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Abstract

:

The purpose of this research was to promote the recycling of pellet asphalt with Crumb Rubber Modifier (CRM) and Graphite Nanoplatelet (GNP) in pothole restoration. In this study, several laboratory tests were carried out on mixes containing CRM content ratios of 5%, 10%, and 20% and GNP content of 3% and 6% in order to identify the ideal mixing ratio of pellet-type asphalt paving materials. The Marshall stability test, the Hamburg wheel tracking test, and the dynamic modulus test were all performed to compare the effectiveness of the proposed method and heated asphalt combinations. Afterward, the full-scale testbed was conducted to verify the practical application between the proposed method and popular pothole-repairing materials. Both laboratory and field test findings confirmed that the asphalt pavement using 5% CRM and 6% GNP improved the resistance to plastic deformation and anti-stripping compared to the generally heated asphalt paving material, thereby extending road life. However, the resistance to fatigue cracking can be slightly reduced by incorporating these additives. Overall, the CRM and GNP asphalt pellet approach is a feasible solution for sustainable pavement maintenance and rehabilitation, particularly in small-scale damage areas such as potholes.






Keywords:


crumb rubber modifier; graphite nanoplatelet; pellet asphalt; pothole restoration; recycling byproduct












1. Introduction


Small-scale pavement damage is rapidly increasing due to environmental impacts and increased traffic volume [1,2,3]. The pavement distress can also be attributable to improper material characteristics, inappropriate mix design features, and poor construction works [4]. The presence of this minor pavement damage can lead to the progressive development of a higher degree of pavement deterioration and the potential for traffic accidents. When these small road damages (i.e., potholes) and urgent repairs are required, emergency restoration must be performed abruptly to prevent traffic problems [5,6]. Currently, conventional heated asphalt concrete is difficult to produce in small quantities and the plant operation must be stopped in the case of rain. Reports indicated that construction defects and quality deterioration occur due to the temperature drop of the asphalt mixture when conventional heated liquid asphalt concrete is transported and stored at the site [7,8]. Therefore, in order to solve this problem, if the asphalt mixture is made into a solid material (pellet), it is easy to transport and store, so it can be used for emergency restoration work by using small-scale heating equipment at the emergency repair site after excavation restoration that requires construction [9,10]. Moreover, every year in summer and winter, the number of potholes increases rapidly and causes a lot of damage. Since potholes occur steadily every year and threaten the safety of drivers, it is necessary to develop pothole recovery construction technology and high-durability pavement materials [11]. Currently, room-temperature pellet asphalt is applied to emergency restoration work, but there is a problem in that durability has remained at low quality.



According to numerous surveys, approximately 2 billion discarded tires are eliminated globally annually [12]. This makes up between two and three percent of the total amount of gathered garbage. About 300 million used tires come to trash each year in the US alone [12]. Global population growth is accompanied by an increase in automobile consumption, particularly among the growing middle classes in developing nations that have more access to automobiles [13]. Since more pavement miles are traveled, more tires need to be substituted, which results in more waste tires [14]. Waste tires are a recent threat that causes a big concern to the planet. Rubber is still disposed of incorrectly regardless of recycling activities and restrictions of authority [15]. Tires potentially leak pollutants into the air, soil, and groundwater that can disrupt the environment as they accumulate in landfills [16]. A discarded tire emits methane gas into the atmosphere just by being exposed to the sunlight. The carbon emissions grow as a result of this greenhouse gas, which may also lead to global warming.



Recycling waste tires is proving to be a growing practical solution to the world’s waste tire issue. While just a small portion of discarded tires are recovered annually, recycling has become the main strategy for waste tire treatment in Europe, where it accounts for 40% of all discarded tires [17]. Therefore, the practical recycling of waste tires on a large scale would significantly promote sustainable development purposes [18].



Hundreds of thousands of tons of waste tires annually can be turned into waste globally [19,20]. In Korea, the recycling rate of domestically recycled tires was 292,434 tons or about 79% of the annual amount of waste tires. Therefore, it is necessary to strengthen the recycling method of high-value-added materials. The Korean Ministry of Land, Transport, and Maritime Affairs has been enforcing the recycling of industrial byproducts such as waste tires into road pavement in recent years. The purpose was to activate the recycling of waste tire powder in general road pavement, as it is currently limited in use for playground and pedestrian roads. Recycling industrial by-products reduces damage such as plastic deformation of asphalt and concrete road pavements and increases durability, increasing road life [21,22,23,24]. Mixing waste tire rubber powder increases plastic deformation resistance by 4.6 times, which is effective in long-term service life reinforcement. The vitalization of this application is expected to reduce the cost of asphalt concrete materials while expanding eco-friendly recycling purposes [20].



Waste tire rubber powder has been used as a binder for heated asphalt mixtures since 1975 and has been used as a binder for various types of heated asphalt mixtures until now. Crumb Rubber Modifier (CRM) is a general term for rubber powder of waste tires. CRM asphalt was initially used for crack patching called Band-Aid, and it was applied to the chip-seal method while mechanized spraying was possible and used for repairing cracked roads [25,26]. The advantages of CRM asphalt are its high strength, resistance to plastic deformation, reducing environmental pollution problems [27,28]. Crumb Rubber Modified Asphalt (CRM asphalt) containing waste tire rubber has higher viscosity at high temperatures and lower stiffness at low temperatures than general asphalt. High-viscosity asphalt binder has high resistance to high stress and deformation caused by traffic load [29,30,31], and low stiffness at low temperatures has high resistance to low-temperature cracking. Additionally, the storage stability tests in the research of H. Kim and S.J. Lee indicated that the viscosity of the CRMAs had a significant influence on the phase separation of the binders; the higher the viscosity of the binder, the less the degree of the separation [18]. In addition, due to the elasticity of the rubber component, it has a good effect on reflective cracking, and the carbon black present in waste tires has an effect of preventing asphalt oxidation [32,33,34]. The crack resistance and plastic deformation resistance characteristics of CRM asphalt can compensate for the problem of deterioration in the durability of room-temperature asphalt concrete used during emergency restoration work [22].



However, when the single construction area is small and the construction period is short, additional costs such as frequent movement of production facilities, installation, disassembly, and storage of pavement materials (temperature maintenance) are incurred. In addition, in the Korean national pavement survey after road excavation and compaction, the overall flatness of pavement is acceptable, but structurally quality is confirmed at a poor level since the crack rate and plastic deformation occur above a certain level which has required continuous repairing budget. This results in an increasing need for practical overlaying materials which can ensure the strength of the asphalt surface layer. In order to solve this problem, an asphalt mixture made into a pellet and small-scale heating equipment is used for emergency pavement restoration work such as potholes.



In this research, in order to determine the optimal mixing ratio of pellet-type asphalt paving materials having recycled waste tire powder, various laboratory tests were conducted on mixtures with CRM content ratios of 5%, 10%, and 20%. The generally heated asphalt mixtures were incorporated to compare the performance between the developed and conventional solutions. For performance evaluation, the Marshall stability test, Hamburg wheel tracking test, and dynamic modulus test were conducted. Additionally, for the purpose of improving the performance of asphalt paving materials, the same test was performed on asphalt paving materials GNP (Graphite Nano Platelet, 3% and 6%). To compare and evaluate the performance with popular pothole repairing materials, the proposed CRM_GNP pellet asphalt pavement material was applied in the fields where potholes usually occur. The testing process was summarized in Figure 1.




2. Materials and Methods


2.1. Materials


2.1.1. Aggregates and Asphalt Binder


The Korean Plant, which is close to the Seoul metropolitan region, supplied the natural aggregate and fillers for this study. Table 1 displayed the aggregate’s fundamental characteristics. This study created specimens in line with the Superpave compaction method. The optimal asphalt binder makes up 6–7% of the combined mass, according to trial experiments and recommendations from related research [35,36,37].



The asphalt binders used in this work were upgraded with styrene-butadiene-styrene (SBS) [43]. SBS is widely acknowledged for its adaptability at low temperatures and its capacity to increase a binder’s flexibility at high temperatures [44]. By reducing the blending heat and the viscosity of high-temperature asphalt, this SBS modifier can improve the high efficiency of an asphalt mix and boost the adaptability of asphalt [45]. The designed asphalt is more resistant to rutting at higher temperatures as well as low-temperature cracking than regular asphalt. In South Korea, this material has a proven record of successful application [46]. Table 2 presents the general properties of asphalt modified with CRM by the weight of the binder.



Regards to the CRM, the mechanochemical approach was employed to generate the CRM from activated rubber powder with a particle size of 30 mesh. In order to facilitate the chemical reaction, a chemical activator (organic disulfide, or OD) was introduced with mechanical energy [22]. The activating procedure settings of the mechanochemical approach utilizing the OD additive (3% of crumb rubber powder by weight) were adjusted following the prior research [30]. The initial laboratory suggested that the mixing of SBS, tire, and GNP leads to very high viscosity. Therefore, the mixing and compaction temperature were controlled at a quite high degree to ensure a homogenous mixture and acquire a proper air void level. The mixing process was controlled at 165 °C for 30 min with a 3% OD additive concentration while the compaction was designed at 155 °C for the compaction process, based on the mixing and compaction guiding from Al Mamun et al. [47].
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Table 2. Properties of asphalt binder.
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	Properties
	Value
	Standard Value





	Penetration (1/10 mm) 25 °C [48]
	86.1
	



	Softening point (°C) [49]
	69.2
	



	Ductility at 5 °C (cm/min) [50]
	103
	



	Thin film oven (160 °C, 300 min) [51]
	
	



	Mass loss (%) [51]
	0.03
	



	Penetration loss [51]
	69
	



	G*/sinδ; at 76 °C (Original) [52]
	1.68 kPa
	Min. 1.0 kPa



	G*/sinδ at 76 °C (after RTFO) [52]
	2.39 kPa
	Min. 2.2 kPa



	G* × sinδ at 76 °C (after PAV) [53]
	1498 kPa
	Max. 5000 kPa



	Stiffness at −22 °C [54]
	176 MPa
	Max. 300 MPa



	m-value at −22 °C [54]
	0.33
	Min. 0.3









2.1.2. Mixture Design


Mixture design is based on the particle size of the maximum aggregate particle size of 13 mm (WC-2), which is used as a standard, and three types of mixes of 5%, 10%, and 20% of rubber content were suggested based on the asphalt content of 6.0–7.0%. Table 3 shows the aggregate content of each sieve. A Graphite Nano Platelet (GNP) was introduced to the bitumen binder in different amounts: 3% and 6% by mass of the binder. This GNP is composed of synthesized graphite substance with 99.58% carbon and 0.42% ash, and it has an optimum surface area of 245 m2/g [55]. In general, the CRM and GNP types used in this research were very popular and they can be provided by manufacturers worldwide [30,55]. In this study, GNP was added to improve the performance of CRM asphalt paving materials, and Marshall stability, residual stability, wheel tracking tests, Hamburg wheel tracking, and dynamic modulus tests were performed to evaluate the performance of the CRM_GNP mixtures.



When designing the mixture, the weight of the total mixture was based on 1000 g, and AP-5 was used as the asphalt binder used in the design of the mixture. Table 4 below shows the calculation results required for calculating the amount of material and designing the mixture.





2.2. Testing Methods


2.2.1. Marshall Stability and Residual Stability Tests


The Marshall stability test is a test performed to determine the mixing in the process of manufacturing a heated asphalt mixture. ASTM D6927 [56] is regulating Marshall stability for flow values. This Marshall stability is used in mixing design by measuring the compaction stiffness of the asphalt mixture. For the purpose of determining the mixture for the target asphalt mixture, a load is applied at a constant speed of 50.8 mm/min, and the maximum load is measured when the flow value is between specific values. For the maximum load, a correction factor is applied according to the test specimen height of the mixture. Residual stability is a factor that evaluates the stripping resistance of an asphalt mixture and can be obtained by the ratio of the initial mixture and the mixture immersed at 60 °C for 48 h.


   Residual   stability  =    Stability   after    48    hours     of   water   immersion   N    First   Stability  N     



(1)








2.2.2. Wheel Tracking and Hamburg Wheel Tracking Test


The wheel tracking test is a test method that determines the dynamic stability by repeatedly loading a load indoors to evaluate the plastic deformation characteristics of an asphalt mixture due to a vehicle load at a high temperature. Dynamic stability indicates the resistance to plastic deformation. The lower the dynamic stability, the greater the depth of settlement, and the higher the dynamic stability, the smaller the settlement. This is regulated in AASHTO 324 [57], and the frequency of the test varies depending on the type of pavement of the asphalt mixture. The specimen is made into a rectangular parallelepiped and fixed to the tester as shown in Figure 2A. The traffic load is generally applied at 686 N, realizing a situation where vehicles pass at 42 times/minute. The test is evaluated by the number of times the wheel passes with respect to the unit deformation amount of 15 min intervals between the time point after 45 min and the time point of 60 min. This is called the strain rate, and the general strain rate and dynamic stability can be obtained as follows.


   Strain   rate      RD ,   mm / min   =    d  60   −  d  45     15    



(2)






   Dynamic   stability      DS   =   42 × c ×    t 2  −  t 1         d 2  −  d 1      =   42 × 1 ×   60 min − 45 min        d  60 min   −  d  45 min        



(3)







The Hamburg wheel tracking test is similar to the wheel tracking test, but it is a test method by immersion in water. The size of the specimen is different and the moisture sensitivity can be evaluated. In this test, the moisture sensitivity is determined by considering the point where the amount of settlement rapidly changes as the point of stripping.




2.2.3. Dynamic Modulus Test


The dynamic modulus test is performed by attaching a strain measurement sensor (LVDE, Linear Variable Differential Transformer) to the specimen, measuring temperature (5, 20, 40 and 54 °C) and load cycle (0.1, 0.5, 1.0, 5.0, 10 and 20 Hz) to measure the dynamic modulus, phase angle, and deformation [58]. It is a test method to describe the actual road environment considering the temperature and vehicle traffic according to the season (see Figure 2B). The master curve can be drawn by applying the Time-Temperature Superposition Principle (TTSP), and the final master curve is drawn by shifting the dynamic elastic coefficient of the frequency band according to the temperature and frequency. The function expression for this is:


  log    a T    = δ +    C 1    T −  T d       C 2  +   T −  T  r e f        



(4)




where C1 and C2 = the regression parameters, T = the measured temperature, Td = the defined temperature; and Tref = the reference temperature (i.e., 20 °C).



The dynamic modulus test is a concept that can evaluate the degree of physical resistance to Visco-Elastic materials. The dynamic modulus is the most common test that can represent the performance of asphalt mixtures and is performed according to the AASHTO TP 62 standard.





2.3. Introduction of Pellet-Type Asphalt Technology


2.3.1. Conventional Liquid Heating Technology


The conventional mixing method is a method of producing asphalt mixture pavement materials by mixing aggregate with CRM asphalt, which is a mixture of fine waste tire rubber powder and asphalt at about 210 ± 10 °C. Wet production technology includes batch technology in which 15 to 20% of CRM powder is added as a polymerization ratio to the asphalt and reacted at 162 to 190 °C and the continuous blending technology. The production technology commonly used in Korea requires a swelling process of CRM powder (see Figure 3). Through this, it is possible to increase the bonding strength between the rubber powder and the asphalt surface while maintaining the elastic properties of rubber. To this end, a large set of equipment, namely a heat and blender and a reaction tank that stores CRM asphalt is essential.




2.3.2. Pellet Asphalt Technology


When the asphalt mixture is made into a solid material (pellet), it is easy to transport and store, so it can be used for emergency restoration work by using small-scale heating equipment at the emergency repair site after excavation restoration that requires construction. There are different methods for producing asphalt pellets, including extrusion techniques utilized in the polymerization industry. Figure 4 summarizes the application of pellet-type asphalt pavement.



This study initiates the production process by synthesizing the binder to the correct grade and adding the proper content of modifiers. The modified binder is combined with the recommended solid additives when it satisfies all of the specification requirements, and it is then pelletized. In order to avoid clumping during transportation and handling, a non-stick covering is sprayed to coat the pellet.



Initially, the binder pellets’ cores were formed by blending asphalt binder with 5% CRM and 3% GNP. Three (3) min of mixing at 165 °C and 1500 rpm were sufficient to guarantee uniform dispersion. The pellets are then encapsulated in a protecting coating in the following phase. For that, a glass container was filled with 1000 mL of distilled water and 30 g of alginate. A uniform emulsion was produced by mixing the two ingredients in a mixer at 500 rpm for 12 min, using the alginate to function as the surfactant. In a different glass container, 1000 mL of distilled water was combined with 30 g of calcium chloride to create a calcium chloride mixture. The cores were initially transferred to the alginate emulsion, then to the calcium chloride mixture, enabling the alginate to ionotropic gel on the pellets’ entire exterior.



The mixture was then cured for 6 h at 3 °C to create the pellets in Figure 4. It is possible to stabilize the pellets’ internal structure by using an alternative cooling fan. Afterward, pellets were kept in room condition in polyethylene containers until construction day. Figure 5 shows the photograph of the manufactured pavement material.





2.4. Field Application


2.4.1. Field Pothole Restoration


Based on the performance evaluation analysis results in the previous section, in order to apply CRM (5%) asphalt paving materials to emergency repair work, constructability and commonality are confirmed through construction and monitoring at sites where potholes frequently occur.



Test construction was carried out on 14 July 2021, on the Dongbu Arterial Road located in Nowon-gu with the cooperation of the Seoul Facilities Corporation. Three types of existing pothole repair agents (medium heating type, water hardening, general room temperature asphalt concrete) were used and built simultaneously. Figure 6 shows a schematic diagram of the site application location and a panoramic view of the construction site.



In the construction process, the section where the existing pothole occurred is crushed using a hand crusher, primer is applied to the crushed surface to improve adhesion with the paving material, paving material is laid on the surface of the primer and compacted using a vibrating rammer. Figure 7 below shows the step-by-step construction process.



A total of 3 types of CRM (5%) pavement material mixtures were selected for comparison. Medium-temperature type repair materials, hydraulic repair materials, and normal room temperature repair materials, which are most commonly used in pothole repair sites in Seoul, were selected.




2.4.2. Falling Weight Deflectometer Test


This research employed a Falling Weight Deflectometer (FWD) test to assess the structural capacity following the execution of the field experiment, as illustrated in Figure 8. The research was carried out to evaluate each section’s structural attributes. By exposing the pavement surface to an applied load and measuring the surface displacement using a variety of instruments that have been mounted on the pavement surface, the FWD test is a non-destructive testing device developed to determine the structural characteristics of pavement constructions. The size of the load plate is 30 cm, and the typical load is 4082 kgf. The geophones monitor the displacement at each point once a dynamic load is imposed [59,60,61].



The obtained FWD displacements, Dr, at geophones placed at different distances, r in mm, from the center of pressure are used to determine the displacement bowl. The typical FWD test geophone configuration is positioned at D0 (under the center of the FWD loading frame), 200, 300, 450, 600, 900, 1200, 1500, and 1800 mm, respectively [62]. In these settings, displacements caused by falling weights, such as 4082 kgf, are monitored. Figure 9 shows these separate monitoring sites.



The deflection bowl’s separate measurement sites allow for the determination of deflection variables that describe specific zones or regions of the entire deflection bowl [63,64,65]. For each form of asphalt pavement mix utilized in this investigation, the FWD test was conducted at 20 m spacing. When the actual test was conducted in Nowon-gu, South Korea, the air temperature was around 8 °C, and the asphalt pavement layer’s average temperature was around 9 °C.




2.4.3. Falling Weight Deflectometer (FWD) Analysis


The most fundamental formulae for evaluating pavement structure were applied in this research to examine the pavement structure [65,66,67,68]. Additionally, the structural condition rating was divided in accordance with Table 5 [63] to assess it. The displacement in the middle of the loading plate (D0) and the AREA, which is an examination of the displacement basin features, are the FWD parameters that are most commonly utilized to determine the structural integrity of the pavement. The AREA can be calculated using Equation (5).


  AREA = 6 (  1 + 2    D  300      D 0    +    D  600      D 0    +    D  900      D 0     )  



(5)




where D0 is the deflection in the center of the load plate (in μm), D300, D600, and D900 are the deflection (μm) at 300, 600, and 900 mm from the core of the loading plate.



Surface curvature index (SCI) assesses the stability of the surface layer, base curvature index (BCI) the base layer, and base damage index (BDI) the road for the sub-base. The deviation increases as each index’s value increases. Each index’s calculation is demonstrated in Equations (6)–(8).


  SCI =  D 0  −  D  300    



(6)






  BDI =  D  300   −  D  600    



(7)






  BCI =  D  600   +  D  900      



(8)







RoC (radius of curvature) is an index indicating the structural state of the surface and base layers, and is calculated by the following Equation (9):


  RoC =    L 2    2  D 0  (  1 −    D  200      D 0     )    



(9)




where L: 200 (mm), and    D  200    : deflection at a distance of 200 mm from the center of the load plate (μm).



Additionally, a Modulus 6.0 inverse analysis was also carried out. The displacement based on the multilayer elastic theory was calculated employing the inverse approach employing the size of every layer and the estimated elastic modulus range of each layer. The elastic modulus for every layer was changed, and the computations were performed until the calculated deflection fitted the values of the measurements. This method allows for the exact estimation of each layer’s elastic modulus.






3. Results


3.1. Derivation of Optimum Asphalt Mixing Ratio for Each CRM Content


Marshall stability results of each asphalt mixture are shown in Table 6. The optimal asphalt mixing test was conducted three times and the average value was used. The optimal asphalt mixing ratio was 6.0% at 5% CRM content while the optimal asphalt mixing ratio was 6.5% at a CRM of 10%. Considering the asphalt at 20% CRM content, the optimal blending ratio was found to be 7.0%. However, in the case of the CRM content of 20%, the porosity was 2.6%, which was below the standard, and the flow value was 40, which was above the standard. These test results also reveal that CRM content at 20% also leads to a noticeable drop in Marshall stability which may be inappropriate for pothole restoration purposes. Therefore, the CRM contents that satisfied the basic properties were 5% and 10%. Through this phase, based on the superior behavior of the 5% CRM mixture, the CRM was fixed at this lowest level in the following test to ensure the strength of the asphalt concrete mixture while promoting sustainability purpose.




3.2. Performance Comparison of Asphalt Paving Materials


3.2.1. Marshall Stability and Residual Stability


Figure 10 shows the Marshall stability results of heated asphalt concrete mixture (HACM) and CRM (5%) asphalt mixture. The results of adding GNP (3% and 6%) into the 5% CRM mixture were also incorporated. In general, the Marshall stability values of modified mixtures show similar results compared to the reference mix, and a significant effect on plastic flow resistance was not found in these conditions. The test results present that the Marshall stability of the reference, 5% CRM, 5% CRM + 3% GNP, and 5% CRM + 6% GNP mixtures are 11,481, 12,726, 10,428, and 11,918 N, respectively. The CRM asphalt mixture (5%) showed a slightly lower residual stability than the heated asphalt mixture (HMA), but the addition of GNP (3% and 6%) confirmed the increased residual stability and improved the resistance to anti-stripping. For example, the addition of 3% and 6% GNP leads to the residual stability increase to 96.02 and 104.26%, respectively, while the value of the CRM 5% mixture was 94.79%, noticing an improvement in water resistance effectiveness. This can be attributed to the dense structure of HMA having proper content of GNP which results in the stronger moisture stability of the modified mixture.




3.2.2. Wheel Tracking and Hamburg Wheel Tracking Test


Figure 11 demonstrates the HWT test results among all mixtures. The test results reveal that the reference mixture suffered from a noticeable increase in the rutting value compared to the modified mixture having CRM and GNP. By analyzing the rutting depth (mm) value when the wheel load reaches 20,000 times, the HWT test shows that the GNP additive is effective in reducing plastic deformation. For example, in the case of the mixture of HMA and CRM (5%), about 6 mm of plastic deformation occurred. However, the plastic deformation in the mixture of CRM (5%) + GNP (6%) is about 2.1 mm, while the plastic deformation of about 3.3 mm was recorded in the mixture of CRM (5%) + GNP (3%). As shown in Figure 12, the dynamic stability (2423 times/mm) of 5% CRM + 6% GNP mixtures are significantly stronger than the dynamic stability of the 5% CRM mixture (1313 times/mm). This finding confirmed that the resistance to plastic deformation is remarkably improved (about 1.8 times higher). In addition, since it is a water immersion test, it is judged that the moisture resistance is also improved by adding GNP. This can be explained by the compacted structure of GNP modified mixture since moisture impact may be remarkably resisted. As a result, asphalt pavement materials corresponding to CRM (5%) + GNP (3%) showed the highest resistance to stripping. The case with the highest mixing ratio of GNPs (6%) shows vulnerability to exfoliation impact.




3.2.3. Dynamic Modulus Test


The results of the dynamic modulus test performed in this study are presented in Figure 13, and each axis of the graph is represented in a log scale. It is defined as the stress-dependent modulus of elasticity that changes according to the degree of the cyclic load and confining stress. The test results reflect the possibility of fatigue cracking of the pavement material under the condition that the pavement is subjected to repeated wheel loads due to vehicle driving. The higher the dynamic modulus, the lower the possibility of fatigue cracking. Based on the findings, the dynamic modulus of the reference HMA mixture slightly outperformed the modified mix. Considering multiple frequency ranges, the dynamic modulus of CRM asphalt pavement material was found to be equal to or lower than that of the heated asphalt pavement material (HMA).



However, in the case of a CRM mixture modified by GNP 6%, the test results revealed that the dynamic modulus increases substantially at high temperature (low-frequency region) and low temperature (high-frequency region), indicating a remarkably improved resistance to plastic deformation and proper stability in the cold area. Therefore, this finding confirms that the 5% CRM+6% GNP mixture can be applied in pellet asphalt for pothole restoration in multiple regions since this condition shared the equivalent performance compared to the control mixture while promoting the environmentally friendly purpose.





3.3. Performance Evaluation Analysis


In this study, a value comparison analysis was conducted on the tests performed. In detail, plastic flow resistance and stripping resistance by Marshall compaction test, plastic deformation and fatigue crack resistance were evaluated by the Hamburg wheel tracking test and dynamic modulus test, respectively. Although stripping resistance can be derived from the Marshall compaction test and the Hamburg wheel tracking test, the Marshall compaction test shows the anti-stripping of pure specimens, and the wheel tracking shows the stripping property in road driving conditions, so they were all classified and evaluated. On the other hand, the plastic deformation resistance derived from the wheel tracking test and the dynamic modulus test differs in the size of the specimen and the test method, but the average of the two scores was applied since it is a test method describing the road environment due to cyclic load. The score for each item is 20 points, the maximum score is 100 points (total of 5 items) and decimal places are rounded up. The scores given to asphalt pavement materials (HMA, CRM 5%, CRM 5% + GNP 3%, CRM 5% + GNP 6%) in this study are relative scores to generally heated asphalt pavement.



Figure 14 summarizes the result of the performance evaluation analysis. The controlled asphalt performance evaluation score was evaluated as 50 points, CRM 5% + GNP 6% asphalt pavement accounted for the highest result with 56 points, and CRM 5% and CRM 5% + GNP 3% asphalt pavement both achieved 54 points. As a result of the performance evaluation analysis, the characteristics of asphalt paving materials are as follows. Although the plastic deformation resistance of CRM (5%) asphalt pavement material was slightly low, it was confirmed that it could be suitably used as an anti-stripping agent as it showed much higher resistance than generally heated asphalt in the anti-stripping property. In the case of CRM (5%) + GNP (3%) asphalt paving materials, the resistance to anti-stripping accounted for the highest, but the resistance to fatigue cracking was lower than that of the reference asphalt mixture which is reflected in dynamic modulus test results. Among all testing mixtures, CRM (5%) + GNP (6%) asphalt pavement showed the highest performance among the four asphalt pavement materials. In particular, plastic deformation resistance was found to be the greatest, but resistance to fatigue cracking was determined to be relatively low. In conclusion, it was confirmed that the resistance to plastic deformation and anti-stripping of asphalt pavement materials using CRM is improved compared to general heated asphalt pavement materials. However, since the resistance to fatigue cracking can be somewhat reduced when CRM is mixed, it is suggested that an additional 6% GNP is necessary when applying to new pavement or expansion pavement construction. Therefore, in this study, we first proposed to apply it to small-scale emergency repair work.




3.4. Field Application


3.4.1. Pothole Restoration


Test construction was carried out in the summer rainy season (14 July 2021), and there was a possibility that potential damage may occur due to the heavy rain on 19 July based on the weather reports, so a visual inspection was conducted by visiting the site on 25 July, 10 days after construction. On 25 July 2021, a visual inspection was conducted to investigate the actual condition of the pavement. Figure 15 and Figure 16 illustrates the results of visual inspection by repair material. It was confirmed that all sections to which hydraulic-type repair materials, normal room temperature repair materials, and CRM (5%) asphalt pavement materials were applied were in good condition, and some irregularities occurred in the sections where medium-temperature type repair materials were used.



The results of assessing the site porosity and compaction utilizing core samples taken from test pavement segments are demonstrated in Table 7. The proposed CRM_GNP mixtures and the popularly used commercial repairing asphalt mixtures both displayed almost equivalent levels of site compactness. Thus, employing the CRM GNP asphalt mixture for pothole restoration in pellets type is very practical for the actual application. Considering the field rutting measurement after 1 year (Table 8), the results indicate that the proposed asphalt pellet having CRM and GNP shows superior permanent deformation compared to the other methods. However, further long-term tracking has been conducted to govern its practical effectiveness. After a thorough assessment of the potential pothole countermeasures, Table 9 has been established to summarize the pros and cons of these solutions. Based on the suggestions and comments from Korean road and pavement specialists and in situ measurement, the CRM asphalt pellet approach represents a viable method for sustainable pavement rehabilitation and maintenance works, especially in small-scale damaged areas.



In order to compare the unit cost of on-site heating method technology, the unit cost of heating technology for general heated asphalt pavement materials and the proposed asphalt pellet having CRM was compared. Considering the service life period of 6 years, the construction conditions are based on the daily construction volume of 100 m2, and reference is made to the construction standards. As a result of the comparison, the construction unit price per Peyong (3.3 m2) was 1,031,958 won for CRM packaging material heating technology while Conventional HMA heating technology requires at least 1,374,051 won. Table 10 shows the comparison of construction unit costs for each packaging material.




3.4.2. FWDT Analysis


Figure 17 illustrates the FWD deflection based on the field construction sections. The field test result demonstrates that the displacement measurements for every segment vary significantly around the loading plate, and the difference between the deflection data from the two geophones diminishes as the distance from the loading plate increases, leading to convergence. As a result, the CRM section’s deflection at loading plate D0 was significantly lower than the controlled section, indicating a high settlement resilience. These findings suggest that the pavement structure of the CRM sections is superior.



The SCI value is compared in Figure 18 using displacement data. The structural integrity of the surface layer is represented by the SCI index. The structural condition rating is typically divided into two categories: severe zone for SCI > 400 and warning zone for SCI value from 200 to 400. Since all examined sites showed SCI values of less than 150, both options were regarded to have acceptable surface layer structural characteristics. Particularly, the SCI of the CRM sections has extremely low SCI values, suggesting that the layer’s features are rather superior to those of the conventional section.





3.5. Future Study


In the following research stages, additional long-term monitoring will be carried out to verify its operational efficacy. Additionally, a potential constraint to the viability of this CRM asphalt pellet pavement approach is the phase separation between CRM, CNP, and original asphalt binders. According to related research [18], phase separation can develop when the rubber particles are exposed to a heating source, causing a detrimental impact on the field performance of CRM pellet asphalt pavement. Hence, reducing phase separation is essential for the improvement of CRM pavement quality. As a result, in the following stage of this research, the phase integrity of CRM asphalt binder will be systematically studied in a series of laboratory tests to achieve an optimized CRM asphalt binder mix.



Furthermore, there are significant regional and national differences in the CRM asphalt pellet storing circumstances (i.e., storage time and heating degree). Therefore, a secondary goal of the subsequent research was to evaluate multiple criteria of storage conditions from diverse locations. Considering the primary low-temperature cracking in asphalt pavements constructed in cold areas, the constrained pavement attempts to shrink as the temperature decreases, and the tensile strains increase to a dangerous threshold at which a fracture develops into critical cracking. Thus, proper investigation of the low-temperature behavior of CRM pellet asphalt pavement can provide comprehensive insights into the practical application of this method. In general, the proposed scopes for further study are expected to add value to the adaptability of this method, contributing to the optimized pavement restoration solution.





4. Conclusions


The objective of this study was to facilitate the application of pellet asphalt that contains Graphite Nanoplatelet (GNP) and Crumb Rubber Modifier (CRM) for road maintenance. The appropriate blending ratios of pellet-type asphalt paving materials were determined in this research by conducting laboratory tests on mixtures with CRM content ratios of 5%, 10%, and 20% and GNP content of 3% and 6%. The efficiency of the suggested technique and controlled combinations were compared using the Marshall stability test, Hamburg wheel tracking test, and dynamic modulus test. Afterward, a full-scale test bed was conducted by using popular commercial pothole restoration approaches. As a result of the performance evaluation analysis, the findings are presented as follows.



	
The test results reveal that CRM content at 20% cultivates the noticeable drop in Mar-shall stability which may be inappropriate for pothole restoration purposes. Based on the general properties test, the CRM contents should be controlled at lower than 5% to ensure the standard strength.



	
The test results confirmed that the CRM 5% mixture could be suitably used as an anti-stripping agent since it acquired higher resistance than general HMA. Regards this property, CRM (5%) + GNP (3%) asphalt concrete mixture obtained the highest re-sistance to stripping, but its fatigue cracking susceptibility was lower than that of the referenced mixture.



	
The HWT test indicated that about 6 mm of plastic deformation occurred in the 5%CRM mixture and reference HMA. Meanwhile, the plastic deformation measured in the mixture of CRM (5%) + GNP (6%) is about 2.1 mm, whereas the mixture of CRM (5%) + GNP (3%) exhibits plastic deformation at approximately 3.3 mm. The dynamic stability of 5% CRM + 6% GNP mixes is considerably stronger than that of 5%CRM mix-tures (2423 times/mm compared to 1313 times/mm).



	
The test findings show that CRM (5%) + GNP (6%) asphalt concrete mixture achieved the highest performance among the four conditions, suggesting its practical application to promote the environmentally friendly purpose. This can be attributed to the dense structure of HMA having proper content of GNP which results in the stronger bearing capacity and moisture resistance of the modified mixture. In particu-lar, the plastic deformation resistance of this condition represents the greatest value while the dynamic modulus of this condition shares the equivalent results compared to the controlled mixture.



	
Based on the field test results, it was determined that all the repaired sections having a hydraulic type, normal room temperature type, and CRM (5%) + GNP (6%) asphalt pellet types exhibited excellent condition while medium-temperature type presented some abnormalities.



	
Considering the availability of the material, the synthesized CNP graphite nano-flake powder can be easily provided by worldwide manufacturers while the CRM having a particle size of 30 mesh and organic disulfide activator is very popular in CRM production recently. Based on the utilization of by-product materials, the pro-posed asphalt pellet can save the pothole restoration cost by more than 30% compared to the conventional heated asphalt method.



	
The levels of site compaction were comparable between the proposed CRM_GNP mixtures and the widely utilized commercially repairing asphalt mixtures. Therefore, using the CRM_GNP asphalt mixture in pellet form for pothole restoration is incredi-bly beneficial for actual implementation. Results demonstrate that the proposed as-phalt pellet containing CRM and GNP also exhibits superior permanent deformation when compared to the other approaches after one year. The Falling Weight Deflec-tometer test results also confirm that CRM pavement exhibits superior rutting re-sistance compared to that of the controlled section after 1 year of service life under en-vironmental and traffic load impacts.






According to the research’s findings, The CRM asphalt pellet approach is a feasi-ble solution for sustainable pavement maintenance and rehabilitation, particularly in small-scale damage areas such as potholes. In the following research stage, additional long-term monitoring has been carried out to verify its operational efficacy.
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Figure 1. Testing flowchart. 
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Figure 2. (A) Hamburg wheel tracking test and (B) dynamic modulus test. 
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Figure 3. CRM asphalt pavement manufacturing process. 
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Figure 4. Pellet-type asphalt pavement is applied to the emergency pothole repair site. 
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Figure 5. The manufacturing process of pellet-type asphalt pavement and pictures of paving materials. 
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Figure 6. (A) Field application location and (B) view of the construction site. 






Figure 6. (A) Field application location and (B) view of the construction site.



[image: Polymers 15 00727 g006]







[image: Polymers 15 00727 g007 550] 





Figure 7. Step-by-step construction process. 
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Figure 8. FWD test. 
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Figure 9. FWD deflection bowl with measuring geophone set-up. 
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Figure 10. Marshall stability test results. 
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Figure 11. Hamburg wheel tracking test results. 
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Figure 12. Dynamic stability based on the HWT test. 
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Figure 13. Dynamic modulus test results. 
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Figure 14. Results of performance evaluation analysis. 
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Figure 15. Appearance after construction by pavement material. 
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Figure 16. Result of visual inspection by compacting material after 10 days of construction. 
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Figure 17. FWD method analysis: deflection data. 
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Figure 18. Layer index analysis (SCI). 
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Table 1. Aggregate and mineral filler properties.
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Properties

	
Properties

	
Value






	
Aggregate

	
Relative apparent density [38]

	
2.68




	
Water absorption [38]

	
0.17%




	
Aggregate crushed value [39]

	
18.9%




	
Los Angeles abrasion value [40]

	
26.1%




	
Flakiness and elongation index [41]

	
13.1%




	
Mineral Filler

	
Relative apparent density [42]

	
2.29




	
Moisture content [42]

	
0.07%
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Table 3. Aggregate content by sieve size.






Table 3. Aggregate content by sieve size.





	
Sieve Size

(mm)

	
25

	
20

	
13

	
10

	
5

	
2.5

	
0.6

	
0.3

	
0.15

	
0.08




	
The Grain Size of Each Aggregate (%)

	
20 mm

	

	

	

	

	

	

	

	

	

	




	
13 mm

	
100.0

	
100.0

	
97.6

	
79.8

	
17.4

	
5.4

	

	

	

	




	
Crushed Sand

	
100.0

	
100.0

	
100.0

	
100.0

	
98.4

	
75.6

	
39.2

	
23.4

	
12.1

	
5.3




	
Filler

	
100.0

	
100.0

	
100.0

	
100.0

	
100.0

	
100.0

	
100.0

	
99.6

	
96.0

	
87.8




	
Modified

the Mixing Ratio of Each Aggregate (%)

	
20

mm

	
-

%

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	

	

	

	

	




	
13

mm

	
50.0%

	
50.0

	
50.0

	
48.8

	
39.9

	
8.7

	
2.7

	

	

	

	




	
Crushed Sand

	
47.0%

	
47.0

	
47.0

	
47.0

	
47.0

	
46.2

	
35.5

	
18.4

	
11.0

	
5.7

	
2.5




	
Filler

	
3.0%

	
3.0

	
3.0

	
3.0

	
3.0

	
3.0

	
3.0

	
3.0

	
3.0

	
2.9

	
2.6




	
Synthetic Particle Size (%)

	
100.0

	
100.0

	
98.8

	
89.9

	
57.9

	
41.2

	
21.4

	
14.0

	
8.6

	
5.1




	
Median Particle Size (%)

	
100.0

	
100.0

	
97.5

	
88.0

	
62.5

	
42.5

	
24.0

	
15.5

	
11.0

	
6.0




	
Particle Size Range (%)

	
100

	
100

	
95–100

	
84–92

	
55–70

	
35–50

	
18–30

	
10–21

	
6–16

	
4–8
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Table 4. Material amount calculation.






Table 4. Material amount calculation.





	
Material

	
Weight by Asphalt Content (g)






	
Type

	
Aggregate Remix (%)

	
6.0%

(Rubber 5%)

	
6.5%

(Rubber 10%)

	
7.0%

(Rubber 20%)




	
20 mm

	
-

	

	

	




	
13 mm

	
50.0

	
469

	
464

	
458




	
Crushed sand

	
47.0

	
440

	
436

	
431




	
Filler

	
3.0

	
28

	
28

	
27




	
Aggregate amount (g)

	
-

	
937.0

	
928.5

	
916.0




	
Rubber reforming

	
-

	
3.0

	
6.5

	
14.0




	
Amount of asphalt

	
-

	
60.0

	
65.0

	
70.0




	
(g, AP-5)

	
-

	
1000

	
1000

	
1000
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Table 5. Ranges for road pavement structural condition grade.






Table 5. Ranges for road pavement structural condition grade.





	

	
Percent Passing (%)






	
Structural condition

	
Max deflection

	
RoC

	
SCI

	
BDI

	
BCI




	
Sound

	
<500

	
<100

	
<200

	
<100

	
<50




	
Warning

	
500 to 750

	
50 to 100

	
200 to 400

	
100 to 200

	
50 to 100




	
Severe

	
>750

	
>50

	
>400

	
>200

	
>100
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Table 6. Derivation of optimum asphalt mixing ratio and Marshall stability by CRM content.






Table 6. Derivation of optimum asphalt mixing ratio and Marshall stability by CRM content.





	Division
	Optimal Asphalt Mixing Ratio (OAC, %)
	Porosity

(%)
	Marshall Stability

(N)
	Flow Value

(1/10 mm)
	Water Immersion Residual Stability (%)
	Dynamic Stability

(times/mm)





	Standard
	-
	3–10
	≥7350
	20–40
	≥75
	≥750



	CRM content 5%
	6.0
	3.5
	12,726
	31
	94.8
	1313



	CRM content 10%
	6.5
	3.3
	10.368
	34
	95.6
	1189



	CRM content 20%
	7.0
	2.6
	8842
	40
	98.1
	863
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Table 7. Porosity and compactness of field test construction sections.






Table 7. Porosity and compactness of field test construction sections.





	Classification
	Measured Density

(g/cm3)
	Theoretical Density (g/cm3)
	Field Pavement Porosity (%)
	Field Compactness (%)





	1. CRM and GNP blend material
	2.239
	2.389
	5.9
	97.4



	2. Room temperature repair material
	2.227
	2.397
	6.3
	96.3



	3. Hydraulic repair material
	2.221
	2.406
	7.5
	96.7



	4. Medium heating type repair material
	2.226
	2.413
	7.2
	96.5
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Table 8. The measurement result of transverse strain after 1 year.






Table 8. The measurement result of transverse strain after 1 year.





	

	
Rutting Measurement (mm)




	
Average

	
Max

	
Min






	
1. Medium heating type repair material

	
4.09

	
7.02

	
1.15




	
2. Hydraulic repair material

	
4.87

	
8.12

	
1.61




	
3. Room temperature repair material

	
5.04

	
7.24

	
2.83




	
4. CRM and GNP blend material

	
3.38

	
5.37

	
1.39
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Table 9. Comparison of repair materials used in emergency repair work (KRW-Korea Currency).






Table 9. Comparison of repair materials used in emergency repair work (KRW-Korea Currency).





	
Classification

	
1. Medium Heating Type Repair Material

	
2. Room Temperature Repair Material

	
3. Hydraulic Repair Material

	
4. CRM and GNP Blend Material






	
Price

	
25 kg/bag

	
10,000 KRW

	
10,500 KRW

	
20,000 KRW

	
-




	
kg

	
400 KRW

	
420 KRW

	
800 KRW

	
150–300 KRW




	
Advantages

	
- Stored in a heating box at 70–80 °C at all times and repaired in a weakly heated state.

- Easy adhesion and excellent durability compared to general emergency repair materials.

	
- Easy and quick repair in case of emergency.

	
- It reacts with water and hardens, so it can be installed even in the rainy season and rainy weather, and has better durability than general emergency repair materials.

	
- Compared to other repair materials, it is durable and has excellent moisture resistance.

- Excellent economic feasibility and environmental efficiency by using waste rubber resources.

- Possible to construct in rainy weather and winter.




	
Disadvantage

	
Requires a separate heating device

	
Re-breakage rate is high as durability decreases at a rapid rate.

	
Difficult to purchase in small quantities and difficult to manage temperature

	
Difficult to purchase in small quantities
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Table 10. Comparison of construction unit cost by packaging material.






Table 10. Comparison of construction unit cost by packaging material.





	
Classification

(For Daily Construction Standards: 100 m2)

	
On-Site Asphalt Pellet Technology

	
Conventional HMA Heating Technology






	
Service life

	
6 years




	
Unit price comparison

(KRW/a)

	
1,031,958

(100%)

	
1,374,051

(133%)
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