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The temperature shrinkage of materials primarily causes transverse cracking. Current research mainly focuses on the temperature shrinkage of single materials. This work aims to analyze the effect of the structural combination on temperature shrinkage. To this end, the temperature rise method was first discussed to measure the shrinkage coefficient to replace the traditional temperature drop method. Then, the temperature shrinkage coefficients of the lime–fly ash-stabilized macadam, and ATB and AC asphalt mixtures were measured. The effect of gradation types, lime–fly ash content, and nominal maximum aggregate size on the temperature shrinkage was studied. Finally, the temperature shrinkage of composite structural characteristics was analyzed. The results show that the difference between the temperature shrinkage coefficients obtained by temperature rise and drop methods was relatively small. Thus, the temperature rise method can be used to measure the temperature shrinkage coefficient. In addition, the lime–fly ash-stabilized macadam with the suspended dense gradation or a higher lime–fly ash content has the largest temperature shrinkage strain. The suspended dense gradation should be avoided, and the content of lime–fly ash should be approximately reduced to control the temperature shrinkage strain of the semi-rigid base course. As for the asphalt mixture, the temperature shrinkage strain increased with the decrease in the nominal maximum aggregate size. The asphalt mixture with a larger nominal maximum aggregate size should be given priority to control the temperature shrinkage. Finally, when combined with the base course or surface layer, the temperature shrinkage of the base course was promoted by the surface layer, while the base course inhibited the surface layer. Meanwhile, the mutual influence between the semi-rigid base course and the surface layer was more substantial than that of the mutual influence between the flexible base course and surface layer.
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1 INTRODUCTION
The transverse crack is one of the typical damage forms in asphalt pavement that significantly reduces the pavement performance and shortens its service life (Boucart et al., 2005; Zang et al., 2018; Ma et al., 2019). Transverse cracks are primarily caused by temperature and base reflection. Meanwhile, under low temperatures, the flexible base can quickly produce temperature shrinkage due to its high-temperature sensitivity, accumulating shrinkage stress (Yang et al., 2013; Wang et al., 2018; Zhai et al., 2018). When the stress exceeds its tensile strength, the material cracks easily. In China, the semi-rigid and flexible bases are the main forms of the pavement structure (Zhai et al., 2021). Therefore, this study examines how to control or evaluate temperature shrinkage deformation.
Typically, temperature shrinkage tests start at high temperatures and gradually cool down by a temperature control program to measure the specimen’s shrinkage (Chu et al., 2012; Ma et al., 2013; Li et al., 2017). This method, however, is more complex and requires more sophisticated equipment. Research has shown that heating can replace cooling to measure shrinkage coefficients. Yang (2004) demonstrated that the lime–fly ash-stabilized macadam has similar shrinkage and expansion laws in dry conditions. Despite a slight difference, the shrinkage and expansion coefficients at different temperatures are similar. As a result, Tian (2010) compared the shrinkage and expansion laws of a cement-stabilized macadam material in different temperature conditions, finding that the material’s shrinkage and expansion characteristics remained the same for both temperature increases and decreases.
The temperature shrinkage test of semi-rigid base mixtures has been studied extensively. In the study of asphalt pavement failure forms, Coetzee et al. (1979) examined the stress distribution around the pavement crack under the action of temperature and the driving load based on the effective stress and concluded that the displacement in the vertical and horizontal directions is the cause of the reflection crack of the pavement after the base layer cracks. Hernando et al. (2016) found that shrinkage cracking, reflection cracking, and temperature fatigue cracking are the leading causes of transverse cracking. Szwed et al. (2015) developed an analytical model for preventing low-temperature cracking of asphalt pavement and also gave the maximum elastic modulus for different depths of asphalt pavement for the cooling process. Based on fatigue testing of various asphalt pavement materials, Fallah et al. (2015) found that reflection cracks expand between 10−4 and 10−5mm/time. Kazimierowicz et al. (2016) conducted numerical simulations to investigate the effects of cracking on semi-rigid pavements. The results show that even a monomer crack in the base will significantly reduce the pavement service life. Akentuna et al. (2016) developed a device for measuring the temperature stress of the asphalt mixture and found through experimental research that the grade and content of the binder in the asphalt mixture, void ratio, and shrinkage coefficient of the aggregate and mixture have essential effects on the temperature stress of the asphalt mixture. Briefly, most existing studies focus on the grading composition of the semi-rigid base mixture, the amount of cementitious material, and the curing age, while a few studies are conducted using additives to improve the early strength of the mixture. Although the research angles are different, the aforementioned research mainly focuses on the semi-rigid base without considering how the surface course impacts the base shrinkage. Meanwhile, most studies on the asphalt-stabilized macadam are conducted from a mixture grading perspective.
This study aims to analyze the effect of the structural combination on the temperature shrinkage characteristic. To this end, the temperature rise method was first discussed to measure the temperature shrinkage coefficient. Then, temperature shrinkage coefficients of the lime–fly ash-stabilized macadam, and ATB and AC asphalt mixtures were measured. Also, factors affecting temperature shrinkage were discussed. Furthermore, the temperature shrinkage characteristic of composite structures was analyzed. This study can provide a reference for the crack resistance design in asphalt pavement with semi-rigid bases.
2 MATERIALS AND METHODS
2.1 Materials
In this study, the aggregate used is from the construction section of the Hegang–Dalian expressway, the lime is supplied by Jilin Chemical Industry Company, and the fly ash is Class I fly ash from the Harbin Power Plant. The asphalt is 90# road petroleum asphalt, and its various performance indicators meet the requirements of the specification (JTG F40-2004 Standard test, 2004).
2.2 Specimen preparation
The lime–fly ash-stabilized macadam was used as the semi-rigid base material. Three typical base gradation types were selected, namely, suspension dense gradation (xm), framework pore gradation (gk), and dense framework gradation (gm). The ratio of lime to fly ash was 1:3. The contents of lime–fly ash were 15%, 17%, and 20%. The maximum dry density and optimum moisture content of the lime–fly ash-stabilized macadam in different gradations are listed in Table 1. The sample size was 100 mm × 100 mm × 400 mm (JTG E51-2009 standard;JTG E51-2009 standard). The sample was molded by vibration compaction, according to the standard method (JTJ 034-2000 Standard Test;JTJ 034-2000 Standard Test). Three parallel tests were performed on each mixture.
TABLE 1 | Results of the maximum dry density and optimum moisture content.
[image: Table 1]The base layer is directly bonded to the subsurface layer in the pavement structure. Two dense-graded asphalt mixtures were adopted, namely, the dense asphalt mixture (AC) and dense asphalt-stabilized macadam mixture (ATB). The asphalt mixture is named by the grading type combined with the nominal maximum aggregate size. AC-16, AC-20, and AC-25 were used as surface course materials. Meanwhile, ATB-25 and ATB-30 were used as flexible base materials. The gradation curves of five types of asphalt mixtures are shown in Figure 1, and the optimum asphalt contents for AC-16, AC-20, AC-25, ATB-25, and ATB-30 were 4.53%, 4.3%, 3.9%, 3.47%, and 3.25%, respectively. The sample size of the flexible asphalt base was 100 mm × 100 mm × 400 mm. The sample size of the surface course was 60 mm × 100 mm × 400 mm. The samples were compacted by vibration.
[image: Figure 1]FIGURE 1 | Gradation curves of the asphalt mixture.
2.3 Temperature shrinkage of materials
The temperature shrinkage coefficient was measured by gradually decreasing the temperature. However, this method was complicated and required sophisticated test instruments. Yang calculated the temperature shrinkage coefficient of the lime–fly ash-stabilized macadam in dry conditions. The results show that the lime–fly ash-stabilized macadam exhibited similar shrinkage characteristics during the heating and cooling processes, and the difference between shrinkage and expansion coefficients is slight. Tian et al. (1987) compared the shrinkage characteristic of the cement-stabilized macadam and asserted that the shrinkage and expansion coefficients were essentially the same. Therefore, this work first discussed the temperature rise method to measure the temperature shrinkage coefficient of the lime–fly ash-stabilized macadam and asphalt mixture.
A temperature sensor was embedded inside the specimen. The shrinkage deformation was measured by using a dial indicator with an accuracy of 10−3mm. The specimen was first dried and cooled down to room temperature. A glass sheet was pasted on the specimen. Then, the specimen was kept in a low-temperature freezer for 3 h at −30°C. After removing from the freezer, the specimen was placed on the metal support. The value of the dial indicator and the temperature of the specimen were collected every 5 min in the first 2 h. After 2 h, the values were collected every 60 min until the value and temperature were basically unchanged. The test setup of the lime–fly ash-stabilized macadam, ATB mixture, and AC mixture is exhibited in Figure 2. The procedure of the temperature drop method was similar to that of the temperature rise method. The temperature shall be reduced step-by-step from high temperature, and the corresponding shrinkage of the specimen was measured. The temperature shrinkage strain and temperature shrinkage coefficient calculation formulae are as follows:
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where [image: image] is the shrinkage strain at the i temperature (%), [image: image] is the temperature shrinkage deformation, [image: image] is the initial length of the test specimen, [image: image] is the temperature shrinkage coefficient, and [image: image] is the temperature range (°C).
[image: Figure 2]FIGURE 2 | (A) Lime–fly ash-stabilized macadam; (B) ATB mixture; and (C) AC mixture.
As the asphalt mixture surface layer and base formed a composite structure, they influence each other. Therefore, the shrinkage coefficient of composite structures should be measured. In order to closely bond the surface layer and base, SBS-modified asphalt was used as the binder and the coating thickness is approximately 1 mm (Feng, et al., 2007; Yu, et al., 2016). After bonding, heavy static pressure is applied on the top of the composite structure to strengthen the bond. The dial indicator was set at the bottom of the base course (A), at the bonding site (B), and at the top of the surface layer (C) (Figure 3).
[image: Figure 3]FIGURE 3 | Composite structure.
3 RESULTS AND DISCUSSION
3.1 Comparison of the temperature shrinkage coefficient between the temperature rise and drop
As the shrinkage of the metal support (the temperature shrinkage coefficient is 12.1 × 10−6/°C) affects the final results, it should be deducted when calculating the final results. The temperature shrinkage coefficient results of the lime–fly ash-stabilized macadam in different temperature ranges are listed in Table 1. It is noticeable from Table 2 that for the lime–fly ash-stabilized macadam, the shrinkage coefficients measured by the temperature rise method are smaller than those by the temperature drop method. For safety reasons, the temperature shrinkage coefficient measured by the temperature rise method needs to be adjusted. After comparison and analysis, the adjustment coefficient is determined to be 1.1.
TABLE 2 | Temperature shrinkage coefficient of the lime–fly ash-stabilized macadam in different temperature ranges.
[image: Table 2]It is found from Table 2 that for the same material, the temperature shrinkage coefficients measured by the temperature rise method and the temperature drop method in the same temperature range were not significantly different. The average temperature coefficients in different temperature ranges were almost the same, indicating that the temperature shrinkage and expansion laws of the lime–fly ash-stabilized macadam were similar in temperature rise and drop conditions. In addition, the temperature rise method can eliminate the influence of metal support during the temperature drop process. Therefore, the temperature rise method can be used to measure the temperature shrinkage coefficient for the lime–fly ash-stabilized macadam.
Table 3 shows that for AC and ATB asphalt mixtures, the temperature shrinkage and expansion laws were similar in temperature rise and drop conditions. The average temperature shrinkage coefficients measured by the temperature rise and drop methods were not significantly different. Therefore, the temperature rise method could be used to measure the temperature shrinkage coefficient for the asphalt mixture.
TABLE 3 | Temperature shrinkage coefficient of the asphalt mixture in different temperature ranges.
[image: Table 3]3.2 Temperature shrinkage coefficient of single pavement material
3.1.1 Lime–fly ash-stabilized macadam
The internal temperature of the lime–fly ash-stabilized macadam varies with time exhibits, as shown in Figure 4. It is evident from Figure 4 that the internal temperature of lime–fly ash-stabilized macadam increased with the increase in time. When the time was in the first 180°min (temperature was less than 5°C), the internal temperature of the lime–fly ash-stabilized macadam increased sharply and then increased slowly with time. For example, when the time-increasing amplitude increased from 0 min to 180 min, the internal temperature of the lime–fly ash-stabilized macadam increased from −30°C to 5°C. However, when the time increased from 180°min to 1,000°min, the internal temperature only increased up to 18°C (temperature amplification is 13°C).
[image: Figure 4]FIGURE 4 | Relationship between the internal temperature and time of the lime–fly ash-stabilized macadam.
The temperature shrinkage strain of the lime–fly ash-stabilized macadam was affected by the gradation type. The influence of the gradation type on the temperature shrinkage strain in different lime–fly ash contents was analyzed. The lime–fly ash contents were 15%, 17%, and 20%. The time ranged from 0°min to 1,200°min. The variations of the temperature shrinkage strain of different gradation types with time are shown in Figure 5.
[image: Figure 5]FIGURE 5 | Relationship between the temperature shrinkage strain and time (lime–fly ash content unchanged): (A) 15%; (B) 17%; and (C) 20%.
It is evident from Figure 5 that when the time increased from 0°min to 180°min, the temperature shrinkage strain increased sharply. For example, when the time-increasing amplitude increased from 0°min to 180°min, the temperature shrinkage strain of 15 xm increased from 0 to 1.59 × 10−4. However, when the time increased to 1,000°min, the temperature shrinkage strain was 2.75 × 10−4, and the growth rate was about one-sixth of the first 180°min. Furthermore, when the lime–fly ash content was in a specific range, the xm-grade had the largest temperature shrinkage coefficient, followed by the gm-grade and gk-grade. Therefore, the suspended dense gradation should avoid a semi-rigid base layer.
The temperature shrinkage strain of the temperature shrinkage strain-stabilized macadam was also affected by the lime–fly ash content. Figure 6 shows the variations of the temperature shrinkage strain of different lime–fly ash contents with time. It is noticeable that the temperature shrinkage strain varies with time and exhibits similar trends with that of the internal temperature of the specimen. When the gradation type is fixed, the lower the lime–fly ash content, the smaller the temperature shrinkage strain of the lime–fly ash stabilized macadam is. For example, when the time is increased to 600°min, the strains for the lime–fly ash content of 15%, 17%, and 20% were 2.23 × 10−4, 2.78 × 10−4, and 3.08 × 10−4, respectively, reflecting that the lime–fly ash content had the adverse impact on the base layer. Therefore, the content of lime–fly ash should be approximately reduced to control the temperature shrinkage strain of the base layer.
[image: Figure 6]FIGURE 6 | Relationship between the temperature shrinkage strain and time (grading type unchanged): (A) gm; (B) xm; and (C) gk.
3.1.2 Asphalt mixture
The internal temperature of the asphalt mixture varies with time exhibits, as shown in Figure 7. It is evident from Figure 7 that the internal temperature of the asphalt mixture increased with time. The internal temperature of the AC asphalt mixture is higher than that of the ATB asphalt mixture. For example, when the time increased to 420 min, the internal temperatures of AC and ATB asphalt mixtures were 1.9°C and −2.3°C, respectively. Moreover, the internal temperature increased sharply in the first 180 min and then increased slowly with time. For example, when the time increased from 0 min to 180 min, the internal temperature of AC and ATB asphalt mixtures increased from −30°C to −5.3°C and −8.1°C, while it increased from −5.3°C and −8.1°C to 18°C when the time-increasing amplitude increased from 180°min to 1,400°min.
[image: Figure 7]FIGURE 7 | Relationship between the internal temperature and time of the asphalt mixture.
The influence of the gradation type on the temperature shrinkage strain with time was analyzed (Figure 8). The temperature shrinkage strains increased gradually with the increase in time. In the first 180°min, the temperature shrinkage strain increased sharply and then slowly ranged from 180°min to 1,740°min. It is noticeable that the temperature shrinkage strain for the AC asphalt mixture was stable at about 1,440°min, whereas the ATB asphalt mixture was stable at about 1,620°min.
[image: Figure 8]FIGURE 8 | Relationship between the temperature shrinkage strain and time of the asphalt mixture.
Moreover, it is evident that AC-16 had the largest temperature shrinkage strain for the surface layer, followed by AC-20 and AC-25. For example, when the time increased to 1,440 min (stable strain point), the temperature shrinkage strains of AC-16, AC-20, and AC-25 were 13.63 × 10−4, 12.04 × 10−4, and 9.95 × 10−4, respectively, reflecting that the larger the nominal maximum aggregate size, the smaller the temperature shrinkage strain is. Therefore, to control the temperature shrinkage deformation of the surface layer, the nominal maximum aggregate size should be appropriately increased. As for the flexible base course, the temperature shrinkage deformation of ATB-25 was greater than that of ATB-30. When the time increased to 1,620°min (stable strain point), the temperature shrinkage strains of ATB-25 and ATB-30 were 8.36 × 10−4 and 7.62 × 10−4, respectively, indicating that the larger the nominal maximum aggregate size, the smaller the temperature shrinkage strain is. Thus, when the ATB gradation type was used as a flexible base course, priority should be given to that with a larger nominal maximum aggregate size to avoid temperature shrinkage deformation.
3.3 Effect of the structural combination on the temperature shrinkage coefficient
As previously discussed, the temperature rise method can be used to measure the temperature shrinkage coefficient for both the lime–fly ash-stabilized macadam and asphalt mixture. Thus, the temperature shrinkage coefficient of the composite structure was also measured by the temperature rise method in this work. The temperature range for the shrinkage test was −30°C–18°C, and the corresponding results are listed in Table 4 and Table 5.
TABLE 4 | Temperature shrinkage coefficient of the semi-rigid base asphalt pavement composite structure (×10−6/°C).
[image: Table 4]TABLE 5 | Temperature shrinkage coefficient of the flexible base asphalt pavement composite structure (×10−6/°C).
[image: Table 5]The temperature shrinkage coefficient of the semi-rigid base asphalt pavement under different combinations was compared, as presented in Table 4. It is shown that the temperature shrinkage coefficient at the bottom of the composite structure was greater than that of the single lime–fly ash-stabilized macadam material. For example, when the content of lime–fly ash is 15%, the temperature shrinkage coefficient of that at the bottom of the 15 gm-AC-16 composite structure was 7.79 × 10−6/°C, whereas the 15-gm base course was 4.98 × 10−6/°C. This indicates that the surface layer promoted the temperature shrinkage of the base course in the process of temperature shrinkage of the composite structure. Moreover, the shrinkage increased differently when the types of composite structures were different. When the lime–fly ash contents were 15%, 17%, and 20%, the base course shrinkage growth rates were 20.3%–60.5%, 16.3%–46.7%, and 13.7%–46.2%, respectively.
Furthermore, the temperature shrinkage coefficient at the composite structure’s bonding site was smaller than that of the single surface layer material. For example, at the bonding site of the 15-gm-AC-16 composite structure, the temperature shrinkage coefficient was 16.22, whereas the single surface layer was 28.65, reflecting that the temperature shrinkage of the bottom of the surface layer was inhibited by the base course. In addition, when the types of the base course were different, the shrinkage was different; thus, the inhibition effect of the base course on the bottom of the surface layer was different. When the lime–fly ash contents were 15%, 17%, and 20%, the reduction rates at the bonding site were 37.5%–44.6%, 35.7%–42.4%, and 28.0%–38.6%, respectively.
Moreover, the temperature shrinkage coefficient of that at the top of the surface layer of the composite structure was smaller than that of the single surface layer material. This indicates that the temperature shrinkage at the top of the surface layer was also inhibited by the base course. However, the inhibition effect of the base course on the top of the surface layer was smaller than that at the bonding site.
The temperature shrinkage coefficient of the flexible base asphalt pavement composite structure is listed in Table 5. It can be seen from Table 5 that the temperature shrinkage coefficient of ATB asphalt mixtures in the composite structure was more significant than single ATB material. The growth rate of the temperature shrinkage coefficient was 3.6%–15.0%, reflecting that the shrinkage of the ATB base course in the composite structure was promoted by the surface layer.
Furthermore, the temperature shrinkage coefficient at the bottom of the surface layer was smaller than that of the single ATB material, with a growth rate of 8.3%–24.9%. Therefore, the temperature shrinkage at the bonding site was inhibited by the base course, thus reducing the temperature shrinkage at the bonding site.
Moreover, the temperature shrinkage coefficient at the top of the surface layer was smaller than that of the single ATB material. The reduction rate was 4.2%–19.8%, indicating that the temperature shrinkage at the top of the surface layer in the composite structure was also inhibited by the base course. Meanwhile, the inhibition effect of the base course on the top of the surface layer was smaller than that at the bottom of the surface layer, that is, the closer to the base course, the greater is the inhibition effect on the temperature shrinkage of the surface layer.
Compared with the semi-rigid base asphalt pavement composite structure, the surface layer exerted an approximately small promotion effect on the base course in the flexible base asphalt pavement composite structure. Meanwhile, the inhibition effect of the base course on the surface layer was weak. This is because the temperature shrinkage coefficient of the ATB flexible base was larger than that of the semi-rigid base. The difference between the ATB base and the AC surface layer was small. Thus, after being combined with the asphalt surface layer, the interaction between the ATB base and AC surface layer was relatively small.
4 CONCLUSION
This work first discussed the temperature rise method to measure the temperature shrinkage coefficient of the lime–fly ash-stabilized macadam and asphalt mixture. Then, the temperature shrinkage coefficients of the semi-rigid base, flexible base, and surface layer were measured. The effect of gradation types and the lime–fly ash content on the temperature shrinkage coefficient was studied. Moreover, the temperature shrinkage coefficients of composite structures at different positions were measured. The mutual influence between the surface layer and base course in the process of shrinkage was analyzed. The following are the main conclusions from this study:
 The average temperature shrinkage coefficients measured by temperature rise and drop methods were not significantly different. Therefore, the temperature rise method can measure the temperature shrinkage coefficient.
 Based on the temperature shrinkage coefficient results obtained by the temperature rise method, it can be found that suspended dense gradation has the largest temperature shrinkage. Thus, suspended dense gradation should be avoided in the base course. Meanwhile, the temperature shrinkage strain of the lime–fly ash-stabilized macadam increased with an increasing lime–fly ash content. Therefore, the lime–fly ash content should be approximately reduced.
 The nominal maximum aggregate size affects the temperature shrinkage strain of both AC and ATB asphalt mixtures. The larger the nominal maximum aggregate size, the smaller the temperature shrinkage strain is. To avoid temperature shrinkage deformation, AC and ATB asphalt mixtures with a larger nominal maximum aggregate size should be given priority.
 The temperature shrinkage of the base course was promoted by the surface layer, while the surface layer was inhibited by the base course. Compared with the semi-rigid base asphalt pavement composite structure, the promotion and inhibition effects between the ATB base course and AC surface layer were relatively small.
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cv 13.5% 39.1% 27.2% 226% 26.1% 147% 28.6% 28.3% 17.0%

Difference -41% -6.4% -29% -2.8% ~6.6% -5.0% -29% -3.3% -43%

Correction results 555 6.55 5.13 7.06 7.61 6.64 754 847 720
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Material 15 xm 15 gk 15 gm 17 xm 17 gk 17 gm 20 xm 20 gk 20 gm
type

Maximum dry density (g/cm’) 223 232 238 224 233 227 227 228 230
Optimum moisture content (%) 6.06 577 5.87 6.99 555 6.04 713 6.00 636
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