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Abstract: The mechanism of pipe–soil interaction under frost heaving is complicated due to many
factors affecting the pipe–soil system. In order to analyze the sensitivity of various pipe–soil interac-
tion influencing factors and highlight the relationship between the factors and the pipe’s mechanical
characteristics during frost heaving, a pipe–soil interaction model based on a semi-infinite elastic
frozen soil foundation is developed. Besides, the mechanical indices characterizing the influence
factors and their change law are emphatically explored. The results show that the pipe stress changes
most obviously at the transition region between the frost-heaving and non-frost-heaving regions.
The equivalent stress increases nonlinearly with the increase of foundation coefficient, linearly with
the increase of frost heave and elastic modulus of pipe, and decreases nonlinearly with the increase
of transition length and pipe wall thickness. The peak stress of the pipe increases linearly with
the increase of temperature difference. Moreover, the maximum allowable frost heave deformation
decreases nonlinearly with the increase of oil pressure. This study helps provide theoretical reference
for the adjustment, control, and prediction of stress and deformation in the design of buried pipelines
under frost heaving.

Keywords: buried pipe; soil; frost heave; interaction; influencing factors; sensitivity

1. Introduction

Pipe–soil interaction caused by freezing and thawing has always been a hot research
topic, where frost heaving is a serious problem that has been challenging engineers for
a long time [1]. When the buried oil and gas pipeline crosses a frost-heaving area, the
differential frost heave of soil at the pipe bottom causes obvious deformation and stress
concentration between the frost-heaving and non-frost-heaving regions along the pipeline,
which results in a significantly increased pipe internal bending moment and shear force
that threaten the overall safety of the pipeline [2,3]. Serious accidents such as pipeline
rupture and perforation, oil leakage and pollution, and fire and explosion significantly
impact the local environment, climate, and surface energy balance [4–6]. For pipe design in
engineering practice, the critical problem is how significant and what form of frost heaving
forces the pipe operational failure, what external and internal factors have a significant
influence on the stress of the pipe–soil system, and how to reduce or eliminate the potential
damage of frost heaving to the pipe [7,8]. Therefore, analyzing the sensitivity of influencing
factors on the interaction between buried pipe and foundation soil under frost heaving is
essential for the structural design, disease prevention, and safe operation of pipelines in
cold regions.

The pipe–soil interaction under frost heaving is a dynamic equilibrium process. The
dynamic stability of the pipe–soil system depends on the pipe’s physical properties, the
soil’s characteristics, environmental factors, engineering conditions, and the pipe’s fluid
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properties [9]. However, it is important to establish a reasonable model of pipe–soil interac-
tion. Previously, scholars have conducted a series of investigations, monitoring, surveying,
experiment, simulation, and calculation work for the pipeline; the elastic foundation beam
based on Winkler’s elastic theory is also the most widely used simplified model for studying
pipelines [10–18]. Besides, some scholars developed computer programs based on the finite
element method to analyze the effects of the pipe joint, bedding heterogeneities, soft soil,
high temperature, and frost heaving on the long-distance pipeline’s deformation and stress
distribution law [19–25]. In the early 21st century, some scholars considered the nonlinear
problem (involving fault, landslide, earthquake, thawing, etc.) between the pipe and soil to
investigate the effects of various soil and pipeline parameters on pipe structural response,
identify pipeline failure, simulate the interaction between buried pipe and surrounding soil
by finite element method, and analyze parameters affecting the mechanical properties of
buried pipe [26–32]. In addition, some researchers have analyzed the sensitivity and stabil-
ity of submarine pipe–soil interaction and studied the influence of different key parameters
on the dynamic response and fatigue life of the pipe under complex and influential factors,
including bending, axial force, external hydrostatic pressure, ocean waves and currents,
surrounding soils, seabed flexibility, and burial depth [33–36]. Based on the actual situation
of oil pipelines in cold regions, the frost heave of surrounding soil varies significantly with
the soil type and the humidity and thermal conditions of the ground. It can lead to large
upward movements of a pipeline and is caused by the interaction between the longitudinal
compressive force present during operation and overbend irregularities in the profile [37].
On the other hand, the interaction between pipe and soil is a complex problem that includes
nonlinearity, elastoplasticity, viscoplasticity, dilatancy, and anisotropy [38–40]. Some re-
searchers considered the effects of frost heaving, oil pressure, and thermal stress to analyze
the distribution law of axial tensile strain of pipe under different lengths, wall thickness,
and oil pressure and put forward the design criteria based on axial strain; some presented
additional calculations to explore the influence of pipeline temperature, pipe insulation,
and ground temperature on frost heave of buried pipelines [41–44]. Moreover, a stress
analysis of municipal buried water pipes during the cold wave period takes into account
the factors influencing the pipe’s stresses and considers the impact of air temperature and
the relationship between the pipe’s buried depth and the soil’s freezing depth [45].

The above pipeline research achieved good results and provided important theoretical
support to promote deep learning for pipe–soil interaction in the frozen soil environment.
There are few studies on the laws of various indicators in the process of pipe–soil interaction
under frost heaving conditions, and no universal model can be applied to the pipe–soil
interaction. For practical engineering applications, the most suitable method is to select a
simplified model that can consider the main factors affecting the stress–strain relationship
and then analyze the impact of other factors on critical indicators in the pipe–soil model.
This paper uses the elastic foundation beam theory to develop a buried pipe model un-
der frost heaving [13,41,43]. The purpose herein is to analyze the sensitivity of relevant
influencing factors in the process of pipe–soil interaction; that is, to quantitatively analyze
the influence on parameter changes to the key indices (stress and strain) in the pipe–soil
system. The effects of factors such as temperature difference, oil pressure, earth pressure,
foundation coefficient, pipe size, and elastic modulus are reflected as the pipe’s stress or
strain to reveal the influence of various indices on the stress distribution at the pipe top
when it is subjected to frost heaving.

2. Equivalent Stress and Principal Stresses
2.1. Equivalent Stress

This study defines the yield criterion in the fourth strength theory as the equivalent
stress σe (Von Mises stress σv) to comprehensively measure pipe stress under the combi-
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nation of the principal stresses (σ1, σ2, and σ3) [46,47]. The equivalent stress is calculated
as follows:

σe = σv =

√
1
2

[
(σ1 − σ2)

2 + (σ2 − σ3)
2 + (σ3 − σ1)

2
]

=

√
1
2

[
(σc − σa)

2 + (σa − σr)
2 + (σr − σc)

2
] (1)

After superposition, all stresses on the pipe are transformed into spatial circumferential
(σc), axial (σa), and radial (σr) stresses. The axial stress is mainly determined by the frost
heaving and temperature stress-induced pipe bending, while the circumferential stress and
radial stress are mainly determined by oil pressure, temperature difference, frost-heaving
force, and soil pressure.

2.2. Pipe Stresses Caused by Frost Heaving

The frost heave that may exist in linear engineering (such as railways, highways,
oil and gas pipelines, channels, and culverts) has a gradual process. When a pipeline
crosses from a frost-heaving region to a non-frost-heaving region, a frost-susceptible soil
to a non-frost-susceptible soil, or from frozen soil to an unfrozen one, the pipeline is
subjected to differential movements caused by differential frost heave at the interface of
the two regions [41,48]. According to the basic principle of mechanics, there is a stress
mutation at the interface, which produces maximum bending moment under the most
unfavorable conditions [49,50]. In order to realistically analyze a pipe while reflecting its
stress distribution, a transition region and interface are typically assumed to calculate the
stress peak under mutation and then preliminarily design the pipe through the stress peak.
The frost heave of soil at the pipe bottom is represented as shown in Figure 1.

Atmosphere 2023, 14, x FOR PEER REVIEW 3 of 20 
 

 

2. Equivalent Stress and Principal Stresses 
2.1. Equivalent Stress 

This study defines the yield criterion in the fourth strength theory as the equivalent 
stress

e
σ  (Von Mises stress

v
σ ) to comprehensively measure pipe stress under the com-

bination of the principal stresses (
1

σ , 
2

σ , and
3

σ ) [46,47]. The equivalent stress is cal-
culated as follows: 

( ) ( ) ( )

( ) ( ) ( )

2 2 2

1 2 2 3 3 1

2 2 2

1

2

1
        =

2

e v

c a a r r c

σ σ σ σ σ σ σ σ

σ σ σ σ σ σ

 = = − + − + −  

 − + − + −  

 (1)

After superposition, all stresses on the pipe are transformed into spatial circumfer-
ential (

c
σ ), axial (

a
σ ), and radial (

r
σ ) stresses. The axial stress is mainly determined by 

the frost heaving and temperature stress-induced pipe bending, while the circumferen-
tial stress and radial stress are mainly determined by oil pressure, temperature differ-
ence, frost-heaving force, and soil pressure. 

2.2. Pipe Stresses Caused by Frost Heaving 
The frost heave that may exist in linear engineering (such as railways, highways, oil 

and gas pipelines, channels, and culverts) has a gradual process. When a pipeline cross-
es from a frost-heaving region to a non-frost-heaving region, a frost-susceptible soil to a 
non-frost-susceptible soil, or from frozen soil to an unfrozen one, the pipeline is sub-
jected to differential movements caused by differential frost heave at the interface of the 
two regions [41,48]. According to the basic principle of mechanics, there is a stress muta-
tion at the interface, which produces maximum bending moment under the most unfa-
vorable conditions [49,50]. In order to realistically analyze a pipe while reflecting its 
stress distribution, a transition region and interface are typically assumed to calculate 
the stress peak under mutation and then preliminarily design the pipe through the stress 
peak. The frost heave of soil at the pipe bottom is represented as shown in Figure 1. 

 
Figure 1. The stress diagram of pipe under frost heaving. 

When assuming a full pipe–soil contact with no slippage between the pipe and the 
foundation soil, the soil does not crumble with the pipe moving up under frost heaving. 
The primary differential elastic foundation beam equation, while ignoring the lateral 
displacement, can be written as follows [51–53]: 

( ) ( ) ( )
4

4

ω
+ =P P

d x
p x q x

dx
E I  (2)

Figure 1. The stress diagram of pipe under frost heaving.

When assuming a full pipe–soil contact with no slippage between the pipe and the
foundation soil, the soil does not crumble with the pipe moving up under frost heaving.
The primary differential elastic foundation beam equation, while ignoring the lateral
displacement, can be written as follows [51–53]:

EP IP
d4ω(x)

dx4 + p(x) = q(x) (2)

where p(x) = kω(x) is the contact pressure (foundation reaction), k is the foundation
coefficient of frozen soil, q(x) = pt(x) + pz(x)− pd(x) is the total load at the pipe bottom,
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pt(x), pz(x), and pd(x) are the soil pressure, the pipe weight, and the frost-heaving force,
respectively, ω(x) is the foundation displacement, and EP IP is the pipe stiffness.

For the convenience of obtaining the analytical solution of Equation (2), this study
assumes that the frost heave increases linearly from a non-frost-heaving region to a frost-
heaving region, and the frost-heaving amount (or longitudinal uplift deformation of the
pipeline) is expressed as follows:

ω(x) =


δ, x > l

δ
l x, 0 < x < l

0, x < l
(3)

The general solution of the elastic foundation beam equation [46,54] when x > l, i.e.,
ω(x > l) = δ is shown in Equation (4), when 0 < x < l, i.e., ω(0 < x < l) = δ

l x is shown in
Equation (5), and when, x < 0, i.e., ω(x < 0) = 0, is shown in Equation (6).

ω1 = eβx[A1 cos(βx) + B1 sin(βx)] + e−βx[C1 cos(βx) + D1 sin(βx)] + δ (4)

ω2 = eβx[A2 cos(βx) + B2 sin(βx)] + e−βx[C2 cos(βx) + D2 sin(βx)] +
δ

l
x (5)

ω3 = eβx[A3 cos(βx) + B3 sin(βx)] + e−βx[C3 cos(βx) + D3 sin(βx)] (6)

where β is the characteristic coefficient related to the pipeline’s elastic properties and the

frozen soil foundation β = 4
√

4EI
k .

In this study, the boundary conditions to be satisfied include ω = δ at x → ∞ and
ω = 0 at x → –∞ . Besides, multiple continuity conditions were assumed at O (x = 0)
and A (x = l). Indeed, the piecewise equations and the first, second, and third equations’
derivatives on both sides of the interface were equalized to obtain a set of eight equations
that determine the deflection curves. Thereafter, the bending equation of the pipeline
and the relationship between the shear force Q, the bending moment M, and the load
concentration q(x) were utilized to derive the rotation angle, bending moment, shear force,
and load.

Moreover, the soil pressure on any side around the pipe was assumed to be uniformly
loaded with a lateral and vertical frost heaving pressure concentration, and the distributions
of stress and strain on the cross-section of the circular pipe embedded in the medium were
elastically analyzed as a stress concentration problem of the hole. Once the pressure was
superimposed on the surrounding boundaries, the stress component of any point was
obtained using the elastic theory [47,55].

2.3. Temperature Stress and Oil Pressure

The temperature difference inside and outside the pipe has a major influence on the
temperature field along the pipeline, then affects the stress–strain state of the pipe–soil
interaction during frost heaving [56–58]. In this study, the solution to the temperature
stress of the pipe–soil system was simplified as a boundary problem in the temperature
field, and the boundary conditions were formulated according to the law of heat exchange
between the object surface and the surrounding medium. Therefore, this study assumes
that the temperature at the pipe’s inner wall (r = r0) increases to Tr, and the temperature
at the pipe’s outer wall (r = R0) increases to TR. Theoretically, based on the differential
equation ( ∂T

∂t − α∇2T = ∂θ
∂t = W

cr ) of heat conduction, the pipe–soil system’s temperature
field tends to be stable when the heat flow remains stable ( ∂T

∂t = 0) at zero heat source
in the pipe ( ∂θ

∂t = 0). The variation law of temperature satisfies the differential equation

∇2T = 0, that is,
(

d2

dr2 +
1
r

d
dr

)
T = 0. Assuming that the buried pipeline is a finite-length

thin-walled element with unconstrained ends, the expression of the thermal stress state at
a certain point of the pipe can be obtained from the thermoelastic theory of thin-walled
pipes [42,52,55].
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Oil pressure is one of the main factors affecting pipe strength [59]. Generally, the
thickness of the pipe wall can be determined according to the design’s oil pressure to
obtain the pipe materials’ consumption. The calculation of oil pressure is necessary to
ensure the pipeline’s reliability. However, only considering oil pressure cannot ensure the
strength and stability of the pipeline when other influencing factors coexist. Accordingly,
this study assumes the pipeline to be buried in an infinite elastic soil with frost heaving.
The cross-sectional stress of the pipe caused by oil pressure was simplified as the uniformly
distributed pressure (uniform stress field) on the inner wall of a cylinder, and the stress
and strain of the pipe–soil system are calculated as an axisymmetric system. The pipe and
frozen soil have different elastic moduli, assuming they are in full contact and without
mutual sliding. The pipe–soil system maintains dynamic equilibrium, with boundary and
equilibrium conditions on the interface between the two. Thus, the normal stress, the
shear stress, the normal displacement, and the tangential displacement on the soil and
pipe surface are equal, respectively. Considering the frost heaving effect, the frost-heaving
force of frozen soil around the pipe was simplified as a uniformly distributed load along
the pipe’s outer wall. According to the boundary conditions of the uniform stress field
inside and outside the thin-walled pipe, the three-dimensional stresses at a point on the
pipe wall were obtained from the Lame stress solution under axisymmetric stress and
displacement [41,52,55].

2.4. Overlying Soil Pressure

Currently, most calculation methods regarding the soil pressure are improved based on
the Marston–Spangler theory, which assumes that the overlying soil of the buried pipeline
is a soil column with a sliding surface formed by the deformation between the pipeline
and the foundation. Considering the influence of the foundation and the relative stiffness
of pipe and soil and taking any micro-element within the sliding surface for analysis, the
calculation formula of the overlying soil pressure was derived based on the stress balance
condition (∑ Fθ = 0) as follows [60]:

σs
v = η f

[
R0γH +

γ
(
2HHe − He

2)(tan θ − tan ϕ)

tan2 θ

]
(7)

where H is the buried depth of pipeline (m), He is the height of equal settlement plane
(m), γ is the unit weight of soil (kg/m3), ϕ is the internal friction angle of overlying soil
(rad), f is the influence coefficient of the relative stiffness of pipe and soil, η is the influence
coefficient of the foundation form, and θ is the angle between the sliding surface and the
horizontal plane (rad) given as θ = π

4 + ϕ
15

(
H
R0

)
.

2.5. Weight of Pipe and Medium

Indeed, the weight of the pipe and medium are far less than the frost-heaving force
in practice. Therefore, its influence can be ignored during the stress calculation. On the
other hand, when considering the impact of pipe material characteristics, the pipe weight
qw

p (N), gas weight qw
g (N), and oil weight qw

o (N) can be calculated according to the following
formula [61]: 

qw
p = π(R0 − δP)LδPρpg

qw
g = 100Psr0

2Lg

qw
o = ρyL πr0

2

4 g
(8)

where Ps is the standard pressure (MPa), L is the calculated pipeline length (m), δP is the
pipe’s wall thickness, ρp is the pipe material density, ρy is the crude oil unit weight and g is
the gravitational acceleration (g = 9.8 N/kg).
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3. Sensitive Analysis of Influencing Factors on Pipe–Soil Interaction
3.1. Foundation Coefficient
3.1.1. Elastic Modulus

The elastic modulus of frozen soil mainly depends on the particle composition, soil
temperature, water content, and external pressure, in which the temperature is the dom-
inant factor. A test shows that the elastic modulus of soft soil in a specific area varies
nonlinearly with temperature [62,63]:

Es = αTn + β (9)

where α, β, and n are the test coefficients.
The elastic modulus is often measured through infinite, triaxial, and consolidation

compression tests. In order to facilitate estimation, a weighted average of the elastic
modulus of multiple single soil layers on the thickness can be utilized to calculate the
elastic modulus of the thicker foundation [64]. Within a specific temperature range, the
change of the average elastic modulus of single-layer frozen soil with negative temperature
can be fitted approximately by a linear equation.

3.1.2. Poisson’s Ratio

Although the idealized soil cannot fully reveal the inherent properties of frozen soil,
it still requires idealizing the frozen soil and simplifying the analysis process in practical
problems. The elastic modulus and the Poisson’s ratio can be used as parameters to
characterize the mechanical characteristics of the idealized frozen soil. Yao [65] determined
the relationship between the Poisson’s ratio and temperature for frozen silty clay when the
water content is 18%, 25%, and 30%. The results indicate that the Poisson’s ratio grows with
the temperature and water content. Therefore, to match the parameters of the previous
pipeline frost heaving test [48], the linear relationship between the Poisson’s ratio and
temperature at the water content of 30% was obtained by fitting Yao’s test data, which can
be expressed as Equation (10). Moreover, this relationship is one of the preconditions for
the selection of subsequent calculation parameters in this paper.{

µs = 0.015T + 0.2904
R2 = 0.9846

(10)

3.1.3. The Coefficient of Frozen Soil Foundation

The coefficient of the frozen soil foundation at the pipeline’s location represents the
deformation capacity of frozen soil. It can be expressed under specific conditions by the
elastic modulus, the Poisson’s ratio, and other constant parameters of the frozen soil.
Based on the elastic theory, empirical formula, and elastic modulus conversion formula
under the triaxial load test, the elastic semi-infinite foundation model, consolidation test
value, and the foundation coefficient formula were derived by Vlazov, Biot, Vesic, Scheidig,
Woinowsky, and others [66,67]. Figure 2 indicates that the foundation coefficient variation
with temperature is based on the foundation coefficient formula [47].
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Figure 2. The relationship between foundation coefficient and temperature of different
empirical formulas.

According to the relationship between the above parameters and the actual situation
of the China–Russia crude oil pipeline [68], the following control parameters are chosen:
w0 = 30%, Tr = 10 ◦C, TR = −3 ◦C, Es = 26.2 MPa, δ= 0.4 m. The empirical formulas of the
elasticity theory, triaxial load test, Vlazov and Scheidig were selected for analysis, and the
empirical values of the foundation coefficient based on the above control parameters were
converted as shown in Table 1. Then, the equivalent stress distribution of the pipe was
calculated based on various foundation coefficients, as depicted in Figure 3.

Table 1. The values of the foundation coefficient from different empirical formulas.

Grade Elastic Theory Triaxial Load Test Vlazov Scheidig

Formula k Es
R(1+µs)

1.2Es
B(1−µs2)

Es
H(1+µs)(1−2µs)

2Es
B log(1+2 H

B )
Value 50.2 39.9 25.8 13.0

Note: B is the calculated pipeline width, and H is the buried pipeline depth.

Atmosphere 2023, 14, x FOR PEER REVIEW 8 of 20 
 

 

 
Figure 3. The equivalent stress of pipe under different foundation coefficients. 

Figure 3 reveals that the pipe stress varies most obviously at the transition region 
between the non-frost-heaving and the frost-heaving regions, where there is a stress 
peak at the interface. Figure 4 illustrates the relationship between the equivalent stress 
and the foundation coefficient using the maximum value of equivalent stress at the in-
terface under the various foundation coefficients as the analysis target. It shows that the 
equivalent stress increases nonlinearly as the foundation coefficient rises. Considering 
varied oil pressure conditions and pipe wall thickness, the higher the oil pressure in the 
pipe, the thinner the pipe wall thickness, and the greater the equivalent stress. Under the 
same oil pressure (7 MPa), the foundation coefficient increases from 13 MPa to 50.2 MPa, 
the equivalent stress grows from 270.5 MPa to 377.7 MPa, and the equivalent stress rises 
by 39.6% when the foundation coefficient increases by 286% (Figure 4a). The equivalent 
stress develops from 315 MPa to 434.3 MPa, and the equivalent stress rises by 37.9% us-
ing the same wall thickness (10 mm) (Figure 4b). In other words, the foundation coeffi-
cient grows by 286%, and the equivalent stress increases by about 38.5%, while all other 
contributing elements remain unchanged. 

  

Figure 4. Variations in the equivalent stress with respect to the foundation coefficient. (a) Under 
different oil pressures; (b) Under different wall thicknesses. 

3.2. Temperature Difference 
Referring to the actual situation of the China–Russia oil pipeline, the difference in 

temperature between the inside and the outside of the pipeline was examined in the 
range of −25 °C to 10 °C. The maximum differential frost heave was assumed 0.4δ =  m, 

Figure 3. The equivalent stress of pipe under different foundation coefficients.



Atmosphere 2023, 14, 469 8 of 19

Figure 3 reveals that the pipe stress varies most obviously at the transition region
between the non-frost-heaving and the frost-heaving regions, where there is a stress peak
at the interface. Figure 4 illustrates the relationship between the equivalent stress and the
foundation coefficient using the maximum value of equivalent stress at the interface under
the various foundation coefficients as the analysis target. It shows that the equivalent stress
increases nonlinearly as the foundation coefficient rises. Considering varied oil pressure
conditions and pipe wall thickness, the higher the oil pressure in the pipe, the thinner the
pipe wall thickness, and the greater the equivalent stress. Under the same oil pressure
(7 MPa), the foundation coefficient increases from 13 MPa to 50.2 MPa, the equivalent
stress grows from 270.5 MPa to 377.7 MPa, and the equivalent stress rises by 39.6% when
the foundation coefficient increases by 286% (Figure 4a). The equivalent stress develops
from 315 MPa to 434.3 MPa, and the equivalent stress rises by 37.9% using the same wall
thickness (10 mm) (Figure 4b). In other words, the foundation coefficient grows by 286%,
and the equivalent stress increases by about 38.5%, while all other contributing elements
remain unchanged.
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3.2. Temperature Difference

Referring to the actual situation of the China–Russia oil pipeline, the difference in
temperature between the inside and the outside of the pipeline was examined in the range
of −25 ◦C to 10 ◦C. The maximum differential frost heave was assumed δ = 0.4 m, the
elastic modulus of frozen soil Es = 26.2 MPa, the Poisson’s ratio µs = 0.2454, and the
foundation coefficient k = 50.2 MPa. Regardless of the impact of other factors, Figure 5
represents the influence of temperature difference on the stress peak of the pipe based
on the most unfavorable temperature difference situation. Figure 5 indicates that the
peak stress increases linearly when the temperature difference rises from 10 ◦C to 20 ◦C
with the same wall thickness (10 mm), the equivalent stress increases from 430.7 MPa
to 443.1 MPa, and the equivalent stress grows by 2.9% when the temperature difference
increases by 100%. Considering the pipe wall thickness condition, it is evident that raising
the wall thickness can reduce the peak stress of the pipe. Therefore, in engineering practice,
increasing the pipe thickness can minimize pipe deformation and make the pipe more
resistant to frost heaving.
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3.3. Frost Heave

Assuming that the pipe is in complete contact with the frozen soil foundation, the frost
heave at the pipe bottom is consistent with the pipe’s deflection. The foundation coefficient
measures the deformation strength of the soil, whereas frost heave determines the soil’s
deformation. The pipe stress distribution was calculated under the condition of various
frost heaves (δ1 = 0.2, δ2 = 0.4, δ3 = 0.6, and δ4 = 0.8), and the change of the maximum
equivalent stress at the interface was observed by considering the effect of temperature
difference, soil pressure, and oil pressure. The computed equivalent stress value exhibits a
linear increase with frost heave change (Figure 6). Under the same oil pressure (7 MPa),
the amount of frost heaving increases from 0.2 m to 0.8 m, the equivalent stress grows
from 191.9 MPa to 750.6 MPa, and the equivalent stress develops by 291% (Figure 6a). The
equivalent stress rises from 227.5 MPa to 851.3 MPa, and the equivalent stress grows by
274% under the same wall thickness (10 mm) (Figure 6b). Considering different oil pressure
and pipe wall thickness, the impact of oil pressure on the equivalent stress is not negligible,
but the effect of material size (pipe wall thickness) is relatively significant. Therefore, as the
frost heave continues to develop, the oil pressure can be regarded as a secondary factor,
and the material size is the main factor affecting the pipe stress, demonstrating once again
that the equivalent stress of the pipe can be lowered by altering the pipe wall thickness.
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3.4. Oil Pressure in the Pipe

The calculation and analysis parameters were selected by ignoring the effect of ther-
mal expansion and cold contraction of pipes and temperature loss along the pipeline
(Tr = 10 ◦C, TR = −3 ◦C, Es = 26.2 MPa, µs = 0.2454, and k = 50.2 MPa). Since the inter-
nal oil pressure does not affect the axial stress of the pipe, the maximum allowable frost
heave deformation of the pipe under the oil pressure condition was calculated (Figure 7).
Figure 7 reveals that the maximum allowable frost heave deformation decreases rapidly as
the oil pressure increases. According to the comprehensive influence of pipe wall thickness
(d1 = 10 mm, d2 = 16 mm, and d3 = 22 mm) and oil pressure, it was found that the smaller
the wall thickness, the higher the oil pressure, and the faster the maximum allowable frost
heave deformation decreases.
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3.5. Length of the Transition Region (Frost Heaving Range)

Keeping all other parameters constant and assuming that the frost heave reaches 0.4 m,
Figure 8 illustrates the deflection curve of the pipeline under the conditions of different
transition regions (l1 = 5 m, l2 = 10 m, l3 = 20 m, and l4 = 40 m) according to the elastic
foundation beam model under the condition of frost heaving.
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Additionally, the duration of the transition region determines the flatness or steepness
of the pipeline deformation during the transition from the frost-heaving region to the
non-frost-heaving one and impacts the peak stress at the pipeline interface. The shorter the
distance of the transition area, the larger the deformation and the stress peak at the interface,
making the stress concentration phenomenon more likely. The longer the transition region,
the smoother the displacement curve at the interface of the transition region, and the lower
the peak stress. Under certain regional conditions, the larger the frost heaving range, the
shorter the transition region, and vice versa.

Figure 9 indicates the effect of the transition region length on the equivalent stress. It
can be observed that the equivalent stress value drops as the length of the transition region
increases. When the transition region expands from 5 m to 40 m, the equivalent stress
first decreases rapidly and then decreases slowly. The equivalent stress shows a nonlinear
decreasing trend with the length of the transition region, with a large decreasing rate from
5 m to 20 m and a low decreasing rate from 20 m to 40 m, indicating that the greater the
frost heaving range, the more uniform the lifting effect on the pipeline and the smaller
the impact on the pipe stress. For the influencing factors such as oil pressure, foundation
coefficient, temperature difference, and frost heave, the frost heave has the greatest effect on
the equivalent stress, whereas the oil pressure has the least influence. Figure 10 shows the
impact of the transition region length on the maximum allowable frost heave deformation.
The maximum allowable frost heave deformation increases significantly with the length of
the transition region, indicating that the longer the transition region, the greater the effect
of improving the allowable frost heave deformation. Increasing the length of the transition
region is not necessarily significant if the equivalent stress must be reduced to maintain
a certain allowable deformation. However, it can slow the growth of equivalent stress,
indicating that the selection of transition length significantly impacts the pipe stress in the
design or stress calculation of the pipeline when frost heaving occurs.
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3.6. Pipe Size

Analyzing and comparing the following conditions: the same frost heave
(δ = 0.4 mm) and pipe wall thickness (d = 16 mm), but with different pipe diame-
ters (D1 = 660 mm, D2 = 762 mm, D3 = 864 mm, D4 = 1016 mm); the same frost
heave (δ = 0.4 mm) and pipe diameter (D = 813 mm), but with different wall thickness
(d1 = 10 mm, d2 = 14 mm, d3 = 18 mm, d4 = 22 mm). The pipe size parameters
were selected based on the Pressure Piping Code (GB/T 20801.1–2020). The equivalent
stress changes of pipes with different pipe diameters were calculated as shown in
Figures 11 and 12.

The calculation results show that the pipe size has a significant effect on the equivalent
stress of the pipe, especially on the stress peak at the interface. Figure 11 demonstrates
that the larger the pipe diameter, the greater the equivalent stress. Under the condition of
constant pipe diameter, the greater the oil pressure, the higher the temperature difference,
the larger the foundation coefficient, and the greater the equivalent stress; raising the wall
thickness can reduce the equivalent stress value. Under the same oil pressure (7 MPa),
when the pipe diameter rises from 660 mm to 1016 mm, the equivalent stress increases from
356 MPa to 403 MPa, and the equivalent stress grows by 13.2% when the pipe diameter
develops by 53.9% (Figure 11a). Under the same wall thickness (10 mm), the equivalent
stress increases from 408 MPa to 465 MPa by 13.9% (Figure 11b). The equivalent stress
increases by 13.7% from 341.2 MPa to 387.7 MPa for the same temperature variation (10 ◦C)
(Figure 11c). Under the same foundation coefficient (25.8 MPa), the equivalent stress
increases from 302 MPa to 342 MPa by 13.2% (Figure 11d). Overall, while other influencing
factors remain constant, the pipe diameter increases by 53.9%, and the equivalent stress
increases by about 13.5%. Figure 12 shows that appropriately increasing the wall thickness
can effectively reduce the equivalent stress of the pipe caused by external factors when the
external conditions are consistent. The greater the pipe wall thickness, the lower the oil
pressure, the temperature difference, and the equivalent stress. Under the same oil pressure
(7 MPa), the wall thickness increases from 10 mm to 22 mm, and the equivalent stress
decreases from 434 MPa to 345 MPa by 20.5% when the pipe diameter increases by 53.9%
(Figure 12a). The equivalent stress decreases by 15.6% from 379 MPa to 320 MPa under
the same temperature difference (10 ◦C) (Figure 12b). It is worth noting that a higher oil
pressure or a larger temperature difference will increase the equivalent stress, with the latter
having a more significant effect. Therefore, under the condition of constant pipe diameter,
altering the oil pressure in the pipe, the temperature difference inside and outside the pipe,
the pipe wall thickness, or improving the properties of the foundation soil can enhance the
deformation capacity of the pipe and alleviate the ultimate stress state of the pipe.
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3.7. Elastic Modulus of Pipe (Material Properties)

Under the same pipe size (D = 813 mm, and d = 16 mm), the equivalent stress change law
was analyzed with respect to the elastic modulus (E1

p = 180 GPa, E2
p = 195 GPa, E3

p = 200 GPa,
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and E4
p = 206 GPa) of the pipe changes, as shown in Figure 13 It can be seen that under the

condition of constant pipe size when the pipe maintains the same frost heave deformation,
the greater the pipe elastic modulus, the greater the pipe equivalent stress. Besides, the elastic
modulus of the pipe increases linearly with the equivalent stress. The elastic modulus has a
noticeable influence on the stress at the interface of different pipeline sections. Under the same
oil pressure (7 MPa), the elastic modulus increases from 180 GPa to 206 GPa, the equivalent
stress increases from 340.4 MPa to 373.9 MPa, the elastic modulus increases by 14.4%, while the
equivalent stress increases by 9.8% (Figure 13a). Under the same temperature difference (10 ◦C),
the equivalent stress increased from 305.1 MPa to 338.9 MPa, representing an increase of 11.1%
(Figure 13b). Under the same foundation coefficient (25.8 MPa), the equivalent stress increased
from 289.2 MPa to 317.1 MPa, representing an increase of 9.6% (Figure 13c). Under the same
frost heave (0.4 m), the equivalent stress increased from 340.4 MPa to 373.9 MPa, representing an
increase of 8.9% (Figure 13d). Overall, while keeping other influencing factors stable, the elastic
modulus increases by 14.4%, and the equivalent stress increases by about 10%. In addition, if the
pipe’s elastic modulus is kept constant, the greater the oil pressure, the greater the temperature
difference, the greater the foundation coefficient, and the greater the equivalent stress. This
means that large oil pressure or temperature difference is an unfavorable factor for the stability
of the pipeline.
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4. Discussion

Indeed, foundation frost heaving is a process of pipe–soil interaction with a complex
stress characteristic that leads to pipeline bending deformation. Many factors affect the
frost heaving of the foundation soil, including the soil’s freezing characteristics, properties,
moisture content, temperature, external load, and salt content. All external environmental
factors affect and restrict each other. Hence, a quantitative analysis is required to explore
relevant parameters’ sensitivity and key indicators’ change law during pipe–soil frost
heaving. While this study attempts to provide some insights into the sensitivity of these
influencing factors, the analysis discussed herein has certain limitations that need to be
highlighted as follows:

(1) In pipelines with frost heaving damage, the complex terrain and geological condi-
tions make the actual boundary conditions more complex. The pipe–soil interaction model
and the stress form of the pipe are usually simplified in the calculation. The pipe stress,
including internal and external forces, varies significantly under different environmental
conditions, such as the pipe’s self-weight, the weight and pressure of its fluid, the thermal
expansion and cold contraction stress caused by temperature changes, the overlying soil
weight, the traffic load, the ground surcharge, the additional forces caused by uneven set-
tlement, and the seismic and frost-heaving forces. Considering all forces in the calculation
is impossible. As a result, the main influencing factors should be considered in the design,
or the secondary factors’ influence coefficient should be reduced. Based on the dominant
factors of the force, different stress conditions can be simplified into different calculation
models [69]. However, the simplified model is undoubtedly different from the actual situa-
tion. For the analysis of longitudinal stress, the pipe is considered a whole flexible pipe; for
the analysis of section stress, the pipe cross-section is considered an instantaneous rigid
pipe. The pipe–soil model makes it difficult to estimate whether the pipe changes its section
shape (ovalization) under non-uniform frost heaving pressure, which affects the pipe’s
circumferential stress and then leads to the increase of the equivalent stress of the pipe. In
addition, there is stress concentration at the interface due to the derivative discontinuity
at both ends of the transition region, which makes the calculated stress conservative and
larger than the actual value and even exceeds the allowable stress of the pipe in some cases.

(2) The elastic modulus of a small amount of soil can be measured through laboratory
tests, but it is not easy to come up with a definite value for the elastic modulus of a large
soil amount. The elastic modulus is closely related to the soil’s internal properties, such
as temperature and water content, and it considerably affects the analysis of pipe–soil
interaction. Frozen soil can be assumed elastic within a narrow strain range. Moreover,
based on its mechanical properties, it has strong plasticity and viscosity (depending on its
temperature, soil quality, and water content). Therefore, the elastic foundation beam theory
approach underestimates the frozen soil’s deformation capacity, thus the pipe’s ability to
withstand deformation.

(3) The overlying soil has an impact on the pipe’s stress, the peak stress at the pipe
top calculated according to the calculation method in Section 2.4 decreases linearly with
the buried depth, and the change law is not significant; the soil pressure calculated by the
above method does not consider the influence of soil freezing, which is not consistent with
the actual situation. When the pipe top is covered with a thick soil layer, the downward
frost-heaving force caused by the soil freezing is much larger than the soil pressure. In such
a case, the above method significantly underestimates the pipe’s restraint effect by freezing.
On the other hand, when the soil layer in the seasonally frozen soil region encounters
frost heaving, the freezing of the overlying soil layer extends downward from the ground
surface and gradually forms a whole frozen body with greater stiffness. At this time, the
resistance of the soil to the pipe deformation in the vertical direction also increases, and the
downward freezing force can offset part of the upward bending stress of the pipe caused
by frost heaving, which reduces the total stress at the pipe top. Therefore, thickening the
overlying soil layer can reduce the stress caused by frost heaving and slow down the pipe
deformation, mainly due to the downward frost action.
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(4) In the elastic theory, under the same frost heave deformation condition, the lower
the rigidity of the frozen soil, the more minor the damage to the pipeline by differential frost
heave deformation. For the case of a short transition region, a small frost heave amount
may cause great pipe stress, which is equivalent to the stress characteristics of the pipe
when it encounters a frost mound, ice layers, and pingo. Therefore, when laying pipelines,
it is necessary to avoid crossing those extreme geological terrain areas such as potential
frost mounds, pingo, and high ice content areas. In addition, under a certain length of the
frost-heaving region, the greater the differential frost heave deformation, the greater the
pipe stress. However, the most unsafe place of the pipe is mainly at the interface of different
sections. Therefore, the scope of the transition region is a critical element in pipeline design
in seasonal frozen soil regions.

5. Conclusions

This paper comprehensively analyzes the relationship between the influencing factors
and the mechanical parameters when the relevant parameters change by exploring various
indices of pipe–soil interaction during frost heaving. Based on the physical parameters, ma-
terials, assumptions, and calculation methods given in this study, the following conclusions
are drawn:

(1) Pipe stress changes considerably in the transition region between the non-frost
heaving and the frost-heaving regions, with the peak stress occurring at the interface. The
equivalent stress increases nonlinearly with the increase in the foundation coefficient. The
greater the oil pressure in the pipe and the smaller the wall thickness, the greater the
equivalent stress. The lower the temperature outside the pipe, the more significant the
temperature difference and the greater the pipe peak stress.

(2) Frost heaving is the dominant factor of pipe stress and deformation, and the equiva-
lent stress increases linearly with the change of frost heave. Considering the comprehensive
influence of wall thickness and oil pressure, the smaller the wall thickness and the higher
the oil pressure, the faster the maximum allowable frost heave deformation decreases.

(3) Under the same frost heave condition, the equivalent stress shows a nonlinear
decreasing trend with the increase in the transition region length. The larger the frost
heaving range, the more uniform the lifting effect on the pipeline and the smaller the
influence on the pipe stress. The shorter the length of the transition region, the sharper the
frost heaving, the steeper the displacement curve of the transition region, the greater the
mutation at the interface, and the greater the stress peak.

(4) The pipe size significantly affects its equivalent stress, especially on the stress
peak at the interface. The larger the pipe diameter, the greater the equivalent stress. The
equivalent stress increases linearly with the elastic modulus, and increasing the wall
thickness can effectively drop the pipe’s equivalent stress due to frost heaving.

The relationship between various factors in the process of pipe–soil interaction is a
complex problem. This paper has some limitations in reflecting the law of influencing
factors by changing parameters. In the later stage, more accurate and reasonable constitu-
tive relations of the pipe–soil system, a perfect pipe–soil model under frost heaving, and
multi-field coupling calculation under multiple influencing factors are needed to reveal the
interaction mechanism between the buried pipe and the frozen soil.
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