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Rutting is one of the common distresses observed in asphalt pavement, influenced by temperature and load conditions. To clarify the permanent deformation behavior of steel-concrete composite beam (SCCB) bridge deck pavement under temperature-load coupling effect and provide references for the distress cause analysis, five typical SCCB bridge deck pavements were selected. The temperature distribution and the temperature stress of the pavement structures were analyzed by numerical simulation under periodic temperature variations. In addition, considering the daily variation in traffic volume, the permanent deformation of the five pavement structures were calculated under temperature-load coupling effect. Finally, the influence of heavy load on the development of rutting distress was also investigated. The results show that the temperature field and temperature stresses within the SCCB bridge deck pavement exhibit periodic variations under periodic temperature variations. Additionally, after 500,000 times of standard axle load application, “EA + SMA” exhibits the smallest permanent deformation and the best resistance to rutting distress under temperature-load coupling effect. Finally, heavy load conditions have a great influence on the permanent deformation of SCCB bridge deck pavement. In areas with severe rutting distresses, it is recommended to use “EA + SMA” pavement structure in SCCB bridge.
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1 INTRODUCTION
Steel-concrete composite beam (SCCB) bridges, with advantages such as lightweight, large span, low cost, and rapid construction, have been widely used in China. The SCCB bridge is composed of steel box girders and reinforced concrete slabs. As an important component of the bridge traffic system, the SCCB bridge deck pavement can greatly mitigate the impact of vehicle dynamic loads on the bridge deck, protecting the bridge deck and dispersing wheel loads. It also meets the requirements of stable and comfortable driving.
With the continuous increase in traffic volume, heavy vehicles, and the impact of external natural factors such as climate, pavement distresses begin to occur. In summer, the surface temperature of the asphalt pavement layer is usually 20°C∼30°C higher than the air temperature (Mallick et al., 2009), which leads to rutting distress under such high-temperature conditions. Rutting distress is essentially the permanent deformation of the pavement layer caused by repeated vehicle loads. When the shear stress generated by the vehicle load exceeds the shear strength of the asphalt mixture, continuous flow deformation accumulates, resulting in flow rutting (Liu et al., 2021). The resistance of asphalt mixture to shear deformation is insufficient, leading to particularly pronounced rutting under high temperatures and heavy loads (Chen et al., 2021). It will not only damage the durability of the bridge deck pavement structure but also significantly affect driving safety and comfort. Therefore, it is critical to clarify the distress causes and the applicability of various pavement structures under complex environmental conditions to mitigate distresses and extend the service life of bridge deck pavement.
To control rutting distress, it is necessary to analyze the mechanical behavior of the bridge deck pavement. Unlike the design stage, the maintenance stage requires consideration of the coupling effects of multiple factors to determine the true causes of the distress. Many researchers have conducted systematic research on the temperature-load coupling effect of asphalt pavement, but they have mainly focused on ordinary asphalt pavements or steel bridge deck pavements. Huang et al. (2009) analyzed the variation of rutting under the vehicle dynamic loads based on a asphalt pavement structure model that considers temperature field changes. Swarna et al. (2018) analyzed the vertical deformation under the coupling effect of temperature and vehicle load, providing a theoretical basis for pavement design. Jiang et al. (2018) conducted repeated loading tests to simulate actual traffic loads and established the load-temperature master curve for asphalt mixture. They studied the effects of temperature and confining pressure on the permanent strain of the asphalt mixture. Zhang (2019) analyzed the mechanical response of steel bridge deck pavement under the combined effect of temperature and dynamic load under the most unfavorable load position. In addition, some scholars have analyzed the influence of the non-uniform temperature field of orthotropic steel bridge deck during the paving process on the pavement layer (Liu et al., 2016; Liu et al., 2019; Fan et al., 2021). However, there are few research on the temperature-load coupling effect in the SCCB bridge deck pavement.
Due to the influence of the supporting structure and bridge deck type, the mechanical response of the pavement layer of SCCB bridges is different from that of steel bridges, concrete bridges, and ordinary asphalt pavements. For SCCB bridges, the difference in stiffness between steel and concrete leads to a more complex stress distribution under vehicle loads. At the same time, steel and concrete belong to different thermal conductive materials, and they exhibit different deformations under the influence of solar radiation and sudden changes in external temperature. All these factors contribute to a more complex mechanical response of SCCB bridge deck pavement under the coupling effect of temperature and load. In recent years, many researchers have evaluated the mechanical response of SCCB bridge, mainly including the flexural behavior (Cheng et al., 2021; He et al., 2021), shear behavior (Kong et al., 2021), and temperature gradient effect of SCCB (Wang et al., 2021), or analyzed the properties of the concrete layer in SCCB (Zhang et al., 2021). However, existing research has relatively little consideration for the mechanical response of SCCB bridge deck pavement.
Therefore, to clarify the permanent deformation behavior of SCCB bridge deck pavement under temperature-load coupling effect and provide references for the distress cause analysis, the whole bridge analysis was firstly conducted to identify the most unfavorable beam segment based on a SCCB bridge located in Yunnan Province, China. Additionally, the most unfavorable conditions of annual temperature difference were selected, and the temperature field model for the SCCB bridge deck pavement was established. Besides, considering the influence of temperature effects, a comparative analysis was conducted on five typical pavement structures to analyze the temperature stress in the bridge deck pavement under periodic temperature variations. Finally, based on the pavement temperature field and the daily variation pattern of traffic volume, the influence of temperature-load coupling on the development of permanent deformation in SCCB bridge deck pavement was examined.
2 MECHANICAL ANALYSIS OF WHOLE BRIDGE
2.1 Whole bridge model
The whole suspension bridge model was established to analyze the most unfavorable beam segment by using Midas software. The bridge is a single-span cable-stayed suspension bridge with a single tower, and the approach bridge consists of 2 m × (3 × 41.5) m of pre-stressed concrete continuous box girder bridges. The total length of the entire bridge is 1,020 m. The main bridge is a steel truss suspension bridge, and the steel truss is composed of the main truss, main cross truss, and upper and lower chord members. The main truss has a height of 6 m, a width of 27 m, and a standard segment length of 11.5 m.
In the modeling process, the stiffening girder and main tower were simulated using beam elements, while the main cables and suspenders were simulated using tension-only elements. The segment length of the main beam is 11.5 m, the segment length of approach bridge is 41.5 m, and the height of the main tower is set at 93.5 m. The whole bridge model is shown in Figure 1, and the material parameters are listed in Table 1. In the whole bridge analysis, the vehicle load was taken from the “General Specifications for Design of Highway Bridges and Culverts (JTG D60-2015)” (MOT, 2015), specifically the vehicle load for Highway Class-I. The loading method is applied as the influence line loading.
[image: Figure 1]FIGURE 1 | The whole bridge model.
TABLE 1 | The component materials and their section feature value.
[image: Table 1]2.2 Mechanical response and analysis
The vertical bending moment envelope diagram of the whole bridge is shown in Figure 2. The maximum vertical bending moment was 5.6 × 105 kN·m, located near the mid-span of the main span, while the minimum vertical bending moment was −6.5 × 105 kN·m, located on the right side of the main girder. It can be determined that the most unfavorable beam segment was located near the mid-span of the main span and on the right side of the main girder. Therefore, the right side of the main girder was selected as the most unfavorable beam segment for the analysis of temperature stress and temperature-load coupling.
[image: Figure 2]FIGURE 2 | Vertical bending moment envelope of whole bridge.
3 TEMPERATURE EFFECT ANALYSIS
3.1 Temperature condition
A periodic temperature curve was fitted by annual temperature in a specific region in Yunnan Province in China. The average lowest temperature during the cold season was chosen as the simulated lowest temperature, and the average highest temperature during the hot season was chosen as the simulated highest temperature, which were fitted as a temperature cycle in a day, as displayed in Figure 3.
[image: Figure 3]FIGURE 3 | Variation curve of external temperature in 1 day.
3.2 Local beam segment model
The local beam segment model was established using solid elements in ABAQUS finite element software, the pavement layer and bridge deck were discretized using solid linear reduced integral elements C3D8R. In the meshing model, the denser mesh was partitioned for the bridge deck pavement and load position, with an element size of 5 mm, while the element size of other components was set as 10 mm. The bridge deck was made of C60 reinforced concrete with a thickness of 16 cm. Both the top and bottom layers were 4 cm thick asphalt concrete, as shown in Figure 4. Five commonly used bridge deck pavement structures were chosen to analyze the temperature distribution under periodic temperature change conditions, including “double-layer asphalt concrete (AC),” “double-layer stone mastic asphalt (SMA),” “AC + SMA,” “gussasphalt concrete (GA)+SMA,” and “epoxy asphalt (EA)+SMA.” The thermal parameters of pavement materials are listed in Table 2, and the thermodynamic constants of temperature field analysis are shown in Table 3.
[image: Figure 4]FIGURE 4 | Local beam segment model.
TABLE 2 | Thermal parameters of pavement materials (Jiang, 2021).
[image: Table 2]TABLE 3 | Thermodynamic constants of temperature field analysis (Jiang, 2021).
[image: Table 3]3.3 Temperature field analysis
The bridge deck pavement is fully attached to the concrete bridge deck and is subjected to both vehicle loads and the influence of external cyclic temperature variations. Due to the large temperature difference within a day in the region where the bridge is located, the bridge deck pavement exhibits complex stress characteristics. Therefore, the following basic assumptions were introduced when establishing the model:
(1) Each layer of the bridge deck pavement is uniform, continuous and isotropic.
(2) The interfacial contact condition between layers are completely continuous. In this case, the bonding layer was not specially treated, and its thickness was included in the asphalt concrete paving layer.
In order to facilitate calculations in temperature field analysis, the following assumptions were made in this study:
(1) The temperature and heat flow between the layers were assumed to be continuous.
(2) The heat was transferred one-dimensionally, downwards along with the traffic driving direction.
(3) Except for the given thermo-physical parameters, the other parameters were assumed to be constant.
(4) The temperature field of the bridge deck pavement structure varies cyclically on a daily basis.
(5) After several temperature cycles, the temperature field of the bridge deck pavement structure tended to change steadily and periodically.
The temperature of the bridge deck pavement structure versus time is displayed in Figure 5.
[image: Figure 5]FIGURE 5 | Temperature-time distribution of different pavement structures: (A) double-layer AC, (B) double-layer SMA, (C) AC + SMA, (D) GA + SMA, and (E) EA + SMA.
It can be observed that the temperature field variations of different pavement structures are generally consistent. Under the influence of periodic temperature variations in the external environment, the temperature of the bridge deck pavement also exhibited periodic changes, following the periodic temperature field variations in the external environment. And the temperature changed significantly, especially on the surface of the pavement. The “double-layer AC” exhibited the highest pavement surface temperature, reaching 42.16°C, while the “double-layer SMA” had a relatively lower maximum temperature of 39.40°C. The lowest pavement surface temperature followed the same pattern as the highest temperature. The “double-layer AC” had the lowest surface temperature, reaching −4.07°C, while the “double-layer SMA” had the highest minimum surface temperature, which is −3.10°C. The temperature difference on pavement surface of five pavement structures was around 45°C.
3.4 Temperature stress analysis
3.4.1 Assumptions and parameters
The thermoelastic layered system theory was adopted in this article. For the purpose of facilitating the analysis and calculations in temperature stress, the following basic assumptions were made in this article:
(1) Each structural layer satisfies the small deformation condition, ensuring the continuity of displacements between layers. Furthermore, there is no relative displacement between the bridge deck and the steel girder.
(2) The Poisson’s ratio of each structural layer remains constant, unaffected by temperature variations or load time. The shrinkage and expansion of the concrete bridge deck are not taken into account.
(3) In order to analyze the temperature stress in the bridge deck pavement under periodic temperature variations, unless otherwise specified, the analysis is conducted with reference to time t = 0. It is assumed that at t = 0, the temperature stress in the pavement is zero.
The material parameters are shown in Table 4.
TABLE 4 | Mechanical parameters and linear expansion coefficient of asphalt mixture (Ma et al., 2021).
[image: Table 4]3.4.2 Contact and boundary conditions
According to reference (Wang et al., 2009), it is stated that when the contact condition between pavement layers is completely smooth, the temperature stress in the pavement is minimal. Conversely, when the contact condition between pavement layers is completely continuous, the temperature stress in the pavement is maximized. Therefore, this study defined the contact relationship between asphalt pavement layers and between asphalt pavement layer and concrete bridge deck as fully bonded.
During the temperature stress analysis, it is necessary to utilize the boundary conditions of the most unfavorable beam segment obtained from the whole bridge analysis, as discussed in Section 2.2. The vertical bending moments obtained from the most unfavorable beam segment were applied as boundary conditions in the local beam segment model. The schematic diagram of the moment loading on the local beam segment is shown in Figure 6. Simultaneously, the horizontal displacement of the bridge deck pavement was constrained. Since the bridge deck are assembled on the steel girder, it was assumed that no relative displacement occurs between them. Therefore, the bottom surface of the bridge deck was defined as fully fixed.
[image: Figure 6]FIGURE 6 | The bending moment of the most unfavorable beam segment.
3.4.3 Temperature stress
When studying the daily variation pattern of temperature stress in the bridge deck pavement, the temperature fields of the pavement layer at different temporal points, obtained in the previous analysis, were imported into the finite element model as predefined fields. It was assumed that the initial temperature stress in the pavement at t = 0 was zero. The temperature stress results are presented in Figure 7.
[image: Figure 7]FIGURE 7 | Temperature stress-time distribution of different pavement structures: (A) double-layer AC, (B) double-layer SMA, (C) AC + SMA, (D) GA + SMA, and (E) EA + SMA.
It can be seen from the figure that for the pavement surface, the maximum tensile stress occurs at 5:30, when the pavement surface temperature is the lowest. Apart from the “double-layer AC” with a maximum tensile stress of 0.76 MPa, the maximum tensile stresses on the surfaces of the other four pavement structures are around 0.85 MPa. The “double-layer AC” exhibits the maximum compressive stress on its surface at 17:00, with a value of 0.39 MPa. On the other hand, the other four pavement structures have maximum compressive stresses around 0.87 MPa on their surface, occurring at 14:00. Based on this, it can be preliminarily inferred that the extreme values of temperature stress on the pavement surface are related to the upper layer material of the pavement. When the upper layer material is SMA, the extreme values of temperature stress on the pavement surface in the four pavement structures (“double-layer SMA,” “AC + SMA,” “GA + SMA,” and “EA + SMA”) occur at approximately the same time. This is because the upper layer of the pavement is directly influenced by solar radiation, and its temperature variation is more consistent with the external air temperature changes. Due to the fact that temperature stress is generated as a result of temperature variations within the pavement, the temperature stress variation pattern on the pavement surface is also consistent with the changes in external air temperature.
For the bottom of the upper layer, the maximum tensile stress all occurs at 6:00. The maximum tensile stress between the upper-lower layers of “double-layer AC” is 0.86 MPa, while that of the other four pavement structures are around 0.98 MPa. The maximum compressive stresses occur around 15:00. Except for “double-layer AC” which has a value of 0.35 MPa, the maximum compressive stresses of other pavement structures are around 0.77 MPa.
For the bottom of the pavement, the maximum tensile stress of all five pavement structures occurs at 6:30. Except for “GA + SMA,” which has the maximum compressive stress at 13:00, the other four pavement structures have the maximum compressive stress at 16:00 on the bottom of the pavement. The maximum tensile stress at the bottom of the pavement in “double-layer AC,” “AC + SMA,” and “GA + SMA” is around 0.6 MPa, which has a big difference with that of “double-layer SMA” and “EA + SMA.” This is because the elastic modulus of AC and GA is small at high temperature, and the temperature stress generated is relatively small under the condition of the same temperature. Except for “GA + SMA,” where the maximum compressive stress occurs at 13:00, the maximum compressive stress at the bottom of the other four pavement structures occurs at 16:00. At the same time, “GA + SMA” has the lowest maximum compressive stress at the bottom, which is 0.12 MPa, while “double-layer SMA” has the highest maximum compressive stress at the bottom, which is 0.59 MPa.
In summary, the temperature stress in the bridge deck pavement is primarily tensile stress at night and compressive stress during the day. From 0:00 to 6:00, as the ambient temperature gradually decreases, the asphalt concrete shrinks when it gets colder, causing the tensile stress to continuously increase. From 6:00 to 14:00, especially between 6:00 and 10:30, the temperature of the bridge deck pavement rapidly increases under the influence of solar radiation. The asphalt concrete heats up and undergoes thermal expansion deformation, causing the internal temperature stress to shift from a state of tension to compression.
4 THE PERMANENT DEFORMATION OF PAVEMENT UNDER TEMPERATURE-LOAD COUPLING
4.1 Load condition
4.1.1 Load form
According to the “General Specifications for Design of Highway Bridges and Culverts” (JTG D60-2015), the single side of a dual-wheel rear axle with a vehicle load of 140 kN for Highway Class-I was taken, the load distribution was double-wheel rectangular uniform load. The rectangle load size was 0.25 m × 0.20 m, the distance between two vehicle tire centers was 0.30 m, and the tire contact pressure was 0.7 MPa, as shown in Figure 8.
[image: Figure 8]FIGURE 8 | Diagram of double-wheel rectangular uniform load.
4.1.2 Cumulative load time
The method of cumulative load time was employed in this study to transform the dynamic load into static load for the purpose of analyzing permanent deformation (Faruk et al., 2016). The load times are converted into cumulative load time according to Eq. 1.
[image: image]
Where, t is the action time of wheel load; N is the load application times; P is the axle load of the vehicle; [image: image] is the number of wheels of the shaft; p is tire grounding pressure; B is the tire grounding width; and V is the vehicle driving speed, km/h.
According to Eq. 1, it can be determined that when the vehicle speed is 80 km/h, the one action time of axle load is 0.00804 s, and the cumulative load time for 500,000 axle loads is 4,020 s.
4.1.3 Daily distribution of traffic volume
Based on the daily distribution of traffic volume and the cumulative load time mentioned above, it is possible to approximate the segmented cumulative time of load effects for each hour within a day by considering the distribution of traffic volume during different time periods, as shown in Table 5.
TABLE 5 | Cumulative load time in different periods of a day.
[image: Table 5]4.2 Material parameters
The creep parameters of asphalt mixture are presented in Table 6. Due to the excellent high-temperature performance of epoxy asphalt mixture, the rutting distress is rarely occurred. Additionally, considering the temperature conditions in this study, the internal temperature of the epoxy asphalt may not exceed 30°C. Therefore, it is assumed that the creep effect of the epoxy asphalt mixture is negligible.
TABLE 6 | Creep parameters of asphalt mixture (Wang, 2012; Ma et al., 2021).
[image: Table 6]4.3 Permanent deformation analysis
4.3.1 Model verification
To verify the rationality of the model, the rutting depth, which is highly sensitive to temperature and load, was chosen as the index in this section. A two-way four-lane SCCB suspension bridge was evaluated in this section which was comprised of 35 mm AC in the lower layer and 35 mm SMA in the upper layer. The rutting depth of two upstream lanes, Lane 1 and Lane 2, were detected after the bridge had been used for 15 months, as presented in Figure 9. The findings are displayed in Figure 10.
[image: Figure 9]FIGURE 9 | Rutting depth detection on the bridge deck pavement.
[image: Figure 10]FIGURE 10 | The detecting results of rutting depth on the bridge deck pavement.
The rutting depth under 500,000 axle loads was calculated to be about 2.75 mm. Compared with the measured average rutting depth of Lane 1 (2.86 mm) and Lane 2 (2.80 mm), the absolute error was only 3.85% and 1.79%, respectively. Evidently, the validation of the model was verified and demonstrated by the marginal error of less than 5%.
4.3.2 Pavement structures condition
The creep strain cloud diagram and the permanent deformation at wheel track of the five bridge deck pavement structures under a ground contact pressure of 0.7 MPa are displayed in Figure 11. The horizontal axis 0 represents the position of the load center.
[image: Figure 11]FIGURE 11 | Creep strain and permanent deformation at wheel track of different pavement structures: (A) double-layer AC, (B) double-layer SMA, (C) AC + SMA, (D) GA + SMA, and (E) EA + SMA.
It can be obtained from the figure that “double-layer AC” exhibits relatively significant permanent deformation, with the deformation primarily occurring in the upper layer. Compared to “double-layer AC,” “double-layer SMA” exhibits relatively smaller subsidence deformation and heave deformation, indicating better resistance to rutting distress. The deformation results obtained from “AC + SMA” and “double-layer SMA” exhibit similar variations, which mainly occurs at upper SMA layer. The permanent deformation of “GA + SMA” is different from the above three pavement structures. The heave deformation of the upper layer primarily occurs at the center of the wheel track. Compared to “double-layer SMA,” the heave deformation gradually increases from the center of the wheel track towards the sides, but the increment is relatively small, exhibiting a concave-shaped distribution. Besides, the permanent deformation of the lower layer is mainly subsidence deformation at the wheel track, with minimal occurrence of heave deformation. In addition, the deformation is reduced by approximately 30% compared to “double-layer SMA.” The permanent deformation of “EA + SMA” is the smallest among the five pavement structures, which is attributed to the rutting resistance performance of epoxy asphalt concrete.
4.3.3 Periodic temperature change condition
In this section, the load time is divided into 24 analysis steps, with each step representing 1 h of a day. The objective is to analyze the variation patterns of permanent deformation in the SCCB bridge deck pavement for each hour of a day. Taking “double-layer SMA” as an example, the permanent deformation at wheel track versus time is shown in Figure 12. It can be observed that, except for the initial load stage from 0:00 to 1:00, the heave deformation between the wheel track is concentrated during the high-temperature period from 10:00 to 18:00. During this time, there is a higher frequency of vehicle load, and the effects of solar radiation are evident. Therefore, the period from 10:00 to 18:00 is the main period during which heave deformation occurs in the pavement layer, accounting for approximately 90% of the total deformation. The heave deformation in the remaining periods is relatively small, and the deformation curve exhibits a roughly inclined “S” shape distribution. The maximum value of subsidence deformation in SCCB bridge deck pavement is slightly smaller than that of heave deformation. In addition to the initial load stage from 0:00 to 1:00, the bridge deck pavement experiences a slight rebound in subsidence deformation during the time periods of 1:00 to 5:00 and 19:00 to 23:00. However, the magnitude of the rebound is relatively small. This is because these time periods correspond to the cooling phase, during which asphalt concrete exhibits shrinkage rebound due to its viscoelastic behavior. The period from 10:00 to 16:00, which corresponds to the heating phase, is the main stage for subsidence deformation in the pavement, accounting for approximately 70% of the total deformation. Additionally, the maximum subsidence deformation occurs during the 12:00 to 13:00 period. In conclusion, whether it is heave deformation or subsidence deformation, the maximum deformation occurs during high-temperature periods. This is because asphalt mixtures have poor stability in high-temperature conditions and are prone to shear deformation. Additionally, traffic volume is mainly distributed during high-temperature periods. Under the combined influence of these factors, significant permanent deformation occurs.
[image: Figure 12]FIGURE 12 | Permanent deformation at wheel track versus time of double-layer SMA: (A) heave deformation, and (B) subsidence deformation.
4.3.4 Heavy load condition
Due to the fact that SCCB bridges are often located in traffic throat and suffered severe heavy load condition, it is necessary to investigate the permanent deformation of bridge deck pavement under heavy load conditions in order to ensure their long-term use. Two different ground contact pressures, 0.9 and 1.1 MPa (Wang, 2014), were selected for analysis, and the results were compared with the results of 0.7 MPa mentioned above. This section will focus only on the comparison between “double-layer SMA” and “EA + SMA.” Additionally, variations in ground contact pressure due to different load levels and changes in load application shape will not be considered. The load conditions under different ground contact pressure are shown in Table 7.
TABLE 7 | Load conditions under different ground contact pressure.
[image: Table 7]The permanent deformation of SCCB bridge deck pavement after 500,000 load applications under different ground contact pressure is shown in Figure 13. The permanent deformation of the pavement increases with the increase of ground contact pressure. And the permanent deformation at wheel track follows a similar lateral distribution pattern as under non-heavy load conditions. For “double-layer SMA,” when the ground contact pressure is 0.9 MPa, the heave deformation increases by 11.86% and the subsidence deformation increases by 15.12% compared to the results of 0.7 MPa. Besides, when the ground contact pressure is 1.1 MPa, the heave deformation increases by 19.62% and the subsidence deformation increases by 25.00%. For “EA + SMA,” when the ground contact pressure is 0.9 MPa, the heave deformation increases by 11.56% and the subsidence deformation increases by 15.71%; when the ground contact pressure is 1.1 MPa, the heave deformation increases by 19.20% and the subsidence deformation increases by 26.00%. As the ground contact pressure increases, the increment in permanent deformation becomes relatively smaller. This is because the development of rutting distress forms a compacted and squeezed structure between the aggregates in the asphalt mixture, which hinders further rutting formation.
[image: Figure 13]FIGURE 13 | Permanent deformation under different ground contact pressure: (A) double-layer SMA, and (B) EA + SMA.
5 SUMMARY AND CONCLUSION

(1) The temperature field of the SCCB bridge deck pavement exhibits significant periodic variations with the changes in external temperature, with the temperature of the pavement surface showing the largest fluctuations. Under the temperature conditions simulated in this study, the temperature range of the pavement structure is between −5°C and 45°C, and the temperature field differences among the five pavement structures are relatively small.
(2) Under the periodic temperature variation conditions considered in this study, the temperature stress in SCCB bridge deck pavement exhibits periodic variations. The temperature stress is primarily tensile stress during the low-temperature periods, while it is compressive stress during the high-temperature periods.
(3) After 500,000 times of standard axle load, the permanent deformation of “double-layer AC” and “double-layer SMA” are similar, which is around 0.30 mm, and the permanent deformation of “AC + SMA” and “GA + SMA” are around 0.22 mm. The permanent deformation of “EA + SMA” is the smallest, which is 0.17 mm, indicating that “EA + SMA” has the best rutting resistance. Therefore, in areas with severe rutting distresses, it is recommended to use “EA + SMA” pavement structure in SCCB bridge.
(4) The permanent deformation of the SCCB bridge deck pavement increases rapidly during high-temperature periods, while it remains relatively small during low-temperature periods, influenced by the external temperature and traffic volume distribution. The daily deformation curve exhibits a roughly inclined “S” shape distribution.
(5) Heavy load conditions have a great influence on the permanent deformation of SCCB bridge deck pavement. Under the same temperature conditions and cumulative load time, the permanent deformation increases with the increase of ground contact pressure. Moreover, the lateral distribution pattern of permanent deformation at the wheel track remains relatively consistent. Thus, efforts should be made to avoid overload and heavy load conditions as much as possible.
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