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Abstract

:

Fiber reinforcement is often used to improve the road performance of cold recycled asphalt mixture (CRAM). The purpose of this research is to evaluate the impact of fiber mixing process on the cracking resistance of CRAM from multiple perspectives. Four kinds of fiber mixing processes, named A, B, C, and D, were designed by changing the order of fiber addition during the mixing process. Then, semicircle bending tests and indirect tensile tests were conducted to characterize the low-temperature cracking behavior of fiber CRAM. Freeze–thaw cycle tests under both dry and water-saturated conditions were performed to investigate the freeze–thaw damage behavior of fiber CRAM. Furthermore, the fiber dispersion in CRAM was observed using scanning electron microscopy (SEM). The results show that the fiber mixing process has a significant effect on the cracking resistance of CRAM. The CRAM specimens prepared by process C have the largest fracture energy, splitting strength, and fracture work, while the specimens made by process D have the smallest value. Specially, the fracture energy of the specimens prepared by process C is 77.23% larger than that of the specimens prepared by process A, while the fracture energy of the specimens prepared by process D is 5.6% smaller than that of the specimens prepared by process A. The reason for this phenomenon is that the fiber is well dispersed in the specimens prepared by process C, which contributes to obtain a better crack resistance. For all CRAM specimens, with the increase of freeze–thaw cycles, splitting strength and fracture work of fiber CRAM decrease. However, there is an obvious difference in the reduction rate of splitting strength and fracture work, especially for the specimens under the water saturation condition. The specimens made by process C have the smallest reduction rate, which indicates a better resistance to freezing and thawing damage. According to the analysis of fiber macro-distribution state in loose CRAM, the fiber dispersion is affected by the humidity conditions in the mixing environment. The best humidity conditions are obtained for fiber dispersion in process C. Based on the SEM observation, the overlapping bridging network structure can be observed in the microstructure of the specimens prepared by process C, allowing the mixture to better transfer and disperse stress.
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1. Introduction


Cold recycled asphalt mixture (CRAM) is one of the most promising technologies to reduce carbon emissions in road construction due to many advantages, such as lower greenhouse gas emissions, economic cost effectiveness, and better working conditions for construction workers [1]. However, the performance of CRAM is not as good as that of traditional hot mix asphalt mixture [2]. In particular, it is very sensitive to cold climates or freeze–thaw environments due to its poor cracking resistance, insufficient early strength, and poor fatigue durability [3,4]. As a result, CRAM is generally used in the lower layers of pavement structures, such as base course or underlayer of asphalt pavements [5]. It is necessary to take effective measures to enhance the performance of CRAM, so that it can be used in the place of hot mixture asphalt (HMA) under a certain condition.



Currently, fibers have been widely used to enhance the engineering properties because of its good reinforcement and toughening effect [6,7,8,9,10,11,12]. Specifically, fiber reinforcement improves fatigue life and retards rutting by increasing resistance to cracking and permanent deformation [13]. Wang et al. [14] explored the effect of four kinds of fibers on the mechanical properties of CRAM, and the results showed that basalt fibers had the most significant improvement on the fatigue properties. Keum et al. [15] found that polypropylene fibers could improve the bearing capacity and water damage resistance of emulsified asphalt mixture. Research conducted by Zeng et al. [16] reported that basalt fibers had an obvious effect on the splitting strength of asphalt mixture under low temperature conditions, and the reinforcing effect of fiber obviously played an important role in preventing cracks. Kong et al. [17] also confirmed that basalt fibers delayed the expansion of micro cracks of emulsified asphalt mixture. Nevertheless, Wang et al. [18] concluded that the addition of basalt fibers reduced the low temperature cracking resistance of CRAM. The reason for this phenomenon may be due to something wrong with the mixing process and the dosage of fiber in CRAM. The mixing process of the fibers directly affects the dispersion state of the fibers in CRAM, which determines the properties of CRAM to a certain extent. The research on fiber mixing processes may give a reasonable explanation for this phenomenon.



In addition, the fiber content and modification mechanisms of CRAM also received great attention. Jiang et al. [19] studied the effect of fiber content on the road performance of CRAM. It was found that various road performance indicators such as dynamic stability, flexural-tensile strain, and the freeze–thaw splitting strength of CRAM first increased and then decreased with the increase of fiber content. Therefore, it is very important to select the appropriate dosage of fibers for CRAM to meet the performance requirement of different service environments. Furthermore, scanning electron microscopy (SEM) has also been proven to be an effective means for the research of fiber modification mechanisms. It can be observed that fibers enhanced the integrity of CRAM through interfacial reinforcement [20].



Thus, the objective of this study is to evaluate of the influence of fiber mixing process on the cracking resistance of CRAM from multiple perspectives. To achieve this goal, four fiber mixing processes were designed by changing the addition order of fiber. Semicircle bending tests and indirect tensile tests were conducted to characterize the cracking behavior of CRAM at low temperature. Moreover, freeze–thaw cycle tests under both dry and water-saturated conditions were also designed to investigate the effect of fiber mixing process on the freeze–thaw damage behavior of CRAM. Finally, SEM was also used to analyze the effect of fiber mixing process on its micro dispersion in CRAM. The research results in this study provide basic data for the evaluation of anti-cracking performance of fiber CRAMs, and technical reference and theoretical support for the design of fiber mixing process in engineering practice.




2. CRAM and Fiber Mixing Process Design


2.1. Experimental Materials


2.1.1. Fibers


Considering that basalt fiber has good adsorption and anchoring effect on asphalt due to its high modulus and rough surface texture [17], the basalt fiber is selected in this study, as presented in Figure 1. The related properties of basalt fiber are shown in Table 1.




2.1.2. Emulsified Asphalt


Emulsified asphalt used in this study was self-made in the laboratory, and its basic performance indicators are shown in Table 2.




2.1.3. RAP and Other Materials


Reclaimed asphalt pavement (RAP) materials used in this study were divided into three grades: 0–5 mm, 5–10 mm, and 10–30 mm. To obtain a good CRAM gradation, some diabase aggregates (10~20 mm) and limestone powder were also used. The final design gradation of CRAM is shown in Figure 2. Referring to the technical specifications for highway pavement recycling (JTG/T 5521-2019), the optimum water content and the optimum emulsified asphalt content were 3.8% and 3.5%, respectively. In addition, ordinary portland cement was also added as an active additive, and the content of cement in CBM is 1.5%.





2.2. Fiber Content in CRAM and Fiber Mixing Process Design


2.2.1. Optimum Fiber Content


For the purpose of determining the optimum fiber content, CRAM with four fiber content (by mass of dry aggregates) of 0.1%, 0.2%, 0.3%, and 0.4% were prepared to explore the effect of fiber content on the performance using splitting strength tests at 15 °C and freeze–thaw splitting tests in accordance with the test code for asphalt and asphalt mixture in highway engineering (JTGE 20-2011) [21]. The test results of fiber CRAM are shown in Figure 3. With the increase of fiber content, the void of CRAM gradually increases, while the splitting strength and freeze–thaw splitting strength ratio increases first and then decreases. When the fiber content is 0.2%, the freeze–thaw splitting strength ratio and the splitting strength reach the maximum value, which can be attributed to the fact that when the fiber content is too large, fiber agglomeration occurs and thus has a negative impact on the performance of CRAM. In addition, a larger fiber content is not good for the compaction of the mixture, resulting in the void increase, as shown in Figure 3a. Therefore, based on these results, 0.2% fiber content by mass of dry aggregates was selected to prepare fiber CRAM in this study.




2.2.2. Fiber Mixing Process Design


Under the condition that the total mixing time (t = 180 s) remains unchanged, four kinds of fiber mixing processes of CRAM were studied, which were named as process A, process B, process C, and process D, respectively. Among them, process A was selected as the control group because of no fiber incorporation. By contrast, in process B, the fiber and mineral aggregates were added to the mixing pot together. In process C, fiber was added to the mixing pot after adding water and before adding emulsified asphalt. In process D, fiber was added to the mixing pot after adding emulsified asphalt. The schematic of the specific mixing process is shown in Figure 4.






3. Experimental Methods


To evaluate the influence of fiber addition processes on the cracking performance of CRAM, indirect tensile tests, semicircle bending tests, freeze–thaw cycle tests, and scanning electron microscope tests were conducted to evaluate the performance of fiber CRAM prepared by different processes. The specific research method and test scheme are shown in Figure 5.



3.1. Crack Resistance Tests


3.1.1. Indirect Tensile Tests


The indirect tensile (IDT) test was carried out in accordance with the test code for asphalt and asphalt mixture in highway engineering (JTGE 20-2011) [21]. IDT specimens with the dimensions of φ 101.6 mm × 63.5 mm were prepared by the standard Marshall method. The test temperature was −10 °C, and the loading rate of the specimen was 1 mm/min. The test process and the load-displacement curves are shown in Figure 6. It is generally believed that the greater the fracture work (W) or splitting strength, the stronger the ability to resist low temperature cracking. Therefore, splitting strength and fracture work (W) were selected as evaluate indicators. The calculation diagram of fracture work is illustrated in Figure 6b, and the specific calculation method of fracture work is shown in Equation (1):


  W =    ∫ 0 L   P d l     



(1)




where:




	
l—the deformation during the loading process of the specimen;



	
P—the load during the loading process of the specimen;



	
L—the deformation when the specimen load reaches the maximum.
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Figure 6. The process and loading curves of IDT test: (a) the test process; (b) the load-displacement curve. 






Figure 6. The process and loading curves of IDT test: (a) the test process; (b) the load-displacement curve.
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3.1.2. Semicircle Bending Tests


Considering that the stress state of semicircle bending (SCB) test specimen is closer to that of the actual pavement [22], SCB tests can be used to evaluate the low-temperature anti-cracking performance of asphalt mixture [23]. According to the technical specification for cold recycling construction of emulsified asphalt on highway asphalt pavement (DB13/T-2020) [24], SCB test was conducted. The schematic of SCB test is shown in Figure 7. SCB specimens with a dimension of φ 152.4 mm × 105 mm were firstly prepared by large Marshall methods. Then the compacted specimen was cut by a high precision cutting machine into the SCB test specimen (as presented in Figure 7a) whose size diameter and thickness was 150 mm and 50 mm, respectively. The notch depth and width of semicircular specimen was 15 mm and 2.5 mm, respectively. During the test, the SCB test specimen was supported by two fixed rollers with a span of 120 mm (as presented in Figure 7c). The temperature of SCB test was −10 °C, the LLD control mode was used for loading, and the loading rate was 1 mm/min. The SCB loading curves is shown in Figure 7d.



In the view of the evaluation index, fracture energy can be used to characterize the ability of CRAM to resist low-temperature cracking. Fracture energy (Gf) is defined as the work of SCB specimen generating unit area fracture surface, namely the ratio of force-displacement curve area to specimen fracture area, which could reflect the load and deformation of the specimen at each moment during the SCB test. The larger the fracture energy value, the better the resistance to cracking of asphalt mixture [25,26]. The calculation diagram of Gf is shown in Figure 6d and the calculation method is presented in Equation (2).


  G f =     ∫  P d μ       (  r − a  )  t    



(2)




where:




	
Gf—axial displacement fracture energy;



	
P—test tensile load;



	
μ—axial displacement;



	
r—radius of the specimen;



	
a—incision length;



	
t—specimen thickness.










3.2. Freeze–Thaw Cycle Tests


To evaluate the effect of fiber mixing process on the freeze–thaw damage behavior of CRAM, freeze–thaw cycle tests were carried out under both the dry and saturated conditions [27]. The specimens used for freeze–thaw cycle tests were also prepared by the Marshall method. The dimension of the specimen was 101.6 ± 0.25 mm and the height was 63.5 ± 1.3 mm, and all specimens were divided into two groups on average. A group of specimens were used for the saturation test. Based on the splitting strength and fracture work obtained from the indirect tensile test at the temperature of −10 °C, the freeze thaw damage behavior of CRAM was characterized.



3.2.1. Saturation Tests of Specimen


First, the specimen was put in a 60 °C blast oven for curing to constant weight. Then, the specimen was cooled at room temperature. Finally, the test specimen was placed under the vacuum conditions for 15 min. When the test specimen standing in water had a constant weight, the test specimen surface was dried with a wet towel to obtain the test specimen under the fully saturated test condition.




3.2.2. Freeze–Thaw Cycle Tests of Specimen


First, both the dry and saturated specimens were wrapped and sealed with plastic wrap, respectively. Then, the test specimens were placed in the refrigerator at –20 °C for 6 h. Finally, the test specimens were put in a constant temperature water bath at 60 °C for 4 h to complete one freeze–thaw cycle test. According to the above freeze–thaw cycle process, 3, 5, 10, and 20 freeze–thaw cycles tests were conducted.





3.3. Scanning Electron Microscope


To better understand asphalt or mixture, many new microanalysis techniques have been employed to provide an insight into the asphalt characteristics [26,27,28,29,30,31]. SEM is one of the electronic imaging techniques, and has some advantages in capturing the morphology of specimens because of its high resolution. SEM has been used successfully to observe the interface microstructure of mixtures [26,30,31]. In this study, to ensure the observation accuracy, the CRAM specimen was refined before the SEM test, as shown in Figure 8. First, the double-sided adhesive tape was sticked on the specimen table to fix the mixture specimen. Then, the observation area of the specimen was connected with the specimen table with conductive adhesive. Finally, a vacuum cleaner was used to remove impurities from the specimen.





4. Results and Discussions


4.1. Resistance to Cracking


4.1.1. The Fracture of Indirect Tensile Tests


Based on the results of the IDT test, the load–displacement curve and the relationship between splitting strength, fracture work, and fiber mixing processes are shown in Figure 9. It was found that the fiber mixing process has significant effects on the fracture cures, splitting strength, and fracture work of IDT specimens. As presented in Figure 9a, the rise rate of the loading curves of the specimens prepared by process B, process C and process D were smaller than that of the specimen prepared by process A. In addition, the displacement value corresponding to peak load of the specimens prepared by process B, process C and process D were obviously larger than that of the specimens prepared by process A. This indicates that the fracture toughness of fiber CRAM is better than that of CRAM with no fiber. This phenomenon could be attributed to the fact that the fiber plays a role of reinforcement and bridge in the mixture. In addition, the modification effect of fiber on the CRAM is also strongly affected by the fiber mixing process. As illustrated in Figure 9b, for both the splitting strength index and the fracture work, the order of IDT specimens prepared by different processes is: process C > process B > process A > process D. The specimens made by process C have the largest splitting strength and fracture work, while the specimens made by process D have the smallest splitting strength and fracture work. As reported in the literature [18], the larger the splitting strength or fracture work, the better the resistance to cracking of the mixture. Furthermore, it is worth noting that the splitting strength of specimens made by process D is 13.72% smaller than that of specimens made by process A, and the fracture work is 13.80% smaller than that of specimens made by process A. The reason for this phenomenon is that the fiber is well dispersed in the specimens prepared by process C, which contributes to obtaining a better crack resistance. Thus, for the fiber CRAM with improper fiber mixing processes, the addition of fiber will not enhance the crack resistance, but will reduce the crack resistance of the mixture. The fiber mixing process selection is very important in engineering practice.




4.1.2. The Fracture Performance of SCB Test


Based on the results of the SCB test, the load–displacement curve and the relationship between fracture energy and fiber mixing processes are shown in Figure 10. As shown in Figure 10, the fiber mixing process has also significant effects on the fracture curves and the fracture energy of SCB specimens. In the view of the fracture curves, both the peak load and maximum displacement of the specimen prepared by different processes present a certain difference. Overall, the fracture curves also show great similarity to the typical curve of the medium plastic material [23], which indicates that fiber CRAM has both elastic deformation and visco-plastic deformation, showing obvious stage characteristics from low deformation and cracking. Moreover, the SCB test is also based on the principle of energy theory. Given this, fracture energy was used to quantitatively evaluate the crack resistance of fiber CRAM in this study. The higher the fracture energy value, the better the fracture toughness of the asphalt mixture [24,25]. Based on the calculation results in Figure 10b, the fracture energy of SCB specimens made by different processes are 325 J/m2, 485 J/m2, 576 J/m2, and 307 J/m2, respectively. The specimens prepared by process C have the largest fracture energy, while the specimens prepared by process D have the smallest fracture energy. Specifically, the fracture energy of the specimens prepared by process C is 77.23% larger than that of the specimens prepared by process A, while the fracture energy of the specimens prepared by process D is 5.6% smaller than that of the specimens prepared by process A. These findings are agreement with the results of IDT test.



To further characterize the correlation of test results, the correlation between the fracture energy and fracture work were analyzed, as shown in Figure 11. It was found that there is a good linear correlation between the two test results. Therefore, based on the results, process C is recommended for fiber CRAM. Nevertheless, the process D does not enhance the crack resistance of the CRAM. Maybe the reason for this phenomenon is that there is something wrong with the fiber dispersion states in the CRAM. In contrast, process C can make the fiber obtain the best dispersion state in CRAM, resulting in the addition of fiber greatly contributing to improving the crack resistance of CRAM.





4.2. Resistance to Freeze–Thaw Damage


Given that there was a good correlation of the results between SCB tests and ID tests, only the ID test was carried out to study the influence of fiber mixing process on the freeze–thaw damage performance of CRAM. At the same time, to reduce the experimental amount, only the samples of three processes (process A, process C and process D) were tested. Based on the results of freeze–thaw cycle test, the relationship between splitting strength and freeze–thaw cycles of fiber CRAM is illustrated in Figure 12, and the relationship between fracture work and freeze–thaw cycles of fiber CRAM is shown in Figure 13. It can be seen that with the increase of freeze–thaw cycles, the splitting strength and fracture work of fiber CRAM decrease. The fiber mixing process has a significance effect on the reduction rate of splitting strength and fracture work, especially for the specimens under the water saturation condition. After 20 freeze–thaw cycles under completely dry test conditions, the splitting strength of CRAM prepared by process A decreased by 21.6%, while that of fiber CRAM prepared by process C and process D decreased by 9.47% and 20.45%, respectively. Similarly, after 20 freeze–thaw cycles under water saturation condition, the splitting strength of CRAM prepared by process A decreased by 57.52%, while that of fiber CRAM prepared by process C and process D decreased by 34.91% and 39.39%, respectively. Therefore, from the analysis of splitting strength, the fiber CRAM made by process C has the smallest reduction rate, which indicates that the best fiber mixing process is process C.



On the other hand, from the analysis of fracture work in Figure 13, after 20 freeze–thaw cycles under completely dry test conditions, the fracture work of CRAM prepared by process A decreased by 24.73%, while that of fiber CRAM prepared by process C and process D decreased by 20.79% and 22.04%, respectively. Similarly, after 20 freeze–thaw cycles under water saturation condition, the fracture work of CRAM prepared by process A decreased by 56.99%, while that of fiber CRAM prepared by process C and process D decreased by 37.55% and 43.87%, respectively. The fiber mixture made by process C also has the smallest reduction rate of fracture work, while the CRAM made by process A has the largest reduction rate of fracture work. This is agreement with the analysis result of splitting strength. The greater the reduction rate of fracture work, the worse the freeze–thaw damage resistance of the fiber CRAM. Therefore, the fiber CRAM made by process C has the best resistance to freezing and thawing damage. This indicates that the fiber indeed improves the performance of CRAM against freeze–thaw damage and the proper fiber mixing process further enhances the effect of fiber modification.




4.3. Dispersion State of Fiber in the CRAM


4.3.1. Macro-Distribution State of Fiber in Loose CRAM


Based on the above analysis, the influence of fiber mixing process on the crack resistance of CRAM is obvious. It is necessary to further explore the dispersion state of fibers in CRAM. Figure 14 shows the fiber macro-distribution state in loose CRAM prepared by different processes after mixing. As presented in Figure 14, the influence of mixing process on fiber dispersion state in CRAM is significant. Such differences are mainly manifested in the surface coating state of the aggregate and the uniformity of fiber dispersion. We found that the surface coating state of aggregate is more sufficient and the uniformity of fiber dispersion is also better for the specimen prepared by process C. However, for the specimen prepared by process D, the fiber agglomeration phenomenon can be found. Furthermore, similar phenomena can be observed in the specimen prepared by process B. This is because that the dispersion state of fiber is affected by the humidity conditions in the mixing environment. For the CRAM made by process B, because of the lower humidity in the mixing environment, the dispersion resistance of fibers is higher, while for the CRAM made by process D, due to the excessive humidity, the fibers are agglomerated, resulting in the poor dispersion uniformity of fiber. In contrast, the best humidity condition is obtained for fiber dispersion in process C. It can be speculated that the dispersion state of fiber is closely related to the interfacial properties of the CRAM. Therefore, it is necessary to further explore the influence of fiber mixing process on micro-distribution state of fiber in CRAM.




4.3.2. Micro-Distribution State of Fiber in CRAM Specimens


The fiber micro-distribution state in the CRAM specimen was obtained using scanning electron microscope technology, as shown in Figure 15. It was found that the internal microstructure of the CRAM without fiber is relatively loose, while the overlapping microstructure of fibers is observed in fiber CRAM. As a result of a reinforcing role of fiber, the addition of fiber can enhance the fracture toughness of the mixture. However, because of the difference in fiber micro-distribution state, the toughness against cracking is also different. Due to the fiber agglomeration phenomenon in Figure 15b,d, the micro dispersion state of fiber is poor, which reduces the uniformity of fiber in CRAM. In contrast, an overlapping bridging network structure can be observed in Figure 15c, which makes the fiber CRAM transfer and disperse stress better when it is stressed. In addition, this structure allows the fiber to pass through the microcrack and weak interface of the mixture, and the weak position of the interface can be strengthened by the bridging principle, so as to make up for the weak point of the aggregate adhesion in RAP. This finding is highly consistent with the literature [26]. Therefore, uniformly dispersed fibers can optimize the internal structure of the fiber mixture and enhance its ability to resist cracking.






5. Conclusions


Four kinds of fiber mixing processes named A, B, C, and D were designed by changing the order of fiber addition. The effect of fiber mixing process on the cracking resistance of CRAM has been evaluated from multiple perspectives in this research. The main findings are concluded as follows:




	(1)

	
Based on the results of the semicircle bending test and indirect tensile test, fiber mixing processes have a significant effect on the cracking resistance of CRAM. The CRAM specimens prepared by process C have the largest fracture energy, splitting strength, and fracture work, while the specimens made by process D have the smallest value.




	(2)

	
For all CRAM specimens, with the increase of freeze–thaw cycles, splitting strength and fracture work of fiber CRAM decrease. However, there is an obvious difference in the reduction rate of splitting strength and fracture work, especially for the specimens under water saturation condition. The specimens made by process C have the smallest reduction rate, which indicates a better resistance to freezing and thawing damage.




	(3)

	
According to the analysis of fiber macro-distribution state in loose CRAM, the dispersion state of the fiber is affected by the humidity condition in the mixing environment. In contrast, the best humidity conditions are obtained for fiber dispersion in process C.




	(4)

	
Based on the SEM observation, an overlapping bridging network structure can be observed in the microstructure of the specimens prepared by process C, which means the mixture could transfer and disperse stress better when it is stressed. This reveals the mechanism of the influence of fiber mixing process on the resistance to cracking of CRAM from the micro level.









Based on the above results, it is critical to select the appropriate fiber mixing process for the CRAM in engineering practices. Moreover, the influence of the fiber mixing process on the fatigue performance of CRAM needs to be further verified. For this issue, we will study and discuss it in further study.
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Figure 1. Basalt fiber. 






Figure 1. Basalt fiber.
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Figure 2. Final design gradation of CRAM. 
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Figure 3. The effect of fiber content on the performance of CRAM: (a) void; (b) splitting strength and freeze–thaw splitting strength ratio. 
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Figure 4. Four kinds of fiber mixing processes. 
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Figure 5. Test and research plan. 






Figure 5. Test and research plan.



[image: Applsci 13 00999 g005]







[image: Applsci 13 00999 g007 550] 





Figure 7. Semi-circular bending test schematic: (a) compacted specimens and test slices; (b) loading process; (c) key dimensions; (d) SCB loading curves and calculation diagram of fracture energy. 
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Figure 8. Fine processing of SEM test specimens: (a) specimen for pasting conductive adhesive; (b) removing impurities on the surface of the specimen; (c) the specimen placed in the observation chamber. 
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Figure 9. Results of indirect tensile test: (a) load–displacement curves; (b) fiber mixing processes and splitting strength or fracture work. 
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Figure 10. Results of SCB test: (a) load–displacement curves; (b) fiber mixing processes and fracture energy. 
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Figure 11. The correlation between fracture energy and fracture work. 
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Figure 12. Relationship between splitting strength and freeze–thaw cycles: (a) completely dry condition; (b) water saturation condition. 
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Figure 13. Relationship between fracture work and freeze–thaw cycles: (a) completely dry condition; (b) water saturation condition. 
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Figure 14. Fiber macro-distribution state in loose CRAM: (a) process A; (b) process B; (c) process C; (d) process D. 
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Figure 15. Microstructure of fiber in CRAM: (a) process A; (b) process B; (c) process C; (d) process D. 
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Table 1. The properties of basalt fiber.
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	Items
	Diameter (μm)
	Length (mm)
	Melting Point (°C)
	Density (g/cm3)
	Moisture

Absorption (%)
	Tensile Strength (MPa)
	Elongation at Break (%)





	Test results
	16
	6
	1500
	4.36
	0.1
	≥2000
	2.7
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Table 2. Main technical indexes of emulsified asphalt.
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Test Items

	
Unit

	
Test Results

	
Technical Requirements






	
Demulsification speed

	

	
slow crack

	
slow crack




	
Particle charge

	

	
cation

	
cation




	
Residue on sieve (1.18 mm)

	
%

	
0.02

	
≤0.1




	
Storage stability

	
1 d

	
%

	
0.5

	
≤1




	
5 d

	
%

	
0.9

	
≤5
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