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Oxidative aging of asphalt binders seriously affects the durability of asphalt pavements and causes early damage. Hence, appropriate indices that could track the extent of asphalt binder aging are of great importance to the material selection, design, and maintenance of asphalt pavement. This paper aims to select the applicable rheological and chemical indices to characterize oxidative aging degrees of polymer-modified asphalt binders. Styrene–butadiene–styrene (SBS)-modified asphalt and two kinds of SBS/crumb rubber compound-modified asphalt were subjected to a rolling thin-film oven (RTFO) test and 20 h, 40 h, and 60 h pressure aging vessel (PAV) tests. Various rheological experiments at different temperature ranges were applied to obtain rheological indices, including complex shear modulus (|G*|), G–R parameter, and J′ (derivative of creep compliance). A range of chemical indices were determined by Fourier transform infrared spectroscopy (FTIR). The results indicate that the carbonyl index is strongly correlated with PAV aging time. |G*| at 52°C and J′ values at −18°C are the two most promising rheological indices to track the oxidative aging of asphalt binders and relate well to the chemical changes induced by PAV aging. In addition, the G–R parameter is problematic in some instances when used as the rheological index because its accuracy depends on the precise fitting of master curves.
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1 INTRODUCTION
Polymer modifiers are widely used in China to improve the anti-aging performance of asphalt binders and to extend the service life of asphalt pavement. Nevertheless, polymer-modified asphalt binders face an inevitable oxidative aging problem that causes asphalt materials to harden and reduce their cohesion capacity (Qin et al., 2014; Rahmani et al., 2018; Cai et al., 2024). Furthermore, due to asphalt hardening, asphalt mixtures may develop cracks and other deteriorations. The development of cracks leads to a decrease in the service performance of asphalt pavement, increasing the need for maintenance and repair (Yao et al., 2023; Yao et al., 2023). Therefore, it is of vital importance to identify appropriate indices that can effectively characterize the aging degrees of polymer-modified asphalt binders and contribute to the design, construction, and maintenance of asphalt pavement.
In general, rheological parameters and chemical functional groups are the two main categories used to trace and quantify the oxidative aging of asphalt binders. Researchers have proposed many rheological indices, including rutting parameter (|G*|/sinδ), fatigue parameter (|G*|∙sinδ), Glover–Rowe (G–R) parameter, and so on, because they are well correlated to the physical or mechanical properties of asphalt binders and are easily obtained by a dynamic shear rheometer (DSR) test (Hao et al., 2017; Zhang et al., 2018; Zhang et al., 2023). The main drawback when these rheological indices are used to characterize the aging behavior of asphalt binders is that they only reflect the changes in the materials' physical parameters or paving performance and can hardly indicate any alteration in material components. However, the chemical indices can directly indicate the oxygen uptake during asphalt binders’ oxidative aging process using a Fourier transform infrared spectroscopy (FTIR) technique. It is generally recognized that the formation and accumulation of sulfoxide and carbonyl are two major chemical reactions in the aging process of asphalt binders (Peterson, 2009). The index of the carbonyl function group was proved to effectively determine the long-term aging behavior of asphalt binders because the formation rate of the carbonyl group remained stable throughout the aging process (Huh and Robertson, 1996). In addition, polymer degradation is a significant part of the polymer-modified asphalt binders aging process (Xu et al., 2021; Zhou et al., 2023), and thus, the relative proportion of polystyrene (PS) and polybutadiene (PB) can be reasonable indices to trace the oxidative aging of polymer-modified asphalt binders.
Although numerous indices have been proposed in the past decades, a comprehensive investigation focusing on the rheological and chemical indices and their relationships to oxidative degrees is currently missing. In addition, because most existing studies conducted the standard aging processes, including the rolling thin-film oven (RTFO) test and the pressure aging vessel (PAV) test, there is still a lack of studies on evaluation indices that consider the long-term laboratory aging effects. Hence, this paper aims to investigate various rheological and chemical indices to characterize the long-term oxidative aging of polymer-modified asphalt binders. SBS-modified asphalt and two kinds of SBS/crumb rubber (SR1 and SR2)-modified asphalt were used to extend PAV aging to simulate long-term aging. All the asphalt binders at each aging condition were subjected to a DSR test, a bending beam rheometer (BBR) test, and an FTIR test to obtain the rheological and chemical indices at different temperature ranges. Furthermore, the relationships between aging indices and PAV aging time and the interrelationship of different indices were also discussed. A technical flowchart of this paper is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Technical flowchart.
2 MATERIALS
The details of three polymer-modified asphalt binders and the long-term aging time are shown in Table 1. All these asphalt binders were obtained from Jiangsu Baoli Asphalt Co., Ltd. All the asphalt binders were subjected to a PAV (AASHTO R28) test to assess the rheological and chemical changes in terms of long-term oxidative aging, and the testing time was prolonged compared to standard aging time. In this procedure, 50 g of the residue from the RTFO (AASHTO T240) test was further conditioned in the PAV at 100°C and 2.1 MPa pressurized air for the corresponding testing time.
TABLE 1 | Details of asphalt binders.
[image: Table 1]3 MEASUREMENT OF AGING INDICES
3.1 DSR procedure
The temperature sweep and frequency sweep tests were conducted using HAAKE MARS 40 model DSR. For the former test, the applied strain and frequency were 1% and 1.59 Hz, respectively. The test temperatures were 52°C, 58°C, 64°C, 70°C, and 76°C to find an appropriate index that could characterize the asphalt binders’ aging degrees at a relatively higher temperature. For the frequency sweep test, a 1% strain amplitude was used to ensure the obtained rheological parameters of all asphalt binders were in their linear viscoelastic range. The test angular frequencies were set to be between 0.1 and 100 rad/s, and the same sample of each asphalt binder was tested under six temperatures (15°C, 25°C, 35°C, 45°C, 60°C, and 70°C).
3.1.1 Complex shear modulus (|G*|)
The complex shear modulus (|G*|) can be measured directly by an oscillation test and can well track changes in a binder’s physical properties induced by oxidative aging (Sun et al., 2024). Therefore, it was selected as one of the rheological indices. In addition, it is an important indicator in the Superpave performance grading specification. Figure 2A shows the variation in SBS asphalt binders |G*| with the temperature increase at different aging conditions.
[image: Figure 2]FIGURE 2 | (A) |G*| of the SBS-modified asphalt binder; (B) G–R parameter; (C) J′ of the SBS-modified asphalt binder at −18°C; (D) FTIR spectra of the SBS-modified asphalt binder; (E) chemical indices in the fingerprint region.
3.1.2 G–R parameter
The G–R parameter was also used as a rheological index in this paper. It was proposed to quantify the age-related cracking resistance of asphalt binders at the intermediate temperature range (Glover et al., 2002; Rowe, 2011) and could be obtained from the black space diagram. In addition, based on Kandhal's (1997) ductility thresholds, the G–R parameters at values 180 kPa and 600 kPa are deemed to identify the onset of cracking and significant cracking, respectively (Rowe, 2011). The following equation details the calculation formula of the G–R parameter.
[image: image]
where [image: image] and [image: image] are the complex shear modulus and phase angle measured at 15°C and 0.005 rad/s, respectively.
However, testing at 0.005 rad/s is impossible, and thus, the [image: image] and [image: image] values at a reduced frequency that corresponds to 15°C and 0.005 rad/s, respectively, were obtained from the master curves based on the time–temperature superposition principle. Figure 2B shows the black space diagram of the SBS-modified asphalt binder at different aging conditions.
The Christensen–Anderson–Marasteanu (CAM) model, which is widely used, was taken to construct master curves for complex shear moduli, as represented in the following equation (Yusoff et al., 2011).
[image: image]
where [image: image], [image: image] and [image: image] are glassy modulus, crossover frequency, and reduced frequency, respectively; [image: image] = log(2/R), where R is a rheological indicator defined as the ratio of [image: image] to the [image: image] at the crossover frequency; and [image: image] is one of the shape parameters of the master curve. [image: image] addresses the issue of how fast or how slow the [image: image] data converge into the two asymptotes (the 45° asymptote and the [image: image] asymptote) as the frequency goes to zero or infinity.
Due to the addition of a relatively high content of polymer modifier, the phase angle master curves of the modified asphalt binders showed the characteristic of a plateau zone, and the CAM model could not fit very well. As a consequence, a modified double-logistic (DL) model was used to construct the phase angle master curves and was found to have a good fit with the observed data (Asgharzadeh et al., 2013). The shift factors for the construction of complex shear modulus master curves were then used to build phase angle master curves. This modified DL model is detailed in the following equation.
[image: image]
where [image: image] is the plateau phase angle, [image: image] is the reduced frequency, and [image: image] is the frequency at which the binder attains its plateau zone. [image: image] and [image: image] are two Heaviside step functions. [image: image] stands for the rise or fall on the left side of the plateau zone. [image: image] and [image: image] represent the slope of the master curve to the left side and the right side of the plateau zone, respectively.
3.2 BBR test
A BBR (Cannon Instrument Company) test was conducted on these three asphalt binders after each aging condition at four different temperatures (−12°C, −18°C, −24°C, and −30°C) according to AASHTO T313 to analyze their low-temperature rheological characteristics. Two parameters, creep stiffness (S) and creep rate (m-value), could be obtained from this test. The former parameter S represented the resistance to constant loading of the binder, and the latter parameter m measured the rate change of asphalt stiffness as the loads were applied (Wang et al., 2012). The S and m values of the tested binders at any time (t) were calculated by the following equations. In addition, two replicate beams of each asphalt binder were tested, and the average values are reported.
[image: image]
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where [image: image] is the creep stiffness (Mpa) at any time [image: image], [image: image] is the creep rate at any time [image: image], [image: image] is the applied constant load (N), [image: image] is the distance (102 mm) between beam supports, [image: image] is the width (12.5 mm) of the asphalt beam, [image: image] is the beam thickness (6.25 mm), and [image: image] is the mid-span deflection (mm) at time [image: image].
3.2.1 Derivative of creep compliance
Although [image: image] and [image: image] values at 60 s are widely used to describe the low-temperature performance of asphalt binders, they are used as two independent indicators for evaluation. A differential relationship exists between them in terms of mathematics. Hence, Liu et al. (2010) utilized Burgers’ four-parameter model and established the physical relationship between [image: image] and [image: image] and finally proposed the derivative of creep compliance J′ as a more reasonable index to characterize asphalt binders’ cracking resistance at low temperatures. Therefore, J′ at 60 s was also used as a rheological index to evaluate the long-term aging effect. This relationship is shown in the following equation, and the detailed derivation process can be found in Liu et al.’s paper. Figure 2C shows the J′ values of SBS-modified asphalt binders at 8 s, 15 s, 30 s, 60 s, 120 s, and 240 s, and the test temperature is −18°C.
[image: image]
3.3 FTIR test
In this paper, an FTIR spectrometer (Bruker, Germany) was used to quantify the functional groups of asphalt binders before and after aging in the wavenumber range of 4,000–400 cm−1. Spectra were recorded using 32 scans at a resolution of 4 cm−1. For reliability, a minimum of six replicates were tested for each asphalt binder. Changes in carbonyl, polystyrene, and polybutadiene functions were recorded at wavenumbers 1,700 cm−1, 699 cm−1, and 966 cm−1. An existing study (6) indicates that the number of sulfoxide functional groups determines the degree of an asphalt binder’s short-term aging, while the formation rate of the carbonyl is stable throughout the aging process. Therefore, this paper did not choose sulfoxide functional groups as the chemical index. Figures 2D, E indicate examples of the FTIR spectra and chemical indices. Chemical indices ICA and IPB/IPS were used in this study. They are calculated as shown in the following equations:
[image: image]
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where [image: image] is the area of the spectral bands of approximately 1,700 cm−1, [image: image] is the area of the spectral bands of approximately 699 cm−1, [image: image] is the area of the spectral bands of approximately 966 cm−1, and [image: image] is the area of the spectral bands between 2000 and 600 cm−1.
3.4 Linear regression
Linear regression is one of the most well-known modeling techniques and is a preferred technique for learning predictive models (Shen and Wang, 2024). In this technique, as the aging time is a continuous independent variable, the performance after aging (the dependent variable) can be continuous or discrete, and the property of the regression line is linear. Linear regression is very sensitive to outliers and can better identify them (Shen and Wang, 2023). Linear regression would also be convenient for practical engineering operations, predicting the performance of long-term aging asphalt.
4 RESULTS AND DISCUSSION
4.1 Evaluation of rheological indices
4.1.1 Complex shear modulus
Figure 3 shows the correlations between |G*| and aging time at different temperatures. As can be seen, SBS- and SR1-modified asphalt binders’ |G*| show a good linear correlation with aging time; however, this relationship for the SR2-modified asphalt binder is relatively poor, especially at high temperatures. Thus, this paper chose the |G*| values at 52°C for the next exploration, expecting they have a good relationship with other indices. In addition, the rate of oxidation is temperature-dependent; the slopes of regression curves decline as temperature increases. This means an appropriate rheological index that is directly related to a binder’s physical property should not be tested at a relatively high temperature because the binder’s viscous characteristic will strongly affect the accuracy of experimental results. In terms of the effect of modifications, it can be seen that the |G*| values of asphalt binders decrease at 52°C with the addition of crumb rubber. For SR1- and SR2-modified asphalt binders with the same crumb rubber content, the rise of the SBS modification content can significantly increase |G*| values at all test temperatures.
[image: Figure 3]FIGURE 3 | Changing curves of |G*| versus aging time: (A) 52°C, (B) 58°C, (C) 64°C, (D) 70°C, and (E) 76°C.
4.1.2 G–R parameter
As can be seen from Figure 4, all asphalt binders should have no cracking-related issues. In addition, it is obvious that the SBS asphalt binder’s G–R value rate of change is much larger than that of the other two asphalt binders. It indicates that adding crumb rubber effectively enhances the asphalt binder’s cracking resistance and anti-aging performance at an intermediate temperature range. Generally speaking, asphalt binder modulus and phase angle values increase with the increase of aging time in shear mode tests. This is because asphalt binders become stiffer and tend to behave more elastically. According to Figure 2B, however, the phase angle values of these three asphalt binders increase at 0.005 rad/s (which corresponds to approximately −3.099 Hz reduced frequency) before the aging time reaches 40 h, while the values decline between 40 h PAV aging and 60 h PAV aging. The same result, which is triggered by a combination of factors, was found by many researchers (Isacsson and Lu, 1999; Airey, 2003; Hao et al., 2017; Subhy et al., 2018; Zhang et al., 2018). With the increase in aging time, phase angle values increase at a low-frequency range and decrease at a high-frequency range. In addition, this changing trend is more obvious when the polymer modification content is more than 3% (Isacsson and Lu, 1999). In other words, this phenomenon is highly related to the testing frequency and modification dosage. Because the calculated frequency of the G–R parameter is 0.005 rad/s, which is relatively low, it can be predicted to appear. The decrease in phase angle values when the aging time reaches 40 h may result from the fact that most polymer has been degraded, and the asphalt phase begins to play a major role (Airey, 2003).
[image: Figure 4]FIGURE 4 | Changing curves of G–R values versus aging time.
4.1.3 Derivative of creep compliance
Figure 5 shows the correlation between J′ and aging time. It can be seen that this rheological index is not well-correlated with aging duration, especially when the test temperature is −30°C. Thus, the J′ values tested at −18°C were selected as the rheological index at a low-temperature range because of their relatively higher correlation. Another reason is that −18°C in the BBR test corresponds to −28°C in Superpave performance grading, which is an extreme service temperature for asphalt binders. We can see that all the J′ changing rates for the three asphalt binders induced by oxidative aging are not very different, while their initial J′ values are important for creep behaviors affected by oxidative aging at low-temperature conditions. Therefore, the addition of crumb rubber may not slow the asphalt binder’s aging rate but could enhance cracking resistance at low temperatures, which leads to relatively better low-temperature performance when asphalt binders are subjected to long-term aging.
[image: Figure 5]FIGURE 5 | Changing curves of J′ versus aging time: (A) −12°C, (B) −18°C, (C) −24°C, and (D) −30°C.
4.2 Evaluation of chemical indices
Numerous studies showed that asphalt binders exhibit an initial fast reaction period, followed by a relatively slower reaction period that has an approximately constant rate of oxidative aging (Petersen, 1998; Jin et al., 2011; Petersen and Glaser, 2011). In this paper, the chemical indices were evaluated within the constant rate period because all the asphalt binders were subjected to long-term oxidative aging.
Figure 6 compares two chemical indices with respect to aging time. The formation rate of carbonyl in the SBS-modified asphalt binder is the highest, although its initial ICA is relatively low. In addition, ICA and IPB/PS show a similar rank for base asphalt aging and polymer modifier degradation processes. It also can be seen that the IPB/PS values of SR1 and SR2 are higher than those of SBS, which may be because the added crumb rubber contains a certain amount of polystyrene and polybutadiene. However, the current study (Yan et al., 2018) shows that the chemical index IPB/PS is independent of the polymer modifier’s concentration fluctuation and can effectively represent the extent of aging of the polymer-modified asphalt binder. The authors consider that all the rheological indices directly relate to asphalt binder’s physical and mechanical properties, and the modifier degradation does not contribute much to oxidation products (Nivitha et al., 2016), while the volatilization of light components and the formation of macromolecules in base asphalt are the main causes of asphalt hardening. Hence, ICA was selected as a promising chemical index and used in the following analysis with the rheological indices.
[image: Figure 6]FIGURE 6 | Changing curves of chemical indices versus aging time: (A) ICA and (B) IPB/PS.
4.3 Correlation and sensitivity analysis
Figure 7 indicates the relationships between rheological indices, including high-, intermediate-, and low-temperature parameters, and the chemical index. As we can see, the correlation of the SBS asphalt binder’s G–R parameter with the ICA is not as good as the other rheological indices. This problem is related to the construction errors of |G*| and phase angle master curves. The G–R parameter accuracy depends on the precise fitting of master curves. In addition, the changing rates of different indices between the latter aging condition and the former aging condition are detailed in Table 2 to evaluate the aging sensitivities of different indices. Based on the comprehensive analysis of all indices, the anti-aging property of SBS-modified asphalt is relatively poor, and the SR2-modified asphalt exhibits good aging resistance performance. It can be concluded that the G–R parameter is the most sensitive index to aging effects. However, it is not reliable enough because of its relatively poor correlation with the chemical index. In addition, its calculation involves the phase angle, and the variation in the phase angle due to aging is quite complex. Therefore, based on the analysis of correlations between the different indices and their sensitivities to aging, |G*| values at 52°C and J′ values at −18°C are suggested as the rheological indices, and ICA is an effective chemical index to characterize long-term oxidative aging.
[image: Figure 7]FIGURE 7 | Correlations between rheological and chemical indices: (A) |G*| versus ICA; (B) G–R versus ICA; (C) J′ versus ICA.
TABLE 2 | Aging indices of asphalt binders.
[image: Table 2]5 CONCLUSION
In this study, various rheological and chemical indices were evaluated to track the long-term oxidative aging of polymer-modified asphalt binders. The main conclusions that can be drawn from the experimental and analytical results of this study are as follows:
(1) |G*| at 52°C and J′ values at −18°C are the two most promising rheological indices to track the degree of oxidative aging. The test temperature should not exceed 52°C when using |G*| as the rheological index to track the long-term oxidative aging of polymer-modified asphalt binders because the asphalt binder’s viscous characteristic will strongly affect the accuracy of experimental results.
(2) The volatilization of light components and the formation of macromolecules in base asphalt are the main causes of asphalt hardening. The carbonyl index ICA is suggested as an effective chemical index for characterizing long-term oxidative aging.
(3) Although the G–R parameter is the most sensitive index to aging effects, it is problematic in some instances when used as the rheological index because its reliability depends on the precise fitting of master curves.
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