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The temperature difference at the top and bottom of the crushed-rock layer can drive the heat convection inside. Based on this mechanism, crushed-rock structures with different forms are widely used in the construction and maintenance of the Qinghai-Tibet Railway as cooling measures in permafrost regions. To explore the stability of different forms of crushed-rock structure embankments under climate warming, the temperature and deformation data of a U-shaped crushed-rock embankment (UCRE) and a crushed-rock revetment embankment (CRRE) are analysed. The variations in temperature indicate that permafrost beneath the natural sites and embankments is degrading but at different rates. The thermal regime of ground under the natural site is only affected by climate warming, while that under embankment is also affected by embankment construction and the cooling effect of the crushed-rock structure. These factors make shallow permafrost degradation beneath the embankments slower than that beneath the natural sites and deep permafrost degradation faster than that beneath the natural sites. Moreover, the convection occurring in the crushed-rock base layer during the cold season makes the degradation of permafrost beneath the UCRE slower than that in the CRRE. The faster degradation of permafrost causes the accumulated deformation of the CRRE to be far greater than that of the UCRE, which may exceed the allowable value of the design code. The analysis shows that the stability of the UCRE meets the engineering requirements and the CRRE needs to be strengthened in warm and ice-rich permafrost regions under climate warming.
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INTRODUCTION
In recent decades, the thawing and disappearance of permafrost around the world caused by climate warming has challenged the stability of infrastructure located in cold regions (Nelson et al., 2011; Hong et al., 2014; Hjort et al., 2018; Karjalainen et al., 2019; Streletskiy et al., 2019). The Qinghai-Tibet Railway (QTR), a milestone project in a cold region, is located on the Qinghai-Tibetan Plateau (QTP) and crosses 550 km of continuous permafrost, of which 134 km is warm (with a mean annual ground temperature between 0 and −1°C) and ice-rich (with an ice content > 20% by volume) permafrost (Wu et al., 2006; Zhang et al., 2008). On the QTP, the climate is warming faster than the global average, which makes its permafrost degenerate rapidly (Wu et al., 2015; Kuang and Jiao, 2016; Cheng et al., 2019; Ding et al., 2019). In warm and ice-rich permafrost regions, permafrost melting increases the risk of embankment instability, which makes it necessary to evaluate the embankment stability of the QTR over time (Wu et al., 2020a).
To stabilize the permafrost beneath the embankment, various proactive cooling measures, whose cooling effects have been verified in other projects, have been widely used in the construction of the QTR (Cheng, 2005; Cheng et al., 2009; Ma et al., 2009). Among these measures, crushed-rock embankments are the most widely used and have a total length of more than 150 km in the initial construction phase of the QTR (Mu, 2012). The common forms of crushed-rock embankment in permafrost regions include crushed-rock revetment embankments (CRREs), crushed-rock base embankments and U-shaped crushed-rock embankments (UCREs) formed by the combination of the former two (Mu et al., 2010). After 2006, a large number of traditional embankments and crushed-rock base embankments became CRREs and UCREs, respectively, after strengthening with crushed-rock revetment (Ma et al., 2012; Hou et al., 2015; Mu et al., 2018; Mei et al., 2021). The working mechanism of crushed-rock structures includes two parts: the cooling effect and insulation effect. The cooling effect occurs in the cold season when there is gravity induced convection between the cold air at the top of the crushed-rock layer and the warm air at the bottom by gravity (Goering and Kumar, 1996; Goering, 2003). The insulation effect occurs in the warm season when the air is stable and no convection heat exchange occurs inside the crushed-rock layer (Cheng et al., 2007). Monitoring data has revealed that the effective thermal conductivity of the crushed-rock layer in winter is 12.2 times that in summer (He et al., 2000). The change of thermal conductivity of the crushed-rock layer makes the embankment in a state of heat loss, which is beneficial to the cooling of permafrost.
The adaptability of crushed-rock embankments with different forms to climate warming has been studied by various methods. Analysis of the monitoring data of the QTR shows that crushed-rock structures can slow down the warming of permafrost and the deformation of embankments, and the cooling effect is related to the mean annual ground temperature (MAGT) (Ma et al., 2008a; Wu et al., 2008; Luo et al., 2018; Mu et al., 2018). There are differences in the stability of crushed-rock embankments with different forms, among which UCREs have the best stability and CRREs have the worst stability (Niu et al., 2015; Zhao et al., 2019; Wu et al., 2020b; Tai et al., 2020). In addition, through the establishment of mathematical model, Lai et al. (2003, 2006, 2014) analysed the embankment stability of the QTR with air temperature increases of 2.0 and 2.6°C in the next half century, and the results showed that crushed-rock base embankments could remain stable under such climate warming conditions.
In the warm permafrost regions, the permafrost is more prone to degradation, which results in the cooling effect of the crushed-rock structures being different from that of general permafrost areas. However, the research of the stability of crushed-rock embankment with different forms and the reasons for the difference in cooling effect of these structures are still insufficient under climate change. Therefore, this paper analyses the sources of embankment deformation under climate change by combining ground temperature and ice content at different depths of permafrost. And by analysing the change of heat flow, the reasons for the difference of cooling effect between the two crushed-rock structures are studied. The results of this study can provide a reference for the selection of cooling measures in the construction and maintenance of other projects.
DATA AND METHODS
Site Description
The UCRE and CRRE sections along the QTR in this study are located in the Kaixinling Mountain region of the QTP, with altitudes of 4,672 m and 4,622 m, respectively (Figure 1). The study area is a continuous permafrost area. The temperature data from the Kaixinling Weather Station in the last 5 years (2014–2018) show that the mean annual air temperature is between −3.29 and −4°C, and the mean daily temperature drops below 0°C from September to May during the next year.
[image: Figure 1]FIGURE 1 | Location of the study sites along the Qinghai-Tibet Railway.
Both the UCRE and CRRE were constructed in phases during the warm seasons of 2002 and 2003, with heights of 3.4 and 3.6 m, respectively (Figure 2A). The revetment thicknesses of the UCRE and CRRE are 1.5 and 1.3 m, respectively, and they are composed of crushed rock with diameters of approximately 10 cm. The crushed-rock base layer of the UCRE is 1.3 m thick and consists of crushed rock with diameters of approximately 35 cm. Borehole drilling conducted in 2004 revealed the permafrost table (PT) depth of the natural sites around the UCRE and CRRE were 2.4 and 3.4 m, respectively. Several meters of ice content permafrost (with a volumetric ice content > 30%) were present under the PT. The ground temperatures at a depth of 15 m at the natural sites were −0.74 and −0.80°C, indicating that the UCRE and CRRE sections are located in warm permafrost regions. The orientations of the UCRE and CRRE are 174° and 170°, respectively, both of which are oriented approximately north to south.
[image: Figure 2]FIGURE 2 | Monitoring system of the sections. The distribution of ground temperatures boreholes (A) and the distribution of deformation monitoring points (B).
Monitoring Program
The thermal regime and deformation monitoring systems were established on the UCRE and CRRE sections and began operations at the end of 2005 (Ma et al., 2005). The thermal regime monitoring system for each section consisted of a 16 m deep natural borehole outside the embankment area and a 20 m deep shoulder borehole located on the left shoulder (the left is defined in accordance with the direction from Golmud to Lhasa), as shown in Figure 2A. The temperature of the natural borehole is not affected by the construction and operation of the railway because it is 20 m from the left slope toe of the embankment (Wu et al., 2015). In this study, the monitoring temperature data of the natural borehole are used to reflect the impact of climate warming on the ground temperature. Thermistors with an accuracy of ±0.05°C in the borehole were distributed at 0.5 m intervals from the surface to a depth of 10 m and at 1 m intervals below a depth of 10 m. The ground temperature was automatically measured once a day by a DT500 data logger.
The embankment deformation monitoring system consists of four deformation points (point 1 to point 4) and one datum point (point P), as shown in Figure 2B. The four deformation points are marked on the top of four steel spikes 20 m apart buried on the left shoulder. The elevation of these four points varies with the deformation of the embankment surface. The top of a steel pipe with a buried depth of 20 m was marked as the datum point which did not move with the deformation of the embankment. The embankment deformation is obtained by averaging four deformation points. The deformation is measured manually once a month by an optical level. The ground temperature and deformation data analysed in this paper are from 2006 to 2018. The damage to the instrument caused by the harsh natural environment makes part of the ground temperature data missing. From May to December 2009, the ground temperature data under the left shoulder of the UCRE was missing. From January to May 2007 and October to December 2008, the ground temperature under the left shoulder of the CRRE was missing. In the analysis, interpolation method was used to recover the missing ground temperature as much as possible. In addition, the interruption of manual observations caused the lack of data on the deformation of the embankment from January to April 2017.
Methods
In this paper, the thermal regime of the embankments and natural sites is analysed by the MAGT, PT and ground temperature at different depths. The MAGT is defined as the temperature of soil or rock at a depth of zero annual amplitude of ground temperatures, which generally ranges from 10 to 20 m in the QTP (Jin et al., 2008). In the following analysis, the ground temperature at a depth of 15 m was selected as the MAGT. Based on the daily ground temperature, the PT beneath the natural sites and artificial permafrost table (APT) beneath the embankments were estimated by linear interpolation of the two adjacent depths of the 0 °C isotherm. The terms heat flux and heat budget are introduced to characterize the thermal processes of the permafrost layer. The APT of the UCRE and CRRE is close to 5 m, so the heat flux q between 5.0 and 5.5 m is calculated using the following equation in this study:
[image: image]
where λ is the thermal conductivity of the soil. According to the soil type and ice content, λ equals 1.08 W·m−1·K−1 in this equation (Xu et al., 2010). ∆z equals 0.5 m, which is the thickness of the soil layer calculated. T is the soil temperature, where a and b are 5.5 and 5.0 m respectively. The heat budget is obtained by integrating the heat flux over time.
RESULTS
Permafrost Change at the Natural Sites
As shown in Figure 3A, the depth of the PT at the natural sites of UCRE and CRRE increased from 2.41 and 3.39 m to 3.34 and 4.41 m respectively, from 2006 to 2018. The ranges of increase of the two are close, 0.93 and 1.02 m, respectively. From 2006 to 2018, the MAGT beneath the two natural sites increased by 0.10 and 0.11°C, respectively (Figure 3B). The variation of PT depth and the MAGT indicates that the permafrost of the two natural sites is degrading at a basically uniform rate.
[image: Figure 3]FIGURE 3 | Variations in the PT (A) and MAGT (B) at the natural sites. NTUCRE: natural site of the UCRE; NTCRRE: natural site of the CRRE.
To study the degradation characteristics of permafrost beneath the natural sites in detail, the ground temperature of shallow permafrost (4.5 m) and deep permafrost (10 m) is selected for analysis, as shown in Figure 4. It is obviously that from 2006 to 2018, both shallow and deep permafrost beneath the natural sites of the UCRE and CRRE has been warming. At a depth of 4.5 m, the ground temperature fluctuated significantly with the seasons, and the mean annual temperatures of the UCRE and CRRE increased by 0.26 and 0.27°C, respectively (Figure 4A). In the deep of the permafrost (10 m), the temperature did not change with the seasons, and the mean annual temperature increased by 0.17 and 0.21°C, respectively (Figure 4B).
[image: Figure 4]FIGURE 4 | Permafrost temperature variations at depths of 4.5 m (A) and 10 m (B) beneath the natural sites.
Thermal Regime of the Embankments
Variations of the isotherms of the left shoulder indicate that there are significant differences in their thermal regimes beneath the UCRE and CRRE from 2006 to 2018, as shown in Figure 5. For example, in the first 5 years (2006–2011), the −0.4°C isotherm beneath the UCRE remained stable at a depth of approximately 8 m (Figure 5A). Since 2012, the −0.4°C isotherm has risen significantly, especially during the freezing period. After 2016, the isotherm began to decline and reached 8.7 m in 2018. However, the −0.4°C isotherm beneath the CRRE declined uniformly from 7.8 m in 2006 to 9.8 m in 2018, a much larger decrease than that of the UCRE (Figure 5B). This phenomenon means that permafrost warming beneath the CRRE is faster than that beneath the UCRE. The APT beneath the embankment of both structures is lower than the original natural ground surface (the horizontal dotted lines in the figure). In addition, the variation in the APT beneath the embankment is staged, which is different from the variation in the PT beneath the natural sites.
[image: Figure 5]FIGURE 5 | Isotherms under the left shoulder of the UCRE (A) and CRRE (B).
As shown in Figure 6A with more detail, the variation in the APT beneath the UCRE and CRRE from 2006 to 2018 included three different stages. In the beginning, the APT beneath the embankment rose rapidly, but the duration and rise rate of the two embankments were different. The APT beneath the UCRE rose at a rate of 0.35 m/a from 2006 to 2008, while the APT beneath the CRRE rose at a rate of 0.16 m/a from 2006 to 2011. The second stage was the stable period of the APT with a rate of change of less than 0.05 m/a. The durations of the UCRE and CRRE were 2008–2015 and 2011–2015, respectively. Since 2016, the APT beneath the UCRE and CRRE began to decline, with rates of 0.14 and 0.18 m/a, respectively. Overall, from 2006 to 2018, the APT beneath the UCRE rose by 0.5 m while that of the CRRE rose by 0.14 m.
[image: Figure 6]FIGURE 6 | Variations in the APT (A) and MAGT (B) of the embankments.
The variation in the MAGT, which is closely related to the stability of permafrost, is shown in Figure 6B. From 2006 to 2018, the MAGT of both embankment structures increased, but the rate of increase beneath the UCRE was lower than that beneath the CRRE. In 2006, the MAGT beneath the UCRE was higher than that of the CRRE, which was −0.7 and −0.78°C, respectively. However, as permafrost has been warming at different rates, the MAGT beneath the UCRE has been lower than that beneath the CRRE since 2014, and in 2018, it was −0.56 and −0.54°C, respectively.
To explore the thermal regime differences between the UCRE and CRRE, the ground temperatures at depths of 1.5 and 4 m (corresponding to the top and bottom of the crushed-rock base in the UCRE, respectively) of the two embankments are analysed, as shown in Figure 7. At a depth of 1.5 m, the mean annual warming rate of both embankment sections from 2006 to 2018 is the same, which is 0.17°C/a (Figure 7A). Moreover, the annual range of ground temperature of the two embankments at this depth was basically the same. However, there are differences between the UCRE and CRRE at 4 m depth (Figure 7B). For the UCRE, the ground temperature in the warm season stabilized at approximately 0°C. The ground temperature variation in the cold season can be divided into a decreasing stage (2006–2012) and an increasing stage (2012–2018). The annual minimum ground temperature decreased from −0.02 to −0.78°C in the first stage and then increased to −0.12°C in the second stage. For the CRRE, the variation in ground temperature in the warm season can also be divided into two stages. The first stage was from 2006 to 2011, when the annual maximum ground temperature decreased from 0.76 to 0.12°C. During the second period from 2011 to 2018, the annual maximum temperature increased from 0.12 to 1.17°C. In the cold season, the ground temperature of the CRRE ranged from −0.14 to −0.24°C. It is obvious that in both the warm and cold seasons, the ground of the CRRE is warmer than that of the UCRE at a depth of 4 m.
[image: Figure 7]FIGURE 7 | Ground temperature variations of the active layer at depths of 1.5 m (A) and 4 m (B) beneath the left shoulder of the embankments.
Figure 8 shows the variations of ground temperature within the permafrost layer beneath the UCRE and CRRE. Near the APT (4.5 m depth), the ground temperature of the UCRE in warm season and CRRE in cold season is basically stable, ranging from −0.15 to 0°C (Figure 8A). However, the changes of ground temperature of the UCRE in cold season and CRRE in warm season are similar to those at 4 m, which decrease and increase in stages. From 2006 to 2018, the permafrost warming range of the UCRE and CRRE at a depth of 8 m was −0.10 and −0.21°C, respectively (Figure 8B). The warming rate of permafrost beneath the CRRE is 0.016°C/a, while the warming rate of the UCRE varied in three stages. During the initial 4 years (2006–2009), the permafrost in the UCRE warmed at a rate of 0.016°C/a, similar to that of the CRRE. In the second stage (2009–2016), the warming rate decreased to almost 0°C/a. After 2016, the warming rate increased to 0.013°C/a. At a depth of 20 m, the permafrost temperature of the UCRE and CRRE increased by 0.12 and 0.22°C, respectively. The above comparison of ground temperature at different depths shows that the permafrost warming of the CRRE is significantly faster than that of the UCRE in both warm and cold seasons.
[image: Figure 8]FIGURE 8 | Permafrost temperature variations at depths of 4.5 m (A), 10 m (B) and 20 m (C) beneath the left shoulder of the embankments.
Embankment Deformation
Figure 9 shows the cumulative and annual deformation of the two embankment surfaces from 2006 to 2018. The settlement deformation of the UCRE and CRRE reached 5.2 and 12.9 cm, respectively, in 2018 (Figure 9A). The annual deformation of the two structural embankments was settlement deformation during the observation period. The maximum annual deformation of the UCRE was 0.59 cm in 2009. Since 2016, the mean annual deformation of the UCRE has been less than 0.3 cm, which is smaller than the previous value (Figure 9B). However, the annual deformation of the CRRE varies greatly, with maximum and minimum values of 1.7 cm in 2016 and 0.3 cm in 2013, respectively. Since 2016, the mean annual deformation of the CRRE has been 1.3 cm, which is much larger than that of the UCRE in the same period.
[image: Figure 9]FIGURE 9 | Cumulative deformation (A) and annual deformation (B) of the UCRE and CRRE.
DISCUSSION
Thermal Stability of Permafrost Beneath Natural Sites and Embankments
Previous studies show that under warming climate, the mean increase rate of the PT depth, ground temperature at a depth of 10 m and the MAGT beneath the natural sites along the QTR is 6.3 cm/a, 0.015 and 0.012°C/a, respectively (Wu et al., 2012; Zhang et al., 2020). Affected by local factors, the change rate of the PT beneath the natural sites in the study area is slightly greater than average, while the change rate of ground temperature at 10 and 15 m depth is smaller than average (Table 1). However, the stability of the permafrost beneath embankments is affected not only by climate warming but also by engineering activities. Engineering activities accelerate the degradation of permafrost beneath the embankment by changing the energy balance and moisture regimes (Tong and Wu, 1996; Wu et al., 2003; Jin et al., 2008; Peng et al., 2015; Ma et al., 2019).
TABLE 1 | Rate of change in the (A)PT and ground temperature at different depths beneath natural sites and embankment from 2006 to 2018.
[image: Table 1]In the two sections studied, the ground temperature data indicated the crushed-rock structure slowed down the warming of permafrost caused by climate warming and human activities. The PT beneath the two natural sites declined, while the APT beneath the two embankments rose, indicating that the thermal stability of the shallow permafrost beneath the embankment is better than that of the natural site, which can also be proven by the ground temperature change rate at a depth of 4.5 m. However, the cooling effect of the crushed-rock structure is gradually weakened with the long-term impact of climate change, which is the reason why the change rates of the APT and ground temperature at 4 m, 4.5 and 10 m are divided into stages, as shown in Figures 6–8 (Wu et al., 2007; Wu and Niu, 2013). The warming rates of permafrost at a depth of 15 m reveal that the deep permafrost beneath the embankment, especially beneath the CRRE, warms faster than the natural sites. The analysis shows that the cooling effect of the crushed-rock structures on the embankment mainly occurs in the shallow permafrost. The rise of the APT beneath the embankment consumes the cold storage of the lower permafrost and causes the deep permafrost to warm up (Liu et al., 2019).
Differences in the UCRE and CRRE Cooling Mechanisms
At a depth of 1.5 m, the ground temperature beneath the UCRE and CRRE is only affected by the revetment structure and upper soil, so their annual ranges of temperature and warming rate are the same. At a depth of 4 m, the crushed-rock base causes the ground temperature beneath the UCRE to be lower. In the warm season, the crushed-rock base isolates the lower soil to absorb heat from the upper layer. And in the cold season, the natural convection caused by temperature differences and the forced convection caused by wind in the crushed-rock base layer can effectively release heat from the lower soil. The cooling process in the active layer inevitably affects the thermal regime of the permafrost. The heat fluxes near the APT are shown in Figure 10A. The positive heat flow beneath the CRRE indicates that the permafrost is always in an endothermic state. The heat flux beneath the UCRE is similar to that of the CRRE during the warm season. Since 2006, the amount of heat absorbed by the UCRE in the cold season has been gradually less than that by the CRRE as the cooling effect of the crushed-rock base layer has appeared, and the exothermic process has been present since 2011. However, the continuous warming of climate gradually weakens the convection in the crushed-rock base layer. As the cooling ability of the crushed-rock base layer decreases, the amount of heat absorbed by the UCRE in the cold season increases yearly, and the exothermic process of the UCRE disappeared after 2015. The convection that occurs in the crushed-rock base layer in the cold season causes the heat budget of the permafrost beneath the UCRE to be less than that beneath the CRRE in each freeze-thaw cycle (Figure 10B). The analysis of heat flux and heat budget shows that in the warm season, the thermal stability of permafrost beneath the UCRE and CRRE is similar, and the convection that occurs in the crushed-rock base layer makes the UCRE have a stronger cooling ability in the cold season. However, the long-term effect of climate warming causes the cooling effect difference between the UCRE and CRRE to gradually decrease after 2012.
[image: Figure 10]FIGURE 10 | Heat flux (A) and heat budget (B) of soil layers between depths of 5.0 and 5.5 m of the UCRE and CRRE.
Deformation Characteristics of the Embankments
Based on the long-term monitoring, it is found that the embankment deformation of the QTR is dominated by settlement deformation (Zhang et al., 2007; Ma et al., 2008b; Sun et al., 2018). According to the location of occurrence, the sources of embankment settlement in permafrost regions are divided into four parts: embankment filling compression, active layer compression, permafrost thawing settlement and warm permafrost compression. The settlement in the first two parts mainly occurred in the first few cycles after the embankment was constructed, and the settlement during railway operation was mainly caused by compression and thawing consolidation of the underlying permafrost (Qi et al., 2007; Qin and Li, 2011). The permafrost beneath the UCRE and CRRE did not thaw (their APTs rose, as shown in Figure 6A) from 2006 to 2018, indicating that embankment settlement does not include thawing settlement in this study. In other words, the compression of permafrost is the main cause for the deformation of the UCRE and CRRE.
The compressibility of permafrost is closely related to temperature and ice content (Zhu and Zhang, 1982; Ladanyi, 1983; Ma et al., 2011). As in the study by French (2007), most ground ice is concentrated in the zone immediately below the PT, as shown in Figure 11. The ice contents of the permafrost underlying the UCRE and CRRE are similar, but the accumulated deformation of the latter is 2.4 times that of the former, as shown in Figure 9A. The reason for this phenomenon is the difference in the permafrost temperature variation beneath the two embankments. First, the thermal regime of high ice content permafrost (i > 30%) is different. At depths of 4.5–8 m, which cover most permafrost layers with high ice contents, the ground temperature beneath the UCRE decreased, with a maximum decrease of 0.12°C (Figure 11A). However, in the high ice content permafrost layer beneath the CRRE, the ground temperature of only the upper 0.5 m thick layer (5–5.5 m depth) slightly decreased, and the decrease was not more than 0.04°C. The temperature of the other 4.2 m (5.5–9.7 m depth) high ice content permafrost increases, with a maximum increase of 0.15°C (Figure 11B). Second, the warming range of low ice content permafrost (i < 30%) beneath the embankment is also different. The range of temperature increase of permafrost with a low ice content beneath the UCRE is between 0.03 and 0.14°C, while that beneath the CRRE is between 0.17 and 0.23°C (Figure 11). The cooling of high ice content permafrost and the lesser warming of low ice content permafrost cause compression deformation of warm permafrost beneath the UCRE to be significantly less than that beneath the CRRE, where almost all of the permafrost is significantly warmer. If the average settlement rate of 1.3 cm/a from 2016 to 2018 is maintained in the future, the cumulative deformation of the CRRE will exceed the maximum allowable value of 20 cm in the China railway design code after 6 years (2024).
[image: Figure 11]FIGURE 11 | Ground temperature profiles in mid-October in different years of the UCRE (A) and CRRE (B). i: Volume ice content (%).
According to the above analysis of permafrost degradation rates at different depths and embankment deformation, the stability of the UCRE is significantly better than that of the CRRE. For a period of time in the future, the UCRE can remain stable, but the cooling effect of the crushed-rock revetment structure cannot ensure the stability of the CRRE in warm and ice-rich permafrost regions, which is similar to the conclusions of other studies (Ma et al., 2012; Niu et al., 2015).
CONCLUSION
Based on ground temperature and deformation data obtained from long-term field monitoring, the stability of two forms crushed-rock embankment under climate warming is evaluated, and the deformation sources are analysed. The following conclusions can be drawn:
1) Permafrost, which is affected by climate warming, degrades at both natural sites and crushed-rock structure embankments, but the characteristics of degradation are different. Degradation of permafrost beneath natural sites is manifested by a decrease in thickness and an increase in temperature. The thickness of the permafrost beneath the embankment increases, but it is degraded, which is manifested by the temperature increase in the deep layer.
2) The variation of thermal regime of the shallow permafrost indicates that these two forms crushed-rock structure can slow down the degradation of underlying permafrost in different degrees. The thermal stability of UCRE is better than that of CRRE because more heat is released from UCRE during the cold season due to the convection in the crushed-rock base layer. However, the cooling effect of these two forms of crushed-rock structure began to weaken after 2012 under the influence of climate warming.
3) The settlement of the UCRE and CRRE is mainly caused by the compression of underlying warm permafrost. The deformation of the CRRE is 2.4 times greater than that of the UCRE because permafrost degradation is more serious beneath the CRRE, especially in the permafrost layer with a high ice content. The warming of permafrost increases its compressibility and leads to an increase in embankment deformation.
4) Under climate warming, the crushed-rock revetment structure can raise the PT beneath the embankment but has little effect on cooling of deep permafrost. Therefore, the CRRE stability of the QTR should be evaluated, and necessary strengthening measures should be taken. U-shaped crushed-rock structures can significantly slow down the warming of the permafrost layer with a high ice content, making the UCRE stable under climate warming. However, it should be noted that permafrost beneath the UCRE has been in an endothermic state every year for the past 13 years, which requires continuous attention to its future changes.
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NOMENCLATURE
(A)PT, (artificial) permafrost table;
CRREs, crushed-rock revetment embankments;
MAGT, mean annual ground temperature;
QTP, Qinghai-Tibetan Plateau;
QTR, Qinghai-Tibet Railway;
UCREs, U-shaped crushed-rock embankments
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