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The high-temperature rheological properties of rubberized asphalt and mixture were evaluated by frequency scanning, repeated creep recovery (RCR) test, temperature sweep test, Hamburg wheel tracking test (HWTT). Based on the Pearson correlation coefficient, the correlation of the mixture gradation and asphalt characteristics with the high-temperature stability of the mixture was analyzed. Finally, the gray correlation theory was applied to analyze the evaluation indexes of the high-temperature rheological properties of rubberized asphalt and mixture. The results show that the asphalt-stone ratio and the fractal dimension (Dc) of coarse aggregate have a significant correlation with the high-temperature performance of the mixture, and the mixture with a smaller asphalt-stone ratio and a higher percentage of coarse aggregate has a better high-temperature performance. The correlation degree of softening point, viscous stiffness modulus and permanent deformation with rubber-asphalt mixture is higher than 0.7, and are significantly higher than those of rotational viscosity at 180°C. Therefore, we recommend the use of permanent deformation, softening point, and viscous stiffness modulus to evaluate the high-temperature performance of rubberized asphalt mixture.
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1 INTRODUCTION
As a mature environmentally-friendly pavement material, rubber modified asphalt has been widely used in China for decades. It shows advantages in noise reduction and skid resistance and boosts excellent high and low temperature performances, especially high-temperature performance, and anti-fatigue property (He et al., 2014; Zhou et al., 2014; Ma et al., 2021). At present, the evaluation indexes for the high-temperature performance of rubber modified asphalt are still similar to those for matrix asphalt and conventional polymer modified asphalt. South Africa, the United States, and Chile all use rotational viscosity at 177 °C (He, 2019) and China adopts rotational viscosity at 180 °C stipulated in crumb rubber modified Asphalt for Highway Engineering (JT/T 798–2019) (Industry standards of Transportation Department of the People ' s Republic of China, 2011a). However, 177°C–180°C is a range of mixing temperature during construction and does not fit the actual pavement operating temperature. When the rubberized asphalt is at 180°C, a solid-liquid two-phase separation state is formed inside, which is quite different from the phase structure of rubberized asphalt in the working temperature range. Therefore, it is difficult to evaluate the high-temperature rutting resistance of the road surface. In addition, in the high-content rubber modified asphalt, the rotor movement may be blocked due to rubber powder accumulation, resulting in large result variability (He, 2019). To sum up, it is necessary to compare the evaluation indexes of high-temperature performance of rubber modified asphalt and propose an evaluation index that is highly correlated to the rutting resistance of the road surface to guide the construction.
At present, high-temperature performance evaluation indexes of rubberized asphalt have been extensively studied. Navarro (Navarro et al., 2005) studied the high-temperature performance of rubberized asphalt through dynamic shear rheometer (DSR) frequency scanning and rotational viscosity test and found that mixing rubber powder could significantly improve the temperature sensitivity and then the high-temperature performance of asphalt. Ding et al. (2019) and Hu et al. (2022) studied the performance of recycled asphalt concrete with stable crumb rubberized asphalt (SCRA) binder and foamed warm mix asphalt with crumb rubber, and found that the high and low temperature properties of the test samples were significantly improved after adding rubber. Shenoy (2001) concluded that the DSR rutting factor proposed in the SHRP plan was not an applicable index for grading evaluation of modified asphalts after high-temperature performance research on different polymer modified asphalts. They proposed an improved rutting factor G∗(sinδ)−9 to avoid the influence of the small phase angle of the modified asphalt on its high-temperature performance. Yang et al. (2010) studied the correlation between the dynamic stability of rubberized asphalt mixture and indicators of the corresponding modified asphalt, such as the rotational viscosity at 177°C, softening point, and penetration. It was found that the rotational viscosity at 177°C of the modified asphalt was significantly correlated to the dynamic stability of the mixture. Hu et al. (2018) tested the four components of different rubber modified asphalt based on multivariate regression analysis and gray correlation analysis to analyze the correlation between the proportion of the four components and each index. The results showed that the 60°C complex elastic modulus and the zero shear viscosity (ZSV) obtained by the DSR testing had a correlation coefficient as high as 0.99 with four components of asphalt. Li et al. (2015) studied the influence of rubber powder content and matrix asphalt type on the performance of rubber modified asphalt through conventional performance tests and DSR testing. Li also analyzed the applicability of evaluation indexes and concluded that penetration degree is not appropriate for the performance evaluation of rubber modified asphalt while the softening point is suitable. Huang et al. (2010) investigated the influence of rubber powder property, asphalt-stone ratio, porosity, etc., on the high-temperature performance of mixture through the wheel rutting test and found that rubber powder content and asphalt-stone ratio had more significant impacts.
In previous studies, various indexes were used to evaluate the high-temperature performance of rubberized asphalt and mixture. However, consistent results of asphalt and mixture have rarely been reported, making it difficult to characterize the high-temperature performance of actual road surfaces with asphalt evaluation indexes used in engineering. Therefore, in this paper, rubberized asphalt and mixtures with different viscosity grades were prepared based on the rotational viscosity at 180°C and their high-temperature rheological properties were analyzed using frequency scanning, repeated creep recovery (RCR), and temperature sweep tests. Furthermore, the correlation between indicators, including the fractal dimension of rubberized asphalt and mixture and high-temperature stability of three types of asphalt mixtures (SMA, ARAC, and AC) was analyzed by Pearson correlation. Finally, the gray correlation degree of the high-temperature performance evaluation index of asphalt and mixture was analyzed. It is expected that this study can guide the selection of reasonable evaluation indexes for rubberized asphalt pavement construction in the future.
2 RAW MATERIAL AND TESTS
2.1 Raw Materials
The rubberized asphalt with different viscosity grades (about 1 Pa·s, 3 Pa·s, 5 Pa·s, and 7 Pa·s) was prepared according to rotational viscosity at 180°C. Esso matrix asphalt and Maoming matrix asphalt (referred to as A and B) were selected as raw materials, and 30–100 mesh rubber powder under different dosing regimens was used as the modifier. For simplification, asphalt samples were expressed in the form of asphalt type-rubber powder content-rotational viscosity at 180°C. For example, A-20%-1 represents the Esso modified rubberized asphalt with a rubber powder content of 20% and a rotational viscosity of 1 Pa·s at 180°C. The performance indexes of raw materials, rubber powder, and modified asphalt are shown in Tables 1–3.
TABLE 1 | Main performance indexes of matrix asphalt.
[image: Table 1]TABLE 2 | Main performance indexes of rubber powder.
[image: Table 2]TABLE 3 | Main performance indexes of rubber modified asphalt.
[image: Table 3]2.2 Test Methods
2.2.1 Rheological Property Test
In this paper, the Bohlin cvo100D-ADS type DSR produced by Malvern, United Kingdom, was used to study the rheological properties of asphalt samples. The test temperature range of this instrument is 5°C–95 °C, the frequency range is 10 μHz–100 Hz, and the shear rate range is 0.1 μrad/s-320 rad/s, and the strain range is 1%–100%. In this paper, frequency scanning, temperature sweep, and RCR tests were conducted to evaluate the rheological properties.
2.2.1.1 Frequency Scanning Test.
The DSR frequency scanning was performed to explore the stress-resistant behavior of asphalt when vehicle loads were moving on the asphalt pavement at different speeds. In this paper, the change of complex viscosity with stress frequency from 0.001 to 10 Hz at 60°C was used to indicate the anti-deformation ability of rubber modified asphalt. Additionally, based on the Carreau model and the Cross model (He, 2019), ZSV of different asphalt samples was derived for subsequent correlation evaluation of asphalt indexes.
2.2.1.2 Repeated Creep Recovery Test.
The RCR test was proposed by Bahia et al. (2001). It aims to simulate the behavior of asphalt in the development of permanent deformation of the mixture when the pavement is under the traffic load. In this paper, the DSR instrument was applied to load the sample for 1 s and unload the sample for 9 s under a stress of 30 Pa and the cycle was repeated 100 times. The stress change of the sample was recorded. Finally, the Burgers model (Lin and Fan, 2018) was used to fit the obtained stress and deformation data, and the viscous stiffness modulus ([image: image]) and permanent deformation [image: image]) were applied for performance evaluation.
2.2.1.3 Temperature Sweep Test.
The rutting factor G∗/sinδ in the DSR temperature sweep is one of the important indexes to evaluate the high-temperature performance of asphalt. Since the phase angle of rubber modified asphalt has a low phase angle, its temperature sweep test was carried out at 64°C–82°C. Furthermore, the improved rutting factor G∗(sinδ)−9 based on the study of Shenoy (2001) was compared with the conventional rutting factor.
2.2.2 Hamburg Wheel Tracking Test
Hamburg wheel tracking test (HWTT) reflects the high-temperature rutting resistance of asphalt mixture through the stress-strain behavior of the mixture sample against deformation under repeated load. The rutting deformation rate (RDr) and the creep slope (CS) were used to evaluate the results of the HWTT. The physical meaning of RDr is the amount of rutting deformation per hour and a larger RDr indicates worse high-temperature rutting resistance. The RDr index includes the maximum rutting depth, which can compare the high-temperature rutting resistance among asphalt mixtures simply and effectively. CS represents the rutting development speed, which is reflected in the rut development curve as the reciprocal of the slope in a certain stage, and its physical meaning is the number of loadings to produce 1 mm deformation.
3 TEST RESULTS
3.1 Rheological Property Test Results
3.1.1 Frequency Scanning Test Results
The relationship between frequency and complex viscosity obtained by frequency scanning of different rubber modified asphalt samples at 60 °C is shown in Figure 1.
[image: Figure 1]FIGURE 1 | The relationship between frequency and complex viscosity obtained by frequency scanning of different rubber modified asphalt samples.
As shown in Figure 1, the increase of the complex viscosity gradually slows down with the progressive increase in rotational viscosity. When the frequency is 0.001 Hz, the complex viscosity of the B-21%-3 sample is 686.4% higher than that of the A-16%-1 sample, while the complex viscosity of the B-24.5%-7 sample is only 27.8% higher than that of the B-23.5%-5 sample. However, the gap decreases significantly as the scanning frequency increases. When the scanning frequency is 10 Hz, the complex viscosity of the B-21%-3 sample is 56.9% higher than that of the A-16%-1 sample, while the complex viscosity of the B-24.5%-7 sample is only 6.4% higher than that of the B-23.5%-5 sample. It is shown that under low-frequency stress scanning, the complex viscosity and the rotational viscosity have large evaluation differences.
Since rubberized asphalt is easily affected by stress frequency, its viscosity evaluation index is also susceptible to the interference of stress frequency. In this paper, ZSV derived based on the Carreau model and the Cross model (He, 2019) was adopted as an evaluation index of rubberized asphalt. The variation of ZSV of different modified asphalt samples is shown in Figure 2.
[image: Figure 2]FIGURE 2 | ZSV of modified asphalt under different calculation models.
ZSV increases with the progressive increase of rotational viscosity. The linear fitting shows that the correlation coefficient between ZSV derived based on the two models and rotational viscosity are 0.9866 and 0.9955, respectively, indicating strong correlations. Furthermore, the fitting slope of the Carreau model is greater than that of the Cross model, indicating that the Carreau model is more sensitive to asphalt viscosity changes.
3.1.2 Repeated Creep Recovery Test Results
The trends of the viscous stiffness modulus ([image: image] and permanent deformation [image: image]) of different modified asphalt under the stress of 30 Pa in the RCR test are shown in Figure 3.
[image: Figure 3]FIGURE 3 | RCR test results of modified asphalt with different rotational viscosities.
It can be seen from Figure 3 that as the rotation viscosity progressively increases, the viscous stiffness modulus ([image: image] of asphalt samples increases, and the permanent deformation [image: image]) decreases, suggesting that asphalt samples with higher viscous stiffness modulus ([image: image] have a better permanent deformation [image: image]) resistance ability. This finding is consistent with the previous conclusion. The linear fitting of rotational viscosity and viscous stiffness modulus ([image: image] show that the R2 = 0.7582, which indicates a strong correlation, but the correlation is weaker than that between ZSV and rotational viscosity.
3.1.3 Temperature Sweep Test
In this paper, the rutting factor G∗/sinδ and the improved rutting factor G∗(sinδ)−9 were used to evaluate the asphalt samples. The results are shown in Figure 4.
[image: Figure 4]FIGURE 4 | The trend of two rutting factors of different modified asphalt. (A) Conventional rutting factor (B) Improved rutting factor.
As shown in Figure 4, the basic trends of the two indexes are the same. However, the difference among improved rutting factor G∗(sinδ)−9 is larger than that among conventional rutting factor G∗/sinδ. The temperature sweep curves of B-24.5%-7 and B-23.5%-5 in Figure 4A almost overlap while curves in Figure 4B do not. With the rising temperature, the decrease in the improved rutting factor G∗(sinδ)−9 is more significant than that of the conventional rutting factor G∗/sinδ. For example, the improved rutting factor of B-24.5%-7 sample at 82°C decreases by 95.8% compared with that at 64°C. In contrast, the conventional rutting factor G∗/sinδ decreases by 83.4%, suggesting that the improved rutting factor G∗(sinδ)−9 is more sensitive to changes in temperature and asphalt rotational viscosity.
3.2 Hamburg Wheel Tracking Test
In this paper, RDr and CS were adopted to evaluate the high-temperature rutting resistance of different modified rubberized asphalt mixtures with three gradations (SMA-13, ARAC-13, and AC-13). The sieve passing rates of these gradations are shown in Table 4, and the performance index of the mixture is shown in Table 5.
TABLE 4 | Sieve passing rates of the three gradations.
[image: Table 4]TABLE 5 | Asphalt-stone ratio and performance indexes of different modified asphalt mixtures.
[image: Table 5]4 TEST RESULT ANALYSIS
4.1 Correlation Analysis of Factors Affecting the High-Temperature Performance of the Mixture
4.1.1 Analysis of Gradation Characteristics Based on Fractal Theory
The correlations between factors including gradation type, rotational viscosity, rubber powder content, asphalt-stone ratio, and porosity, and two indexes (RDr and CS) in HWTT were analyzed. In this way, the influencing factors for the high-temperature performance of the mixture were ranked to guide the engineering construction. For the simplicity of the characteristics analysis of the overall gradation and coarse and fine gradations, the gradation was described based on the fractal dimension theory. Fractal dimension theory is an emerging subject that quantitatively describes the complexity and space-filling capacity of geometry. In addition, the theory can describe the asphalt mixtures, which are characterized by heterogeneity, nonlinearity, irregularity, and ambiguity, especially aggregate gradation with self-similarity (Yang et al., 2006).
The double logarithmic scatter plots of three gradation curves are drawn based on the fractal theory, as shown in Figure 5. The least square method was applied to perform linear regression to obtain the overall fractal dimension (D) of the gradation. Then, only the parts of the gradation curve with a value above or below 4.75 mm were taken to calculate the gradation fractal dimensions of coarse and fine aggregates (Dc and Df), respectively. The fractal indexes of the three degradations are shown in Table 6, and the changing trend is shown in Figure 6.
[image: Figure 5]FIGURE 5 | Double logarithmic scatter plot of three gradation curves.
TABLE 6 | Calculation results of the fractal dimension of three gradations.
[image: Table 6][image: Figure 6]FIGURE 6 | Three fractal dimensions with different gradations and their correlation coefficients.
1) R2 in the regression equation represents the fitting degree between the actual gradation and the gradation modeled based on the fractal theory. Figure 6 shows that the fractal characteristics of the three types of gradation are all strongly correlated. AC has the strongest correlation, and SMA has the weakest correlation. This phenomenon is because SMA gradation is discontinuous and its continuous granular material system with fractal characteristics breaks into multiple small fractal systems due to the lack of aggregates in a certain particle size range.
2) Figure 6 shows that the D and Df values of SMA are higher than those of ARAC and AC, which are continuous gradations. Figure 6 and the aggregate proportion of each gradation in Table 5 indicate that as the proportion of the coarse aggregate in the gradation increases, the D and Df values increase while the Dc value decreases. This result suggests that the fractal dimension can effectively characterize the difference in the proportion of particle size of different gradations. Therefore, in the following part, the Pearson correlation analysis between the characteristics of the overall gradation and coarse and fine aggregates represented by D, Df, and Dc, and the rutting performance indexes of the mixture in HWTT were conducted.
4.1.2 Correlation Analysis
The Pearson correlation analysis between fractal dimensions, rubber powder content, asphalt-stone ratio, and porosity of the three gradation types and RDr and CS obtained from HWTT was performed. The results are shown in Table 7.
TABLE 7 | Correlation analysis of mixture performance and influencing factors.
[image: Table 7]It can be seen from Table 7 that.
1) Among the influencing factors, asphalt-stone ratio, porosity, and Df are all positively correlated with RDr and CS, indicating that the larger the three factors, the worse the high-temperature performance of the mixture. While the other influencing factors are all negatively correlated with the two indexes in HWTT, indicating that when their values are large, the high-temperature performance of the mixture is excellent.
2) The asphalt-stone ratio and Dc have significant effects on the high-temperature performance of the mixture, and the absolute values of the correlation coefficients are higher than 0.7. The remaining factors in the order of influence are the rubber powder content, rotational viscosity at 180°C, porosity, D, and Df. The asphalt-stone ratio of the mixture needs to be determined by aggregate characteristics and gradation characteristics together and cannot be controlled artificially. Therefore, to improve the high-temperature performance of the mixture, the priority is controlling the proportion of the coarse aggregate in the gradation. Then the rubber powder content needs to be controlled to enhance the asphalt viscosity.
4.2 Gray Correlation Analysis for Performance Index of Asphalt and Index of Hamburg Wheel Tracking Test
4.2.1 Calculation Method for Gray Correlation Analysis
The gray correlation analysis of indexes of general performance and rheological performance and the indicators of HWTT was performed to obtain the index which has the strongest correlation with the indicator.
Gray correlation analysis theory (Tan and Deng, 1995), proposed by Chinese scholar Prof. Deng Julong in 1982, is an important part of gray system theory. It has been widely used in many scientific research fields. The basic idea of gray correlation analysis theory is to judge whether the relationship is close according to the similarity of the geometry of the sequence curve. Curves close to each other indicate a strong correlation between the corresponding sequences. Gray relational analysis theory is applicable whether the sample size has regularity or not. The calculation is easy, and the quantitative results agree with the qualitative analysis results. In practical applications, the degree of the influence of factors on the results is generally represented by the gray correlation degree. A value closer to 1 indicates a higher influence degree. The calculation process is as follows:
1 The reference sequence that characterizes the system (i.e., the result)and the comparison sequence that affects the system features (i.e., the influencing factor) are determined. The two sequences are characterized by X0(k),k = 1,2 … m and Xi(k),k = 1,2 … m,i = 1,2 … n, respectively, where m is the number of results corresponding to one factor, and n is the number of factors.
2 According to Eq. 1, the original data are non-dimensionalized:
[image: image]
where [image: image] is the non-dimensionalization result of the [image: image] th number of the [image: image] th factor (result).
3 The difference sequence is calculated according to Eq. 2:
[image: image]
Where [image: image] is the absolute value of the difference between the [image: image] th number of the [image: image] th factor and the [image: image] th result in the reference sequence after non-dimensionalization.
4 The gray correlation number is calculated according to Eq. 3:
[image: image]
where [image: image] is the correlation number between the [image: image] th number of the [image: image] th factor and the [image: image] th result in the reference sequence; [image: image] and [image: image] are the minimum and maximum values in the difference sequence, respectively; [image: image] is the correlation resolution coefficient, which is usually set at 0.5.
5 The gray correlation degree is calculated according to Eq. 4:
[image: image]
where [image: image] is the gray correlation degree between the [image: image] th factor and the reference sequence.
4.2.2 Gray Correlation Analysis
The data of the same kind of modified asphalt with different gradations in Table 5 are equalized (since the deformation of the A-16%-1 asphalt mixture reaches 1,000 mm, resulting in the abnormal indexes, this set of data is excluded from the analysis). RDr and CS in HWTT are taken as reference sequences. The softening point, rotational viscosity at 180 °C in the conventional test, the ZSV of the Cross model and Carreau model obtained by frequency scanning in the rheological property test, the viscous stiffness modulus ([image: image] and permanent deformation [image: image]) obtained in the RCR test, and the rutting factor G∗/sinδand the improved rutting factor G∗(sinδ)−9 at 64 °C in the temperature sweep test are taken as the comparison sequences. The gray correlation degree is calculated according to Eqs 1–4. The initial values of the reference sequence and the comparison sequence are shown in Table 8.
TABLE 8 | Initial values of the reference sequence and comparison sequence.
[image: Table 8]The correlation analysis is performed on the data in Table 8. The correlation between the two reference sequences is shown in Table 9.
TABLE 9 | Gray correlation degree of each asphalt index and the index in HWTT.
[image: Table 9]As shown in Table 9, the ranking of asphalt performance indexes in terms of the gray correlation degree with RDr and CS in HWTT is the same: permanent deformation > softening point > viscous stiffness modulus > rutting factor > rotational viscosity > ZSV (Cross model) > improved rutting factor > ZSV (Caren model). The permanent deformation has a correlation degree larger than 0.8 with both RDr and CS, indicating that it is strongly correlated with the high-temperature rutting resistance of the asphalt mixture. Additionally, the correlations between the softening point and viscous stiffness modulus and the two indexes in HWWT are all higher than 0.7, which indicates a strong correlation. Therefore, the use of the permanent deformation and viscous stiffness modulus in the repeated creep test is recommended for the evaluation of the high-temperature performance of rubberized asphalt mixture. Compared with rotational viscosity in conventional tests, they correlate better with the high-temperature stability of the mixture. The softening point also shows an excellent correlation with the high-temperature performance in conventional tests and has a priority over rotational viscosity.
5 CONCLUSION

1) The correlation coefficients of eigenvalues based on fractal dimension theory are all greater than 0.9, which indicates that fractal dimension theory is suitable for characterization of gradation characteristics. Based on the correlation analysis of the influencing factors of the high temperature performance of the mixture, it can be seen that the asphalt-stone ratio and the fractal dimension of coarse aggregate Dc have significant indigenous effects on the high temperature performance of the mixture. Therefore, gradation has the greatest impact on the high temperature stability of rubberized asphalt mixture.
2) The grey correlation degree was used to analyze the indexes of rubberized asphalt binder and hamburger rutting test results. It was found that there was no significant correlation between rotational viscosity and other high temperature rheological indexes and rubberized asphalt mixture. The correlation coefficient between the permanent deformation, viscous stiffness modulus and softening of the repeated creep test and the results of the Hamburg rutting test is greater than 0.7, showing a significant indigenous correlation, which can effectively characterize the high-temperature performance of rubberized asphalt binder. These three indicators are recommended as high-temperature evaluation indexes of rubberized asphalt binder.
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