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Abstract

:

The main issues associated with cement concrete pavements are cracks and broken plates that affect driving comfort and road service life. To ensure sustainable use of the cement concrete, a buffer layer (AC-10) can be introduced between the base and the cement concrete panel. In this study, the interlayer shear test was performed, and the interlayer bonding coefficient under different temperature conditions was determined. The creep test of the buffer layer was also conducted, and the four parameters (E1, E2, η1, and η2) of the Burgers model of the buffer layer were analyzed using regression. According to the parameters obtained from the test, the finite-element model was established, and the moving load was applied to analyze the structural model response under high-, medium-, and low-temperature conditions. The results show that the (1) temperature stress is mainly concentrated in the buffer layer and regions above the structural layer. At low temperatures, the maximum stress at the top of the surface layer is 2.16 MPa, and the vertical strain decreases as a function of depth. (2) Under the combined action of temperature and moving load, the variation ranges of tensile and compressive stresses at the top of the surface layer are the largest; the variation range of the buffer layer and the subsequent structure is small; the maximum warpage deformation of the surface layer is 0.453 mm under high-temperature conditions; and the maximum compression deformation is 0.219 mm under low-temperature conditions. (3) The comprehensive coefficient     k   c     of the fatigue equation was modified, and the comprehensive coefficient     k   c     of the fatigue equation under different vehicle speeds was proposed. This study provides a reference for the sustainable development of cement concrete pavements with buffer layers.
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1. Introduction


Early damage to cement concrete pavements, mainly caused by overloads and dynamic loads, so that the cement concrete pavement cannot reach its design life, remains a significant concern. To address this issue, many scholars have proposed the inclusion of a buffer layer between the base layer and cement concrete pavement slab [1,2,3]. The buffer layer reduces the temperature stress and enables shock absorption, ultimately enhancing the performance of cement concrete pavements, thus making them sustainable for use.



The mechanical properties of the buffer layer material play a key role in determining the quality of the cement concrete because it serves as a crucial functional material between the surface and base layers [4,5]. Hu et al. [6] investigated the mechanical properties of wax isolation layers between the base and cement surface layers, which yielded mechanical performance parameters for cement concrete pavements. Itani et al. [7] explored the use of geogrids between asphalt and cement concrete surface layers and concluded that the inclusion of such geogrids significantly improves the shear strength between layers, imparting greater ductility to cement concrete pavements. The aforementioned scholars have demonstrated that the setting of a buffer layer can effectively improve the ductility and service life of a cement concrete pavement and verified the feasibility of the buffer layer in cement concrete pavements. The speed of a vehicle on the road significantly influences the dynamic response of the pavement [8,9,10,11]. Wu [12] used finite-element software to analyze the dynamic response of a cement concrete pavement with an asphalt buffer layer under a moving load and observed that the stress and deflection of the concrete slab decreased with an increase in the combined thickness of the isolation layer and the concrete slab. Cai et al. [5,13,14] investigated the impact of material anisotropy and thin interlayers on the mechanical response of layered pavements under moving-load conditions and observed substantial effects on the design life of the pavements. The asphalt material has viscoelasticity and different properties under different temperature conditions. It is not in line with the actual situation to consider the load condition alone. At the same time, temperature has a significant influence on the tensile stress on the pavement’s surface. Qin et al. [15,16] studied the influence of the pavement surface temperature on the performance of concrete pavements under solar radiation and established a theoretical model for predicting the pavement surface temperature. García and Wang [17,18] studied the effects of different temperatures on the mechanical responses of pavement structures. Mackiewicz [19] and Jeong and Zollinger [20] studied the temperature distribution and mechanical response of concrete pavements, which were shown to produce large tensile stresses in environments with large temperature differences. Assogba et al. [21,22,23] analyzed the influence of a non-linear temperature gradient and traffic load on pavements. To be more in line with the actual situation, the temperature and moving-load conditions should be included when setting up the test and constructing the finite-element model.



The mechanism of action of buffer layers in cement concrete pavements has received considerable attention. The mechanism of the buffer layer of cement concrete pavement has been widely concerned. There are few studies on the creep properties of an asphalt buffer layer at different temperatures; the mechanical response of these pavements under the combined effect of temperature and moving load requires further investigation. In this study, the interlayer bonding coefficient of the pavement structure was determined through interlayer shear strength tests; creep tests were conducted on the buffer layer of an asphalt mixture, and regression analysis was employed to determine the relevant parameters from the test results. Moreover, finite-element simulation analysis of a cement concrete pavement with a buffer layer was performed to study the influence of temperature and the combined effect of temperature and moving load on the response of the pavement structure. This study aims to provide a theoretical basis for the sustainable use of cement concrete pavements with buffer layers, thereby providing a scientific basis for further research and improvement of cement concrete pavement technology. A flowchart for this research is shown in Figure 1.




2. Materials and Methods Parameter Acquisition and Establishment of Finite-Element Model


2.1. Determination of Interlayer Bonding Coefficient


The shear strength of regions between layers is an important index to evaluate the shear failure capacity. The weakening of the bonding state between layers will reduce the shear strength between them. Therefore, the shear strength of the region between layers has a crucial impact on the service life of the cement concrete pavement. In this study, the interlayer shear test was performed to obtain the shear strength between the cement concrete surface and buffer layer and that between the buffer and cement-stabilized gravel-base layer, and the interlayer bonding coefficient was calculated using the finite-element simulation analysis [24,25].



2.1.1. Testing Material


(1) Cement concrete



The surface layer used C30 cement concrete, as shown in Table 1.



(2) AC-10 buffer layer



The AC-10 asphalt mixture gradation was adjusted according to the median value specified in the “Technical Specification for Construction of Highway Asphalt Pavement” (JTG F40-2004) [26], and the final synthetic gradation was determined with findings listed in Table 2.



(3) Cement-stabilized macadam



The “Technical Rules for Construction of Highway Pavement Base-Implementation Manual” (JTG-TF20-2015) indicates that screening the stones required for the test into a single particle size can avoid the uncertainty of stone sampling, and the accuracy and reliability of the test are better [27]. The stone required for this study was relatively small, and it was suitable for a single particle size ratio. According to the size of the specimen, the maximum particle size of the gravel was 9.5 mm, and the final grading value of the cement-stabilized macadam was calculated according to the recommended grading range of the specification, as summarized in Table 3. The composition of the cement-stabilized crushed stone mixture is listed in Table 4.




2.1.2. Shear Test Scheme


The thickness combination scheme for the shear specimens is listed in Table 5. A mold with an inner diameter and length of 100 mm was prepared and coated with lubricating oil on its inner wall. Subsequently, cement-stabilized gravel was mixed, placed into the mold, compacted to the designed height using a rubber hammer, and then moist-cured for a minimum of seven days. Upon completing the curing process, an AC-10 asphalt mixture and cement concrete were mixed, with the cement concrete being loaded after compacting the asphalt mixture with a hammer. Another curing treatment of at least seven days was performed before demolding. The specimen after demolding is shown in Figure 2.



Before the shear test, the samples were placed in an oven at temperatures of 15, 30, and 60 °C for an average of 4 h. During the shearing process, the specimen was removed from the oven and quickly placed in the shear box to prepare it for shearing. Three parallel specimens were set for each condition, and the data were read and averaged.




2.1.3. Shearing Principle


The principle of the shear device used in this study is as follows: firstly, the interfaces of the upper and lower shear boxes were aligned within the vicinity of the test interface, and different vertical pressures were applied to the center of the upper shear box; the lower shear box was fixed; and the horizontal force perpendicular to the upper shear box was applied to make the upper shear box move. The arrangement of the test samples is shown in Figure 3. The shear failure of the specimen was caused by the displacement between the upper and lower shear boxes. The vertical loading was regulated using weights of 2.55, 5.1, 7.65, and 10.2 kg while maintaining a constant shear rate of 12 revolutions/min.



During the test, the reading of the gauge is read, and the shear strength and shear force are calculated using the following formula.


  τ = C × S  



(1)






    F S  = τ × A    



(2)






  f =  F S  /  F N   



(3)




where   τ   is the shear strength; C is the calibration coefficient, and the instrument calibration coefficient used in this paper is 1.571;   S   is the gauge readings;     F   s     is the shearing force;   A   is the shear area; f is the interlayer bonding coefficient; and FN is the vertical force.



The following two methods are used to express the interlayer bonding state: (1) The ratio of shear force to vertical force is expressed as the interlayer bonding coefficient and is shown in Formula (3). (2) Because the buffer layer is sticky, the friction coefficient is expressed with   t a n φ   in the failure formula of Mohr–Coulomb law   τ = c + σ   tan  ⁡  φ    ; c denotes cohesion.




2.1.4. Test Result


The interlayer bonding coefficient and cohesion of the bonding interface between the cement-stabilized gravel and buffer layer and that between the buffer layer and the cement concrete; the shear strength of the bonding interface between the cement-stabilized gravel and buffer layer; the bonding interface between the buffer layer and the cement concrete; and the buffer layer were determined using the shear test. In total, 36 specimens were prepared. Three groups of parallel tests were performed for each working condition. The results were recorded and the averages were calculated. The results are shown in Figure 4 and Figure 5.



Figure 4 and Figure 5 show that the shear strength between cement-stabilized crushed stone and buffer layer, and that between the buffer layer and cement concrete decreases gradually as the temperature increases. As the vertical pressure increases, the shear strength increases gradually. Evaluation of the shear strength shows that its value at the interface between the buffer layer and the cement concrete is greater.





2.2. Creep Characteristics’ and Viscoelastic Parameters’ Acquisition for Asphalt Mixture


The research object of this study is the cement concrete pavement with a buffer layer. The temperatures of the interior parts of the pavement structure can reach 40–50 °C in the summer. The asphalt mixture is a typical viscoelastic material, which is greatly affected by temperature. It is necessary to study the creep performance of the buffer layer at different deformation resistances at different temperatures. The creep test was performed using a small MTS, and the creep curve of the buffer layer material was obtained. The Burgers model was fitted to the creep curve, and the four parameters were converted into Prony-series parameters; these were then used as material parameters for the finite-element simulation analysis.



2.2.1. Uniaxial Dynamic Creep Tests


Marshall specimens were prepared according to the buffer layer mix ratio listed in Table 2. The specimens were placed in an environmental chamber and maintained at the test temperature (30, 40, and 50 °C) for 6 h to uniformize the temperature inside and outside the specimen. Uniaxial dynamic creep tests were performed on the specimens at different temperatures using an MTS-810 hydraulic servo universal testing machine. In this test, the half-sine wave loading method was adopted at a frequency of 5 Hz. The test loads were 1, 1.5, 2 and 2.5 MPa. A total of 36 Marshall specimens were prepared in the test. Three groups of parallel tests were carried out under each working condition. The results were recorded and the average value was calculated. Figure 6 is the uniaxial dynamic creep test.



Using the uniaxial dynamic creep test, the creep curves under different temperatures and stresses were obtained, and the results are shown in Figure 7.




2.2.2. Burgers Model


The classical Burgers model, comprising the Maxwell and Kelvin models in series, contains two elastic elements and two sticky pots, as shown in Figure 8.



The Burgers model can describe the mechanical properties of viscoelastic materials more effectively to facilitate the Prony level conversion. Accordingly, the finite-element calculations and analyses performed in this study adopted the Burgers model.



The creep strain expression is Equation (4):


  ε   t   =   σ   0       1     E   1     +   t     η   1     +   1     E   2       1 −   e   −     E   2       η   2     t        



(4)




where     E   1     and     η   1     are the elastic modulus (stiffness coefficient) and viscosity coefficient of the Maxwell model, respectively;     E   2    , and     η   2     are the elastic modulus and viscosity coefficient of the Kelvin model;     σ   0     is the constant stress applied in the test; and   ε   is strain.




2.2.3. Viscoelastic Parameter


The stresses at different temperatures and their corresponding strains were introduced into the Burgers equation. Using MATLAB 2021b, the ‘Levenberg-Marquardt + general global optimization’ algorithm was selected for parameter regression. The Burgers equation parameters E1, E2, η1, and η2 were determined, and the minimum correlation coefficient of the fitting result was 94%.



Using the value of 30 °C as an example, the fitting results were compared with the creep curves obtained from the experimental data. As shown in Figure 9, the creep curves generated using the experimental data and the regression parameters are very similar.



They were then converted into Prony series parameters that could be directly input into the finite-element calculation as follows:



The expressions for the Prony shear and volume relaxation moduli in the finite-element calculation are G(t) and K(t) in Equations (5) and (6):


  G   t   =   G   0       α   ∞   G   +   ∑  i = 1     n   G        α   i   G   e x p   −   t     τ   i   G            



(5)






   K   t   =   K   0       α   ∞   K   +   ∑  i = 1     n   K        α   i   K   e x p   −   t     τ   i   K              



(6)




where     G   0     and     K   0     are the transient moduli at t = 0,     n   G     and     n   K     are the number of Prony terms,     α   i   G     and     α   i   K     are relative moduli, and     τ   i   G     and     τ   i   K     are relaxation times.



    α   1    ,     α   2    ,     τ   1    , and     τ   2     are the parameters of the Prony series. The calculation results are presented in Table 6.





2.3. Structural Model of the Cement Concrete Pavement


2.3.1. Finite-Element Model Size and Material Parameters


An ‘elastic cement concrete panel + viscoelastic buffer layer + elastic base + elastic subbase + elastic foundation’ model was established. The material parameters of each pavement structure are listed in Table 7.




2.3.2. Mesh Subdivision


The calculation accuracy of the software ANSYS 2021 is related to the thickness of the mesh division. The finer the division is, the easier it is to converge. At the same time, it is related to the shape of the division unit, and the aspect ratio should be kept as equal as possible [28]. The model plane was divided into 5 × 5 cm grids, with each layer (from the top to the bottom surfaces) divided vertically into 4, 1, 2, 2, and 3 parts.




2.3.3. Interlayer Contact Setting


When the contact was set between the surface and buffer layers, and the buffer and base layer, a large stiffness was set as the target surface, and a smaller stiffness was set as the contact surface. The interlayer bonding coefficient indicates the interlayer bonding state. In this study, when the finite-element model was set, the interlayer bonding coefficient was calculated as summarized with the results in Section 2.1.4.




2.3.4. Moving-Load Effect


The degree of freedom of the soil base surface of the model was fully constrained, and normal constraints were applied to the surrounding of each structural layer. A dynamic load in the form of a half-sine wave load was applied to the model, and the full complete analysis method was adopted in the transient analysis.



When analyzing the mechanical response, the load was applied to the middle of the longitudinal joint edge. The loading position is shown in Figure 10, and the load is applied along the -y axis. The square in the diagram represents the loaded position of the wheel, and the driving direction of the vehicle is assumed to be in the positive Z direction.



In this study, the standard axle loads for the structural design of asphalt pavements in China were used, and the vehicle load is a uniaxial-double load, and the axle load is 100 KN. The vehicle load is generally assumed to be a circular uniform load, which is equivalent to 16 elements (25 nodes) in this study, and the load applied by each node is expressed as a half-sine wave function. The calculation process of the node equivalent force is as follows:



As shown in Figure 11, Figure 11b–d are representative units in Figure 11a, and 2a is the side length of a unit. Figure 11a is the load loading diagram, Figure 11b is the DEIJ square load, Figure 11c is the CDHI square load, and Figure 11d is the HIMN square load.



The superposition calculation method for the node force and the equivalent load of each node are shown in Table 8.



The formula for calculating the equivalent node force of the surface load is shown in Equation (7):


      F     p   e   =   ∫  δ        N     T       p   d s  



(7)




where       F     p   e     is equivalent nodal force,       N     T     is column vector composed of the shape function of each node in an 8-node hexahedron element, and P denotes the load density.



Huang [29] proposed a corresponding relationship between the vehicle loading frequency and vehicle speed, as shown in Table 9.



The total action time of the vehicle load corresponds to a half-sine wave loading period. The finite-element model and load form are illustrated in Figure 12.




2.3.5. Representative Temperature Selection


This study collected meteorological temperature data for Jinan City, Shandong province, China, from December 2020 to November 2022. The monthly average near-surface-temperature data are shown in Figure 13.



The temperature on June 20, the day with the highest near-surface temperature in June 2022, was selected to simulate the high-temperature weather, and the temperature on December 30, the day with the lowest near-surface temperature in December 2020, was selected to simulate the low-temperature weather. In addition, the temperature on 1 May 2022, was selected as the medium-temperature weather for comparison. The near-surface temperatures on the three representative days are presented in Table 10, Table 11 and Table 12.




2.3.6. Temperature Boundary Condition


(1) Heat exchange coefficient



Heat exchange at the road surface refers to the conduction and convection of temperature between the road surface and the atmosphere due to the temperature difference between the two [30,31,32]. The heat exchange coefficient indicates the strength of the temperature exchange effect [33,34], and its size is mainly related to the wind speed. The recommended values of the heat exchange coefficient at different wind speeds are listed in Table 13 [35].



The calculated heat exchange coefficients for the three representative weather conditions studied herein are summarized in Table 14, Table 15 and Table 16.



(2) Applied temperature



When thermal analyses of a pavement structure are conducted, it is not reasonable to perform simulations for short periods because the weather undergoes cyclical changes and the pavement structure has a certain thickness. Heat transfer is a long-term process, while failure to fully simulate environmental factors in the modeling process can also cause errors in the results.



This study conducted a temperature field response analysis of the pavement structure by performing hour-by-hour transient analyses of temperatures on the selected date (in Section 2.3.5) to improve the accuracy of the results. First, steady-state thermal analysis was performed followed by a transient thermal analysis with the steady-state thermal analysis results used as the initial values. The transient thermal analysis method was used to analyze the temperature field, and the temperature calculation result of the first hour was considered as the initial temperature for the subsequent transient analysis. The table method was used to input the near-surface temperature and heat exchange coefficient, and the substep time of each temperature change was 3600 s.




2.3.7. Finite-Element Simulation Verification


The finite-element simulation analysis results are verified using the stress-calculation formula of the double-layer plate in the “Code for Design of Highway Cement Concrete Pavement” (JTG D40-2011) [26]. The calculated position is located at point M in Figure 11. The calculation results are listed in Table 17, and the stress cloud diagram of the simulation analysis is shown in Figure 14.



The listings in Table 17 indicate that when constraints are set around the panel, the stress value obtained using the simulation analysis is the closest to the theoretical calculation result (with a difference of 3.7%). This finding proves that the simulation analysis results are reliable and can be used for stress–strain response analysis, and the constraint form of the panel is the most suitable for setting normal constraints. Figure 13 shows that the maximum tensile and compressive stresses in the structure are located within the panels.






3. Results


3.1. Analysis of the Mechanical Response of a Pavement Structure under Different Temperatures


3.1.1. Temperature Distribution in a Pavement Structure under Different Temperature Conditions


The calculation results for the daily temperature changes in each structural layer of the pavement at different temperatures are shown in Figure 15.



As shown in Figure 15, under different temperature conditions, the temperature changes at different times mainly occur in the surface layer, and the temperature changes abruptly in the buffer layer. Compared to the test results of Jeong [36], it was found that, for a cement pavement structure without a buffer layer, the temperature change in the depth direction of the pavement structure layer was a smooth curve, and the buffer layer caused the temperature to change abruptly, indicating that the buffer layer hinders the downward transmission of temperature. This is similar to the insulation-layer effect in Huang’s work [37], which influences the use of the pavement structure.




3.1.2. Stress and Strain in a Pavement under Different Temperature Conditions


The calculation results for the daily temperature, stress, and strain changes in each structural layer of the pavement at different temperatures are shown in Figure 16.



Figure 16 shows that the temperature stress in the surface layer changes to a ‘Z’ shape in high- and medium-temperature environments. The stresses from top to bottom are ‘tension–compression–tension’ at high temperatures and ‘compression–tension–compression’ at medium temperatures. At low temperatures, the temperature stress in the surface layer decreases slowly from top to bottom, and an abrupt change occurs in the temperature stress in the buffer layer.



Figure 17 shows the calculation results for the daily temperature-induced deformation in each structural layer of the pavement at different temperatures. As shown in Figure 17, under the three temperature conditions, the vertical deformation of the road center exhibits the same change form in depth and time. The panel remains flat at high and medium temperatures, and it exhibits evident corner warping at low temperatures.





3.2. Analysis of the Mechanical Response under the Combined Effect of Temperature and Moving Load


The finite-element coupling analysis includes both direct and indirect coupling methods. In this study, an indirect coupling method was used to introduce the temperature field analysis results as body loads to the coupling analysis model. The temperature fields at the highest temperature moment (15 o’clock) in high-temperature weather, average temperature moment (9 o’clock) in medium-temperature weather, and lowest temperature moment (7 o’clock) in low-temperature weather are selected as the body loads at high, medium, and low temperatures, respectively. Considering a vehicle speed of 60 km/h as an example, the response to the coupling of the temperature and moving load at different temperatures was determined.



3.2.1. Responses to Coupled High Temperature and Moving Load


The time-dependent curves of the tensile stress, compressive stress, and vertical deformation in each structural layer of the pavement are shown in Figure 18.



Figure 18a shows that under high-temperature weather conditions, when the vehicle passes through the middle of the panel, the top of the surface layer remains subjected to compressive stress, and the stress value first increases and then decreases. The bottom of the panel is first compressed and then pulled. The stresses in the buffer and base layers are small.



As shown in Figure 18b, under the coupling of a high temperature and moving load, the vertical deformations in each structural layer have the same form. Owing to the viscoelastic properties of the buffer layer, when the vehicle leaves the middle of the longitudinal seam edge, the compression deformation gradually recovers, continues to arch upward under the influence of temperature, and finally produces a 0.445 mm deformation in the middle of the longitudinal seam edge.



Figure 19 shows the structural deformation cloud map of different load times when the vehicle passes through the middle of the panel under high-temperature weather conditions. As shown in Figure 19, the maximum compression deformation occurs at the bottom of the longitudinal joint base, and the maximum warping deformation occurs at the plate angle away from the longitudinal joint. During the movement of the vehicle, the compression deformation first increases and then decreases, and the compression deformation is largest when the vehicle acts on the middle of the longitudinal seam edge, which is 0.148 mm, and the warpage deformation gradually increases, and the maximum warpage deformation is 0.453 mm.




3.2.2. Responses to Coupled Medium Temperature and Moving Load


The time-dependent curves of the tensile stress, compressive stress, and vertical deformation in each structural layer of the pavement are shown in Figure 20.



Figure 20 reveals that the tensile and compressive stresses and vertical deformation changes due to a moving load under a medium temperature are similar to those under a high temperature. However, under a medium temperature, the compressive stress of the top surface layer is relatively small, and no tensile stress exists at the bottom of the surface layer.



Under medium-temperature weather conditions, the structural deformation nephogram of different load times when the vehicle passes through the middle of the panel is shown in Figure 21.



It can be seen from Figure 21 that the vertical deformation of the medium temperature-wheel load coupling is also similar to that of the high temperature–wheel load coupling. However, the compression deformation increases slightly at a medium temperature. The maximum compression deformation of the surface layer is 0.125 mm, and the maximum compression deformation of the base layer is 0.157 mm. The arch deformation decreases compared with that at a high temperature, and finally the road surface produces 0.158 mm arch.




3.2.3. Responses to Coupled Low Temperature and Moving Load


The time-dependent curves of the tensile stress, compressive stress, and vertical deformation in each structural layer of the pavement are shown in Figure 22.



As shown in Figure 22a, under low-temperature weather conditions, clear tensile stress is generated in the surface layer when the vehicle passes through the middle of the panel. The maximum tensile stresses at the top and bottom of the surface layer are 3.77 and 1.73 MPa, respectively.



As shown in Figure 22b, when low temperature is coupled with a moving load, only compression deformation occurs in each structural layer, and the deformation curve is symmetrical. When the vehicle is driven to the middle of the panel, the deformation is largest. Compression deformation is recovered gradually after the vehicle leaves.



Figure 23 shows the structural deformation cloud diagrams of different load times when the vehicle passes through the middle of the panel under low-temperature weather conditions. As shown in Figure 23, when the low temperature–wheel load is coupled, only compression deformation is generated in the pavement. The deformation of the middle plate top at the edge of the longitudinal joint is the largest. When the vehicle passes through this position, the deformation increases first and then decreases. The deformation is the largest when it acts there, and the deformation is 0.219 mm.



Comparing the stress outcomes corresponding to the three coupling effects, it is found that the changes in the tensile and compressive stresses only occur in the panel. Under the coupling conditions of high, medium, and low temperatures, the maximum tensile stress was respectively localized at the bottom, middle, and top of the plate near the load position. The maximum tensile stress was located at the corner of the plate at high and low temperatures, and the tensile stress at low temperatures was much larger than that at high and medium temperatures. Considering the location and size of tensile stress, the pavement structure was the least likely to be damaged subject to the action of medium-temperature coupling effects.



By comparing and analyzing the deformation owing to the three coupling effects, it was found that there were compression and warping deformations in the structure at high and medium temperatures, but only compression deformation occurred in the pavement at low-temperature wheel–load-coupling conditions. The warpage deformation is the largest at high temperatures, and the compression deformation is the largest at low temperatures. When the vehicle passes by, the deformation caused by low temperatures can be completely restored, and the pavement will continue to expand upward after the compression deformation is restored under high- and medium-temperature conditions. Considering these outcomes, it is inferred that this type of pavement structure is suitable for use in areas with moderate temperatures.






4. Discussion


In this study, the mechanical response of a cement concrete pavement structure with a buffer layer under temperature and moving-load conditions is investigated. By comparing the temperature-induced stresses under three different temperature scenarios, it is found that the surface layer experiences the most significant changes in temperature-induced stress. In addition, the longer the temperature variation time, the higher the stress within the pavement structure. Specifically, under low-temperature conditions, the temperature-induced stress at the top of the pavement panel reached its peak, with maximum stress values ranging from 2 to 2.36 MPa. Notably, this closely agrees with the maximum temperature stress of 2.17 MPa calculated in [26]. However, the maximum temperature stress of concrete pavement under a low temperature is 2.6 MPa, which leads to obvious corner warping.



Furthermore, by comparing the maximum stress values under the coupling of three temperature conditions and moving load, it can be found that the maximum tensile stress at the top of the surface layer under low-temperature conditions was 3.77 MPa, slightly exceeding the 3.43 MPa calculated in [27], with a relative error of 9.91%. Based on the temperature field and mechanical response under the coupling of temperature and moving load, low-temperature conditions are the most unfavorable environment for cement concrete pavements with a buffer layer, therefore, necessitating an increase in the thickness of the cement concrete surface layer in the pavement structure design.



Numerous research findings have corroborated that the stress experienced by cement concrete pavements under moving loads surpasses that under static loads [38,39,40], which is the same as the calculation of the maximum stress under different vehicle speeds in this study. The results are shown in Table 18.



The fatigue stress     σ   p r     generated at the critical load position in the specification [27] is shown in Equation (8):


    σ   p r   =   k   r     k   c     k   f     σ   p s    



(8)




where     k   c     is a comprehensive coefficient that considers the difference between the calculation theory and practice and the influence of the dynamic load and other factors. The recommended values of the comprehensive coefficient     k   c     in the specifications are listed in Table 19.



As shown in Table 19, under the same speed conditions, the road grade decreases, the maximum stress of the road surface increases, and the dynamic load coefficient increases. The     k   c     value in Table 19 is opposite to the above law; therefore, the     k   c     value needs to be corrected.



Based on the stress response at different speeds, the comprehensive coefficient     k   c     of the fatigue equation was modified, and the recommended values are listed in Table 20.



Owing to the limited experience, there are still some deficiencies in the research, which need to be further studied:



(1) It is necessary to analyze further the failure mechanism of this type of pavement.



(2) Only the asphalt mixture was considered for the buffer layer material, and other materials were not screened. Subsequently, the material screening range of the buffer layer material can be expanded.




5. Conclusions


This study investigated the mechanical response of cement concrete pavement structures with buffer layers under the combined effect of temperature and moving loads. The temperature in a cement concrete pavement with a buffer layer exhibits periodic changes and a non-linear distribution along the depth. Through interlayer shear and buffer layer creep tests, the mechanical behavior of the pavement was analyzed using finite-element numerical calculations. The main conclusions drawn from this study are as follows:



(1) Under different temperature conditions, temperature-induced stress is primarily concentrated in the buffer layer and above the structural layer. At high temperatures, the stress is tension–compression–tension from top to bottom; at medium temperatures, it is compression–tension–compression; and at low temperatures, it decreases gradually. The vertical strain varies similarly with depth and time, and the pavement exhibits pronounced corner warping at low temperatures.



(2) Under the combined effect of temperature and moving load, the stress, vertical deformation, and structural deformation of the cement concrete pavement structure layer first increase, then decrease during the load-moving process, and reach a maximum when the load moves directly above the calculation point. The warpage deformation of the pavement is most pronounced at high temperatures, and the compression deformation is most significant at low temperatures.



(3) The combined effect of temperature and moving load results in the most significant changes in the tensile and compressive stresses at the surface layer, particularly at the top. In contrast, changes in the buffer layer and underlying structure are comparatively smaller. Notably, under low-temperature conditions, the top of the surface layer experiences maximum tensile stress, with an error of 9.91% relative to the calculations in the literature. Consequently, an increase in the thickness of the cement concrete surface layer is recommended when designing cement concrete pavement structures with buffer layers.
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Figure 1. Flowchart of the research. 
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Figure 2. Test specimen. 
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Figure 3. Shearing principle diagram. 
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Figure 4. Shear strength. 
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Figure 5. Interlayer bonding coefficient and cohesion. 
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Figure 6. Uniaxial dynamic creep test. 
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Figure 7. Dynamic creep test results. 
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Figure 8. Burgers model. 
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Figure 9. Comparison of experimental data and fitting curve. 
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Figure 10. Load location schematic. 
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Figure 11. Equivalent nodal force calculation schematic. 
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Figure 12. Finite-element modelling and load forms. 
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Figure 13. Average near-surface temperature from December 2020 to November 2022. 
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Figure 14. Stress-distribution diagram under three kinds of panel constraints. 
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Figure 15. Temperature change curve of pavement structure. 
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Figure 16. Stress variation curve of pavement structure. 
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Figure 17. Strain change curve for the pavement structure. 
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Figure 18. Stress–strain curves under high temperature coupled with moving loads. 
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Figure 19. Deformation cloud diagram under the coupling of high temperature and moving load. 
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Figure 20. Stress–strain curves of medium temperature with moving loads. 
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Figure 21. Deformation cloud diagram under the coupling of medium temperature and moving load. 
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Figure 22. Stress–strain curves of low temperature coupled with moving loads. 
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Figure 23. Deformation cloud diagram under the coupling of low temperature and moving load. 
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Table 1. Mix proportions of cement concrete surface layer.






Table 1. Mix proportions of cement concrete surface layer.





	Material
	Water
	Cement
	Sand
	Pebble





	Amount/(kg/m3)
	165
	430
	561
	1244










 





Table 2. AC-10 buffer layer.






Table 2. AC-10 buffer layer.





	
Type of Grading

	
Mass Percentage (%) Passing through the Following Sieve Holes (mm)




	
13.2

	
9.5

	
4.75

	
2.36

	
1.18

	
0.6

	
0.3

	
0.15

	
0.075






	
AC-10

	
Limit

	
100

	
100

	
75

	
58

	
44

	
32

	
23

	
16

	
8




	
Lower limit

	
100

	
90

	
45

	
30

	
20

	
13

	
9

	
6

	
4




	
Synthetic grade

	
100

	
96.8

	
52.5

	
35.3

	
24.6

	
16.7

	
12.6

	
8.4

	
6.3











 





Table 3. Cement-stabilized gravel gradation.






Table 3. Cement-stabilized gravel gradation.





	
Type of Grading

	
Mass Percentage (%) Passing through the Following Sieve Holes (mm)




	
19

	
16

	
13.2

	
9.5

	
4.75

	
2.36

	
1.18

	
0.6

	
0.3

	
0.15

	
0.075






	
C-B-2

	
Limit

	
100

	
93

	
86

	
72

	
45

	
31

	
22

	
15

	
10

	
7

	
5




	
Lower limit

	
100

	
88

	
76

	
59

	
35

	
22

	
13

	
8

	
5

	
3

	
2




	
Synthetic grade

	
100

	
90.5

	
81

	
65.5

	
40

	
26.5

	
17.5

	
11.5

	
7.5

	
5

	
3.5




	
Actual gradation value

	
100

	
100

	
100

	
100

	
61.1

	
40.5

	
26.7

	
17.6

	
11.5

	
7.6

	
3.8











 





Table 4. Composition of cement-stabilized crushed stone mixture.






Table 4. Composition of cement-stabilized crushed stone mixture.





	Composition
	Crushed Stone:Sand
	Cement Content (%)
	Moisture Content (%)





	Dosage ratio
	61:39
	6
	7










 





Table 5. Combined shear specimen program.






Table 5. Combined shear specimen program.





	
Combined Program

	
Height of Each Level (cm)

	
Sheared Surface




	
Cement-Stabilized Aggregates

	
Buffer Layer

	
Cement Concrete






	
Option 1

	
6

	
2

	
4

	
Cement-stabilized aggregates in contact with buffer layer




	
Option 2

	
4

	
2

	
6

	
Buffer layer in contact with concrete




	
Option 3

	
6

	
2

	
6

	
Buffer layer











 





Table 6. Prony series calculation results.
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Temperature (°C)

	
Loading (MPa)

	
α1

	
α2

	
τ1

	
τ2






	
30

	
1

	
0.6743

	
0.3257

	
8769.4252

	
50.9225




	
1.5

	
0.7411

	
0.2589

	
10,289.4169

	
69.4683




	
2

	
0.6139

	
0.3861

	
4214.8417

	
64.7026




	
2.5

	
0.5540

	
0.4460

	
2673.2983

	
38.6277




	
40

	
1

	
0.6678

	
0.3322

	
8827.4209

	
43.8048




	
1.5

	
0.6428

	
0.3572

	
6631.7981

	
72.5826




	
2

	
0.3594

	
0.6406

	
851.6299

	
6.9557




	
2.5

	
0.2479

	
0.7521

	
410.2973

	
1.9592




	
50

	
1

	
0.5998

	
0.4002

	
9473.2413

	
41.1912




	
1.5

	
0.6283

	
0.3717

	
6849.1315

	
54.1239




	
2

	
0.2413

	
0.7587

	
497.2264

	
1.9139




	
2.5

	
0.3085

	
0.6915

	
1325.1377

	
2.5628











 





Table 7. Pavement structure material parameters.
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	Structural Layer
	Thicknesses (cm)
	Modulus of Elasticity (MPa)
	Poisson’s Ratio
	Density (kg·m−3)
	Thermal Conductivity

(W/(m·°C))
	Specific Heat Capacity (J/(kg·°C))
	Thermal Expansion (1/°C)





	Cement concrete surface
	28
	31,000
	0.15
	2450
	1.3
	879
	1 × 10−5



	Buffer layer
	3
	8500
	0.25
	2350
	1.0
	894
	2 × 10−5



	Cement-stabilized aggregates
	20
	1500
	0.25
	2000
	1.2
	817
	2 × 10−5



	Low-dose cement-stabilized aggregate base
	20
	1200
	0.25
	2300
	1.2
	817
	2 × 10−5



	Soil foundation
	150
	50
	0.4
	1800
	1.2
	1020
	5 × 10−6










 





Table 8. Superposition method and equivalent load of the node force.
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	Load Points
	A/E/U/Y
	B/D/F/J/P/T/V/X
	C/K/O/W
	G/I/Q/S
	H/L/N/R
	M





	Node stacking method
	3
	4 + 7
	8 + 8
	1 + 6 + 6 + 9
	9 + 5 + 5 + 9
	4 × 9



	Loading(N)
	30
	481
	884
	1817
	2032
	2040










 





Table 9. Correspondence between vehicle loading frequency and vehicle speed.
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	Vehicle loading frequency (Hz)
	25
	20
	10
	5
	2
	1
	0.5



	Speed (km/h)
	137.2
	109.7
	54.9
	27.4
	11
	5.5
	2.7










 





Table 10. Hot weather (20 June 2022) near-surface temperature.
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	Times
	Near-Surface Temperature (°C)
	Times
	Near-Surface Temperature (°C)
	Times
	Near-Surface Temperature (°C)





	00:00
	24.8
	08:00
	33.63
	16:00
	38.7



	01:00
	24.47
	09:00
	36.65
	17:00
	36.52



	02:00
	24.53
	10:00
	38.88
	18:00
	33.4



	03:00
	24.3
	11:00
	40.53
	19:00
	30.91



	04:00
	24.03
	12:00
	41.97
	20:00
	29.32



	05:00
	23.55
	13:00
	42.66
	21:00
	28.71



	06:00
	26.08
	14:00
	42.14
	22:00
	27.96



	07:00
	29.83
	15:00
	40.96
	23:00
	27.48










 





Table 11. Moderate weather (1 May 2022) near-surface temperature.






Table 11. Moderate weather (1 May 2022) near-surface temperature.





	Times
	Near-Surface Temperature (°C)
	Times
	Near-Surface Temperature (°C)
	Times
	Near-Surface Temperature (°C)





	00:00
	16.59
	08:00
	24.05
	16:00
	9.2



	01:00
	19.94
	09:00
	21.89
	17:00
	8.83



	02:00
	22.71
	10:00
	17.93
	18:00
	8.42



	03:00
	24.81
	11:00
	13.87
	19:00
	7.97



	04:00
	26.02
	12:00
	12.5
	20:00
	7.47



	05:00
	26.48
	13:00
	11.3
	21:00
	6.98



	06:00
	26.35
	14:00
	10.45
	22:00
	9.19



	07:00
	25.54
	15:00
	9.39
	23:00
	14.78










 





Table 12. Cold weather (30 December 2020) near-surface temperature.






Table 12. Cold weather (30 December 2020) near-surface temperature.





	Times
	Near-Surface Temperature (°C)
	Times
	Near-Surface Temperature (°C)
	Times
	Near-Surface Temperature (°C)





	00:00
	−9.88
	08:00
	−12.06
	16:00
	−5.65



	01:00
	−10.09
	09:00
	−8.99
	17:00
	−8.32



	02:00
	−10.31
	10:00
	−6.63
	18:00
	−9.04



	03:00
	−10.53
	11:00
	−4.66
	19:00
	−9.62



	04:00
	−10.74
	12:00
	−3.31
	20:00
	−9.81



	05:00
	−10.94
	13:00
	−2.66
	21:00
	−9.84



	06:00
	−12.8
	14:00
	−2.84
	22:00
	−10.02



	07:00
	−13.08
	15:00
	−3.83
	23:00
	−10.11










 





Table 13. Recommended values of heat exchange coefficients at different wind speeds.
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	Air velocity (m/s)
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	……



	Heat exchange coefficient (W/m2·°C)
	9.4
	13.2
	16.8
	20.6
	24.3
	28
	31.7
	35.4
	39.1
	42.8
	46.5
	……










 





Table 14. Road surface heat exchange coefficient for hot weather (20 June 2022).
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	Times
	Air Velocity (m/s)
	Heat Exchange Coefficient (W/m2·°C)
	Times
	Air Velocity (m/s)
	Heat Exchange Coefficient (W/m2·°C)





	00:00
	1.11
	13.507
	12:00
	0.38
	10.806



	01:00
	1.74
	15.838
	13:00
	0.36
	10.732



	02:00
	2.14
	17.318
	14:00
	0.76
	12.212



	03:00
	2
	16.8
	15:00
	0.44
	11.028



	04:00
	1.67
	15.579
	16:00
	0.01
	9.437



	05:00
	1.44
	14.728
	17:00
	1.5
	14.95



	06:00
	1.39
	14.543
	18:00
	2.06
	17.022



	07:00
	1.03
	13.211
	19:00
	2.67
	19.279



	08:00
	0.66
	11.842
	20:00
	2.82
	19.834



	09:00
	0.19
	10.103
	21:00
	2.74
	19.538



	10:00
	0.46
	11.102
	22:00
	2.7
	19.39



	11:00
	0.8
	12.36
	23:00
	2.71
	19.427










 





Table 15. Road surface heat exchange coefficient for moderate weather (1 May 2022).
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	Times
	Air Velocity (m/s)
	Heat Exchange Coefficient (W/m2·°C)
	Times
	Air Velocity (m/s)
	Heat Exchange Coefficient (W/m2·°C)





	00:00
	2.67
	19.279
	12:00
	1.69
	15.653



	01:00
	2.22
	17.614
	13:00
	1.75
	15.875



	02:00
	1.27
	14.099
	14:00
	1.61
	15.357



	03:00
	1.24
	13.988
	15:00
	1.37
	14.469



	04:00
	0.57
	11.509
	16:00
	1.29
	14.173



	05:00
	0.12
	9.844
	17:00
	1.67
	15.579



	06:00
	0.02
	9.474
	18:00
	1.67
	15.579



	07:00
	0.48
	11.176
	19:00
	1.48
	14.876



	08:00
	0.62
	11.694
	20:00
	1.27
	14.099



	09:00
	0.72
	12.064
	21:00
	1.12
	13.544



	10:00
	0.97
	12.989
	22:00
	1.24
	13.988



	11:00
	1.83
	16.171
	23:00
	1.02
	13.174










 





Table 16. Road surface heat exchange coefficient for cold weather (30 December 2020).






Table 16. Road surface heat exchange coefficient for cold weather (30 December 2020).





	Times
	Air Velocity (m/s)
	Heat Exchange Coefficient (W/m2·°C)
	Times
	Air Velocity (m/s)
	Heat Exchange Coefficient (W/m2·°C)





	00:00
	3.76
	23.312
	12:00
	4.23
	25.051



	01:00
	3.65
	22.905
	13:00
	4.14
	24.718



	02:00
	3.61
	22.757
	14:00
	3.92
	23.904



	03:00
	3.74
	23.238
	15:00
	3.72
	23.164



	04:00
	3.63
	22.831
	16:00
	3.33
	21.721



	05:00
	3.44
	22.128
	17:00
	2.04
	16.948



	06:00
	2.4
	18.28
	18:00
	1.23
	13.951



	07:00
	2.2
	17.54
	19:00
	0.53
	11.361



	08:00
	2.14
	17.318
	20:00
	0.05
	9.585



	09:00
	2.9
	20.13
	21:00
	0.25
	10.325



	10:00
	3.78
	23.386
	22:00
	0.42
	10.954



	11:00
	4.08
	24.496
	23:00
	0.65
	11.805










 





Table 17. Validation of simulation analysis results.






Table 17. Validation of simulation analysis results.





	
Type of Constraint

	
Simulation Analysis Results (MPa)

	
Normative Calculations (MPa) [26]

	
Relative Error (%)






	
Constraints around the panel

	
1.09

	
1.051

	
3.7




	
Constraints to the panel travel direction’s degrees of freedom

	
1.19

	
13.2




	
No constraints around the panel

	
1.21

	
15.2











 





Table 18. Maximum tensile and horizontal shear stresses at different vehicle speeds.






Table 18. Maximum tensile and horizontal shear stresses at different vehicle speeds.





	
Type of Road

	
Speed (km/h)

	
Maximum Tensile Stress (Pa)

	
Maximum Horizontal Shear Stress (Pa)






	
-

	
0

	
819,177

	
160,100




	
Low-grade roads

	
30

	
873,397

	
170,841




	
40

	
898,354

	
175,298




	
50

	
912,525

	
178,027




	
60

	
926,458

	
180,466




	
High-grade roads

	
40

	
873,161

	
170,385




	
50

	
881,928

	
173,990




	
60

	
900,641

	
175,531




	
70

	
916,189

	
179,604




	
80

	
922,953

	
180,609











 





Table 19. Comprehensive coefficient (    k   c    ).






Table 19. Comprehensive coefficient (    k   c    ).





	Class of Road
	Motorway
	Class I Roads
	Class II Roads
	Class III and IV Roads





	     k   c     
	1.10
	1.05
	1.00
	0.95










 





Table 20. Recommended values of the comprehensive coefficient (    k   c    ).






Table 20. Recommended values of the comprehensive coefficient (    k   c    ).





	
Class of Road

	
Low-Grade Roads

	
High-Grade Roads






	
Speed (km/h)

	
30

	
40

	
50

	
60

	
40

	
50

	
60

	
70

	
80




	
     k   c     

	
1.07

	
1.10

	
1.11

	
1.13

	
1.07

	
1.08

	
1.10

	
1.12

	
1.13
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