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Abstract

:

A new type of plastic and basalt fiber composite (PB) modifier, which is composed of waste plastic and basalt fiber using a specific process, was used for bus lanes to address severe high-temperature deformation diseases due to the heavy loads of buses. The dense gradations of asphalt mixture with a nominal maximum aggregate size of 13.2 mm (AC-13) and 19 mm (AC-20) were selected to fabricate asphalt mixtures. The impact of the modifier PB on the high-temperature rutting resistance, low-temperature crack resistance, and water damage resistance was investigated experimentally. The experimental results showed that adding the modifier PB could enhance the rutting resistance and water damage resistance of asphalt mixtures significantly while maintaining the low-temperature crack resistance. Then, PB-modified asphalt mixtures of AC-13 and AC-20 were employed into a typical pavement structure of a bus lane in Yangzhou city, China, and three types of designed pavement structures were proposed. On this basis, statics analyses of all of the designed structures were performed using the finite element method. The statics analyses revealed that, compared with the standard axle load, the actual over-loaded axle made the pavement structure of the bus lane suffer a 30% higher stress and vertical deformation, leading to accelerated rutting damage on the bus lanes. The addition of the modifier PB could make the pavement structure stronger and compensate for the negative effect caused by the heavy axle load. These findings can be used as a reference for the pavement design of urban bus lanes.
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1. Introduction


More than 230 cities in China have created priority lanes or bus-only lanes, according to the preferential policies and measures providing priority for the development of public transport, to alleviate urban traffic congestion [1]. However, there is a lack of guidance for the design of the bus-only lanes. The current research on urban bus lanes is mainly focused on the route design, traffic flow calculation, traffic organization optimization, etc. The bus-running characteristics are seldom taken into account for the pavement structure design [2,3,4]. It is reported that the tire ground pressure of a bus normally exceeds 0.7 MPa, which is the standard axle load for urban pavement structure design in China according to the specification of CJJ 37-90. Subsequently, pavement distresses such as rutting, upheaval, etc., appear frequently on bus-only lanes due to the insufficient structure design [5]. Therefore, new material selection and (or) design structures of bus lanes are desired.



Waste plastics are considered as an effective modifier for asphalt since not only can they strengthen the pavement performance of asphalt mixtures [6,7,8], but they can also provide a solution to the environmental pollution caused by waste plastics [9,10]. Nouali et al. [11] examined the suitability of using plastic bag waste as a bitumen modifier in order to improve the behavior of asphalt mixtures. The results show that adding plastic waste to the pure bitumen allows for reducing the void content of the mix and substantially increasing its stiffness modulus and water resistance. In Ranieri’s [12] study, the rut depth values were reduced by more than 30% for waste HDPE-modified asphalt mixtures compared with conventional asphalt mixtures. Padhan’s and Shahane’s research [13,14] indicates that plastic gives an increase in stability, compressive strength, and split tensile strength compared to the conventional SMA/AC mixtures. It was reported that waste plastics modifiers could improve the adhesion between asphalt/aggregates and enhance the high-temperature performance of asphalt pavements [15,16]. However, adding a waste plastics modifier would also make the asphalt mixture prone to cracking, leading to a deterioration in the low-temperature performance [17,18]. Therefore, the composite modification method becomes more popular when waste plastics are used as the modifier for asphalt pavements.



Basalt fiber (BF), as a new, environmentally friendly mineral fiber [19,20], has been widely used in asphalt pavement due to its unique advantages: a wide working temperature range, excellent mechanical properties, chemical stability, anti-aging and thermal insulation properties, etc., [21]. In Celauro’s and Hui’s research [22,23], basalt-fiber-modified asphalt mixtures show a better high-temperature performance with reference to permanent deformation resistance when compared with the traditional mixture. Moreover, the chopped basalt fiber is combined with the asphalt well and distributed in a three-dimensional network structure in asphalt mixtures, which can reinforce the low-temperature performance of asphalt mixture significantly [24,25,26]. Zhu et al. [27,28] investigated the anti-fatigue property of basalt-fiber-reinforced asphalt mixture. The results present that, after adding basalt fiber, the cumulative dissipation energy is greatly improved, and then the fatigue life of the asphalt mixture is increased. The impact of the dosage and fiber length on the asphalt pavement performance was also investigated by laboratory tests, and the optimum fiber dosage and applicable fiber length for the dense graded asphalt mixture of AC-13 were recommended as 0.2~0.4% and 6 mm [29,30,31,32]. In addition, relevant specifications have also been issued to guide the application of basalt fibers in asphalt pavements [33,34]. It was pointed out that the addition of basalt fiber could enhance the high-temperature stability and low-temperature property of asphalt mixtures; in particular, the fatigue performance can be remarkably prolonged. However, the improvement effect on the high-temperature property of asphalt mixtures is inferior to that of waste plastics. If the addition of waste plastics and basalt fibers can give full play to their respective advantages in different performances of asphalt mixtures, then the waste-plastic–basalt-fiber-modified asphalt mixture can be well used to address the common pavement distresses of bus lanes.



Based on the self-developed composite modifier PB for an urban bus lane, the objective of this study was to investigate the high-temperature performance, low-temperature property, moisture stability, and dynamic modulus of PB-modified asphalt mixtures. In addition, taking the bus lanes in Yangzhou city as an example, a statics analysis of the bus lane structure was conducted using the finite element method. The findings of this study can be used as a reference for the pavement design of urban bus lanes.




2. Raw Materials and Experimental Methods


2.1. Raw Materials


2.1.1. Modifier PB


The modifier PB was made of waste plastic and basalt fiber with a weight ratio of 1:1, and manufactured using a specific process. The main source of waste plastics is waste polythene, and the components and contents are shown in Table 1. Basalt fiber is produced by Jiangsu Tianlong Basalt Fiber Co., Ltd., Yangzhou, China, and the properties are listed in Table 2. The modifier PB has colorless transparent surface and a brown metallic luster inside as flat solid particles, as shown in Figure 1c, and can be stored at ambient or low temperature. As PB contains basalt fiber component, according to the previous finding that the optimum basalt fiber length for asphalt mixtures is 6 mm [24,26], the length of the modifier PB was determined to be 6 mm in this study. Its technical indicators are shown in Table 3.




2.1.2. Aggregates and Mineral Filler


Limestone was used as the aggregates in this paper. The mineral filler selected was limestone powder, and the technical properties are shown in Table 4.




2.1.3. Asphalt


Both base asphalt and styrene butadiene styrene (SBS)-modified asphalt, produced by Tongsha asphalt factory in Jiangsu province, were adopted in this study. The technical properties of the two types of asphalts are shown in Table 5.





2.2. Gradation Design


2.2.1. Gradation Curve


Two types of dense gradations of AC-13 and AC-20 that were widely used in the bus lanes in Yangzhou city (Jiangsu Province, China) were selected in this study. The gradation curves of the two types of asphalt mixtures were illustrated according to JTG F40 [35], as shown in Figure 2 and Figure 3.




2.2.2. Volumetric Properties of the Asphalt Mixtures


According to the difference in asphalt and modifier, three types of asphalt mixtures with a gradation of AC-13 were fabricated, called base asphalt + AC-13, base asphalt + AC-13 + PB, and SBS-modified asphalt + AC-13, respectively. The same three types of asphalt mixtures with a gradation of AC-20 were also fabricated. It is worth pointing out that the “dry mixing process” was adopted to fabricate the PB-modified asphalt mixtures, which means that the modifier PB was mixed with heated aggregates at a mixing temperature of 175 °C for 90 s before adding asphalt according to JTG E20-T0702 [36]. The dosage of the modifier PB in asphalt mixtures was 0.6% by the weight of aggregates. The related volumetric properties and the optimum asphalt content (OAC) of all six types of asphalt mixtures were determined by the Marshall design method in accordance with JTG F40 [35]. The results are shown in Table 6.





2.3. Test Methods


2.3.1. High-Temperature Stability Test


Wheel-tracking test and dynamic creep test were used to appraise the high-temperature stability of asphalt mixtures.



The wheel-tracking test was conducted in accordance with JTG E20-T0719 [36] under a test temperature of 60 °C and test tire ground pressure of 0.7 MPa. The dynamic stability (DS), relative deformation ratio (RDR), and comprehensive stability index (CSI) were adopted to assess the rutting resistance of asphalt mixtures, which were calculated by Equations (1)–(3), respectively. Generally speaking, higher DS, smaller RDR, and higher CSI values can guarantee a better rutting resistance of asphalt mixtures.


  D S =   (  t 2  −  t 1  ) × N    d 2  −  d 1    ×  C 1  ×  C 2   



(1)






  R D R =   Δ L  D  × 100 %  



(2)






  C S I =   (  t 2  −  t 1  ) × N   (  d 2  −  d 1  ) ×  d 1     



(3)




where: d1 and d2 are the deformation of the asphalt mixture at the running time t1 (45 min), t2 (60 min), mm; C1 and C2 are test coefficients, C1 = C2 = 1.0; N is the running speed of the wheel, usually 42 times/min; ΔL is the depth of rutting of the asphalt mixture under load at specific timing, mm; D is the total thickness of the specimen, mm.



In addition, a dynamic creep test was performed in accordance with the method described in NCHRP9-29. Three test temperatures of 40 °C, 50 °C, and 60 °C were selected. The test would end until the cumulative permanent strain reached 50,000 με or the cumulative loading time reached 10,000 s. The test process and typical strain-loading time curve are shown in Figure 4. The flow number and creep rate were served to assess the high-temperature deformation performance of asphalt mixtures. As shown in Figure 4b, the accumulated strain can be divided into three stages: creep migration (Stage Ⅰ), creep stability (Stage Ⅱ), and creep failure (Stage Ⅲ). Generally, the slope of the linear growth curve in Stage Ⅱ is regarded as the creep rate, and the flection point between Stage Ⅱ and Stage Ⅲ is regarded as the flow number.




2.3.2. Low-Temperature Performance Test


According to the Chinese test procedure JTG E20-T0715 [36], low-temperature bending beam test was adopted to explore the low-temperature property of asphalt mixtures. The loading speed was 50 mm/min and the test temperature was −10 °C. The flexural-tensile strength (RB), failure strain (εB), and flexural stiffness modulus (SB) were calculated according to Equations (4)–(6). Normally, the higher the flexural-tensile strain and lower flexural stiffness modulus are, the better the low-temperature cracking resistance of asphalt mixtures will be. The test process is illustrated in Figure 5.


   R B  =   3 L  P B    2 b  h 2     



(4)






   ε B  =   6 h d    L 2     



(5)






   S B  =    R B     ε B     



(6)




where: b is the width of the specimen, mm; h and L are the height and span diameter of the specimen, mm; PB is the maximum load on the specimen, N; d is the span deflection at failure point, mm.




2.3.3. Water Stability Test


In accordance with the Chinese test procedure JTG E20-T0709 and T0729 [36], the water stabilities of asphalt mixtures were evaluated by immersion Marshall test and freeze–thaw splitting test. Residual stability (MS0) and freeze–thaw splitting tensile strength ratio (TSR) were used to estimate the water damage resistance of asphalt mixtures, which are defined by Equations (7) and (8), respectively.


  M  S 0  =   M  S 1    M S   × 100  



(7)




where: MS1 is the conditioned stability of the samples that endured hot water immersion (60 °C, 48 h), kN; MS is the unconditioned Marshall stability of the samples, kN.


  T S R =    R  T 2      R  T 1     × 100  



(8)




where: RT2 is the average value of the splitting strength of the conditioned samples, MPa; RT1 is the average value of the splitting strength of the unconditioned samples, MPa.




2.3.4. Dynamic Modulus Test


The dynamic modulus test was conducted according to the Chinese specification of JTG E20-T0738 [36]. Since dynamic modulus is temperature and frequency-related, four different test temperatures of 5 °C, 20 °C, 40 °C, and 55 °C were selected in this study. With respect to the frequency, it is reported that the frequency caused by the vehicle moving is related to its speed, pavement evenness, etc., [37]. In accordance with the data provided by the Yangzhou Passenger Transport Management Office, the average speed of the bus is approximately 30 km/h, which caused a corresponding load frequency of around 0.1 Hz [38]. Therefore, a load frequency of 0.1 Hz was adopted in this study.



For all of the above mentioned tests, the average values of three duplicate samples were used for the results analyses and discussions.






3. Results and Discussion


3.1. High-Temperature Stability


3.1.1. Wheel-Tracking Test Results


The results of the DS, RDR, and CSI of the wheel-tracking test are shown in Figure 6. It can be drawn from Figure 6 that the addition of modifier PB can improve the DS and CSI significantly, while reducing the RDR to some extent. As for the asphalt mixtures with AC-13 gradation, the DS of the PB-modified asphalt mixtures increased by 3.6 times, while the CSI increased by 8.5 times and RDR decreased by 4.7 percentage points compared with the base asphalt mixtures. Furthermore, compared with SBS-modified asphalt mixtures, the DS and CSI of the PB-modified asphalt mixtures also increased dramatically by 30.5% and 35.1%, respectively, even though the RDR remained at the same level. As for AC-20-graded asphalt mixtures, the same trends of the wheel-tracking test results could be observed when the modifier PB was used. Those findings indicate that the modifier PB possesses a superior capability to improve the high-temperature stability of asphalt mixtures, even much better than the SBS-modified asphalt. One reason could be that waste plastics can increase the viscosity of the asphalt binder, leading to an improvement in the stiffness modulus of asphalt mixtures [10,11]. The other reason could be that basalt fiber can form a three-dimensional network structure, which restricts the plastic deformation of asphalt mixtures and enhances the shear resistance of the mixtures at high temperatures [24,25].




3.1.2. Dynamic Creep Test Results


Figure 7 lists the results of the dynamic creep test. As shown in Figure 7, both the flow number and creep rate were temperature-dependent. The flow number values of all types of asphalt mixtures decreased with the increase in temperature, whereas the creep rate values presented an increasing trend. At the same temperature, for both AC-13 and AC-20 gradations, adding modifier PB could greatly enhance the flow number values of asphalt mixtures. The flow number values of different mixture gradations presented a similar trend in the following order: base asphalt mixture < SBS-modified asphalt mixture < base asphalt mixture with PB.



As for the asphalt mixtures with AC-13 gradation, the flow number values of PB-modified asphalt mixtures increased by 68.5%, 85.8%, and 89.8%, whereas the creep rate values decreased by 69.7%, 54.1%, and 47.9% at the three test temperatures of 40 °C, 50 °C, and 60 °C, respectively, when compared to those of base asphalt mixtures. Even compared with the SBS-modified asphalt mixtures, a positive improvement could also be observed in the flow number values and creep rate values of PB-modified asphalt mixtures. In addition, similar trends could be observed when modifier PB was used for the asphalt mixtures of AC-20. Compared with the base and SBS-modified asphalt mixtures, the flow number values of the PB-modified asphalt mixtures increased to as high as 92.1%, whereas the creep rate values reduced by 55.7% for the maximum.



These findings infer that adding modifier PB can significantly strengthen the permanent deformation resistance of asphalt mixtures in terms of creep deformation. The higher the temperature, the greater the enhancement achieved.





3.2. Low-Temperature Crack Resistance


The results are illustrated in Figure 8. It can be observed that, when modifier PB was used, the failure strain values of both AC-13 and AC-20 asphalt mixtures increased by 10.3% and 6.0%, respectively, compared with the corresponding base asphalt mixtures. Meanwhile, the flexural stiffness moduli presented a slightly decreasing trend. It can also be seen that the failure strain values of SBS-modified asphalt mixtures for both AC-13 and AC-20 gradations were much higher than those of PB-modified or base asphalt mixtures. These findings indicate that modifier PB does enhance the low-temperature crack resistance of the mixtures to some extent. As mentioned before, the addition of the waste plastics modifier would only make the asphalt mixtures sensitive to cracking, despite the positive impact on the high-temperature performance. By combining waste plastics with basalt fiber, the new type of modifier PB eliminates that negative effect on the low-temperature anti-cracking performance. In addition, the failure strain of the PB-modified asphalt mixture exceeded 2000 µε, which met the requirements of JTG F40 [35].




3.3. Water Damage Stability


Figure 9 and Figure 10 illustrate the results of the water stability tests. It can be seen that the MS0 and TSR of all types of asphalt mixtures exceeded 85%, which met the requirements in the Chinese specification of JTG F40. Furthermore, adding modifier PB not only improves the MS0 values or TSR values of mixtures but also strengthens the absolute values of the Marshall stability or splitting tensile strength.



In terms of the mixtures of AC-13 gradation, compared with base asphalt mixtures, the MS0 values of PB-modified mixtures increased from 87.0% to 91.3% while the TSR increased from 89.2% to 92.8%, which were comparable to those of SBS-modified mixtures. In addition, the unconditioned Marshall stability (MS) of PB-modified mixtures grew from 9.48 kN to 12.54 kN, while the unconditioned splitting tensile strength RT1 rose from 0.83 MPa to 1.11 MPa. In terms of the mixtures of AC-20 gradation, similar trends could be observed when modifier PB was used. These findings mean that adding modifier PB can significantly boost the water damage stability of asphalt mixtures.




3.4. Dynamic Modulus


The results of the dynamic modulus test are shown in Figure 11. It was noticeable that the dynamic moduli of the asphalt mixtures with modifier PB maintained the highest values within the test temperature range in terms of the same mixture gradation. For instance, at 55 °C, the dynamic moduli of asphalt mixtures with AC-20 gradation reached 97 MPa, 125 MPa, and 94 MPa for base asphalt mixtures, PB-modified mixtures and SBS-modified mixtures, respectively. These results indicate that the asphalt mixtures with modifier PB possess a superior deformation resistance at high temperature, which matches the results of both the wheel-tracking test and high-temperature creep test.





4. Statics Analysis of the Pavement Structure of Bus Lane


4.1. Pavement Structure Design of the Bus Lane


Taking the pavement structure of the bus lane of Wenchang Road in Yangzhou City for example, the original pavement structure included five layers, namely (from top to bottom) an asphalt surface layer, asphalt binder layer, cement-stabilized gravel base layer, lime-soil base layer, and soil foundation. Asphalt mixtures with a gradation of AC-13 and AC-20 were used for the surface layer (4 cm thickness) and binder layer (8 cm thickness), respectively. PB-modified AC-13 and PB-modified AC-20 were used to replace the original materials of the asphalt surface or (and) binder layer. Therefore, three different types of pavement structures of the bus lane were proposed, as shown in Figure 12. The finite element software of ABAQUS 6.11 was employed to perform the statics analysis. The distribution of the corresponding stress and stain was analyzed for the designed structures of bus lane.




4.2. Material Parameters


The material parameters selected for the statics analysis are listed in Table 7, of which, the density and Poisson ratio were provided by Yangzhou City Municipal Administration Department. It should be noted that the dynamic modulus of the asphalt mixture at 0.1 Hz and 20 °C was used as the modulus needed in Table 7, though the static modulus of the asphalt mixture should have been used herein. This is because there is a good correlation between the dynamic modulus and static modulus of asphalt mixtures, and the values of the two indexes become comparable, especially at low-frequency conditions (such as 0.1 Hz) [37].




4.3. Load Determination


The standard tire grounding pressure of 0.7 MPa is commonly used for pavement structure design in China. However, the tire ground pressure of a typical city bus normally exceeds 0.7 MPa. Therefore, the actual load was utilized for this study, along with the standard axle load. According to the data provided by Yangzhou City Bus Company, as shown in Table 8, a tire ground pressure of 0.83 MPa was considered as the actual load of a typical type of bus in Yangzhou city.



Since a two-dimensional pavement model was used for the statics analysis, the applied load in the modeling process needs to be converted from the surface load (tire ground pressure) to line load. The relationship between the tire ground pressure and axle load can be expressed by Equation (9) [39,40].


     p i   p  =        L i   L      0.65    



(9)







Therefore, the axle weight of the vehicle can be calculated by Equation (10).


   L i  = L          p i   p      20     13    



(10)




where: pi is the tire ground pressure, MPa; p is the standard tire ground pressure, 0.7 MPa; Li is the axle weight of the vehicle, kN; L is the standard axle load, 100 kN.



In addition, the equivalent circle radius of the tire contacting area can be calculated by Equation (11), based on which, the line load can be calculated by Equation (12).


   A =    L i  / 4    p i      ,   r =    A π      



(11)




where: A is the tire contacting area, cm2; r is the equivalent circle radius, cm.


   q l  =    L i  / 4 ×   10  3    2 r ×   10   − 2      



(12)




where: ql is the line load, N/m. The results are listed in Table 9.




4.4. Model Establishing


A two-dimensional model of the cross-section of the bus lane was built for this study, with dimensions of 3.75 m (width) × 3 m (height). The CPE8R (reduced integral) unit was used. In order to accelerate the running process, the mesh was divided into a size of 0.1 m × 0.1 m for this calculation, along with meshes of 0.04 m × 0.1 m and 0.08 m × 0.1 m for the asphalt surface and binder layers, respectively. There are seven positions where the pavement is most likely to be damaged, which were marked as coordinate points in the model, namely the middle of the tire gap (Point a), the inner edge of the two tires’ contacting area (Point b and b’), the middle of the two tires’ contacting area (Point c and c’), and the outer edge of the two tires’ contacting area (Point d and d’). The model establishment, mesh division, and loading and boundary conditions are shown in Figure 13.



The following assumptions were taken for this calculation: (1) the materials of each structure layer are homogeneous and uniformly continuous; (2) the material parameters keep constant with the changing of time and temperature; (3) there is no transverse displacement on the left and right sides of the model, and no transverse and vertical displacement on the bottom surface as well.




4.5. Statics Simulation Results


4.5.1. Tensile Stress Distribution


Under both standard tire ground pressure (0.7 MPa) and actual tire ground pressure (0.83 MPa), the tensile stress clouds of the original pavement structure and the three types of designed structures are illustrated in Figure 14. The maximum tensile stress of each potentially damaged point (Point a to Point d), which appears at the bottom of each structure layer, is plotted with the different vertical positions (L1 to L5) in Figure 15. Due to the symmetry of the loading and the structure, only the data of one side (Point b, c and d) were used for analysis.



As shown in Figure 15, the tensile stress values of all coordinate points were negative on L1 to L3, but turned positive on L4 and L5. These results indicate that the road surface (L1) and the bottoms of the asphalt surface layer (L2) and binder layer (L3) endure compressive stresses, whereas the bottoms of the cement-stabilized gravel base layer (L4) and lime-soil base layer (L5) suffer tensile stresses. In addition, in the middle of the tire gap (Point a), the maximum compressive stress appeared on L2, as shown in Figure 15a. The maximum compressive stress at other coordinate points occurred on L1, as shown in Figure 15b–d.



It can also be observed that the axle load causes a significant impact on the tensile stress distributions. Taking the coordinate Point a of the original structure for example, as shown in Figure 15a, when the applied axle load increased from the standard tire ground pressure of 0.7 MPa to the actual tire ground pressure of 0.83 MPa, the tensile stresses on L1 to L5 increased by 28.3%, 25.3%, 27.9%, 28.0%, and 28.5%, respectively.



Furthermore, the use of PB-modified asphalt mixtures also resulted in a fluctuation in tensile stress distributions. As shown in Figure 15, compared with the original structure, the compressive stress on L1 to L3 increased to some extent when the PB-modified surface layer or (and) binder layer were designed, whereas the tensile stresses on L4 and L5 remained as the same value. This is due to the higher moduli of the asphalt mixtures with modifier PB, leading to the PB-modified layers bearing more stress. Since asphalt mixtures possess a superior compressive strength, the increasing compressive stress does not mean an accelerated deterioration of asphalt structure layers.




4.5.2. Vertical Deformation


Under tire ground pressures of both 0.7 MPa and 0.83 MPa, the vertical deformation of all of the potentially damaged points on L1 to L5 are illustrated in Figure 16. The vertical deformation of the asphalt pavement under load could reflect the deformation resistance of a pavement.



As shown in Figure 16, the tire ground pressure impacted the vertical deformation hugely. Taking the coordinate Point a of the original structure for example, when the tire ground pressure increased from 0.7 MPa up to 0.83 MPa, the vertical deformation increased by 29.5~29.8% on L1 to L5.



In addition, the use of the PB-modified surface layer or (and) binder layer could reduce the vertical deformations effectively compared with the original structure. It was also noticeable that designed structure III presented the smallest vertical deformation, followed by designed structure II and structure I. This result indicates that structure III possesses a superior resistance to deformation.






5. Conclusions


A new type of self-developed plastic and basalt fiber composite modifier called PB modifier was used to fabricate asphalt mixtures. A series of laboratory tests, including the wheel-tracking test, dynamic creep test, low-temperature bending beam test, immersion Marshall test, freeze–thaw splitting test, and dynamic modulus test, were adopted to explore the influence of the PB modifier on the performance of asphalt mixtures. In addition, three types of urban bus lane pavement structures were proposed by using the PB-modified asphalt mixtures for the surface layer and (or) binder layer. Statics analyses were conducted using ABAQUS 6.11 finite element software. According to the results and discussions in this study, the following conclusions can be drawn:




	(1)

	
Adding PB modifier can improve the dynamic modulus and high-temperature stability remarkably and reduce the creep rate of asphalt mixtures, presenting a superior high-temperature stability that is even better than SBS-modified asphalt mixtures.




	(2)

	
By combining with basalt fiber, the PB modifier can compensate for the adverse effect on the low-temperature crack resistance of mixtures caused by the addition of waste plastics.




	(3)

	
The PB modifier can not only improve the anti-water damage performance indexes of the residual stability and tensile strength ratio of mixtures, but can also strengthen the absolute values of the strengths, presenting a better water damage resistance.




	(4)

	
The actual axle load of a bus will cause severe tensile stress and vertical deformation compared with the standard axle load. Using PB-modified asphalt layers for bus lanes can offset the negative impact caused by a heavy axle load. Using PB-modified asphalt mixtures for both the surface layer and binder layer (designed structure III) presents the best strengthen function.









The research results of this paper provide a reference for the selection of the pavement materials and structures of the urban bus lane, which has certain theoretical significance and application value.







Author Contributions


Conceptualization, X.J. and A.K.; methodology, P.X. and A.K.; formal analysis, X.J. and Y.W.; data curation, B.L.; supervision, P.X.; visualization, Y.W.; project administration, A.K.; writing—original draft, X.J.; writing—reviewing and editing, B.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China, grant number 52178439, the Yangzhou City & University cooperation program, grant number YZ2021167, and the Yangzhou University Humanities and Social Sciences Research Fund Project, grant number xjj2020-37.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


We gratefully acknowledge the financial support of the above funds and the researchers of all reports cited in our paper.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Available online: https://www.sohu.com/a/256941519_748407 (accessed on 6 December 2022).

	



Chen, Y.; Chen, G.; Wu, K. Evaluation of performance of bus lanes on urban expressway using paramics micro-simulation model. Procedia Eng. 2016, 137, 523–530. [Google Scholar] [CrossRef]

	



Ben-Dor, G.; Ben-Eliab, E.; Benensona, I. Assessing the impacts of dedicated bus lanes on urban traffic congestion and modal split with an agent-based model. Procedia Comput. Sci. 2018, 130, 824–829. [Google Scholar] [CrossRef]

	



Wei, S.; Zheng, W.; Wang, L. Understanding the configuration of bus networks in urban China from the perspective of network types and administrative division effect. Transp. Policy 2021, 104, 1–17. [Google Scholar] [CrossRef]

	



Basso, L.; Guevara, C.; Gschwender, A.; Fuster, M. Congestion pricing, transit subsidies and dedicated bus lanes: Efficient and practical solutions to congestion. Transp. Policy 2011, 18, 676–684. [Google Scholar] [CrossRef]

	



Hınıslıoğlu, S.; Ağar, E. Use of waste high density polyethylene as bitumen modifier in asphalt concrete mix. Mater. Lett. 2004, 58, 267–271. [Google Scholar] [CrossRef]

	



Heydari, S.; Hajimohammadi, A.; Javadi, N.H.S.; Khalili, N. The use of plastic waste in asphalt: A critical review on asphalt mix design and Marshall properties. Constr. Build. Mater. 2021, 309, 125185. [Google Scholar] [CrossRef]

	



Awoyera, P.; Adesina, A. Plastic wastes to construction products: Status, limitations and future perspective. Case Stud. Constr. Mater. 2020, 12, e00330. [Google Scholar] [CrossRef]

	



EI-Naga, I.A.; Ragab, M. Benefits of utilization the recycle polyethylene terephthalate waste plastic materials as a modifier to asphalt mixtures. Constr. Build. Mater. 2019, 219, 81–90. [Google Scholar] [CrossRef]

	



Yu, H.; Zhu, Z.; Zhang, Z.; Yu, J.; Oeser, M.; Wang, D. Recycling waste packaging tape into bituminous mixtures towards enhanced mechanical properties and environmental benefits. J. Clean. Prod. 2019, 229, 22–31. [Google Scholar] [CrossRef]

	



Nouali, M.; Derriche, Z.; Ghorbel, E.; Chuanqiang, L. Plastic bag waste modified bitumen a possible solution to the Algerian road pavements. Road Mater. Pavement Des. 2020, 21, 1713–1725. [Google Scholar] [CrossRef]

	



Ranieri, M.; Costa, L.; Oliveira, J.R.; Silva, H.M.; Celauro, C. Asphalt surface mixtures with improved performance using waste polymers via dry and wet processes. J. Mater. Civ. Eng. 2017, 29, 04017169. [Google Scholar] [CrossRef]

	



Padhan, R.K.; Mohanta, C.; Sreeram, A.; Gupta, A. Rheological evaluation of bitumen modified using antistripping additives synthesised from waste polyethylene terephthalate (PET). Int. J. Pavement Eng. 2020, 21, 1083–1091. [Google Scholar] [CrossRef]

	



Shahane, H.A.; Bhosale, S.S. E-Waste plastic powder modified bitumen: Rheological properties and performance study of bituminous concrete. Road Mater. Pavement Des. 2019, 22, 682–702. [Google Scholar] [CrossRef]

	



Dalhat, M.; Wahhab, H.A.-A. Performance of recycled plastic waste modified asphalt binder in Saudi Arabia. Int. J. Pavement Eng. 2017, 18, 349–357. [Google Scholar] [CrossRef]

	



Joohari, I.B.; Giustozzi, F. Chemical and high-temperature rheological properties of recycled plastics-polymer modified hybrid bitumen. J. Clean. Prod. 2020, 276, 123064. [Google Scholar] [CrossRef]

	



Abed, M.A.; Al-Tameemi, A.F.; Abed, A.H.; Wang, Y. Direct tensile test evaluation and characterization for mechanical and rheological properties of polymer modified hot mix asphalt concrete. Polym. Compos. 2022, 43, 6381–6388. [Google Scholar] [CrossRef]

	



Cheng, Y.; Han, H.; Fang, C.; Li, H.; Huang, Z.; Su, J. Preparation and properties of nano-CaCO3/waste polyethylene/styrene-butadiene-styrene block polymer-modified asphalt. Polym. Compos. 2020, 41, 614–623. [Google Scholar] [CrossRef]

	



Chakartnarodom, P.; Prakaypan, W.; Ineurec, P.; Chuankrerkkul, N.; Laitila, E.A.; Kongkajun, N. Properties and performance of the basalt-fiber reinforced texture roof tiles. Case Stud. Constr. Mater. 2020, 13, e00444. [Google Scholar] [CrossRef]

	



Wang, W.; Zhu, J.; Cheng, X.; Liu, S.; Jiang, D.; Wang, W. Numerical simulation of strength of basalt fiber permeable concrete based on CT technology. Case Stud. Constr. Mater. 2022, 17, e01348. [Google Scholar] [CrossRef]

	



Xie, T.; Wang, L. Optimize the design by evaluating the performance of asphalt mastic reinforced with different basalt fiber lengths and contents. Constr. Build. Mater. 2023, 363, 129698. [Google Scholar] [CrossRef]

	



Celauro, C.; Praticò, F. Asphalt mixtures modified with basalt fibres for surface courses. Constr. Build. Mater. 2018, 170, 245–253. [Google Scholar] [CrossRef]

	



Hui, Y.; Men, G.; Xiao, P.; Tang, Q.; Han, F.; Kang, A.; Wu, Z. Recent advances in basalt fiber reinforced asphalt mixture for pavement applications. Materials 2022, 15, 6826. [Google Scholar] [CrossRef] [PubMed]

	



Wang, S.; Kang, A.; Xiao, P.; Li, B.; Fu, W. Investigating the effects of chopped basalt fiber on the performance of porous asphalt mixture. Adv. Mater. Sci. Eng. 2019, 2019, 2323761. [Google Scholar] [CrossRef]

	



Cheng, Y.; Yu, D.; Gong, Y.; Zhu, C.; Tao, J.; Wang, W. Laboratory evaluation on performance of eco-friendly basalt fiber and diatomite compound modified asphalt mixture. Materials 2018, 11, 2400. [Google Scholar] [CrossRef]

	



Lou, K.; Kang, A.; Xiao, P.; Wu, Z.; Li, B.; Wang, X. Effects of basalt fiber coated with different sizing agents on performance and microstructures of asphalt mixture. Constr. Build. Mater. 2021, 266, 121155. [Google Scholar] [CrossRef]

	



Zhu, C.; Luo, H.; Tian, W.; Teng, B.; Qian, Y.; Ai, H.; Xiao, B. Investigation on Fatigue Performance of Diatomite/Basalt Fiber Composite Modified Asphalt Mixture. Polymers 2022, 14, 414. [Google Scholar] [CrossRef]

	



Lou, K.; Xiao, P.; Kang, A.; Wu, Z.; Li, B.; Lu, P. Performance evaluation and adaptability optimization of hot mix asphalt reinforced by mixed lengths basalt fibers. Constr. Build. Mater. 2021, 292, 123373. [Google Scholar] [CrossRef]

	



Wang, W.; Cheng, Y.; Tan, G. Design optimization of SBS-modified asphalt mixture reinforced with eco-friendly basalt fiber based on response surface methodology. Materials 2018, 11, 1311. [Google Scholar] [CrossRef]

	



Li, Z.; Shen, A.; Wang, H. Effect of basalt fiber on the low-temperature performance of an asphalt mixture in a heavily frozen area. Constr. Build. Mater. 2020, 253, 119080. [Google Scholar] [CrossRef]

	



Zhang, C.; Shi, F.; Cao, P. The fracture toughness analysis on the basalt fiber reinforced asphalt concrete with prenotched three-point bending beam test. Case Stud. Constr. Mater. 2022, 16, e01079. [Google Scholar] [CrossRef]

	



Zhang, X.; Liu, J. Viscoelastic creep properties and mesostructure modeling of basalt fiber-reinforced asphalt concrete. Constr. Build. Mater. 2020, 259, 119680. [Google Scholar] [CrossRef]

	



T/CHTS 10016-2019; Technical Guideline for Construction of Asphalt Pavement with Basalt Fibe. China Communications Press Co., Ltd.: Beijing, China, 2019. (In Chinese)

	



DB32/T 3710-2020; Standard specification for construction of Asphalt Pavement with Basalt Fiber. Jiangsu Market Supervision and Administration Bureau: Beijing, China, 2020. (In Chinese)

	



JTG F40; Technical Specification for Construction of Highway Asphalt Pavements. Occupation Standard of the People’s Republic of China: Beijing, China, 2004.

	



JTG E20; Standard Test Methods of Bitumen and Bituminous Mixtures for Highway Engineering. Occupation Standard of the People’s Republic of China: Beijing, China, 2011.

	



Ruan, L.; Luo, R.; Hu, X.D.; Pan, P. Effect of bell-shaped loading and haversine loading on the dynamic modulus and resilient modulus of asphalt mixture. Constr. Build. Mater. 2018, 161, 124–131. [Google Scholar] [CrossRef]

	



Zhao, Y.; Pan, Y. Study on loading frequency distribution and changes with in asphalt pavements. J. Chang. Commun. Univ. 2007, 23, 7–10+17. (In Chinese) [Google Scholar]

	



Polasik, J.; Waluś, K.J.; Warguł, Ł. Experimental studies of the size contact area of a summer tire as a function of pressure and the load. Procedia Eng. 2017, 177, 347–351. [Google Scholar] [CrossRef]

	



Abinaya, L.; Thilagam, A.; Nivitha, M. Influence of tire pressure on the rutting and fatigue life of bituminous pavement. Sadhana-Acad. Proc. Eng. Sci. 2022, 47, 71. [Google Scholar] [CrossRef]








[image: Materials 16 00770 g001 550] 





Figure 1. Illustration of modifier PB. (a) Waste plastic synthetic particles; (b) basalt fiber; (c) modifier PB. 
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Figure 2. Gradation curve of AC-13. 
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Figure 3. Gradation curve of AC-20. 
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Figure 4. Dynamic creep test illustration. (a) Dynamic creep test process; (b) illustration of three stages. 
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Figure 5. Low-temperature bending beam test. 
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Figure 6. Results of wheel-tracking test. (a) Results of dynamic stability; (b) results of relative deformation rate; (c) results of comprehensive stability index. 
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Figure 7. Results of dynamic creep test. (a) Cumulative permanent strain versus loading times at 40 °C; (b) cumulative permanent strain versus loading times at 50 °C; (c) cumulative permanent strain versus loading times at 60 °C; (d) flow number; (e) creep rate. 
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Figure 8. Low-temperature bending beam test results. (a) Failure strain; (b) flexural stiffness modulus. 
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Figure 9. Results of water immersion Marshall test. 
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Figure 10. Results of freeze–thaw splitting test. 
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Figure 11. Results of dynamic modulus test (test frequency: 0.1 Hz). 
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Figure 12. Pavement structure design of the bus lane. (a) Original pavement structure; (b) designed structure I; (c) designed structure II; (d) designed structure III. 
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Figure 13. Model establishing process. (a) Modeling; (b) mesh division; (c) loading and boundary condition case; (d) pavement coordinate points and vertical positions. 
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Figure 14. Tensile stress clouds of different pavement structures. (a) Tensile stress cloud of the original pavement structure under 0.7 MPa; (b) tensile stress cloud of the original pavement structure under 0.83 MPa; (c) tensile stress cloud of the designed structure I under 0.83 MPa; (d) tensile stress cloud of the designed structure II under 0.83 MPa; (e) tensile stress cloud of the designed structure III under 0.83 MPa. 
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Figure 15. Maximum tensile stress of each potentially damaged point in different layers. (a) Maximum tensile stress at Point a; (b) maximum tensile stress at Point b; (c) maximum tensile stress at Point c; (d) maximum tensile stress at Point d. 
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Figure 16. Vertical deformation of each potentially damaged point in different layers. (a) Vertical deformation at Point a; (b) vertical deformation at Point b; (c) vertical deformation at Point c; (d) vertical deformation at Point d. 
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Table 1. Compositions and the contents of waste plastic.
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	Resin
	Polythene (PE)
	Ethylene Vinyl Acetate Copolymer (EVA)
	Coupling Agent
	Auxiliary
	Melting Point/°C





	10~20%
	65~75%
	10%
	2%
	3%
	90~100










[image: Table] 





Table 2. The properties of basalt fiber.
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	Index
	Fracture Strength/MPa
	Elongation at Break/%
	Elastic Modulus/GPa





	Value
	2500–5000
	2.69
	90–110



	Requirements in T/CHTS 10016
	≥2000
	≥2.1
	≥80
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Table 3. Technical indicators of the modifier PB.
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	Project
	Appearance
	Particle Size/mm
	Length/mm
	Density/g·cm−3





	PB
	External colorless transparent, internal brown, flat solid particles
	2.5~3.5
	6
	1.82~1.86
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Table 4. Technical properties of the mineral filler.
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Index Items

	
Index Results

	
Index Requirements






	
Apparent density (g/cm3)

	
2.714

	
≥2.50




	
Water content (%)

	
0.38

	
≤1.0




	
Appearance

	
No clumps

	
No clumps




	
Water affinity coefficient

	
0.60

	
<1




	
Size range (%)

	
<0.6 mm

	
100

	
100




	
<0.15 mm

	
100

	
90–100




	
<0.075 mm

	
92.2

	
75–100
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Table 5. Technical properties of the two types of asphalts.
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	Properties
	Penetration (25 °C)/0.1 mm
	Penetration Index

PI
	Softening Point

/°C
	Ductility

(5 cm/min)/cm
	Viscosity (135 °C)/Pa·s





	Base asphalt
	71.2
	−0.8
	47.1
	150 (15 °C)
	0.92



	SBS-modified asphalt
	67
	0.3
	78
	48 (5 °C)
	1.8
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Table 6. Marshall test results of different asphalt mixtures.






Table 6. Marshall test results of different asphalt mixtures.





	Types of mixture
	Optimum Asphalt Content (OAC)/%
	Air Voids (VV)/%
	Voids in Mineral Aggregate (VMA)/%
	Voids Filled with Asphalt (VFA)/%
	Marshall Stability/kN
	Flow Value/0.1 mm





	Base asphalt + AC-13
	5.0
	4.1
	14.2
	71.1
	9.5
	29.8



	Base asphalt + AC-13 + PB
	5.4
	4.4
	15.3
	71.1
	12.5
	24.2



	SBS-modified asphalt + AC-13
	5.0
	4.3
	15.0
	71.6
	12.0
	26.4



	Base asphalt + AC-20
	4.4
	4.3
	13.5
	67.9
	11.5
	32.4



	Base asphalt + AC-20 + PB
	4.7
	4.7
	14.3
	66.7
	13.5
	28.6



	SBS-modified asphalt + AC-20
	4.4
	4.4
	13.5
	67.5
	12.4
	30.7
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Table 7. Material parameters for statics analysis.
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Structure Sheaf

	
Material

	
Density/kg·m−3

	
Modulus/MPa

	
Poisson Ratio






	
Surface layer

	
AC-13 + SBS

	
2360

	
1207

	
0.30




	
AC-13 + 0.6% PB

	
2360

	
1438

	
0.30




	
Binder layer

	
AC-20

	
2450

	
1340

	
0.30




	
AC-20 + SBS

	
2450

	
1260

	
0.30




	
AC-20 + 0.6% PB

	
2450

	
1630

	
0.30




	
Base course

	
Cement-stabilized gravel

	
2200

	
1500

	
0.20




	
Sub-base

	
12% lime soil

	
2100

	
550

	
0.30




	
Soil base

	
soil

	
1800

	
45

	
0.40
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Table 8. Technical parameters of a typical type of bus in Yangzhou city.
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	Index
	Length/mm
	Width/mm
	Height/mm
	Curb Weight/kg
	Full Quality/kg
	Tire Ground Pressure/MPa





	Parameter
	12,000
	2550
	3120
	11,200
	17,500
	0.83
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Table 9. Results of line load conversion.






Table 9. Results of line load conversion.





	Parameter
	Tire Ground Pressure/MPa
	Axle Load

/kN
	Equivalent Circle Radius/cm
	Line Load

/N·m−1





	Standard axle load
	0.7
	100
	10.65
	117,371



	Actual bus axle load
	0.83
	130
	11.16
	145,740
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