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Abstract

:

Finding an alternative or supplementary test method to evaluating the low temperature performance of asphalt is an area of considerable interest. This paper tries to explore the possibility of using the dynamic shear rheometer (DSR) method for assessing the low temperature properties of styrenebutadienestyrene (SBS) modified asphalt. In the study, 60/80 and 80/100 pen grade asphalt binders, named binder A-70, binder B-70 and binder C-90, are used to produce the SBS modified asphalt samples. After that, the low temperature performance of the asphalt binders is characterized by using bending beam rheometer (BBR) test. The results indicate that the low temperature performance of the different binders is related to the source of the binder. The low temperature performance of asphalt could be improved with the addition of the SBS. The DSR test is used to develop the complex modulus master curves for binders. Based on the principle of time–temperature conversion, the glass transition temperature of asphalt is calculated by the Williams–Landel–Ferry (WLF) equation. The glass transition temperatures (Tg) of base asphalt and the SBS modified asphalt are determined by the viscoelastic parameters of the master curve and the WLF equation coefficients based on the time–temperature superposition principle. By establishing the relationship between the critical temperature and the Tg of the asphalt binder, the effectiveness of the method established in this paper is verified. The advantage of this method is the ability to use the DSR test for the rapid evaluation of the low temperature performance of asphalt, which is able to reduce testing materials and save testing time as well. The glass transition temperature of the SBS modified asphalt is closely associated with aging degree, asphalt source and the SBS content.
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1. Introduction


Since low temperature cracking remains one of the main failure modes of asphalt pavement in cold climate areas, significant attention is still being paid to the low temperature rheology of asphalt binders. In addition, while the performance of asphalt mixture is of secondary importance, the cracking resistance of asphalt pavement is mainly determined by the binder properties. Low temperature cracking usually occurs in extremely low temperature weather, within a few years after pavement construction, in general. This failure mode is visible on asphalt pavements because the binder could not deform when it is subject to temperature stress. When the stress exceeds the strength of the asphalt binder, transverse cracks could happen [1].



In order to reduce the failure frequency of low temperature cracking, it was necessary to improve the strength or stress relaxation capacity of the binder. The excellent low temperature performance of SBS modified asphalt has been widely recognized and widely used in pavement construction [2]. DSR is the key equipment in high and medium temperature PG systems. Bending beam rheometer (BBR) is the core equipment for low temperature measurement [3]. In the strategic highway research program (SHRP), DSR with parallel plate geometry was considered for low temperature PG systems, but was not selected because it was recognized that DSR measurements at temperatures below 5 °C suffer from compliance errors in the dynamic response when the typical film binders were used. Therefore, SHRP developed the BBR method to measure the low temperature rheological properties of asphalt binders (AASHTO T 313) [4]. A literature review showed that there are many articles about the low temperature rheology of asphalt [5]. However, the results of the study were subject to criticism if the low temperature properties of asphalt were measured using DSR. This was because the reliability of these test results was questionable. Due to the limitations of the instrument calibration, the limit temperature for DSR parallel plate measurements is approximately 5 °C [6].



With the progress of technology and related research [7,8], it has been shown that the temperature of DSR measurement could be as low as −40 °C. Although the BBR method has become the standard method for measuring low temperature performance, it has some shortcomings in operation. BBR takes a long time (about 3 h) to make and test samples, and it requires a large amount of binder (about 15 g) to manufacture each test sample, limiting, to a large extent, the low temperature testing of the binder obtained from field pavements [9]. With the passage of time, the field research of pavement performance monitoring became more and more important. However, it was very laborious and time consuming to extract a large amount of binder from the existing asphalt pavement for BBR tests [10]. In order to minimize this drawback, it would be valuable to use only a small amount of material for binder testing. Another disadvantage of the BBR method is that it is not reasonable to evaluate the low temperature cracking potential of binders because it only measures the stiffness (i.e., creep stiffness and relaxation rate) of a binder, rather than the fracture of a binder. Significant benefits are expected if an alternative method could be used to supplement (or replace) the existing BBR method used for the low temperature evaluation of binders, so as to improve the efficiency and accuracy of the grading evaluation procedure of binders [11,12]. In particular, if the method is based on DSR testing, only a single device is required to test the binder over the entire temperature range, which significantly reduces the test time and cost [13].



It is an urgent and important research task to evaluate the low temperature performance of asphalt materials. Asphalt materials are simple thermorheological materials. The macroscopic mechanical state is determined by the internal molecular movement state. The glass state transition temperature is a critical temperature in the process of the viscoelastic state changing with temperature [14,15]. Below the glass state transition temperature, the material is a brittle body with high modulus, and above the glass state transition temperature, it is in a viscoelastic state. Therefore, the glass transition temperature has rich physical and chemical significance, which can characterize the low temperature performance of asphalt materials [16]. The glass transition temperature could be used to characterize the low temperature performance of asphalt materials [17,18]. The ideal state is that the glass transition temperature is less than the minimum service temperature of asphalt material, so as to ensure its good deformation performance in the process of use, relax the internal accumulated stress, and avoid pavement cracking. In short, the lower the glass transition temperature, the better the low temperature performance of asphalt materials [19].



It is inconvenient to measure the glass transition temperature directly. The mechanical properties and many other physical properties, such as specific volume, the coefficient of expansion, specific heat capacity, thermal conductivity, density and dielectric constant of rheological materials change when they are in a glass state. Therefore, in principle, physical properties that undergo abrupt or discontinuous change during the glass transition process could be used to determine the glass transition temperature of a material [20].



Liu et al. presented an approach for analytically estimating the glass transition temperature using the viscoelastic parameters of master curves. A link between the glass transition temperature and the viscoelastic characteristic of asphalt binders was established. From the master curve, the reduced frequency corresponding to the peak of the loss modulus could be used to back calculate the glass transition temperature [21,22]. Kris used the master curve to determine the value of Tg for asphalt binders. It was found that the glass transition temperature and enthalpy relaxation increased linearly with the logarithm of storage time, indicating that the properties of asphalt change isothermally. Meanwhile, it was found that the characteristic relaxation time increases with the increase in isothermal storage time, indicating that the ability of the adhesive to relax stress under isothermal conditions decreases with the passage of time [23]. Sun et al. proposed a new program to characterize the rheological properties of asphalt binders across the whole pavement service frequency and temperature range. The results showed that the combination of BBR and DSR data greatly expanded the scale of complex shear modulus. The corresponding linear viscoelastic (LVE) master curve could be incorporated into the existing asphalt concrete complex modulus prediction equation, for better pavement response analysis and performance evaluation [24].



So far, there is no recognized and reasonable test method for the glass transition temperature of asphalt and asphalt mixtures. With the popularization of dynamic mechanical properties research in the field of road structure and materials, a dynamic mechanical performance test for asphalt materials or asphalt mixtures has gradually become a norm. The glass transition temperature of the material could be calculated by using the time temperature conversion principle and WLF equation, which not only maximizes the benefits of the existing experimental data, but also provides an effective method to determine the glass transition temperature.



One of the objectives of this study was to find an alternative or complementary test means or analytical method for the determination of the low temperature properties of asphalt using DSR, which is currently performed by the BBR test. More specifically, by comparing the correlation of the results obtained by the two test methods, BBR method could be supplemented (or potentially replaced), based on the material parameters generated by the DSR test and analysis methods. Three asphalt preparations of binder modified asphalt were selected for testing, and, thus, general conclusions were drawn. The final results obtained could be used as a strong complement to the BBR tests. It is hoped that the scientific insights provided could help to understand the inner low temperature mechanism of the material, realize the convenience and rapidity of the low temperature testing of pavement materials, and materialize certain engineering value and economy as well.




2. Materials and Methods


2.1. Materials


Asphalt binders A70, B70 and C90, used in this study, were obtained from the same local oil company. The physical properties of base binders are shown in Table 1. Three kinds of base binder materials, from the same area, were blended with SBS to prepare SBS modified asphalt. The asphalt binder was produced in a shear mixer at a constant speed of 1000 rpm at 170 °C for 2 h, and then poured into a barrel for cooling. In particular, all asphalt binders were kept at the same heating time to avoid an aging effect from the original binders.




2.2. Sample Preparations and Test Methodologies


2.2.1. Bending Beam Rheometer (BBR) Test


To prepare the BBR sample, a test sample of approximately 25 g was heated in a small container until it flowed. Then, the heated binder was poured into a mold and allowed to cool for 30 min. After the binder sample cooled to room temperature, the excess binder material on the top of the mold was carefully trimmed, to leave a smooth surface on the top, and then refrigerated for 20 min. Afterwards, the metal parts were carefully released from the mold to obtain a sample. The trabecular sample size (length × width × depth) was 12.5 × 12.5 × 6.5 mm. The whole BBR sample was prepared according to the method described in specification T 0627-2011 (or ASTM 6648-08) [25,26].



Different types of samples in unaged, RTFO and PAV states were tested using a bending beam rheometer. The three point bending test was carried out on the beam sample by applying a load to the mid span of the beam. Temperature control was achieved by an external temperature control unit, and a cooling medium in the instrument box was used to obtain a uniform temperature field. In the three point bending test, a contact load of 35 ± 10 mN was applied to the midspan of the beam, followed by a constant test load of 980 ± 50 mN. The deflection, with time, at the bottom midspan was measured during the application of the test load. The stiffness S(t) of the beam as a function of time could be estimated by Equation (1) [27].


  S  t  =   P  L 3    4 b  h 3  Δ  t     



(1)




where P is the test load, L is the distance between support points, b and h are the width and height of beam, respectively, and ∆(t) is the midspan deflection of test time, t. According to the low temperature standard of NCHRP-PG measured in SHRP, the stiffness modulus is S(T = 60 s) ≤ 300 MPa, and creep slope is m(T = 60 s) ≥ 0.3, where   m  T    is the slope of   log   S  t      to   log  t   .



The larger S value indicated that the binder was more brittle; the specimen was more prone to fracture at low temperature. A larger creep rate, m, indicated that the stiffness modulus of asphalt changed faster with time, indicating that the asphalt stress relaxation capacity was stronger, which could effectively alleviate the emergence of low temperature pavement cracking.




2.2.2. Dynamic Shear Rheometer Temperature–Frequency Sweep Tests


The low temperature rheological behavior of each binder was obtained by DSR with 8 mm and 25 mm parallel metal plates. For each binder, the material response dependent on temperature and loading frequency was identified by plotting the linear viscoelastic master curves of oscillatory response, such as dynamic modulus (|G*|) and phase angle (δ). The viscoelastic response of viscoelastic material is expressed by linear viscoelastic theory. The parameters of a viscoelastic material are obtained by fitting the viscoelastic model with the actual principal curve.



Compared with the sample preparation of BBR, the sample preparation using 8 mm or 25 mm parallel plates for the DSR test was relatively easy, simple and time saving. This was one of the main reasons why DSR has been more important than BBR in the low temperature characterization of binders in recent years. For the DSR binder samples, the binder was heated until the sample could flow freely, and then poured into the corresponding mold to cool for later use.



The accurate preparation of DSR samples was the key to obtaining representative and repeatable results. If the sample was not placed or trimmed properly, there might be large errors in estimating material properties. Each sample was tested twice to obtain its rheological response over a wide temperature range.



The test temperature range of base asphalt and SBS modified asphalt was 0–80 °C, the temperature gradient was 10 °C, and the frequency was 0.1–25 Hz. In order to avoid too small a distance between parallel plates, which could lead to excessive sample restraint and could be out of the linear elastic range of the sample, it was necessary to select the rotor size of the sample and the test spacing of the parallel plate reasonably. The specific parameters of each sample are shown in Table 2. In order to ensure that the sample frequency scanning was always in the linear elastic range, the appropriate strain value was selected through the strain amplitude scanning test. Due to the large number and complex types of test samples, it was impossible to scan each sample at first. Since the peak strain of the sample would decrease with the increase in frequency and the decrease in temperature, the peak strain value was determined by considering the most unfavorable test condition, 0 °C, and a frequency of 25 Hz. Since the rheological indexes are all based on the online viscoelasticity, when the complex shear modulus decreases to 95% of the initial value, the strain at this time could be regarded as the peak strain in the range of linear viscoelasticity. The strain value of asphalt was determined to be 0.1%. Then, frequency scanning tests were carried out on the samples at different temperatures, to obtain the data related to the construction of the main curve.




2.2.3. Method of Determining Complex Modulus and Phase Angle Master Curves


The low temperature material response of each binder was evaluated by frequency sweep test to obtain nondestructive linear viscoelastic properties related to the material. Then, using the sweep frequency data and the principle of time temperature superposition, the main curve at a specific reference temperature was obtained.



Time–Temperature Equivalence Principle


The main modulus curve could be obtained by translating the modulus curves at different temperatures through the time–temperature displacement factor to the modulus curve at the reference temperature. The effect of temperature on the complex modulus was only to shift the modulus curve at different temperatures, with its shape remaining unchanged. According to the time–temperature equivalence principle, the influence of temperature and frequency (loading time) on asphalt material could be transformed into the effect of reduced frequency through time–temperature displacement factor. The reduced frequency was obtained from Formula (2):


   ω r  = ω ×  α T   



(2)




where    ω r    was the reduced frequency;  ω  was the frequency;    α T    was the time–temperature displacement factor.



In this study, the time temperature displacement factor was obtained by Williams–Landel–Ferry (WLF) equation, as shown in Equation (3):


  lg    α T    =   −  C 1    T −  T 0       C 2  + T −  T 0     



(3)




where   lg    α T      is the horizontal shift factor corresponding to the temperature, T;    T 0    is the reference temperature; and    C 1    and    C 2    are the empirical parameters, with their values changing with the reference temperature.



For a given reference temperature, the magnitude of the horizontal shift of the loading frequency is called the shift factor. The relationship between the shift factor,   α  T   , and the reduced frequency,    f r   , is shown in Equation (4)


   f r  = f ×   α  T   



(4)




where    f r    is the reduced frequency, measured in Hz; f is the loading frequency, measured in Hz; and   α  T    is the shift factor.



If the logarithm of both sides of the above formula is taken, the reduced frequency is equal to [28]:


  log  f r  = log f + log   −  C 1    T −  T 0       C 2  + T −  T 0     



(5)








Complex Modulus Master Curve Model


According to the relevant research, the linear viscoelastic characteristics of asphalt cement can be well characterized by constructing the main curve. Due to the limitation of test conditions, it was difficult to obtain the mechanical properties of the asphalt materials under the condition of short time (high frequency), and it was also difficult to observe the asphalt materials for a long time. The influence of frequency (loading time) and temperature on the asphalt materials could be transformed into a reduction of frequency by means of time–temperature shift factor by constructing the main curve. In this paper, the viscoelastic behavior of SBS modified asphalt in wide temperature range and wide frequency domain was studied by standard logistic rheological model, as shown in Equation (6) [24]:


  L o g    G ∗    = θ +   α − θ   1 +  e  β + γ ⋅ log  f r       



(6)




where G* is complex shear modulus(kPa), θ is equilibrium modulus, α is glassy modulus, fr is reduced frequency, and β and γ are two shape parameters.





2.2.4. Derivation of the Formula for the Glass Transition Temperature


According to Equation (3), two different temperatures, T1 and T2, were selected in the determination of temperature conditions to derive Tg [29], then


  lg    α  T 1     =   −  C 1     T 1  −  T g       C 2  +  T 1  −  T g     



(7)






  lg    α  T 2     =   −  C 1     T 2  −  T g       C 2  +  T 2  −  T g     



(8)




where T1 ≠ T2;    α  T 1     and    α  T 2     are horizontal shift factors of T1 and T2, respectively.



If T1 is the reference temperature, the logarithm difference   lg    α  T 2  ′      of shift factor at temperature T2 relative to T1 could be obtained by formulas (7) and (8)


  lg    α  T 2  ′    = lg    α  T 2     − lg    α  T 1      



(9)







Derived from Equation (9)


  lg    α  T 2  ′    =  C 1  ×  C 2     T 1  −  T 2       C 2  +  T 2  −  T g       C 2  +  T 1  −  T g       



(10)







In the formula, there were only three unknowns, C1, C2 and    T g   . According to the previous studies, if    T g    of a polymer is taken as reference temperature, the universal constants of an amorphous polymer are C1 = 17.44, C2 = 51.6. By means of least square nonlinear fitting with Excel software, the Tg, which was not covered by test temperature, can be calculated.






3. Results and Discussion


3.1. Analysis of BBR Test Results


The low temperature performance requirements of the binder, with reference to the Superpave specification, were a stiffness of less than 300 MPa and an m-value greater than 0.30. The temperature dependence of the stiffness values of the A70 base asphalt and SBS modified asphalt, after PAV aging, are shown in Figure 1a. As shown in Figure 1a, the stiffness value of the SBS modified binder decreased significantly in a lower temperature condition. This could be explained by the loss of the viscosity of the asphalt binder at a low temperature, so the binder appeared to change from a liquid state at high temperatures, to a solid state at low temperatures. The addition of SBS was effective in reducing the modulus increase of the asphalt at low temperatures, which had a positive impact on the low temperature performance of asphalt.



Figure 1b shows the trend of m-values of the A70 base asphalt and SBS modified asphalt with test temperature. As shown in Figure 1b, there was an opposite trend in the m-value with test temperature when the m-value increased at higher temperatures compared to the stiffness value. The critical temperature of the base binder, determined by the m value in this study, was −9.5 °C. The critical temperature of the SBS modified binder with 5.5% SBS was −12.3 °C. It can be seen from the results that the low temperature relaxation ability of asphalt was improved by adding SBS. The critical temperature of the other SBS modified asphalt samples could also be determined by this method.



The critical temperature of the binders was determined by fulfilling the requirement for the stiffness value and the m-value at the same time. Therefore, the higher one of these two temperatures, the stiffness value and the m-value, was chosen to determine the low critical temperature of the various binders. Based on the stiffness value and m-value requirements, the minimum low temperature rating of each modified binder was determined, as described above, as shown in Table 3.



In Figure 2, it is shown that there was a significant difference between the SBS modified binders produced using three different sources of virgin asphalt. SBS modified asphalt produced from the C90 binder had a lower low temperature criticality than the A70 and B70 binders. The results indicate that high grade asphalt has a beneficial effect on the low temperature performance, and the low temperature performance of different binders was related to the binder source.




3.2. Analysis of Tg Calculation Results of SBS Modified Asphalt Based on Master Curve Test


It has gradually become the norm to conduct dynamic mechanical performance tests on asphalt materials. Using these kinetic test data for analysis, and calculating the glass transition temperature of the material through the time–temperature superposition principle (TTSP) and the WLF equation, not only maximized the benefits of the existing test data, but also provided an effective method for solving the glass transition temperature. The master curve of the complex modulus constructed in combination with the dynamic shear test was calculated based on the principle of time–temperature conversion, and the glass transition temperature of the asphalt material was calculated using the WLF equation, as shown in Figure 3. On the other hand, using the changing characteristics of the asphalt components to explore the relationship between them and the glass transition temperature exhibited some useful discussions on the microscopic composition change rules behind the viscoelastic behavior of asphalt. Therefore, based on the frequency scanning test results of the base binder and the SBS modified asphalt at 0, 10, 20, 30, 40, 50, 60, 70 and 80 °C, the viscoelastic parameter master curve and its displacement factor, for the A70 SBS modified asphalt under a PAV aging condition, were obtained, according to the time–temperature equivalent principle based on the reference temperature of 20 °C. The same results could be obtained for the other materials.



According to the principle of time–temperature equivalence, the shift factor at a reference temperature of 20 °C was obtained. The glass transition temperature of the material was obtained by nonlinear fitting of least square method with Excel software, using Formula (10). As shown in the Figure 4, 262.62 K was the glass transition temperature of the material, and the fitting effect was good. According to the same method, the glass transition temperature of the other asphalts could be obtained.



The    T g    of the base asphalt and SBS modified asphalt was obtained by the above method. Taking the SBS modified asphalt with different grades in a PAV state, the    T g    of the SBS modified asphalt decreased with the increase in SBS content, as shown in Figure 5. That is to say, the low temperature performance of the SBS modified asphalt was improved by adding the SBS. This shows that SBS could improve the low temperature performance of asphalt materials.




3.3. Validation of Glass Transition Temperature Results


The glass transition temperature calculated by the dynamic mechanical test data could reveal the low temperature performance of the SBS modified asphalt. The glass transition temperature not only had a clearly physical significance, but also could characterize the difference in low temperature performances between different base asphalt and SBS modified asphalts. In order to verify this result, it was feasible to use the glass transition temperature to evaluate the low temperature performance of asphalt materials, which was then validated in conjunction with the BBR test results in the paper.



3.3.1. The Glass Transition Temperatures of Different Asphalt Binder Sources


It can be seen from Figure 6 that the correlation coefficient r = 0.987, between the critical temperature and its    T g   , of the A70 SBS modified asphalt is greater than 0.950 (the confidence degree is 95%, and the degree of freedom is 2). The correlation coefficient r = 0.892, between the critical temperature and its    T g   , of the B70 SBS modified asphalt was less than 0.950 (the confidence degree is 95%, the degree of freedom is 2), and the correlation coefficient r = 0.993, between the critical temperature and its    T g   , of the C90 SBS modified asphalt was greater than 0.950 (the confidence degree is 95%, the degree of freedom is 2). The results indicate that there is a significant correlation between the two indicators. Therefore, it is reasonable to use    T g   , as calculated by DSR data, to evaluate the low temperature performance of SBS modified asphalt.



In order to further illustrate the relationship between critical temperature and the    T g    of SBS asphalt modified with different asphalt sources, the SBS asphalt modified with different asphalt sources should be analyzed. It can be seen from Figure 7 that the correlation coefficient, between the critical temperature and    T g    of the three kinds of SBS modified asphalt, was 0.93, which is greater than 0.632 (the confidence degree is 95%, and the degree of freedom was 10), indicating that there was a significant correlation between the critical temperature and    T g    of the three kinds of SBS modified asphalt. Moreover, it could be seen intuitively that the low temperature performance of the C90 SBS modified asphalt was better than that of A70 and B70 SBS modified asphalt. It can be seen from Figure 7b that, with the increase of SBS content, the critical temperature and    T g    of the SBS modified asphalt obviously decreased. Therefore, the influence of the SBS content on its low temperature performance was very significant, and the SBS asphalt modified by adding 5.5% of SBS content had the best low temperature performance. As the glass transition temperature had a clearly physical significance, it could characterize the difference in low-temperature performance between different asphalt sources and different SBS contents, and the evaluation results had a significant correlation with the critical temperature of the low temperature creep of the SBS modified asphalts (the confidence level is 95%). As a result, the data obtained by DSR experiments to calculate the glass transition temperature could be evaluated for the low temperature properties of the SBS modified asphalts. The method could not only reduce the workload of low temperature performance tests, it also provided strong and complementary evidence to evaluate the low temperature performance of asphalt materials.




3.3.2. The Glass Transition Temperature of Asphalt with Different Aging Degrees


In order to further explore the change trend of the    T g    of the asphalt binders under different aging degrees, the different aging states of three kinds of base asphalt and SBS modified asphalt with 5% SBS were analyzed.



The glass transition temperature of three kinds of base asphalt in different aging states is shown in Figure 8. The glass transition temperature of unaged, RTFO and PAV state asphalt rose with the deepening of aging degree. Meanwhile, the glass transition temperature of the B70 and C90 asphalts from the same source decreased with the increase in grade.



The glass transition temperatures of the three asphalt sources, with the addition of 5% SBS for different aging states, are shown Figure 8. The glass transition temperature of the modified asphalt in unaged, RTFO and PAV state rose with the increase in aging degree. At the same time, for the same source of asphalt in the B70 and C90 binders, the glass transition temperature at the same degree of aging decreased with the increase in grade.



In order to further verify the applicability of the glass transition temperature obtained by this method, the relationship between the glass transition temperature and the critical temperature of the corresponding asphalt under different aging conditions was established. As shown in Figure 9, the correlation coefficient R = 0.879, between the critical temperatures of the three base asphalts and their glass transition temperatures, is greater than 0.666 (95% confidence level, 7 degree of freedom), indicating that there was a significant correlation. Therefore, it is reasonable to use    T g    to evaluate the low temperature performance of base asphalt in different aging states. It could be seen from Figure 9b that the distribution range of the critical temperature and the    T g    of different aging states were clear and significant, which could well characterize the low temperature performance of asphalt.



The correlation coefficient R = 0.934, between the critical temperature and    T g    in different aging conditions for asphalt modified with the addition of 5% SBS, was greater than 0.666 (95% confidence level, 7 degree of freedom). The result showed that the critical temperature of SBS asphalt modified with 5% SBS content had a significant correlation with    T g   . At the same time, it could also be seen, from Figure 10, that the aging state had a great impact on the low temperature performance of the SBS modified asphalt. With the increase in the degree of aging, the    T g    and critical temperature of SBS modified asphalt rose. The influence of aging degree on different asphalt sources was also very different. For A70 asphalt, the change between its critical temperature and    T g   , with the increase in the degree of aging, was little. For the C90 asphalt, the different degrees of aging had a great influence on it, which made the critical temperature and    T g    change greatly. The reason was mainly due to the different content of the components in the asphalt, which made it sensitive to the aging effect of different causes.






4. Conclusions


The purpose of this study was to establish the relationship between the DSR results and BBR results of binders, and to find a rapid and accurate method to evaluate the low temperature performance of binders. The conclusions are as follows:




	(1)

	
The DSR device could be used to characterize the rheological properties of asphalt binders at different temperatures, which would be a potential for low temperature performance evaluation.




	(2)

	
A new method for evaluating the low temperature properties of asphalt was proposed. The glass transition temperature of base asphalt and SBS modified asphalt was determined by the viscoelastic parameters of the master curve and the WLF equation coefficients. By establishing a relationship with the critical temperature of asphalt, the effectiveness of the method developed in this paper was verified.




	(3)

	
The advantage of this method was the ability to use DSR test for the rapid evaluation of the low temperature performance of asphalt, which could save testing materials and time.




	(4)

	
The glass transition temperature of SBS modified asphalt was closely related to aging degree, asphalt source and SBS content. This was mainly due to the different sensitivity of asphalts from different sources, to aging.
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Figure 1. Stiffness values and m-values of SBS modified binders produced with binder source A70 versus test temperature: (a) Stiffness values; (b) m-values. 
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Figure 2. Minimum low temperatures of various binders. Note: S-T means stiffness modulus temperature; m-T means m value temperature. 
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Figure 3. Complex shear modulus master curve and displacement factor of A70 SBS modified asphalt at 293.15 K. 
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Figure 4. Fitting results of    T g    of SBS modified asphalt. 
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Figure 5. Fitting results of different SBS modified asphalts: (a) unaged state; (b) PAV state. 
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Figure 6. The relationship between critical temperature and    T g    (a) A70, (b) B70, (c) C90. 
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Figure 7. The relationship between critical temperature and    T g    (a) different binder sources. (b) different content of SBS. 
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Figure 8. The    T g    of binders at different aging states (a) base binder (b) SBS modified binder. 
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Figure 9. The relationship between critical temperature and    T g   . (a) base binders. (b) different aging states. 
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Figure 10. The relationship between critical temperature and    T g    for SBS modified binder at different aging states. 
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Table 1. Performance results of base binder.
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	Physical Properties
	Binder A70
	Binder B70
	Binder C90
	Standard
	Test Method





	Penetration (25 °C, 5 s, 100 g) (0.1 mm)
	72.3
	73.2
	95.2
	60–80
	T0604



	Softening point (R&B)/°C
	47.8
	48.3
	47.4
	≥46
	T0606



	Viscosity (60 °C)/Pa·s
	187
	194
	184
	≥180
	T0620



	Ductility (10 °C, 5 cm/min)/cm
	39
	34
	45
	≥20
	T0605
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Table 2. Test parameters of frequency scanning test.
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	Material Types
	Temperature/°C
	Frequency/Hz
	Geometry/mm





	Base Binder

(unaged, RTFO and PAV)
	0–80 @10
	0.1–25
	φ8 mm @1 mm (0–40 °C)

φ25 mm @1 mm (50–80 °C)



	SBS modified binder

(OB, RTFO and PAV)
	0–80 @10
	0.1–25
	φ8 mm @2 mm (0–40 °C)

φ25 mm @2 mm (50–80 °C)
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Table 3. Minimum low temperature determination results of SBS binders.
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	Minimum Temperature
	Stiffness
	m-Value
	Low Temperature Determination





	Control-A70
	−11.4
	−9.5
	−19.5 = −9.5 − 10



	4.5SBS-A70
	−15.6
	−10.2
	−20.2 = −10.2 − 10



	5.0SBS-A70
	−18.4
	−11.3
	−21.3 = −11.3 − 10



	5.5SBS-A70
	−22.0
	−12.2
	−22.2 = −12.2 − 10



	Control-A70
	−12.1
	−11.1
	−21.1 = −11.1 − 10



	4.5SBS-B70
	−13.1
	−11.4
	−21.4 = −11.4 − 10



	5.0SBS-B70
	−18.2
	−11.6
	−21.6 = −11.6 − 10



	5.5SBS-B70
	−21.8
	−13.3
	−23.3 = −13.3 − 10



	Control-C90
	−14.9
	−12.7
	−22.7 = −12.7 − 10



	4.5SBS-C90
	−17.9
	−13.2
	−23.2 = −13.2 − 10



	5.0SBS-C90
	−1.2
	−15.1
	−25.1 = −15.1 − 10



	5.5SBS-C90
	27.1
	−21.7
	−31.7 = −21.7 − 10
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