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Abstract

:

Colored asphalt pavements have been implemented in South Korea to enhance visibility and lane distinction; however, color fading, accelerated deterioration, and increased pothole occurrence have been noticed. As a solution, alternative materials that can be used for the construction of colored asphalt pavements are being explored. This study evaluates the feasibility of using mudstone aggregate in constructing colored asphalt pavement in South Korea. Initially, aggregate quality tests were conducted on mudstone samples to assess their suitability compared to standard criteria. To enhance the visibility and color retention of colored asphalt, addition of pigment in the colored asphalt pavement mixture was considered and evaluated. The asphalt mixtures were evaluated for deformation, crack and viscoelastic properties using the Kim test, indirect tensile (IDT) strength test, and dynamic modulus test, respectively. Results showed that mudstone aggregate exceeded quality standards and the colored asphalt mixtures demonstrated superior deformation strength and crack resistance compared to typical SMA. However, the addition of pigment slightly reduced these properties. Overall, the findings suggest mudstone aggregate as a viable alternative for constructing colored asphalt pavements, offering potential improvements in durability and color retention.
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1. Introduction


The rapid growth in industrialization has promoted higher demand in the transportation sector of the country, resulting in an abrupt increase in the number of vehicles and the widening of the road network. The combination of private and public vehicles in daily traffic has caused congestion, and expanding the road network has been deemed to be insufficient and inefficient in solving the problem [1]. Moreover, this immense number of vehicles, without appropriate organization and regulations, poses significant safety risks to road users, especially pedestrians. An effective organization of road lanes has been found to be necessary to lessen the congestion and mitigate the safety risk that may lead to the accidents of road users and pedestrians [2].



As a solution to the growing number of private vehicles which cause traffic congestion, Bus Rapid Transit (BRT) has been implemented in many metropolitan areas worldwide such as New York, London, Ottawa, Sydney, and Auckland [3]. BRT aims to provide a more sustainable development of the road network by promoting public transportation over using private vehicles to lessen the traffic congestion. In BRT, special lanes are designated bus-only lanes to allow buses to avoid traffic congestion, making public transportation more efficient for commuters instead of using private vehicle to and from their destination [4]. The effectiveness of the BRT implementation relies heavily on the road user’s understanding of the new traffic rules. However, with only lane markers and street signs to indicate these implemented special lanes, it causes confusion to road users [5]. Therefore, colored pavement is utilized on the bus-only lanes to increase its visibility and the ease of road users in distinguishing them from the general road.



Colored pavement highlights the prominence of transit systems. It visually enforces dedicated transit spaces, making it clear that a lane is exclusive to buses. This implementation has reduced vehicle incursions by 30–50%, supporting on-time performance and reliability [6]. In Seoul, bus-only lanes have been applied on the city’s road network as an implementation of a policy in promoting public transportation to decrease the amount of private vehicle usage, thus minimizing the traffic congestion [1]. To make it more distinguishable, colored asphalt pavement has been used with a dark red coating on the surface and a solid blue side lane marking to indicate that private vehicles are prohibited from crossing the lane. Initially, the visibility of colored pavement was greatly distinct and clearly different from the general road after installation. However, significant fading of the dark red coating has been observed over time, especially on the wheel path, due to the passing of vehicles [7]. Moreover, the deterioration rate of the colored asphalt was found to be more severe compared to regular asphalt pavement due to the contraction and expansion induced by the pavement’s sensitivity to seasonal temperature change. Furthermore, a surge in the occurrence of potholes on the bus-only lane has been noticed, with 69% of the total bus-only lanes having potholes.



In 2011 [8], Park evaluated various coating methods according to their color maintenance when applied to colored asphalt pavement. Laboratory and field tests were conducted to evaluate the coating method’s resistance to discoloration and fading, coating adhesion, and skid resistance. Laboratory tests included the ultraviolet test, adhesion test, and Taber abrasion test, while field tests included the British pendulum test and visual inspection. The results showed that coating methods consisting of elastomers and rubber epoxy both performed better compared to other coating methods without the mentioned materials for both the laboratory and field tests. However, after 100 days of exposure to traffic, all the coating methods, regardless of the material used, showed unsatisfactory results in terms of color maintenance, abrasion, and adhesion.



In 2017 [9], the Centre for Pavement and Transportation Technology at the University of Waterloo, in collaboration with the Regional Municipality of York, investigated the functional and structural performance of BRT-dedicated colored asphalt pavement sections in Ontario, Canada after three years of service. Two types of colored asphalt pavement construction were assessed: epoxy paint-coated asphalt pavement, and red-colored modified HMA consisting of a pink granite aggregate blend and red pigment for enhanced coloring. In terms of surface texture, epoxy paint-coated asphalt pavement exhibited a low texture depth which makes it more prone to slipping accidents due to the lack of surface friction, especially in wet conditions. Meanwhile, the red-colored modified HMA had a lower surface friction compared to conventional asphalt pavement, although still sufficient in terms of safety. Moreover, aside from the noticeable tire scuffs and stains from vehicle fluid drips, red-colored modified HMA was found to have less distinction in terms of color when compared to conventional asphalt due to the pavement color’s ultraviolet-induced degradation over time. Furthermore, premature cracks, both thermal and fatigue, were observed on the red-colored modified HMA.



Based on the condition of the colored asphalt pavement in the previous studies, material used for the colored asphalt pavement should be improved to withstand the vehicle loading and maintain its functional and structural condition over time. Different-colored coatings, such as elastomers and epoxy paint, exhibited poor performance in terms of color retention. Moreover, paint-coated colored asphalt has been observed to deteriorate faster compared to typical asphalt pavement. Therefore, instead of using elastomers and rubber epoxy paint coatings as coloring for the pavement, the fundamental materials of the asphalt pavement can be altered to infuse the color into the asphalt pavement itself.



Several material replacements are currently being used in actual asphalt pavement construction for various purposes [10]. The use of reclaimed asphalt pavement (RAP), together with rejuvenating additives instead of, or in combination with, virgin aggregates and asphalt binder for the construction of asphalt pavement has been a rising technology due to its recycling potential, cost effectiveness, and positive environmental impact [11,12,13]. Steel slags, which are by-products in steel manufacturing, are also used as an alternative aggregates since they have shown improvement in the asphalt pavement’s structural performance [14,15,16]. In terms of colored asphalt pavement, inspired by the red-colored modified HMA in Ontario, mudstone that possesses natural red color can be used as an alternative aggregate. Furthermore, red pigment can also be added to the asphalt binder to intensify the distinction of the colored asphalt pavement against typical asphalt pavement. Although these mentioned alternative material and binder additives can enhance the colored asphalt pavement’s distinction and color retention, their effect on the structural capacity of the colored asphalt pavement should be initially investigated to determine if they are suitable as a pavement material.



In this study, the evaluation of the structural capacity of colored asphalt pavement with mudstone as aggregate is conducted. Moreover, the effect of the added pigment on the asphalt binder to the strength of the colored asphalt pavement is investigated. Initially, the quality of mudstone aggregate was evaluated based on the Korean standards. Subsequently, three laboratory tests were conducted to three different laboratory specimens composed of different asphalt mixture: typical stone mastic asphalt (SMA) to serve as the baseline reference of the comparison of results, colored SMA replacing only the aggregate with mudstone, and colored SMA with mudstone as aggregate and additional red pigment in the binder. The laboratory tests included the Kim test, indirect tensile (IDT) strength test, and dynamic modulus test, which measure the deformation resistance, crack resistance, and the viscoelastic properties of the pavement material. Figure 1 summarizes the flow of this study.




2. Materials and Methods


2.1. Materials


2.1.1. Mudstones Aggregates


Composition


Mudstone is a sedimentary rock formed from the solidification of clay, containing clay and silt in similar proportions, and is generally non-fissile. When this rock develops fissility, it is referred to as shale, characterized by thin, parallel fissures along the laminar surface. Shale, or “blood rock”, peels thinly parallel to the stratified surface among heterogeneous sedimentary rocks, whereas mudstone lacks this peelability due to its lower stratification and fissility. This study utilized red mudstone aggregates sourced from Seoksan Mountain in Chungcheongnam-do. Based on the spectroscopy results, the compositional analysis of the red mudstone revealed that it consists of 66.5% SiO2, 13.2% Al2O3, and 4.12% Fe2O3, with these three components making up over 80% of the rock’s composition. Table 1 shows the percentage of the mudstone components together with the percentage of granite components for comparison.



In comparison, granite, commonly used as an aggregate in asphalt concrete mixtures in Korea [17], comprises 71.8% SiO2, 14.3% Al2O3, and 4.1% Fe2O3, with these three components constituting over 90% of the granite’s composition, also shown in Table 1. Like red mudstone, granite’s main components account for over 80% of its composition. The differences in the presence or absence of red aggregates are attributed to variations in the quantities of Fe2O3. Given that more than 80% of the components are similar, it is inferred that red mudstone can exhibit comparable aggregate performance to granite.




Production


For this study, the aggregate plant where the mudstone aggregates were sourced out is Seondo Industry Co., Ltd., situated in Gongju City, Republic of Korea. In this aggregate plant, the mudstone aggregates are reduced to the desired size using a combination of three processes: crushing using the jaw crusher, crushing by the cone crusher, and refining using the vertical shaft impactor (VSI). The process of mudstone aggregates is shown in Figure 2.



The jaw crusher is a compression-type crusher used predominantly for the primary crushing of rocks and ores. In operation, rocks are fed into the crusher, where they are compressed between a fixed jaw and a moving jaw, resulting in impact and compressive forces that fracture the material. The crushed material then descends through the discharge opening by gravity and the force of the crusher. Jaw crushers are capable of handling large rocks exceeding 1000 mm in size, with an average reduction ratio—defined as the ratio of feed size to product size—ranging from 4 to 6.



After reducing the size of the mudstone aggregates using jaw crusher, the resulting aggregates are then fed to the cone crusher. The cone crusher operates by compressing material between a gyrating mantle and a concave surface. The material is fed into the crusher, where it undergoes gradual size reduction due to the eccentric movement of the mantle, which creates a narrowing gap for compression and shearing forces to break down the material. This process ensures a consistent product size, which can be adjusted via the closed side setting (CSS) for optimal performance.



Lastly, after obtaining a more consistent size of the mudstone aggregates, the aggregates are refined using the VSI. The VSI refines aggregates and improves their shape by using high-speed impact forces. Material is fed into the center of the rotor, which spins at high speeds, using centrifugal force to accelerate the material outward. This high-speed material is then directed to collide with anvils or a rock bed surrounding the rotor, causing the material to break upon impact. This process of high-velocity collisions ensures the material is finely crushed and helps produce aggregates with improved shape and particle consistency, making VSI an essential tool for creating high-quality construction materials.




Gradation


In this study, two sizes of coarse aggregates are replaced by mudstone aggregates, 13 mm and 10 mm, to produce the colored asphalt mixture. In accordance with the Korean standard for the use of single-particle size aggregates in the production and construction of asphalt mixtures, the 13 mm and 10 mm mudstone aggregates are sieved to satisfy the required gradation for each particle size. Table 2 summarizes the required percentage gradation of each single-particle size aggregate, and Figure 3 shows the gradation of the mudstone coarse aggregates. Additionally, samples of each particle size of the mudstone coarse aggregates are shown in Figure 4 for visualization.





2.1.2. Mix Design


For the mix design of the asphalt mixtures, stone mastic asphalt (SMA) is the type of asphalt mixture that is chosen for the colored asphalt since it is commonly used for bus lanes in Korea. For the binder, PG 76-22 asphalt binder supplied by SK Energy Co., Ltd. from Seoul, Republic of Korea is chosen because the bus lane in Korea typically uses a stiffer modified binder due to the heavy traffic.



The combined aggregate gradation for the SMA mixture used in this study is shown in Figure 5. The upper and lower limits of the combined gradation for the SMA mixture are obtained from the Korean standard for the SMA mixture [18]. Three types of asphalt materials are considered in this study: typical SMA with usual granite aggregates, colored asphalt with 13 mm and 10 mm coarse aggregates replaced with mudstone aggregates, and pigmented colored asphalt with the same alteration to the coarse aggregate and additional 1.5% red pigment to the binder for enhanced color visibility of the asphalt mixture. Figure 6 presents a side-by-side comparison of the three asphalt materials.



The pigment used is a synthetic iron oxide in powder form with 95% iron oxide and the remaining 5% is a combination of aluminum oxide and silicon dioxide. The iron oxide pigment powder lies between 325 mesh and 1250 mesh with a particle size of less than 44 microns. Furthermore, the properties of the normal binder and the binder with pigment are summarized in Table 3.



Based on the standard mix design of the SMA mixture in South Korea [18], shown in Table 4, the asphalt binder content of a SMA mixture with a nominal maximum aggregate size (NMAS) of 13 mm should be greater than or equal to 6.2%. Hence, in order to obtain the optimal asphalt content, three sets of SMA specimens with asphalt contents of 6.2%, 6.5%, and 6.8% are fabricated. The air void, degree of saturation, and VMA (Void in the Mineral Aggregate) of the test specimens are obtained and compared to identify the optimal binder content for the SMA mixture. Figure 7 present the results of the tests and, based on the standards, it is found that the optimum binder content for the SMA mixture is 6.8%. Thus, 6.8% of the asphalt binder content is used for the fabrication of the SMA mixtures for this study.





2.2. Methods


2.2.1. Aggregate Quality Tests


To examine the feasibility of mudstone aggregates as material for asphalt pavement, series of tests were conducted in accordance with the standards included in the asphalt concrete paving construction guidelines [18]. Properties of the mudstone aggregate were identified such as density, absorption rate, coating rate after dynamic immersion test, flatness index, stability, abrasion rate, and percentage of fractured particles in coarse aggregate. These properties describe the effectiveness of a material when used to construct asphalt pavement. Table 5 summarizes the aggregate properties investigated, the criteria of the aggregate property, and the standards of the test methods used to obtain the properties of the mudstone aggregate.




2.2.2. Kim Test


The Kim test is a novel testing method developed in South Korea that aims to evaluate the asphalt mixture’s deformation mechanism when subjected to wheel loading [20,25]. Typically, the Marshall test is used to assess the resistance of the asphalt mixture against plastic deformation. However, due to the inward squeezing pressure load application of the Marshall test, it was found that the load deformation mechanism of the Marshall test does not represent the wheel load application on the pavement, which is the main cause of plastic deformation [26]. Thus, a new testing method, the Kim test, was developed in South Korea, wherein the same type of specimen is still utilized, similar to the Marshall test, but the loading mechanism is modified to represent the application of the wheel load on the asphalt pavement more accurately. Since the development and standardization of the Kim test, it has been implemented in several studies [27,28,29] as an alternative testing method in measuring the asphalt mixture’s resistance to plastic deformation.



In accordance with the testing method standardized by the Ministry of Land, Infrastructure, and Transportation [20], the Kim test was conducted as shown in Figure 8. Marshall specimens with a diameter of 100 mm and thickness range of 60–65 mm were fabricated and preconditioned in the water bath for 30 min at 60 °C. After preconditioning, each specimen was placed in a special mold for Kim test. The mold has a tube guide for the loading rod to ensure that the loading application is maintained at a right angle to the test specimen. The loading rod, having a circular cross-section with a diameter of 40 mm and a rounded corner with a radius of 10 mm at the loading surface of the rod, is geometrically designed to simulate circular tire imprints of a single-wheel loading. The Marshall tester was used to apply the static compressive load on the test specimen with a loading rate of 30 mm/min until it reached failure. For each material, three testing repetitions were performed on three test specimens to consider the repeatability and precision of the test results. From the stress–strain curve produced from the testing, the maximum load and vertical depth were obtained, and the deformation strength was computed using the following equation:


   S D  =    0.32 P    ( 10 +   20 y −  y 2    )  2     



(1)




where   S D   is the deformation strength in MPa; P is the maximum load in N; and y is the maximum vertical depth in mm.




2.2.3. Indirect Tensile Strength Test


The indirect tensile (IDT) strength test for asphalt mixture as outlined in ASTM D6931-07 [30], is a testing method used to determine the crack resistance of compacted bituminous mixtures. This test is essential for evaluating the performance and durability of asphalt under tensile stress, which is crucial in the formation and propagation of cracks. The IDT strength test was performed using a D25 Universal Testing Machine.



In compliance with ASTM D6931-07, three test specimens for each material, to consider repeatability and precision, were fabricated with a diameter and thickness of 100 mm and 60 mm, respectively. The specimens were compacted using a Marshall compactor, and four thickness and diameter measurements were taken on the specimens using a vernier caliper to calculate the test specimen’s average thickness and diameter. Before the IDT strength test, the test specimens were stored in a chamber with temperature set to 25 °C, matching the testing temperature, for 24 h to ensure that the internal temperature of the test specimens were uniform. After preconditioning, the IDT strength test was performed on each test specimen by subjecting it to a compressive load with a uniform test loading rate of 50 mm/min until failure, and the maximum load at failure was recorded. The IDT strength of the test specimens was calculated as follows:


   S  I D T   =    2 P   π t D     



(2)




where   S  I D T    is the IDT strength in MPa; P is the maximum load at failure in N; t is the average specimen height in mm; and D is the average specimen diameter in mm.



Based on the Korean standard [18], the criterion for the minimum IDT strength of surface layer of an asphalt pavement is 0.80 MPa.




2.2.4. Dynamic Modulus Test


To describe the viscoelastic properties of the colored asphalt mixtures, the dynamic modulus test was conducted using a modular asphalt tester manufactured by IPC Global. Basically, the dynamic modulus test simulates various combinations of testing temperatures and loading frequencies to obtain the test specimen’s response in a wide array of pavement loading scenarios. From this collection of responses, the dynamic modulus curve at a certain temperature is produced, which represents the asphalt mixture’s elastic modulus at a certain temperature and loading frequency.



In accordance with AASHTO T342 [31], the dynamic modulus test in this study was performed as follows:




	
Three cylindrical specimens, one per each asphalt mixture to be tested, with a height of 150 mm and a diameter of 100 mm were fabricated.



	
Hexagonal gauge points were installed at four sides of each test specimen, where the linear variable displacement transducers (LVDT) were placed. The LVDT was used to acquire the vertical strain response induced by the load. To ensure that the placement of the LVDTs was perfectly aligned and evenly spaced, a gauge point fixing jig device was used.



	
After placement of the hexagonal gauge points and attachment of the LVDTs, the test specimen was placed in the modular asphalt tester. The test specimens were subjected to sinusoidal loading with a strain rate between 50 and 70   μ ε  .



	
Five testing temperatures (−5, 5, 20, 40, and 54 °C) were considered in this experiment. To achieve a uniform temperature of the test specimens, the test specimens were preconditioned according to the testing temperature by storing the test specimens in a chamber set at the testing temperature before each test. For each testing temperature, six loading frequencies were implemented: 25, 10, 5, 1, 0.5, and 0.1 Hz.



	
After calculating the dynamic modulus and phase angle for each combination of testing temperature and loading frequency from the obtained strain response and applied compressive load, a dynamic modulus master curve and phase angle graph of each test specimen at 5 °C reference temperature was constructed using the time–temperature superposition principle.











3. Results and Discussions


3.1. Aggregate Quality Tests


Based on the tests conducted to evaluate the suitability of mudstone aggregate as material for asphalt pavement, it was found that mudstone aggregates satisfy the qualifications of the aggregate quality in accordance with the standards of the Ministry of Land, Infrastructure and Transport (MOLIT) of South Korea. The results and criteria are summarized in Table 6.



Among the aggregate qualities investigated, it can be observed that the abrasion rate, stability, and coating rate of the mudstone aggregate after conducting dynamic immersion are excellent based on the criteria of the standards. The abrasion rate of the mudstone aggregate was found to be less than the criteria for both 13 mm and 10 mm aggregates. This implies higher durability and reduced deformation for the asphalt pavement. Moreover, the stability of mudstone aggregate was found to be 4.1% and 4.5% for 13 mm and 10 mm aggregates, respectively, indicating high resistance to freezing, thawing, and weathering. Furthermore, the excellent coating rate after dynamic immersion test, with a value of 67%, implies that the asphalt mixture with mudstone aggregate has a significant resistance to moisture damage and aggregate stripping. Therefore, it was determined that the use of lime or liquid anti-stripping agents is unnecessary for colored asphalt pavement.



3.1.1. Kim Test


The results of the Kim test for the three test specimens are shown in Figure 9. It can be observed that the colored asphalt mixture’s deformation strength, with a value of 3.02 MPa on the average, is significantly superior compared to the other materials with average values of 2.60 MPa and 2.41 MPa for typical SMA and colored asphalt with pigment, respectively.



The interlock provided by mudstone aggregate offers substantial support against deformation. As illustrated in Figure 4, the multifaceted shape of mudstone aggregates enhances the aggregate-to-aggregate interaction. Additionally, based on the flatness rate of the mudstone aggregates, the rounded shape of these aggregates contributes to their resistance to deformation. In asphalt pavement, flat and elongated aggregates tend to permit plastic deformation due to their shape and the lack of interlock with other aggregates. In contrast, rounded aggregates are more likely to maintain their form under traffic load due to their effective interaction with other aggregates. Also, the mudstone aggregate’s high stability and resistance to abrasion, as shown in Table 6, are also factors in the increased resistance to deformation of the colored asphalt pavement. However, test results indicate that the addition of pigment adversely affects the deformation resistance of colored asphalt pavement. When pigment is incorporated into the asphalt binder, the stiffness of the binder decreases, thereby reducing its resistance to rutting.




3.1.2. Indirect Tensile Strength Test


For the IDT strength test results, Figure 10 shows the comparison of the average IDT strength at the failure of each material. Based on the results, all the materials passed the IDT strength criteria for surface pavement layer of at least 0.80 MPa. The use of modified binder for the three asphalt mixtures provided sufficient cohesive and adhesive bond within the asphalt mixture. Hence, all of the materials are suitable as a surface pavement layer in terms of crack resistance.



Comparing the three asphalt mixtures, both the colored asphalt pavement, with and without additional pigment, performed better in terms of IDT strength than the typical SMA mixture. It implies that the crack resistance of the colored asphalt pavement is superior to that of the typical SMA. Moreover, it can be observed that the IDT strength of the colored pavement with additional pigment is lower than that of the colored pavement without additional pigment, which is also the case for the Kim test results. The additional pigment lowers the stiffness of the binder, making it more susceptible to deformation and cracks.




3.1.3. Dynamic Modulus Test


As the results of the dynamic modulus tests conducted on the test specimens, Figure 11, Figure 12 and Figure 13 show the comparison of the dynamic modulus master curve and phase angle of the test specimens. The dynamic modulus master curve is presented at two different scales, semi-logarithmic and log–log scales, to highlight the material’s behavior in both low and high temperature, respectively. Meanwhile, the phase angle provides insights into the elastic behavior characteristics of these mixtures. A low phase angle indicates a high elastic response, while a high phase angle suggests lower elastic properties and more viscous behavior.



The results demonstrate that the typical SMA exhibits a higher elastic modulus across various temperatures compared to both colored asphalt and colored asphalt with additional pigment. The elastic moduli of the colored asphalt and colored asphalt with additional pigment remain almost identical across all temperature ranges. Notably, the higher elastic modulus of the typical SMA at lower temperatures indicates increased stiffness and brittleness, which could potentially reduce its crack resistance. Conversely, at elevated temperatures, all three mixtures show similar elastic moduli, suggesting comparable resistance to plastic deformation across the mixtures.



Moreover, it can be observed that the three asphalt mixtures have the same trend of the phase angle in the span of the reduced frequency. This implies that all three asphalt mixtures exhibit elastic behavior at low temperatures, with the elastic modulus decreasing as the temperature rises. Beyond a certain temperature threshold, the aggregate begins to dominate the elastic response, shifting the behavior towards that governed by aggregate–aggregate interactions, and the phase angle subsequently decreases. This phenomenon indicates that at lower phase angles, the mixture demonstrates more pronounced elastic behavior, while higher phase angles indicate the simultaneous interaction of both viscous and elastic characteristics.






4. Summary and Conclusions


In conclusion, this study evaluated the feasibility of mudstone aggregate as an alternative material in the construction of colored asphalt pavement. Based on the test results, the following findings were drawn from the study:




	
The results of the aggregate quality tests indicate that mudstone aggregates satisfy the criteria established by the Ministry of Land, Infrastructure and Transport (MOLIT) of South Korea. The mudstone aggregate exhibited excellent abrasion rate, stability, and coating rate, meeting standards. These results show that the mudstone aggregate possesses high durability, stability, and resistance to deformation and moisture damage, making it suitable for use in asphalt pavement.



	
The Kim test results revealed that the colored asphalt mixture exhibited superior deformation strength, which resulted from the multifaceted and rounded shape of the mudstone aggregates that enhance aggregate-to-aggregate interaction. However, the addition of pigment to the asphalt binder was found to decrease the deformation resistance of the colored asphalt pavement due to the reduced stiffness of the binder.



	
In the IDT strength test, all materials tested surpassed the IDT strength criterion for surface pavement layers. Furthermore, the colored asphalt pavement, regardless of the presence of pigment, was found to have superior crack resistance when compared to typical SMA. However, when colored asphalts with and without pigment were compared, similar to the Kim test results, the addition of pigment was observed to lower the IDT strength due to the reduced stiffness of the binder.



	
Dynamic modulus test results show that typical SMA has a higher elastic modulus across various temperatures compared to colored asphalt mixtures, indicating greater stiffness and brittleness, potentially reducing crack resistance. At elevated temperatures, all mixtures have similar elastic moduli, suggesting comparable resistance to plastic deformation. The phase angle trends indicate that all three mixtures exhibit elastic behavior at low temperatures, shifting to aggregate-dominated behavior at higher temperatures.








Overall, the mudstone aggregate demonstrated excellent properties for use in asphalt pavement, including high durability, stability, and resistance to deformation and moisture damage. The colored asphalt mixtures showed superior performance in terms of deformation strength and crack resistance, although the addition of pigment reduced these properties. Additional tests should be performed to thoroughly examine the effects of additional pigment in the performance of colored asphalt pavement. Nonetheless, these findings suggest that mudstone aggregate is a viable alternative in constructing colored asphalt pavement. For future studies, the effectiveness of the mudstone aggregate replacement with respect to the color retention of colored asphalt shall be evaluated.
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Figure 1. Research diagram of this study. 
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Figure 2. Process of mudstone aggregate production. (a) Jaw crusher. (b) Cone crusher. (c) Vertical shaft impactor. 
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Figure 3. Mudstone coarse aggregate gradation. 
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Figure 4. Sample photos of (a) 13 mm and (b) 10 mm mudstone aggregates. 
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Figure 5. SMA combined aggregate gradation. 
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Figure 6. Test specimen for (a) typical SMA mixture, (b) colored asphalt mixture, and (c) colored asphalt mixture with additional pigment. 
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Figure 7. Graph of the volumetric properties for each asphalt binder content: (a) Air void content. (b) Degree of saturation. (c) VMA. 
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Figure 8. Illustration of a Kim test setup. 
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Figure 9. Kim test results. 
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Figure 10. IDT strength test results. 
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Figure 11. Dynamic modulus master curve in semi-logarithmic scale. 
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Figure 12. Dynamic modulus master curve in log–log scale. 
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Figure 13. Phase angle of the test specimens. 
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Table 1. Percentage of the composition of mudstone and granite.
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	Material
	SiO2
	Al2O3
	Fe2O3
	CaO
	MgO
	Na2O
	K2O
	TiO2
	MnO





	Mudstone
	66.5%
	13.2%
	4.12%
	3.37%
	1.9%
	3.16%
	2.63%
	0.64%
	0.06%



	Granite
	71.8%
	14.3%
	4.1%
	3.71%
	1.85%
	1.65%
	1.22%
	0.72%
	0.31%










 





Table 2. Required aggregate gradation for 13 mm and 10 mm single-particle size coarse aggregates.
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	Sieve Size (mm)
	Percentage Retained for 13 mm Coarse Aggregate (%)
	Percentage Retained for 10 mm Coarse Aggregate (%)





	25
	-
	-



	20
	100
	-



	13
	85–100
	100



	10
	0–25
	80–100



	5
	0–5
	0–25



	2.5
	-
	-










 





Table 3. Comparison of the rheological properties of the normal binder and the binder with pigment.
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	Properties
	Normal Binder
	Binder with Pigment





	Penetration (0.1 mm)
	48
	51



	Softening Point (°C)
	71
	73



	Solubility (%wt)
	99.8
	99.4



	Viscosity (Pa.s)
	1.65
	1.78










 





Table 4. Standard for mix design of the SMA mixture with 13 mm NMAS.
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	Volumetric Properties
	Criteria  [18]
	Value





	Asphalt binder content (%)
	>6.2
	6.8



	Air void content (%)
	2.0–4.0
	2.7



	Degree of saturation (%)
	>75
	84.9



	VMA (%)
	>17
	18.1










 





Table 5. Aggregate property test standards and criteria.
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	Aggregate Property
	Standards
	Criteria  [18]





	Absolute dry density
	KS F 2503 [19]
	>2.5



	Absorption rate (%)
	KS F 2503 [19]
	<3.0



	Coating rate after dynamic immersion test (%)
	MOLIT Annexes and Appendices IV-A [20]
	>50



	Flatness rate (%)
	KS F 2575 [21]
	<10



	Abrasion rate (%)
	KS F 2508 [22]
	<35



	Stability (%)
	KS F 2507 [23]
	<12



	Percentage of fractured particles in coarse aggregate (%)
	ASTM D5821 [24]
	>85










 





Table 6. Results of the aggregate property evaluation.
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	Aggregate Property
	Criteria [18]
	13 mm Coarse Aggregate
	10 mm Coarse Aggregate





	Absolute dry density
	>2.5
	2.64
	2.63



	Absorption rate (%)
	<3.0
	1.41
	1.9



	Coating rate after dynamic immersion test (%)
	>50
	67
	67



	Flatness rate (%)
	<10
	4.0
	3.7



	Abrasion rate (%)
	<35
	14.3
	14.1



	Stability (%)
	<12
	4.1
	4.5



	Percentage of fractured particles in coarse aggregate (%)
	>85
	100
	100
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