content of 15%.
TABLE 8 | Determination of Optimal values.
[image: Table 8]3.3 High and low temperature performance
Three kinds of modified asphalts: TB, GACR-MA, and TB/GACR, were prepared by the optimal process parameters, and the penetration, softening point, viscosity and rheological properties of the modified asphalts were tested to evaluate the high-temperature performance. As shown in Figure 7, the penetration of TB, GACR-MA and TB/GACR decreased and the softening point increased sequentially. Compared with TB, the penetration of TB/GACR decreased by 28.4%, and the softening point increased by 20.5%. Meanwhile, the high temperature rheological properties of modified asphalts were measured and the rutting factor (G*/sinδ) was used to characterize the abilities of resistance to rutting and permanent deformation. As shown in Figure 8, the rutting factor of TB was the smallest and that of TB/GACR was the largest at the same temperature.
[image: Figure 7]FIGURE 7 | Penetration, Softening point and Viscosity of modified asphalts.
[image: Figure 8]FIGURE 8 | The G*/sinδ of modified asphalt.
The creep stiffness (S) and creep rate (m-value) measured by bending beam rheometer (BBR) are used to evaluate the performance of TB/GACR under low temperature environment. The test results were listed in Table 9. At the same temperature, the smaller the S and the greater the m-value of the modified asphalt, the better its low-temperature performance. It is obvious that under the low temperature environment of −12°C and −18°C, the S of TB/GACR was significantly lower than that of TB and GACR, and TB/GACR had the smallest S and the largest m-value among the three modified asphalt.
TABLE 9 | S and m-value of modified asphalts.
[image: Table 9]To sum up, TB/GACR had the best high and low temperature properties among these three kinds of modified asphalts. It could be explained that GACR had a positive effect on improving high temperature performance of TB asphalt, and the addition of GACR did not affect its low-temperature performance.
3.4 Storage stability
Segregation tests were carried out on the three kinds of modified asphalts, and the results of softening point difference are shown in Figure 9A. The softening point difference was greater for TB/GACR compared to TB because the addition of the rubber powder disrupted the homogeneous structure of the asphalt, thus increasing the possibility of segregation. In comparison to GACR asphalt, the softening point difference of TB/GACR was reduced by 38%, indicating that TB/GACR still maintained the excellent storage stability of TB and further reduced the segregation phenomenon of GACR in modified asphalt.
[image: Figure 9]FIGURE 9 | Softening point difference (A) and SI (B) of modified asphalts.
To further evaluate the storage stability of modified asphalts, the SIs were calculated from the temperature sweep test (Figure 9B). It could be seen that the SI of TB asphalt was stable at about 1.0 within the scanning temperature range. Among the three kinds of modified asphalts, GACR-MA had the largest SI, which indicating the poorest storage stability. Compared with TB asphalt, the SI of TB/GACR increased slightly but obviously lower than that of GACR-MA. The results of SI are consistent with the results of softening point difference, which fully indicates that the storage stability of TB/GACR is slightly inferior to that of TB bitumen, but superior to that of GACR-MA.
4 CONCLUSION
GACR and TB asphalt were compounded to prepare rubber asphalt with good storage stability and high temperature performance. With the penetration, softening point, ductility, storage stability and viscosity as indexes, RSM was adopted to optimize the process parameters. The main conclusions were summarized as follow.
(1) In the range of 160°C–180°C, GACR mainly swelled in TB asphalt by absorbing the light components. Both the increase of temperature and prolongation of time facilitated the swelling degree and thus improved the high temperature performance and storage stability of TB/GACR asphalt.
(2) In the range of 180°C–200°C, GACR degraded obviously. The crosslink bonds tended to break easily with increasing temperature and time, and consequently, the low temperature property and storage stability of compound modified asphalt were further improved but the high temperature property decreased.
(3) The increase of GACR content was beneficial to the high temperature performance of TB/GACR asphalt. But at the same time the aggregation possibility of the insoluble crumb rubber also increased, which reduced the storage stability and low temperature performance.
(4) According to the experiment results and the operation convenience, the optimum preparation parameters of TB/GACR asphalt were suggested as follows: shearing temperature of 190°C, shearing time of 90min and GACR content of 15%.
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