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Abstract

:

The adhesive property between asphalt and aggregate is a crucial factor that affects the resistance of asphalt pavement to moisture damage. In this study, by simulating the actual working conditions of asphalt–aggregate bonding characteristics, test equipment was developed and a method for evaluating the adhesive properties between asphalt and aggregate—the brush damage test—was proposed. A steel-wire brush as the brush type, a total of 0.5 kg/m2 asphalt content, 70 °C as the maintenance temperature, and 4 h as the maintenance time, as well as mass loss rate (ML) of specimens before and after brushing, were used as the evaluation index. The brush damage test was conducted on five commonly used asphalt binders and two commonly used aggregates. Finally, the results of the brush damage test were analyzed in comparison with those of a binder bond strength (BBS) test. It was indicated that the evaluation results for the adhesive properties between asphalt and aggregate were not consistent under the two test methods. The pull-off tensile strength under dry conditions (POTSdry) and under wet conditions (POTSwet) when ignoring the influence of the texture of aggregate did not reflect the adhesive properties. ΔPOTS, representing the ability of asphalt to resist the loss of adhesion strength due to moisture damage, can be used to evaluate the adhesion properties between asphalt and aggregate. Under appropriate conditions, the brush damage test has the advantages of simple operation, high credibility, and good discrimination.
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1. Introduction


As a basic pavement material, the most important role of asphalt is to bond aggregates to form a solid surface for transportation. The adhesion property between asphalt and aggregate is the basic prerequisite for durability and other performance parameters of asphalt pavement [1]. Various types of road damage occur depending on time and usage, such as rutting, cracks, and moisture damage. A number of studies [2,3,4,5] have shown that such damage is closely related to the adhesion property between asphalt and aggregate.



For research on the adhesion property between asphalt and aggregate, there are many evaluation methods and indexes. At present, a unified and extensive evaluation system has not yet been formed. According to test principles, the evaluation methods include peeling evaluation, surface energy evaluation, and mechanical testing.



The peeling evaluation involves placing the asphalt-coated aggregate in water or other solvents and then evaluating, either qualitatively or quantitatively, the degree of peeling between the asphalt and the aggregate in order to determine adhesion. The boiling method and water-immersion method in the Chinese standard JTG E20-2011 [6] are intended to accelerate the peeling of asphalt from the aggregate under high-temperature conditions. As compared to the methods in static water immersion, the methods in dynamic water immersion simulate the scouring effect of water on the asphalt and aggregate by rotating a volumetric flask or by using ultrasonic waves to increase the severity of the test environment. These methods have been affected by subjective factors and research levels, and can be influenced by the collision between the aggregates [7,8,9]. Photoelectric colorimetry and the net adsorption test [10] both use spectrophotometers to measure the concentration change of the solution, which can then be used to evaluate the adhesion of asphalt and fine aggregates. However, the testing technology is difficult to use, and the applications are limited.



Surface energy evaluation is based on the change in the surface free energy of the entire system caused by the infiltration of asphalt and aggregate, and evaluates the adhesion between the asphalt and the aggregate [11,12]. According to Young’s equation, the key to adopting the surface energy evaluation is to measure the surface energy parameters of asphalt, aggregate and water. The sessile drop method [13,14] and Wilhelmy-plate method [15] are commonly for testing. Recently, Atomic Force Microscopy (AFM) has been used to analyze the microstructure and mechanical properties of asphalt for surface energy testing [16,17,18]. Testing the surface energy does not allow the direct use of aggregates with real textures for testing, as serious contact angle hysteresis will occur and influence the test results [19]. In addition, surface energy evaluation has not been widely used due to the expensive test equipment required and the complexity of test operation.



Mechanical testing mainly includes the peel test and binder bond strength (BBS) test. The peel test [20] evaluates the adhesion property by measuring the average peel force during the loading process. It is divided into 90° peeling, 180° peeling, rolling peeling, and T-shaped peeling [21]. However, due to the large allowable strain during the peeling process the limit of adhesion failure has yet to be determined, and the measured value is larger than the actual value [22]. The BBS test, which originally came from ASTM D4541 [23] to evaluate the bond strength in the coating industry and was later included in AASHTO TP-91 [24], has been widely as well [25,26,27,28].



Mogawer et al. [29] studied the moisture stability of a warm-mix asphalt mixture using a Hamburg wheel-track device (HWTD) and the BBS test; the results showed that there was no correlation between the HWTD test and the BBS test. However, Aguiar-Moya et al. [30] found that the BBS test had a high correlation with the HWTD test, and was not highly correlated with the surface energy test. As a result, the credibility of the BBS test has been controversial. The BBS test requires aggregates collected from the quarry as the substrates, which are first cut using diamond saw cutters to obtain a relatively flat surface and then polished to ensure consistent roughness and remove saw marks [31]. In this case, the texture and structure of the aggregate are ignored, and the asphalt film is bonded to the aggregate with a smooth surface and a uniform structure. However, in the actual adhesion behavior, aggregates often have rough surfaces and complex structures. The results of the BBS test cannot represent the adhesion property between asphalt and aggregate under actual working conditions.



In summary, the evaluation methods for the adhesion property between asphalt and aggregate have a certain degree of inaccuracy, and they are difficult to integrate with actual working conditions, where their credibility is in question. In this study, novel test equipment was independently developed, and a new evaluation method was proposed based on actual working conditions, called the “brush damage test”. Taking the sample mass loss rate (ML) before and after brushing as the evaluation index, a comprehensive evaluation of the adhesion properties between five commonly used asphalts and two commonly used aggregates in pavement was conducted. In addition, a correlation analysis between the above results and the BBS test results was performed in order to clarify the effective indexes for evaluating the adhesion property between asphalt and aggregate.




2. Objective


The general objective of this study was to propose an innovative testing method, the brush damage test, for evaluating the adhesion properties between asphalt and aggregate. The specific objectives were as follows:




	(1)

	
To develop the testing equipment and design the testing procedure based on testing principles appropriate to actual working conditions.




	(2)

	
To determine the experimental conditions of the brush damage test, including the brush type, the asphalt content, the maintenance temperature, and the maintenance time.




	(3)

	
To compare the results of the brush damage test with the BBS test and analyze the effective indexes to evaluate the adhesion properties between asphalt and aggregate.










3. Materials


Given the typical choices for adhesion research, one base asphalt binder and four modified asphalt binders were selected. The base asphalt binder was 70#-base asphalt from Shell, which was in 70 (0.1 mm) penetration grade, referred to herein as 70#. The modified asphalt binders were prepared by adding various modifiers to the base asphalt: low density polyethylene modified asphalt, Styrene-butadiene-styrene block copolymer modified asphalt, crumb rubber modified asphalt, and rubber plastic powder modified asphalt, referred to herein as LDPE, SBS, CR, and RP, respectively. The preparation process and main physical properties of these asphalt binders are summarized in Table 1 and Table 2. The aggregates used in this study were 2.36–4.75 mmbasalt and limestone, and the density test results are shown in Table 3.




4. Test Method


4.1. Test Equipment


The test equipment used in the brush damage test was independently developed, including the loading module, the test module, and other components. The loading module was composed of a brush and a brush fixture, and the test module was composed of a test platform, a test mold, and a test-mold fixture. The main components of the equipment and the physical object are shown in Figure 1.



The specimens should be placed in the test mold and tested on the test platform. The mold was designed according to the size of the test platform, and the design drawing and physical object are shown in Figure 2.




4.2. Test Procedure


4.2.1. Preparation of Materials


	(1)

	
Aggregate



According to section T0702-2011 in Chinese standard test methods [6], the aggregates need to be dried to a constant weight at 105 °C.



Equation (1) was used to determine aggregate quantity.


   m a  =  ρ a  × S ×   2.36 + 4.75  2  ×  R f  ,  



(1)




where    m a    is aggregate quantity (g),    ρ a    is apparent density of aggregate (g/cm3),  S  is fully paved area (cm2), and    R f    is correction factor (%).



The method was based on the following assumptions. The shape of the aggregate is square, and the particle size is evenly distributed in an interval of 2.36–4.75 mm. Therefore, the average height of the aggregate is taken as the average of 2.36 and 4.75. On this basis, the mass of a single full layer of aggregate is initially obtained by multiplying the density by the volume. However, as asphalt overflow will occupy a certain position and the actual shape of the aggregate is generally not uniform, the preliminary calculation result is generally on the large side. Therefore, the correction factor needs to be considered in the calculation, which can be determined based on experience or pre-experiments. In this study, the correction factor of 70% was selected through pre-experiment.



The aggregates need to be heated at 160 °C for standby when using base asphalt binders, and at 180 °C when using modified asphalt binders.




	(2)

	
Asphalt



The asphalt content has a significant impact on the test results, which should be determined according to the multi-level pre-test results by considering the expected adhesion force and particle size of the aggregate. During the preparation process, the asphalt should have acceptable fluidity. The heating temperature (   T 0   ) was 160 °C when using base asphalt binders, and 180 °C when using modified asphalt binders.








4.2.2. Preparation of Specimens


At least three parallel specimens were prepared for each group; the specimen forming process was as follows:




	(1)

	
Weighed the mass of the test mold (   m t    ) and preheated it with the asphalt in an oven set to    T 0    for 1 h.




	(2)

	
Took out the test mold and immediately poured the asphalt of target weight (   m b    ) evenly.




	(3)

	
Returned the test mold to the original oven and heated for 1 h.




	(4)

	
Placed the test mold on the heating plate set to    T 0    and spread the aggregate at target weight (   m a   ) evenly on the asphalt film.




	(5)

	
Used the rolling forming machine on asphalt mixture to roll the specimen for three round-trips in the same direction.




	(6)

	
Swept away all loose aggregate and cured the specimen under dry conditions at 25 °C for 4 h.




	(7)

	
Weighed the total mass of the test mold and specimen (   m 1   ).










4.2.3. Maintenance Phase


The specimens were divided into two test groups, and the maintenance temperature and maintenance time was determined according to their requirements. The specimens under wet conditions were first submerged in a water bath at the maintenance temperature for the maintenance time to investigate the adhesive failure and disadvantageous effects of moisture on the asphalt adhesion. Afterwards, the specimens were removed from the water, and all loose aggregate was swept away. The specimens were then kept at the maintenance temperature for 1 h to dry.



The specimens under dry conditions were placed in a thermostatic chamber at the maintenance temperature for a certain time. To form a contrast, the total duration of the maintenance phase of the dry group and the wet group were the same.



Finally, after sweeping away all loose aggregate, the total mass of the test mold and specimen (   m 2   ) were weighed.




4.2.4. Testing Phase


The testing phase was conducted immediately after the maintenance phase.




	(1)

	
Fixed the specimen on the test platform and raised the test platform by lift lever until the brush was in full contact with the sample.




	(2)

	
Used a speed of 100 r/min and the brushing time of 1 min for brush damage test. During the test, the brush rotated on the axis of the stirring shaft with its radius of rotation as the radius of the brush, and rotated with the stirring shaft with its radius of rotation of 5 cm.




	(3)

	
Weighed the total mass of the test mold and specimen (   m 3    ) after sweeping away all loose aggregate.










4.2.5. Calculation of Results


As there was a difference in the mass of the specimens after each molding, the mass loss rate before and after brush damage test was used for evaluation; the calculation equation was as follows:


  ML =    (   m 2  −  m 3   )     m 1  −  m b  −  m t    × 100 % ,  



(2)




where   ML   is mass loss rate (%).






5. Results and Discussion


5.1. Experimental Conditions of the Brush Damage Test


The brush damage test analyzed four experimental conditions, specifically the type of brush, the asphalt content, the maintenance temperature, and the maintenance time.



5.1.1. Type of Brush


The choice of brush followed three principles:




	(1)

	
Produced substantial damage to the specimens, that is, swept away the aggregate from the specimens.




	(2)

	
The degree of damage and the test results for specimens with different properties could be differentiated.




	(3)

	
The shape of the brush was stable to ensure that no obvious deformation occurred during the test that would affect the results.









Common materials used in brush filaments include polyamide (PA), polybutylene terephthalate (PBT), polyethene (PE), polypropylene (PP), polyvinyl chloride (PVC), copper wire, steel wire, palm, and horsehair. Considering the three principles, the PP and steel wire were selected and compared, as shown in Figure 3. To reduce deformation, the brush filaments had to be densely arranged, and the length had to be reasonable for testing environment. The sizes of the two brushes are shown in Table 4.



Two sets of specimens were formed using SBS modified asphalt with 2.36–4.75 mm basalt aggregate. The other experimental conditions included an asphalt content of 1 kg/m2, a maintenance temperature of 70 °C, and a maintenance time under wet conditions of 4 h. The brush damage test results using the PP brush and the steel-wire brush are shown in Figure 4.



As shown in Figure 4, as compared to the steel-wire brush, the test results of using the PP brush were more discrete. Through observation, because the temperature of the specimens was relatively high, the asphalt was easy to stick to the PP brush during the test. Due to the softness, the PP filaments bonded with the asphalt, losing their uniform distribution, and could not be restored to their original state. This phenomenon occurred randomly and then changed the contact mode of the brush and the specimens, leading to greater variability in the test results. As a comparison, the steel-wire brush had the ability to maintain a stable shape during the brushing process due to its high hardness. Hence, the steel-wire brush was chosen for the brush damage test.




5.1.2. Asphalt Content


Three sets of specimens were formed using SBS and RP with 2.36–4.75 mm basalt aggregate, and the asphalt content was 0.5 kg/m2, 1 kg/m2 and 1.5 kg/m2 respectively. The other experimental conditions included a steel-wire brush, a maintenance temperature of 70 °C, and a maintenance time under wet conditions of 4 h. The brush damage test results under different asphalt content are shown in Figure 5.



As shown in Figure 5, when the asphalt content was 0.5 kg/m2 and 1.0 kg/m2, the ML values of the specimens using SBS were greater than those using RP. When the asphalt content was 1.5 kg/m2, the result was the opposite.



When the asphalt content was 1.5 kg/m2, the thickness of the asphalt film was approximately 1.3 mm. Due to the squeezing effect of aggregate paving, the thickness of the asphalt film was greater, causing a considerable part of the uneven and irregular flat aggregate to be mostly or completely trapped in the asphalt. Therefore, the brush could only act on the asphalt, not on the aggregate wrapped in asphalt. In addition, the viscosity of SBS is lower than that of RP at 70 °C. Through observation, part of the asphalt was picked up by the brush during the test and adhered to the surrounding aggregate, making the aggregate more difficult to brush off (as shown in Figure 6) while the asphalt was coated on the surface of the active area. Hence, when the asphalt content was 1.5 kg/m2, the test results did not represent the actual damage.



When the asphalt content was 1.0 kg/m2, certain areas of the specimens using SBS had the same issues as when the asphalt content was 1.5 kg/m2, and the experimental results of the two were not distinguishable. When the asphalt content was 0.5 kg/m2, the thickness of the asphalt film was approximately 0.4 mm. The asphalt was mainly bonded to the lower surface of the aggregate, and the primary damage that occurred during brushing was the adhesion failure between the asphalt and the aggregate, which corresponded to the actual outcome; the test results using different asphalt binders were significantly distinguishable. Hence, 0.5 kg/m2 was recommended as the asphalt content for the brush damage test.




5.1.3. Maintenance Temperature


The maintenance temperature is the same as the test temperature. Four levels, 60 °C, 65 °C, 70 °C and 75 °C, were selected and compared, and four sets of specimens were formed using SBS and RP with 2.36–4.75 mm basalt aggregate. The other experimental conditions included a steel-wire brush, an asphalt content of 0.5 kg/m2, and a maintenance time under wet conditions of 4 h. The brush damage test results under different maintenance temperatures are shown in Figure 7.



As shown in Figure 7, the ML values were positively correlated with the maintenance temperatures, and as the temperature increased, the difference between ML values of specimens using the two asphalt binders increased as well. It was indicated that with the increase in maintenance temperature, the adhesion properties between asphalt and aggregate gradually deteriorated, and the adhesion property between SBS and aggregate deteriorated even more than that of RP.



According to theoretical predictions and statistical analysis, the highest surface temperature of asphalt pavement in southern China during the summer is between 60–70 °C [32,33]. Based on consideration of the actual working conditions and adverse conditions, 70 °C was recommended as the maintenance temperature for the brush damage test.




5.1.4. Maintenance Time


Time periods of 2 h, 4 h, and 8 h were selected and compared, and three sets of specimens were formed using SBS and RP with 2.36–4.75 mm basalt aggregate. The other experimental conditions included a steel-wire brush, an asphalt content of 0.5 kg/m2, a maintenance condition of wet conditions, and a maintenance temperature of 70 °C. The brush damage test results under different maintenance times are shown in Figure 8.



As shown in Figure 8, as the maintenance time increased, ML values gradually increased. Considering the full use of moisture in the wet condition to peel off the asphalt-aggregate interface and shorten the test time, 4 h was recommended as the maintenance time for the brush damage test.



In summary, we found that the brush damage test proposed by this study would require a steel-wire brush, an asphalt content of 0.5 kg/m2, a maintenance temperature of 70 °C, and a maintenance time of 4 h.





5.2. Analysis of the Brush Damage Test Results


Ten sets of specimens were formed using 70#, LDPE, SBS, CR, and RP with 2.36–4.75 mm basalt aggregate and limestone aggregate. The experimental conditions were a steel-wire brush, an asphalt content of 0.5 kg/m2, a maintenance temperature of 70 °C, and a maintenance time under wet conditions of 4 h. The brush damage test results are shown in Figure 9.



As shown in Figure 9, taking the mass loss rate (ML) of specimens as the evaluation index, the adhesion properties between asphalt and aggregate were ranked as follows: RP, SBS, LDPE, 70#, and CR. Among these, CR had the largest ML value. Because the rubber existed in the asphalt in the form of crumbs, the asphalt film had an obvious graininess when preparing the specimen, which then had a negative impact on the adhesion property between the CR and the aggregate.



Bitumen is considered to be acidic. Under the same conditions, the adhesion property between asphalt and alkaline stones is better than that found with acid stones. As the surface-active sites of alkaline stones will chemically react with the acidic substances in the asphalt to form stable chemical bonds, this improves adhesion strength. Among the two aggregates used in this study the main component of limestone was calcium carbonate, which is a typical alkaline rock, and the silica content of basalt was generally 45–52%, which is closer to neutral rock among alkaline rocks. As shown in Figure 9, the ML values of the specimens formed by the same asphalt binders and limestone aggregates were smaller than those of basalt aggregates, which meant that the adhesion properties of the five asphalt binders and limestone aggregates used in this test were better than those of basalt aggregates, which is consistent with scientific principles.



The test results indicated that the use of the brush damage test to evaluate the adhesion properties provided distinguishable results for different asphalt binders and different aggregates and had the advantages of high credibility and good discrimination.




5.3. Comparison between Brush Damage Test and BBS Test


The BBS test was performed with the PosiTest AT-A apparatus (Figure 10a) as recommended by ASTM D4541 [23]. In this study, basalt was selected as the stone substrate due to its wide usage in practice, the size of which was 100 mm × 100 mm × 10 mm. The pull-out stubs were selected with an inner diameter of 18 mm, an outer diameter of 20 mm, and a groove depth of 0.2 mm. The silicone molds were selected with an inner diameter of 21 mm in order to provide side limits. The preparation of the specimens and the BBS test were conducted according to the relevant study [34] and AASHTO TP-91 [24].



	(1)

	
Prepared three parallel specimens for each group.




	(2)

	
Cleaned the stone substrate and the pull-out stubs and preheated them with the base asphalt binders in an oven set to 160 °C (180 °C for modified asphalt binders) for 1 h.




	(3)

	
Poured the liquid asphalt into the center of the silicone molds placed onto the stone substrate (Figure 10b), then placed the pull-out stubs on the asphalt (Figure 10c) and placed the same stone substrate on pull-out stubs to provide pressure (Figure 10d).




	(4)

	
Removed the upper stone substrate and silicone molds after maintaining at 25 °C for 1 h.




	(5)

	
Under wet conditions, submerged the specimens in a water bath at 40 °C for 48 h and then maintained them at 25 °C for 1 h. Under dry conditions, hold the specimens at 25 °C for 49 h.




	(6)

	
Measured the pull-off tensile strength (POTS) at the loading rate of 0.7 Mpa/s.







For the five types of asphalt binders used in this study, two groups, one wet and one dry, were prepared for the BBS test. The test results are shown in Figure 11.



POTSwet was the POTS value for the trial group with moisture damage (MPa). POTSdry was the POTS value for the control group without moisture damage (MPa). ΔPOTS was the POTS loss due to moisture damage (%), calculated according to Equation (3) and marked as percentages in Figure 11.


   Δ POTS  =  (  1 −     POTS   wet       POTS   dry      )  × 100 % ,  



(3)







As shown in Figure 11, taking POTSwet as the evaluation index, the adhesion properties between asphalt and aggregate were ranked as follows: SBS, 70#, RP, LDPE, and CR. Taking POTSdry as the evaluation index, the adhesion properties between asphalt and aggregate were ranked as follows: SBS, 70#, LDPE, RP, and CR. Taking ΔPOTS as the evaluation index, the adhesion properties between asphalt and aggregate were ranked as follows: RP, SBS, 70#, LDPE, and CR. We concluded that under different evaluation indexes, the ranking of the adhesion properties between asphalt and aggregate were not unified.



The results of CR were always the worst. This may be due to the thickness of the asphalt film being controlled at 0.2 mm and the crumbs of rubber being too large, which could affect the adhesion between the asphalt binders and the stone substrates.



The three indexes (POTSdry, POTSwet and ΔPOTS) obtained from the BBS test and the index (ML) obtained from the brush damage test were subjected to linear fitting and Pearson’s correlation analysis; the results are shown in Figure 12.



As indicated in Figure 12, the correlation coefficient r between POTSdry and ML was only −0.51, indicating that the pull-off tensile strength under dry conditions had a low correlation with the mass loss rate of brushing and could not be used as an index to evaluate the adhesion property of asphalt.



POTSwet was the most widely used evaluation index in the BBS test, as it reflected the bond strength between asphalt binders and stone substrates under water immersion condition and matched the disease generation mechanism of asphalt pavement being damaged by moisture. However, from the perspective of the correlation between POTSwet and ML based on actual working conditions, the smooth surface and single texture of the stone substrates selected in the BBS test did not reflect the true adhesion properties between asphalt and aggregate. The values of POTSwet were not reliable for evaluating adhesion properties.



ΔPOTS reflected the ability of asphalt to resist the loss of adhesion strength caused by moisture erosion. The smaller the value, the stronger the ability to resist moisture erosion and the better the adhesion property. As compared to POTSdry and POTSwet, which use absolute values to evaluate the adhesion strength, ΔPOTS was a relative value, which weakened the influence of the contact surface properties in the adhesion behavior of asphalt and aggregate to a certain extent. Therefore, the correlation coefficient r between ΔPOTS and ML reached 0.80, indicating the two had a strong correlation and could be used to evaluate the adhesion properties between asphalt and aggregate.





6. Conclusions


Based on the tests results of this study, the following conclusions were drawn:




	(1)

	
A method for evaluating the adhesion properties between asphalt and aggregate, the brush damage test, was proposed, and the mass loss rate (ML) of specimens through brushing was used as the evaluation index. In this study, the test equipment was independently developed. To simulate the actual working conditions with adhesion failures between asphalt and aggregate, the actual asphalt binders and aggregates used in the construction of asphalt pavement were selected, and the dry and wet conditions were set.




	(2)

	
For experimental conditions, the type of brush, the asphalt content, the maintenance temperature, and the maintenance time were determined. A steel-wire brush was recommended based on its stable shape and significant test results. As the asphalt content increased, the thickness of the asphalt film increased, and the test results were unable to reflect the actual moisture damage. Therefore, a total of 0.5 kg/m2 of asphalt content was recommended. As the maintenance temperature and the maintenance time increased, the ML values increased. Considering the actual surface temperatures of asphalt pavements, sufficient bonding between asphalt and aggregate, and reducing the test time, 70 °C and 4 h of maintenance temperature and time, respectively, were recommended.




	(3)

	
The brush damage test was performed on one base asphalt binder and four modified asphalt binders. Taking the mass loss rate (ML) of specimens as the evaluation index, the adhesion properties between asphalt and aggregate were ranked as follows: RP, SBS, LDPE, 70#, and CR.




	(4)

	
The BBS test was conducted on the same five asphalt binders, and it was found that the evaluation results of adhesion properties between asphalt and aggregate were not consistent with the brush damage test. The pull-off tensile strength under dry conditions (POTSdry) had a poor correlation with ML. Although the pull-off tensile strength under wet conditions (POTSwet) has been a popular index to evaluate adhesion properties, it ignores the influence of the actual texture of the aggregate. The credibility of the above two indexes to evaluate the adhesion properties between asphalt and aggregate was doubtful. ΔPOTS represented the ability of asphalt to resist the loss of adhesion strength caused by moisture damage, which had a strong correlation with ML based on simulated actual working conditions and could be used as an evaluation index to evaluate the adhesion properties between asphalt and aggregate.




	(5)

	
On the basis of simulating actual working conditions, the brush damage test for evaluating the adhesion properties between asphalt and aggregate had the advantages of simple operation, high credibility, and good discrimination
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Abbreviations




	Abbreviation or Acronym
	Full Name



	ML
	Mass loss rate



	BBS
	Binder bond strength



	POTSdry
	Pull-off tensile strength under dry conditions



	POTSwet
	Pull-off tensile strength under wet conditions



	POTS
	Pull-off tensile strength



	LDPE
	Low density polyethylene



	SBS
	Styrene-butadiene-styrene block copolymer



	CR
	Crumb rubber



	RP
	Rubber plastic powder
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Figure 1. Test equipment: (a) main component: ① time setting device, ② switch, ③ gear-change lever, ④ lift lever, ⑤ brush, ⑥ brush fixture, ⑦ fixture wrench, ⑧ test-mold fixture, ⑨ test platform, ⑩ water inlet, ⑪ water outlet, ⑫ test mold, ⑬ equipment head; (b) physical equipment. 
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[image: Sustainability 14 02160 g001]







[image: Sustainability 14 02160 g002 550] 





Figure 2. Test mold: (a) design (mm); (b) physical object. 
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Figure 3. Two types of brushes: PP brush (bottom) and steel wire brush (top). 
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Figure 4. Brush damage test results under different types of brushes. 
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Figure 5. Brush damage test results under different asphalt content. 
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Figure 6. The surface condition of the sample after brushing under SBS asphalt content of 1.5 kg/m2. 
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Figure 7. Brush damage test results under different maintenance temperatures. 
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Figure 8. Brush damage test results under different maintenance times. 
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Figure 9. Brush damage test results of different asphalt binders. 
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Figure 10. BBS test: (a) PosiTest AT-A; (b–d) preparation of sample. 
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Figure 11. BBS test results of different asphalt binders. 
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Figure 12. Correlation analysis of brush damage test results and BBS test results. 
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Table 1. Preparation process of modified asphalt binders.
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	Asphalt Binder
	Modifier
	Preparation





	LDPE
	6% LDPE 868-000
	Adding LDPE to 70# and stirring for 75 min at 180 °C



	SBS
	4% linear SBS-791 and 0.12% sulfur
	1. Adding linear SBS-791 to 70# at 180 °C and shearing for 30 min at 3500 RPM

2. Adding sulfur and stirring for 2 h at 180 °C



	CR
	20% crumb rubber of 30 mesh
	1. Adding crumb rubber to 70# at 180 °C and shearing for 30 min at 3500 RPM

2. Stirring for 1 h at 180 °C



	RP
	14% rubber plastic powder
	1. Adding rubber plastic powder to SBS at 185 °C and shearing for 30 min at 3500 RPM

2. Stirring for 1.5 h at 185 °C
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Table 2. Physical properties of asphalt binders.
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	Asphalt Binder
	Penetration at 25 °C

(0.1 mm)
	Softening Point

(°C)
	Ductility

(cm)





	70#
	62
	46.8
	24.3



	LDPE
	36
	54.6
	6.6



	SBS
	51
	79.4
	25.6



	CR
	45
	58.4
	7.6



	RP
	45
	99.4
	16.6







Note: The test methods of penetration, softening point, and ductility are referred to T0604-2011, T0606-2011, and T0605-2011 in Standard Test Methods of Bitumen and Bituminous Mixtures for Highway Engineering (JTG E20-2011).
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Table 3. Physical properties of aggregate.
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	Aggregate
	Particle Size
	Gross Volume

Relative Density
	Apparent

Relative Density
	Water Absorption

(%)





	Basalt
	2.36–4.75 mm
	2.732
	2.873
	1.74



	Limestone
	2.36–4.75 mm
	2.692
	2.705
	1.82
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Table 4. Sizes of Brushes.






Table 4. Sizes of Brushes.





	
Type of Brush

	
Length × Width × Height of Brush

(mm)

	
Length of Brush

Filaments

(mm)

	
Diameter of Brush Filaments

(mm)






	
PP Brush

	
130 × 7 × 25

	
17

	
0.15




	
Steel Wire Brush

	
0.40
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