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Abstract

:

This study aims to summarize design indexes for rich bottom layer mixtures (RBLMs) and design asphalt mixtures with superior performance to reduce reflective cracks and fatigue cracking resulting from semi-rigid base cracking in the asphalt layer. First, this study synthesizes the research results about RBLMs and introduces the related design indexes. After that, using ABAQUS 6.13, finite element analysis was performed to analyze the change in bottom stress when the base cracked and the interlayer bond weakened. SBS-modified asphalt mixtures (SMMs) and composite-modified asphalt mixtures (CMMs) were subsequently developed as RBLMs utilizing the Marshall test method and applied on a test road. The research findings reveal that design indexes for RBLMs include a volume of air voids (VVs) within the range of 2.0%–3.0%, a maximum flexural strain exceeding 3500 με, and a dynamic stability surpassing 1000 cycles/mm. Both mixtures satisfy the design requirements, with the CMM demonstrating superior performance and offering promising application prospects. Future research endeavors will concentrate on prolonged monitoring of the test section to authenticate the effectiveness of an RBL in practical road applications.
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1. Introduction


With the increase in traffic volume and loading, the cracking issue of the semi-rigid base in asphalt pavements becomes more severe. This leads to more prominent pavement reflection cracks and fatigue cracking problems, which seriously shorten the service life of the asphalt pavement [1,2]. Consequently, delaying the generation of semi-rigid base cracks and their development is critical to extending the service life of asphalt pavement and improving its durability [3].



One of the most effective methods researchers propose to reduce reflection cracks in asphalt pavements is installing a stress-absorbing layer [4,5]. This layer, typically 1.0–2.5 cm thick, is positioned between the surface and either a semi-rigid or rigid base [6]. The stress-absorbing layer comprises modified asphalt (asphalt content of about 8.0%) and aggregates with particle sizes beneath 4.75 mm, contributing to its excellent performance characteristics [7]. However, due to its low modulus of elasticity and relatively small thickness, the layer primarily serves as a functional barrier to delay the propagation of reflection cracks [8]. Still, it is prone to deformation. As a result, further innovative solutions must be explored to address fatigue cracking more comprehensively in practical applications.



Research has focused on designing a rich bottom layer (RBL) with excellent performance in durable pavement structures to solve the problems of fatigue cracking and reflection cracking in asphalt pavements [9,10]. An RBL is placed on the top of the flexible base in the United States and Canada [10]. In China, these structures are usually combined with a semi-rigid base asphalt pavement framework. An RBL is usually incorporated between the base and the surface layers to fulfill the requirements of crack resistance and the long-term durability of the overall pavement structure [11]. An RBL is a structural layer with multiple functions, such as waterproofing, fatigue resistance, and reflection cracking resistance. It is typically designed for thicknesses between 4 and 8 cm. It is essential to note that the RBL mixture’s maximum engineering grain size falls within the 9.5–13.2 mm range, and the binding material utilized is styrene–butadiene–styrene (SBS)-modified asphalt [11,12].



More comprehensive research is needed on the mixtures’ design indexes and conventional properties of RBL materials, despite existing studies primarily focusing on RBL’s mechanical response and rich bottom layer mixtures’ (RBLMs) fatigue properties. Similarly, it is notable that SBS-modified asphalt is the predominant choice for RBLM applications, whereas alternative mixture types are less commonly utilized. In this study, we synthesize the research findings on RBLMs and introduce the relevant design indexes. We have also designed two types of mixtures, SBS-modified asphalt mixture (SMM) and composite-modified asphalt mixture (CMM), as RBLMs and implemented them on a test pavement. This paper also describes the preparation process for composite-modified asphalt mixture and construction precautions in the field. These results serve as a crucial reference for advancing the research and practical application of an RBL in pavement engineering.




2. Requirements and Applications of RBLMs


2.1. Requirements


Temperature changes and drying and shrinking mainly cause cracks in the semi-rigid subbase. This phenomenon is more pronounced in northern regions. When cracks exist in the subbase, the cracks lead to a concentration of stress at the bottom of the surface, generating tensile stresses. In addition, these cracks reduce interlayer bonding, further increasing the value of tensile stress. As a result, when subjected to vehicular traffic loads, the pavement surface is prone to fatigue cracking and reflection cracks. The service life of the road pavement will be reduced [13].



To enhance the resistance of the pavement to cracking, reducing the tensile strain generated by the surface is essential. One practical approach towards achieving this is by increasing the thickness of the structural layer, as it helps decrease the tensile strain [14]. Furthermore, opting for mixtures with a higher asphalt content for the surface material has been recognized as another successful strategy in crack prevention [15]. Thus, incorporating a rich bottom structural layer stands out as a pragmatic method to enhance cracking resistance and prolong the longevity of pavements.



In this study, the proposed pavement structure primarily includes an additional RBL between the base and the asphalt layer, as illustrated in Figure 1. This design is specifically intended to mitigate the surface cracking resulting from the semi-rigid base’s cracking, enhance the mechanical behavior of the pavement structure, and ultimately prolong the pavement’s service life [16,17].



The RBLM is designed with a higher asphalt content to provide flexibility and effectively disperse stress concentrations. This mixture also possesses some load-bearing capacity to prevent excessive plastic deformation. The low VVs contribute to pavement compactness, effectively deterring water intrusion into the base layers. This composition offers excellent crack resistance and resistance to tensile strains, resulting in an extended fatigue life cycle. Moreover, it demonstrates comparable water stability to surface mixtures, ensuring robust resistance against water-induced damage. In addition, the construction process of RBLMs is deliberately streamlined and straightforward to facilitate construction and widespread implementation.




2.2. Applications


In Canada, rich bottom layer mixtures (RBLMs) are characterized by a volume of air voids (VVs) of 4.0%, along with an extra 0.5%–1.0% asphalt content compared to conventional mixtures [9]. Similarly, in the United States, the VVs of RBLMs typically fall below 3.0%, while their asphalt content surpasses that of conventional mixtures. In the Czech Republic, the Technical Universities of Prague and Brno, Eurovia, and other road companies used RBLMs with a binder content of 0.5% higher than standard AC [12].



In China, an RBL was first applied in Beijing, Shandong, for durable asphalt pavement structures and the Shenshan highway reconstruction and expansion project. It is advised to use RBLMs with SBS-modified asphalt, with the technical parameters of the mixture being detailed in Table 1. It was also determined that the VVs value of the RBLM was lower than 3.0%, and the asphalt content was increased by 0.5% at the optimal asphalt dosage [11]. Furthermore, RBLM applications expand beyond highways to encompass railroads, aiming to mitigate fatigue cracking and expansion at nodes and prevent top-down reflection cracks [18]. The railroad mixtures are carefully managed within a VV range of 1.0%–3.0% while featuring an asphalt content approximately 0.5% higher than highway asphalt mixtures [19].



In this study, the existing indicators of RBLMs were summarized and analyzed, leading to the optimization and proposal of technical indexes for the mixture based on engineering application conditions. The design indexes and performance indicators are detailed in Table 1. Utilizing a finer mineral gradation, such as AC-10, is suggested for better low-temperature cracking resistance. Moreover, dynamic stability has been recommended to assess the mixture’s high-temperature performance and ensure good deformation resistance.





3. Materials and Methods


3.1. Materials


3.1.1. Asphalt


The asphalt binder includes SBS-modified asphalt and composite-modified asphalt, containing crumb rubber, SBS, and polyurethane prepolymer. The technical indexes of the two types of asphalt were tested using the test method specified in the JTG E20-2011 standard [20]. The results are presented in Table 2.




3.1.2. Aggregate


The aggregate utilized in the study was classified into 5–10 mm and 0–3 mm. The technical indexes of the aggregate were tested according to the JTG E42-2005 standard [21] method. The results in Table 3 follow the technical requirements.




3.1.3. Mineral Powder


For the filler material, limestone mineral powder was chosen. The technical indexes of the filler were tested according to the JTG E42-2005 standard method. The results in Table 4 follow the technical requirements.





3.2. Finite Element Modeling Methods


3.2.1. Road Pavement Structure


The road pavement structural and material parameters are listed in Table 5, per reference [22].




3.2.2. Load Simplification


Triangular load distribution is utilized to simulate the impulses generated by a vehicle during travel. The traveling load action time is directly linked to the vehicle speed V and the length of the tire contact surface radius r. A load does not affect a point when its distance from that point is ≥6r. So, a single loading time can be expressed as follows in Equation (1). In the finite element simulation, the double-circle load is transposed into a rectangular load with a length of 19.2 cm, a width of 18.4 cm, and a spacing of 13.5 cm.



In the formulas, V is the vehicle travel speed (m/s), r is the tire contact surface length (m), and t is the loading time (s).


  t =   12 r  V   



(1)








3.2.3. Contact between Layers


In this study, the contact between the structural layers of the pavement was simulated using penalty functions in ABAQUS 6.13. The coulomb friction model was implemented to characterize the frictional behavior of the contact surfaces, and the coefficient of friction f was used to model the interaction between these surfaces. The investigation encompassed the contact process between the surface and the base, spanning from complete continuity to complete sliding. Moreover, the contacts between the surfaces and between the bases were explicitly defined as continuously connected throughout the analysis.




3.2.4. Model Size and Cell Segmentation


The finite element model of the pavement structure, with dimensions of 5.0 m in length and width and 3.0 m in thickness, is illustrated in Figure 2. The model is subject to constraints at the bottom and sides with the boundary conditions set as U1 = U2 = UR3 = 0. A meshing approach utilizing plane-strain 4-node reduced integration cells enhances computational efficiency without compromising accuracy. A denser meshing scheme is implemented at the points of the applied loads, while a sparse meshing strategy is adopted at the model’s edges. This methodology strikes a balance between computational accuracy and efficiency [23].





3.3. Experimental Methods


3.3.1. Mixture Design


The Marshall test was utilized to develop the RBLM with an AC-10 design grading according to the JTG F40–2004 standard [24]. The RBLM had a 2.0%–3.0% VV, and the void filled with asphalt (VFA) was within 75%–90%. Four Marshall samples with a height of 63.5 ± 1.3 mm were prepared for each group for testing. The optimum asphalt content was determined and verified based on the volumetric indexes and Marshall stability.




3.3.2. Performance Validation


	(1)

	
Immersing Marshall test and freeze–thaw split test







The water stability of the asphalt mixtures was evaluated using the immersion Marshall test (T 0709-2011) and freeze–thaw split test (T 0729-2000), with residual stability and the tensile strength ratio as evaluation indexes. Marshall samples with a height of 63.5 ± 1.3 mm were prepared for testing.



The residual stability of the mixture is calculated using the following formula:


    MS  0  =     MS  1    MS   × 100  



(2)







In the formulas, MS0 is the residual stability (%). MS and MS1 are the Marshall stabilities of the samples before and after water immersion (kN).



The tensile strength ratio of the mixture is calculated using the following formula:


   R T   = 0   . 006287   P T  / h  



(3)






   TSR =     R   T 2       R   T 1       











In the formulas, RT is the indirect tensile strength (MPa). PT is the test load value of the samples (N). h is the height of the samples (mm). TSR is the freeze–thaw split test tensile strength ratio (%). RT1 and RT2 are the indirect tensile strengths before and after the freeze–thaw cycles (MPa).



	(2)

	
Freeze–thaw splitting test







The low-temperature fracture resistance of the asphalt mixtures was evaluated using the three-point bending test (T 0715-2011, test temperature −10 °C). The flexural-tensile strength and maximum flexural strain were used as the evaluation indexes. A sample with a size of 250 × 35 × 30 mm was prepared for testing.



The flexural-tensile strength and maximum flexural strain of the mixture is calculated using the following formula:


   R B  =   3 × L ×  P B    2 × b ×  h 2     



(4)






   ε B  =   6 × h × d    L 2     



(5)







In the formulas, RB and εB are the mixture’s flexural-tensile strength (MPa) and maximum flexural strain (με) at breakage. b and h are the width and height of the section (mm). L is the span (mm), taken as 200. PB is the peak load (N). d is the middle span deflection (mm).



	(3)

	
Wheel-tracking test







The wheel-tracking test (T 0719-2011) evaluates the high-temperature stability of the mixtures. Dynamic stability was chosen as the evaluation index. A beam sample with a size of 300 × 300 × 50 mm was prepared for testing. The number of samples in the individual tests is shown in Table 6. The test flow is shown in Figure 3.



The dynamic stability of the mixture is calculated using the following formula:


  DS =   (  t 2  −  t 1  ) × N    d 2  −  d 1    ×  C 1  ×  C 2   



(6)







In the formulas, DS represents the dynamic stability of the asphalt mixture (cycles/mm). d1 is the deformation corresponding to time t1 (mm). d2 is the deformation corresponding to time t2 (mm). N is the milling rate (cycles/min), taken as 42. C1 is the machine-type coefficient, taken as 1. C2 is the specimen coefficient, taken as 1.






4. Results


4.1. Finite Element Modeling


The stress response of the bottom of the surface and the bottom of the base is calculated for different friction coefficients between the surface and the base: f = ∞, f = 1, f = 0.5, and f = 0. Among these scenarios, f = ∞ simulates the interlayer bonding state when completely continuous. And f = 1 simulates the interlayer bonding state when the actual pavement is undamaged. f = 0.5 and f = 0 simulate the interlayer bond state when the interlayer bond deteriorates and slides completely. The results of these calculations are illustrated in Figure 4.



As f approaches infinity, compressive stress is experienced at the bottom of the surface, while tensile stress occurs at the bottom of the base. When f is 1, the compressive stress at the bottom of the surface decreases, and the tensile stress at the bottom of the base increases. When f is 0.5, both the bottom of the surface and the bottom of the base are subjected to tensile stress. With the inter-layer contact state weakening, the tensile stress at the bottom of each layer gradually increases. It is important to note that the compressive stress at the bottom of the surface evolves into tensile stress as the value of stress gradually rises. This phenomenon elucidates the development of cracks on the pavement, even though, theoretically, no tensile stresses are generated in the laminated elastic system.



Additionally, when the base cracks, the bottom stresses are significantly higher than when the base is intact. Specifically, the bottom tensile stress of the surface is more significant. This is due to the cracks in the base leading to uncoordinated deformation between layers, thereby altering the stress state of the surface bottom. Furthermore, when the base cracks, the critical point of the bottom stress of the surface from compressive to tensile is advanced with the change in the interlayer contact, and tensile stresses also appear at f = 1.




4.2. Mixture Design


Figure 5 shows the AC-10 gradation curves. According to the Marshall test method in the JTG F40-2004 standard, the oil/stone ratios of the SMM and CMM were determined to be 6.30% and 7.50%, respectively. The volume index test results in Table 7, Table 8 and Table 9 meet the design requirements.



The substantial disparity in the viscosity of the binder contributes significantly to the difference in the oil/stone ratio between the two mixtures [25,26]. SBS-modified asphalt exhibits a viscosity of approximately 300 mPa·s at 180 °C, functioning as a lubricant that enhances the interaction between the aggregates. In contrast, the composite-modified asphalt demonstrates a viscosity of about 2200 mPa·s, impeding the mixture from achieving the desired compaction level under the same compaction effort. Consequently, the CMM necessitates an increase in the asphalt content to decrease the VVs, thereby optimizing the compaction density of the mixture [27].



The Marshall stability of the CMM with a much higher oil/stone ratio is still more significant than that of the SMM due to the difference in the binder. As shown in Table 2, the penetration of composite-modified asphalt is lower than that of SBS-modified asphalt. This shows that the hardness of composite-modified asphalt is higher, which is reflected in the mixture level as high Marshall stability. In addition, due to the high viscosity of the composite-modified asphalt, the bond to the aggregate is strong. Therefore, the aggregates are challenging to move relative to each other under the action of the load, which can carry a more significant load.




4.3. Performance Validation


4.3.1. Immersing Marshall Test


The residual stability of the RBLM, as illustrated in Figure 6, remains consistently above 100%. An interesting observation is noted in this trend: the stability after immersion exceeds that observed before immersion. The increase in stability after immersion is mainly attributed to several important factors. Primarily, the delicate gradation of the RBLM and the higher asphalt content play a crucial role. The abundance of asphalt present enables complete aggregate coverage, thereby enhancing overall stability. Additionally, the smaller VV inherent in the mixture limits the capacity for water infiltration into the asphalt aggregate bonding surface, acting as a protective barrier that effectively mitigates the risks associated with water-induced damage.




4.3.2. Freeze–Thaw Splitting Test


The chosen methodology for evaluating the water stability of the RBLM for comparative performance analysis in this study was a freeze–thaw split test with more rigorous conditions. The results of this test, as illustrated in Figure 7, highlight that the tensile strength ratio value of the CMM notably surpasses that of the SMM, with values of 103.7% and 88.8%, respectively. This significant difference indicates the superior water stability of the CMM compared to the SMM counterpart. The CMM’s tensile strength ratio of over 100% was attributed to polyurethane prepolymers. The polyurethane prepolymer’s continued reaction in the composite-modified asphalt during the freeze–thaw process increases mixture strength.




4.3.3. Three-Point Bending Test


Figure 8 displays the results of the three-point bending test. The flexural-tensile strength and maximum bending strain of the CMM are superior to those of the SMM. This improvement can be attributed to adding rubber powder in the composite-modified asphalt, which helps reduce the material’s temperature sensitivity [28]. The crumb rubber enables the CMM to have good low-temperature performance and high-temperature stability. Furthermore, including polyurethane prepolymer enhances the toughness of the CMM, leading to an increased deformation capacity.




4.3.4. Wheel-Tracking Test


The high asphalt content in the RBLM renders it more prone to deformation and rutting disease than conventional asphalt mixtures. Therefore, assessing high-temperature stability is crucial in evaluating the RBLM’s performance. The wheel-tracking test results shown in Figure 9 reveal that the dynamic stability of the CMM exceeds that of the SMM by approximately three times. Consequently, the CMM exhibits superior high-temperature stability. This result is similar to Table 1. The softening point of composite-modified asphalt is much larger than that of SBS-modified asphalt, making it less prone to deformation at high temperatures.



In conclusion, both RBLMs meet the design indexes, with CMM’s performance outperforming the SMM. This demonstrates the effectiveness of composite-modified asphalt in enhancing performance characteristics.






5. Test Road


5.1. Overview


A test road with an RBL was constructed as part of the pavement project on the Yanchang Expressway Yantongshan to Changchun Section. The test road spans from K414 + 125 to K414 + 800 on the right side, covering 675 m. This road has two main sections: a 300 m long SMM section and a 375 m long CMM section, while the left side is the control road. The specific pavement structure of the test road is outlined in Table 10.




5.2. Construction Process


To improve the pavement construction quality, both asphalt and aggregate heating temperatures need to meet the specified requirements. The mixtures are strictly monitored before leaving the factory. The temperatures at each stage should follow the provisions in Table 11.



The RBLM’s total mixing time is about 50 s to achieve optimal mixing results. The dry mixing time is approximately 5–10 s, and the wet mixing time is approximately 40–45 s. In contrast to SBS-modified asphalt, composite-modified asphalt must be prepared on-site. It necessitates pouring the polyurethane prepolymer into the CR/SBS-modified asphalt storage tube at least 2 h before mixing to ensure adequate blending. This staged approach is crucial for promoting the homogeneous dispersion of the components, thereby enhancing the overall properties of the asphalt. The detailed process of the CMM is depicted in Figure 10. Understanding and following the CMM production steps can ensure and improve the quality of asphalt pavement construction.



The RBL construction phase comprises four key stages: mixing, transporting, paving, and rolling. To ensure optimal mixture loading, it is essential to maneuver the delivery truck back and forth at least three times. It is imperative to cover the mixture adequately during transportation to prevent segregation and excessive cooling. Maintaining an even thickness is crucial when laying the mixture, with a controlled thickness of 4 ± 0.5 cm. Steel wheel rollers, not tire rollers, should be used to roll the RBLM to prevent the asphalt binding material from rubbing and causing uplift. The remaining construction process aligns with that of traditional asphalt mixtures. For a visual representation of the construction process, please refer to Figure 11.





6. Conclusions


This study synthesized relevant studies on an RBL in real engineering, summarizing the proposal of design and road performance indexes. Two types of RBLMs were designed, and test roads were subsequently paved. The specific conclusions extracted from the study are as follows:




	(1)

	
As the base layer experiences cracking and the interlayer contact weakens, the stress at the bottom of the surface undergoes a transition from compressive stress to tensile stress, gradually increasing.




	(2)

	
The VVs range from 2.0% to 3.0%, with the maximum strain observed in the three-point bending test exceeding 3500 με. Furthermore, the dynamic stability recorded in the wheel-tracking test surpasses 1000 cycles/mm, indicating their potential viability as design benchmarks for the RBLM.




	(3)

	
An SMM and CMM were developed as RBLMs with optimal oil/stone ratios of 6.3% and 7.5%, respectively, meeting the design indexes.




	(4)

	
The CMM emerges as the preferred option, showcasing superior performance and holding more significant promise for widespread adoption than the SMM.









Moreover, long-term monitoring is crucial to validate the efficacy of an RBL in real-world road applications. Such continuous observation will offer valuable insights and be a practical reference for addressing pavement issues like reflection cracking and fatigue cracking. By focusing on extended monitoring, comprehensive data can be gathered further to enhance the sustainability and durability of road infrastructure. Future research endeavors will concentrate on prolonged monitoring of the test section to authenticate the effectiveness of an RBL in practical road applications.
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Figure 1. Road pavement structure with rich bottom layer (RBL). 
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Figure 2. Finite element model: (a) modeling; (b) cell division. 
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Figure 3. Test flow. 






Figure 3. Test flow.
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Figure 4. Bottom stress of surface and base. 






Figure 4. Bottom stress of surface and base.
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Figure 5. Aggregate gradations. 






Figure 5. Aggregate gradations.



[image: Coatings 14 00519 g005]







[image: Coatings 14 00519 g006] 





Figure 6. Immersing Marshall test. 






Figure 6. Immersing Marshall test.
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Figure 7. Freeze–thaw splitting test. 






Figure 7. Freeze–thaw splitting test.
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Figure 8. Three-point bending test. 






Figure 8. Three-point bending test.
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Figure 9. Wheel-tracking test. 






Figure 9. Wheel-tracking test.
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Figure 10. The preparation process of composite-modified asphalt and its mixture. 
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Figure 11. Construction process of RBLMs: (a) mixing; (b) transporting; (c) paving; (d) rolling. 
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Table 1. Summary of technical indexes for RBLMs.






Table 1. Summary of technical indexes for RBLMs.





	
Items

	
Technical Indexes

	
Test Method




	
National Highway G108

	
Qinglan Expressway Reconstruction and Expansion

	
Shenshan Expressway Reconstruction and Expansion

	
This Study






	
Grading

	
FL-13

	
AC-13

	
AC-10

	
AC-10

	
-




	
Asphalt content/%

	
-

	
5.3–6.0

	
5.7–6.0

	
-

	
Marshall test




	
Volume of air voids/%

	
<3.0

	
2.0–3.0

	
2.0–3.0

	
2.0–3.0

	
T 0705-2011




	
Void filled with asphalt/%

	
-

	
>80

	
70–85

	
70–90

	
T 0705-2011




	
Marshall stability/kN

	
-

	
>8.0

	
>9.0

	
>9.0

	
T 0709-2011




	
Flow value/0.1 mm

	
-

	
20–40

	
20–50

	
20–50

	
T 0709-2011




	
Residual stability/%

	
>85

	
-

	
>85

	
>85

	
T 0709-2011




	
Tensile strength ratio/%

	
>80

	
>75

	
>80

	
>80

	
T 0729-2000




	
Maximum flexural strain/µε

	
≥2500

	
≥2800

	
≥2800

	
>3500

	
T 0728-2000




	
Dynamic stability/(cycles/mm)

	
-

	
-

	
-

	
>1000

	
T 0719-2011











 





Table 2. Asphalt technical indexes.






Table 2. Asphalt technical indexes.





	Items
	SBS-Modified Asphalt
	Composite-Modified Asphalt
	Test Method





	Penetration/(25 °C, 0.1 mm)
	57.1
	41.4
	T 0604 2011



	Softening point/°C
	64.0
	86.8
	T 0606 2011



	Ductility/(15 °C, cm)
	30.5
	15.8
	T 0605 2011



	Viscosity/(180 °C, mPa·s)
	312.8
	2476
	T 0625 2011










 





Table 3. Aggregate technical indexes.






Table 3. Aggregate technical indexes.





	
Items

	
Aggregate Type

	
Technical Indexes

	
Test Method




	
5–10 mm

	
0–3 mm






	
Bulk specific gravity

	
2.840

	
2.262

	
>2.5

	
T 0305-2005




	
Apparent specific gravity

	
2.910

	
2.718

	
>2.6

	
T 0328-2005











 





Table 4. Filler technical indexes.






Table 4. Filler technical indexes.





	
Items

	
Bulk Specific Gravity

	
Water Absorption/%

	
Percent Passing/%




	
<0.6 mm

	
<0.15 mm

	
<0.075 mm






	
Test results

	
2.798

	
0.91

	
100

	
92.7

	
80.3




	
technical indexes

	
>2.5

	
<1.0

	
100

	
90–100

	
75–100




	
Test method

	
T 0352-2005

	
T 0103-2005

	
T 0351-2000











 





Table 5. The road pavement structural and material parameters.
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Layer

	
Material

	
Thickness/cm

	
20 °C Young’s Modulus/MPa

	
Density/(kg/m3)

	
Damping Value

	
Poisson’s Ratio






	
Upper surface

	
SMA-13

	
4.0

	
1159

	
2300

	
0.9

	
0.30




	
Medium surface

	
AC-20

	
6.0

	
1454

	
2300

	
0.9

	
0.30




	
Under surface

	
ATB-25

	
8.0

	
1592

	
2300

	
0.9

	
0.25




	
Base

	
Cement stabilized macadam

	
32.0

	
1500

	
2400

	
0.8

	
0.20




	
Subbase

	
18.0

	
1300

	
2400

	
0.6

	
0.20




	
Subgrade

	
Compressed soil

	
232.0

	
45

	
1850

	
0.4

	
0.40











 





Table 6. The number of samples in individual tests.






Table 6. The number of samples in individual tests.





	Items
	Immersion Marshall Test
	Freeze–Thaw Split Test
	Three–Point Bending Test
	Wheel–Tracking Test





	number
	8
	8
	6
	2










 





Table 7. SMMs ratio design.






Table 7. SMMs ratio design.





	Oil/Stone Ratio/%
	Relative Density of Gross Volume
	Marshall Stability/kN
	Flow Value/0.1 mm
	Volume of Air Voids/%
	Voids in Mineral Aggregate/%
	Void Filled with

Asphalt/%





	5.8
	2.473
	13.23
	31.98
	3.73
	10.17
	63.37



	6.3
	2.481
	12.89
	43.48
	2.71
	9.86
	72.51



	6.8
	2.469
	12.72
	47.23
	2.54
	10.32
	75.43










 





Table 8. CMMs ratio design.






Table 8. CMMs ratio design.





	Oil/Stone Ratio/%
	Relative Density of Gross Volume
	Marshall Stability/kN
	Flow Value/0.1 mm
	Volume of Air voids/%
	Voids in Mineral Aggregate/%
	Void Filled with

Asphalt/%





	7.2
	2.437
	18.46
	36.43
	2.75
	11.48
	76.07



	7.7
	2.433
	17.59
	40.45
	2.21
	11.61
	80.98



	8.2
	2.424
	17.03
	49.63
	1.91
	11.95
	84.05










 





Table 9. Verification of mixture volume indexes.






Table 9. Verification of mixture volume indexes.





	Items
	Oil/Stone Ratio/%
	Relative Density of Gross Volume
	Marshall Stability/kN
	Flow Value/0.1 mm
	Volume of Air Voids/%
	Voids in Mineral Aggregate/%
	Void Filled with

Asphalt/%





	SMM
	6.3
	2.480
	14.63
	43.83
	2.76
	9.91
	72.14



	CMM
	7.5
	2.429
	18.81
	40.47
	2.64
	11.76
	77.55










 





Table 10. RBLMs test road pavement structure.






Table 10. RBLMs test road pavement structure.





	Items
	Test Road
	Control Road





	Upper surface
	4 cm SMA-13
	4 cm SMA-13



	Medium surface
	6 cm AC-20
	6 cm AC-20



	Under surface
	8 cm ATB-25
	8 cm ATB-25



	Rich bottom layer
	4 cm AC-10
	-



	Base and Subbase
	48 cm cement stabilized macadam
	52 cm cement stabilized macadam










 





Table 11. Mixtures construction temperature.






Table 11. Mixtures construction temperature.





	
Items

	
SMM

	
CMM






	
Asphalt heating temperature

	
160 °C–165 °C

	
180 °C–190 °C




	
Aggregate heating temperature

	
190 °C–220 °C

	
190 °C–220 °C




	
Mixtures waste temperature

	
195 °C

	
210 °C




	
Discharge temperature

	
170 °C–185 °C

	
180 °C–195 °C




	
Spreading temperature

	
>160 °C

	
>170 °C




	
Initial milling temperature

	
>150 °C

	
>155 °C




	
Final milling temperature

	
>90 °C

	
>120 °C




	
Environmental temperature

	
>15 °C
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