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Abstract
Affected by climate warming and shadyesunny slope effect, the permafrost foundation under the railway is undergoing a significant
asymmetric degradation process; research on the corresponding regulating or strengthening measures is urgently needed. Based on a well
developed of numerical model, we analyzed the ‘thermal repair’ effect of three redesigned differential thermal reinforcement on the partially
degraded permafrost embankment with steps. The results show that, when used as a strengthening measure, the method of laying crushed rock
revetment (CRR) with different thicknesses on the sunny and shady slopes cannot completely eliminate the residual warm permafrost regions
formed in the previous thermal erosion. When the TCRR scheme is adopted for reinforcement, although horizontal region from the evaporation
section of thermosyphones (TPCTs) to the right side of the embankment is remarkably cooled, permafrost under the sunny slope is still
deteriorating. In the long run, both ETCRR and TCECRR reinforcement schemes can produce a large range of ‘cold core’ right below the whole
embankment. However, from the perspective of the simultaneous functioning range and cold storage capacity, the TCECRR scheme is signally
more efficient. The thermal insulation materials in the above composite strengthening measures can not only resist the heat input in the warm
season, but also improve their working efficiency by maintaining the temperature difference between the evaporation section of the heat pipe and
the external environment in cold season. The addition of crushed rock revetment in TCECRR has played its thermal semiconductor effect and
further improved the comprehensive thermal repair efficiency of the composite measures.
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1. Introduction

Railway embankment in permafrost areas often carries
certain economic, political or even military missions. In the
context of global warming, permafrost embankment founda-
tion, especially for those in warm permafrost regions, is
suffering from a series of engineering problems caused by the
asymmetrical degradation due to the unbalanced solar
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radiation on two sides of the embankment (Wu et al., 2002;
Wen et al., 2010). The previous field monitoring results show
that the permafrost foundation with active cooling measures
tends to be stable as a whole (Mu et al., 2012; Sun et al., 2018;
Wu et al., 2020). However, the field survey and long-period
ground temperature and deformation monitoring results show
that excessive settlement appeared in some sections of the
QinghaieTibet Railway (QTR), such as the bridgeesubgrade
transition sections, general embankment sections of the warm
and ice-rich permafrost regions, and high filling subgrades
(Qin et al., 2010; Niu et al., 2011). Despite all this, the passive
thermal insulation measures to improve the thermal resistance
of embankment by raising the height of subgrade or only
laying thermal insulation materials are still in use (Ma et al.,
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2012; Li et al., 2017). With the operation of subgrade, melting
interlayer appears in some general embankment sections in
warm permafrost areas, resulting in subgrade settlement
exceeding 50 cm, and the settlement rate does not slow down
(Sun et al., 2018; Wang et al., 2018, 2021). In some sections,
although the reinforcement measures of ripped rock revetment
was adopted, the reinforcement effect is not ideal due to
serious surface ponding or thermokarst lakes (Mu et al., 2018;
Peng et al., 2022). What's more, the long-periodic geo-tem-
perature and deformation monitoring data indicate that tradi-
tional crushed rock structural embankments are difficult to
cope with the thawing or warming of the permafrost founda-
tion under the scenario of 1.5 �C rise in ambient temperature
(Wu et al., 2020; Xu et al., 2022). For such linear railways
engineering, the occurrence of diseases at any location may
lead to paralysis of the whole line. Therefore, it is urgent and
necessary to further study the strengthening measures for the
potentially unstable sections occurring naturally or during
operation of railway with permafrost foundation. Once the
best intervention time is missed, a more complicated mainte-
nance process may be confronted in the future.

In order to minimize the thermal disturbance during con-
struction and ensure normal operation during the construction
of railway subgrade strengthening project, the controlling
measures transversely interspersing the subgrade, such as the
ventilation pipe, ‘crushed rock sandwich’ structure and U-
shaped crushed rock structure, will be no longer applicable in
the subgrade strengthening project. The combined use of
thermal insulation material or crushed rock structures and
thermosyphones (TPCTs) is proved by field monitoring data
and numerical calculation that it can effectively refreeze and
maintain the geo-temperature under the building in a low state
for a long time (Hou et al., 2018; Pei et al., 2019a, 2019b; Yan
et al., 2020). However, considering the particularity of rein-
forcement works, for those permafrost foundations that have
degenerated with very poor thermal stability, the serviceability
of the above and latest proposed measures remains to be
further verified. Besides, permafrost foundation below two
sides of the embankment slope has been confirmed to have
significant differential degradation process under the influence
of sunny and shady slope effect (Hou et al., 2022a), especially
for which permafrost subgrade built on inclined ground.
What's more, in order to shorten the construction period to the
greatest extent, reduce the thermal disturbance caused by
construction and try not to affect the normal operation of trains
during the implement for the reinforcement, excavation should
be reduced as much as possible, and the reinforcement mea-
sures could be additionally arranged on the exterior of the
existing embankment. Therefore, the traditional cooling
measures cannot be simply copied and applied to embankment
reinforcing engineering. For subgrade strengthening works,
the differential design on the sunny and shady side should be
carried out considering the above practical factors.

In the above context, we put forward some strengthening
schemes and further discussed the comprehensive application
effect of TPCTs, thermal insulation material and crushed rock
in the differential thermal strengthening on the sunny and
shady sides of warm permafrost embankment. The results can
provide a scientific basis for the design, construction and
future maintenance of permafrost subgrade.

2. Numerical model
2.1. Geometric model
In order to more accurately study the influence of differ-
ential reinforcing structure on the service performance of
warm permafrost foundation engineering, we took the
DK1139 þ 940 section of QTR as a prototype, which had been
built on a slope and experienced two stages of engineering
disposal measures (from 2002 to July 2006, it was a general
embankment without any engineering measures (Hou et al.,
2022a)). In July 2006, crushed rock revetment shown in
Fig. 1a was used for reinforcement paved on the sunny and
shady slope surface. To comparatively analyze the strength-
ening effect of three redesigned reinforcing structures, the
overall dimension for embankments in Fig. 2 and the thickness
of crushed rock layer in the corresponding different positions
are in consistent with Fig. 1a.

We tried to rapidly repair the severe degradation process
of the permafrost foundation under it by constantly
strengthening the thermal control of the sunny slope of the
subgrade, so as to correct the difference between it and the
sunny slope of the subgrade. To reduce the weathering effect
of the thermal insulation material made of EPS exposed to
the external environment and enhance the adhesion of the
EPS to the embankment slope, we made a design that fixes
the thermal insulation material and the square fiberglass grid
with strong weathering resistance through U-shaped anchor
as the way shown in Fig. 2b and c, and then fill the square
grid with soil. The degradation process of permafrost under
the shady slope of subgrade has been detected to be notice-
ably weaker than that on the sunny slope, and crushed rock
revetment laid on the shady slope has been proved to have a
good capacity (Mu et al., 2012; Hou et al., 2022a). Therefore,
considering the cost of reinforcement engineering, crushed
rock revetment is still used as a strengthening measure on the
shady slope.
2.2. Heat transfer theory

2.2.1. The coupled aireTPCTesoil heat transfer model
Referring to the previous calculation cases with ideal re-

sults (Zhang et al., 2017a; Chen et al., 2018; Pei et al., 2021),
we also disassembled the TPCT into three components:
evaporation section, thermal insulation section, and the
condensation section. Equivalent thermal resistance of each
component and the corresponding calculation method is
detailed in Table A1.

The length of the condenser, adiabatic, evaporator section
(Lc, La and Le), is 1.2, 0.8 and 8.48 m; r1 and r2 are the outside
diameter of the fins and the smooth pipe, 0.057 and 0.064 m,
respectively. The total heat flux Q of the TPCT can be ob-
tained as:



Fig. 1. Traditional crushed rock revetment reinforcing structure.
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Q¼Ta � Tco

R1

¼ Tco � Tci

R2

¼ Tci � Tel

R3

¼ Tcl � Tei

R4

¼ Tei � Ts

R5

¼ Ta � Ts

R
ð1Þ

where Ta, Tco, Tci, Tel, Tcl, Tei and Ts refer to the temperature of
air, tube wall of the condenser, liquid film inside the
condenser, liquid film on the inner wall of evaporator, liquid
film on the inner wall of condenser, liquid film and liquid pool
in the evaporator and soil, among which Tel ¼ Tcl and R ¼
P5
i¼1

Ri.

Considering the continuity of heat transfer among the
TPCT, air, rock and the soil layers, the coupled heat transfer
process of aireTPCTserockesoil system can be simplified as:

Q¼Ta � Ts

R
¼�le

vT

vn
pdole ð2Þ

Thus, the heat flux density of the contact interface between
the evaporation section and the surrounding soil can be
calculated as:

qTPCTs�Soil¼ Q

pdole
ð3Þ

2.2.2. The convection heat transfer model in the crushed-
rock or ballast

The heat and mass transfer process in the air domain is
described by keε mode. Heat transfer inside the ballast layer
and crushed rock revetment is assumed to be the heat and mass
transfer process of porous media. The variation process of air
density with temperature is calculated by Boussinesq hypoth-
esis. The soil layer region is described by the solid heat transfer
equation based on the sensible heat capacity method. Research
has shown that when the thermal conductivity between the fluid
and solid inside a porous medium is relatively large, there will
be a significant temperature difference between the porous
medium skeleton and its internal fluid. In this case, the calcu-
lation error using the thermal equilibrium model is relatively
large (Jiang et al., 1996). The local thermal non equilibrium
model can more intuitively describe the convective heat transfer
process within the crushed/ripped rock (Hou et al., 2022b), thus
improving the accuracy of the calculation of the air-cooled
crushed rock structural embankment. Therefore, this article
adopts a local thermal non equilibrium model to describe the
convective heat transfer process within the rock layer. Under
those assumptions, the heat transfer equations of different heat
transfer medium domains are listed in Table A2, and the
meanings of the parameters involved are given in Table A3.
2.3. Major parameters
The thermal dynamic force parameters of all solid media
(including porous media skeleton) and air media involved are
shown in Table 1 and Table 2 (Pei et al., 2017; Zhang et al.,
2009, 2011).
2.4. Boundary conditions
In a practical situation, the thermal boundary conditions of
the embankment and land surfaces can be affected by multiple
factors, e.g. superficial budget of solar radiation energy, sur-
face latent heat, climate factors, etc. For the convenience of
calculation, the fitted temperature changes are directly applied
to the air and engineering component surface (Zhang et al.,
2011). Based on ‘adherent layer theory’ and related refer-
ences (Yu et al., 2017), simplified temperature variations are
given in Eq. 4 and Table 3:

Tn¼T0þA sin

�
2p

8760
thþp

2
þa0

�
þ 2:6

50,8760
th ð4Þ

where T0 is the annual averaged surface temperature, Tn is the
natural ground surface temperature, A is the annual averaged
amplitude of temperature, th is the time in hours or days, a0 is
the phase angle which depending on the time of embankment
completion time or the time when reinforcement measures are
implemented.

We analyzed the effectiveness of three different reinforce-
ment measures taking on the shady and sunny slope to deal
with the asymmetric degradation of the underlying permafrost
foundation assuming which with a MAGT of �0.65 �C.
Referring to previous study (Zhang et al., 2009), the heat flow
of the soil layer at the depth of 30 m is about 0.06 W m�2.
Symmetrical boundary is adopted on both sides of the soil
layer in Fig. 3.



Fig. 2. 3D view for the three redesigned reinforcing structures (CRR, crushed-

rock revetment; TCRR, the asymmetric strengthening measures of TPCTs and

CRR for sunny slope, and shady embankment slope, respectively; ETCRR,

thermal insulation material is additionally used and expanded polystyrene

(EPS) is added to the sunny side on the basis of the TCRR scheme; TCECRR

means TPCT, EPS, and crushed rock are comprehensively used on the sunny

slope of the embankment, and CRR paved on the shady slope is consistent

with the other two schemes).

1 TCRR, the asymmetric strengthening measures of TPCTs and CRR for

sunny slope, and shady embankment slope, respectively.
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As shown in Fig. 1, the main aggregate size ranges from 18
to 30 cm and from 2 to 5 cm in the crushed rock domain and
the ballast region. Permeability and coefficient of inertia
resistance can be calculated according to the particle size
using the method in Liu et al. (2017). Besides, the heat insu-
lation material (used in new design) thickness is 10 cm.

Based on the latest field data (Zhao et al., 2019), the mean
annual wind velocity is 3.64 m s�1. Wind speed of turbulence
close to the condenser section of the TPCTs can be expressed
as follows (Zhang et al., 2015).

V10¼3:64þ1:10� sin

�
2pt

8760
þ4p

3
þa0

�
ð5Þ

Vh ¼ V10

�
H

10

�0:16

ð6Þ

where V10 and Vh represent wind velocity at a height of 10 m
and h m, H is the height from surface.
2.5. Simulation steps
The numerical simulation is carried out in three stages, as
shown in Fig. 3.

Space between two TPCTs in the embankment extending
direction is set as 2 m as the long-term experience on QTR. In
order to consider the worst situation, all of the thermal field
section is sliced in the central place between two TPCT in the
longitudinal direction, by the way shown in Fig. 4.
2.6. Numerical analysis method
The coupled aireTPCTerockesoil model, expressed with
the equations in Table 2, is heavily nonlinear, and can only be
solved by numerical method. The spatial and temporal dis-
cretization of the coupled Eqs. are carried out numerically by
the ‘control volume integration method’. The discrete equa-
tions are solved in an iterative manner using the successive
under-relaxation method (Zhang et al., 2017a). Each iteration
ends when the normalized variation of solution result is less
than 10�6 for every time step (Zhang et al., 2017b).

3. Results and analyses
3.1. Evolution of thermal state between different
schemes
In order to evaluate the short-term, medium and long-term
cooling capacity of the newly proposed strengthening mea-
sures on the subgrade and permafrost foundation, we simu-
lated the reinforced subgrade in Figs. 1 and 2 for 30 years. In
order to simplify the description below, we have simplified the
full name of the above subgrade structure. The strengthening
measure of crushed rock revetment protection for both the
sunny and shady embankment slopes is simplified to CRR
(Fig. 1). The asymmetric strengthening measures of TPCTs
and CRR for sunny slope and shady slope of embankment are
simplified as TCRR1 (Fig. 2a). TPCT and thermal insulation
materials are used for the sunny slope, and crushed rock
revetment is used for the shady slope. Composite measures
combining thermal insulation materials and TPCTs are



Table 1

All thermal parameters of solid medium and porous skeleton.

Physical variable lf (W m�1 �C�1) Cf ( � 106 J m�3 �C�1) lu (W m�1 �C�1) Cu ( � 106 J m�3 �C�1) L ( � 107 J m�3)

Crushed and ripped rock 3.000 1.006 3.000 1.006 0.00

Embankment 1.980 1.913 1.919 2.227 2.04

EPS 0.030 1.846 0.030 1.846 0.00

Pebbly sand 1.650 1.825 1.450 2.456 4.14

Sub-clay 1.350 1.879 1.125 2.357 6.03

Strongly weathered mud-stone 1.820 1.846 1.474 2.099 3.77

Note: The embankment is filled with gravel soil. The main components of strongly weathered mud-stone are limestone parent rock in small proportion and its

weathered products.
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adopted for the sunny slope of the subgrade, and CRR is
adopted for the shady slope of the subgrade. This asymmetric
enhancement is simplified to ETCRR2 (Fig. 2b). On the sunny
side, the upper slope surface is paved with thermal insulation
materials, the lower slope surface is paved with crushed rock
revetment, and TPCTs are inserted at an inclined angle at the
step. Meanwhile, the shady side of the embankment is
strengthened by CRR. This asymmetric strengthening measure
is simplified as TCECRR3 (Fig. 2c).

It can be seen from Fig. 5 that on July 15, after six years of
operation, although the 0 �C isoline below the subgrade center
migrated up to the original ground surface, a high temperature
area of 0e0.5 �C also appeared under the subgrade with a
‘thawing core’ interlayer. If this phenomenon continues to
evolve, it may lead to excessive settlement and a series of
secondary problems. Fig. 6 shows the temperature contour
map of the above strengthened subgrade structure on 15
January in the 1st, 5th, 8th, 15th and 30th years. The hori-
zontal and vertical axis names of the contour map in the table
are ‘horizontal position (m)’ and ‘depth (m)’, respectively. The
same applies to Figs. 7, 8 and 10 below. It can be seen from
Fig. 6 that within 30 years after CRR strengthening, the
temperature of the permafrost foundation below the subgrade
has been within the range of 0e0.5 �C in cold season. At the
same time, from the contour line of 0 �C, there is always a
melting interlayer on the sunny side of the subgrade. The
scope of the interlayer first shrinks to a local range at the toe of
the embankment and then expands to the original permafrost
table (PT). In contrast, the contour line of �0.5 �C under the
shady slope of the subgrade shows that the temperature near
the original natural PT of the shady slope once dropped below
�0.5 �C during the 0e15 years after strengthening. This
shows that strengthening with CRR alone is not enough to
completely eliminate the heat accumulation in the deeper layer
of permafrost foundation below the sunny slope during the
early operation of the original general subgrade. This also
further confirms the conclusion in our other study (Hou et al.,
2020). In contrast, the other three schemes of inclined
inserting TPCTs can directly cool the soil at the subgrade
2 ETCRR, thermal insulation material is additionally used and expanded

polystyrene (EPS) is added to the sunny side on the basis of the TCRR scheme.
3 TCECRR means TPCT, EPS, and crushed rock are comprehensively used

on the sunny slope of the embankment, and CRR paved on the shady slope is

consistent with the other two schemes.
centerline due to the fact that the heat insulation section of the
TPCTs extends directly below the track. When TCRR is used
for strengthening, although the cooling effect around the
condensation section of the TPCTs is significant, the direct
lower part of the sunny slope has always been a thawing state,
and the thermal erosion under the sunny slope of the subgrade
is still very serious. This may lead to the occurrence of sub-
grade slope, and the potential sliding threatens the safety of
subgrade (Pei et al., 2017). This indicates that further thermal
protection measures should be taken at the lower slope of the
sunny slope of the subgrade. With the laying of thermal
insulation materials on the sunny slope of the subgrade in the
ETCRR thermal strengthening measures, the cooling effect
near the condensation section of the TPCTs has been
remarkably strengthened compared with TCRR, and the
earlier heat accumulation right below the sunny slope of the
subgrade has also been dissipating with year. This also indi-
rectly indicates that the laying of thermal insulation materials
helps to increase the annual accumulation of ‘net cold storage’
of TPCTs in cold seasons. However, according to the cooling
process of the lower soil layer of the sunny slope during the
0e15 years after strengthening, the cooling efficiency of this
measure in short term is still not completely satisfactory. In
order to further improve the cooling efficiency of the
strengthening measures, TCECRR replaced the insulation
material laid on the downhill surface of ETCRR's sunny slope
with rubble slope protection. It can be seen that under the
strengthening of TCECRR, the melting interlayer in the lower
part of the sunny slope disappeared in the first year. Compared
with the evolution of isolines of �1 and �0.8 �C in ETCRR
scheme, the cooling efficiency of TPCTs has been further
improved, and its influence scope in both horizontal and ver-
tical directions has expanded to the whole bearing stratum in
the 15the30th years. Permafrost type of the foundation has
also changed from high-temperature permafrost to low-
temperature permafrost, and the service performance of the
project has been dramatically improved.

Fig. 7 shows the evolution process of ground temperature
isolines in the 1st, 5th, 8th, 15th and 30th years respectively
when CRR, TCRR, ETCRR and TCECRR are strengthened
at the maximum annual thawing depth. It can be seen that PT
below the sunny slope of the subgrade rises slightly in a small
range in the fifth year after CRR scheme is adopted for
strengthening, while PT below the subgrade center does not
rise markedly. The range between the contour lines of �0.5



Table 2

Aerodynamic parameters.

Physical

parameters

C

(kg k)

l

(W (m k) �1)

r

(kg m�3)

m

(Pa s)

b

Air 1.004 � 103 2.0 � 10�2 0.641 1.750 � 10�5 0.00387

Fig. 3. Numerical calculation process flowchart.
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and 0 �C in the lower part of the subgrade in 0e15 years is
slowly expanding year by year, and the contour lines of
�0.5 �C move down apparently in the 30th year with the
degradation of the permafrost around the subgrade. This
further shows that only CRR scheme can barely maintain the
thermal state of the subgrade after thermal disturbance after
several years of operation, and cannot completely reverse the
degradation process of permafrost foundation caused by
thermal disturbance in the earlier stage. From the contour
lines of �0.5 and �0.8 �C in the TCRR scheme, although the
‘cold energy’ accumulated in the cold season near the
centerline of the subgrade has not been completely dissipated
in the warm season, PT directly below the sunny slope of the
subgrade has moved downward year by year, and even
exceeded the original natural PT from the fifth year. In the
first year after ETCRR scheme is strengthened, PT of
permafrost will rise to the original natural surface. With the
service time coming to five years, the position of PT is
basically stable, and PT below the subgrade center is raised to
2.5 m. In addition, the �0.8 �C area contour below the
subgrade center gradually expands over time. In the 30th year
after the strengthening, the �0.8 �C isotherm profile was
extended to �7.5 m at the lowest, and the thermal stability of
the subgrade was prominently improved. However, according
to the evolution of the area between the contour lines of
�0.5e0 �C, the contraction rate of this area is not ideal
within eight years after the use of this measure. The
continuous existence of this high temperature zone may lead
to a certain soft substratum effect in the foundation soil under
the sunny slope of the subgrade, which may not completely
alleviate the deformation trend of the subgrade at this stage.
At the beginning of service, TCECRR can substantially raise
PT of permafrost, with the lowest limit of 0.6 m. With the
increase of time, the impact of climate warming on the un-
derlying permafrost of subgrade is not noticeable. After eight
years of service, the high-temperature frozen soil under the
subgrade begins to show �1 �C isotherm profile, and then
gradually expands. In 30 years, the maximum depth of the
isotherm profile can reach �8 m, which is extremely bene-
ficial to the thermal stability of the subgrade during service.
Table 3

Parameters involved in Eq. 4.

Variable T0 (
�C)

Ambient air �4.0 12.0

Natural ground surface �0.6 12.0

Sunny slope surface 1.2 14.0

Shady slope surface �1.5 15.0

Top of embankment, CRR and RR 1.5 16.0

Mean annual ground temperature (MAGT) �0.65 �C
3.2. Thermal state evolution near the original PT under
ballast after reinforcement
The thermal state near the original natural PT (especially in
the surrounding area of the subgrade center) is closely related
to the overall stability of subgrade (Mu et al., 2012). Fig. 8
gives the 30-year ground temperature time history curve of
the original PT position on the left (L), middle (M) and right
(R) shoulders of the subgrade and directly below the subgrade
center after reinforcement, marked in Fig. 1a. On the whole,
the subgrade goes through three stages: 1) the warming stage
before the measures are taken; 2) the rapid cooling stage after
strengthening measures; 3) the geo-temperature rise stage after
the strengthening measures exceed the limit cooling capacity
under the background of climate warming. From the evolution
of the ground temperature time history curve, although there
Fig. 4. Target plane sliced from the 3-dimensional model.



Fig. 5. Thermal regime of general embankment on 15 July which has operated

for six years.
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was a weak cooling process after the CRR program was
strengthened, the original PT from the shoulder of the sunny
slope to the central location was always in the ‘extremely
unstable thermal state of high temperature’ higher than
�0.5 �C. When the TCRR scheme is adopted for strength-
ening, the annual minimum ground temperature from the
subgrade center to the subgrade shady slope shoulder will drop
to �1.5 and �0.9 �C respectively during the 0e15th year
period. Although the ground temperature under the shoulder of
the sunny slope of the subgrade once dropped to �0.7 �C, the
ground temperature began to rise rapidly in the 20th year after
strengthening. When ETCRR and TCECRR schemes are
adopted for strengthening, a severe cooling process occurred
from the shoulder on the sunny slope of the subgrade to the
center of the subgrade during the 0e18th years, and the
cooling efficiency of the TCECRR scheme under the shoulder
Fig. 6. Thermal regime of the reinforced embankment on
on the shady slope of the subgrade is visibly better than that of
ETCRR.
3.3. Enthalpy evolution of soil mass after reinforcement
The strengthening measures are mainly to improve the
thermal stability of the permafrost subgrade by increasing the
input of ‘cold energy’ in the permafrost foundation under the
subgrade in cold season and slowing down the release of cold
energy in the soil in warm season. The heat energy in soil at a
certain temperature can be calculated by E ¼
H
�
Tref

�þ R T
Tref

CpðTÞdT . Wherein, H (Tref) is the standard
enthalpy at the reference temperature, Tref is the reference
temperature, and Cp is the specific heat. In order to clarify the
transformation process of thermal energy in subgrade soil
between different strengthening schemes in cold and warm
seasons, Figs. 9 and 10 respectively give the contour maps of
thermal energy on 15 April and 15 October in the 1st, 5th and
30th years of subgrade and its lower permafrost foundation
under the action of four strengthening measures.

From Fig. 9, during the first five years of CRR service, the
�50 kJ contour area below the sunny slope of the subgrade
gradually changes to �60 kJ area, while the �80 kJ contour
envelope area shrinks from the right side of the subgrade to the
soil at the sunny slope side. From the �90 kJ contour line, the
heat erosion effect of the shady slope side is noticeably weaker
than that of the sunny slope side in the early stage, and the
lower soil mass shows a further cold storage process in this
15 January in the 1st, 5th, 8th, 15th and 30th year.



Fig. 7. Thermal regime of the reinforced embankment on 15 October in the 1st, 5th, 8th, 15th and 30th year.

486 HOU Y.-D et al. / Advances in Climate Change Research 14 (2023) 479e491
stage. With the continuous warming of the climate, in the 30th
year, the �60 kJ energy contour area of the soil mass in the
lower part of the sunny slope degenerates to �50 kJ, while the
envelope area of �80 and �90 kJ energy contour gradually
shrinks downward. This shows that in the process of external
warming, the cold storage of the deep permafrost foundation
Fig. 8. Temperature time history curve of soil at left (L), middle (M) and right

(R) positions marked in Fig. 1 after strengthening with different schemes.
under the sunny slope has been consumed in the medium and
long term. In TCRR scheme, the soil mass near the lower
evaporation section of the ballast is always in the ‘cold storage
state’ after strengthening, and the maximum thermal energy
isoline increases from �90 kJ in the first year to �130 kJ in
the 30th year after strengthening, and the area is also further
expanding and extending downward. From the �70 kJ contour
line, the cold energy of the permafrost foundation below the
sunny slope increases slightly in the shallow layer with time,
while it continues to decrease in the deep layer. However, after
the ETCRR scheme is adopted for strengthening, the cold
energy of permafrost directly under the ballast has been in the
process of accumulation, and this part of cold energy is
gradually diffusing to the two subgrade slopes with the in-
crease of time. This effect also urges the permafrost founda-
tion under the sunny slope to be in the cold energy
accumulation state all the time. After strengthening with the
TCECRR scheme, the cold energy accumulation process at
each position of the embankment or its soil mass is evidently
strengthened in depth and width on the basis of the ETCRR
scheme. At the same time, the distribution of cold energy in
permafrost foundation is more uniform than that in ETCRR
scheme.

After a warm season, from the thermal energy isoline of
�29 and �30 kJ inside the embankment in the same year, the
thermal protection capacity of the four strengthening measures
in the warm season is in the order of strong to weak:
TCECRR > ETCRR > CRR > TCRR (Fig. 10). Compared
with the situation in Fig. 9, from the �50 and �70 kJ thermal
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energy isolines in the permafrost foundation under the sunny
slope, it can also be found that the cold energy dissipation in
the permafrost foundation under the TCRR scheme is the most
serious. From the isoline of �50 and �70 kJ, the dissipation of
cold energy in the foundation soil of the other three schemes in
the warm season mainly occurs from the original natural PT to
the surface. The cold energy in the area below the original
natural PT is almost the same as that on 15 April.

4. Discussion
4.1. Thermal state below the middle subgrade steps on
sunny side
Figs. 11 and 12 show the thermal state in the middle of the
steps of the sunny slope subgrade on 15 January and 15
October (at the maximum annual thawing depth), in the 1st,
5th and 30th year after strengthening. It can be seen from
Fig. 11 that after the TCRR scheme is adopted for strength-
ening, ground temperature range between 0 and 3 m below the
steps of the sunny slope of the subgrade is apparently lower
than that in the ETCRR and TCECRR cases. This shows that
the natural refreezing process of sunny slope without protec-
tive measures is stronger than that of slope protection with
thermal insulation materials and crushed rock revetment.
During the 1ste5th years after the strengthening of TCRR
scheme, the range from �0.5 to �5.8 m was still in a melting
state on 15 January, and the artificial PT was not substantially
raised. After 30 years of strengthening, although the artificial
permafrost has been uplifted to the original natural surface, the
melting area has also been expanded to the range of 0e6 m. In
the first year after ETCRR is adopted for strengthening, the
artificial PT at this location has been raised up to the original
natural surface, and ‘zero curtain’ has occurred within the
range of 0 to �1.5 m. In the 5th year after the strengthening,
the soil mass has completely the refrozen, in which the
maximum cooling amplitude within the range of �1 to �3.5 m
is �0.4 �C compared with the first year. During the 30 years
Fig. 9. Enthalpy of the reinforced embankment
after the strengthening, a strong cooling process occurred
within the range of 0 to �8 m, and the maximum temperature
drop occurs at �2 m with an amplitude of about 0.5 �C. In
these three years after the adoption of TCECRR enhancement,
the ground temperature change law is similar to that of
ETCRR scheme, but the cooling amplitude and range during
the 5the30th years are greater than that of ETCRR. This
shows that the thermal protection measures on the superficial
sunny slope of the embankment retard the refreezing effi-
ciency of the adjacent soil mass to a certain extent, but this
effect does not seem to affect the deep soil layer, but rather
strengthens the cooling of the deep soil. The cooperative work
of crushed rock revetment, thermal insulation material and
inclined TPCTs in TCECRR scheme makes this phenomenon
more significant.

As can be seen in Fig. 12, when TCRR strengthening is
adopted, the low temperature envelope at this position con-
tinues to move towards the high temperature direction, and the
artificial PT is also decreasing year by year. However, after
ETCRR strengthening, the artificial PT has been rising year by
year in these three years, and it remains 1 m above the original
natural surface by the 30th year. The ground temperature in
the range of �9 to �1 m is decreasing year by year in the
above three years. This indicated that thermal disturbance
formed during operation without thermal protection measures
has been repaired and consolidated year by year. For the above
three years, the TCECRR scheme is superior to the ETCRR
scheme in terms of both the inter-annual uplifting amplitude of
the artificial PT and the cooling range and amplitude of ground
temperature.
4.2. Working characteristics at different positions of the
evaporation section
Fig. 13 shows the surface heat flux of the evaporation
section along the length of the TPCT on 15 January in the 1st,
5th and 30th years (the air temperature reaches the annual
minimum) under the three working conditions of TCRR,
on 15 April in the 1st, 5th and 30th year.



Fig. 10. Enthalpy of the reinforced embankment on 15 October the in the 1st, 5th and 30th year.
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RTCRR and TCECRR. In general, the surface heat flux of the
evaporation section of the TPCT is decreasing year by year
under the three working conditions. After TCRR strength-
ening, in the above three years, the heat flux value in the soil
layer below �6 m is higher than the other two. However,
within the range of 0e6 m, the heat flux value decreases
rapidly in the direction close to the top of the evaporation
section, and is obviously smaller than the other two schemes
within the range of 0e4 m. The heat flux distribution curves of
ETCRR and TCECRR are similar, but the heat flux of ETCRR
scheme in the same year and location is greater than that of
TCECRR. The difference between them gradually increases
towards the upper part of the evaporation section. In addition,
the difference is increasing with year.

Fig. 14 shows the heat flux time history curves in the 1st,
5th and 30th years for the heat flux at the positions 1/4, 1/2, 3/
4 and 4/4 from the top of the evaporation section of the TPCT
in the three schemes of TCRR, ETCRR and TCECRR. On the
whole, the heat flux evolution trend at different positions of the
evaporation section of the TPCT in the ETCRR enhancement
scheme is basically similar to that in the TCECRR. According
Fig. 11. Calculation results of ground temperatureedepth curve on 15 January

at the step center on the sunny slope.
to the annual change of heat flux at the 1/4e1/2 evaporation
section length from the top down in Fig. 14a and b, the start
time of the TPCTs in TCRR scheme is obviously earlier than
that in the other two schemes, but the stop time is later than
that in the other two schemes. Atthe same time, in this range,
the maximum power (maximum heat flux) of the TPCT in
TCRR is also smaller than that of the other two cases, and its
corresponding time is also earlier than that of the other two
cases. This shows that although the thermal protection mea-
sures on the surface of the sunny slope subgrade in the ETCRR
and TCECRR schemes hinder the natural refreezing process of
the underlying soil layer to some extent, this effect ensures the
temperature difference between the soil layer and the outside
atmosphere within the range, and enhances the working effi-
ciency of the TPCT. From Figs. 7, 10 and 12, the ETCRR and
TCECRR schemes show noticeable and powerful thermal
insulation advantages during the shutdown period of TPCTs in
the warm season. In combination with Figs. 6 and 8, the above
process makes the comprehensive cooling effect of ETCRR
and TCECRR schemes stronger than that of TCRR. According
to the change of heat flux from the 3/4 evaporation section
length to the bottom of the TPCT (Fig. 14a), the heat flux of
the evaporation section wall in the TCRR scheme becomes
greater than that in the other two schemes over time. In
combination with Figs. 6, 8 and 9, this is mainly due to the
poor comprehensive cooling effect of TCRR, which leads to
the temperature increase of deep frozen soil in the medium and
long term, and expands the temperature difference between
deep frozen soil and the outside atmosphere in cold season.
Compared with the ETCRR and TCECRR schemes, the heat
flux at almost any position in the evaporation section of the
ETCRR scheme is slightly greater than that of the TCECRR
scheme, and this gap also expands slightly over time.
4.3. Economical applicability analysis
The above results show that the composite reinforcements
can dramatically cool the permafrost foundation, uplift PT,



Fig. 12. Calculation results of ground temperatureedepth curve on 15 October

at the step center on the sunny slope.

Fig. 14. Simulation results of heat flux time history curve at different positions

of TPCT evaporation section in TCRR, ETCRR and TCECRR schemes.
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and improve its long-term thermal stability. Although TCRR
scheme can cool the soil mass below the central embank-
ment, the permafrost under the sunny slope is still continuous
degenerating, and potentially threatens stability of subgrade
slope. So, it is not recommended using as a reinforcement
measure. ETCRR and TCECRR schemes have better cooling
capacity throughout the service life and can be used as
alternative reinforcement measures. However, to judge
whether the reinforcement measures are applicable to the
actual project, it is necessary to evaluate their economic ra-
tionality. We investigated the current cost of materials, labor
and transportation in the market of China, and found that the
purchase cost of glass fiber grating and TPCT in ETCRR and
TCECRR schemes is about 3.53 times and 3.51 times of that
in CRR schemes, respectively, if estimated by the rein-
forcement length of 100 m. However, considering the con-
struction efficiency and other factors, the labor cost of
ETCRR and TCECRR is only 20% and 60% of that of CRR.
For the transportation cost, we estimated it according to the
truck with a load of 25 t and a capacity of 60 m3. The
transportation costs of ETCRR and TCECRR are relatively
low, only 6.4% and 72.4% of CRR respectively. In terms of
Fig. 13. Simulation results of the transient heat flow distribution curve of

evaporation section pipe wall on 15 January, in the 1st, 5th and 30th years in

TCRR, ETCRR and TCECRR schemes.
overall cost, compared with CRR scheme, ETCRR scheme
can save 52.1% of the cost, while TCECRR scheme can only
save 1% of the cost. It can be seen that under the condition of
sufficient project budget, using TCECRR scheme can achieve
more efficient cooling process and ensure the long-term
stability of high-temperature permafrost foundation. If the
project budget is tight, ETCRR can also be strengthened.
However, from the perspective of Figs. 6 and 7, the project
maintenance cost in 0e5 years after using this scheme may
be higher than that of TCECRR.
4.4. Improvement, limitation and uncertainty
The disposal measures studied here are all proposed to
precisely solve the differential degradation problem of
permafrost foundation on the lower part of shady slope and
sunny slope of railway embankment under the action of
climate warming and engineering disturbance. The strength-
ening measures for the sections with perennial surface runoff,
the transition sections of roads and bridges, and the sections
with strong heat and melt disasters are still very complex and
requires further research. The numerical model used involves
the coupled heat transfer process of TPCTs and crushed rock
applied in the embankment. Among them, the model for
calculating heat transfer in TPCTs has been successfully
applied in other literature (Pei et al., 2019a, 2019b). The
calculation results of the model considering local non thermal
equilibrium heat transfer in the crushed/ripped rock layer have
also been confirmed in our other article to be superior to the
calculation results under the assumption of local thermal
equilibrium (Hou et al., 2022b). Therefore, due to space lim-
itations, this study did not further validate the calculation
results.

5. Conclusion

(1) When the traditional crushed rock revetment is used to
reinforce the general embankment on both the shady and
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sunny embankment slopes, it can only limit the tem-
perature increasing process of the underlying perma-
frost, which is not enough to completely eliminate the
warm permafrost areas formed during the previously
operation.

(2) When the TCRR scheme is adopted, although the
cooling effect is apparently adjacent to the shady side,
the permafrost deteriorating directly below the sunny
slope is still ongoing. This may lead to thermal slippage
in the corresponding locations.

(3) When ETCRR and TCECRR schemes are implemented,
the thermal field for the permafrost foundation can be
relatively comprehensively ‘repaired’ and further
cooled. Nevertheless, either from the perspective of
working efficiency or the effective range in the above
process, TCECRR scheme is notably superior to the
former.

(4) The thermal insulation material laid in the ETCRR and
TCECRR schemes retards the natural refreezing and
cooling process of the soil layer below, but improve the
working intensity of the TPCTs because the temperature
difference between the evaporation section and the
external environment is accordingly maintained in the
early cold season. In addition, the thermal insulation
material can well isolate the heat input in warm season.
Therefore, the thermal insulation material further im-
proves the comprehensive cold energy storing capacity
of TCRR.

(5) Among TCECRR scheme, the crushed rock laid on the
lower steps of the sunny slope has further improved the
overall working efficiency of the composite strength-
ening measures due to its ‘thermal semiconductor’ ef-
fect, and homogenizes the thermal field under the
embankment in the horizontally direction.
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