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Traditional embankment is widely used in the permafrost regions along the Qinghai-Tibet Railway (QTR) because of its simple
construction and lower cost. However, this form of embankment has insufficient ability to resist external thermal disturbance. To
clarify the thermal characteristics of traditional embankment under climate warming, the ground temperature change process of
section K1068 + 750 of the QTR was analysed in this study. Based on the field monitoring data from 2006 to 2019 and the
established heat transfer model, the past and future changes of permafrost thermal regime under the embankment were analysed.
The results show that the degradation of permafrost under the embankment is faster than that under the undisturbed site due to
the combined of embankment construction and climate warming. The sunny-shady slope effect related to embankment ori-
entation makes the distribution of permafrost temperature under embankment asymmetric. In the long term, permafrost
degrades both under the undisturbed site and embankment. The continuous degradation of permafrost causes the settlement and
deformation of embankment, especially the asymmetric degradation of permafrost on sunny side and shady side will cause
longitudinal cracks on the embankment. Therefore, timely application of strengthening measures which can slow down the
degradation of permafrost and adjust the uneven ground temperature on the sunny and shady sides under the embankment is of
great significance to the safety of the traditional embankment.

1. Introduction

The Golmud-Lhasa section of the Qinghai-Tibet Railway
(QTR) with a length of 1142 km was completed and started
operation in 2006 [1]. It covers 550km of continuous
permafrost regions, 50% of which belong to warm perma-
frost areas with the mean annual ground temperature
(MAGT) higher than —1°C [2]. The high thermal sensitivity
of warm permafrost makes the stability of embankment in
these areas significantly affected by changes in the external
environment temperature [3]. Many studies based on field
monitoring have shown that with the climate warming and
the change of land-surface energy balance caused by the

construction of embankment, the permafrost along the QTR
has been extensively degraded, especially under the tradi-
tional embankment [4-7]. The degradation of permafrost
has caused the settlement deformation of the embankment,
which reduces the smoothness of the railway track and poses
a threat to the safe operation of the train [8-11]. In addition,
in the section of the QTR that is not in the north-south
direction, there is a sunny and shady slope effect caused by
different heat absorption on both sides of embankment that
makes the ground temperature under two sides of the
embankment slope different [12]. The asymmetry of the
permafrost temperature distribution on the sunny and shady
sides of the embankment causes asymmetrical settlement
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and eventually forms longitudinal cracks which may make
the embankment fail [13, 14]. Considering the above
problems faced by the embankment of the QTR under
climate warming, it is necessary to timely evaluate the
stability of the embankment that may be unstable.

The study on the embankment stability of the QTR is
mainly carried out through field monitoring and numerical
simulation. Most of the monitoring data of ground tem-
perature and deformation of the embankment come from
the long-term monitoring program of the QTR which
started to work in October 2005. Based on ground tem-
perature and deformation data, the researchers analysed the
thermal response of permafrost under the embankment to
climate and human activity [15-17]. Furthermore, by
comparing the thermal stability and deformation stability of
different embankment forms, the cooling ability of each
structure is evaluated [5, 18-20]. However, due to the
limitations of field conditions and the lack of enough
monitoring data, methods such as numerical simulations
other than field monitoring have also been used to study the
embankment stability in permafrost regions. For example,
for some new forms of embankment, the stability can be
determined by establishing a suitable mathematical model
before the embankment construction [21-24]. The numer-
ical simulation can also be used to analyse the degradation
progress of permafrost under the embankment and the
embankment deformation in the future under climate
change, so as to find the embankment that needs to be
strengthened in time [25-27]. The simultaneous use of field
monitoring and numerical simulation in the study not only
helps to solve more engineering problems, but also improves
the accuracy of the conclusions.

In this paper, the change process of ground temperature
is analysed based on the ground temperature monitoring
data of section K1068 + 750 from 2006 to 2019. In addition, a
heat transfer model is established to predict the change of
thermal regime of the section in the next few decades. The
research includes the degradation characteristics of per-
mafrost under the embankment and the difference of per-
mafrost temperature distribution on both sides of the
embankment caused by the sunny-shady slope effect. The
analysis results can be used as the basis for the selection of
strengthening measures for this section and provide refer-
ence for the stability evaluation of similar projects in the
future.

2. Field Observations

2.1. Site Description. The study section, with the mileage of
K1068 + 750 along the QTR, is located in the Chumaer River
High Plain (Figure 1). The monitoring results of adjacent
meteorological stations show that the mean annual air
temperature in this region is —2.9°C [28]. As shown in
Figure 2, the air temperature from 2007 to 2016 close to the
ground shows that the temperature is between —28.9°C and
13.4°C, and it is higher than 0°C from June to September
every year. The altitude of the study area is 4552 m, and the
vegetation coverage is about between 30% and 50%. A
borehole survey conducted in 2004 shows that the MAGT
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and the permafrost table (PT) under the study section is
-0.5°C and 5 m, respectively, at undisturbed ground. In this
paper, the PT is calculated by linear interpolation of adjacent
depths of 0°C isotherm. The results of this survey also show
that the permafrost in this region is mainly ice-rich per-
mafrost (volume ice content less than 10% to 20%) and icy
permafrost (volume ice content is between 10% and 20%).
The embankment was built in the warm season of 2002 with
a height of 2.8 m. This embankment is a traditional earthen
embankment without any proactive cooling measures. The
embankment orientation is 241.6°, which means that the
intensity of the solar radiation on both sides of the slopes is
different.

2.2. Ground Temperature Monitoring. In order to monitor
the thermal stability of the embankment, a ground tem-
perature monitoring system was built in this section and
started operation at the end of 2005 as shown in Figure 3.
The monitoring system consists of an undisturbed site
monitoring borehole and two embankment monitoring
boreholes. Since it is 20 m away from the slope toe of the
embankment, it can be considered that the ground tem-
perature of the undisturbed site monitoring borehole with a
depth of 16 m is not affected by the embankment. Two
embankment monitoring boreholes with a depth of 20 m are
located on both sides of the embankment, which are used to
monitor the temperature of the embankment and the soil on
the sunny side and the shady side, respectively. In these
boreholes, temperature sensors are distributed every 0.5m
from Om to 10 m depth and every 1 m below 10 m depth.
These temperature sensors are made by the State Key
Laboratory of Frozen Soil Engineering with an accuracy of
+0.05°C. The ground temperature data is automatically
collected by the data logger (DT500) once a day. In the
analysis of this paper, the ground temperature used is the
monthly mean value obtained by averaging daily data.

2.3. Observational Results. Figure 4 shows the change pro-
cess of ground temperature on the sunny side and shady side
of the embankment from 2006 to 2019. It is found that there
are differences in their thermal regimes between the two
sides. First, since 2006, the ground temperature on the sunny
side has been higher than that on the shady side at the same
depth. The most representative one is the depth of PT on the
sunny side that is more than 5m, which is deeper than that
on the shady side. Second, the depth variation of different
isotherms indicates that the temperature variation rate of
permafrost on both sides of the embankment is different. In
Figure 4(a), the —0.1°C isotherm declined from 7.67 m in
2006 to 10.13m in 2019, with a decrease of 2.46 m. And in
Figure 4(b), the —0.2°C isotherm has increased from 6.75m
in 2006 to 6.40 m in 2019, which is only a change of 0.35 m.
In addition, the 0°C isotherm on the sunny side declined
from 7.69m in 2006 to 9.18 m in 2019, while the 0°C iso-
therm on the shady side rose from 5.03 m in 2006 to 4.48 m
in 2019. The change of 0°C isotherm indicates that the depth
of the PT on the sunny side increases by 1.49 m while the
depth of the PT on the shady side decreases by 0.55 m. The
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FIGURE 1: Location (a) and image (b) at section K1068 + 750.
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FIGURE 2: Air temperature changers of section K1068 +750.

change of the above isotherms shows that the ground
temperature in the shallow permafrost (with a depth of less
than 10 m) on the sunny side increases significantly, while it
decreases slightly on the shady side.

Figure 5 shows the ground temperature at different
depths when the annual maximum melting depth occurs
from 2006 to 2019, with an interval of three years. Affected
by the drastically changing external environment temper-
ature, the ground temperature in the active layer has no
obvious regularity. The permafrost layers on the sunny and
shady sides of the embankment showed different changes
from 2006 to 2018. On the sunny side of the embankment,
the permafrost is in the process of warming in both the
shallow and deep layers (with a depth of greater than 10 m),

and the warming range is between 0.05°C and 0.22°C
(Figure 5(a)). Although the warming range decreases with
the increase of depth, the temperature of permafrost above
18 m is warming up significantly, all of which are greater
than 0.1°C. On the shady side of the embankment, the upper
permafrost temperature decreases while the lower perma-
frost temperature increases (defined the upper and lower
parts with a depth of 7m) (Figure 5(b)). Both the increase
and decrease of ground temperature are not greater than
0.1°C, which means that the thermal regime of permafrost is
stable on the shady side of the embankment.

To further investigate the embankment thermal regime
varjation characteristics and the difference of ground tem-
perature between the sunny and shady sides, the ground



Unit: m

Advances in Materials Science and Engineering

13.2
—
S
(o}
o
_n///—— _________
=
2 e —— K
£ Temperature sensor = bt <
L L
3 - i S
£ 2 Ee==——— -
g Y )
< s T === <
Z 1 —— 3
Ballast Active layer
Embankment fill E==S Permafrost
FIGURE 3: Monitoring system for the ground temperature at section K1068 +750.
0 0
e 5 Bo o
—~ 25 6 & —~ 25 <
] g E , g
£ 5 © 2 g s ] g
& i w2 8 & g
875 : \/\}kl_s & A7s -6 £
0 & &
10 MM: L QA. ~14 10 e ! 1 \ 2 —-14
2006 2008 2010 2012 2014 2016 2018 2006 2008 2010 2012 2014 2016 2018

Date (year)
(a)

FIGURE 4: Ground temperature isotherms at the sunny shoulder (a)
original natural surface.

temperature of permafrost at depths of 8 m and 12m was
analysed, respectively, as shown in Figure 6. In 2006, there
was permafrost at 8 m depth on the sunny and shady sides,
and the ground temperature is —0.13°C and —0.25°C, re-
spectively (Figure 6(a)). After 2006, the ground temperature
on the sunny side has gradually increased and reached above
0°C in 2017, which means that the soil here has been de-
graded to seasonal permafrost. The mean annual tempera-
ture at 8 m depth on the sunny side increased from —0.12°C
in 2006 to 0.01°C in 2019, with an increase of 0.13°C.
However, the ground temperature at 8 m depth on the shady
side changes in stages. In the first stage, the mean annual
temperature decreased from —0.36°C in 2006 to —0.42°C in
2014. Then, in the second stage, the mean annual temper-
ature increased from —0.42°C in 2014 to —0.3°C in 2019.
From 2006 to 2019, the change of ground temperature on the
sunny side is only 0.06°C, which is twice less than that on the
sunny side. The variation trend of ground temperature at

Date (year)
(b)

and the shady shoulder (b). The dotted line in the figure represents the

12 m depth on the sunny side is similar to that at 8 m, which
is continuously increasing (Figure 6(b)). The mean annual
temperature on the sunny side increased from -0.37°C in
2006 to —0.22°C in 2019, increased by 0.15°C. The ground
temperature on the shady side is basically stable, increased
by 0.06°C from 2006 to 2019. The above analysis shows that
from 2006 to 2019, the permafrost on the sunny side has
undergone significant degradation, while the permafrost on
the shady side is relatively stable.

3. Numerical Simulations

Obtaining long-term ground temperature data is conducive
to further analyse the thermal performance of embankment
in permafrost regions. Therefore, based on the reasonable
simplification of K1068 + 750 embankment section of the
QTR, a heat transfer model is established to investigate the
thermal regime of the embankment under climate warming.
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FIGURE 6: Variation of ground temperature at 8 m (a) and 12m (b) on the sunny and shady sides of embankment.

3.1. Governing Equations. Previous study has shown heat
transport by convective heat transfer was only 1/100 to 1/
1000 of that by heat conduction in soil [29]. Therefore, in the
heat transfer calculation, only the heat conduction of soil
and latent heat of ice-water phase change are considered,
and convection heat transfer is ignored. The governing
equation of heat transfer calculation in embankment and soil
layer is as follows [30, 31]:

AT 3 (., 0T\ 9 (.0T

where C° is the effective volumetric heat capacity of soil, ° is
the thermal conductivity of soil, T is the temperature, and
t is the time.

It is assumed that the heat capacity and thermal con-
ductivity of the materials do not change with temperature
outside the temperature range T,,+AT where the phase
transition occurs. And within the temperature range of
phase transition, the latent heat of phase transition of the
water-bearing materials is simulated by the method of
sensible heat capacity, as shown in the following equations
[32]:
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where C;and C, are the volumetric heat capacities of the
materials in the frozen and the melting states, respectively; A¢
and A, are the thermal conductivity of the materials in the
frozen and the melting states, respectively. L is the latent heat
per unit volume. The influence of soil pores and solutes may
make the freezing temperature below 0 °C, which means that
the values of T, and AT need to be determined in different
situations. In this study, the values of T,, and AT in the
calculation were 0°C and 0.5°C, respectively.

3.2. Physical Model. The physical model of the embankment
is shown in Figure 7. Considering that the soil layer is
considered to be infinite in the longitudinal direction and no
heat transfer occurs, the 2D heat transfer model is estab-
lished in this study [23]. Above the natural surface, the
embankment can be divided into two parts: embankment fill
and ballast. Referring to the field measurement, the heights
of the two parts in the model are 2.8 m and 0.5 m, respec-
tively. Based on the thermal disturbance range of em-
bankment, the depth and horizontal width of the part under
the embankment in the model are set as 30m and 80m,
respectively. The borehole data show that there is sandy soil
(0-3m), gravel soil (3-13 m), and strongly weathered stone
(13-30m) under the natural surface. According to the
existing experimental results and geological data, the ther-
mal parameters of different materials in this model are
determined as shown in Table 1 [23, 33].

3.3. Boundary and Initial Conditions. The upper thermal
boundary of the model is affected by various factors such as
external environmental temperature and solar radiation. The
difference in thermal characteristics can divide the upper
boundary conditions of the model into natural ground
surface (AB and IJ), sunny slope surface (BCDE), shady
slope surface (FGHI), and top surface of embankment (EF).
The simplified ground temperature change process at the
upper boundary can be described as follows [34]:

27t
T=T A'(— ) Ryt 4
o+ Asin 8760+(P +R, (4)

where T is the boundary surface temperature; Ty is the
mean annual temperature of the boundary surface; A is the

annual amplitude temperature of the boundary surface; ¢ is
the initial phase angle, which is /2 in this model; Ry is the
rate of climate warming; and R, in this model is taken as
0.052°C/8760h according to the conclusion of the tem-
perature increase of 2.6°C in the next 50 years studied by
Qin et al. [35]. Based on the adherent layer theory, the
values of Ty and A are determined by analysing field
monitoring data and referring to previous studies as shown
in Table 2 [13, 36].

This model also includes the wall boundaries on the left
and right sides (AL and JK) that are considered adiabatic and
the bottom boundary (LK) with a heat flow of 0.06 W/m?
[37].

Assuming that no embankment is built above the natural
ground surface and the climate warming rate Ry is 0,
equation (4) is used as the upper boundary condition to
calculate for 50 years until the ground temperature distri-
bution is stable. The calculated result is taken as the initial
temperature field under the natural ground surface, and the
initial temperature inside the embankment is assumed to be
10°C.

In the first few years after the construction, the internal
temperature field of embankment is significantly affected by
the construction. Therefore, the starting time of this sim-
ulation is determined to be July 2006, when the embankment
construction had been completed for 4 years and the internal
temperature was basically stable.

3.4. Model Validation. With the above settings, the model is
used to simulate the change process of the ground tem-
perature distribution at section K1068 + 750 in the next 50
years. In order to validate the accuracy of the model, ground
temperatures of the section on the sunny and shady sides in
July 2012 and January 2013 when the surface ground
temperature was the highest and the lowest were selected
and compared, as shown in Figure 8. The complex envi-
ronmental factors and simplification of boundary conditions
make the simulated ground temperature and measured value
have errors in the active layer, which is most significant on
the sunny side in July 2012 (Figure 8(a)). As shown in
Figures 8(a)-8(d), the simulated values of the ground
temperature in the permafrost layer on both sides of the
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TaBLE 1: Thermal parameters of different materials in the model.
Properties p (kg~m’3) Cy (J-m>3°Cch C, Jm™>-C™h A (W-m t°Cc™h Ay Wm™eC™) L (Jm™)
Ballast 2100 1.006 x 10° 1.006 x 10° 0.346 0.346 0
Embankment fill 1980 3.781 x 10° 4.415%10° 1.98 1.91 2.04x107
Sandy soil 1900 2.329x10° 2.561 x 10° 2.61 1.92 2.26x107
Gravel soil 1400 1.434x10° 1.756 x 10° 1.63 0.93 2.30x107
Strongly weathered stone 1700 3138 x10° 3.568 x 10° 1.82 1.47 3.81x 107
Note. p is the density of the material; L is the latent heat per unit volume.

TaBLE 2: Temperature parameters of upper boundary condition.
Variables T, (°C) A (CC)
Natural ground surface -0.5 10
Sunny slope surface 1 12
Shady slope surface -12 13
Top surface of embankment 0.38 14.5

embankment agree with the measured values, which indi-
cates that the model can be used to simulate the changes of
the permafrost under section K1068 + 750.

3.5. Numerical Results. Figure 9 shows the ground tem-
perature distribution of embankment at different times
calculated by the model. Based on the analysis of the ground
temperature distribution under the embankment in 2022,
which is 20 years after the embankment construction, it is
found that the ground temperature under the embankment
is significantly higher than that at the same depth of un-
disturbed site (Figure 9(a)). For example, there is an un-
frozen zone surrounded by 0°C isotherm under the
embankment, while the undisturbed site soil at the same
depth is frozen. In addition, the depth of the —0.4°C and
—0.5°C isotherms under the embankment in the figure is
greater than that of the undisturbed sites on both sides,
which also indicates that the ground temperature under the

embankment is higher. It can also be found in Figure 9(a)
that the ground temperature on the sunny side of the
embankment is higher than that on the shady side. An
obvious feature is that the unfrozen zone surrounded by the
0°C isotherm under the embankment mentioned above is
closer to the sunny slope. And the —0.4°C and —0.5°C iso-
therms are also deeper on the sunny side.

Comparing Figures 9(a)-9(f) (corresponding to the
20th, 25th, 30th, 35th, 40th, and 50th year after the em-
bankment construction, respectively) showed that the
ground temperature under both the undisturbed site and the
embankment increased year by year. The 0°C isotherm of the
undisturbed site declined from 5.47 m in 2022 to 10.50 m in
2052, with a decrease range of 5.03 m (the depth is calculated
from the top surface of the embankment). The 0°C isotherm
under the center of the embankment has declined from
2.51 min 2022 to 12.95 m in 2052, with a decreasing range of
10.44 m. Similarly, the isotherms of —0.2°C, —0.4°C, and
—0.5°C decrease greatly. The change of the above isotherms
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FIGURE 8: Simulated and measured temperature values at different depths on the sunny and shady slope. (a) Sunny shoulder Jul. 2012.
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in Figure 9 also indicates that the increase of ground
temperature under the embankment is greater than that of
the undisturbed site from 2022 to 2052.

To explore the process of permafrost warming under the
embankment and the difference of ground temperature
between the sunny and shady sides in more details, the
simulated changes of ground temperature at different depths
were analysed from 2020 to 2050, as shown in Figure 10. The
temperature profile on October 15 was selected for analysis
because it reached the annual maximum melting and the

permafrost under the embankment had the worst thermal
stability. On the sunny side of the embankment, the PT
declined from 6.52m in 2020 to 12.61 m in 2050, with a
decline range of 6.09 m (Figure 10(a)). The permafrost be-
neath the embankment continued warming from 2020 to
2050. And the same as the monitoring results of ground
temperature from 2006 to 2019, the warming range de-
creases with the increase of depth. The ground temperature
near the original permafrost table (at 7 m depth) increased
by 1.41°C. At the depth of 15m, the ground temperature
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increased by 0.24°C from 2020 to 2050. The analysis of
ground temperature change on the shady side of embank-
ment shows that the PT declined from 4.05m in 2020 to
1024m in 2050, with a decline range of 6.19m
(Figure 10(b)). The permafrost on the shady side is also
warming and the range of warming decreases with in-
creasing depth. At a depth of 7m, the ground temperature
increased by 0.82°C, which was significantly less than that at
the sunny side. At a depth of 15m, the ground temperature
on the shady side increased by 0.21°C, which is smaller than
that on the sunny side. Changes in permafrost thickness
(corresponding to changes in the PT) and temperature both
indicate that permafrost degradation is faster on the sunny
side.

It is worth noting that there is an obvious difference
between the simulated depth of the PT 6.52m in 2020 and
the measured depth of the PT 9.18 m in 2019. The reason for
this phenomenon is that the PT is significantly affected by
the active layer above it, which fluctuates greatly in tem-
perature. However, as has been verified above, this

phenomenon mainly occurs in the shallow layer, and the
results obtained by the simulation are generally reliable.

4. Discussion

Both human activities and environmental changes can affect
the thermal state of permafrost and cause permafrost deg-
radation. The degradation of permafrost in the undisturbed
site is mainly caused by the continuous warming of the
climate, while the degradation of permafrost under the
embankment is affected by both engineering activities and
climate warming. The influence of climate warming on
permafrost is mainly determined by geological conditions
and surface factors such as vegetation conditions [38]. The
engineering activity of embankment construction not only
changes the original natural surface, but also affects the
water-heat balance of soil [39-41]. Therefore, the degra-
dation rate of permafrost under embankment is generally
much faster than that of permafrost in the adjacent un-
disturbed site [42]. This conclusion has also been verified in
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the simulation results of this study. For example, from 2022
to 2052, the decreasing depth of 0°C isotherm in the center of
embankment is twice that of the undisturbed site, as shown
in Figure 8. The monitoring and simulation results show that
the permafrost degradation occurs in the undisturbed site
and the embankment at section K1068+ 750 at different
rates.

The difference of solar radiation on both sides of the
subgrade determined by the direction of the embankment
results in the uneven degradation of permafrost under
permafrost [43-45]. The study shows that in the northern
hemisphere, the temperature difference in the embankment
with east-west orientation is the largest, and that with south-
north orientation is the smallest, while K1068 + 750 is close
to northeast-southwest orientation [46, 47]. Therefore, on
section K1068 + 750, although the embankment is geo-
metrically symmetric, the distribution of ground tempera-
ture on the sunny side and the shady side is different. From
2006 to 2019, the permafrost under the sunny side of the
embankment has degraded significantly, characterized by
the temperature increase of the permafrost above 18 m by at
least 0.1°C and the PT declined by 2.46m (Figure 4).
However, the permafrost temperature changes under the
shady side are more complicated. The temperature of the
upper permafrost (defined the upper and lower parts with a

depth of 7 m as before) is relatively stable and even the PT is
rose due to less solar radiation. The lower permafrost of the
shady side warmed but only slightly. The consumption of
cold storage in the lower permafrost is the prerequisite for
the thermal stability of the permafrost of the shady side,
which means that this stability is not sustainable [48]. In the
future, continued climate warming will eventually lead to the
degradation of permafrost on the shady side, whether in
upper or lower layers. The simulation results show that from
2020 to 2050, the depth of the PT will increase by more than
6m under both the sunny and shady sides of the em-
bankment, and the MAGT will increase by more than 0.2°C.
For the embankment with unstable thermal regime, such as
section K1068 +750, strengthening measures should be
taken in time, which can not only slow down the degradation
of permafrost under the embankment but also adjust the
asymmetry distribution of ground temperature on the sunny
and shady sides. Studies have shown that crushed rock
revetment, thermosyphons, and their composite forms,
which can change the thermal convection between em-
bankment and external environment, are the most com-
monly used and most effective strengthening measures along
the QTR [21, 42, 49, 50]. The asymmetric setting of these
measures can also help to change the uneven distribution of
temperature on the sunny and shady sides of the
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embankment, so as to avoid the formation of longitudinal
cracks. Spraying materials with high albedo or putting the
awning on the sunny slope of embankment can also slow
down the warming of the permafrost on the sunny side by
adjusting the radiation [46, 51].

5. Conclusion

In this study, the thermal regime of section K1068 + 750 was
analysed by monitoring data, and the ground temperature
change process of this section under climate warming was
simulated by establishing a 2D heat transfer model. Based on
the results, the degradation characteristics of permafrost
under the embankment were studied. Furthermore, the
unevenness of ground temperature caused by the sunny-
shady slope effect was discussed. The following conclusions
can be drawn:

(1) Since the operation of the QTR in 2006, the per-
mafrost under section K1068+750 has been
degrading. The combined effects of engineering
activities and climate warming make the degradation
rate faster than that of undisturbed sites. This in-
dicates that the traditional embankment cannot
maintain its thermal stability in such a badly unstable
warm permafrost region.

(2) The asymmetry of solar radiation makes the deg-
radation rate of permafrost on the sunny side and the
shady side of the embankment different. On the
sunny side, where radiation is stronger, the per-
mafrost has been in a process of degradation since
2006, with the PT declining and the temperature
increasing. On the shady side of the embankment,
the thermal regime of permafrost is relatively stable
in the first few years, but the simulation results show
that the permafrost will eventually degenerate. For
the section with insufficient stability, strengthening
measures should be taken as soon as possible to slow
down the warming of permafrost and adjust the
ground temperature distribution on the sunny and
shady sides.
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