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To explore the significant factors related to the cracking resistance at low temperatures of asphalt mixture from mesoscopic perspective, asphalt fine aggregate matrix (FAM) was selected as the researched material because of its important role in mesoscopic structure of asphalt mixture. Bending Beam Rheometer (BBR) was utilized to investigate low-temperature properties of FAM. Due to the frequent occurrence of freeze-thaw action in seasonally frozen regions, this paper introduces a freeze-thaw cycle test. The structural characteristics of internal air voids in FAM and hot-mix asphalt (HMA) were analyzed using the industrial Computerized Tomography (CT). Results indicate that frost heaving damage of FAM-2.36 is more obvious than that of FAM-1.18, and the damage level increases as the bath temperature rises. After 32 freeze-thaw cycles, FAM-1.18 exhibits the rise of creep stiffness than original beams, and the hardening degree become serious with the decease of temperature. It could be concluded that the BBR has been proved to be an effective tool in evaluating the low-temperature properties of FAM. The expanding limit of small air voids and the hardening of binder in rich asphalt FAM contribute to completely different mechanisms of freezing-thawing damage within FAM. Therefore, asphalt content, fine aggregate passing rate and air voids size could be optimized through BBR test of FAM subjected to freeze-thaw cycle.
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1 INTRODUCTION
Asphalt pavements are commonly used in highway pavement projects (Qian et al., 2021). However, in seasonal freezing areas, freeze-thaw damage frequently occurs due to the large range of temperature changes between day and night, causing damage to the asphalt mixture such as loosening, falling particles, and potholes, reducing the overall strength and service life of the asphalt pavement (Wang et al., 2013; Shan et al., 2020; Li et al., 2021). Therefore, freeze-thaw cycle experiments has been used to simulate natural conditions of asphalt mixture for decades and evaluate the resistance to freeze-thaw damage (Xu et al., 2016; Karimi et al., 2021). However, Xu et al. (2015) found that the internal structure at mesoscale was sensitive to the freeze-thaw action and ignored in current material design method of asphalt mixture.
Current researchers suggest that an asphalt mixture can be seen as a non-homogeneous multi-phase composite consisting of asphalt fine aggregate matrix (FAM), coarse aggregates, and voids at mesoscale (Wang et al., 2020; Han et al., 2021). Although the proportion of FAM in the mixture is relatively small, the FAM provides the necessary strength (Chuanfeng et al., 2017), fills the skeletal voids, provides internal bonding between the skeletons (Qian et al., 2016; Xing et al., 2021; Zhang et al., 2021), and known as a component in influencing the performance of the mixture (Shi et al., 2020). Therefore, the mechanical properties of FAM under different environmental conditions should be included to furtherly understand the mechanical properties of asphalt mixtures. Du et al. (2021) analyzed the influence of aggregates of different particle sizes on the anti-cracking effect of FAM at low temperatures. Yu et al. (2021) tested the influence of UV ageing time and strength on styrene-butadiene-styrene (SBS) modified FAM and found that the flexural modulus of the FAM increased with rising of UV intensity and ageing time. Zhang and Leng (2017) studied the effect of basalt fiber on the crack resistance of FAM. The results showed that adding a proper amount of basalt fiber could effectively improve the mechanical properties of FAM. Cui et al. (2017) studied the structural changes of FAM during freeze-thaw cycles at different salt concentrations through uniaxial creep tests and scanning electron microscopy (SEM). FAM plays an important role in maintaining the performance of asphalt mixture especially for the low-temperature cracking (Dong et al., 2014), it is significant to conduct comprehensive testing on FAM and consider the influence of freeze-thaw cycle.
Current research methods of FAM always are derived from the research methods of asphalt mixture. Although Indirect Tensile test (IDT) (Amin and Esmail, 2017), Semi-Circular Bending test (SCB) (Ameri et al., 2012; Yang et al., 2021), Dynamic Shear Rheometer (DSR) (Zhou et al., 2019), Thermal Stress Restrained Specimen Test (TSRST) (Keshavarzi et al., 2021) have been used in related studies to evaluate the low-temperature performance of FAM. However, the preparation of specimens, experimental procedures and data collection are quite complex for the tests mentioned above. Therefore, scholars have proposed the use of a simple Bending Beam Rheometer (BBR) test to evaluate the low-temperature performance of FAM (Marasteanu et al., 2016; Gong et al., 2017). The BBR test is usually used to capture the creep stiffness (S) and relaxation rate (m value) of FAM in the beam geometry, and it can evaluate the low-temperature performance of both asphalt and asphalt mixture (Moon et al., 2013; Wang et al., 2022). To verify the influence of the size of the BBR beam, Velásquez et al. (2009) compared the creep stiffness curves of different sizes of mixed beams (1 time, 2 times, and 3 times the size of the BBR beam) and concluded that when the test temperature is 10°C higher than the lowest limit of the PG classification, the influence of size on creep stiffness can be overlooked. Moreover, Romero and Weissan (Weissman et al., 1999; Romero and Masad, 2001) discussed the influence of specimen size on the test results based on the Representative Volume Element method (RVE), and they concluded that the thin beam meets the minimum RVE requirement. It can be seen that the size of BBR can meet the requirements of the low-temperature performance test of asphalt FAM according the reproducibility of FAM BBR tests (Yin et al., 2011; Gong et al., 2016). Nevertheless, FAM is well known as a complex multi-scale, multi-layer, and multi-component material (Underwood and Kim, 2013), fine aggregate size, asphalt content, and air voids are typical factors to be directly related to the low-temperature performance of FAM in extremely cold regions.
The effect of freeze-thaw cycle on asphalt pavement in seasonal frozen regions should include the performance evaluation of FAM at mesoscale not merely using macroscopic evaluation indexes. Therefore, this paper applies BBR to evaluating the low-temperature performance of FAM subjected to different freeze-thaw cycles, and explores the main factors leading to low-temperature shrinkage cracking in asphalt pavements at mesoscale. Furthermore, different FAMs, different temperatures, and different cycles were set up in the test to including the factors. Industrial Computerized Tomography (CT) was used to extract the mesoscopic air voids. Finally, this study explored the effect of asphalt content and the air void structure on the freeze-thaw damage of the FAM associated with the resistance to the thermal cracking of FAM.
2 CALCULATION OF ASPHALT CONTENT IN FAM
The FAM in the asphalt mixture consists of fine aggregate, asphalt adsorbed by the fine aggregate, effective asphalt, and voids. The ratio of the fine aggregate content of each grade in the FAM grading scheme is consistent with the proportion in the asphalt mixture, thereby yielding the passing rate of the fine aggregate of the FAM. To investigate the effect of fine aggregate ratio and asphalt content on its low-temperature performance of FAM, the equivalent FAM-2.36 (maximum particle size 2.36 mm) and FAM-1.18 (maximum particle size 1.18 mm) gradation curve was calculated based on the same AC-13 (aggregates with nominal maximum particle size of 13 mm) mixture gradation. All gradation curves of asphalt mixture and FAMs are shown in Figure 1. According to the Superpave mixture volume index design method, the optimum asphalt content of AC-13 was determined to be 4.10% (Pb), the corresponding air void ratio was 3.9%, and the number of rotary compaction was 70 times. The calculation of the equivalent asphalt content in the FAM is as follows. The asphalt which not absorbed by the aggregate in the asphalt mixture is called effective asphalt. The ratio of the pass rate of the 0.075 mm mesh hole to the effective asphalt content in the mixed mineral material is called the ratio of filler bitumen. Based on the calculation method of the ratio of filler bitumen (Gong et al., 2017), according to the principle that the FAM and asphalt mixture has the same ratio of filler bitumen, the calculation method of fine aggregate matrix and asphalt content is derived. Based on the parameter values provided in Table 1, the asphalt content of the FAM was calculated.
[image: Figure 1]FIGURE 1 | Gradation curves for HMA and FAM.
TABLE 1 | Volumetric parameters of FAM.
[image: Table 1]Table Note: P’b is the asphalt content (%) in FAM; a’f is the mineral powder content (%) in FAM; Pba is the asphalt binder absorbed by aggregate in asphalt mixture Proportion (%); Pi is the pass rate of the key mesh of the fine aggregate in the asphalt mixture. I take 4.75 and 2.36 (%) respectively; FB is the ratio of filler bitumen of the asphalt mixture.
3 SAMPLE PREPARATION AND TEST METHODS
3.1 Preparation of FAM BBR Beam
The BBR beam was cut from the test piece of FAM formed by the laboratory. The corresponding preparation process included preparation of cylindrical FAM specimens and cutting of FAM BBR beams. FAM cylindrical specimens are usually isostatic pressing (Fadil et al., 2019; Fonseca et al., 2019) and gyratory (Dong et al., 2014). To accurately simulate the role of the roller in the construction process of asphalt pavement, this paper has selected the gyratory compactor to form a cylindrical test piece (Φ150×h100 mm). Since the FAM samples remove the coarse aggregate skeleton from Hot-mix Asphalt (HMA) the number of rotations has been reduced from 70 times of HMA (AC-13) to 50 times of FAM. The binder PG used in the FAM was classified into PG 64-28. Since the asphalt content in the FAM is high and the mineral materials are fine aggregates, the blending duration was increased to 5 min.
The cutting process of the BBR beams of FAM is described as follows. After the specimen is left to cooling for 24 h, the position of the inscribed rectangular parallelepiped of the cylindrical specimen was marked; the cylinder was cut into a rectangular body by a large cutting machine, and the rectangular parallelepiped was divided into two. The long square test piece was sequentially fixed on the small cutting machine, and after cutting off the top and the end of the test piece with a large void ratio, it was cut into strips of width 12.5 ± 0.25 mm. The strip was modelled into a FAM beam of thickness of 6.25 ± 0.25 mm and a length of 127 ± 0.25 mm. The BBR beam pictures are listed in Figure 2, they are FAM-2.36, FAM-1.18, and AC-13 from left to right. For the BBR test of FAM and HMA, testing method increase the creep load to 4,400 ± 100 mN (Ho and Romero, 2011), and the rest of the operation is consistent with the asphalt binder BBR test specification. After the beams were soaked for 60 ± 2 min in a constant temperature bath, they were placed in the specimen holder, and the creep load was applied for 240s. The deformation values were recorded and the creep stiffness and m value were calculated.
[image: Figure 2]FIGURE 2 | CT images of FAM and HMA beams.
3.2 Freeze-Thaw Cycle
Four freeze-thaw cycles (4 times, 8 times, 16 times, 32 times) and three temperatures (−18°C, −12°C, −6°C) were set as BBR test variables. The freeze-thaw cycle test procedure of the FAM BBR beam is presented as follows (Gong et al., 2017). First, the dry weight of the FAM beam was naturally dried after being dried at room temperature. Next, the FAM beam was immersed in a constant temperature water bath at a temperature of 25 ± 0.25°C for 24 h. Then, the FAM beam was lifted out from the water bath and wiped to reach the saturated surface dry (SSD) condition. After the SSD weight contending water in the inner air voids of beams was weighed, the BBR beam was placed in an air bath at a temperature of −20 ± 0.25°C for 24 h. Finally, the BBR beam in the air bath was taken out and immersed in a constant temperature water bath of 25 ± 0.25°C for 24 h to complete a freeze-thaw cycle. The relevant description is illustrated in Figure 3. The sample volume of each test control group was five. The original FAM, which had not undergone any freeze-thaw cycle, was set as the reference group. All masses were weighed to the nearest 0.01 g for the calculation of the water absorption of the FAM using dry weight and SSD weight. To ensure the reliability of the test data, the coefficient of variation of all test results must all have met the requirements of being less than 10%.
[image: Figure 3]FIGURE 3 | Depiction of the first freeze–thaw cycle.
4 ANALYSIS OF TEST RESULT
4.1 Evaluation of the Low-Temperature Performance of Original FAM
Consistent with the asphalt binder BBR test specification, the creep stiffness and m value at 60s were used to evaluate the low-temperature performance of the original FAM, as depicted in Figure 4. It can be inferred that the error value of each test group increases with the decrease of test temperature, but both meet the requirement of coefficient of variation of being less than 10%.Therefore, the BBR test is proved to be a stable and effective method for evaluating the low-temperature performance of FAM. With the increase of the test temperature, the creep stiffness at 60s shows a decreasing with the equal proportion, and the decreasing ratio is approximate 2. Moreover, the m value at 60s shows a linear increasing law with increasing amplitude of about 0.1. Along the change of test temperature, the BBR evaluation method showed that the low-temperature shrinkage stress of FAM-1.18 was lower than that of FAM-2.36, and the relaxation ability exceeded that of FAM-2.36. It can be seen that the low temperature cracking rate of FAM-1.18 is less than FAM-2.36. Based on the above analysis, the proportion of fine aggregate in the asphalt mixture gradation and the asphalt content is significantly linked to the resistance to low temperature cracking ability of FAM.
[image: Figure 4]FIGURE 4 | Creep stiffness and m value at 60 s for original FAM at various low temperatures.
4.2 Water Absorption Rate
This paper used the water absorption rate to indirectly reflect the severity of freeze-thaw damage (Feng et al., 2010; Cui et al., 2017). The change of water absorption rate of FAM with the number of freeze-thaw cycles at 25 ± 0.25°C is illustrated in Figure 5. The water absorption rate of FAM was directly related to the number of freeze-thaw cycles. The more number of freeze-thaw cycles increased between two adjacent controlling groups, and the more obvious increase of water absorption rate, as shown by the histograms of 16 and 32 times. In the initial stage of the freeze-thaw cycle, the water absorption of FAM-2.36 and FAM-1.18 does not possess significant differences. However, when the number of freeze-thaw cycles increased to 32, the water absorption was significantly different, and the difference between FAM-2,36 and FAM-1.18 increased from 0.003% at four cycles to 0.059% at32 cycles. Based on this analysis, FAM-2.36 has been found to be more sensitive to the freeze-thaw cycle than FAM-1.18, and the frost heaving force causes more serious frost heaving damage inside FAM-2.36. It can also be implied that the proportion of fine aggregates in the asphalt mixture and the amount of asphalt binder will directly affect the ability of the FAM to resist frost heave damage at mesoscale.
[image: Figure 5]FIGURE 5 | Water absorption of FAM subjected to different freeze-thaw cycles.
4.3 Evaluation on Freeze-Thaw Resistance of FAM
4.3.1 Analysis of Air Voids Based on CT
In this paper, industrial CT was used to study the difference of the void structure characteristics between FAM and HMA, and the three-dimensional digital reconstruction and data analysis of the internal voids of the material was finally completed. Figure 6 depicts that the air void content of the asphalt mixture (7.31%) is about five times that of the FAM (1.44%). Moreover, the three-dimensional rendering images of the voids shows that the average void size of HMA is remarkably different from that of the FAM. The volume of the voids was extracted and calculated based on the voxel analysis software (VGStudio Max 2.2) and divided into five groups. Figure 6 illustrates that the small voids (0.2–0.1 mm3) of the FAM with a cumulative percentage exceeding 75% and no large pores (>50 mm3). Furthermore, the proportion of voids in the FAM shows a stepwise decreasing trend with the void volume increase. Relatively speaking, the proportion of small voids (0.2–1 mm3) and intermediate voids (1–50 mm3) in HMA is balanced, and there is a certain proportion of large holes. It was concluded that a large number of small voids in the FAM is a crucial factor to resisting the freeze-thaw cycles, and more independent and small voids in FAM will cause more serious freeze-thaw damage due to the expanding volume limit.
[image: Figure 6]FIGURE 6 | Volume distribution of air voids and the air void content.
4.3.2 Analysis of Test Results of FAM-2.36
The original FAM was used as the reference group in this study to calculate the changing percent of testing variables. The 60s creep stiffness and the percentage change of m value were used as the evaluation indexes, wherein the positive value indicates decreasing and the negative value indicates an increase. The creep stiffness of FAM-2.36 in Figure 7 depicts a certain decreasing trend with the number of freeze-thaw cycles increasing. This phenomenon is similar to the increase of water absorption rate with the number of freeze-thaw cycles. Therefore, the reduction in the creep stiffness of FAM-2.36 has a certain correlation with the frost-heaving damage in small voids. Furthermore, the damage of the FAM-2.36 gets more serious with the rising of testing temperature, which is associated with that freeze-thaw damage of the actual asphalt pavement mainly occurs in the early spring.
[image: Figure 7]FIGURE 7 | Changing percent of creep stiffness for FAM-2.36 subjected to different free-thaw cycles.
In this paper, AC-13 and FAM-2.36 were established to explore the influence of air void structure on freeze-thaw damage. The material parameters are listed in Table 2, wherein HMA and FAM represent AC-13 and FAM-2.36. Based on the principle of controlling asphalt content the same and changing the number of compaction, the preparation of BBR beams with different air void content was finished. The calculation of the asphalt content in FAM-2.36 and the determination of the number of compaction based on the method mentioned above. The results of material parameters of reference groups at −18°C and 60s are listed in Table 2. Regarding the influence trend due to air void content, FAM-2.36 showed an opposite effect contrasting to HMA (AC-13), as results illustrated in Figure 8. After four freeze-thaw cycles, the decreased rate of creep stiffness of HMA-1 and FAM-2 keep at a higher rate. After 32 freeze-thaw cycles, the decreased rate of creep stiffness of HMA-2 and FAM-1 beyond the former one. The results show that under the condition of the long-term freeze-thaw cycle, the macroscopic connected air voids in HMA can help mitigate the erosion of the frost-heaving force in the air void saturated with water. However, the small air void in FAM is similar to the frost heave mechanism of the microscopic pores in cement material (Eskişar et al., 2015; Fan et al., 2020), and the water cannot be easily drained so that the frost-heave force of the saturated water air void cannot be promptly dissipated.
TABLE 2 | Material parameters and virgin BBR testing results of HMA and FAM.
[image: Table 2][image: Figure 8]FIGURE 8 | Changing percent of creep stiffness forFAM-2.36 and AC-13 BBR beams with various air void contents (−18°C).
4.3.3 Analysis of Test Results of FAM-1.18
Different from the freeze-thaw damage mechanism exhibited by FAM-2.36, the creep stiffness of FAM-1.18 appears to decrease first and then increase, and the turning point appears at 32 freeze-thaw cycles, as shown in Figure 9. The maximum creep stiffness reduction rate for FAM-1.18 occurs at −18°C, but for FAM-2.36 occurs at −6°C. In the early freezing and thawing cycle, the frost heaving force in the small air void of FAM-1.18 due to saturated water is still the dominant factor of its freeze-thaw damage. However, the increase in water absorption rate indicates that the degree of freeze-thaw damage of FAM-1.18 did not increase significantly when compared to FAM-2.36, which can be explained by the small air void amount difference between FAM-1.18 and FAM-2.36 shown in Figure 10. It can be seen that the high content of asphalt in FAM-1.18 can enhance the frost heaving damage of FAM to a certain extent. Furthermore, the creep stiffness of FAM-1.18 increases after a long period of water-saturated melting comparing to the origin beams in Figure 4. It can be assumed that water soaked hardening of asphalt binder become the dominant factor, which is related to the high asphalt content FAM-1.18.
[image: Figure 9]FIGURE 9 | Changing percent of creep stiffness at 60s for FAM-1.18 subjected to different freeze-thaw cycles.
[image: Figure 10]FIGURE 10 | Air voids industrial CT rendering images of FAM-2.36 and FAM-1.18.
To further verify the existence of water soaked hardening, the number of freeze-thaw cycle of FAM-1.18 was increased to 48 times. The increase of water absorption in Figure 5 at 48 cycles indicates that the competitive relationship between water soaked hardening and frost-heaving damage in FAM-1.18 has been reversed. Figure 11 presents that creep stiffness of FAM-1.18 increases and the m value of FAM-1.18 decreases along the freeze-thaw cycle increases from 32 times to 48 times shown in Figure 9 and Table 3. This trend indicates that the shrinkage stress of FAM-1.18 increases and relaxation ability is weakened subjected to long-term freeze-thaw cycles: Therefore, water soaked hardening increases the low-temperature cracking rate of FAM-1.18. The maximum changing percent in creep stiffness and m value occurs at -18°C. It was found that the water soaked hardening caused by long-term freeze-thaw cycle is obviously dependent on the temperature and significantly degrades the resistance to cracking of FMA-1.18 especially in extremely cold regions. The hardening found above could be related to the former studies named as the water-saturated emulsification mechanism (Camacho-Garita et al., 2019) and the water-saturated aging mechanism (Thomas, 2002; Yu et al., 2020). However, accurate water soaked hardening mechanisms of finer FAM still require extensive research. In summary, the asphalt content, fine aggregate ratio and air void difference of are critical factors, which affects the damage mechanism of FAM undergoing a long-term freeze-thaw cycle in asphalt pavements at mesoscale.
[image: Figure 11]FIGURE 11 | Changing percent of creep stiffness and m value of FAM-1.18 at different temperatures and 48 Cycles.
TABLE 3 | Changing percent of m value for FAM-1.18 at different temperatures and cycles.
[image: Table 3]5 CONCLUSION

1) The coefficient of variation results shows that the BBR is suitable to conduct the low-temperature performance evaluation of FAM. The comparative analysis of creep stiffness and m value of FAM at 60s including the freeze-thaw cycle could be used to determine the best the asphalt content, fine aggregate passing rate, and air void structure in asphalt mixture material design.
2) Similar to the frost-heaving mechanism of microscopic air voids in cement materials, the small air voids in FAM are the main cause of frost-heaving damage due to the expansion limit of freezing water. However, the asphalt content and fine aggregate content in FAM determines its ability to resist the frost heaving damage.
3) Rich asphalt content in FAM brings higher low-temperature cracking rate of asphalt pavements subjected to long-term freeze-thaw cycle especially at extremely cold regions, the water soaked hardening mechanism of FAM could be explained by the emulsification and aging of asphalt binder reacted with the water for a long duration.
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