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To uncover the evolution pattern of the thermal state of high-speed railway subgrade in island permafrost region and to provide a basis for rational subgrade structure design, this study focuses on the island permafrost in the test section of the Riyuexia Station along the newly constructed Harbin-Yichun High-Speed Railway (HYHSR). Field ground temperature monitoring was conducted to gather data on the island permafrost’s temperature. Utilizing a fully coupled theory of permafrost water and heat that accounts for unsaturated soil seepage and heat conduction, a numerical calculation model for island permafrost subgrade was developed. This model systematically analyzes the impacts of varying excavation and replacement depths, subgrade widths, and heights on the temperature field of island permafrost. The findings indicate that: the region along the railway exhibits a significant warming and humidification trend, with the annual average temperature and precipitation growth rates in Tieli being 0.034 °C/year and 0.67 mm/year, respectively, and those in Yichun being 0.038 °C/year and 1.93 mm/year. The natural ground temperature of island permafrost is approximately −0.3 °C, classifying it as high-temperature and extremely unstable permafrost. A greater excavation and replacement depth accelerates the degradation rate of permafrost. An increase in subgrade width expands the lateral degradation range, while an increase in subgrade height delays the decline of the permafrost table. By the 30th year, the island permafrost beneath the subgrade filling areas under all working conditions has completely degraded, with the lateral degradation width of the island permafrost increasing with depth. Through model validation and comparison across multiple scenarios, the influence mechanism of subgrade structural parameters on the thermal stability of permafrost has been elucidated. The research outcomes offer theoretical foundations and technical support for subgrade design and disease prevention and control in high-speed railway construction within island permafrost region.
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1 INTRODUCTION
Frozen soil is a special type of soil characterized by temperatures below 0 °C and the presence of ice. Its properties are closely related to temperature. Based on the duration of its frozen state, frozen soil is classified into two categories: seasonal frozen soil and permafrost. Permafrost that remains frozen for two or more consecutive years. In China, the distribution area of permafrost accounts for approximately 21.5% of the country’s land area, primarily found in the mid-to-low latitude Qinghai-Tibet Plateau and the high-latitude regions of Northeast China, such as the Greater and Lesser Khingan Mountains (Yuanming et al., 2009; Chen et al., 2006; Tai et al., 2017). The Qinghai-Tibet Plateau is dominated by continuous permafrost, while the Northeast Greater and Lesser Khingan Mountains regions mainly feature island permafrost. Infrastructure constructed in permafrost region faces severe thaw settlement hazards due to rising ground temperatures and the downward movement of the permafrost table. Consequently, during the construction period of the Qinghai-Tibet Railway, a set of engineering technologies for permafrost subgrades was adopted, centered on the design philosophy of “active cooling, chilling the foundation, and protecting permafrost”. These technologies primarily included active cooling measures such as air-cooled subgrade (with rock layers), crushed rock revetments, and thermosyphons. Based on the operation and maintenance of transportation projects on the Qinghai-Tibet Plateau, numerous scholars have systematically analyzed these active cooling measures in the Qinghai-Tibet Railway and Highway, demonstrating that active cooling measures can maintain the thermal stability of the permafrost foundation beneath subgrade structures (Ma et al., 2002; Lai et al., 2003; Niu et al., 2008; Zhang et al., 2005; Wu et al., 2010; Li et al., 2008).
The Intergovernmental Panel on Climate Change (IPCC) Sixth Assessment Report indicates that global warming is projected to reach or exceed 1.5 °C within the next 20 years (by 2040) (Zhuo-Ni et al., 2022). As global temperatures gradually rise, permafrost degradation intensifies. The permafrost on the Qinghai-Tibet Plateau has been warming over the past decades, with the active layer thickening gradually. The permafrost table beneath the Qinghai-Tibet Railway subgrade has descended, particularly significantly in high-temperature permafrost (mean annual ground temperature > −0.6 °C) (Ma et al., 2013). This has led to diseases such as thaw settlement, cracking, and uneven settlement of the subgrade. Analyses of the relationship between permafrost changes and engineering serviceability have indicated that the permafrost engineering of the Qinghai-Tibet Railway can only adapt to a climate warming of 1 °C. For future warming of 1.5 °C, preemptive planning for reinforcement measures is necessary (Wu et al., 2021). Against the backdrop of accelerating climate change, the thermal state of island permafrost in high-temperature and highly unstable zones (−0.5 °C–0 °C) undergoes significant changes. Coupled with the shallow lower limit and thin layer of permafrost, its impact on engineering stability cannot be ignored.
Air-cooled subgrade (with rock layers/crushed rock) primarily utilize natural convection to cool the permafrost foundation, i.e., exploiting cold air convection for cooling in the cold season and blocking hot air in the warm season (Wang et al., 2020; Cheng et al., 2010; Liu et al., 2017; Niu et al., 2015). Thermosyphons remove heat from the permafrost by utilizing the temperature difference between the ambient air and the working fluid inside the device to drive phase change of the working fluid (Wu et al., 2018; Zhang, 2018). The aforementioned measures all rely on the natural environment for cooling and can only function during the cold season. Thermosyphons, currently one of the most effective measures for permafrost protection, are widely used in infrastructure projects on the Qinghai-Tibet Plateau and in Northeast China. Their working principle mainly involves the phase change of the working fluid (generally liquid ammonia) inside the thermosyphon. During the cold season when the outside air temperature is lower than the permafrost temperature, the evaporator section of the thermosyphon absorbs heat, causing the working fluid to change from liquid to gas, while the condenser section releases heat, causing the working fluid to change from gas to liquid. This cycle continuously extracts heat from the permafrost. Thermosyphons cease operation during the warm season. Zhu (2021), based on a thermosyphon subgrade test section on the Zhangling-Xilinji Highway in Heilongjiang Province, analyzed the changes in the temperature field of the thermosyphon subgrade and summarized the differences in the effectiveness of thermosyphons used in different regions. Li et al. (2006), relying on a field test site on the Yalin Railway Line, analyzed the variation process of the foundation temperature field through monitored ground temperature data of a thermosyphon subgrade and derived the effective influence radius of the thermosyphons. Sheng et al. (2006), Tian et al. (2013) conducted three-dimensional numerical calculations of the temperature field of the thermosyphon subgrade on the Qinghai-Tibet Railway, analyzing the impact of different service years and layout spacings of thermosyphons on the cooling effect of permafrost. Jiang et al. (2017) studied the temperature field changes of subgrade with vertically inserted, obliquely inserted, and L-shaped thermosyphons, comparing and analyzing the cooling effects of different installation configurations. Wang et al. (2021a) analyzed the impact of subgrade filling on the temperature field of the underlying permafrost. The thermal effect of subgrade filling causes the freezing front beneath the subgrade center to sag and distort. Filling in July maximally hinders heat output from the soil to the atmosphere, resulting in the maximum sagging distortion of the freezing front within the subgrade coverage range and the slowest recovery of the permafrost temperature field.
Regarding the roadbed in the high-latitude sporadic permafrost regions of Northeast China, Zhai (2024) conducted an experimental study on the deformation mechanism of highway subgrades in these areas. The stress generated by dynamic loads affects the hydrothermal state of the subgrade soil by altering its physical properties, thereby influencing the settlement deformation of the subgrade. Conversely, changes in the hydrothermal state of the subgrade soil further affect its settlement deformation. Zhao et al. (2023), through an investigation of highway distress in the sporadic permafrost regions of Northeast China, found that the construction of new highways can disrupt the original swamp wetland ecosystem, thereby affecting the thermal regime within the subgrade structure and the underlying permafrost. Furthermore, the abundant surface water in the road area environment leads to an increase in the moisture content of the subgrade soil, elevating the risk of subgrade and pavement distress. Water accumulation at the toe of the subgrade or surface runoff can easily cause softening of the subgrade toe or erosion of the slope. Fan (2019) found that within 5 years after roadbed construction, the natural ground and the roadbed’s temperature field reached a mutual equilibrium stage. After this period, the impact of external temperature rise on the soil temperature field began to manifest. The construction of the roadbed disrupted the uniformity of the original ground temperature field, causing the continuous permafrost in the foundation to gradually become sporadic permafrost.
In summary, current research on the thermal state evolution of subgrade and protective measures in permafrost region mainly focuses on the Qinghai-Tibet Highway and Railway. Relatively fewer studies have been conducted in the high-latitude island permafrost region of Northeast China, and there is a lack of research specifically on the long-term evolution patterns of the temperature field of high-speed railway subgrade in island permafrost region. The newly constructed HYHSR is the world’s first high-speed railway traversing a permafrost region. Data accumulation on ground temperatures in these high-latitude, high-temperature, highly unstable island permafrost region, and research on the impact of subgrade construction on island permafrost, are nearly lacking. To reveal the thermal state of high-speed railway subgrade in island permafrost region and to investigate the influence of subgrade construction on the evolution patterns of island permafrost, this paper utilizes measured ground temperature data from the natural site of the test section on the new HYHSR. It aims to reveal the thermal state of high-temperature island permafrost, establish a permafrost subgrade model based on hydrothermal coupling, and analyze the influence patterns of different subgrade heights, widths, and foundation excavation/replacement depths on the temperature field of island permafrost. The research findings are intended to provide technical reference for the structural design and construction of high-speed railway subgrade in island permafrost region.
2 PERMAFROST ENVIRONMENT AND DISTRIBUTION CHARACTERISTICS
2.1 Test site environment
The newly constructed HYHSR is situated in the northern central part of Heilongjiang Province. The line originates from Harbin in the south and terminates in Yichun City in the north. Running nearly north-south, the HYHSR spans approximately 300 km. The Tieli-Yichun section of the line traverses a 46 km stretch of island permafrost. The comprehensive test section for sporadic permafrost is approximately 300 m in length. The line runs nearly north-south, and the impact of the south and north slope effect on the subgrade temperature field is not considered. The site is situated within the Lesser Khingan Mountains forestry region, characterized by a high groundwater level and a distinct distribution of island permafrost. By analyzing the meteorological monitoring data from the Tieli and Yichun weather stations, the variation patterns of temperature and precipitation in the region in recent years can be understood. Figures 1, 2 show the trends of temperature and precipitation over time at the Tieli and Yichun weather stations from 1960 to 2023, respectively. The figures indicate that over the past 60 years, the temperature in the region has gradually increased, and the precipitation has progressively risen. The average annual temperature and precipitation change rates at the Tieli weather station are 0.034 °C/year and 0.67 mm/year, while those at the Yichun weather station are 0.038 °C/year and 1.93 mm/year, respectively. The experimental section area exhibits a significant warming and humidification trend in the environmental climate. The warming and humidification of the climate in the high-latitude regions of Northeast China are also accelerating the northward shift of the southern boundary of the sporadic permafrost zone and the reduction in permafrost thickness. Compared to the 1970s, the southern boundary of permafrost in Northeast China, as determined by the average temperature from 1991 to 2000, has shifted northward by approximately 100–150 km in the western and central sections, with the permafrost area reduced by about 10% (Cui, 2012).
[image: Graph (a) shows the annual average temperature from 1953 to 2023, with a trend line rising from 0 °C to 4 °C. The equation is y = 0.0345x - 66.647. Graph (b) depicts annual average precipitation over the same period, fluctuating around 600 mm to 1000 mm. The trend line equation is y = 0.658x - 664.744.]FIGURE 1 | Temperature and precipitation changes in Tieli from 1960 to 2023. (a) Variation trend of annual average temperature with time, (b) Variation trend of annual average precipitation with time.[image: Two graphs show climate trends from 1953 to 2023. (a) A line graph of annual average temperature in degrees Celsius with a positive trend line, equation \(y = 0.0379x - 74.105\). (b) A line graph of annual average precipitation in millimeters with a positive trend line, equation \(y = 1.927x - 3178.459\). Both graphs use black squares for data points.]FIGURE 2 | Temperature and precipitation changes in Yichun from 1960 to 2023. (a) Variation trend of annual average temperature with time, (b) Variation trend of annual average precipitation with time.2.2 Freeze-thaw index analysis
Figure 3 depicts the time-history curve of freeze-thaw index variations at the Tieli Meteorological Station. As shown in the figure, from 1958 to 2023, the melting index, freezing index, and the cumulative freeze-thaw index all exhibited a pronounced upward trend. This reflects the impact of global warming, where the annual net cold input of temperature gradually diminishes while heat increases, adversely affecting the thermal stability of permafrost. Over time, the annual freezing index has been gradually rising, potentially linked to global climate change. The temperature increase caused by global warming may shorten the freezing duration of permafrost, thereby elevating the freezing index. Such changes have far-reaching implications for permafrost. Firstly, the stability of permafrost may be compromised. Permafrost refers to soil that remains frozen for consecutive years, and its stability is crucial for the safety and stability of railway permafrost engineering. A decrease in the freezing index directly indicates insufficient accumulated cold temperatures during the cold season, weakening the permafrost’s resistance to thermal disturbances in the warm season. This leads to an increase in permafrost temperature and a thickening of the active layer. A reduction in the absolute value of the freezing index signifies a weakened thermal barrier necessary for maintaining permafrost. The cumulative freeze-thaw index rose continuously from 356 °C·d in 1958 °C to 1,126 °C·d in 2023, with a particularly notable increase over the past 60 years. This indicates a strengthening of the annual average surface net heat absorption. The growth in the cumulative melting index suggests a positive shift in the annual surface heat balance, resulting in greater heat absorption than dissipation in permafrost. Consequently, the future trend of thermal degradation in permafrost is evident. The design of permafrost engineering should focus on the effect of temperature rise.
[image: Line graph showing the freeze-thaw index from 1950 to 2030. Red squares represent the thawing index, blue squares indicate the freezing index, and black circles show the cumulative freeze-thaw index. All indices fluctuate, with thawing index mostly above 3000, freezing index below zero, and cumulative index around zero.]FIGURE 3 | Time history curve of freezing thawing index change of Tieli meteorological station.2.3 Variation law of ground temperature
High-precision temperature sensors (accuracy ±0.05 °C) were installed in boreholes in the natural ground of the test section, spaced at 0.5 m intervals. Monitoring occurred from January 2022 to December 2024. Figure 4 depicts the ground temperature variation in the natural site of the test section subgrade. Analysis was conducted on sections with significant ground temperature changes within a shallow 6 m range of the foundation. The graph demonstrates that, during the monitoring period, the ground temperature of island permafrost exhibited a pronounced warming trend. As time increased, the depth and scope of both cold and heat penetrating into the foundation gradually expanded, with the scope of heat being notably larger than that of cold. The heat absorbed by the foundation surpassed the input of cold, which is the primary cause of thermal degradation in island permafrost. In the first half of 2022, there was an unstable permafrost zone with temperatures below −0.5 °C within a 2–4 m range of the foundation. Due to continuous external heat intrusion, all permafrost below −0.5 °C in this area degraded. Over time, the −0.2 °C permafrost isotherm gradually shifted from an initial depth of 1.5 m to approximately a depth of 5 m, while the deep permafrost −0.2 °C isotherm began to rise in June 2024 and eventually approached connectivity. The area of permafrost between −0.5 °C and −0.2 °C gradually decreased, while the area between −0.2 °C and 0 °C gradually increased, and the 0 °C thaw depth line expanded year by year. The primary reason lies in the fact that the line of the test section passes through Lesser Khingan Mountains forest area. Before the construction, surface vegetation was cleared, leading to the exposure of peat soil on the surface. The peat soil layer is black high-organic humus soil, which increases the area for heat absorption and cold transmission. Since the local melting index exceeds the freezing index, the observed thermal degradation of the island permafrost showed an accelerated and irreversible trend in the short term. Surface vegetation significantly affects the thermal stability of the island permafrost.
[image: Contour plot showing temperature distribution over time and depth. The x-axis represents time from January 7, 2022, to December 22, 2024, and the y-axis shows depth up to 6 meters. Colors range from deep blue for cooler temperatures to dark red for warmer ones, with temperature values labeled on the plot.]FIGURE 4 | Temperature variation in the natural ground at the test subgrade.3 ESTABLISHMENT AND VALIDATION OF A HYDRO-THERMAL COUPLING MODEL FOR PERMAFROST
3.1 Hydro-thermal coupling theory
Water migration in permafrost is closely related to heat flow and temperature changes within it. Variations in water content at various points in frozen soil alter its thermophysical properties, while temperature changes can modify the physical and chemical properties of water in the soil, leading to changes in its fundamental parameters. During the water freezing process in permafrost, the instantaneous appearance of pore ice and the release of latent heat of phase change cause drastic changes in the basic physical parameters of water. Assuming that at any given instant, the thermal conductivity, diffusivity, and hydraulic conductivity in all directions are constant values, which are functions of unfrozen water content and volumetric ice content, independent of spatial location, and considering the isotropy of the soil (Bai et al., 2015; Xu and Xiaokang, 2023; Liu, 2024), the governing equations for the temperature field and moisture field in a permafrost subgrade can be derived.
3.1.1 Temperature field equation
In the process of heat transfer in frozen soil, the heat conduction equation (Bai et al., 2015) using latent heat of phase change as the heat source is:
ρCθ∂T∂t=λθ∇2T+LρI∂θI∂t(1)
In the formula: ρ is the soil density,kg/m3; θ is the volumetric moisture content, C(θ) is the soil heat capacity, J/(kg·°C); λ(θ) is the soil thermal conductivity, W/(m·°C); T is the soil temperature, °C; ∇ is the differential operator; L is the latent heat generated by the phase transition of water, L = 335 × 103 J/kg; ρI is the density of ice,kg/m3;θI is the volume fraction of void ice.
3.1.2 Water fractional field equation
The transport relationship of water in unsaturated soil is expressed using the Richards equation (Lu and Likos, 2012):
∂θu∂t+ρIρw ∂θI∂t=∇Dθuθu+kgθu(2)
Dθu=kθucθuI(3)
I=10−10θI(4)
θu=θs−θrS+θr(5)
In the formula: θu is the volume content of unfrozen water; ρw The density of water; kg  is the hydraulic conductivity in the direction of gravity,m/s,Dθu is the diffusion rate of unfrozen water; kθu is the permeability of unsaturated soil,m/s; cθu is the specific water capacity, 1/m;I is the impedance factor; S is the soil saturation.
3.1.3 Supplementary equation
The hydro-thermal coupling equation contains unknown variables such as soil temperature T, void ice content θI, and unfrozen water volume content θu. Therefore, a connection equation needs to be introduced to solve and establish the relationship between the three unknown variables. Based on experimental data, Xuezu et al. (2001) proposed an empirical relationship for the unfrozen water content in frozen soil:
ω0ωu=TTfB T<Tf(6)
In the equation, Tf is the freezing temperature of the soil (°C); ω0 is the initial water content of the soil (%); ωu is the unfrozen water content at a negative temperature T (%); and B is a constant related to soil type and salt content, which can be determined based on the unfrozen water test of a specific soil. When experimental data are unavailable, empirical values for B can be selected as follows: 0.61 for sandy soil, 0.47 for silt, and 0.56 for clay (Bai et al., 2015).
This paper draws on the approach of Li et al. (2024), Xu and Xiaokang (2023), which utilizes the ratio of pore ice volume to unfrozen water volume in frozen soil to solve the thermohydraulic coupled equation system. Herein, the concept of the “ice-water ratio” is introduced by rewriting Equation 6:
BI=θIθu=1.1TTfB−1.1 T<Tf0 T≥Tf(7)
In the formula, the ice-water ratio BI is a single value function of temperature.
To sum up, simultaneous Equations 1–7 can solve the coupled transport of water and heat in frozen soil. The reliability of this method has been demonstrated by Bowen Tai et al. (2017) in the simulation of permafrost roadbeds along the Gonghe–Yushu Expressway, validating the model’s applicability in numerically solving the temperature and moisture fields in unsaturated permafrost or seasonally frozen roadbeds”.
3.2 Numerical model establishment
The model mesh utilized triangular elements. Prior to calculations for all working conditions, Case 1 was selected to conduct a mesh sensitivity analysis. The mesh setup has following three sizes: (1) maximum and minimum element of 1.5 m and 0.2 m; (2) maximum and minimum element of 0.9 m and 0.01 m; (3) maximum and minimum element of 0.5 m and 0.005 m. The calculation times for simulating 30 years are 7 min, 16 min and 45 min, respectively. However, the temperature and moisture analysis results from the three mesh configurations showed a negligible variation. The time step was automatically set by the model, with smaller steps during the initial calculation phase and larger steps in subsequent stages. All working conditions in this study employed a triangular mesh with a maximum element size of 0.9 m, and the model mesh is illustrated in Figure 5.
[image: (a) Diagram of a subgrade model mesh showing a geometric grid representing a roadway structure. (b) Schematic of subgrade soil layers illustrating various compositions: peat soil, silty clay, sandy gravel, and granite. Labels indicate layers like the subgrade body, excavation and replacement, newly formed thawed layer, and low ice-content layers under the permafrost table and base.]FIGURE 5 | Permafrost subgrade model and soil layer information. (a) Subgrade model mesh, (b) Schematic of subgrade soil layers.According to the design of the subgrade engineering in the test section, finite element numerical software was used for secondary development and the subgrade model was established. The foundation is 90 m wide, 20 m deep, with a surface layer thickness of 0.7 m and a bottom layer thickness of 2.3 m. The foundation soil layers from top to bottom are peat soil, silty clay, fine round gravel soil, and granite. Table 1 shows 9 calculation conditions for subgrade design. Condition 1 is the actual subgrade structure of the test section of Riyuexia Station. Based on this, the effects of different subgrade heights, widths, and excavation depths on the temperature field of permafrost are calculated separately. The control variable method is used for specific analysis and calculation. Condition 1, Condition 2, and Condition 3 only involve changes in excavation depth, while other factors remain unchanged. Study the impact of changes in excavation and replacement depth. Condition 4, Condition 5, and Condition 6 only have changes in subgrade width, while other factors remain unchanged. Study the impact of subgrade width changes. Condition 7, Condition 8, and Condition 9 only have changes in subgrade height, while other factors remain unchanged. Study the impact of subgrade height changes.
TABLE 1 | Calculation conditions of permafrost subgrade for high-speed railway.	Working condition number	Subgrade height/m	Subgrade top width/m	Excavation and replacement depth/m
	1	8.6	14.2	3
	2	8.6	14.2	2
	3	8.6	14.2	1
	4	8.6	18.2	3
	5	8.6	11.2	3
	6	8.6	9.2	3
	7	10	14.2	3
	8	7	14.2	3
	9	5	14.2	3


The main calculation parameters of the subgrade model are shown in Table 2. Through dynamic testing of the thermal conductivity and specific heat capacity of permafrost at different depths drilled from the test section under variable temperature conditions ranging from −20 °C to 20 °C, it was found that the thermal conductivity in the negative temperature state is greater than that in the positive temperature state. When the sample temperature is in the negative temperature range and below −10 °C, the thermal conductivity remains essentially stable, reaching its maximum value during this stage, and the heat transfer efficiency is the highest. When the sample temperature falls within the positive temperature range, the thermal conductivity remains nearly constant, and it reaches its minimum value in this state. The thermal conductivity of peat soil at different moisture contents generally ranges from 0.47 to 1.46 W·m-1·K−1, that of silty clay ranges from 1.03 to 2.46 W·m-1·K−1, that of sandy gravel ranges from 0.78 to 2.77 W·m-1·K−1, and that of granite ranges from 0.99 to 1.85 W·m-1·K−1. To improve the stability and convergence of the computational model, the average values of the dynamic test results in the negative and positive temperature ranges of the soil samples were taken as the final thermal parameter inputs for simulation calculations. The same method was used to select data results for the frozen and thawed states of the soil samples. The specific testing procedures and results can be referred to in literature (Liu, 2024). Among them, the peat soil is primarily the seasonal active layer, the silty clay is ice-rich permafrost, the sandy gravel is ice-bearing permafrost, and the granite is ice-poor permafrost. The characteristics and naming conventions for the ice content in permafrost are referenced from literature (GB 50324, 2014).
TABLE 2 | Main parameters of subgrade model.	Soil layer	ρ/(kg·m-3)	Cf/(J·kg-1·K−1)	Cuf/(J·kg-1·K−1)	λf/(W·m-1·K−1)	λuf/(W·m-1·K−1)
	graded crushed stone	2 150	707	862	1.70	1.30
	Group A/B fill materials	1 850	1 356	1 402	1.37	1.16
	Peat soil	850	2 091	3 144	1.38	0.55
	Silty clay	1 900	2 229	2 822	1.58	1.13
	Fine round gravel soil	2 070	1 505	1 940	1.86	1.48
	granite	2 100	1 509	1 675	1.65	1.45


Cf is the specific heat capacity of frozen soil, and Cuf is the specific heat capacity of thawed soil;λ f is the thermal conductivity of frozen soil, and λ uf is the thermal conductivity of thawed soil.
Due to the nearly north-south direction of the experimental section, the temperature boundary conditions of the model temperature field are based on the surface temperature measured on site from 2022 to 2023. The fitting Formula 8 for the ground temperature boundary is
T=3.6−16⁡sin2πt365+π2(8)
The left and right boundaries of the model foundation adopt adiabatic boundaries, and the bottom adopts dirichlet boundaries with a constant temperature of −0.3 °C. The initial temperature of excavation, replacement, and subgrade filling is 5 °C, and the foundation temperature is assigned based on the measured ground temperature on site. The top, bottom, left, and right boundaries of the model moisture field are zero flux boundaries, and the remaining soil layers are assigned values based on the measured moisture content of the on-site drilling.
3.3 Model calculation and validation
To verify the accuracy and feasibility of the model, the natural foundation of the test section was selected for 50 years of temperature field simulation calculation. The temperature field of the natural foundation in the 50th year was extracted and compared with the field measured ground temperature data. The comparison between the calculated and measured natural ground temperature values in January and October of the 50th year is shown in Figure 6. As shown in the figure, the natural foundation temperature calculated by the model is basically consistent with the measured ground temperature, and the trend is consistent with the depth change. The ground temperature calculation within 2 m below the surface differs greatly from the measured value, mainly due to the influence of the weather and on-site environmental conditions at the time of collection. Therefore, the established simulation model is reasonable and feasible.
[image: Two graphs compare calculated and measured ground temperatures. Both plots show foundation depth in meters on the vertical axis. Graph (a) shows temperatures from -16 to 0 degrees Celsius; graph (b) ranges from -2 to 8 degrees Celsius. Red circles represent measured temperatures, and black squares represent calculated temperatures. Both graphs depict similar trends with slight variations between measured and calculated values.]FIGURE 6 | Comparison of natural foundation ground temperature calculation and measured values in January and October of the 50th year. (a) January, (b) October.4 ANALYSIS OF THE IMPACT OF EXCAVATION DEPTH ON PERMAFROST
The main reason for the degradation and deformation of the underlying permafrost in the subgrade is the melting caused by the increase in soil temperature. The degree of degradation of the permafrost table can be used as a reference indicator for the melting and settlement deformation of the subgrade. Figure 7 shows the variation of permafrost table for subgrades with different excavation and replacement depths. By comparing the permafrost table in the 2nd, 5th, 6th, 7th, 10th, and 30th October of different excavation and filling depths, it can be seen that the degradation of island permafrost mainly occurs in the area below the subgrade structure. However, the natural soil in the lower part of the surface on both sides of the subgrade still maintains its original heat exchange state under the protection of the peat soil layer. Therefore, the table of shallow permafrost on the natural surface is basically maintained at a depth of about 2 m below the surface, which is consistent with the distribution characteristics of island shaped permafrost.
[image: Three line graphs labeled (a), (b), and (c) represent foundation depth variations over subgrade width. Each graph includes six lines depicting data from the second, fifth, sixth, seventh, tenth, and thirtieth years in October, using different colors and symbols. The depth range is from negative twenty to twelve meters, and subgrade width spans from negative forty to forty meters, showing similar trends across the years.]FIGURE 7 | Ground temperature curves at different depths in the center of the subgrade. (a) The foundation is excavated and replaced with a depth of 3 m, (b) the foundation is excavated and replaced with a depth of 2 m, (c) the foundation is excavated and replaced with a depth of 1 m.In October of the second year, the maximum burial depth of the permafrost table in the center of the 3 m excavated and replaced subgrade is about 5 m below the ground surface. As time increases, the permafrost layer below the subgrade undergoes extensive degradation, and permafrost table is significantly reduced. By October of the fifth year, the maximum depth of permafrost at the center of the subgrade was about 9.8 m below the surface. After October of the sixth year, the island shaped permafrost layer below the subgrade had completely degraded and gradually degraded towards both sides of the foundation. The degree of degradation of the permafrost table in the lower part of the subgrade is different for the other two excavation depths. When the filling depth is 2 m and 1 m respectively, the complete melting time of the underlying island shaped permafrost in the subgrade and excavation area is in the 6th and 7th year, respectively. In October of the 5th year, the burial depth of permafrost table in the subgrade of the two excavation depths is about 8.2 m and 7.2 m, respectively. With the same subgrade height, the degradation rate of permafrost below the subgrade increases with the increase of excavation depth.
Figure 8 shows the ground temperature curve at the center of the subgrade at different excavation and replacement depths. As shown in the figure, the variation law of the center ground temperature of the subgrade with different excavation depths is basically the same. In mid to late October, the center ground temperature of the subgrade shows a rapid increase from top to bottom, followed by a rapid decrease, and finally tends to a flat trend. The temperature at the test section began to decrease in October, and the shallow temperature of the subgrade began to decline under the influence of temperature. Therefore, the highest temperature inflection point appeared at the bottom layer of the subgrade. The depth of excavation and filling has a significant impact on the degradation of permafrost over many years. Taking the soil layer at a depth of 2 m below the original natural surface at the center of the subgrade as an example, in October of the second year, the temperature at this location of the 3 m subgrade after excavation and replacement was 1.2 °C, the temperature at this location of the 2 m subgrade after excavation and replacement was 0.7 °C, and the temperature at this location of the 1 m subgrade after excavation and replacement was 0.5 °C.It can be seen that as the excavation depth increases, the shallow soil temperature of the foundation becomes higher, and the degradation rate of permafrost becomes faster. In October of the 30th year, comparing the temperature of the soil layer at that location, it was found that the temperature of the subgrade excavated at depths of 3 m, 2 m, and 1 m remained stable at around 2.4 °C.With the increase of time, the subgrade and the permafrost layer of the foundation gradually reach heat exchange equilibrium, and the impact of excavation depth on the permafrost layer gradually decreases.
[image: Three graphs labeled (a), (b), and (c) compare foundation temperature depth profiles over 30 years. Each graph shows lines representing different years: 2, 5, 6, 7, 10, 20, and 30, with temperature in degrees Celsius (x-axis) against foundation depth in meters (y-axis). Profiles display temperature variations over time, with lines progressing towards the right as years increase.]FIGURE 8 | Ground temperature curves at the center of subgrade with different excavation and replacement depths. (a) The foundation is excavated and replaced with a depth of 3 m, (b) The foundation is excavated and replaced with a depth of 2 m, (c) The foundation is excavated and replaced with a depth of 1 m.5 ANALYSIS OF THE IMPACT OF SUBGRADE WIDTH ON PERMAFROST
To investigate the influence of subgrade width on the degree of permafrost degradation, the distribution of ground temperature contour lines in October of the 30th year was selected for subgrade with widths of 18.2 m, 11.2 m, and 9.2 m. Figure 9 shows the temperature contour lines of different width subgrade in the 30th year. As shown in the figure, in October of the 30th year, the permafrost below the subgrade has completely degraded, and the 1 °C isotherm is located below the toe of slopes on both sides of the subgrade, basically distributed vertically along the toe of slopes on both sides, and changes with the position of the subgrade toe. The 1 °C isotherm of a 18.2 m wide subgrade is about 22 m from the center of the subgrade, the 1 °C isotherm of a 11.2 m wide subgrade is about 18 m from the center of the subgrade, and the 1 °C isotherm of a 9.2 m wide subgrade is about 16 m from the center of the subgrade. As the width of the subgrade top increases, the 1 °C isotherm moves further outward. The 2 °C isotherm is located within a range of 10 m below the surface of the earth, with a “concave funnel” distribution in the middle of the isotherm, which means that the middle of the area is a high-temperature melting disk. The inflection point of the 2 °C isotherm is significantly affected by the width of the subgrade. The 2 °C isotherm of the 18.2 m wide subgrade first rapidly decreases at a distance of 14 m from the center of the subgrade, and then flattens to the lowest position. The inflection point of the 2 °C isotherm of the 11.2 m wide subgrade is 10 m from the center of the subgrade, and the inflection point of the 2 °C isotherm of the 9.2 m wide subgrade is 8 m from the center of the subgrade. The larger the subgrade width, the larger the melting disk area, but the burial depth of the bottom of the melting disk is not much different. The 3 °C isotherm is not much different from the 2 °C isotherm at the toe of the subgrade filling at the toe of the slope is relatively thin and is significantly affected by changes in external temperature. The 3 °C isotherm is distributed in a convex shape at the center of the subgrade. The main reason is that the filling in the center range of the subgrade is relatively thick, and the impact of external temperature changes on this area is small. The temperature difference is not significant, and the temperature gradient is small, mainly due to the slow exchange of heat between the filling material and the foundation, resulting in a slow temperature transfer process. The increase in subgrade width will expand the degradation of permafrost within the lateral range of the subgrade, and the difference in vertical temperature impact on permafrost subgrades is relatively small.
[image: Three graphs, labeled (a), (b), and (c), show foundation depth versus subgrade width. Each graph has four temperature lines: three degrees Celsius, two degrees Celsius, one degree Celsius, and zero degrees Celsius. These lines exhibit symmetrical curves under a solid foundation structure outline. The graphs illustrate the relationship between different temperatures and foundation stability across varying subgrade widths.]FIGURE 9 | Temperature contour lines of different width road bases in the 30th year. (a) 18.2 m wide subgrade, (b) 11.2 m wide subgrade, (c) 9.2 m wide subgrade.Figure 10 shows the center ground temperature curves of subgrade with different widths. The ground temperature curves for October of the 2nd, 5th, 6th, 10th, 20th, and 30th years at different depths in the center of three different widths of subgrade were extracted from the figure. As shown in the figure, with the increase of time, the temperature change of the bottom layer of the subgrade above the surface is relatively small. From the second to the fifth year, the temperature of the bottom layer of the subgrade shows a weak decreasing trend, mainly due to the melting of permafrost caused by the thermal diffusion of the filling material after subgrade filling, resulting in a weak temperature decrease in the bottom layer o the subgrade. In October of the sixth year, the temperature of the bottom layer of the subgrade gradually increased, mainly due to the basic melting of the permafrost under the subgrade. The heat transfer to the melted soil was relatively small, resulting in a slight increase in temperature. After the deep permafrost in the foundation melts, the ground temperature gradually increases. The variation of ground temperature over time at different depths in the center of subgrade with different widths is relatively small. Before the degradation of the permafrost layer beneath the subgrade, the annual temperature rise rate of the foundation is relatively small. When the permafrost layer is completely degraded, the temperature rise of the subgrade thaw increases.
[image: Three graphs labeled (a), (b), and (c) illustrate temperature changes over time. Each graph plots foundation depth in meters against temperature in degrees Celsius, with curves representing different years: the second, fifth, sixth, tenth, twentieth, and thirtieth years. The color-coded legend differentiates between the years, showing trends in temperature variations at various depths. Graphs indicate progressive temperature changes along foundation depths across the specified time intervals.]FIGURE 10 | Ground temperature curves at the center of subgrades with different widths. (a) 18.2 m wide subgrade, (b) 11.2 m wide subgrade, (c) 9.2 m wide subgrade.6 ANALYSIS OF THE IMPACT OF SUBGRADE HEIGHT ON PERMAFROST
Figure 11 shows the variation of permafrost table under different heights of subgrade. The permafrost table variation curves for the 2nd, 5th, 6th, 7th, 10th, and 30th months of 10m, 7 m, and 5 m high subgrade were selected. As shown in the figure, with the increase of time, the permafrost table of the 10 m high subgrade deteriorates rapidly. In October of the second year, the permafrost table at the center of the subgrade has been lowered to 5.4m, and the permafrost table at the toe of slope on both sides of the subgrade has changed slightly, showing an overall pattern of high on both sides and low in the middle. Over time, the permafrost table beneath the subgrade has extensively degraded. By October of the fifth year, the permafrost table had degraded to 9.8 m below the surface. By October of the sixth year, the permafrost in the middle of the foundation had completely degraded. Compared with other subgrade heights, it can be seen that the permafrost table in the lower part of each subgrade has degraded to varying degrees, and the degradation pattern remains consistent. When the subgrade heights are 7 m and 5 m respectively, the time for the permafrost beneath the subgrade to completely melt is around the 6th year. However, in the 5th year, the depth of permafrost table is 10m and 10.4 m respectively, indicating that as the subgrade height decreases, the degradation rate of permafrost beneath the subgrade increases. Increasing the height of the subgrade can to some extent delay the degradation trend of permafrost at the center of the subgrade.
[image: Three line graphs depict foundation depth versus subgrade width across several years: the second, fifth, sixth, seventh, tenth, and thirtieth. Each graph shows consistent trends in subgrade stability over time, with variations in color-coded lines representing different years. (a) displays initial readings, (b) shows mid-term data, and (c) portrays long-term results.]FIGURE 11 | Changes in the Permafrost table on Subgrade. (a) 10 m high subgrade, (b) 7 m high subgrade, (c) 5 m high subgrade.Figure 12 shows the center ground temperature curves of 10 m, 7m, and 5 m high subgrades, and extracts the distribution of center ground temperature with depth for different heights of subgrades in October of the 2nd, 5th, 10th, 20th, and 30th years. As shown in the figure, the temperature inside the subgrade shows a trend of first increasing and then decreasing with depth, and the temperature difference between different years is relatively small. From the original surface to the depths of the foundation, as time increases, the ground temperature shows a gradual upward trend. After the 6th year, the permafrost below the center of the subgrade melts completely, and the temperature of the melted soil within the foundation gradually increases.
[image: Three line graphs labeled (a), (b), and (c) depict foundation depth versus temperature in degrees Celsius. Each graph shows data for October of the second, fifth, sixth, tenth, twentieth, and thirtieth years with different colored lines. As years progress, the curves move towards higher temperatures, indicating changes over time. The graphs are labeled with temperature on the x-axis and depth in meters on the y-axis.]FIGURE 12 | Ground temperature curves at different heights of subgrade centers. (a) 10 m high subgrade, (b) 7 m high subgrade, (c) 5 m high subgrade.The temperature at the center of the subgrade is highest in the middle of the bottom layer of the subgrade. The main reason is that in mid October, the local temperature is already in a cooling process, and the surface temperature of the subgrade is slightly lower. As the depth increases, the temperature of the shallow soil layer of the subgrade gradually increases to the peak. The thickness of the soil layer above the peak temperature is the depth of influence from the high temperature period in summer to the temperature drop period in mid October. The soil temperature below the peak temperature to the natural surface range shows a continuous decreasing trend with increasing depth, and the temperature difference between different years is relatively small. The main reason is that the soil in the middle of this range is less affected by seasonal fluctuations in external temperature and has maintained a relatively stable thermal state. The soil mass from the original surface to the base of the subgrade shows a continuous degradation trend in the permafrost layer from the bottom of the excavation and replacement area to the lower limit of permafrost within 5 years before the completion of construction. After the 6th year, the permafrost below the subgrade has basically melted, and the temperature of the melted soil gradually increases with time. In the 30th year, the overall temperature of the soil below the original surface is around 2 °C.The rate of soil melting in the foundation from the 10th to the 20th year is significantly higher than that from the 20th to the 30th year.
In addition, the peak temperature of a 10 m high subgrade occurs 7 m above the center surface of the subgrade, a 7 m high subgrade occurs 4.8 m above the center surface of the subgrade, and a 5 m high subgrade occurs 2.9 m above the center surface of the subgrade. The smaller the height of the subgrade, the closer the peak temperature is to the surface. Meanwhile, the height of the subgrade will cause significant disturbance to the surface temperature at the center of the subgrade. Taking the original ground temperature at the center of the subgrade as an example, the temperature of a 10 m high subgrade is 3.4 °C, a 7 m high subgrade is 4.4 °C, and a 5 m high subgrade is 6.6 °C.As the height of the subgrade gradually decreases and the temperature gradually increases, a large positive temperature difference is formed between this area and the underlying permafrost, which leads to more heat transfer to the permafrost layer of the foundation. This also indicates that the higher the height of the subgrade, the lower the burial depth of the permafrost layer.
7 DISCUSSION
The excavated and replaced crushed stone material has better thermal conductivity than the natural soil. A greater excavation depth means a thicker “thermal channel” with superior thermal conductivity is formed directly beneath the subgrade. Under the combined effects of climate warming and operational heat input, this “thermal channel” more effectively conducts heat from the upper layers to the deeper parts of the foundation, reducing thermal resistance and thereby accelerating the heat absorption and melting process of the underlying permafrost. Consequently, the permafrost degradation rate is fastest under the 3 m replacement depth. However, in the long term (by the 30th year), after the foundation and the subgrade gradually reach a new thermal equilibrium state, the ground temperature differences under different excavation depths decrease. This indicates that the initial impact of the excavation depth is gradually dominated by the overall thermal state of the system over time.
The presence of the subgrade structure alters the surface energy exchange conditions. A wider subgrade top surface covers a larger area of natural ground, which hinders the foundation from dissipating heat to the atmosphere in winter and allows it to absorb more solar radiant heat in summer. This “blanket effect” leads to greater heat accumulation under the subgrade compared to the natural ground on both sides. Therefore, an increase in subgrade width equivalently expands the lateral extent of this thermal disturbance, causing the 1 °C isotherm to move outward and the area of the high-temperature melting disk beneath the subgrade center to enlarge accordingly. It is noteworthy that the difference in the vertical temperature impact of the subgrade width on the foundation is relatively small, indicating that the width primarily affects the lateral expansion of the thermal disturbance, with limited influence on the depth of downward heat transfer.
The subgrade fill itself possesses a certain thermal resistance. A higher subgrade means a thicker “thermal barrier” layer is added between the heat source (the subgrade top surface) and the heat sink (the underlying permafrost). This thickened layered structure prolongs the path and time for heat to transfer from the road surface to the permafrost layer, creating an effect similar to “insulation” but actually acting as “heat blockage” (slowing heat ingress). Therefore, within the same period, the permafrost under a higher subgrade receives less heat than under a lower subgrade, resulting in a slower degradation rate. Furthermore, the observation of higher temperatures at the original ground surface center of lower subgrades further confirms the weaker thermal “protection” of low subgrades. This creates a larger temperature gradient between that area and the underlying permafrost, driving a more intense downward heat flow.
The influence of railway subgrade construction on the thermal regime of permafrost in the Qinghai-Tibet Plateau permafrost region differs from that in the high-latitude island permafrost areas of Northeast China. Due to the continuous distribution, greater thickness, and substantial stored cold energy of the plateau permafrost, the permafrost table can recover and rise into the subgrade body after a short-term degradation phase following construction (Wang et al., 2021). In contrast, the island permafrost, characterized by irregular, fragmented distribution and relatively limited cold reserves, experiences irreversible thermal degradation under engineering-induced thermal disturbances. Future work should focus on enhancing field monitoring of the thermal impacts of railway subgrade construction on permafrost. Long-term monitoring data will help elucidate the evolution patterns of permafrost thermal stability, thereby providing critical support for future railway construction in permafrost regions.
8 CONCLUSION
Based on the test section of the HYHSR, the characteristics of permafrost temperature in the test site were revealed, the calculation model of subgrade temperature field based on the hydro-thermal coupling theory was established and verified, the island permafrost subgrade conditions with different subgrade heights, subgrade widths, and excavation and replacement depths were designed, and the variation laws of subgrade temperature field under different conditions were calculated and analyzed. The main conclusions are as follows:
	1. In the past 60 years, the average annual temperature and precipitation in the Tieli area have shown an increasing trend, with growth rates of 0.034 °C/year and 0.66 mm/year, respectively, and those in Yichun being 0.038 °C/year and 1.93 mm/year. The freezing index is lower than the thawing index, and the cumulative value of the freezing thawing index has been increasing year by year, threatening the thermal stability of the permafrost beneath the high-speed railway subgrade.
	2. The temperature of the island permafrost is about −0.3 °C, which belongs to high-temperature and extremely unstable permafrost. The high-temperature and extremely unstable island permafrost is significantly degraded by engineering thermal disturbance. Shallow silty clay is mostly high ice content permafrost, while deep round gravel soil and granite are mostly low ice content permafrost.
	3. The permafrost hydro-thermal coupling model was validated using field-measured ground temperature data, and the calculated results showed good agreement with the on-site measurements. The excavation and replacement depth primarily influences the heat flow rate by forming “thermal channels” of varying thicknesses. A greater depth results in faster downward heat conduction through the subgrade structure, leading to accelerated permafrost degradation. In October of the 5th year, the permafrost table depths under the subgrade with excavation and replacement depths of 3 m, 2 m, and 1 m were 9.8 m, 8.2 m, and 7.2 m, respectively.
	4. Subgrade structural parameters significantly influence the degradation pattern of island permafrost by altering the heat transfer path and thermal resistance of the foundation. The subgrade width primarily affects the lateral extent of thermal disturbance. A greater width enhances the “blanket effect,” resulting in a wider lateral degradation range of the permafrost. In October of the 5th year, the horizontal distances from the subgrade centerline to the lowest point of the 1 °C isotherm for subgrade widths of 18.2 m, 11.2 m, and 9.2 m were 22.9 m, 19.6 m, and 18.5 m, respectively.
	5. The subgrade height mainly retards the downward heat transfer through its “thermal barrier” effect. A greater height increases the thermal resistance, thereby more effectively delaying the descent of the permafrost table. 1n October of the 5th year, the permafrost table depths under the subgrade with heights of 10 m, 7 m, and 5 m were 9.8 m, 10.0 m, and 10.4 m, respectively.
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