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As the highest altitude and the longest plateau railway line, the Qinghai–Tibet railway passes through a large area of continuous permafrost. As the key position of the combination of roadbed and bridge, the stability and strength of the bridge approach directly affect the smoothness of the whole line. Through an indoor model test, the distribution pattern of space temperature field and the change law of temperature measuring points in the bridge approach of gravel sandwich are studied. With the increase in the depth from the subgrade surface, the influence of the temperature change in the upper atmosphere decreases gradually at the 2.5-m platform back of the subgrade center section, resulting in an obvious lag in the subgrade. By comparing the temperature measurement data of different bridge approaches of the gravel interlayer road bridge and the bridge approach of the U-shaped block gravel road bridge, it is shown that the U-shaped structure not only has a better overall cooling effect, but also the cooling effect gradually increases with the increase in the distance from the abutment back. The influence range of the road–bridge transition section on the spatial temperature field is approximately 14 m in the back of the abutment, and the influence range at 7.5 m is the most severe. The research results have important practical significance and engineering application value for the operation and maintenance of the Qinghai–Tibet railway.
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1 INTRODUCTION
Frozen soil usually refers to a layer that consists of all types of rock and soil bound together by ice and has a temperature at or below 0°C (Xu et al., 2001). Frozen soil can be divided into permafrost, seasonal frozen soil, and perennial frozen soil, according to different freezing duration. Instantaneous frozen soil refers to the frozen soil that lasts only a few hours to several days in winter, and its freezing depth is several centimeters to several millimeters. Seasonal frozen soil usually refers to the frozen soil at a certain depth under the surface affected by seasonal changes and periodic freeze–thaw cycles of soil. Permafrost refers to any ground that is completely frozen for 2 years, and only a certain depth under the surface is affected by seasonal freeze–thaw cycles. China’s permafrost regions are mostly distributed in the Greater Khingan Mountains and the Qinghai–Tibet Plateau, accounting for 22.3% of the land area. The Qinghai–Tibet Plateau is a vast area with low annual average temperature due to the influence of latitude and altitude. It is the highest and largest plateau permafrost region in the world (Zhou and Guo, 2000). As the connecting section of roadbed and bridge, the thermal stability of the bridge approach in the permafrost region affects the safety and stability of the whole line (Jensen and Traeger, 2014; Glenis et al., 2015; Haeberli et al., 2017; Hu et al., 2017; Haasnoot et al., 2018). The temperature field in the frozen soil region is the focus of current research (Mu, 2012; Li et al., 2015; Liu et al., 2017; Liu et al., 2019; Luo et al., 2019; Mao et al., 2019). The direct manifestation of the disease in the bridge approach is the problem of bump at bridgehead. In order to reduce the impact of bridgehead bump on transportation, it is necessary to continuously deal with the subsidence and other problems in the bridgehead bump area in time, which not only costs a lot of manpower, material, and financial resources but also causes other problems at the bridgehead after the repair treatment is completed.
At present, targeted research has been carried out on the subgrade of high-speed railway in cold regions and the subgrade of bridge approach (Shi et al., 2014; Niu et al., 2016; Cao, 2017; Tai et al., 2017; Li et al., 2018; Wu et al., 2022) (Eq. 7). Zhou et al. (2004) studied the pre-cooling subgrade through numerical analysis and concluded that the pre-cooling subgrade can effectively raise the upper limit of natural permafrost and weaken the formation of a melting disk. Wang and Wu (2017) combined the geological characteristics of the frozen soil area to comprehensively analyze the bridge approach. They found that the frozen soil continuously melted due to the hydrothermal erosion of the surface water and the groundwater in the upper thawed layer, and the settlement disease became more serious. Pan (2017) (Eqs 1–6) and Wu and Pan (2018) referred to the treatment method of the bridge approach in the general area, replaced the top of subgrade with a single-particle-size gravel layer, and analyzes the temperature field, water field, and displacement field of the new bridge approach through indoor comparative test and numerical simulation. Niu et al. (2011a) selected the bridge approach of 164 bridges from Xidatan to Chiqu Valley along the Qinghai–Tibet railway as the research sample. The investigation and analysis found that the total average settlement of the bridge approach was 7.0 cm, and the subgrade settlement was related to the bridge direction, subgrade height, frozen soil type and water content, ground temperature, geological conditions, and other factors. Lu (2016) analyzed the influence of groundwater on the differential settlement of the bridge approach and concluded that the ponding at the foot of the slope and the water under the layer have great influence on the settlement. Chen (2018) proposed a new improvement scheme based on the existing treatment measures, such as waterproof and drainage, ballast layer treatment, and other measures, and verified the feasibility and long-term effect of the improvement scheme by numerical simulation. Shen et al. (2018) and Zhang et al. (2016) tested the bridge approach of Ha-Qi and Ha-Da high railway lines and obtained the frost heave and settlement deformation characteristics of the bridge approach. Niu et al. (2011b) analyzed the settlement of the bridge approach of the Qinghai–Tibet railway and its influencing factors. Zhai and True (1999) showed that the longitudinal stiffness of the transition section will significantly affect the running quality of the train. Sun et al. (2013) used the finite element method to analyze the influence of different lengths of the bridge approach on the displacement and stress of the subgrade surface.
However, there are few studies investigating the spatial temperature field of a road–bridge transition section. In this experiment, the spatial temperature field distribution characteristics of different forms of the road–bridge transition section are studied using a model test design, and the spatial temperature field distribution and causes of the road–bridge transition section in the permafrost region are analyzed, which provides reference for the subsequent design and construction of the road–bridge transition section.
2 MODEL TEST PROTOTYPE CHARACTERISTICS AND SIMILARITY MODELING
2.1 Structural characteristics of the test prototype
The site of the model test is located in the Chumar River Plain in China. The annual average temperature is −4°C, which is a permafrost development zone. The thickness of permafrost is approximately 40 m, and the ground temperature is maintained at 0.0°C to −1.0°C all the year round, which is a very unstable section of high-temperature permafrost.
The length of the transition section is 14 m, the inverted trapezoidal slope is 1: 2, the width of the top surface of the roadbed is 8.4 m, and the overall height of the roadbed is 6 m. Because the ground temperature of the natural frozen soil is greatly affected by construction, in order to minimize the influence of ground temperature, only simple treatment is carried out at the natural surface, and then the roadbed and transition section are constructed.
2.2 Analog modeling
Based on the similarity theory, the factors affecting the distribution of the temperature field in the transition section of road and bridge in permafrost regions are first determined, and the parameter modeling design is carried out through the criterion analysis (Jing et al., 2020; Wu et al., 2020). The main factors affecting the temperature field distribution of the bridge approach are geometric size [image: image], time [image: image], temperature [image: image], surface temperature [image: image], soil temperature [image: image], atmospheric temperature [image: image], heat transfer coefficient [image: image], temperature diffusivity [image: image], thermal conductivity [image: image] ([image: image] = [image: image]/(ρ•c), with density ρ and specific heat capacity c), specific heat capacity [image: image], upper limit of frozen soil [image: image], and latent heat of soil [image: image].
According to the similarity theory, the relationship between the temperature field of the bridge approach and its main influencing factors is as follows:
[image: image]
According to the dimensional analysis of the similarity theory, the similarity criterion of the temperature field of the road–bridge transition section in the permafrost region is
[image: image]
Therefore, the criterion equation can be expressed as
[image: image]
According to the above equations and criteria, the model test is designed. The proportional relationship and conversion coefficient between the physical quantities of the model test should be determined.
(1) Geometric scaling
According to the test accuracy requirements and test conditions, the test geometry scale is initially selected as [image: image]. Prototype and model dimensions are shown in Table 1.
(2) Model test material selection
TABLE 1 | Parameter design table of the model test.
[image: Table 1]The foundation soil and subgrade soil are remolded silty clay in Xuzhou, China. The transition section is filled with coarse-grained soil, and the abutment of the bridge transition section is prefabricated. Therefore, the similarity constant of [image: image], [image: image], [image: image], [image: image], and [image: image] is 1.
(3) Temperature scaling
According to the Kosovitch criterion,
[image: image]
[image: image]
[image: image]
where [image: image] represents the latent heat ratio constant (latent heat shrinkage ratio), [image: image] represents the volume-specific heat shrinkage ratio, and [image: image] represents temperature scaling.
Since the test material is soil, that is [image: image], the temperature at a certain position in the model test corresponds to the temperature at that position in the actual project after geometric scaling.
(4) Time scaling
Fourier criterion can be expressed as
[image: image]
where [image: image], [image: image], and [image: image] = [image: image] =625, which implies that the model test day is equivalent to the actual 625 days.
3 MODEL TEST DESIGN
3.1 Test bench design
The model test chamber is surrounded by the adiabatic boundary, and thermal insulation cotton with 5 cm thickness and special polyethylene adhesive as binder is used for thermal insulation treatment (Ma et al., 2022a; Ma et al., 2022b; Shi et al., 2023a; Shi et al., 2023b; Zheng et al., 2024). In order to alleviate the deformation caused by the lateral earth pressure inside the model test box, the model is processed by three layers of 1-cm-thick wooden template, 1-cm-thick wooden template, and Q235 steel from the inside to the outside. In order to ensure the external stiffness of the model box after filling, four steel sections are welded horizontally with the external wooden template. In order to ensure the external stiffness of the model box after filling, four sections of steel are welded horizontally with the external wood formwork. The internal size of the model box is 2,200 mm × 2000 mm × 600 mm. The model box is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Model box physical diagram.
3.2 Temperature control system and refrigeration system
Refrigeration and temperature control equipment with a precision low-temperature thermostatic circulation tank is shown in Figure 2. This setup permits precise temperature control over the entire measuring range and maintains an optimum constant temperature with fluctuations of ±0.02°C using alcohol as an internal refrigerant. The bottom constant temperature plate adopts iron material, and there are upper and lower parts that consist of two whole plates. The refrigeration and constant temperature effects are achieved by a circulating cold liquid, as shown in Figure 3. The atmospheric temperature of the simulated model test in the walk-in refrigeration laboratory is shown in Figure 4. The internal refrigeration system and temperature control system of the walk-in refrigeration laboratory are integrated, and the system automatically controls the temperature. The low-temperature range is −20°C to 10°C, the temperature control deviation is ±0.5°C, and the temperature accuracy is 0.1°C.
[image: Figure 2]FIGURE 2 | Precision low-temperature thermostatic circulation tank.
[image: Figure 3]FIGURE 3 | Thermostatic plate.
[image: Figure 4]FIGURE 4 | Temperature control and refrigeration system.
3.3 Measurement system design
The spatial temperature field distribution of the bridge approach in the permafrost region is the focus of the current research. The temperature probe adopts the temperature sensor, and the data acquisition instrument adopts the multi-channel temperature data acquisition instrument developed by the State Key Laboratory of Deep Geotechnical Mechanics and Underground Engineering of China University of Mining and Technology, as shown in Figure 5. The diagram of the final test system is shown in Figure 6.
[image: Figure 5]FIGURE 5 | Data acquisition instrument physical map.
[image: Figure 6]FIGURE 6 | Diagram of the test system. (A) Gravel sandwich bridge approach. (B) U-shaped block gravel bridge approach.
4 TEST STEPS AND TEST PLAN
The physical and mechanical parameters such as soil particle gradation, maximum dry density, and liquid and plastic limits were measured before the model test. The soil used in the test is fine-grained soil, that is, soil particles with a particle size of less than 2 mm. The compaction test adopts the test method to simulate the compaction conditions of the construction site and the hammering method to increase the soil density, improve the strength, and reduce the settlement.
4.1 Procedure of the test
The test process is carried out through the preparation of the test soil, the prefabrication of the test abutment, the installation and test of the bottom constant temperature system, the embedding and positioning of the foundation sensor, the layered filling of the foundation soil and the embedding of the sensor, the positioning and installation of the abutment position, the laying of the gravel cushion of the road foundation, the layered filling of the roadbed soil and the embedding of the sensor, the filling of the roadbed soil, the installation of the bridge deck, the laying of the roadbed ballast and the fan, and the data acquisition, as shown in Figures 7–10.
[image: Figure 7]FIGURE 7 | Filling foundation soil. (A) Sensor embedding. (B) Foundation soil filling completed.
[image: Figure 8]FIGURE 8 | Abutment construction.
[image: Figure 9]FIGURE 9 | Laying roadbed gravel cushion
[image: Figure 10]FIGURE 10 | Laying roadbed gravel cushion. (A) Gravel sandwich bridge approach. (B) U-shaped block gravel bridge approach.
4.2 Test scheme
Taking into account the ground temperature of lower than 0°C of the permafrost area, the climatic characteristics of the Qingshuihe area along the Qinghai–Tibet railway, and the boundary layer temperature increment, the upper boundary air temperature adopts periodic temperature fluctuation function T:
[image: image]
where −4.0°C represents the average temperature and 841 min represents a cycle. The lower boundary is a constant temperature condition, the simulated permafrost ground temperature is −2.9°C, and the surrounding boundary is an adiabatic boundary.
5 TEST RESULT ANALYSIS
The gravel interlayer is a type of granular thermal insulation material used in civil engineering structure and has been applied in permafrost road engineering. Under the action of positive and negative temperatures, its thermal physical properties are not the same. Under the condition of positive temperature, its thermal conductivity is very small, and under the action of negative temperature, its thermal conductivity is very large. The test adopts the structural form of the gravel sandwich bridge approach (Figure 11) and U-shaped block gravel bridge approach (Figure 12). This structural form is often used in the foundation engineering of frozen soil foundation to reduce the heat introduced into the foundation in the warm season and increase the amount of cooling effect introduced into the foundation in the cold season. In the warm season, the air temperature on the surface of the gravel layer is higher than that in the pores of the gravel layer. Therefore, the external hot air cannot enter the voids. In the cold season, the air temperature in the pores of the gravel layer is higher than the atmospheric temperature, and the dense external cold air is easy to sink into the pores of the gravel layer and squeezes out the hot air in the pores. The test was carried out in three cycles, and the ground temperature in the three cycles were maintained between −2.9°C and −3°C, basically to meet the requirements of constant temperature foundation.
[image: Figure 11]FIGURE 11 | Gravel sandwich bridge approach diagram (① represents the transition section subgrade; ② represents the gravel interlayer).
[image: Figure 12]FIGURE 12 | U-shaped block gravel bridge approach diagram (① represents the transition section subgrade; ② represents the U-shaped block gravel).
5.1 Transition section top surface temperature
The temperature change curve of the temperature measuring point on the top surface of the transition section is shown in Figure 13. It can be seen from the figure that the temperature changes in the subgrade center and the slope shoulder at 2.5 m on the top of the transition section are basically the same, indicating that the response of the two to the change in atmospheric temperature is basically the same. The longitudinal temperature curve of the center of the subgrade shows that the changes in the temperature curve of the temperature measurement points greater than 2.5 m are the same, and the peak temperature of the third cycle is −8.8°C and 0.8°C. Comparing with other temperature measurement points, the temperature change in the contact area between the platform back and the subgrade has obvious hysteresis, and the peak points are between other measurement points. The peak temperature of the third cycle is −7.8°C and 0.1°C. At the cooling stage, the temperature at 0 m platform back is higher than that at other measuring points. At the heating stage, the temperature at 0 m platform back is lower than that at other measuring points. The reason may be that the measuring point is located between concrete, soil, and air. The smaller specific heat capacity and larger thermal conductivity of concrete affect the temperature change in the measuring point.
[image: Figure 13]FIGURE 13 | Top surface temperature curve of the transition section. (A) Platform back 2.5 m—cross direction. (B) Roadbed center—long direction.
5.2 The bottom of the gravel sandwich bridge approach temperature curve
The temperature change curve of the longitudinal temperature measurement point at the bottom of the transition section is shown in Figure 14. It can be seen from the diagram that with the increase in the test period, the measuring points at the bottom of the transition section change periodically in a simple harmonic wave form, and the total cooling capacity inside the soil gradually accumulates. Taking the 2.5-m platform back of the subgrade center section as an example, in the three test cycles, the high temperature decreased from −1.06°C to −3.0°C, and the low temperature decreased from −3.94°C to −5.25°C. With the increase in the distance from the platform back, the influence of atmospheric temperature change on the temperature measuring points of the subgrade center is smaller. Taking the temperature measurement point of the third cycle as an example, for the platform back at 0 m, 2.5 m, 7.5 m, 14 m, and 22.75 m, the high temperatures are −1.6°C, −2.4°C, −1.9°C, −1.7°C, and −1.7°C; the low temperatures are −6.1°C, −5.3°C, −4.1°C, −3.4°C, and −3.6°C; the temperatures decrease by 4.5°C, 2.9°C, 2.2°C, 1.7°C, and 1.9°C; and the change rates are 288.5%, 115.2% and 109.3%, 106.2%, 103.6%, and 110.6%, respectively. It can be seen that the change in atmospheric temperature has a great influence on the temperature of the subgrade near the bridgehead.
[image: Figure 14]FIGURE 14 | Longitudinal temperature curve of the subgrade center at the bottom of the transition section.
The temperature change curve of the transverse temperature measurement point at the bottom of the transition section is shown in Figure 15. The temperature measurement points at 2.5-m and 22.75-m platform back show similar variation rules. The slope toe is most affected by temperature changes, and the subgrade center and slope shoulder are relatively less affected by temperature changes. The temperature change in the slope shoulder and subgrade center is basically the same at 2.5 m of the abutment back, but there is a certain temperature difference at 22.75 m. It can be seen that the closer to the bridgehead, the less obvious the temperature difference between the subgrade center and slope shoulder, whereas the temperature of the subgrade center and slope shoulder of the subgrade cross section away from the platform back has certain difference. The reason for the analysis may be that with the increase in the distance from the platform back, the influence of the heat transfer in the direction of the bridgehead on the subgrade temperature field gradually weakens. The heat transfer mode gradually changes from three-dimensional heat transfer to two-dimensional heat transfer. The intensity of the influence of the heat transfer in the direction of the bridgehead on the subgrade temperature field near the platform back is much greater than that of the heat transfer in the direction of the top surface of the subgrade and the side surface of the subgrade, resulting in the same temperature change as the 2.5-m section of the platform back at the bottom of the transition section. From the above analysis, it can be concluded that the soil temperature field near the back of the abutment is greatly affected by the heat transfer at the bridgehead. The soil temperature field away from the back of the abutment is mainly affected by the heat transfer on the top and side of the subgrade. Due to the change in atmospheric temperature, there is a certain lag in the temperature of the subgrade center and slope shoulder compared with that of the slope toe.
[image: Figure 15]FIGURE 15 | Transverse temperature curve at the bottom of the transition section. (A) Platform back 2.5 m—cross direction. (B) Platform back 22.75 m—cross direction.
5.3 Temperature curve 3 m below the surface of the gravel sandwich bridge approach
The temperature change curve of each measuring point 3 m below the surface is shown in Figure 16. The temperature change in each measuring point on the central longitudinal section of the subgrade at 3 m below the surface shows the same temperature change law as the central longitudinal section of the subgrade at the bottom of the transition section. With the increase in the distance from the platform back, the temperature of the temperature measuring point in the center of the subgrade is less affected by the change in atmospheric temperature. During the first cycle of the test, the temperature is basically approximately 0°C at 7.5 m, 14 m, and 22.5 m on the abutment back of the longitudinal section of the subgrade center, the slope change is very small, and the temperature change is also very slow. However, it is not the same as the change law of the measuring points near the bridgehead. The reason may be that the soil far away from the bridgehead is less affected by the temperature change at the beginning of the test, and the phase change occurs in the soil. It can be seen from Figure 16B that the temperature changes in the subgrade center and the slope shoulder measuring points of the 2.5-m section of the platform back are consistent, indicating that the temperature change in the foundation near the platform back is still controlled by the heat transfer in the direction of the platform back.
[image: Figure 16]FIGURE 16 | Temperature variation curve of the 3-m stratum underground surface. (A) Roadbed center—long direction. (B) Platform back 2.5 m—cross direction.
5.4 Temperature curves at different depths under the central top of the gravel sandwich bridge approach subgrade
The temperature change curve at different depths in the center of the subgrade 2.5-m platform back is shown in Figure 17. With the increase in the depth, the response of the measuring point to the change in the upper atmospheric temperature decreases gradually. Taking the second cycle of the test as an example, the peak temperatures at 0 m below the top surface of the subgrade are 0.75°C and −8.19°C. At 3 m below the top surface of the subgrade, the peak temperatures are −0.81°C and −5.69°C. At 6 m below the top surface of the subgrade, the peak temperatures are −1.75°C and −4.13°C. At 9 m below the top of the subgrade, the temperature peak is not obvious, indicating that the depth is less affected by atmospheric temperature changes. With the increase in the measuring point depth, the hysteresis of measuring point temperature is more obvious.
[image: Figure 17]FIGURE 17 | Temperature variation curves at different depths under the subgrade center at 2.5 m from the platform back.
5.5 Comparative analysis of temperature curves at 6 m under the surface of the two-bridge approach
The temperature change time history curves of the second and third cycles of the gravel sandwich bridge approach and the U-shaped block gravel bridge approach and the temperature change comparison curve at 6 m below the center of the transition section are shown in Figure 18, which reflects the influence of periodic temperature on the temperature stability of the subgrade bottom. It can be seen from Figure 18 that compared with the U-shaped block gravel bridge approach, the temperature change curve at 2.5 m back of the platform is not significantly different. With the increase in the distance from the back of the platform, the cooling effect of the gravel sandwich bridge approach is gradually enhanced. The cooling effect of the platform back at 14 m and 22.75 m is basically the same. When the temperature is the highest in the third cycle, for the platform back at 2.5 m, 75 m, 14 m, and 22.75 m, the temperatures of the gravel sandwich bridge approach and the U-shaped block gravel bridge approach are −3.75°C, −3.5°C, −3.19°C, and −3.19°C and −4.44°C, −4.19°C, −3.94°C, and −3.94°C, respectively. The change rates are 18.4%, 19.7%, 23.5%, and 23.5%. The cooling effect is obvious. When the temperature of the third cycle is the lowest, the temperatures of the gravel sandwich bridge approach and the U-shaped block gravel bridge approach are −3.44°C, −2.56°C, −2.06°C, and −2.19°C and −3.45°C, −2.63°C, −2.44°C, and −2.50°C for the platform back at 2.5 m, 75 m, 14 m, and 22.75 m, respectively. The change rates are 0.3%, 2.7%, 18.4%, and 14.1%. This shows that although the cooling effect of the U-shaped block gravel bridge approach is better than that of the gravel sandwich bridge approach, the cooling effect is the best when the temperature is the highest. At the same time, it can also be concluded that the cooling effect increases with the increase in the distance from the platform back.
[image: Figure 18]FIGURE 18 | Temperature change curve of 6 m below the center of the top surface of the bridge approach. (A) Platform back 2.5 m. (B) Platform back 7.5 m. (C) Platform back 14 m. (D) Platform back 22.75 m.
6 CONCLUSION
Through the model test analysis of the indoor road–bridge transition section, a clear and comprehensive understanding of the spatial temperature field distribution law of the gravel interlayer road–bridge transition section can be obtained, and the following conclusions can be drawn:
(1) In the center of the subgrade 2.5-m platform back, with the increase in the depth, the influence of the upper atmospheric temperature change on the measuring point gradually decreases, and there is an obvious hysteresis.
(2) At the lowest temperature in the third cycle and in the end of the negative temperature in the third cycle, the temperature in the middle and upper parts of the transition section is the lowest, and the temperature at the bottom of the subgrade center is the highest. As the distance from the platform back increases, the overall temperature of the transition section gradually increases.
(3) The highest temperature in the third cycle and the change law in the end of the third cycle are basically the same, the temperature at the bottom of the subgrade center is the lowest, and the slope shoulder temperature is the highest. As the distance from the platform back increases, the overall temperature of the transition section gradually decreases.
(4) The longitudinal temperature field of the bridge–subgrade transition section is non-uniform. The influence range of the transition section on the temperature field is approximately 14 m in the back of the platform, and the influence range at 7.5 m is the most severe.
(5) From the test results, it can be concluded that the U-shaped structure not only has a good overall cooling effect, but also the cooling effect gradually increases with the increase in the distance from the platform back.
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