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Abstract: Seasonal frost or permafrost soils may encounter frost heave or thaw settlement resulting
from atmospheric temperature changes and/or heat emanating from the resource-carrying pipeline.
Notably, these soil movements can damage the pipeline. Thus, various ground stabilization methods
have been developed to prevent the onset of these phenomena in frost-susceptible soils, and the
application of thermosiphons is a representative method. Recently, a numerical analysis method
called the thermosiphon model for a pipeline and thermosiphons in frost-susceptible soil has been
developed; however, the study only focused on the ability to reduce frost heave of the soil using the
thermosiphon. Therefore, here, numerical analysis was conducted to determine the performance of a
buried pipeline according to frost heave and thaw settlement by applying the thermosiphon model
via ABAQUS. For the novel numerical analysis, two scenarios are established: frost heave and thaw
settlement. For each scenario, the behaviors of the frost-susceptible soil and pipeline are compared in
four cases, distinguished by the arrangement of thermosiphons applied. The results indicate that
according to the arrangement of the thermosiphons, the frost-heave and thaw-settlement behaviors
are verifiably reduced by up to 62% and 82%, respectively, compared to when no thermosiphons
are applied.

Keywords: frost heave; thaw settlement; frost-susceptible soil; thermosiphon; finite element analysis

1. Introduction

Frost heave and thaw settlement in soils result from seasonal temperature changes
or the heat emanating from a ground installation in cold regions featuring permafrost or
seasonally frozen soil. The phenomenon of frost heave is caused by an expansion in the
soil volume due to the formation of ice lenses, which, in turn, is caused by the continuous
movement and subsequent freezing of pore water. Conversely, thaw settlement is caused by
a decrease in the ground volume due to the melting of the ice lenses. Frost-susceptible soil is
vulnerable to frost, which can cause structural instability such as buckling in subterranean
pipelines and subsidence of paved roads [1].

Several numerical analyses have been conducted on the behavior of frost-susceptible
soils, and various frost-heave models for such soils, such as the segregation potential (SP),
FROST, PC-Heave, and thermomechanical (TM)-type models, have been proposed [2–7].
Additionally, studies have investigated the soil–structure interactions. Selvadurai et al. [8]
compared the behavior of a pipeline buried in frost-susceptible soil, previously inves-
tigated in a large-scale laboratory experiment performed by Dallimore [9], with their
numerical analysis results [8,9]. Similarly, Ming et al. [10] compared the settlement data
of the Qinghai–Tibet highway embankment, as measured in a study by Peng et al. [11],
using their numerical analysis results [10,11]. Furthermore, numerous methods have been
suggested and utilized for ground stability, including changing the burial depth of the
pipeline, backfilling with soil, or involving additional devices such as thermosiphons [12].
Thermosiphons are feasible for various structures, such as pavements, foundations, and
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transportation pipelines, in cold regions featuring permafrost or seasonally frozen soil.
This mitigation device functions based on a circulation mechanism in which the absorbed
refrigerant evaporates to a gaseous state, condenses back to its liquid form in the con-
densing process upon exposure to the atmosphere, and descends into the siphon [13].
Additionally, the internal refrigerant functions via two-phase flow, which has been studied
through computational fluid dynamics (CFD). For example, in the studies conducted by
Alizadehdakhel et al. [14], Fadhl et al. [15], and Jafari et al. [16], laboratory experiments
were compared with simulations performed in Fluent, a commercial fluid analysis program.
Such fluid analyses require an enormous amount of time due to the complex calculations
of two-phase flow; it is difficult to apply the analysis to the ground behavior with ther-
mosiphons. Therefore, several studies have aimed to simplify the thermosiphon operation
and apply it to the numerical analysis. Abdalla et al. [17,18] and Xu et al. [19] developed
a thermosiphon model that describes the thermal conductivity according to the heat flux
using USDFLD, which is an internal user subroutine of ABAQUS. However, the model
used the arbitrary thermal conductivity of the thermosiphon; therefore, no experimental
verification could be conducted. Park et al. [12,20] presented a thermosiphon model using
DFLUX, an ABAQUS internal user subroutine, and verified it with the results of laboratory
experiments [21,22].

However, these studies solely considered the behavior of the frost heave of the ground
with the thermosiphon, and the thaw settlement was not considered. In addition, these
studies did not characterize the behavior of structures, such as buried pipelines featur-
ing thermosiphons. Therefore, in this study, a numerical analysis was performed on the
frost heave and thaw settlement of the ground and the behavior of a buried pipeline in
accordance with the thermosiphon–ground interaction. Because there is a lack of experi-
mental studies on the behavior of a buried pipeline according to the thermosiphon–soil
interaction, the numerical analysis was performed with the verified frost-heave model and
thermosiphon model. The former was applied in accordance with the methodology of
Zhang et al. [23], and the latter referenced the study of Park et al. [20], which were coded
in the internal user subroutine of ABAQUS. Because the thermosiphon model [20] was
verified with the experimental result of a small-scale thermosiphon, the numerical analysis
scenarios in this study were also constructed by referring to the small-scale laboratory
model experiment of Huang et al. [24] by modifying the specifications and boundary con-
ditions. The numerical analysis of this study primarily comprised two ground-behavior
scenarios: The first scenario investigated frost heave, where the entire ground was set to a
temperature exceeding 0 ◦C; subsequently, the surface temperature was set below 0 ◦C to
induce frost heave in the soil surrounding the pipeline. The second scenario investigated
thaw settlement, where the internal temperature of the pipeline was increased, thereby
leading to melting and settling of the frost-susceptible soil and resulting in sinking behav-
ior in the pipeline. In the two scenarios, to confirm the behavior of the ground and the
buried pipeline with the thermosiphons, a total of eight cases was analyzed by setting four
cases per scenario depending on the presence or absence of the thermosiphon and their
different arrangements.

2. Frost-Heave Model and Thermosiphon Model

In this study, the frost heave and thermosiphon models were used to confirm the
behavior of a buried pipeline according to the frost heave and thaw settlement of frost-
susceptible soil with the application of a thermosiphon. First, the thermomechanical
(TM)-type frost-heave model was used [7,23,25]. Second, the thermosiphon model was
utilized as a boundary condition, thereby defining the performance of the thermosiphons
and the heat flux according to the temperature difference between the atmosphere and
ground [20]. These models are detailed in the following sub-sections.
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2.1. TM Model: Unfrozen Water Content of Soil

The unfrozen water content represents the pore water inside the soil that does not
freeze even if the soil freezes. The tendency of the unfrozen water content is to decrease as
the temperature drops, and its residual amount varies depending on the type of soil. These
aspects are illustrated in Figure 1 [26].
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Figure 1. Comparison of different soils characteristics: (a) grain size of different soils; (b) unfrozen
water contents of different soils.

The aforementioned tendency of the unfrozen water content is manifested as the frost
heave characteristic of the soil. Sand having a particle size as shown in Figure 1a has large
pores and low capillary pressure, so the pore water cannot be continuously supplied after
freezing begins. Therefore, as shown in Figure 1b, the unfrozen water is rapidly decreased
and converged, and the formation of ice lenses is severely restricted. Conversely, for silt
or silty clay with relatively high capillary pressures, the tendency of the unfrozen water
content to decrease is moderate due to the sufficient movement of pore water; therefore,
the ice lens develops adequately. Soils that allow ice lenses to develop easily are called
frost-susceptible soils.

Studies have been conducted to fit the trend of unfrozen water content in frost-
susceptible soils into an exponential-trend curve through laboratory experiment data [27],
as formulated in Equation (1). As a foundational equation, the unfrozen water content ω
can be calculated as

ω = α∗θβ∗ , (1)

where α∗ and β∗ represent the trend coefficients of the curve according to the type of soil
and θ denotes the temperature.

As Equation (1) possesses an infinite value at the freezing point (0 ◦C), the prob-
lem of convergence is encountered in the numerical analysis. To address this problem,
Michalowski [7] proposed a trend-based equation characterizing the unfrozen water con-
tent, expressed in Equation (2) as

ω = ω∗ + (ω−ω∗)eα
∗(T−T0), [T < T0], (2)

where ω∗ depicts the unfrozen water content at such a low temperature that the trend of
the residual unfrozen water content finally converges, ω denotes the pore water content at
a temperature above 0 ◦C, α represents the trend coefficient corresponding to the unfrozen
water content according to the type of soil, T represents the average temperature, and T0
symbolizes the freezing-point temperature (0 ◦C).



Appl. Sci. 2023, 13, 1948 4 of 22

2.2. TM Model: Porosity Rate Function

The typical frost-heave models of frost-susceptible soils include the SP, FROST, PC-
Heave, and TM-type porosity rate function models. The comparison between each model
and the corresponding laboratory–model test results are illustrated in Figure 2 [28]. In this
comparison study, Henry’s [29] laboratory experiment was compared with each frost-heave
model; the laboratory experiment was conducted using a 150 mm soil sample by applying
temperatures of −1.4 ◦C and 0.7 ◦C to the top and bottom of the sample, respectively.
Observably, among the models compared with the laboratory-derived experimental results,
the PC-Heave and porosity rate function models can optimally simulate the frost heave of
the soil.
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The frost-heave model employed in this study is the porosity rate function, which
is a TM-type model that defines the frost expansion of the soil according to the changing
porosity rate with a change in temperature. The core function of the porosity rate function
is as follows:

.
n =

.
nm

gT

(
T − T0

Tm

)2
· e1−( T−T0

Tm )
2

, (3)

where
.
nm implies the maximum growth rate of the porosity, Tm and gT depict the temper-

ature and temperature gradient at the maximum porosity growth rate (
.
nm), respectively,

and
.
nm/gT possesses a constant value depending on the type of soil [23].
The porosity rate (

.
n) tends to vary depending on the type of soil, as illustrated in

Figure 3a [25]. As shown in Figure 3a, the maximum porosity growth rate (
.
nm) of silt tends

to be greater than that of clay. This maximum porosity growth rate is the key value that
determines the frost-heave amount of soil in Equation (3). In Figure 3b, it can be seen
that the maximum porosity growth rate affects the maximum frost-heave amount. These
results come from numerical analysis in which the maximum porosity growth rate value is
arbitrarily changed but the other conditions are set to remain identical.
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2.3. TM Model: Constitutive Model

For the constitutive model of the soil, the modified Cam–Clay model formulated by
Zhang and Michalowski [23] is employed. Figure 4 defines the normal compression lines
(NCLs), unloading–reloading lines (URLs), and elliptical yield surface in the constitutive
model when the soil freezes. The pore ice is the key factor changing the stiffness of the
frozen soil. Zhang and Michalowski [23] introduced the concept of pore ice ratio (eip) such
that NCLs and URLs are defined according to the eip. The pore ice ratio is defined as the
ratio of the void ice volume (Vip) to the soil volume (Vs), and this ratio is expressed in
Equation (4) as

eip =
Vip

Vs
= (ω−ω)· ρs

ρw
·1.09, (4)

where ρs and ρw represent the density of soil and water, respectively.
In accordance with the pore ice ratio (eip), the NCLs and URLs are defined using

Equation (5a) and Equation (5b), respectively, as

λ f = λe(−α1eip), (5a)

κ f = κe(−α2eip), (5b)

where α1 and α2 are constant values depending on the type of soil, which can be estimated
via isotropic compression tests using a triaxial apparatus [30,31]. Notably, the value of eip
is zero for the soil before freezing; therefore, the NCL is λ f = λ, and URL is κ f = κ.

The elliptical yield surface is plotted in the q (deviatoric stress)–p′ (effective isotropic
stress) plane, as depicted in Figure 4. This surface obeys the following law:

f = q2 + M2(p′ − p0t
)(

p′ − p0
)
= 0, (6)

where M denotes the slope of the critical state line (CSL) in q–p′ space, which is constant
regardless of soil freezing. The shape of the elliptical yield surface, as characterized using
Equation (6), changes according to the p0t and p0(p f

0 ). Equations (7) and (8a,b) define the
various variables used in Equation (6) as follows:

p0t = pt
(
1− e−α3eip

)
, (7)

p f
0 = pr e(βeip)/(λ f−κ f )

(
p0
pr

)(λ−κ f )/(λ f−κ f )
, (8a)
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βeip = ν
f
0 − ν0 − 0.09eip, (8b)

where p0t denotes the isotropic tensile strength and increases as the pore ice ratio (eip)

increases; p0 depicts the pre-consolidation pressure, which is rendered p f
0 when the soil

freezes; pr represents the reference effective isotropic pressure; β denotes the relationship
between the specific volume and pore ice ratio (eip); and ν

f
0 and ν0 symbolize the spe-

cific volumes of frozen and unfrozen soils at the reference effective isotropic pressure,
respectively. Further details on the constitutive model can be obtained in the literature, as
reported by Zhang and Michalowski [23].
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2.4. Thermosiphon Model

Figure 5a illustrates a thermosiphon—a structure with a mechanism for absorbing
heat from the ground via the evaporator section, evaporating the internal refrigerant,
condensing the internal refrigerant in the condenser section, and recirculating the coolant to
the evaporator section [32]. Such a thermosiphon can be simulated via CFD incorporating
two-phase flow; however, this method is complicated and requires considerable time
for analyzing the linkage with the ground. Therefore, the thermosiphon model used in
this study, as depicted in Figure 5b, applies the heat flux as a boundary condition to the
evaporator section of the thermosiphon [12,20]. The heat flux (qts, W/m2) and heat flow
rate (Qts, W) are defined as

qts = −
Qts

Ats
, (9a)

Qts = λts Levp
(
Tevp − Ta

)
, (9b)

where Ats represents the area (m2) of the evaporator section of the thermosiphon. In
Equation (9b), λts implies the thermal conductivity per unit length of the thermosiphon
(W/m K) and represents the performance of the thermosiphon. Additionally, Levp denotes
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the length of the evaporator segment of the buried thermosiphon, Tevp symbolizes the
temperature of the soil surrounding the evaporator segment, and Ta represents the ambient
air temperature. The thermosiphon model operates the thermosiphon such that the heat
flux represented in Equation (9a) is calculated using the heat flow rate formulated in
Equation (9b). Moreover, the thermosiphon model operates by yielding the calculated heat
flux when Ta < Tevp and halts operation under other conditions.
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3. User Subroutine for TM Model
3.1. Component of User Subroutines

Figure 6 presents the ABAQUS internal user subroutines that were used for analysis in
this study. The user subroutine, SDVINI, defines the initial state variables, such as porosity
and unfrozen water content. Subsequently, the values calculated by other user subroutines
are stored in state variables.
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The user subroutine UMAT can define the elastic–plastic stress–strain relationship
of soil upon freezing and thawing, and the user subroutine UEXPAN defines the thermal
strain using the porosity rate function when the soil freezes or thaws. The user subroutine
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UMATHT determines the volume fraction of the soil components (soil particle, water, ice)
using the unfrozen water contents by reflecting the changed porosity and defining the
material properties such as density, specific heat, and thermal conductivity. In addition,
it determines the latent heat in the apparent heat capacity in the conservation of energy
equation and temperature of the soil. These user subroutines exchange the values in the
state variables. At each time increment, the state variables are called, calculated, and
updated at the end of the time increment for the overall integration points of the element.
These updated state variables include the volume fraction of the soil mixture, temperature
gradient, stress, and strain. Moreover, these variables are mutually influenced by time
increments [33].

The user subroutine DFLUX defines the heat flux at each time increment as a boundary
condition in the evaporator segment of the thermosiphon, and the heat flux is determined
using Equation (9a) and Equation (9b). The heat flux is calculated through the difference
between the ground temperature surrounding the thermosiphon and the ambient air
temperature, calculated in time increments via Equation (9b). The operating condition is
maintained only when Ta < Tevp.

3.2. Implementation of the Constitutive Model in the TM Model

The total strain increment of frost-susceptible soil comprises the elastic–plastic me-
chanical strain increment (dε

ep
ij ) and thermal strain increment (dεth

ij ), which are a result of
the increase in the porosity, and these parameters are defined in the user subroutines UMAT
and UEXPAN, respectively. The parametric relationship is expressed as follows:

dεij = dε
ep
ij + dεth

ij (10)

For calculating dε
ep
ij represented in Equation (10), the Jacobian matrix must be defined

inside the UMAT. The elastic–plastic constitutive is expressed as

δσ = C

1−

(
∂ f
∂σ

)(
∂ f
∂σ

)T
C

A +
(

∂ f
∂σ

)T
C
(

∂ f
∂σ

)
δε = Cepδε, (11)

where Cep is an elastic–plastic constitutive matrix. Additionally, δσ represents the stress in-
crement, δε denotes the elastic–plastic strain, C depicts the elastic matrix, and ∂ f

∂σ represents
the flow matrix. Moreover, A symbolizes the hardening modulus, which is given by

A =

(
d f
dp0

)(
νp0

λ− κ

d f
dp′

)
= M2(p0t − p′

) (1 + e)p0

λ− κ
M2(2p′ − p0 − p0t

)
, (12)

where ν represents the specific volume and e denotes the void ratio.
The thermal strain increment (dεth

ij ) represented in Equation (10) is calculated with
the user subroutine UEXPAN. In the corresponding user subroutine, the increase in the
porosity through the porosity rate function, formulated in Equation (3), is defined. The
anisotropic formation of an ice lens must be considered before calculating the dεth

ij . This
consideration is achieved by introducing a “growth tensor” [7] as

.
n =

.
n

∣∣∣∣∣∣∣
ξ 0 0
0 (1−ξ)

2 0
0 0 (1−ξ)

2

∣∣∣∣∣∣∣, (13)
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where ξ has a value ranging from 0.33 to 1. The lower and upper limits result in isotropically
and unidirectionally increasing volumes, respectively. Subsequently, dεth

ij can be calculated
in the x, y, and z coordinates as

dεth
x

dεth
z

dεth
xz

 =


m2ξ+ 0.5n2(1− ξ)
n2ξ+ 0.5m2(1− ξ)

mn(3ξ− 1)


.
ndt

1− n
, (14)

where m is cosθ, n is sinθ, and θ denotes the angle between the x-axis and the direction of
the heat flow.

3.3. Implementation of the Thermal Model for the TM Model

The thermal constitutive characteristics of the material, such as volumetric heat ca-
pacity and thermal conductivity, are defined in the user subroutine UMATHT and are
dependent on the volume fraction of the components (soil particles, pore water, and ice)
constituting the saturated frost-susceptible soil.

Equation (15) represents an energy-balance equation:(
Ceq − Lρi ∂θi

∂T

)
∂T
∂t
−∇(λeq∇T) = 0, (15)

where L denotes the latent heat of fusion per unit mass, ρi symbolizes the density of ice,
Ceq depicts the volumetric heat capacity of the soil mixture, and λeq represents the thermal
conductivity of the soil mixture. Moreover, the density (ρeq), volumetric heat capacity (Ceq),
and thermal conductivity (λeq) of the soil mixture are calculated as

ρeq = θsρs + θwρw + θiρi, (16a)

Ceq = θsρscs + θwρwcw + θiρici (16b)

λeq = θs log λs + θw log λw + θi log λi, (16c)

where ρ, c, and λ on the right-hand side of Equation (16a)–Equation (16c) imply the density,
mass heat capacity, and thermal conductivity, respectively. Additionally, the superscript
characters s, w, and i denote the skeleton of soil, pore water, and ice, respectively.

Moreover, θs, θw, and θi symbolize the volumetric fractions of soil, pore water, and ice
skeletons, respectively, and are defined as

θs =
Vs

V
= 1− n, (17a)

θw =
Vw

V
= νn, (17b)

θi =
Vi

V
= ν(1− n), (17c)

where ν is
ν =

Vw

Vw + Vi . (18)

4. Finite Element Analysis Method and Results
4.1. Soil Behavior Scenarios and Modeling

This study is conducted using ABAQUS (version: 2018), a commercial finite element
program, to compare the behavior of a pipeline under thermosiphon implementation.

Table 1 lists the two scenarios that are set for analysis. In the first scenario, the
frost-heave behavior of the soil and pipeline is examined when the temperature of the
entire model is set above 0

◦
C; subsequently, the surface temperature is set below 0◦C
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to induce frost heave in the soil surrounding the pipeline. The second scenario is thaw
settlement, where the internal temperature of the pipeline is increased, thereby leading
to melting and settling of the frost-susceptible soil and resulting in sinking behavior of
the pipeline. In each scenario, four cases (total eight cases) are considered based on the
number and arrangement of the thermosiphons (Table 1). Because the thermosiphon
model [12] was verified with laboratory experimental results of a small-scale thermosiphon,
the numerical analysis scenarios of this study were constructed using the same specification
of the small thermosiphon.

Table 1. Classification of all cases.

Scenario Case Name
Number of

Thermosiphons
(Symmetry)

Radius
of

Pipeline
(m)

Thickness
of

Pipeline
(m)

Thickness
of

Insulation
(m)

Buried
Depth

of
Pipeline

(m)

Initial Temp.
(◦C)

Temp. (◦C)
and

h* (W/m2K)
of

Top Surface

Temp. (◦C)
and

h (W/m2K)
of

Pipeline

Frost Heave

CASE_H -

0.019 0.0008

- 0.019 3
−5
and

5
-

CASE_HA 2 pair

CASE_HB 2 pair× 2

CASE_HC 2 pair× 3

Thaw
Settlement

CASE_T -

0.0032 0.0666 −15
−15
and

5
60 and 55

CASE_TA 2 pair

CASE_TB 2 pair× 2

CASE_TC 2 pair× 3

Accordingly, the soil and pipe configuration were also used with reference to the
specifications used in the small laboratory experiment [24]. The specifications of the models
in the two scenarios are illustrated in Figure 7. Both scenarios are modeled with symmetry
in the width and length directions (purple-colored plane) in Figure 7 for reducing the
analysis time. For the displacement boundary condition, the bottom of the soil is fixed
in the x, y, and z directions. For the side planes, excluding the symmetry plane, the
displacement other than that in the z direction is constrained. For the pipeline, the pin-
constraint condition is applied to the ends.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 11 of 24 
 

 
Figure 7. Geometry of two types of scenario models: (a) frost heave and (b) thaw settlement. 

For the thermal boundary condition, the adiabatic condition is applied to the bottom 
and side planes of the soil. Additionally, the Fourier boundary condition is applied to the 
top surface for heat exchange through the temperature difference between the ambient 
(air) temperature and the soil with the convective heat-transfer coefficient (h). For the 
pipeline, the convective boundary condition is applied to the inside of the pipeline solely 
in the thaw-settlement scenario, and excessive heat flow is controlled by modeling the 
insulation layer. For the soil specifications of the two scenarios, the width and depth are 
identical (0.35 m), but the length is set longer in the thaw-settlement scenario. This is be-
cause, in the case of the frost-heave scenario, the heave of the buried pipe occurs due to 
the pressure caused by the frost heave of the soil; by contrast, in the thaw-settlement sce-
nario, pipe subsidence is primarily caused by the weight of the pipe itself and the soil 
weight. This allows for a further increase in the pipeline subsidence under the thaw-set-
tlement scenario. Accordingly, the buried depth of the pipeline is also set deeper in the 
thaw-settlement scenario such that it can be affected more by the soil thaw settlement. 

The element used in this numerical analysis is the coupled temperature-displacement 
trilinear element (8-node). Figure 7 illustrates that the elements are set densely in the vi-
cinity of the pipeline and thermosiphon and the total number of nodes in the model ranges 
from 28,488 to 77,868, depending on the scenario. 

The thermosiphons are modeled with a height of 0.5 m, which is identical to that 
reported by Park et al. [12]. Accordingly, half the height of the thermosiphon (0.25 m) is 
modeled as being buried in the soil. Figure 8 illustrates the top view of the thermosiphon 
arrangement for each case. In both scenarios, the number of thermosiphons in cases A, B, 
and C are identical: (2 pair × 1), (2 pair × 2), and (2 pair × 3), respectively. 

Figure 7. Geometry of two types of scenario models: (a) frost heave and (b) thaw settlement.

For the thermal boundary condition, the adiabatic condition is applied to the bottom
and side planes of the soil. Additionally, the Fourier boundary condition is applied to the
top surface for heat exchange through the temperature difference between the ambient (air)
temperature and the soil with the convective heat-transfer coefficient (h). For the pipeline,
the convective boundary condition is applied to the inside of the pipeline solely in the
thaw-settlement scenario, and excessive heat flow is controlled by modeling the insulation
layer. For the soil specifications of the two scenarios, the width and depth are identical
(0.35 m), but the length is set longer in the thaw-settlement scenario. This is because, in the
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case of the frost-heave scenario, the heave of the buried pipe occurs due to the pressure
caused by the frost heave of the soil; by contrast, in the thaw-settlement scenario, pipe
subsidence is primarily caused by the weight of the pipe itself and the soil weight. This
allows for a further increase in the pipeline subsidence under the thaw-settlement scenario.
Accordingly, the buried depth of the pipeline is also set deeper in the thaw-settlement
scenario such that it can be affected more by the soil thaw settlement.

The element used in this numerical analysis is the coupled temperature-displacement
trilinear element (8-node). Figure 7 illustrates that the elements are set densely in the
vicinity of the pipeline and thermosiphon and the total number of nodes in the model
ranges from 28,488 to 77,868, depending on the scenario.

The thermosiphons are modeled with a height of 0.5 m, which is identical to that
reported by Park et al. [12]. Accordingly, half the height of the thermosiphon (0.25 m) is
modeled as being buried in the soil. Figure 8 illustrates the top view of the thermosiphon
arrangement for each case. In both scenarios, the number of thermosiphons in cases A, B,
and C are identical: (2 pair × 1), (2 pair × 2), and (2 pair × 3), respectively.
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The measurement points set in this study are illustrated in Figure 9. A measurement
point is named such that its object and location can be determined. For example, the first
letter of the measurement point “S-3-B”, “S”, implies soil, whereas “P” indicates pipeline.
The second term, the number “3”, represents the number corresponding to the x-direction
in Figure 9a. Notably, the six points are set at an interval of 0.0875 m in the frost-heave
scenario. Similarly, seven points are set at an interval of 0.175 m in the thaw-settlement
scenario. The letter “B” denotes a point corresponding to the position of the letter in
Figure 9b.

For the soil, nine points are set ranging from A to I. Additionally, for the pipeline,
0◦, 90◦, and 180◦ points of angle are set instead of letters. Therefore, a total of 54 and
18 measurement points are obtained for the soil and pipeline, respectively, under the frost-
heave scenario. Similarly, 63 and 21 measurement points are manifested for the soil and
pipeline under the thaw-settlement scenario, respectively. The measured values, such as
the unfrozen water content, displacement, and stress, are acquired at these points.
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Table 2 lists the material properties and parameters of the soil mixture utilized in this
study [23,25,33]. The corresponding parameters of unfrozen water contents and porosity
rate function model are calibrated to the experimental results reported by Fukuda et al. [34].
Among the calibrated parameters, compared to that reported in the previous study, the
maximum porosity growth rate is reduced (

.
nm= 0.33× 10−5 s−1) to prevent excessive frost

heave. Zhang and Michalowski [23] also performed their analysis using reduced param-
eters. They compared the frost-heave amounts of the soil using the existing parameters
and reduced parameters featured in this study with the experimental case reported by
Fukuda et al. [34].

Table 2. Material properties and parameters of soil mixture.

Thermal Properties of Soil Mixture

Soil Skeleton Water Skeleton Ice Skeleton

Density
(
kg/m3 ) 2620 1000 917

Mass heat capacity (J/kg K ) 900 4180 2000

Thermal conductivity (W/m K ) 1.95 0.56 2.24

Parameters for unfrozen water content of soil mixture

ω, ω∗ 0.285, 0.058

α
(
◦
C−1 ) 0.16

T0
(◦

C ) 0

Parameters for porosity rate function model
.
nm
(
s−1 ) 0.33· 10−5

gT
(◦

C/m ) 100

Tm
(◦

C ) −0.82

T0
(◦

C ) 0
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Table 2. Cont.

Parameters for elastic–plastic constitutive model

Poisson’s ratio 0.3

λ, κ, M, β 0.35, 0.07, 0.7, 0.18

α1, α2 0.2, 0.4

p0, pr (kPa ) 80, 10

The pipeline used in this study is a 201 stainless steel pipe with an elastic modulus
of 203 GPa [24]. Polyurethane foam, which is the insulation layer of the pipeline used in
the thaw-settlement scenario, has a thermal conductivity of 0.02 W/m K [34]. In addition,
a thermosiphon corresponding to a refrigerant filling ratio of 100% is employed with an
efficiency of 0.464 W/m K [20].

4.2. Frost-Heave Scenario

In the frost-heave scenario, after setting the initial temperature of the entire model to
3 ◦C, the Fourier boundary condition (−5 ◦C; 5 W/m2 K) is applied [35] to the top surface
of the model, and analysis is performed until the temperature of the entire model converges
to −5 ◦C.

Among the measurement points of the model, the time for the temperature to converge
to −5 ◦C in “S-1-I”, which experiences the minimum effect from the thermosiphon, is
approximately 700 h in CASE_H—the case in which the thermosiphon is not utilized.
CASE_HA, CASE_HB, and CASE_HC (scenarios featuring thermosiphons) demonstrate
temperature convergence after 590, 440, and 360 h, respectively. Notably, as the number of
thermosiphons increases, the temperature converges to −5 ◦C at a faster rate, as shown in
Figure 10.

Figure 10 also illustrates the graph of the temperature decrease with respect to time
measured at x-direction measurement points No. 1 and No. 6 corresponding to z-direction
measurement points A, B, and C. For CASE_H, the temperature trends corresponding to
the depth measurement points of No. 1 and No. 6 are approximately identical. However,
for CASE_HA and CASE_HB, the temperature of measurement point No. 6 decreases
faster than that for No. 1, because measurement point No. 6 is greatly affected by the
thermosiphon, thereby yielding this trend. However, for CASE_HC, the temperature trends
of measurement points No. 1 and No. 6 are similar to those of CASE_H because the effect
of the thermosiphon increases at No. 1; this increase is attributed to the thermosiphon
placement, as depicted in Figure 10d. The temperature trend of the overall measurement
point indicates that CASE_HC, featuring the maximal number of thermosiphons, has a
much steeper temperature drop than that observed for CASE_H. These time-dependent
temperature trends manifest as the trends corresponding to the unfrozen water content
and pore ice ratio, as explained in next figure.

Figure 11 presents a comparison of the results of unfrozen water content and pore ice
ratio that are measured at the measurement points “S-1-B” and “S-6-B” for all cases. As
the temperature of the measurement point converges to −5 ◦C, the unfrozen water content
and pore ice ratio converge to 0.160 and 0.357, respectively.

Similar to the temperature trend observed in Figure 10, for CASE_HA and CASE_HB,
the measurement point “S-6-B” has a steeper slope compared to that of “S-1-B”; this
disparity in steepness demonstrates the effect of the thermosiphon. Additionally, according
to the number of thermosiphons applied, CASE_HC converges first, i.e., at the fastest rate,
and CASE_H converges last, i.e., at the slowest rate.
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As the temperature of the soil decreases to a certain state, the frost-heave progress
ceases at different times and yields the heave amount for each case. Figure 12 indicates the
frost-heave trends of the soil surface along the width corresponding to No. 1 and No. 6 of
CASE_H and CASE_HA with respect to time. In Figure 12a,b, the frost heave converges at
approximately 240 h in CASE_H. In addition, the widths of the soil surface corresponding
to No. 1 and No. 6 exhibit almost the same convergence times and heave amounts.
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However, in CASE_HA in which thermosiphons are utilized, the results reveal a
slightly different trend, as shown in Figure 12c,d. For CASE_HA, the convergence time
for the frost heave of the soil surface is 180 h, which implies that the rate of convergence
is faster than that for CASE_H. In addition, the frost-heave magnitude of the soil surface
is different along the widths at No. 1 and No. 6. These results are clearly attributable to
the effect of the thermosiphons. Note that the frost-heave amount of the surface where the
thermosiphon is embedded at No. 6 is smaller than that at No. 1, which is located farther
away from the thermosiphon.

Similarly, CASE_HB and CASE_HC in which the numbers of thermosiphons are
further increased also exhibit comparable frost-heave tendencies. The reduction rates of
the frost heave magnitudes corresponding to CASE_HA, CASE_HB, and CASE_HC are
10.8, 36.2, and 55.6%, respectively; this result clearly demonstrates that as the number of
thermosiphons increases, the inhibiting effect on the frost heave increases accordingly.

Similar to the frost-heave tendency of the soil surface, the upward displacement
tendency of the pipeline is also investigated. Figure 13 graphically demonstrates the
displacement of the pipeline as time progresses. The time for the convergence of the
pipeline displacement is remarkably similar to that for the frost heave of the soil surface.
For CASE_H, it converges at approximately 240 h. Moreover, for CASE_HA, CASE_HB, and
CASE_HC, it converges at 180, 140, and 100 h, respectively. The maximum displacement
of the pipeline is measured at the measurement point “P-6-90”, and the displacement of
the pipeline in CASE_H is approximately 3.2 mm. The displacements of the pipeline in
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CASE_HA, CASE_HB, and CASE_HC with thermosiphons applied are 3.07, 1.93, and
1.19 mm, respectively. Compared to CASE_H, it is confirmed that the displacement of the
pipeline in CASE_HA, CASE_HB, and CASE_HC is reduced by 4.28, 39.77, and 62.71%,
respectively. The axial stress of the pipeline increases as the displacement behavior of the
pipeline increases, and when the behavior of the pipeline converges, the axial stress of the
pipeline converges in tandem. Figure 14 illustrates the axial stresses of all cases measured at
the measurement points that are set according to the x-direction of the pipeline. The pipeline
behavior according to the frost heave of the soil exhibits the largest axial tension stress
(positive stress) at the measurement point “P-6-0” set at the top of the pipeline. Additionally,
the largest axial compression stress (negative stress) is observed at the measurement point
“P-6-180” set at the bottom of the pipeline.
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The magnitude of the axial stress for the pipeline decreases according to the number
of thermosiphons applied, which is similar to the displacement of the pipeline. Compared
to the maximum axial stress (tension) of CASE_H measured at the measurement point
“P-6-0” in Figure 14a, CASE_HA, CASE_HB, and CASE_HC exhibit axial stress reduction
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rates of 1.06, 39.78, and 63.75%, respectively. Furthermore, Figure 14b, featuring the
results of the maximum axial stress (compression), also depicts similar results. The axial
stress (compression) reduction rates compared to CASE_H are 0.34, 37.39, and 61.92% in
CASE_HA, CASE_HB, and CASE_HC, respectively.

4.3. Thaw-Settlement Scenario

In the thaw-settlement scenario, the internal temperature of the pipeline is increased,
thereby leading to melting and settling of the frost-susceptible soil and resulting in sinking
behavior of the pipeline.

After setting the initial temperature of the frost-susceptible soil model to −15 ◦C,
the Fourier boundary condition is applied to the inside surface of the pipeline, where
the temperature and convective heat transfer coefficient are set to 60 ◦C and 55 W/m2 K,
respectively. The analysis is conducted until the temperature of the entire model converges
by gradually increasing the soil temperature around the pipeline. In addition, for the
top surface of the soil boundary condition of the model, the Fourier boundary condition
is identical to that applied in the frost-heave scenario, and solely the temperature is set
differently by changing it to −15 ◦C. In this scenario, the initial conditions for the frozen
soil are applied, i.e., the initial porosity is set to 0.457. Accordingly, the initial unfrozen
water content and pore ice ratio of the soil are set to 0.07859 and 0.5895, respectively.

The reference point of the temperature convergence for the entire case is set based on
the measurement point “S-1-I”, the farthest point from the thermosiphons and pipeline.
Figure 15a depicts the temperature change of the soil with time measured at the point
“S-1-I”. Among the analysis cases, CASE_T—the case in which thermosiphons are not
utilized—exhibits the largest temperature change and the slowest temperature conver-
gence rate, corresponding to a convergence time of approximately 680 h. Conversely, for
CASE_TC, which features the maximal number of thermosiphons, the change in tempera-
ture is minimal, and the temperature convergence rate is the fastest, corresponding to a
convergence time of approximately 350 h.
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This temperature trend induces the trends of unfrozen water content and pore ice
ratio, as illustrated in Figure 15b,c, respectively. The convergence time trends of unfrozen
water content and pore ice ratio for all cases are identical to the convergence time trend of
the temperature. In addition, the change ratio of unfrozen water content and pore ice ratio
decreases as the number of applied thermosiphons increases. These trends of convergence
time show that thermosiphons perform well as the ground stabilization method and it can
be confirmed that the performance increases as the number of thermosiphons increases

Additionally, when the temperature of the measurement point “S-1-I” converges, the
temperature of the soil around the pipeline increases due to the high temperature of the
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pipeline. Therefore, the thaw bulb, which refers to the thawed shape of the soil above 0◦C,
forms completely.

Figure 16 demonstrates the evolution of the thaw-penetration depth, which is the
maximum depth of the thaw bulb in the x–z symmetry plane. Figure 16a illustrates the
result of CASE_T. Notably, an even thaw-penetration depth (0.23 m) is formed according to
the length direction.
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However, in the cases featuring thermosiphons, the thaw-penetration depth of the soil
adjacent to the thermosiphon has a shallow depth due to the effect of the thermosiphon, as
indicated in Figure 16b–d. The maximum thaw-penetration depth is observed at No. 1 in
the cases featuring thermosiphon application along the length for the point that is furthest
from the thermosiphons. Accordingly, the minimum thaw-penetration depth is formed
at No. 7. Moreover, the maximum thaw-penetration depths of CASE_TA, CASE_TB, and
CASE_TC are 0.205, 0.163, and 0.139 m, respectively, with minimum thaw-penetration
depths of 0.129, 0.118, and 0.107 m, respectively. Therefore, as an increasing number of
thermosiphons is applied, the thaw-penetration depth is rendered shallower. Therefore,
as the ground stabilization method, the thermosiphon plays its role well in reducing the
thawing area of the ground under the pipe, and it can be confirmed that the performance
of ground stabilization increases as the number of thermosiphons increases.

The thaw bulb shapes (y–z plane) with the maximum and minimum thaw-penetration
depths are demonstrated in Figure 17. Notably, the shape of the thaw bulb features a large
depth compared to its width direction, which is attributed to the effect of the boundary
condition of the top surface and the thermosiphons.
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The thaw-bulb size in all cases decreases as the number of thermosiphons increases.
Notably, in CASE_TA, the difference in size between the maximum and minimum thaw
bulbs is remarkably large compared with that of the other cases. However, the maximum
thaw bulb of CASE_TA is not significantly distinct from that of CASE_T because the
thermosiphons applied to CASE_TA are located at No. 7 in the x-direction and exert a
limited effect on the soil adjacent to No. 1, which is located far from the thermosiphons,
thereby resulting in the large size of the thaw bulb.

This tendency to form a thaw bulb induces a displacement tendency in the buried
pipeline. Similar to the results of the frost-heave scenario, the trend of pipeline displacement
indicates a small change as the number of thermosiphons increases.

Figure 18a graphically demonstrates the time-dependent results of CASE_T. Notably,
the pipeline displacement converges toward the end phase of the thaw-bulb formation
(680 h). Similarly, the convergence times of the cases using the same number of applied
thermosiphons are identical to those corresponding to the thaw-bulb formation tendency.
The convergence time is shortened as the number of applied thermosiphons is increased.
The pipeline displacement results for all the cases are illustrated in Figure 18b. The final
pipeline displacement decreases as the number of applied thermosiphons increases. For
CASE_TA, CASE_TB, and CASE_TC, the pipeline displacements are reduced by 42.81,
70.15, and 82.36%, respectively, compared to that of CASE_H.

The axial stress demonstrates a decreasing tendency as the number of thermosiphons
increases, similar to that observed in the frost-heave scenario. However, as the direction of
the pipeline displacement is in the opposite direction, the top portion of the pipeline (P-7-0)
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verifiably receives negative stress due to axial compression, and the bottom portion of the
pipeline (P-7-180) receives positive stress due to axial tension, as indicated in Figure 19.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 21 of 24 
 

 
Figure 18. Displacement of pipeline: (a) results of CASE_T at different times and (b) results for all 
cases. 

The axial stress demonstrates a decreasing tendency as the number of thermosiphons 
increases, similar to that observed in the frost-heave scenario. However, as the direction 
of the pipeline displacement is in the opposite direction, the top portion of the pipeline 
(P-7-0) verifiably receives negative stress due to axial compression, and the bottom por-
tion of the pipeline (P-7-180) receives positive stress due to axial tension, as indicated in 
Figure 19. 

The converged axial stresses for all cases decrease according to the number of ther-
mosiphons, similar to the trend observed in the frost-heave scenario. Figure 19c shows the 
maximum axial stress measured at measurement points “P-7-0” and “P-7-180”. In the case 
of reduction rate, the axial stress of CASE_TA, CASE_TB, and CASE_TC were compared 
based on the axial stress of CASE_T. The axial stress (axial compression) measured at the 
measurement point “P-7-0” showed a 55.52% reduction rate in the case of CASE_TA and 
an 83.61% reduction rate in the case of CASE_TC. The axial stress (axial tension) measured 
at the measurement point “P-7-180” also showed a similar reduction rate trend and 
showed a reduction rate of 85.25% in the CASE_TC. 

 
Figure 19. Axial stress of pipeline: (a) CASE_T (top side), (b) CASE_T (bottom side), and (c) results 
for all cases. 

  

Figure 18. Displacement of pipeline: (a) results of CASE_T at different times and (b) results for
all cases.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 21 of 24 
 

 
Figure 18. Displacement of pipeline: (a) results of CASE_T at different times and (b) results for all 
cases. 

The axial stress demonstrates a decreasing tendency as the number of thermosiphons 
increases, similar to that observed in the frost-heave scenario. However, as the direction 
of the pipeline displacement is in the opposite direction, the top portion of the pipeline 
(P-7-0) verifiably receives negative stress due to axial compression, and the bottom por-
tion of the pipeline (P-7-180) receives positive stress due to axial tension, as indicated in 
Figure 19. 

The converged axial stresses for all cases decrease according to the number of ther-
mosiphons, similar to the trend observed in the frost-heave scenario. Figure 19c shows the 
maximum axial stress measured at measurement points “P-7-0” and “P-7-180”. In the case 
of reduction rate, the axial stress of CASE_TA, CASE_TB, and CASE_TC were compared 
based on the axial stress of CASE_T. The axial stress (axial compression) measured at the 
measurement point “P-7-0” showed a 55.52% reduction rate in the case of CASE_TA and 
an 83.61% reduction rate in the case of CASE_TC. The axial stress (axial tension) measured 
at the measurement point “P-7-180” also showed a similar reduction rate trend and 
showed a reduction rate of 85.25% in the CASE_TC. 

 
Figure 19. Axial stress of pipeline: (a) CASE_T (top side), (b) CASE_T (bottom side), and (c) results 
for all cases. 

  

Figure 19. Axial stress of pipeline: (a) CASE_T (top side), (b) CASE_T (bottom side), and (c) results
for all cases.

The converged axial stresses for all cases decrease according to the number of ther-
mosiphons, similar to the trend observed in the frost-heave scenario. Figure 19c shows the
maximum axial stress measured at measurement points “P-7-0” and “P-7-180”. In the case
of reduction rate, the axial stress of CASE_TA, CASE_TB, and CASE_TC were compared
based on the axial stress of CASE_T. The axial stress (axial compression) measured at the
measurement point “P-7-0” showed a 55.52% reduction rate in the case of CASE_TA and an
83.61% reduction rate in the case of CASE_TC. The axial stress (axial tension) measured at
the measurement point “P-7-180” also showed a similar reduction rate trend and showed a
reduction rate of 85.25% in the CASE_TC.

5. Conclusions

In this study, numerical analyses were performed to compare the behavior of the soil
and a buried pipeline through frost heave and thaw settlement with thermosiphon applica-
tion. For that, the frost-heave and thaw-settlement scenarios were established, and finite
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element analysis was conducted using the frost-heave model [23] and the thermosiphon
model [20], which were applied via user subroutines in ABAQUS. The main numerical
analysis results and conclusions of this study are as follows:

In the case of the frost-heave scenario, it was confirmed that as the number of ther-
mosiphons increased, the displacement of soil and the pipeline and the axial stresses of
the pipeline decreased. Compared to CASE_H, the maximum reduction rates of pipeline
displacement in CASE_HC were 62.71%. Furthermore, the maximum reduction rate of the
axial stress (tension) in CASE_HC was 63.75%; the maximum reduction rate of the axial
stress (compression) was 61.92%. Similar to the frost-heave scenario, it was confirmed that
the ground-stabilization performance increased as the number of thermosiphons increased
in the thaw-settlement scenario. As the number of applied thermosiphons was increased,
the pipeline displacement decreased accordingly. Compared to CASE_T, the maximum dis-
placement reduction rate of CASE_TC was 82.36%. In addition, the maximum axial stress
reduction rate was 83.61% (axial compression) and 85.25% (axial tension) for CASE_TC.

The results of this study verified that as the number of thermosiphons was increased,
the frost-heave and thaw-settlement behaviors of pipelines and soil were effectively sup-
pressed. Specifically, thermosiphons verifiably and significantly improved the ground-
stabilization performance for these two behavioral conditions of the soil. However, in order
to simulate the relationship between pipelines and thermosiphons used in the real environ-
ment, environmental conditions such as air temperature and multi-layered soil, and various
installation variables such as the placement distance between the thermosiphons and the
pipeline and the buried depth should be reflected, and these conditions and installation
variables offer various avenues for future research directions.
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