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Abstract

:

Calcium alginate capsules encapsulating rejuvenator are a promising self-healing technology for asphalt pavement, but the effects of different healing agents on the self-healing performance of asphalt concrete has not been considered. In view of this, this paper aimed at exploring the effects of calcium alginate capsules containing different healing agents on the self-healing properties of asphalt concrete. Three types of capsules with sunflower oil, waste cooking oil and commercial rejuvenator were fabricated via the orifice-coagulation bath method and the interior structure, mechanical strength, thermal stability and oil content of the prepared capsules were characterized. The healing levels of asphalt mixtures with different capsules under different loading cycles and stress levels were evaluated. Furthermore, the saturates, aromatics, resins and asphaltenes (SARA) fractions and rheological property of extracted asphalt binder within test beams with different capsules after different loading conditions were assessed. The results indicated that all the three types of capsules meet the mechanical and thermal requirement of mixing and compaction of asphalt mixtures. The healing levels of test beams containing vegetable oil capsules were higher than that of waste cooking oil capsules and industrial rejuvenator capsules. The strength recovery ratio and fracture energy recovery ratio of test beams with vegetable oil capsules reached 82.8% and 96.6%, respectively, after 20,000 cycles of compressive loading at 1.4 MPa. The fracture energy recovery ratio of the waste cooking oil capsules also reached as high as 90%, indicating that waste cooking oil can be used as the healing agent of calcium alginate capsules to improve the self-healing property of asphalt mixture. This work provides a significant guide for the selection of healing agent for self-healing capsules in the future.
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1. Introduction


Asphalt concrete has become the dominant surface paving material on high-grade roads due to its superior pavement performance. Nevertheless, ageing and cracking will inevitably occur on asphalt pavement due to low temperature [1], UV exposure [2], moisture weather [3] and traffic loading [4] after serving a period of time. Micro cracks will fatally deteriorate into macro cracks without proper maintenance applied on asphalt pavement, thus not only shortening the service period of pavement, but also affecting the integrity of pavement structure and the vehicle safety. Hence, to maintain asphalt pavements in a good condition during their lifetime, external maintenance is usually applied on pavements by the road maintenance department. The current maintenance activities aiming at repairing the cracks are all passive maintenance measures after macroscopic damage occurs in the pavement, which not only consume masses of natural resources, but also cause severe environmental pollution, such as secondary organic aerosol precursors [5], volatile organic compounds [6,7] and greenhouse gas [8]. Therefore, efficient and clean maintenance technologies are urgently needed for asphalt pavement in the context of low carbon maintenance [9,10].



Asphalt is a kind of self-healing material, and can spontaneously heal the inner micro cracks during rest periods or at high temperatures [11,12]. However, the self-healing efficiency of asphalt pavement is low resulting from low temperature [13] and asphalt ageing [14] during the service condition. In recent years, some researchers have made achievements in improving the self-healing performance of asphalt mixtures [15]. It is proven that asphalt rejuvenator encapsulation method can not only effectively enhance the micro crack-repair efficiency of asphalt mixtures [16,17], but also locally rejuvenate aged asphalt binder due to the timely supply of lost light components [18], thus being a promising pre-maintenance technology for asphalt pavement in the future



The capsules containing asphalt rejuvenator are the main encapsulation form for improving the self-healing levels of asphalt materials (asphalt binder and mortar and mixtures). The self-healing capsule consists of core-shell microcapsules and multi-cavity capsules. The microcapsules with core-shell structure (5~500 μm) are principally synthesized by in-situ polymerization method. Usually, melamine–formaldehyde (MF) [19,20], methanol–melamine–formaldehyde (MMF) [21,22], urea–formaldehyde (UF) [23,24] and melamine–urea–formaldehyde (MUF) [25,26] are selected as shell materials to load asphalt rejuvenator. It has been confirmed that asphalt binder or mortar containing microcapsules have good self-healing performance in the fracture recovery test [27,28]. Nevertheless, asphalt mixtures containing microcapsules failed to effectively improve the healing level of fatigue crack due to limited healing agent and one-time rupture release mode. The multi-cavity capsules (1~10 mm) are fabricated by the orifice-coagulation bath method [29,30,31,32]. Based on reaction principle of ion exchange, calcium alginate is usually used as shell material to coat vegetable oil with masses of light components. It has been proved that asphalt concrete containing calcium alginate capsules showed better performance in multiple crack healing and sustainable healing resulting from sufficient rejuvenator stored in compartmented cavities and gradual release of the healing agent [33,34,35].



It is noting that most of current literatures focus on the fabrication of capsules with sunflower oil as the healing agent and ignore the feasibility of other rejuvenator embedded in calcium alginate capsules. The effects of different healing agents on the self-healing performance of asphalt concrete has not been considered. In view of this, the paper aimed at exploring the self-healing properties of asphalt mixtures with calcium alginate capsules containing different healing agents. First, calcium alginate capsules containing vegetable oil, waste cooking oil and commercial rejuvenator were fabricated, respectively. Secondly, a series of test were conducted to characterize the interior structure, mechanical strength, thermal resistance and relative rejuvenator content of the capsules. Thirdly, the healing levels of asphalt mixtures with the three types of capsules under various cycles of compressive loading and different loading pressure were measured. Moreover, the rheological properties and the SRAR fractions of the extracted asphalt binders within the test beams after compressive loading were explored by Dynamic Shear rheometer (DSR) and thin-layer chromatography-hydrogen flame ion detector respectively.




2. Materials and Methods


2.1. Materials


The raw materials used to prepare calcium alginate capsules include sodium alginate, surfactant, healing agents, calcium chloride and tap water. Sodium alginate, surfactant Tween 80 and calcium chloride were purchased from Sinopharm Chemical Reagent (Beijing, China). Three kinds of healing agents (vegetable oil, waste cooking oil and industrial rejuvenator) were used as core materials to prepare the capsules. The vegetable oil (rapeseed oil) was purchased from a local supermarket, the waste cooking oil was obtained from a local gutter oil collection canter, the industrial rejuvenator was purchased from Haina Industry and Trade Co., Ltd. (Wuxi, China). The properties of the three healing agents were shown in Table 1.




2.2. Preparation of Calcium Alginate Capsules


Calcium alginate capsules containing different healing agents were fabricated by orifice-bath method. Based on previous research [33,35,36], the encapsulation procedure of calcium alginate capsules is shown in Figure 1: (1) 8 g sodium alginate was added into 392 g deionized water and the mixture was stirred until the sodium alginate was completely dissolved. (2) An amount of 40 g healing agent and 2 mL Tween 80 were added to the sodium alginate solution and then sheared for 15 min at 5000 rpm to form an oil-in-water emulsion. (3) The oil-in-water emulsion was dropped into a CaCl2 solution with a mass fraction of 3.0% at a speed of 65–70 drops/min and a temperature of 50 °C, forming Ca-alginate cross-linking encapsulating the healing agent inside. The capsules were kept in the CaCl2 solution for 4 h to ensure that the Na+ in sodium alginate completely reacted with Ca2+. (4) The prepared capsules were washed and dried at room temperature to obtain the dried capsules.




2.3. Characterization of the Capsules


In this study, the internal structure of the capsules was observed by scanning electron microscopy (SEM) (JSM-7500F, Tokyo, Japan). Firstly, the capsule was cut into semicircles with a blade, then the surface of the capsule was sprayed with gold, and finally, the cross-section of the capsule was scanned with an electron microscope at a voltage of 5 kV. The mechanical strength of the capsules was measured by uniaxial compression test at room temperature using the multi-functional mechanical testing machine (ZQ-990, Wuhan, China) with a loading rate of 0.5 mm/min. As the force increases during loading, a yield point was formed on the stress-displacement curve when the capsule was destroyed, and the force corresponding to the yield point was recorded as the mechanical strength of the capsule. The thermal stability of the capsules was determined by thermogravimetric analysis (TGA) using the synchronous thermal analyzer (STA 4494c/3/G, Selbu, Germany). Moreover, the oil content in the capsules was quantified according to the thermogravimetric curves. The heating range was from 40 °C to 1000 °C and the heating rate was 10 °C/min. Nitrogen was injected as a protective gas throughout the heating process with an inlet rate of 20 mL/min.




2.4. Asphalt Specimen Preparation


Unmodified 70# bitumen with a softening point of 48.1 °C, a ductility of 15.5 mm (5 cm/min, 15 °C) and a penetration of 65.3 (0.1 mm) at 25 °C was purchased from Inner Mongolia New Road Asphalt Fuel Distribution Co., Ltd. (Hohhot, China). The aggregates used to prepare asphalt mixtures were basalt aggregates.



A dense graded asphalt mixture AC-13 was used in this study. The aggregate gradation was presented in Figure 2. The optimum asphalt content determined by Marshall design methods was 4.5%. The asphalt mixture designed had an air void (VV) of 4.0%, a bulk density of 2.489 g/cm3, void in mineral aggregate (VMA) of 15.6% and void filled with asphalt (VFA) of 74.6%, meeting the requirements of “Technical Specification for Construction of Highway Asphalt Pavement (JTG-F40-2004)” [37].



It is reported that the content of calcium alginate capsules shouldn’t be higher than 0.5% to avoid the adverse effect on the water sensitivity and fatigue resistance of asphalt mixture [36,38]. In this research, calcium alginate capsules with a content of 0.4% were added to asphalt mixture without changing the gradation to study their effects on the self-healing properties of the mixture. Standard rutting plate specimens were prepared using a rutting plate molding roller. Asphalt mixture beams with size 95 mm × 50 mm × 45 mm were obtained from rutting plates and a 10 mm × 4 mm notch was created in the middle of each beam to make sure crack appears at the same position in the following fracture-healing test.




2.5. Self-Healing Property Evaluation


The effects of calcium alginate capsules containing different types of healing agents on the self-healing properties of the asphalt specimens were evaluated by fracture-cyclic compression loading–healing test, shown in Figure 3.



The fracture-cyclic compression loading–healing test procedure included four steps: (1) three-point bending test was performed on asphalt specimens at −10 °C with a loading speed of 0.5 mm/min to test their initial flexural strength and generate cracks to heal. (2) The fractured samples were placed into the steel mold and different cycles of cyclic compression loading (0, 5000, 10,000, 15,000 and 20,000) of 2 Hz were applied on the fractured beams to simulate the vehicle tire loading on cracked beams and to force the capsules release the oil under cyclic compression pressure. The loading stress was 0.6 MPa, 1.0 MPa and 1.4 MPa, respectively. (3) After cyclic compression loading, specimens were kept in the steel mold at 20 °C for 3 d to heal. (4) Three-point bending test was repeated on the healed specimens to test their flexural strength after healing as described in step 1.



Two healing indices were used to evaluate the self-healing levels of the specimens. Strength recovery ratio was defined as the yield load of the healed beam (F2) divided by the initial yield load of the beam (F1). Fracture energy recovery ratio was defined as the fracture work of the healed specimen (W2) divided by its initial fracture work (W1). The fracture work (Wf) can be calculated as the area under force-displacement curve until the yield load according to Equation (1).


   W f  =   ∫  0 b  F d u  



(1)




where  b  is the displacement when the yield force was reached, and  u  and  F  are the load line displacement and applied compression loading.




2.6. SARA Fractions Analysis


Asphalt binders were extracted from the specimens before and after healing. An Iatroscan MK-6 rod-shaped thin-layer chromatography-hydrogen flame ion detector was used to measure SARA fractions (i.e., Saturates, Aromatics, Resins and Asphaltenes) of asphalt binders before and after healing to analyze the effect of different healing agents released from the capsules on asphalt binder. An amount of 80 mg of the extracted asphalt binder was dissolved in 4 mL of tetrachloromethane solution and 1 μL of the solution were dropped on the chromatographic bar. Then, it was placed in three configured solutions (n-heptane, a mixture of 20% n-heptane and 80% toluene, a mixture of 55% toluene and 45% ethanol) for 30 min, 8 min and 2 min, respectively, to separate the four components of asphalt. Finally, the organic matter detected by the hydrogen flame ion system was quantitatively analyzed.




2.7. Rheological Characterization of the Extracted Asphalts


The rheological properties of 70# asphalt and different types of extracted asphalt binders were tested by temperature sweep test. The test was conducted using Dynamic Shear Rheometer (DSR) (Anton Paar, Smartpave 102, Ostfildern-Scharnhausen, Germany) according to AASHTO T315 to measure the complex modulus (G*) and phase angle (δ) of the binders at different temperatures. The temperature sweep test was performed from 40 °C to 80 °C with a temperature increment of 2 °C/min. The strain amplitude was 0.05%. The diameter of the rotor was 25 mm and the gap between the rotor and the plate was 1 mm.





3. Results and Discussion


3.1. Interior Structure of the Capsules


The rejuvenator storage is related with the interior structure of capsules. Figure 4 presented the typical structure of three types of calcium alginate capsules containing different healing agents. It can be seen that all the capsules owned a muti-cavity structure. The cavities in different capsules showed differences in size and shape, which may be attributed to the viscosity otherness of the emulsions informed by sodium alginate solution and healing agents. Industrial rejuvenator with higher viscosity can form larger oil droplets during the shearing process which results in bigger cavities within the capsule after cross-linking encapsulation. It was noting that the healing agent was stored in different cavities in the capsules rather than embedded wholly in the core-shell structure microcapsules. The unique rejuvenator storage mode can provide sustained rejuvenator release potential of the capsules [31,32,33,34,35,36,38].




3.2. Mechanical Strength of the Capsules


In this work, the capsules were added into asphalt mixtures as partial fine aggregates. Hence, the capsules must resist the compression during the mixing and compaction of asphalt mixtures. It has been proven that the strength of capsules added as aggregates in asphalt mixtures should be higher than 10 N to resist the stress generated during the production of asphalt concrete. Figure 5 showed the mechanical resistance of calcium alginate capsules containing different healing agents. The mechanical resistances of rapeseed oil capsule, waste cooking oil capsule and industrial rejuvenator capsule were 13.2 N, 12.7 N and 13.5 N, respectively. It is believed that the slight difference in the mechanical resistance of the three types of capsule was caused by the difference in the cavity size of the capsules. The mechanical resistances of three types of capsules were all higher than the threshold strength, which indicated that the capsules can withstand the stress action during the mixing and compaction of asphalt mixtures.




3.3. Thermal Stability and Rejuvenator Content of the Capsules


The capsules were subjected to mixing and compaction at high temperatures. Hence, the decomposition temperature of the capsules should be above the production temperature of asphalt concrete. Figure 6a presented the mass loss curves of the raw materials of calcium alginate capsules. Figure 6b presented the thermal stability of calcium alginate capsules containing different healing agents. From 40 °C to 300 °C, the residual mass of calcium alginate capsules gradually reduced, which was attributed to the evaporation of free and bound moisture in the capsules and the breakdown of tiny amount of glycosidic bonds in the alginate chain. From 300 °C to 500 °C, the healing agents within the capsules gradually volatilized and masses of glycosidic bonds were decomposed and decarbonized, thus generating calcium carbonate and carbon dioxide. It can be seen that the three types of capsules containing different healing agents show similar thermal stability of before 180 °C (initial decomposition temperature of waste cooking oil).



As presented in Figure 7, the residual mass of vegetable oil capsule, waste cooking oil capsule and industrial rejuvenator capsule at 160 °C (production temperature of asphalt concrete) were 96.43%, 96.18% and 97.08%, respectively. The mass loss ratios of the three types of capsules at 160 °C were less than 5%, which implied that the capsules could resist the high temperature during the production process of asphalt concrete.



According to the mass loss ratios of the shell material calcium alginate, core materials (rapeseed oil, waste cooking oil and industrial rejuvenator) and different types of capsules in Figure 6, the healing agent contents within different capsules can be calculated according to Equations (2) and (3) [35].


  x +  (   y 1  −  y 2   )   (  1 − x  )  =  Z 1  −  Z 2   



(2)






  x =    Z 1  +  y 2  −  y 1  −  Z 2    1 +  y 2  −  y 1     



(3)




where xi is the rejuvenator content in capsules (%); y1 and y2 are the residual mass percentage of Ca-alginate at the initial decomposition temperature and complete decomposition temperature of the rejuvenator (%); Z1 and Z2 are the residual mass percentage of capsules at the initial decomposition temperature and complete decomposition temperature of the regulator (%).



The healing agent contents within different capsules containing vegetable oil, waste cooking oil, and industrial rejuvenator were 76.03%, 74.09% and 73.09%, respectively. These three types of capsules had higher healing agent content than the references [33,34,35,36], which was beneficial for self-healing of asphalt concrete containing the capsules.




3.4. Healing Properties of Differrnt Capsules under Different Cycles of Compression Loading


To investigate the effects of calcium alginate capsules containing different healing agents on the self-healing properties of asphalt concrete, the crack healing ratios of the specimens after different cycles’ compression loading of 1.4 MPa were tested and shown in Figure 8.



It can be seen in Figure 8 that, the strength recovery ratios of the asphalt concrete specimens without the capsules and with capsules containing vegetable oil, waste cooking oil and industrial rejuvenator, after 3 d healing at 20 °C (without compression loading) were 45%, 48.3%, 45.6% and 46.1%, respectively. There was not much difference between the strength recovery ratios of different specimens and the difference can be attributed to the slight healing agent released during the mixing and compaction of the mixture. The tiny difference in strength recovery ratio of test beams without and with capsules indicated that the capsules within asphalt concrete need to be activated by external stimulus to realize the self-healing function. The strength recovery ratios of the plain specimens after 5000, 10,000, 15,000 and 20,000 cycles of compression loading of 1.4 MPa were 52.5%, 53.6%, 55.2% and 56.1%, respectively, indicating that the compression loading cycles had small impact on the strength recovery ratios of the plain specimens. Increasing the number of loading cycles resulted in progressive compacting of the aggregates within the asphalt beams, as well as a modest reduction in the crack width between two cracked surfaces, both of which resulted in the slight uptrend of strength recovery ratios of test beams without capsules.



After different cycles of compression loading, all the fractured asphalt concrete specimens with the capsules containing different healing agents showed much higher strength recovery ratios than plain specimens. The strength recovery ratios of the specimens with the capsules containing different healing agents increased with the increase of the cycles of the compression loading. The reason was that more healing agent encapsulated in capsules would release and flowed into asphalt binder with the increase of loading cycles, thus improving the crack healing level [33,34]. After 5000, 10,000, 15,000 and 20,000 cycles’ compression loading, the strength recovery ratios of the specimens with the capsules containing vegetable oil were 59.0%, 68.0%, 76.2% and 82.8%, respectively, the strength recovery ratios of the specimens with the capsules containing waste cooking oil were 54.4%, 65.4%, 72.3% and 76.5% coma respectively, and the strength recovery ratios of the specimens with the capsules containing industrial rejuvenator were 56.0%, 66.3%, 75.6% and 80.6%, respectively. The results implied that the calcium alginate capsules containing different healing agents could enhance the self-healing property of asphalt concrete under cyclic compression loading. The capsules containing vegetable oil showed the best healing effect on asphalt concrete, while the capsules containing waste cooking oil showed the worst healing effect. The reason may be that fresh vegetable oil was composed of more light components while the light components within waste cooking oil was the least. More light components were conductive to the crack-healing and asphalt regeneration.



The fracture energy reflects the energy required to produce a new crack interface and can be used to evaluate the cracking resistance of asphalt concrete. The fracture energy recovery ratios of the fractured specimens after different cycles’ compression loading (1.4 MPa) and healing were tested and shown in Figure 9.



It can be seen in Figure 9 that with the increase of the compression loading cycles, the fracture energy recovery ratios of the fractured specimens containing different capsules increased significantly, while the increase of the fracture energy recovery ratios of the plain specimens without capsules was very limited. After 20,000 cycle’s compression loading, the fracture energy recovery ratios of the plain specimen increased from 38.5% to 47.6%. During the cyclic loading, the asphalt mixture beams were gradually compacted and the crack width between two cracked surfaces was decreased; thus, the fracture energy recovery ratios of beams without capsules increased slightly. The calcium alginate capsules can gradually release the rejuvenator inside under cyclic loading; therefore, the fracture energy recovery ratios of the fractured specimens containing different capsules were doubled after 20,000 cycle’s compression loading. Specifically, the specimens containing vegetable oil capsules showed the highest fracture energy recovery ratio of 96.6%. The fracture energy recovery ratios of the specimens containing waste cooking oil and industrial rejuvenator capsules were also as high as 90%. The fracture energy recovery ratios of the specimens with capsules were higher than that of specimen without capsules at the same conditions, which indicated that the rejuvenator released from the capsules during the cyclic loading rejuvenated the asphalt binder and thus increased the ductility and anti-cracking properties of the specimens.




3.5. Healing Properties of Different Capsules under Cyclic Compression Loading of Different Stress Levels


The tire pressure of the vehicles on the pavement can be different and will influence the rejuvenator release ratios and healing properties of different types of capsules within asphalt concrete. In this section, the healing properties of the fractured asphalt beams containing different capsules after 10,000 cycles of compression loading of different stress levels (0.6 MPa, 1.0 MPa and 1.4 MPa) were investigated.



The strength recovery ratios of the fractured asphalt beams after 10,000 cycles’ compression loading of different stress levels were shown in Figure 10. The strength recovery ratio of the plain asphalt beams increased slightly with the increase of the stress level. The increase of stress level would result in further compacting of the aggregates within the asphalt mixture beams, and cause a modest reduction in the crack width between two cracked surfaces, which jointly result in the slight uptrend of the fracture energy recovery ratios of beams without capsules. The strength recovery ratio of the plain asphalt beam without compression loading was 45.0%, which was attributed to the natural healing potential of asphalt. After 10,000 cycles’ compression loading of 0.6 MPa, 1.0 MPa and 1.4 MPa, the strength recovery ratios of the plain asphalt beam were 44.5%, 47.8% and 53.6%, respectively, and the increase of the strength recovery ratio was attributed to the reduction of the crack size caused by the compression loading. The strength recovery ratio of the asphalt beams containing the capsules increased more significantly with the increase of the stress level. After 10,000 cycles’ compression loading of 0.6 MPa, 1.0 MPa and 1.4 MPa, the strength recovery ratios of the samples containing vegetable oil capsules were 48.3%, 53.8%, 59.9% and 68.0%, respectively, the strength recovery ratios of the samples containing waste cooking oil capsules were 45.6%, 49.7%, 59.8%, 65.4%, respectively, and the strength recovery ratios of the samples containing industrial rejuvenator capsules were 46.1%, 50.1%, 60.5% and 66.3%, respectively. With the increase of the stress level of the cyclic compression loading, the elastic calcium alginate capsules within the asphalt concrete were suffered more deformation and, thus, released more rejuvenators, which improved the crack-healing efficiency and, thus, increased the strength recovery ratio of the specimens.



The fracture energy recovery ratios of the fractured asphalt beams containing different capsules after 10,000 cycles of compression loading at different stress levels were shown in Figure 11. It can be seen that the stress level showed limited effect on the fracture energy recovery ratios of the fractured asphalt beams without capsules. After 10,000 cycles’ compression loading of 0 MPa, 0.6 MPa, 1.0 MPa and 1.4 MPa, the fracture energy recovery ratios of the asphalt beams without capsules were 38.5%, 42.5%, 46.0% and 44.7%, respectively, while the fractured asphalt beams containing three types of capsules all showed much higher fracture energy recovery ratios after compression loading of 0.6 MPa, 1.0 MPa and1.4 MPa than without compression loading.



After 10,000 cycles’ compression loading of 0 MPa, 0.6 MPa, 1.0 MPa and 1.4 MPa, the fracture energy recovery ratios of the beams containing vegetable oil capsules were 42.3%, 58.3%, 70.4% and 76.0%, respectively, the fracture energy recovery ratios of the beams containing waste cooking oil capsules were 41.0%, 50.9%, 60.8% and 72.3% respectively, and the fracture energy recovery ratios of the beams containing industrial oil capsules were 40.1%, 55.2%, 68.6% and 74.8% respectively. The increase of the stress level of the compression loading improved the fracture energy recovery ratios of asphalt beams containing three types of capsules, which can be attributed to the fact that more rejuvenator was released at higher loading stress level.



In summary, in terms of strength recovery ratio and fracture energy recovery ratio, the vegetable oil capsules obtained high healing level, which further demonstrated the potential of vegetable oil self-healing capsules reported in the previous literatures [32,36,38].




3.6. Effect of Different Capsules on the SASA Fractions of Asphalt Binders Extracted from Asphalt Mixture Beams after Compressive Loading


Asphalt binders were extracted from the specimens after 10,000 cycles’ compression loading at 0.6 MPa, 1.0 MPa, 1.4 MPa respectively. The SRAR fractions of the extracted asphalt binders were shown in Figure 12. It can be seen that when no compressive loading was applied on test beams, the contents of light components (aromatics and saturates) of asphalt binder with the capsules were slightly higher than that of asphalt binder without capsules. The reason could be that the capsules released a small amount of rejuvenator during the mixing and compaction process of asphalt mixtures. The premature released rejuvenator would slightly improve the content of light components within asphalt binder. Moreover, without cyclic loading conducting on test beams, the contents of light components of asphalt binder with the three types of capsules showed little difference, which implied that the release of rejuvenator embedded in capsules was not significant after mixing and compaction of the asphalt mixtures. It also demonstrated that the obvious release of rejuvenator in capsules needed to be activated by the external compression loading.



Compared with plain asphalt within asphalt mixtures without capsules, the contents of light components within asphalt binder extracted from asphalt mixtures containing different capsules all increased with the loading stress level. The reason was that the higher loading pressure would induce the capsules release more healing agent and thus enhance the content of light components within asphalt binder. Moreover, when the loading stress level was constant, the content of light components within asphalt binder containing vegetable oil capsules was the highest, while the content of light component within asphalt binder containing waste cooking oil capsules was the lowest, which was consistent with the healing trend of asphalt concrete with the capsules. For instance, after 10,000 cycles of loading at 1.4 MPa, the light components content of asphalt binder within asphalt mixtures containing vegetable oil capsules, waste cooking oil capsules and industrial rejuvenator capsules were 71.06%, 63.37% and 68.49%, respectively. As shown in Table 1, the vegetable oil has the highest light components content while the waste cooking oil owned the lowest light components content. The difference of light components of three types of healing agent results in the content difference of light components within asphalt binders containing different capsules.




3.7. Effect of Different Capsules on the Rehological Property of Asphalt Binder Extracted from Asphalt Mixture Beams after Compressive Loading


Complex shear modulus (G*) characterizes the resistance to shear deformation of asphalt. Phase angle (δ) characterizes the elastic-viscous components ratio in the asphalt. These two parameters mutually describe the viscoelastic behavior of asphalt binder. The asphalt binder with lower G* and higher δ has a better flow ability, which is conductive to the healing of cracked asphalt.



The G* of the extracted asphalt binders from asphalt mixtures after loading of 0.6 MPa and 1.4 MPa were shown in Figure 13 and Figure 14, respectively. It can be seen that compared with virgin asphalt, the G* of all the extracted asphalt binders from the test beams with different capsules reduced obviously after different loading stress levels, the reason was that the healing agent released from the capsules could soften the asphalt and thus enhance the flow ability of asphalt binder.



For the specific capsules, the G* of the extract asphalt binder reduced with the increase of loading stress level. The reason was that more healing agent would be released due to higher loading stress applying on the asphalt beams containing the capsules, and more light components would be flowed into asphalt binder and, thus, reduce the viscosity of asphalt in crack zone, which was proven by the SARA results (Figure 12) in Section 3.6. Moreover, the asphalt binder extracted from asphalt mixtures with vegetable oil capsules has lowest G*, while the asphalt binder extracted from asphalt mixtures with waste cooking oil capsules has highest G*. For instance, after 10,000 cycles of loading at 1.4 MPa, the G*(46 °C) of asphalt binder within asphalt mixtures containing vegetable oil capsules, waste cooking oil capsules and industrial rejuvenator capsules were 17,808 Pa, 21,587 Pa and 19,356 Pa, respectively. The reason was that the content of light components in vegetable oil was higher than of waste cooking oil and industrial rejuvenator. More light components in asphalt binder would improve the flow and diffusion ability of asphalt, which would notably reduce the viscosity of asphalt.



In general, compared with virgin asphalt, the δ of all the extracted asphalt binder from the test beams with different capsules after different loading stress level increased, which was because the healing agent released from capsules could soften the asphalt and thus enhance the flow and self-healing ability of asphalt binder. Moreover, the asphalt binder extracted from asphalt mixtures with vegetable oil capsules has highest δ, while the asphalt binder extracted from asphalt mixtures with waste cooking oil capsules has lowest δ, which implied that the vegetable oil capsules has most significant enhancement on the flow ability of asphalt.



In summary, compared with asphalt mixtures without capsules, the incorporation of different capsules could soften the asphalt binder and improve its flow ability within asphalt mixtures after compressive loading.





4. Conclusions


In this study, calcium alginate capsules containing different healing agents were fabricated and their basic properties were characterized. The self-healing levels of asphalt mixtures with different capsules after various cycles of compressive loading and different loading stress levels were evaluated respectively. The SARA fractions and rheological properties of extracted asphalt binder from asphalt mixtures containing different capsules after different loading conditions were investigated. Based on the results, the following conclusion were drawn:




	
The calcium alginate capsules containing vegetable oil, waste cooking oil and industrial rejuvenator presented obvious multi-cavity structure. The mechanical resistance and thermal stability of the three types of capsules all meet the requirement of mixing and compaction of asphalt mixtures in laboratory;



	
The healing levels of asphalt mixtures with the three types of capsules all increased with the loading cycles and loading stress level. After 20,000 cycles of loading, the strength recovery ratios of test beams with vegetable oil capsules, waste cooking oil capsules and industrial rejuvenator capsules were 82.8%, 72.3% and 80.6%, respectively, which were notably higher than that of test beams without capsules (56.1%). Waste cooking oil can be used as the healing agent of calcium alginate capsules to improve the self-healing property of asphalt mixture;



	
The contents of light components within asphalt binders extracted from asphalt mixtures containing different capsules all increased with the loading stress level. At the fixed loading pressure, the content of light components within asphalt binder containing vegetable oil capsules was higher than that of asphalt binder containing waste cooking oil and industrial rejuvenator capsules. After 10,000 cycles of loading at 1.4 MPa, the light components content of asphalt binder within asphalt mixtures containing vegetable oil capsules, waste cooking oil capsules and industrial rejuvenator capsules were 71.06%, 63.37% and 68.49%, respectively;



	
The healing agents released from different capsules decreased the complex modulus and increase the phase angle of asphalt binder, thus improving the flow and self-healing ability of asphalt binder. After 10,000 cycles of loading at 1.4 MPa, the G*(46 °C) of asphalt binder within asphalt mixtures containing vegetable oil capsules, waste cooking oil capsules and industrial rejuvenator capsules were 17,808 Pa, 21,587 Pa and 19,356 Pa, respectively. The extracted asphalt binder within asphalt mixtures containing vegetable oil capsules had better flow ability than vegetable oil capsules and industrial rejuvenator.








This paper investigated the healing properties of asphalt concrete with capsules containing different healing agents after various cycles of loading and different loading pressures. The effect of loading pressure on the self-healing capacity of calcium alginate capsules were explored for the first time. The capsules with different healing agents all improve the healing level of asphalt concrete through releasing the healing agent, supplying the light components and softening the asphalt binder. This work provides a significant guide for the selection of healing agent for self-healing capsules in the future. The waste cooking oil can be a promising healing agent encapsulated in capsules. However, this work only explored the healing level of fresh asphalt concrete with different capsules. The effectiveness of these capsules on asphalt mixtures with various ageing levels will be explored in the future.







Author Contributions


Methodology, investigation and writing, H.W.; Experiment, M.Y.; Investigation and analysis, J.W.; Investigation, writing—reviewing, P.W.; Methodology, supervision and reviewing, Q.L. All authors have read and agreed to the published version of the manuscript.




Funding


The work presented in this paper is financially supported by the National Natural Science Foundation of China (No.51978547), Fund of National Engineering and Research Center for Mountainous Highways (Project No. GSGZJ-2020-02), Technological Innovation Major Project of Hubei Province (2019AEE023) and Key R&D Program of Hubei Province (2020BCB064).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data is contained within the article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Tang, J.; Fu, Y.; Ma, T.; Zheng, B.; Zhang, Y.; Huang, X. Investigation on low-temperature cracking characteristics of asphalt mixtures: A virtual thermal stress restrained specimen test approach. Constr. Build. Mater. 2022, 347, 128541. [Google Scholar] [CrossRef]

	



Liu, H.; Zhang, Z.; Tian, Z.; Lu, C. Exploration for UV Aging Characteristics of Asphalt Binders based on Response Surface Methodology: Insights from the UV Aging Influencing Factors and Their Interactions. Constr. Build. Mater. 2022, 347, 128460. [Google Scholar] [CrossRef]

	



Zou, Y.; Amirkhanian, S.; Xu, S.; Li, Y.; Wang, Y.; Zhang, J. Effect of different aqueous solutions on physicochemical properties of asphalt binder. Constr. Build. Mater. 2021, 286, 122810. [Google Scholar] [CrossRef]

	



Ogundipe, O.M.; Thom, N.; Collop, A. Investigation of crack resistance potential of stress absorbing membrane interlayers (SAMIs) under traffic loading. Constr. Build. Mater. 2013, 38, 658–666. [Google Scholar] [CrossRef]

	



Khare, P.; Machesky, J.; Soto, R.; He, M.; Presto, A.A.; Gentner, D.R. Asphalt-related emissions are a major missing nontraditional source of secondary organic aerosol precursors. Sci. Adv. 2020, 6, eabb9785. [Google Scholar] [CrossRef]

	



Jiang, Q.; Li, N.; Yang, F.; Ren, Y.; Wu, S.; Wang, F.; Xie, J. Rheology and volatile organic compounds characteristics of warm-mix flame retardant asphalt. Constr. Build. Mater. 2021, 298, 123691. [Google Scholar] [CrossRef]

	



Li, N.; Jiang, Q.; Wang, F.; Cui, P.; Xie, J.; Li, J.; Wu, S.; Barbieri, D.M. Comparative Assessment of Asphalt Volatile Organic Com-pounds Emission from field to laboratory. J. Clean. Prod. 2021, 278, 123479. [Google Scholar] [CrossRef]

	



Ma, F.; Dong, W.; Fu, Z.; Wang, R.; Huang, Y.; Liu, J. Life cycle assessment of greenhouse gas emissions from asphalt pavement maintenance: A case study in China. J. Clean. Prod. 2021, 288, 125595. [Google Scholar] [CrossRef]

	



Wang, F.; Xie, J.; Wu, S.; Li, J.; Barbieri, D.M.; Zhang, L. Life cycle energy consumption by roads and associated interpretative analysis of sustainable policies. Renew. Sustain. Energy Rev. 2021, 141, 110823. [Google Scholar] [CrossRef]

	



Nergis, D.D.B.; Abdullah, M.M.A.B.; Vizureanu, P.; Tahir, M.F.M. Geopolymers and Their Uses: Review. IOP Conf. Ser. Mater. Sci. Eng. 2018, 374, 012019. [Google Scholar] [CrossRef]

	



Qiu, J.; van de Ven, M.; Molenaar, A. Crack-healing investigation in bituminous materials. J. Mater. Civ. Eng. 2013, 25, 864–870. [Google Scholar] [CrossRef]

	



García, Á. Self-healing of open cracks in asphalt mastic. Fuel 2012, 93, 264–272. [Google Scholar] [CrossRef]

	



Shen, S.; Chiu, H.M.; Huang, H. Characterization of fatigue and healing in asphalt binders. J. Mater. Civ. Eng. 2010, 22, 846–852. [Google Scholar] [CrossRef]

	



Sun, D.; Sun, G.; Zhu, X.; Guarin, A.; Li, B.; Dai, Z.; Ling, J. A comprehensive review on self-healing of asphalt materials: Mecha-nism, model, characterization and enhancement. Adv. Colloid Interface Sci. 2018, 256, 65–93. [Google Scholar] [CrossRef]

	



Xu, S.; García, A.; Su, J.; Liu, Q.; Tabaković, A.; Schlangen, E. Self-healing asphalt review: From idea to practice. Adv. Mater. Interfaces 2018, 5, 1800536. [Google Scholar] [CrossRef]

	



Gonzalez-Torre, I.; Norambuena-Contreras, J. Recent advances on self-healing of bituminous materials by the action of en-capsulated rejuvenators. Constr. Build. Mater. 2020, 258, 119568. [Google Scholar] [CrossRef]

	



Li, Y.; Hao, P.; Zhang, M. Fabrication, characterization and assessment of the capsules containing rejuvenator for improving the self-healing performance of asphalt materials: A review. J. Clean. Prod. 2021, 287, 125079. [Google Scholar] [CrossRef]

	



Bao, S.; Liu, Q.; Rao, W.; Yu, X.; Zhang, L. Synthesis and characterization of calcium alginate-attapulgite composite capsules for long term asphalt self-healing. Constr. Build. Mater. 2020, 265, 120779. [Google Scholar] [CrossRef]

	



Aguirre, M.A.; Hassan, M.M.; Shirzad, S.; Daly, W.H.; Mohammad, L.N. Micro-encapsulation of asphalt rejuvenators using melamine-formaldehyde. Constr. Build. Mater. 2016, 114, 29–39. [Google Scholar] [CrossRef]

	



Hwang, J.S.; Kim, J.-N.; Wee, Y.-J.; Yun, J.-S.; Jang, H.-G.; Kim, S.-H.; Ryu, H.-W. Preparation and characterization of melamine-formaldehyde resin microcapsules containing fragrant oil. Biotechnol. Bioprocess Eng. 2006, 11, 332–336. [Google Scholar] [CrossRef]

	



Su, J.; Qiu, J.; Schlangen, E. Stability investigation of self-healing microcapsules containing rejuvenator for bitumen. Polym. Degrad. Stab. 2013, 98, 1205–1215. [Google Scholar] [CrossRef]

	



Su, J.; Schlangen, E. Synthesis and physicochemical properties of high compact microcapsules containing rejuvenator applied in asphalt. Chem. Eng. J. 2012, 198–199, 289–300. [Google Scholar] [CrossRef]

	



Li, J.; Yang, S.; Muhammad, Y.; Sahibzada, M.; Zhu, Z.; Liu, T.; Liao, S. Fabrication and application of polyurea formaldehyde-bioasphalt microcapsules as a secondary modifier for the preparation of high self-healing rate SBS modified asphalt. Constr. Build. Mater. 2020, 246, 118452. [Google Scholar] [CrossRef]

	



Li, R.; Zhou, T.; Pei, J. Design, preparation and properties of microcapsules containing rejuvenator for asphalt. Constr. Build. Mater. 2015, 99, 143–149. [Google Scholar] [CrossRef]

	



Li, B.; Sun, G.; Sun, D.; Lu, T.; Ma, J.; Deng, Y. Survival and activation behavior of microcapsules in self-healing asphalt mixture. Constr. Build. Mater. 2020, 260, 119719. [Google Scholar] [CrossRef]

	



Sun, D.; Li, B.; Ye, F.; Zhu, X.; Lu, T.; Tian, Y. Fatigue behavior of microcapsule-induced self-healing asphalt concrete. J. Clean. Prod. 2018, 188, 466–476. [Google Scholar] [CrossRef]

	



Wang, X.; Guo, G.; Zou, F.; Zhao, H.; Li, Y. Enhancing self-healing properties of microcrack on aged asphalt incorporating with microcapsules encapsulating rejuvenator. Constr. Build. Mater. 2022, 344, 128123. [Google Scholar] [CrossRef]

	



Tian, Y.; Zheng, M.; Li, P.; Zhang, J.; Qiao, R.; Cheng, C.; Xu, H. Preparation and characterization of self-healing microcapsules of asphalt. Constr. Build. Mater. 2020, 263, 120174. [Google Scholar] [CrossRef]

	



Li, Y.; Hao, P.; Zhang, M.; Sun, B.; Liu, J.; Li, N. Synthesis and characterization of calcium alginate capsules encapsulating soybean oil for in situ rejuvenation of aged asphalt. J. Mater. Civ. Eng. 2021, 33, 04021310. [Google Scholar] [CrossRef]

	



Yamaç, Ö.E.; Yilmaz, M.; Yalçın, E.; Kök, B.V.; Norambuena-Contreras, J.; Garcia, A. Self-healing of asphalt mastic using capsules containing waste oils. Constr. Build. Mater. 2021, 270, 121417. [Google Scholar] [CrossRef]

	



Wan, P.; Wu, S.; Liu, Q.; Xu, H.; Wang, H.; Peng, Z.; Rao, W.; Zou, Y.; Zhao, Z.; Chen, S. Self-healing properties of asphalt concrete containing responsive calcium alginate/nano-Fe3O4 composite capsules via microwave irradiation. Constr. Build. Mater. 2021, 310, 125258. [Google Scholar] [CrossRef]

	



Ruiz-Riancho, N.; Garcia, A.; Grossegger, D.; Saadoon, T.; Hudson-Griffiths, R. Properties of Ca-alginate capsules to maximise asphalt self-healing properties. Constr. Build. Mater. 2021, 284, 122728. [Google Scholar] [CrossRef]

	



Bao, S.; Liu, Q.; Li, H.; Zhang, L.; Barbieri, D.M. Investigation of the release and self-healing properties of calcium alginate capsules in asphalt concrete under cyclic compression loading. J. Mater. Civ. Eng. 2021, 33, 04020401. [Google Scholar] [CrossRef]

	



Zhang, L.; Liu, Q.; Li, H.; Norambuena-Contreras, J.; Wu, S.; Bao, S.; Shu, B. Synthesis and characterization of multi-cavity Ca-alginate capsules used for self-healing in asphalt mixtures. Constr. Build. Mater. 2019, 211, 298–307. [Google Scholar] [CrossRef]

	



Wan, P.; Liu, Q.; Wu, S.; Zhao, Z.; Chen, S.; Zou, Y.; Rao, W.; Yu, X. A novel microwave induced oil release pattern of calcium alginate/nano-Fe3O4 composite capsules for asphalt self-healing. J. Clean. Prod. 2021, 297, 126721. [Google Scholar] [CrossRef]

	



Norambuena-Contreras, J.; Liu, Q.; Zhang, L.; Wu, S.; Yalcin, E.; Garcia, A. Influence of encapsulated sunflower oil on the mechanical and self-healing properties of dense-graded asphalt mixtures. Mater. Struct. 2019, 52, 78. [Google Scholar] [CrossRef]

	



JTG F40-2004; Technical Specifications for Construction of Highway Asphalt Pavements. Ministry of Transportation Highway Research Institute: Beijing, China, 2004.

	



Norambuena-Contreras, J.; Yalcin, E.; Hudson-Griffiths, R.; García, A. Mechanical and self-healing properties of stone mastic asphalt containing encapsulated rejuvenators. J. Mater. Civ. Eng. 2019, 31, 04019052. [Google Scholar] [CrossRef]








[image: Materials 15 05555 g001 550] 





Figure 1. The fabrication procedure of calcium alginate capsules. 
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Figure 2. The aggregate gradation of AC-13 mixtures. 
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Figure 3. Fracture-cyclic compression loading–healing test procedure. 
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Figure 4. SEM images of capsules: (A1,A2) vegetable oil capsule, (B1,B2) waste cooking oil capsule and (C1,C2) industrial rejuvenator capsule. 
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Figure 5. The mechanical strength of capsules containing different healing agent. 
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Figure 6. The mass loss curves of (a) raw materials and (b) capsules containing different healing agent. 
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Figure 7. The residual mass of different capsules at 160 °C. 
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Figure 8. Strength recovery ratios of the fractured specimens containing different capsules after different cycles of compression loading at 1.4 MPa. 
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Figure 9. Fracture energy recovery ratios of the fractured specimens containing different capsules after different cycles of compression loading at 1.4 MPa. 
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Figure 10. Strength recovery ratios of the specimens containing different capsules under 10,000 cycles’ compression loading of different stress levels. 
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Figure 11. Fracture energy recovery ratios of the specimens containing different capsules under 10,000 cycles’ compression loading of different stress levels. 
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Figure 12. The SRAR fractions of the extracted asphalt binders. 
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Figure 13. The G* and δ of the extracted asphalt binders within asphalt mixtures containing different capsules after loading at 0.6 MPa. 
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Figure 14. The G* and δ of the extracted asphalt binders within asphalt mixtures containing different capsules after loading at 1.4 MPa. 
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Table 1. Properties of the three healing agents.
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	Healing Agents
	Density

(g·cm−3 (15 °C))
	Viscosity

(Pa·s (60 °C))
	Flash Point

(°C)
	Saturates

(%)
	Aromatics

(%)





	Vegetable oil
	0.935
	0.28
	320
	61.9
	38.1



	Waste cooking oil
	0.989
	0.32
	216
	4.3
	65.1



	Industrial rejuvenator
	0.980
	0.43
	220
	6.0
	75.0
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 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 (https://creativecommons.org/licenses/by/4.0/).






media/file26.jpg
Complex modulus (Pa)

35,000

30,000 4

25,000 4

20,000 4

15,0004

10,0004

5000

i asphalt without capsul]

—e— Waste cooking oil capsule

=+ Vegetable ol capsule

—A— Industria rjuvenator capsule

46

52

Temperature (°C)

90
5
88
87
86
85
84
83
82
81
80

Phasec angles (°)





media/file8.jpg
Mechanical strength (N)
& o w S B = o

)

132

23

135

Vegetable oil capstle

Waste cooking oil capsule Industrial rejuventor capsule.

Types of capsules






media/file27.png
35,000 - 90
- 89
30,000 - i
. — 88
g A
%"q‘i 25,000 - 57
E 86
_g 20,000 - -
] X
%< 15.000 - \\ —#— Virgin asphalt without capsule )
— ‘ . - 84
o ] ‘ Waste cooking oil capsule L
g “‘ ~&— [ndustrial rejuvenator capsule _ ’3
@ 10,000 + ‘ + Vegetable oil capsule i
. \ - 82
5000 - \ :
80

Temperature (°C)

Phasec angles (°)





media/file13.png
100

Residual mass (%)
I o) o0
S S S

o
-
|

@160 °C
96.43

96.18

Capsule type

97.08






media/file12.jpg
100 4

%
S
n

Residual mass (%)
o
=
I

@160°C
96.43

96.18

97.08

Capsule type






media/file18.jpg
%
S

[ without capsules

[ Vegetable oil capsules

70 [W wastecooking il capsles I
. ] tmdustrial rejuvenator capsules| £
S 60 - 3
2 T -
F504 T
4 e ¥
2 404
g
= 30
)

3
220
10
0 0 06 1.0 14

Loading pressure (MPa)






media/file9.png
Mechanical strength (N)

[—
(@)

JE—
N
|

[a—
(W
|

[a—
-
]

13.2

12.7

Vegetable oil capsule

13.5

Waste cooking oil capsule Industrial rejuventor capsule

Types of capsules





media/file14.jpg
[ Without capsules

[ Vegetable oil capsules
[0 Waste cooking oil capsules
[_Jindustrial rejuvenator capsules|

0 5000 10,000
Loading cycle

15,000

20,000






media/file20.jpg
Fracture energy recovery ratio (%)

©
S

2 v o 2 ®»
S & & & &
T ! L

w
=
!

7 without capsules
[ Vegetable oil capsules
[0 waste cooking oil capsules

- N
o o oS
! !

[0 industriat rejuvenator capsules; S ks
25
T
0 0.6 1.0 1.4

Loading pressure (MPa)






media/file23.png
2 o 90z | v 67 9061 %,
E .m_o_.:_ S6€T | €9°9% | €281 mowvu.\
Z[vevi] €T | S6°Th [6L791 4,20
g gloes1[ et ] S oy [oror s, <,
g 2 %
o =
= Seouforve [ ey [T %,
_H_ cleoTi| 96'ST | 9L €Y [ 6T°LI @\N\u.\
.| ElCofl] 96Lz | 8SIY [¥5911%, 2,
z glelvl] or8T | 80° I+ [6£91]%, <,
e, % $\
o
_H_ .W_%.w_ STOT | 1€V [ SL9T mmwv
g zwsol Tiee | 9€%Ew [ S62c %
m m_ow.m__ 8€°ST | 80°Ch | ¥L°81 mmw\\%.\
.m peai [ 89T ] 9I0y [ L8FLI %, %
o
E | LT91 | $0°6T _ €E8E | 9¢91 e@\\e
omv.u
T | . I ' I T | T I T .\\\0
S = 2 = = < %,

(94) suonoer





media/file5.png
1. Crack generation 2. Oil release by compression

Cragk Capsules Steel platel Steel mould

3. Healing period
Released oil

[






media/file15.png
() - |:| Without capsules
- I:l Vegetable o1l capsules T

() - |:| Waste cooking oil capsules —+-
—_ - |:| Industrial rejuvenator capsules =3 B =
X 70 4 i
o 70 _
o - HE
§ 60 - T
2 1 F & N i
>307 =
s 1EEE
D 40 -
<=
?30—
2
720 -

10 -

0
0 5000 10,000 15,000 20,000

Loading cycle






media/file19.png
80

. |:| Without capsules

|:| Vegetable oil capsules

70 | |:| Waste cooking oil capsules %
—_ | |:| Industrial rejuvenator capsules o
X 60 - :
= ==
S N —
=207 S = =
= 1 [T —F—
> 40 -

&’

L

L

< 30 -

o0

-

2

5 20 -
10
0

0 0.6 1.0 1.4

Loading pressure (MPa)






media/file2.jpg
—— Upper limit
——Lower limit

16

132

- os

g 2 %
) 2je1 Suisseq

100

236

Sieve size (mm)

06

03

015
0.075





nav.xhtml


  materials-15-05555


  
    		
      materials-15-05555
    


  




  





media/file11.png
100 _ —s=— Vegetable oil
90 - —o— Waste c;ookir.lg oil
—— Industrial rejuvenator
80 - —— Calcium alginate
= 70 -
7
< 60 -
S
s 50+
:-9 -
2 40 -
m -
30 -
20 -
10 -
(a) ;
0 -
1 ' | ' | ' | ' | ' | ' | ' | ' | ' |
100 200 300 400 500 600 700 800 900 1000
Temperature (°C)
100
= Vegetable oil capsule
Waste cooking oil capsule
20 - 4 Industrial rejuvenator capsule
<
2
= 60
=
S
9
~ 40 -
20
(b)
0 v | v I v | ' | v I v | ' | 0 I |

100 200 300 400 500 600 700 800 900 1000
Temperature (°C)





media/file6.jpg





media/file24.jpg
Complex modulus (Pa)

35,000

30,000 4

25,000 4

20,000 4

15,0004

10,0004

5000 4

[~ Virgin asphalt without capsule
—e— Waste cooking oilcapsule

—— Industral rejuvenator capsule
(—#— Vegetable oil capsule

88 %
Phasec angles (°)

2

T T
46 52 58 64 70
Temperature (°C)





media/file1.png
Healing agent ‘
Tween-80

:/
QQQQQQQ

E?
Sodium alginate
solution
Magnetic stirrer OO O O O O

, QOO
QOO

R

Sodium-alginate
emulsion

Dropping funnel

Calcium chloride
solution

Calcium alginate
capsules






media/file10.jpg
@

®)

22z 28

Residual mass (%)

100

Residual mass (%)

2

H

—— Vegeuble il
—— Waste cooking oil
—— Industrial rejuvenator
(v Calcium aginate

100 200 300 400 S0 600 700 800 900 1000
Temperature (<€)

Vegetable oil capsule
“ Waste cooking ofl capsule
“ Industilreuventor capsule

100 200 300 400 00 600 700 800 90 1000
Temperature (°C)





media/file7.png
L 1 ~
: :
o 2
v . - »
- . g
. »
’ sy o
< . - "B
1 4 ' S T ) )
2 a S > . >
. o v :
> - e’ -
)
~ 1 s ! » y -
& 4 ; . <
¥ .. r b
. - -
¢ ' ' > 4
"\ y ‘e 'f . 4 .
| b \ % : :
- S . .

SUB010 5.0k 8 9mm x500 SE{U) : : SUS010 5 0kV 9. Tmm x500 SE(U)

(B2) 9%
: €& v
’i

<X/

"

v

5P - '

20 Oum

SU8010 5.0kV 9.0mm x2.00k SE(V)

SUB010 5.0kV 8.9mm x2.00k SE(V)






media/file16.jpg
110

1004
90
80
70
60
50
404
30
20
104

Fracture energy recovery ratio (%)

[ Without capsules
[0 Vegetable oil capsules
[ waste cooking oil capsules

[ industrial rejuvenator capsules|

H

0 5000 10,000
Loading cycle

15,000

20,000






media/file3.png
4'
/
/’
/
/
r 4
/

—— Upper limit
—o—Lower limit
----Median
—=—AC-13

/{ .o //

100

> = S =
r~ \© \r;

90
8

= o = = =
=t o o1 v

(94,) Q101 SuUIsse ]

16

13.2

0.6

1 0.3
1 0.15

0.075





media/file22.jpg
(9%) suonoel|

z mv, [ 901z | o [90°61 %,
Zleru] seT | €99 [zst wp\.\
Zlvevi [ TesT | S6Th (T8 X

AN [ | 0P [ 9v91 %, %,

E| < “,

= Hwalorke | sy [T,
Eecci96se | oLer [eeir]s, =,

| Eleeci oeLe | 811 [vso1 «&\\

m ¢[Ervi[ ovse | 80'1% [ 6£91 @\w
= o
$levs] ST0C | 1512 [ STt %,

g zlsoTree | 9EEY [ se6zc @@P\

2| Z[oseI] seer | 80T TSt e, 2,

Mm EESTI | 9T0F _ [L8¥LT @v@n

(4
[Lzo1 THot6e [ €E8E 9691 |%,

= %,
T T T T T 2,
g 2 8 = & ° %





media/file17.png
110
' |:| Without capsules
100 - Vegetable o1l capsules

- Waste cooking oil capsules
- |:| Industrial rejuvenator capsules

Fracture energy recovery ratio (%)

— D W s U Y 0 O
o O o o o o o o o O
M IR [T N RN SR RN R ]

0 5000 10,000 15,000 20,000
Loading cycle





media/file4.jpg
1. Crack generation 2. Oil release by compression
Load Load

Crack l Capsules Swelplmel Steel mould

80 mm

3. Healing period
Released oil





media/file25.png
35,000

30,000 -

S 25,000 -
&
v
=

S 20,000 -
@]
&

% 15,000 -
=
5

S 10,000 -

5000 -

0

- 90

- 89

- 87

86

- 85

—&— Virgin asphalt without capsule L ]84
—®— Waste cooking oil capsule i

—&— Industrial rejuvenator capsule | [~ 83
—*— Vegetable oil capsule [

'- - 82

80

I I
46 52 58 64 70
Temperature (°C)

Phasec angles (°)





media/file0.jpg
000000

Q00000
Q00000
Q00000






media/file21.png
Fracture energy recovery ratio (%)

10 -

- \:‘ Without capsules
\: Vegetable oil capsules
i |: Waste cooking oil capsules

\:l Industrial rejuvenator capsules

Loading pressure (MPa)

0.6

1.0

1.4






