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a b s t r a c t
The collapse mechanism of buried pipelines in frozen soil areas is explored to protect buried 
pipelines. The classical hydrodynamic model and the basic theory of thermoelasticity are used to 
construct a hydro-thermal-mechanical coupling mathematical model suitable for frozen soil. It can 
be divided into two steps: the full coupling of water and heat and the one-way coupling of water, 
heat and force. The geometric model is established and the network is divided. The analyzed hydro-
thermal results are imported into the model. The frost heave deformation of the buried pipeline 
surface in the frozen soil area is simulated and analyzed. The collapse mechanism of buried pipe-
lines in frozen soil areas is combined and studied. The vertical stress of the buried pipeline increases 
with the increase of the relative stiffness of the pipe soil. The research shows that the larger the 
diameter of the buried pipeline is in the frozen soil area, the easier it is to collapse and the greater 
the displacement of the buried pipeline is. Moreover, the vertical stress on the pipeline increases 
with the increase of the pipe diameter.

Keywords: Coupling of water and heat; Frozen soil area; Buried pipeline; Pipeline collapse

1. Introduction

Frozen soil is an anisotropic, heterogeneous four-item 
complex composed of gas, water, ice, and soil particles. 
The components of frozen soil influence and restrict each 
other. The freezing process is the result of the interaction 
of various factors such as water, heat and force [1]. Soil 
particles, ice and unfrozen water in frozen soil affect each 
other under the action of external conditions such as tem-
perature. Its movement, diffusion and phase change lead to 
freeze-thaw changes in the soil. The law of water and heat 
changes in soil and the redistribution of stress are the main 
factors that cause frost heave and thaw settlement. Frost 
heave and thaw settlement are the most common diseases 

that affect the collapse of buried pipelines in frozen soil 
engineering [2]. Therefore, to ensure the stability of buried 
pipelines in permafrost regions, the temperature field and 
stress status of the foundation under the coupling effects of 
water, heat and force need to be observed.

In the process of freezing and thawing, the frost heave 
of soil is affected by the coupling of moisture field, tem-
perature field and stress field. The problem of soil frost 
heave is an extremely complex and comprehensive prob-
lem. If only a single factor is studied, it is difficult to reveal 
the true process of frost heave. The influence of the cou-
pling effect of multi-physics (water, heat, force) on the frost 
heave problem should be comprehensively considered [3]. 
The hydro-thermal coupling analysis is the basis of the 
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hydro-thermal-mechanical coupling analysis. Based on the 
hydro-thermal-mechanical coupling analysis, the collapse 
mechanism and protection of buried pipelines in frozen soil 
areas are studied and analyzed. The collapse mechanism 
and protection of buried pipelines in frozen soil areas are 
conducive to perfecting the theory of frost heave, further 
understanding the frost heaving process, and improving 
the collapse of buried pipelines in frozen soil areas.

Based on the classic hydrodynamic model and the 
basic theory of thermoelasticity, a mathematical model of 
hydro-thermal-mechanical coupling suitable for frozen soil 
is constructed. It can be divided into two steps: the full cou-
pling of water and heat and the one-way coupling of water, 
heat and force. The frost heave deformation of the buried 
pipeline surface in the frozen soil area is simulated and ana-
lyzed. The collapse mechanism of buried pipelines in fro-
zen soil areas is obtained. Protective measures for buried 
pipelines in frozen soil areas are further proposed.

2. Method

2.1. Ideas for constructing hydro-thermal-mechanical 
coupling model

To avoid using the controversial Claberon equation to 
describe the influence of temperature on soil water poten-
tial, the model built is based on a hydrodynamic model. 
Mainly focusing on the macro perspective, the freezing 
law of the soil is analyzed. The non-condensation crite-
rion and the initiation mechanism of ice lens are studied 
microscopically [4]. In terms of coupling equations, based 
on the coupling relationship between the temperature 
field and the moisture field, a hydro-thermal fully coupled 
model is constructed. Based on the analysis results of the 
temperature field and the moisture field, the knowledge of 
thermodynamics is used to realize the one-way coupling of 
water, heat and force. Finally, the hydro-thermal-mechanical 
coupling frost heave model is proposed.

Firstly, starting from the basic principles of conservation 
of mass and energy, Darcy’s law, Fourier’s law, soil–water 
characteristic curve, and solid–liquid ratio are intro-
duced. The hydro-thermal fully coupled model is derived. 
The hydro-thermal coupling model is used as the basis. 
Considering the similarity between soil freezing and frost 
heaving and thermal expansion of general materials, the 
linear expansion coefficient is introduced. The stress-strain 
balance equation is constructed [5]. Through the hydrother-
mal model and the stress-strain balance equation, the one-
way coupling of the soil moisture field, temperature field 
and displacement field is realized.

2.2. Basic equations of hydro-thermal-mechanical  
coupling model

The hydro-thermal-mechanical coupling model is real-
ized in two steps. The first step is the full coupling of water 
and heat. The basic equations are: water control equation, 
temperature control equation and connection equation. 
The second step is the one-way coupling of hydrothermal 
and force, and the basic equation is the stress-strain govern-
ing equation [6].

2.2.1. Equation of moisture control

For general soil, when water migrates in saturated 
or unsaturated soil, there is only seepage and no phase 
change. There are negative temperature zones in positive 
frozen soil. In the process of water migration, ice-water 
phase change will occur. Experimental studies show that 
the frost heave caused by the phase transition of the migra-
tion water is much greater than the frost heave deformation 
caused by the in-situ water. It is the main reason for the frost 
heave [7]. For unsaturated frozen soil, the water migration 
model is the key to study the change of the water field inside 
the soil. Temperature potential and matrix potential are 
the driving force for water migration. The model is based 
on the principle of conservation of mass and Darcy’s law, 
and the water control equation is constructed.

Darcy passed the saturated sand permeability test and 
found that the seepage flow is proportional to the differ-
ence between the upstream and downstream heads and the 
cross-sectional area perpendicular to the direction of the 
water flow. The seepage volume is inversely proportional 
to the seepage length. According to this, Darcy’s law is 
summed up.

q KI=  (1)

where q is the water flux (m s–1). I is the hydraulic gradi-
ent. K is the permeability coefficient, also known as the 
moisture conductivity and hydraulic conductivity (m s–1).

I H
L

=
∆  (2)

where ΔH is the total head difference between the begin-
ning and the end of the permeation path (m). L is the linear 
length of the penetration path (m).

It is worth noting that Eq. (2) is for the constant flow 
of homogeneous soil. The water head changes nonlinearly 
along with the flow. In heterogeneous soil or unsteady 
flow, it is more reasonable to express Darcy’s law in 
differential form.

q K dH
dL

= −  (3)

Since the permeability coefficient K in Eq. (3) is a con-
stant related to soil quality, this equation is only applicable 
to saturated soil. K in unsaturated soil will change with the 
change of water content. Therefore, the constant K can be 
rewritten as a variable K(θ) related to the volumetric water 
content. Then Darcy’s law is extended to unsaturated soil, 
and its spatial expression is as follows.

q K d
dx

d
dy

d
dz

K Ku u u= − ( ) + +






= − ( ) = − ( )∇θ
ψ ψ ψ

θ ψ θ ψgrad  (4)

where θu is the volume of unfrozen water content, and ψ 
is the soil water potential (m). ∇ or grad is the gradient 
operator.
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2.2.2. Temperature control equation

The biggest difference between the heat transfer process 
of frozen soil and the general heat transfer process under 
positive temperature is the existence of ice–water phase 
transition. There will be latent heat generated in the micro- 
element body. The heat generated by the ice–water phase 
change is defined as the heat source in the micro-element 
body [8]. According to the law of conservation of energy, 
the increase Q of the thermal energy of the micro-element 
soil is equal to the sum of the net heat transfer heat of the 
micro- element body Q1, the increase of the mass transfer 
heat Q2, and the heat generation Q3 of the heat source.

Q Q Q Q= + +1 2 3  (5)

When some researchers use the principle of conserva-
tion of mass, to simplify the model, the increase in mass 
transfer heat Q2 is small, which is often considered negli-
gible. At present, the simplified treatment of this heat has 
not been sufficiently verified by experiments, especially for 
the different soil qualities of buried pipelines in frozen soil 
areas [9]. Therefore, when constructing the temperature 
control equation, this term should be taken into account in 
the differential equation.

In the increment dt at any time, the increased Q of the 
thermal energy of the micro-element soil is as follows.

Q C T
t
dxdydzdt=

∂
∂

 (6)

where C is the volumetric heat capacity (kJ m–3 K–1). C is 
related to the content of each component of the soil. T is 
the temperature (K), and t is time (s).

In the increment dt at any time, the net heat transfer 
amount Q1 of the micro-element body can be expressed as 
follows.

Q Q Q Qx y z1 1 1 1= + +  (7)

where subscripts x, y, and z respectively represent the 
components along the corresponding coordinate axis.

The net heat transfer component along the x-axis is as 
follows.

Q J dydzdt J
J
x

dydzdt
J
x
dxdydzdtx1 = − +

∂
∂







= −
∂
∂Tx Tx

Tx Txdx  (8)

where JTx is the component of the heat flux JT (W m–2) in the 
x-direction.

In the same way, the net heat transfer components in 
the y and z directions can be obtained.

Q J dxdzdt J
J
y
dy dxdzdt

J
y
dxdydzdty1 = − +

∂
∂









 = −

∂
∂Ty Ty

Ty Ty  (9)

Q J dxdydt J
J
z
dz dxdydt

J
z
dxdydzdtz1 = − +

∂
∂







= −
∂
∂Tz Tz

Tz Tz  (10)

where JTy and JTz are the components of the heat flux JT 
(W m–2) in the y and z directions.

Heat transfer in porous media is known from Fourier’s 
law.

J TT = − ∇λ  (11)

J J J JT = + +Tx Ty Tz  (12)

J
J
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J

J
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J

J
z

T T T
Tx Ty Tz=

∂
∂

=
∂
∂

=
∂
∂

` `  (13)

where λ is the thermal conductivity (W m–1 K–1). λ is related 
to the content of each component of the soil.

Combining Eqs. (8)–(13) can obtain the net heat trans-
fer heat Q1 of the micro-element body in the space coor-
dinate system.

Q T dxdydzdt1 = −∇ − ∇( )· λ  (14)

Within the increment dt at any time, the mass transfer 
heat increase Q2 in the micro-element body is the heat carried 
by the migrating water.

Q C q TdxdydzdtW2 = − ∇  (15)

where CW is the volumetric heat capacity (kJ m–3 K–1). q is 
the flux (permeation flow rate) (m s–1), and T is the tempera-
ture (K).

Within the increment dt at any time, the calorific value 
Q3 in the micro-element body is as follows.

Q L
t
dxdydzdti
i

3 =
∂
∂

ρ
θ

 (16)

where L is the latent heat of phase change (kJ/kg).
Eqs. (4), (7), (14)–(16) are substituted into Eq. (5), and 

the temperature control differential equation is obtained.

C T
t
C K z T T L

tW u p
m

i
i∂

∂
+ − ( )∇ +( )



 ∇ + ∇ − ∇( ) −

∂
∂

=θ ϕ λ ρ
θ

0 (17)

2.2.3. Contact equation

One of the basic hydraulic properties of unsaturated 
soils is the change of matrix potential with volumetric water 
content. The relationship between matrix potential and vol-
umetric water content is often described by the soil–water 
characteristic curve (SWCC) [10]. On the basis of SWCC, 
the specific water capacity (differential water capacity) Cm 
(m–1) is commonly used to characterize the relationship 
between matrix potential and volumetric water content.

Cm
u

p
m=

∂
∂

θ
ϕ

 (18)

In unsaturated soil, the soil moisture diffusion coefficient 
D (m2 s–1) can be expressed as follows.
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D K
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u

= =
∂
∂

=
∂
∂θ

ϕ
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θ

 (19)

The matrix potential term in Eq. (17) can be expressed 
as follows.

K z K

K z D K

u p
m

u
p
m

u
u

u u u

θ ϕ θ
ϕ
θ

θ

θ θ θ

( )∇ +( ) = ( ) ∂
∂

∇ +

( )∇ = ∇ + ( )
 (20)

During the freezing process, liquid water can not com-
pletely phase into ice. There is always a certain amount of 
liquid water around the soil particles. There is a dynamic 
equilibrium relationship between the volume of unfrozen 
water (liquid water) and temperature in frozen soil, which 
is usually characterized by SFC soil freezing characteristics. 
Generally speaking, there is a positive correlation between 
unfrozen water content and temperature [11]. The main fac-
tors affecting the content of unfrozen water are soil quality, 
external conditions (temperature, load) and freeze-thaw 
history. To explore the influence of different influencing 
factors on the unfrozen water content of frozen soil, schol-
ars in China and other countries have conducted a large 
number of experimental studies on this from different 
angles. The unfrozen water prediction model proposed by 
Xu is referred to [21].
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 (21)

where wo is the initial mass water content, wu is the quality of 
unfrozen water content, T is the soil temperature (°C), b is the 
empirical constant, and Tf is the freezing temperature (°C).

There is a conversion relationship of Eq. (22) between 
the mass unfrozen water content and the volume unfrozen 
water content θu.
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where mu is the mass of unfrozen water (kg), ms is the mass 
of soil skeleton (kg), vu is the volume of unfrozen water (m3), 
v is the total volume of the soil (m3). ρd is the dry density of 
soil (kg m–3).

To characterize the dynamic balance relationship 
of a θu – T and θu – θ1 at the same time, now Eq. (18) is 
transformed as follows.
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In summary, the basic governing Eqs. (4) and (17) and 
the related Eqs. (20) and (23) are combined. The moisture 
field and temperature field of the soil at any time are solved. 

The established mathematical model can directly view the 
volumetric unfrozen water content, volumetric ice content 
and the mass water content corresponding to the sum in the 
solution results. There is no need to invert the volume of 
unfrozen water content or solve the volumetric ice content 
twice, which makes the solution process simple and easy.

2.3.4. Stress—strain control equation

The soil is assumed to be an isotropic linear elas-
tic material. The influence of the self-weight of the soil 
and the expansion of the ice-water phase change on the 
deformation is considered. According to the basic theory 
of elastic mechanics, the relationship between soil stress 
and physical strength satisfies the equilibrium differential 
equation of Eq. (24).
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To simplify writing, the above formula can be expressed 
as follows.

∇ •   +   =σ FV 0  (25)

where ∇• is the differential operator (divergence div). [FV] 
is the physical strength matrix. [σ] is the stress matrix.

The [FV] and [σ] scores of the same-sex spatial bodies 
are as follows.

F f f fV x y z

T
  =    (26)

σ σ σ σ τ τ τ  =  x y z xy xz yz

T
 (27)

where f is the volume force (N m–3), σ is the normal stress 
(N m–2), τ is the shear stress (N m–2). The subscripts x, y, z 
are the corresponding directions of the x, y, and z coordinate 
axes weight.

To simplify the model, the influence of the self-weight of 
the soil and the expansion of the ice–water phase change on 
the deformation is mainly considered. Only [εth] is consid-
ered in the inelastic strain term. The simplified equation is 
as follows.

∇ •     −  ( )  +   =D FVε εth 0  (28)

Eq. (28) is the differential equation of frozen soil stress–
strain control. The coefficient of linear expansion is gen-
erally a function of temperature T. To fully consider the 
comprehensive effect of moisture field and temperature field 
on deformation, the mass ice content is adopted to express 
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the linear expansion coefficient. General researchers treat 
both elastic modulus and Poisson’s ratio as fixed values. 
This type of treatment method does not take into account 
the influence of the freezing state of the soil on the mechan-
ical parameters of the soil. However, this kind of parameter 
will change during the freezing process of the soil [12]. To 
make the model more reasonable, both the elastic modulus 
and Poisson’s ratio are taken as functions of temperature, 
rather than constants.

The three factors of water, heat and force in frozen soil 
area can be related to temperature through unfrozen water 
content. The figure shows that when one of the factors 
changes, the other two factors change accordingly (Fig. 1). 
These three factors restrict each other on the basis of mutual 
influence, and jointly control the soil stability of buried 
pipelines in permafrost regions.

2.3. Classification of buried pipelines

Pipelines are classified according to pressure and 
medium temperature (Tables 1 and 2). When the pipeline 
conveys the medium under pressure, the pipeline must 
meet certain strength and tightness. When the main body 
of the pipeline and its connectors are subjected to medium 
pressure, the pipeline will not be damaged or leaked.

Buried pipelines can also be classified according to 
different pipe materials as shown in Fig. 2. According to 
different materials, there are mainly the following types.

According to actual investigations, the buried pipe-
lines in China are mainly concrete and reinforced concrete 

pipelines. However, due to the characteristics and limita-
tions of concrete materials, the existing concrete pipes are 
different [13]. However, PVC, PE and other materials are 
gradually replacing concrete pipes and reinforced concrete 
pipes due to the good corrosion resistance, flexibility and 
relatively lightweight.

3. Results and discussion

3.1. Process of numerical simulation

The deformation caused by a frost heave is mainly 
considered. The soil is always in the positive temperature 
zone within a certain depth range. Under the condition 
of not affecting the deformation field analysis, to simplify 
the model, the position 11 m below the natural ground is 
regarded as the lower boundary of the model. The lower 
boundary has almost no displacement and is set as a fixed 
end [14]. The left and right boundary positions are set as 

Unfrozen water content Moisture diffusion system

Coefficient of expansion

Temperature stress

Mechanical parameters

Thermal parameters

temperature

Fig. 1. The mutual influence of water, heat and force.

Table 1
Classified by pressure pipeline

Category name Design pressure P (MPa)

Vacuum pipeline P < 0
Low pressure pipeline 0 < P ≤ 1.6
Medium pressure pipeline 1.6 < P ≤ 10.0
High pressure pipeline 10.0 < P ≤ 42.0
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roller support. There is no lateral displacement of the left 
and right boundary positions, only frost heave deformation 
occurs.

Firstly, the geometric model is established and the 
mesh is divided. The grid division density is the same 
as the setting in Chapter 3. Secondly, the previously ana-
lyzed hydrothermal results are imported into the model in 
the form of interpolation functions. In the solid mechan-
ics interface, a linear elastic material model is used. The 
thermal expansion interface is introduced and related 
parameters are set. The input type of thermal expansion 
attribute adopts the secant coefficient of thermal expan-
sion. The thermal expansion coefficients of the A and B 
groups of fillers and graded crushed stone layers are input 
using if judgment sentence and a minus sign are added. 
The thermal expansion coefficient of the clay loess layer is 
taken as a constant –0.0015. The strain reference tempera-
ture of each layer of soil is set as the freezing temperature. 
The temperature function T is set to if (Tt < Tf, Tf + ∆Tc, Tf) 
(Tt is the soil temperature at the time of calculation. ∆Tc is 
the phase change interval and Tf is the freezing tempera-
ture). The temperature function T is used to determine 
whether the soil is in the phase change zone and whether 
it participates in the phase change frost heave calculation. 
Finally, the study type is set to a steady-state, and model 
calculations are performed.

The frost heave deformation of buried pipelines is dis-
tributed asymmetrically along the horizontal direction 
(Fig. 3). There is uneven deformation on the surface of 
the buried pipeline. The order of frost heave deformation 
on the surface of buried pipelines is the right side of the 
pipeline, the left side of the pipeline, and the centre of the 
pipeline. The frost heave deformation is the largest on the 
right, followed by the left, and the smallest at the centre 
of the pipe. The maximum frost heave deformation of the 

buried pipeline surface is about 11–18 mm. The part of the 
frost heave deformation exceeds the 15 mm required by 
the specification. The frost heave deformation of the soil 
is distributed asymmetrically along the transverse direc-
tion, and there is uneven deformation on the surface. There 
is no insulation layer on the left and right sides directly 
exposed to the surrounding environment. The track plate 
at the centre of the pipeline can be regarded as an insula-
tion material that has the effect of slowing down tempera-
ture transfer. Therefore, in the negative temperature zone 
of the soil, uneven deformation occurred on the left and 
right sides and the centre of the pipeline in the early stage. 
The uneven deformation gradually increases with time (up 
to 14 mm), and after reaching a certain degree of freezing 
(February 15), the difference begins to gradually decrease. 
The uneven deformation in the centre of the pipeline is 
relatively small, and the maximum is not more than 2 mm.

3.2. Mechanism of pipeline collapse

The shear surface has friction on the soil on both sides 
of the pipe circumference. The fill on both sides of the pipe 
circumference create a downward friction on the shear sur-
face. This frictional force acts on the backfilled soil column 
at the upper part of the pipeline. The vertical pressure of 
the buried pipeline is greater than the weight of the soil pil-
lar of the backfill. According to the force balance equation, 
the vertical earth pressure on the pipe can be calculated. 
During the operation of the flexible pipeline, it is loaded by 
the earth pressure of the backfill on the upper part of the 
pipeline. The force of the flexible pipeline is related to the 
physical and mechanical properties of the pipeline material 
(such as the stiffness of the pipeline and bending deforma-
tion ability). The force of the flexible pipeline is also related 
to the characteristics of the backfill soil on the upper part of 

Buried pipeline

Metal pipe Non-metallic pipeline

Steel 
Pipe

Cast 
iron 
pipe

Copper 
tube

Galvanized 
iron pipe

Aluminum 
tube

Inorganic 
pipeline

Organic 
pipeline

Concr
ete 

pipe

Reinfo
rced 

concre
te pipe

PVC 
pipe

PE 
pipe

 
Fig. 2. Classified by pipe material.
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the pipeline (load thickness, the friction coefficient between 
the backfill soil and the groove, the bulk density of the 
backfill soil, and the coefficient of internal friction of the 
backfill soil) [15].

The finite element simulation analysis results of the pipes 
with the same diameter and different quality show that the 
vertical stress of the pipe increases with the increase of the 
relative stiffness of the pipe soil. The results of finite ele-
ment simulation analysis of force and deformation of pipes 
with the same quality and different diameters show that the 
larger the pipe diameter, the easier the pipe collapses and 
the greater the collapse displacement. The vertical stress on 
the pipeline increases with the increase of the pipe diame-
ter. The finite element simulation analysis results of the pipe 
stress and deformation show that the maximum collapse 
displacement of the cast iron pipe occurs outside 1/5 of the 
pipe. The maximum collapse displacement of the remaining 
pipelines all occurred at about 1/3 of the pipeline [16–19].

3.3. Protective measures for buried pipelines

The pipeline must be prevented before it is laid. The 
actual pipeline operation and construction conditions are 
investigated and the finite element analysis of the pipeline 
force is simulated. The following measures are obtained.

• Choosing the right pipe material is the most important 
and basic measure. The prevention of pipeline collapse 

mainly depends on the mechanical properties of the pipe-
line itself to resist the stress and strain experienced by 
the pipeline. Choosing the right pipe material can greatly 
reduce the probability of pipe collapse.

• The appropriate pipe diameter is selected. The larger the 
diameter of the pipe, the easier it is to collapse. Therefore, 
in the case of meeting the requirements of pipeline use, the 
pipeline with a small diameter is used as much as possible.

• Construction technology: The selection of scientific and 
reasonable construction technology when laying pipe-
lines is also a major factor affecting pipeline collapse. 
Scientific and reasonable construction technology will 
also reduce the probability of pipeline collapse. For 
example, firstly, a layer of sand is used to compact the 
bottom of the pipe. Secondly, the pipeline is laid, and 
a layer of sand is spread on the top of the pipeline. 
Finally, the pipeline is covered with soil.

• The construction quality is controlled. The quality of con-
struction will affect the collapse of the pipeline [20–22].

4. Conclusion

Based on the law of conservation of mass, law of conser-
vation of energy, Darcy’s law, Fourier’s law and the basic the-
ory of thermoelasticity, a mathematical model of hydro-ther-
mal-mechanical coupling suitable for frozen soil is derived. 
The collapse mechanism of buried pipelines in frozen soil 
areas is studied. The finite element simulation analysis 
results of the force and deformation of pipelines with the 
same diameter and different quality show that the vertical 
stress of the buried pipeline increases with the increase of the 
relative stiffness of the pipe soil. The finite element simula-
tion analysis results of the stress and deformation of buried 
pipelines of the same quality and different diameters show 
that the larger the diameter of the buried pipeline, the easier 
it is for the buried pipeline to collapse and the greater the 
collapse displacement. The vertical stress on the pipeline 
increases with the increase of the pipe diameter. Protective 
measures for buried pipelines in frozen soil areas are pro-
posed to prevent the collapse of buried pipelines.

The macroscopic modeling idea of the classic hydrody-
namic model is analogized. Based on the improved hydro-
dynamic model and related parameters, the basic theory of 
thermoelasticity is comprehensively considered. The sol-
id-liquid ratio, soil-water characteristic curve (unsaturated 
soil unique), linear expansion coefficient and other related 
equations are used to realize the analysis of the hydro-ther-
mal-mechanical coupling effect. However, the influence of 
vapor-phase water migration and vapor-liquid phase tran-
sition on hydro-thermal-mechanical coupling still needs 
to be considered. The water-heat-force-air coupling frost 
heave model is constructed. Under the actual roadway, the 
load on the pipeline is very complicated. The pipe force 
load needs to be considered more comprehensively.
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Table 2
Classified by medium temperature pipeline

Category name Medium temperature T (°C)

Cryogenic pipeline T < –40
Room temperature pipeline –40 < T ≤ 120
Medium temperature pipeline 120 < T ≤ 450
High temperature pipeline 450 < T
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Fig. 3. Frost heave deformation of the pipe surface at different 
times.
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