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Abstract

:

It is well-accepted that the ionic copolymer poly (ethylene-co-methacrylic) acid (also named EMAA) is one type of self-healing material. This particular capability has great potential for extending the service life of infrastructures. In order to improve the rheological, mechanical, and self-healing properties of asphalt binder and asphalt mixtures, EMAA and styrene butadiene rubber (SBR) were selected as the additives. In this study, the effects of EMAA and SBR on the performance of bitumen and asphalt mixtures were examined and characterized using various parameters including rheological indices, Glover–Rowe parameter, ductility self-healing rate, fluorescence microscopy, and scanning electron microscope (SEM) test on binders, and different testing methods such as complex modulus, thermal stress-restrained specimen test (TSRST), disk-shaped compact tension (DCT), and fatigue–healing–fatigue test on the mixtures. The results showed that EMAA can significantly improve the stiffness and self-healing capacity of virgin and SBR modified binders and mixtures. Moreover, the cracking resistance of EMAA/SBR compound modified binder and mixture showed a significant improvement. However, EMAA is not recommended to be added as a modifier to virgin binders and mixtures due to its poor cracking resistance. Some novel tests and parameters mentioned in this paper are recommended for characterizing binders and mixtures in the future.
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1. Introduction


Asphalt binder has been used for many years in paving and roofing constructions because of its great viscoelastic properties [1]. However, with the influence of traffic loading and environmental conditions, the relaxation capability and flexibility of asphalt mixtures gradually decline resulting in more ageing and lower cracking resistance, and this phenomenon is more obvious for virgin asphalt or reclaimed asphalt. To alleviate this problem, some additive agents were selected to be added to asphalt binders as modifiers to improve the mechanical and rheological abilities of asphalt [2]. There are different types of modifiers such as polymers, minerals, acids, etc., but among them, the styrene-butadiene rubber (SBR) has shown a great potential to increase the thermal cracking resistance of virgin binder. Becker et al. found that SBR modified asphalt could significantly improve the viscosity and ductility of virgin asphalt, in addition to enhance the cracking resistance of asphalt mixture [3]. However, SBR modified asphalt is more prone to aging due to its butadiene-rich structure. Moreover, SBR-modified asphalt and asphalt mixture were susceptible to high-temperature damage because of the modification method, which results in poor high-temperature stability and compatibility [4]. Therefore, in order to obtain a comprehensive performance, as well as the high stability of asphalt binder, it is necessary to investigate more effective additives in combination with SBR.



The self-healing capability of asphalt has been investigated in several researches. It has been proved that self-healing has the potential to prolong the serviceability of asphalt concrete [5,6,7]. In general, the research of self-healing mechanism is still a hot topic. Several methods and models were used to fully understand the self-healing phenomenon, such as molecular diffusion healing model, surface energy healing model, capillary flow healing model [8]. Based on the research by Qiu et al. [9], the self-healing of asphalt materials was influenced by many factors, including rest time, temperature, binder properties, damage level, and material modifications. The healing process at the ambient temperature is very slow, and it is difficult to healing the micro cracks and other damages during the service life of asphalt concrete. Therefore, various external intervention methods were performed to speed up the healing process, such as heating the asphalt concrete by electromagnetic induction [10,11], microwave induction [12,13], and mixing microcapsules containing healing agent [14,15] in asphalt concrete.



In addition, the concept of self-healing comes from the natural and biological phenomena, which can help the organisms recover, repair the cracks, and finally lengthen the span of life. Nowadays, some novel self-healing materials including hollow fibers, nanoparticles, and ionomers were used in functional composite materials (such as polymer and asphalt) [16]. The ionomer poly(ethylene-co-methacrylic) acid (EMAA) has shown a great potential for the self-healing reinforcement of asphalt materials. Meure et al. [17] studied self-healing efficiency and mechanism of EMAA in epoxy resin and found that EMAA has different healing process than the other repairable polymer systems. Meure et al. [18] reported that the cracks in carbon fiber–epoxy laminates can achieve self-healing by using EMAA fibers or particles. In addition, the self-healing efficiency by using EMAA is higher than using the microcapsule method. Pingakararwat et al. [19] confirmed that adding EMAA in carbon–epoxy laminates is an effective way to prevent the fatigue and static cracks. In another study, Wang et al. [20] investigated the compatibilizing ability of EMAA on polyvinyl chloride (PVC)/polypropylene (PP) composite materials. The results showed that EMAA had better compatibilizing ability than ethylene-vinyl acetate copolymer (EVA) and low-density polyethylene (LDPE). Therefore, it is required to explore the compatibility effects of EMAA on polymer-modified asphalt, such as SBR-modified asphalt or SBS-modified asphalt, which might improve the comprehensive performance of polymer modified asphalt and its mixture.



In consideration of the above situation, the main idea of this study is to explore the possibility of using EMAA as modifier and self-healing agent in asphalt materials. The rheological, mechanical, and self-healing abilities of EMAA added to asphalt materials have been evaluated using traditional as well as some newly developed test methods. Also, proper parameters are selected to better assess the properties of binders and mixtures.




2. Materials


2.1. Virgin Binder and Aggregate


The virgin binder used in this study was Shell 70# road asphalt binder. The main physical properties of virgin binder are shown in Table 1. The coarse and fine aggregates were basalts and limestone, respectively, and the limestone powder was used as mineral filler. The physical properties of coarse and fine aggregates and mineral filler are presented in Table 2.




2.2. Modifiers


The basic properties of SBR, which is a white solid powder, are shown in Table 3. EMAA was obtained from Dongguan, China, and the origin is DuPont Company, USA. The physical properties of EMAA are presented in Table 4. Figure 1 shows the shape and appearance of EMAA and SBR used in this study.




2.3. Binder Preparation


Four types of binders were evaluated in this study, including virgin binder, SBR-modified binder, EMAA-modified binder, and EMAA–SBR (compound)-modified binder. The modified asphalt binders were prepared as follows:



(1) SBR-modified asphalt



First, the virgin binder was heated up to 155 ± 5 °C. Then, based on the group results [21], the optimum amount of SBR (3% of total binder weight) was added to the virgin binder and stirred for 20 min. After that, the binder was sheared at 5000 r/min for 30 min. During this process, the temperature was kept constant.



(2) EMAA/SBR compound-modified asphalt



The virgin binder was heated up to 155 ± 5 °C. Then, a proper amount (1%, 2%, 3%, 4%, 5%, or 6% by total weight) of EMAA was added to the binder and stirred for 30 min. After that, the binder was sheared at 5000 r/min for half an hour. Finally, 3% SBR was added and continuously sheared for another 30 min.



In this study, the contents of EMAA were preliminary selected as 1%, 2%, 3%, 4%, 5%, and 6% by total weight of the binder specimen. Various important material parameters, including softening point, equivalent softening point, kinematic viscosity, and ductility (10 °C), in accordance with JTG E 20-2011 [22], were used to determine the optimum dosage of EMAA. The physical properties of modified binders with different EMAA contents are shown in Table 5.



It can be seen in Table 5 that after adding EMAA, the softening point, equivalent softening point (T800), and kinematic viscosity (135 °C) of asphalt increased. This indicates that EMAA can improve the high-temperature stability of SBR-modified asphalt. The reason might be that EMAA promoted the stability and compatibility of SBR-modified asphalt, and also the methyl branched chain on EMAA could increase the viscosity of asphalt. However, as the content of EMAA increased from 1% to 6%, the ductility (10 °C) decreased from above 100 to 76.5 (cm). Thus, the critical point could be at 4% EMAA. Moreover, when the content of EMAA was more than 4%, the increasing rate of softening point, equivalent softening point (T800), and kinematic viscosity (135 °C) gradually decreased. For economic considerations, 4% of EMAA was chosen in this study.



(3) Preparation of EMAA-modified asphalt



Asphalt with 4% EMAA was also produced. The procedures were the same as mentioned previously.



Four kinds of binders, including virgin binder, virgin binder + 3% SBR, virgin binder + 4% EMAA + 3% SBR, and virgin binder + 4% EMAA, were recorded as virgin, 3%SBR, 4%EMAA/3%SBR, and 4%EMAA for simplicity.




2.4. Mixture Preparation


The mix design was followed by the Technical Specification for Construction of Highway Asphalt Pavement (JTGF40-2004) [23]. The mixture gradation was determined based on the dense gradation, and a typical gradation of AC-13 was selected for all the mixtures, as shown in Figure 2. The asphalt-aggregate ratio was determined by Marshell test results. The target air void of all the mixtures was controlled at 3.5–4%. The optimum asphalt–aggregate ratio of virgin mixture, 4%EMAA-modified asphalt mixture, 3%SBR-modified asphalt mixture, and 4%EMAA/3%SBR compound-modified asphalt mixture were 4.0%, 4.2%, 4.5%, and 4.6%, respectively.





3. Methodology


3.1. Binder Testing and Analysis


As mentioned earlier, binder testing and analysis were conducted on four different types of binders. Dynamic shear rheometer (DSR) was used to study the rheological properties of binders. The self-healing property of binders was measured using ductility test and the interaction mechanism of binders was studied using fluorescence microscopy test.



3.1.1. Binder Master Curves and Glover-Rowe Parameter


According to AASHTO T315, the binder specimens with 25 mm diameter were tested at the temperatures of 5, 15, 25, and 35 °C and loading frequencies within a strain range from 0.005 to 0.02. The complex modulus (G*) and phase angle (δ) of binders were measured at testing frequencies and temperatures, and the binder master curves were generated at 25 °C reference temperature, using the time-temperature superposition principle, based on the Christensen–Anderson–Marasteanu Model (CAM) [24].



Glover et al. [25] developed the rheological parameter, G′/(η′/G′), as an indicator of cracking potential of binders. Later, Rowe [26,27] simplified the Glover parameter, as Glover–Rowe (G-R) parameter, to evaluate the binder cracking properties. G-R parameter can be calculated from |G*|·(cosδ)2/sinδ, at temperature–frequency combination of 15 °C and 0.005 rad/s.




3.1.2. Ductility Test


The ductility test was used to investigate the self-healing ability of binders. The testing procedure is as follows: (1) Six ductility test samples for each type of binder were prepared based on the JTG E 20-2011 [22] specification; (2) a 5 mm depth artificial crack was cut in the middle of binder specimens at the room temperature (about 25 °C), as shown in Figure 3; (3) six samples were divided in two comparative groups for each type of binder, 10 °C ductility test was conducted on three samples directly, and three samples were tested after 24 h at the room temperature (about 25 °C). For quantitative analysis, the healing rate (D) was used to evaluate the healing capacity of different binders, and the calculation of D is shown in Equation (1).


  D =    L healed  −  L original     L original    ×  100 %   



(1)




where Loriginal is the ductility of the fractured sample without time interval and Lhealed is the ductility of the fractured sample with 24 h interval.




3.1.3. Fluorescence Microscopy Test


The morphologies of different binders were observed using fluorescence microscopy equipped with Canon 6D digital camera. Observation was made at room temperature with a magnification of 100. More details of test sample preparation can be found in literature [28].




3.1.4. Scanning Electron Microscope (SEM) Test


The micro morphologies of virgin, SBR-modified binder and EMAA/SBR compound-modified binder were tested on SEM test device manufactured by Netherland. The stability and anti-fracture property of different binders were studied based on the micro morphologies.





3.2. Mixture Testing


Mixture evaluation methods are discussed in this section, in supplement to binder characterization testing. To investigate the characteristics of different asphalt mixtures, four testing methods were performed, including complex modulus test, thermal stress-restrained specimen test (TSRST), disk-shaped compact tension (DCT), and fatigue–healing–fatigue test. Detailed descriptions for the tests are provided below.



3.2.1. Complex Modulus Test


Complex modulus test is a test method to evaluate the viscoelastic properties of asphalt mixtures following AASHTO TP79-15 [29]. An asphalt mixture performance tester (AMPT) was used to test the specimens, and dynamic modulus (|E*|) and phase angle (δ) were measured as two important viscoelastic characteristics of mixtures. The testing was conducted on three replicates for each mixture. Standard specimen with 150 mm high and 100 mm in diameter was tested at 4.4 °C, 21.1 °C, and 37.8 °C and the frequencies of 0.1, 0.5, 1, 5, 10, and 25 Hz. According to the time–temperature superposition principle, a generalized logistic function (Equation (2)) was used to develop the master curve of average dynamic modulus isotherms at the reference temperature of 21.1 °C.


  log  |  E *  |  = δ +  α    [  1 + λ (  exp  β + r ( log  ω r  )   )  ]   1 / λ      



(2)




where |E*| is dynamic modulus (MPa); α, β, γ, δ, and λ are the fitting parameters; and ωr is reduced frequency (Hz), which can be calculated from frequency multiplied by the shift factor, aT, shown in Equation (3).


  log  a T  =  a 1   T 2  +  a 2  T +  a 3   



(3)




where a1, a2, and a3 are shift factor coefficients, and T is temperature.




3.2.2. Thermal Stress-Restrained Specimen Test


The thermal stress-restrained specimen test (TSRST) was used to evaluate the thermal cracking susceptibility of asphalt mixtures. In accordance with AASHTO TP10-93 [30], the asphalt mixtures specimens (54 mm in diameter and 160 mm in height) were placed in an environmental chamber at 5 °C for 2 h. During the test, the temperature decreased at a cooling rate of 10 °C/h to fracture the specimen. Three replicates were tested for each mixture, and the fracture temperature and fracture strength were measured. The lower fracture temperature or the higher fracture strength, the better the low-temperature cracking resistance of asphalt mixture.




3.2.3. Low-Temperature Fracture Test


The thermal stress-restrained specimen test (TSRST) cannot consider the effects of traffic loads and the propagation of cracking over time [31]. To evaluate the low-temperature behavior of asphalt mixture, disk-shaped compact tension (DCT) test, a novel fracture test method, was performed following the ASTM D7313-07 test procedure. DCT testing is controlled to acquire a constant rate of crack mouth opening displacement (CMOD), which is 1 mm/min. Testing temperature was selected to be −18 °C. Typical load-displacement curves obtained from DCT tests are shown in Figure 4. Generally, fracture energy (Gf), as one of the main fracture parameters, can be calculated from the area under the load-CMOD curve. However, it has been found by many researchers (Al-Qadi et al. [32], Zhu et al. [33], and Pérez-Jiménez et al. [34]) that the fracture energy has its drawbacks and could not fully distinguish between the cracking behavior of the mixtures. It can be seen in Figure 4 that the mixture with high peak load (about 3.8 kN) and steep post-peak slope has very close fracture energy value with the mixture exhibiting low peak load (about 2.5 kN) and shallow post-peak slope. Therefore, different indices such as flexibility index (FI), toughness index (TI), and fracture strain tolerance (FST) are proposed to assess the low-temperature properties of asphalt mixtures.



The FST fracture index was developed by Zhu et al. [33] and showed superiority and lower variability than fracture energy in assessing the low temperature cracking ability of mixtures. The FST parameter can be calculated from Equation (4).


  FST =    G f     S f     



(4)




where Gf is the fracture energy and Sf is the fracture strength of DCT test; the calculation of Gf and Sf are shown in Equations (5) and (6).


   G f  =     ∫ 0  Δ Final    F ⋅ d u     t × a    



(5)






   S f  =   2  F max  ( 3 L − a )   t ×  a 2     



(6)




where F is the test load during the test, u is the CMOD, ΔFinal is the displacement at the end of the test, t is the thickness of test specimen, a is the crack ligament length, Fmax is the peak load, and L is the distance from loading location to specimen’s boundary.




3.2.4. Fatigue–Healing–Fatigue Test


The midpoint bending test was conducted to study the fatigue–healing–fatigue behavior of different asphalt mixtures. According to the method T0739-2011 in JTG E20-2011 [22], the sinusoidal load was applied at a frequency of 10 Hz and the testing temperature of 15 °C. The preliminary test was conducted to determine the fatigue life (Nf) at the stress ratio of 0.5. The fatigue life or the number of cycles to failure is defined as the number of cycles when the stiffness modulus drops to 50% of the initial stiffness modulus. The initial stiffness modulus was obtained at the 50th cycle of loading. The fatigue–healing–fatigue testing procedure was as follows. (1) The fatigue test was conducted until 30% fatigue life was achieved; 30% of fatigue life was chosen as the control point of the first fatigue test, which was recorded as N1; (2) the specimens were placed at room temperature for 24 h as the healing interval; (3) the second fatigue test was conducted on the specimen until the specimen was fully damaged. The number of second fatigue test was record as N2. The self-healing property of different mixtures can be assessed by the healing rate (H), which can be expressed as follows:


H = (N1 + N2 − Nf)/Nf.



(7)










4. Results and Discussion


4.1. Binder Testing Results and Discussion


4.1.1. Complex Modulus Master Curves


The complex shear modulus of different binders is shown in Figure 5. The binder stiffness increases with the inclusion of binder modification. The greatest increase is observed in the binder with 4%EMAA, followed by the 4%EMAA/3%SBR-modified binder. It should be noted that there is no significant difference between the complex modulus of virgin and 3%SBR-modified binder; specifically, the complex modulus values are very close at low frequencies (high temperatures). Interestingly, with 3%SBR added into the 4%EMAA modified asphalt, the stiffness of the 4%EMAA/3%SBR compound-modified binder decreases, indicating that SBR is not able to improve the high-temperature properties of binder.




4.1.2. Glover–Rowe Parameter


Figure 6 shows the G-R parameter for different binders. Two boundary curves that indicate the crack onset (G-R = 180 kPa) and significant cracking (G-R = 600 kPa) are added to the Black space diagram. The Black space diagram combines the complex modulus and phase angle to assess both the stiffness and relaxation capability of asphalt materials. With the increase of G* and decrease of phase angle, the asphalt mixtures on field are expected to be more prone to cracking [35]. Therefore, as the G-R values move further up and to the left, the cracking potential of asphalt binders increases. It can be seen in Figure 6 that all the G-R values are lower than the crack onset threshold. However, the cracking potential is expected to be higher for the 4%EMAA-modified binder, as the corresponding G-R parameter becomes closer to the thresholds. The rankings of cracking resistance can be in the following order: EMAA/SBR compound-modified asphalt mixtures > SBR-modified asphalt mixtures > virgin asphalt mixtures > EMAA-modified asphalt mixtures.




4.1.3. Ductility Healing Rate


Table 6 shows the results of ductility test for the different binders. As can be seen in the first row, the average ductility (without 24 h time interval) of virgin binder is 15.2 cm, while the average ductility 4% EMAA-modified binder decreases by 15.8%. This indicates that EMAA has a negative impact on ductility. In contrast, SBR or EMAA/SBR binders show a positive effect on ductility with 6.6% and 33.6% improvement, respectively. After a 24 h time interval, the ductility of all fractured samples increased, indicating a positive effect on self-healing. Another important parameter can be compared between varied binders is healing rate (D). It can see in the last row of Table 6 that the binders with EMAA modification show higher healing rate than virgin binder and SBR-modified binder. An interesting observation is that adding the combination of EMAA and SBR improves the self-healing behavior of binder significantly. The healing rate of EMAA/SBR compound-modified binder is 2.04 and 1.53 times than that of virgin binder and SBR-modified binder, respectively. The reason is not only the EMAAs own self-healing capacity, but also is probably because of the complex chemical and physical reactions that occurred among the binder and two kinds of additives.




4.1.4. Fluorescence Micrographs


The fluorescence microscopy test was performed to investigate the compatibility and stability among EMAA, SBR, and virgin binder and also provide an explanation of self-healing ductility and rheological results. The fluorescence micrographs of different binders are presented in Figure 7. As illustrated in Figure 7a, there is no pattern observed for virgin binder. After adding 4% EMAA, the morphology of virgin binder is converted to a biphasic structure where the EMAA particles are swollen by absorbing light components and dispersed in the continuous asphalt phase, as shown in Figure 7b. The EMAA particles also present the strip type features. In this situation, the expanded EMAA particles mainly have a significant influence on the viscosity of virgin binder [36]. In addition, there is an obvious interface between EMAA and asphalt, which indicates poor compatibility. However, the SBR particles are distributed like spherical features after the stirring and shearing in virgin binder, as shown in Figure 7c. Compared with EMAA-modified asphalt, the asphalt/SBR system produces a more homogenous material. As can be seen in Figure 7d, the EMAA/SBR/asphalt system has more uniform dispersion and smaller particle size of additives, which presents a better compatibility between binder and additives. Therefore, EMAA are beneficial for the dispersion of SBR modifier, resulting in better mechanical and rheological properties.




4.1.5. SEM Test Analysis


The micro morphologies of virgin binder, SBR-modified binder, EMAA/SBR compound-modified binder are presented in Figure 8. The virgin binder appears homogeneous under microscope, as shown in Figure 8a, but the images of SBR-modified binder shows that the SBR polymer disperse as floccules morphology in virgin binder, see Figure 8b. This phenomenon implies the poor stability of SBR-modified binder. The reason is probably because the low molecular oil fraction of binder was absorbed by SBR polymer, which caused the separation between asphaltene and resin. However, the micro morphology of EMAA/SBR compound-modified binder shows that both EMAA particles and SBR disperse uniformly in virgin binder, as seen in Figure 8c. Therefore, when EMAA was added to SBR-modified binder, the small concentration and aggregation of polymer was weakened. The storage stability of EMAA/SBR compound-modified binder improved. Moreover, the interfacial structure between EMAA, SBR polymer, and binder could prevent the movement of macromolecular chains of modified binder, and also lead to the reduction of initiation and propagation of microcracks in binder. Therefore, the anti-fracture property and the mechanical strength of EMAA/SBR compound modified binder improved.





4.2. Mixture Testing Results and Discussion


4.2.1. Stiffness—Dynamic Modulus


The average dynamic modulus master curves for different mixtures are shown in Figure 9. Similar to complex modulus of binders, all asphalt mixtures with modified asphalt binders have higher dynamic modulus than the virgin mixture. Generally, the mixtures with EMAA modified binder, including EMAA and EMAA/SBR modification, are stiffer than the other mixtures. For 4% EMAA and 4%EMAA/3%SBR mixtures, the master curves are nearly the same at low frequencies/high temperatures, while the dynamic modulus of 4%EMAA/3%SBR mixture is greater than 4% EMAA mixture at high frequencies/low temperatures. Therefore, 4%EMAA/3%SBR mixture mostly exhibit higher stiffness than 4% EMAA mixture. However, it should be noted that there is no significant difference between these two mixtures. It also can be seen from the master curves of the virgin and 3% SBR mixtures that the dynamic modulus are almost the same at low frequencies/high temperatures, but not for high frequencies/low temperatures.




4.2.2. Relaxation—Phase Angle


Figure 10 shows the phase angle master curves of four kinds of mixtures. Generally, the higher phase angle indicates the better relaxation capability of mixtures, which can be an indicator of better resistance against cracking. The mixtures with modified binders show the higher phase angle values than the virgin mixtures, except for 4% EMAA, indicating that the 4% EMAA mixture may be more prone to cracking. Among all the mixtures, the 4%EMAA/3%SRB and 3%SBR-modified asphalt mixtures show the highest phase angle, which indicates a higher relaxation capacity under a certain load condition. It should be noted that the phase angle is always more variable than dynamic modulus, especially at higher temperatures/lower frequencies.




4.2.3. Cracking Behavior at Low Temperature


The results from TSRST test are presented in Figure 11 and Figure 12, showing the mean values for three replicates. The error bars indicate one standard deviation. As can be seen in Figure 11, fracture temperature of the virgin, 3% SBR, and 4%EMAA/3%SBR mixtures are within a few degrees from −24.0 to −27.2 °C, which does not result in an obvious distinction between these mixtures. The 4% EMAA mixture shows a warmer fracture temperature than the other mixture, indicating that the EMAA may have a negative impact on low-temperature cracking. In addition, based on Figure 12, 4%EMAA mixture ranks the second in fracture stress, which indicates a relatively good low-temperature anti-cracking ability to some extent. Therefore, the fact that the EMAA has an effect on low-temperature cracking properties of asphalt mixture needs further investigation. Based on the results of Figure 11 and Figure 12, 4%EMAA/3%SBR mixture shows the best low-temperature cracking property with the highest fracture stress and second lowest fracture temperature. This is probably related to the compatibility and chemical effects between SBR and EMAA. It is in good agreement with previous studies [37] that found that SBR has a great impact on low-temperature properties of asphalt mixtures.



The FST results from DCT test are shown in Figure 13. The FST is obtained as fracture energy (Gf) divided by fracture strength (Sf). It is shown that FST can better characterize the fracture process of asphalt mixture. Among four different mixtures, 4% EMAA mixture has the lowest FST value. It also can be observed from Figure 13 that 4%EMAA/3%SBR mixture evidently shows the highest FST value, which is 32% higher than that of the virgin mixture. Moreover, the variation in FST values as a result of different modification is assessed. As can be seen in Figure 13, the variation of 4%EMAA/3%SBR mixture is only 10.4%. Much higher variations (36.9%, 25.4%, and 14.7%) are observed in the other three mixtures, thus indicating that 4%EMAA/3%SBR mixture shows great homogeneity and integrity compared to the other mixtures.



Overall, it can be concluded from the TSRST and DCT testing methods that adding EMAA has a negative effect on low-temperature behavior of virgin mixtures. However, EMAA/SBR compound modifier could improve the low-temperature property of mixture. The reasons may be the chemical reactions between the two modifiers, as well as the compatibilization of EMAA on SBR-modified asphalt.




4.2.4. Self-healing Capacity


The fatigue-healing-fatigue test results are shown in Table 7. It can be seen from the number of cycles to failure (Nf) that the ranking of fatigue life under the 0.5 stress ratio is 4%EMAA/3SBR > 3% SBR > virgin > 4% EMAA, which can reflect the fatigue performance ranking to some degree. Moreover, it can be seen that the fatigue lives (N1 + N2) of asphalt mixtures increase after the healing. In which, N1 is the 30% fatigue life of each mixture and N2 is the full fatigue life of 30% fatigue damage’s mixture after 24 h interval in room temperature. This is because the asphalt mixtures can heal themselves through a time interval or under high-temperature conditions. Therefore, the fatigue life of all asphalt mixtures has been extended. In addition, the 4%EMAA/3%SBR mixture has the highest healing rate, which is nearly three times as much as that of the virgin asphalt mixture. However, the mechanism of self-healing still needs investigations.






5. Summary and Conclusions


This paper evaluated the effect of EMAA and SBR modifiers on the rheological properties, cracking behavior, self-healing, compatibility, stability, and anti-fracture property of binders, and viscoelastic characteristics, low-temperature cracking, and self-healing properties of asphalt mixtures. The binders were evaluated using complex modulus, Glover–Rowe parameter, self-healing ductility rate, and fluorescence micrographs, and the mixtures were assessed using dynamic modulus, phase angle, fracture temperature, fracture strain tolerance (FST), and self-healing rate. Testing was conducted on the virgin binder, EMAA-modified binder, SBR-modified binder, EMAA/SBR compound-modified binder, and their mixtures. The following conclusions were drawn based on the testing results:




	
The conventional tests, including softening point, equivalent softening point (T800), and kinematic viscosity (135 °C) showed that the contents of 4% EMAA and 3% SBR can increase the physical properties and decrease the costs;



	
4%EMAA was effective in improving the complex shear modulus of binder. 3%SBR showed little effect on complex shear modulus of asphalt mixtures compared with virgin binder, however it was more effective at high temperatures. The G-R parameter results showed that 4%EMAA has a negative effect on anti-cracking ability of binder. 4%EMAA/3%SBR may show the best anti-cracking ability on site;



	
The ductility test results showed that EMAA had great potential to improve the self-healing behavior of binder, which was more evident in the ductility test of EMAA compound SBR-modified binder. What is more, the EMAA/SBR/asphalt system showed the best homogeneity and compatibility among four kinds of binders based on the fluorescence micrographs. Also, the anti-fracture property and the mechanical strength of EMAA/SBR compound-modified binder improved based on the SEM images. The fatigue–healing–fatigue test results showed that the fatigue life of EMAA/SBR compound-modified mixture had been significantly extended with a 24 h healing interval;



	
The results of dynamic modulus testing showed that the modified asphalt mixtures are stiffer than virgin mixture, while for SBR-modified asphalt mixture, the improvement was not found to be significant. The results of phase angle showed that EMAA had a negative effect on anti-cracking ability. However, the phase angles of EMAA/SBR compound-modified mixture was slightly greater than SBR-modified mixture, indicating better resistance to cracking;



	
According to the results of fracture temperature and fracture stress, the EMAA/SBR compound-modified asphalt showed the best low-temperature cracking resistance. The fracture strain tolerance (FST) was selected as the parameter instead of fracture energy. The results showed that EMAA/SBR compound-modified mixture had the greatest FST value, indicating the best crack resistance at low-temperatures. In addition, the EMAA/SBR compound-modified mixture had the lowest variability of FST value.








In addition, there are also other tests that can supplement this study, however they were not conducted due to the scope of this study. Such tests may include differential scanning calorimetry (DSC) test and some scratch tests. DSC tests are recommended to show the thermal and chemical stability of different binders. We also recommend doing scratch test to study the abrasive resistance of different mixtures.
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Figure 1. Shape and appearance of EMAA and SBR. 
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Figure 2. Gradation curve of AC-13. 
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Figure 3. Fracture samples for self-healing ductility test. 
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Figure 4. Typical load and crack mouth opening displacement (CMOD) curves. 
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Figure 5. Complex modulus master curves of different binders. 
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Figure 6. Glover–Rowe parameter analysis in black space for different binders. 
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Figure 7. Fluorescence micrographs of different binders: (a) Virgin; (b) 4%EMAA; (c) 3%SBR; (d) 4%EMAA/3%SBR. 
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Figure 8. SEM photographs of different binders: (a) Virgin; (b) 3% SBR; (c) 4%EMAA/3%SBR. 
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Figure 9. Dynamic modulus master curve for different mixtures. 
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Figure 10. Phase angle of different mixtures. 
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Figure 11. Fracture temperature (thermal stress-restrained specimen test (TSRST)) of different asphalt mixtures. 
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Figure 12. Failure stress (TSRST) of different asphalt mixtures. 






Figure 12. Failure stress (TSRST) of different asphalt mixtures.



[image: Applsci 10 00426 g012]







[image: Applsci 10 00426 g013 550] 





Figure 13. Fracture strain tolerance (disk-shaped compact tension (DCT)) of different asphalt mixtures. 
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Table 1. Physical properties of base asphalt.
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Test Properties

	
Results

	
Requirement






	
Penetration (25 °C, 100g, 5 s)/0.1 mm

	
74.9

	
60~80




	
Softening point/°C

	
46.7

	
≥46




	
Ductility (10 °C)/cm

	
68.5

	
≥15




	
Rolling thin film oven (RTFO)

	
Mass loss/%

	
0.60

	
≤0.80




	
Penetration ratio/%

	
71.5

	
≥61.0




	
Ductility (10 °C)/cm

	
9.8

	
—
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Table 2. Physical properties of aggregate and filler.
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Test Properties

	
Results

	
Requirement






	
Coarse aggregate

	
Crushed value/%

	
11.8

	
≤26




	
Los Angeles wear value/%

	
10.6

	
≤28




	
Polished stone value/PSV

	
43

	
≥42




	
Fine aggregate

	
Apparent relative density

	
2.679

	
≥2.50




	
Angularity/s

	
42.7

	
≥30




	
Filler

	
Apparent density/(g·cm−3)

	
2.761

	
≥2.50




	
Water content/%

	
0.4

	
≤1
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Table 3. Basic properties of styrene butadiene rubber (SBR).
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	Test Properties
	Values
	Standards





	Particle size/mesh
	<80
	GB/T8656



	Tensile strength/MPa
	22
	GB/T8656



	Styrene content/%
	17~19
	GB/T8658



	Mooney viscosity/(Pa·s)
	68
	GB/T8657
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Table 4. Basic properties of poly(ethylene-co-methacrylic) acid (EMAA).
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	Test Properties
	Values
	Standards





	Density/(g/cm3)
	0.93
	ASTM D792



	Vicat softening temperature/°C
	65.0
	ASTM D1525



	Melting point/°C
	95
	ASTM D3418



	Tensile strength/MPa
	32
	ASTM D1238
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Table 5. Physical properties of EMAA/SBR compound-modified asphalt.
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	Binder Type
	Softening Point/°C
	Equivalent Softening Point (T800)/°C
	Kinematic Viscosity (135 °C)/Pa⋅s
	Ductility (10 °C)/cm





	3%SBR
	57.5
	53.4
	1.33
	>100



	1% EMAA + 3% SBS
	65.5
	56.9
	1.45
	>100



	2% EMAA + 3% SBS
	68.9
	59.3
	1.58
	>100



	3% EMAA + 3% SBS
	73.2
	61.9
	1.73
	>100



	4% EMAA + 3% SBS
	74.3
	63.2
	1.82
	>100



	5% EMAA + 3% SBS
	75.0
	64.3
	1.89
	92.3



	6% EMAA + 3% SBS
	75.5
	64.8
	1.93
	76.5
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Table 6. Ductility test results of various binders.
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	Test Properties
	Virgin
	4% EMAA
	3% SBR
	4%EMAA/3%SBR





	Average LOriginal/(cm)
	15.2
	12.8
	16.2
	20.3



	Average LHealed/(cm)
	19.2
	18.9
	21.9
	31.2



	D/(%)
	26.3
	47.7
	35.2
	53.7
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Table 7. Results of self-healing property of asphalt mixtures.
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Asphalt Type

	
Stress Ratio

	
Nf/Cycles

	
N1/Cycles

	
N2/Cycles

	
(N1 + N2)/Cycles

	
H/%






	
Virgin

	
0.5

	
20,158

	
6047

	
16,752

	
22,799

	
13.1




	
4% EMAA

	
18,596

	
5578

	
19,256

	
24,834

	
33.5




	
3% SBR

	
31,596

	
9478

	
30,456

	
39,934

	
26.4




	
4%EMAA/3%SBR

	
36,525

	
10,957

	
40,258

	
51,215

	
40.2












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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