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This study conducted ten freeze-thaw cyclic tests to clarify the effect of freeze-thaw cycles
on the forces acting on the buried oil pipeline. The stress evolution in the Q345 steel
pipeline versus the number of freeze-thaw cycles was obtained. The test results were
consistent with the COMSOL simulation of the effect of different moisture contents on the
pipeline bottom stress. Besides the proposed XGBoost model, eleven machine-learning
stress prediction models were also applied to 10–20 freeze-thaw cycling tests. The results
showed that during the freeze-thaw process, the compressive stress at the pipeline
bottom did not exceed −69.785 MPa. After eight freeze-thaw cycles, the extreme value of
the principal stress of -252.437MPa, i.e., 73.17% of the yield stress, was reached. When
the initial moisture content exceeded 20%, the eighth freeze-thaw cycle’s pipeline stress
decreased remarkably. The XGBoost model effectively predicted the pipeline’s principal
stress in each cycle of 10 freeze-thaw cyclic tests, with R2 = 0.978, MSE = 0.021, andMAE
= 0.102. The above compressive stress fluctuated from −131.226 to −224.105MPa. The
predicted values well matched the experimental ones, being in concert with the “ratcheting
effect” predicted by the freeze-thaw cycle theory. The results obtained provide references
for the design, operation, and maintenance of buried oil pipelines.
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INTRODUCTION

Buried oil and gas transportation plays an important role in the global energy supply. Long-distance
oil transportation via buried pipelines often crosses seasonal frozen soil areas, which freeze-thaw
cycles induce cyclic stresses in pipelines’metal. Therefore, the effects of temperature and the number
of freeze-thaw cycles on the pipeline stressed state should be analyzed.

Periodic temperature changes often hinder the normal operation of pipelines. In winter, the oil
viscosity increases, the paraffin at the bottom of the pipeline accumulates, hindering the oil
transportation. Moreover, the pipeline is arched by the freeze-thaw cycle load, resulting in
uneven stress on the oil pipeline. Pores are formed between the pipe and the soil, and the
pipeline may be broken by additional stresses (Boguchevskaya et al., 2016; Wu et al., 2010). The
generation of soil frost heave force is aggravated by high moisture content (Jin et al., 2010; Li et al.,
2010; Liu et al., 2014; Dvoskina et al., 2015). The above problems concern all buried oil pipelines that
pass through seasonally frozen soil areas.

In gas pipelines, a similar phenomenon is related to the Archimedean force of the water-bearing
soil acting on the pipeline (Teng et al., 2021; Mukhametdinov, 1996). Besides, strain accumulation or
the so-called ratcheting effect is intrinsic to melting soil-pipeline engineering. This effect increases
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stresses and displacements of buried oil pipelines with the
number of freeze-thaw cycles in seasonal frozen soil areas. As
the number of loading cycles increases, this phenomenon mainly
manifests itself by increased displacements, which tend to be
stable after reaching the maximum value. This displacement
accumulation should also be considered in the power
engineering, chemical engineering, and metallurgical industries
(Gokhfeld and Charniavsky, 1980; Fuschi et al., 2015).

In a freeze-thaw process, the volumetric strain of the water-
containing frozen soil is relatively small, so that a significant strain
level can be reached only when the pipe strain is accumulated cycle
by cycle. The pipeline strain accumulation is restrained by residual
stress during inelastic deformation. However, due to the unique
plastic deformation of steel, a delay (lag) between the maximum
stress and plastic deformation may occur. For the study of stress
accumulation in buried pipelines, some scholars have carried out
numerical analyses of water-heat coupling (Kang et al., 2016; Zhang
et al., 2020a, Zhang et al., 2021 T.) and stress field calculation (Wen
et al., 2010).

However, variations of atmospheric temperature, soil
moisture content, and soil types along the buried oil pipeline
are complex. The heat conduction/convection of pipe soil is often
affected by the migration of moisture and the formation of ice
lenses (Li et al., 2019). Uneven frost heave, thawing settlement,
and pipe warping are very serious pipe-soil disasters (Andersland
and Ladanyi, 2003). To study the mechanical evolution of buried
oil pipelines, some scholars have carried out frost heaving tests
(Slusarchuk et al., 1978; Carlson and Nixon, 1988; Huang et al.,
2015; Kim et al., 2008; Xu et al. ., 2010; Huang et al., 2004). Their
results indicated a close relationship between the steel grade of the
pipe, growth of the elliptical frozen soil area around the pipe
sections, frost heave rate, types of soil in different pipe sections,
and growing overburden pressure.

The thermal-hydro-mechanical (THM) model can more
accurately simulate and predict the frost heaving force,
pipeline displacement, and moisture migration of buried
pipelines (Nishimura et al. ., 2009; Zhang and Michalowski,
2015; Bekele et al. ., 2017; Haxaire et al., 2017). The operation
and maintenance of buried pipelines are affected by surrounding
soil temperature, moisture content, frost heave strength, tensile
strength, creep, soil elastic modulus, pipeline displacement,
buried depth, and steel pipe parameters (Nixon et al., 2016). It
is extremely important to predict the stresses and displacements
of buried pipelines under freeze-thaw cycles to ensure their safety,
stability, and economic benefit. However, the effect of multiple
freeze-thaw cycles has not been clarified yet, and only the stress
response of the pipeline under a single freeze-thaw cyclic load has

been studied in detail. Therefore, the THM coupling model and
the respective software package are required to numerically
simulate and verify oil pipelines’ stress evolution effectively.
The stress evolution of buried pipelines is closely related to
the moisture content of surrounding soil, so it is of great
significance to study the effect of different moisture contents
on pipeline’s stress.

In recent years, machine learning (ML), which could
comprehensively learn potential correlations of input and
output variables, has been widely applied to nonlinear multi-
parameter regression problems (Prayogo et al., 2020). Thus, Xu
et al. (2021) combined the XGBoost (an optimized distributed
gradient boosting library designed to be highly efficient, flexible,
and portable), backpropagation (BP) neural network, and linear
regression method to establish a dam deformation prediction
model. They concluded that it was problematic to accurately
predict the peak of training samples by the tree algorithm. Based
on the hybrid method of genetic algorithm and machine learning,
Zhang, 2017 extracted the stress analysis characteristics of the
plate and predicted the defects. The tree algorithm integrated
with the XGBoost (Chen and Guestrin, 2016; Abbasi et al., 2019;
Dong et al., 2020; Kim et al., 2020) was introduced into the
regularization parameter, effectively avoiding the over-fitting
phenomenon. The superposition of numerous decision trees
improved the calculation accuracy, while the iterative
efficiency was enhanced by the second-order Taylor expansion
of the objective function. Given the nonlinear relationship
between pipeline stress and atmospheric temperature, soil
moisture content, freeze-thaw cycles, and other factors, it is
expedient to apply the ML approach to buried oil pipelines.

Stress monitoring of buried oil pipelines under freeze-thaw
cycles is hindered by long periods, large data volume, long-
distance transmission, and difficulty in installing strain gauges.
The XGBoost-based regression can better adapt to the
engineering requirements of long periods, high precision, and
large oil pipeline stress monitoring data volume. Due to its easy
convergence and high fitting prediction accuracy, it has been
applied to many fields. However, to the best of the authors’
knowledge, its application to pipeline safety assessment has not
been reported yet. This study aimed to fill this gap by predicting
the stressed state of a buried pipeline made from the Q345 steel
under numerous freeze-thaw cycles. Eleven regression models
based on XGBoost and machine learning were realized. The
optimal model for the pipeline stress evolution prediction was
finally selected by comparing their MSE, MAE, and R2

parameters. It furnishes a novel method for stress analysis of
pipelines subjected to freeze-thaw cycles.

PRINCIPAL ANALYSIS

Stress Calculation Formula
The experimental strains measured on the pipeline surface by
strain rosettes were monitored as tensile (εx and εy) and shear
(γxy) components for the two-dimensional stressed state. These
strain components were processed by the strain-processing
method proposed by Zhang (2006) as follows:

TABLE 1 | Actual/testing time conversion.

Testing time Actual time

Fo Consistent
L0 1/20 1
Γ 400 1

21.9 h ≈ 1day 1 year = 365 days = 8760 h
Ten days Ten years
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where subscripts 0, 45, and 90 correspond to the respective angle
θ values.

According to the generalized Hooke’s law

σ1 � E

1 − v
(ε1 + vε2) (3)

σ2 � E

1 − v
(ε2 + vε1) (4)

where E and υ are the material’s elastic modulus and Poisson’s
ratio, respectively.

Substituting Eqs 1, 2 into Eqs 3, 4, the first and second
principal stresses can be obtained as follows:
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Elaboration of the Principal Stress
Prediction Based on XGBoost Algorithm
The XGBoost optimization model with the characteristics of both
linear and tree models has been introduced by Chen et al. (2016).
By constructing multiple trees to fit the residuals, the model
prediction values of all decision trees were accumulated into the
final one, and the model was trained by the gradient boosting
decision tree (GBDT) algorithm.

In the current elaboration of principal stress prediction models for
the Q345 steel pipe, the XGBoost algorithm dealt with the stress
prediction function, and new functions of each factor were
continuously added to approximate themeasured stress values, namely:

ŷK � ∑K
i�1
Fi(xi) � FK−1(xi) + f(Ti + ti + σ1) (7)

where K is the prediction round; ŷK is the value of the K-th round
deformation predictive function; FK−1(xi) is the value of the (K-
1)th round deformation predictive function; f(Ti + ti + σ1) is the
decision tree function of the temperature factor (Ti) aging factor
(ti), and stress factor (σ1).

The XGBoost algorithm objective function can be derived by
Chen et al. (2016) as follows:

F0 � ∑K
i�1
L(yi, ŷi) +∑K

i�1
Ω(fK) (8)

where L is the loss function used to evaluate the loss between the
predicted and true strain values; Ω(fK) is a regularization

function to control model complexity and avoid overfitting.
The regularization function can be defined as follows:

Ω(f) � γT + 1
2
λ‖ω‖2 (9)

where γ and λ are the penalty coefficients of the regularization
item; ω is the leaf node-corresponding weight; T is the
temperature.

By re-arranging (7) and applying the second-order Taylor
expansion, we get:

FOK � ∑n
i�1
L(yi, ŷi,K−1 + fK(xi)) +Ω(fK) (10)

f(x + Δx) � f(x) + f′(x)Δx + 1
2
f′′(x)Δx2 (11)

Formula (10) can be further reduced to the following form:

FOK � ∑n
i�1
[gifK(xi) + 1

2
hif

2
K(xi)] +Ω(fK) (12)

where gi and hi are the loss function’s first- and second-order
gradient statistics, respectively. The model training was
completed by iteratively finding f(x) to minimize the
objective function.

Time Scaling Principle of Freeze-Thaw
Cycles
Since the time and space scales of the heat transfer problem in
buried oil pipelines are very large, a reduced similarity ratio was
used for the experiment.

According to the similarity theory (Guo et al., 2010), the
similarity criterion number of the model was derived as follows:

Fo � aL2
o

Γ (13)

where L0 is characteristic length, m; Γ is the period of surface
temperature change, h.

The physical analog properties of the experimental and
actual systems were guaranteed. The experiment lasted for
10 days, and the 10-year variation process of the buried
pipeline in the existing system under the freeze-thaw cycles’
action was simulated. The specific similarity process is described
in Table 1.

Taking the Da-Qing section of the China-Russia buried oil
pipeline as a reference, a 1:10 downscaled physical analog model
of the buried oil pipeline was designed. The specific parameters of
the pipeline and model are listed in Table 2.

TEST AND MODEL VERIFICATION

Test Principle and Results
The strain-monitoring data of the performed freeze-thaw cyclic
tests with ten cycles were obtained. The specific freeze-thaw test
principle is shown in Figure 1, while the actual test box layout is
depicted in Figure 2.
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To explore the effects of temperature and time on the stress at
the pipeline bottom, the respective temperature and stress time
history curves were plotted, as shown in Figure 3, according to
the strain data obtained from the test and calculated via Eqs 5, 6.

As shown in Figure 3, the maximum compressive stress at the
pipeline bottom was −252.437 MPa, corresponding to 73.17% of
the yield stress. It can be seen that the thermal (temperature-
induced) stresses strongly impacted the pipeline, which top and
bottom were both compressed. This occurred due to a large
stiffness of the Q345 steel pipe and the coupled effects of upper
soil gravity, pipeline’s and internal fluid’s gravity, and frost heave
pressure.

The compressive stress value gradually accumulated and
increased with the number of freeze-thaw cycles. After

reaching the extreme value after seven or eight freeze-thaw
cycles, there was a recovery trend, with a final stabilization.
This was consistent with the “ratcheting effect” predicted by
the freeze-thaw cycle theory.

The analysis of plots in Figure 3 revealed that the extreme
stress at the bottom of the pipeline always occurred 1–2 h
after the extreme negative temperature was observed. This
finding was consistent with the limit analysis results of
Cherniavsky, 2018 for structures subjected to thermal
cycling.

COMSOL Simulation Verification
COMSOL modeling process is shown in Figure 4. In seasonally
frozen soil areas, the temperature field around the buried oil
pipeline is controlled by its thermal properties, the oil
temperature in the pipeline, and the number of freeze-thaw
cycles. According to the basic theories of heat transfer and
frozen soil mechanics, the transient heat conduction equation
considering the volumetric strain effect on the temperature
fluctuation has the following form:

TABLE 2 | Specific parameters of the pipeline and physical analog model.

Pipeline Material Elastic modulus, MPa Density, g·cm−3 Poisson’s ratio Pipeline buried depth, m External diameter, cm Length, m

Actual Q345 steel 2.0×105 7.85 0.30 2.0 102 −

Test setup Q345 steel 2.0×105 7.85 0.30 0.2 10.2 2.40

TABLE 3 | Evaluation of prediction accuracy (RMSE).

XGBoost LightGBM Random forest SVM

RMSE 11.0673 14.5052 13.5363 37.705

FIGURE 1 | Schematic diagram of the test procedure.
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Cρs
zT

zt
� div(λgrad �T) − Lρw

zθw
zy

+ βtT
zεv
zt

(14)

where C is the specific heat capacity of the frozen soil (J/(kg·°C));
ρs and ρw are soil and water densities, respectively (kg/m3); λ(θ) is
the soil thermal conductivity (W/(m·°C)); L is the latent heat of
ice-water phase change in the frozen soil (J/kg); βt is the thermal
stress coefficient of the frozen soil (MPa/K); εv is the volumetric
strain.

Boundary Conditions
1) Atmospheric temperature at the top of the pipeline was

derived as follows:

T � 0.3 + 24 sin( 2π
365

t + π) (15)

The boundary conditions on the left and right sides of the
pipeline were set as the adiabatic (zero flux) conditions;

according to the field drilling data. Finally, the temperature
at the bottom of the model was assumed to be unchanged, that
is TCD = -0.89 °C.

|x| � l:
zT

zx

∣∣∣∣∣∣∣|x|�l � 0 (16)
y � −h: Ts||x|�l � TCD (17)

2) Boundary conditions for the inner wall temperature of the
pipeline were derived as follows. According to the design oil
temperature of the China-Russia oil pipeline, the temperature
in the pipeline had the following form:

T � 2 + 8 sin(2π
Tt

t) (18)

3) Boundary conditions of the water field

In the initial conditions of the water field, the initial water
content of silty clay was set to 0.3. The pipeline material implied a
moisture content of 0, and the water flux of all external
boundaries in the calculation was zero.

4) Stress boundary conditions were as follows

|x| � l, τxy � 0;y � −h, σx � 0 (19)

5) Displacement boundary conditions were:

|x| � l, u � 0;y � −h, v � 0 (20)

FIGURE 2 | The test box layout.

FIGURE 3 | Principal stress and temperature evolutions at the pipeline
top (Aσ1) and bottom (Cσ1).

FIGURE 4 | The simulation process.
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RESULTS AND ANALYSIS

The temperature, moisture, and pipeline-soil coupled stress fields
after ten freeze-thaw cycles were numerically simulated, as shown
in Figure 5.

The COMSOL-based numerical simulation was carried out to
explore the initial moisture content effect on the stressed state of
the Q345 steel pipeline bottom. The obtained stress evolution
curve is presented in Figure 6.

It can be seen in Figure 6 that at the initial moisture content of
0.3, the maximum stress evolution patterns at the pipeline bottom
obtained experimentally and via the numerical simulation were
consistent, which verified the COMSOL model feasibility. As the
moisture content increased, the stresses generated in the pipeline
also grew because the soil with high moisture content produced
higher frost heave forces during the freeze-thaw cycle.

It can be seen in Figure 6 that the pipe-soil interaction stress
increased with the moisture content w, reaching its maximum at
20% < w<30%. This implied that small moisture contents, in

particular, the optimal moisture content of 0.16%, slightly
affected the frost heave force of the frozen silty clay.

As the moisture content w continued to increase, the soil
porosity dropped, promoting the interaction between soil
particles. In addition, the water froze into ice, and the ice lens
enhanced the pipe-soil bonding force. The stresses at the pipeline
bottom increased after the seventh freeze-thaw cycle.
Subsequently, the soil pores grew and became saturated, the
soil-induced forces were reduced, in contrast to ice-induced
ones. The pipeline stress field stabilized, exhibiting a
recovery trend.

XGBoost Verification and Comparison With
Other ML Algorithms
XGBoost-Based Prediction Procedure

Step 1. The data on the temperature and time-effect factors were
processed, and the relevant influencing factor was sorted as the

FIGURE 5 | Moisture, temperature, and pipe-soil stress fields under freeze-thaw cycles. (A) Moisture field; (B) Moisture field profile; (C) Temperature field; (D)
Temperature profile; (E) Pipe-soil stress field; (F) Pipeline stress field.
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input sample set, which was subdivided into the training set,
verification set, test set 1, and test set 2. The verification set was
separated from the training set by the cross-validation function.

Step 2. The training and validation sets were sorted and
completed; the evaluation index CV was generated by cross-
validation. The optimization range of each parameter was
determined, and the Bayesian optimization algorithm was
brought into the black box non-derivative global optimization.
To avoid the local optimum and the predicted value mutation, the
parameter group with CV < 0.2 was selected to construct the
prediction model, and the training set 1 was predicted. If the
predicted value mutation occurred in the selected parameter
group, the CV threshold was increased. The training speed
and prediction accuracy of each model of each parameter
group were comprehensively evaluated. The optimal parameter
group and the optimal models were selected to construct the
pipeline stress prediction model.

Step 3. The data of test set 2 were incorporated into the model
constructed in Step 2 for the model evaluation. The XGBoost
model feasibility was evaluated by its comparison with the model
based on the LightGBM algorithm (Xu et al., 2021). The
respective flowchart is depicted in Figure 7 (Su et al., 2016;
Xu et al., 2021).

Four kinds of ML regression algorithms, namely the support
vector machine (SVM), Random Forest, LightGBM, and
XGBoost, were realized, yielding the pipeline bottom stress
regression values. These were plotted versus the experimental
ones in Figure 8.

It can be seen in Figure 8 that each of these 4MLmodels achieved
high accuracy. Under freeze-thaw cycles, the SVM-predicted stresses
at the bottom of the Q345 pipeline ranged from -148.451 to
-145.852MPa. There was a large discrepancy with the
experimental value caused by the sensitivity of SVM regression to
the selection of parameter adjustment and sum function. Therefore,
SVM regression was a poor choice for the prediction model of
principal stresses at the top and bottom of the Q345 steel pipe.

The maximum relative error was minimized by comparing the
predicted and test values, verifying the model’s accuracy. RMSE is
an important indicator to evaluate the accuracy of the model and
is given in Table 3.

It can be seen from Figure 9 that the XGBoost algorithm
provided the best prediction of the principal stress at the pipeline
bottom for each freeze-thaw cycle. The correlation coefficient was
R2 = 0.978, the fitting effect was excellent, and the convergence
speed was high.

The determination coefficients of SVM, Random Forest, and
LightGBM models also met the engineering requirements, and
the complex local stress was predicted quite accurately. For the
XGBoost model, regularization 2 was introduced, and
appropriate parameters were adjusted to avoid large
overfitting. XGBoost model had a high correlation coefficient
R2 and low MSE = 0.02, RMSE = 11.07, and MAE = 0.1017. The
results showed that under freeze-thaw cycling, the XGBoost
model for the bottom stress of the Q345 pipeline had the
highest evaluation index, and the model outperformed the
other three.

Pipeline Stress Prediction Under Freeze-Thaw Cycles
Based on XGBoost
With an increase in the number of freeze-thaw cycles, the gravity
and frost heaving force on the pipeline had coupled aggravated
effect on the stressed state. However, when a certain number of
freeze-thaw cycles was reached, this effect tended to be stable and
saturated.

Twelve ML models were used to simulate 10–20 freeze-thaw
cycles of the pipeline under study to verify the ratcheting effect

FIGURE 7 | Modeling process based on the XGBoost algorithm.

FIGURE 6 | Stress evolution at the pipeline bottom for various initial
moisture contents.
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further. Besides the proposed XGBoost model, these included
Linear Regression, SVM, Random Forest, Gradient-Boosted
Decision Trees (GBDT), LightGBM, BP Neural Network,
Decision Tree, K-Nearest Neighbors (KNN), Adaboost,

Extratrees, and Catboost models (Zhang Y. G. et al., 2021,
2021d; 2021e).

The prediction results on the principal stress evolution at the
pipeline bottom are depicted in Figure 10.

FIGURE 8 | Regression verification of four algorithms [(A) SVM Regression; (B) Random Forest Regression; (C) LightGBM Regression; (D) XGBoost Regression].

FIGURE 9 | Histogram of evaluation indicators for four machine learning
algorithms. FIGURE 10 | Principal stress evolutions at the pipeline bottom predicted

by 12 ML models, with a partial enlargement.
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As seen in Figure 10, the Q345 steel pipeline bottom stress
predictions based on KNN, SVM, and Decision Tree were
strongly inconsistent with the test results. For example, the
stress predicted by the Decision Tree and SVM grew linearly
with time, which was not consistent with the experimental
pattern. However, the high stress predicted by KNN was
concentrated in a small area, which could not guarantee
pipeline safety.

It can be seen in Figure 10 that the Q345 pipeline stress
evolutions predicted via the BP Neural Network, Linear
Regression, and Catboost had a gradually increasing trend, which
did not comply with the experimentally observed ratcheting effect.
Therefore, thesemodels had to be excluded as inapplicable ones. The
curves established by Random Forest, Adaboost, and Extratrees are
not time-sensitive and temperature-sensitive, so they were also
excluded from further consideration. The stress predictions of the
Q345 oil pipeline established by the XGBoost and LightGBM were
both quite accurate, combining high correlation coefficients (R2)
with small mean square errors (MSE) and mean absolute errors
(MAE). The highest R2 of XGBoost was 0.978, and the lowest MSE
and MAE were 0.021 and 0.102, respectively. This implied that the
XGBoost-based prediction model of the Q345 pipeline had high
prediction accuracy, and the introduction of regularization
parameters could effectively avoid overfitting.

As shown in Figure 11, the prediction data of the LightGBM
model after 240 h poorly reflected the stress fluctuation at the
bottom of the buried oil pipeline under the freeze-thaw cycling.
Its time-temperature sensitivity was relatively low, but the model
had high safety margins.

During 10–20 freeze-thaw cycles, the principal stress of the
pipeline predicted via the XGBoost-based model fluctuated
between -131.230 and -224.105 MPa, while the predicted and
observed fluctuation patterns were very close.

As shown in Figure 12, during a freeze-thaw cycling process,
the volumetric strain of the water-bearing frozen soil was
relatively small, while the compressive stress at the pipeline

bottom reached 69.785 MPa. Significant changes occurred only
when the strain accumulation in the pipeline continued with each
new cycle. After 13–14 freeze-thaw cycles, the maximum
principal stress in the Q345 steel pipe tended to be saturated.

With the pursuit of a more reliable stress prediction in cold-
region pipeline engineering, the LightGBM algorithm, which had
higher safety margins than the XGBoost, could be alternatively
used. However, its time and temperature sensitivities were
unsatisfactory, therefore the high-precision XGBoost model
should be used as the main one. Then, to increase the safety
of pipe-soil interaction, the LightGBM can be used to predict the
maximum stress in practical engineering to increase the safety
margin of the XGBoost prediction results (Gao et al., 2020; Zhang
X. et al., 2021, Zhang et al., 2021 Y., Zhang et al., 2022; Chelgani
et al., 2021; Huang et al., 2021; Ma et al., 2021; Wang et al., 2021).

DISCUSSION ON THM COUPLING UNDER
FREEZE-THAW CYCLES

THM Coupling Mechanism
In rock and soil mechanics, multi-field coupling usually refers to
the interaction between the seepage, temperature, and stress fields
of rock and soil. The THM coupling mechanism and coupling
equation of pipeline stress under freeze-thaw cycles are presented
in Figure 13.

The stress evolution of buried oil pipelines under freeze-thaw
cycles is closely related to the frozen soil’s moisture, temperature,
and stress fields. Temperature gradient and soil water potential
are the main driving forces for water migration. Moisture content
and porosity are internal factors controlling water distribution.
Therefore, the Richards equation with moisture content as a
variable and phase transition account was applied. The transient
heat conduction equation, which treated the volumetric strain
effect as temperature variation, was established based on heat
transfer theory and frozen soil mechanics.

FIGURE 11 | Prediction of the principal stress evolution at the pipeline
bottom via XGBoost and LightGBM. FIGURE 12 | The maximum principal stress evolution at the pipeline

bottom with the number of freeze-thaw cycles.
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According to Figures 3, 13, with the freezing and thawing
cycles, the evolution law of principal stress at the top and bottom
pipeline was consistent. Compared with the temperature time-
history curve, the stress at the bottom pipeline had a lag. During
the soil freezing process, the water in the soil was subjected to the
combined action of pore stress and gravity. With the freezing and
thawing cycles, the freezing edge of pore water pressure
decreased, while the stress in the pipeline increased. After six
freezing and thawing cycles, the pore water pressure was
balanced, and the stress in the pipeline tended to be stable.
Pipeline stress increased with temperature, while it dropped
with increased temperature in the soil melting process. This
implied that at a certain initial moisture content, the pipeline-
soil force was affected by the pore water pressure, the number of
freeze-thaw cycles, and the frost heaving force.

According to Figures 6, 13, due to the temperature gradient
effect, the unfrozen water migrated to the soil surface at the
beginning of the freeze-thaw cycles. Due to the in situ freezing of
pore water, the pore pressure in the freezing edge increased
sharply. When the pore pressure in frozen soil exceeded the
soil separation stress, the soil was separated. An ice lens began to
form, and water migration to the ice lens provided its continuous
growth. As a result, the multilayer ice lens was formed, and the
pipeline stress was accumulated. After six freeze-thaw cycles,
when the initial moisture content exceeded 16%, a large frost
heaving force between the pipe and soil was generated. The initial
water content strongly related to the pipeline stress: the higher the
former, the more significant the latter’s variation. At water
contents exceeding 16%, the pipeline stress in the sixth freeze-
thaw cycle decreased sharply. Therefore, the pipeline with high
water content under multiple freeze-thaw cycles faced the risk of
damage.

In summary, the pipe-soil interaction force was affected by initial
moisture content, freeze-thaw cycles, frost heaving force, pore water
pressure, temperature gradient, and other influencing factors.

Suggestions and Prospects
The temperature gradient changes and influence on frozen soil
conditions must be considered. The simulated pipeline
temperature was constant, ignoring the temperature change
under permafrost conditions. Therefore, the oil temperature of
the pipeline should be set as a step function in the subsequent
research to simulate the actual pipeline operation.

Under THM coupling, pipeline stress accumulation is caused
by frost heaving and thawing settlement. It can be used for
pipeline design in seasonal frozen areas, but its physical
mechanism has not been identified yet. The mechanical
behavior of buried oil pipelines should be studied using
comparative experimental research, theoretical research,
numerical simulation, thermodynamics, and fluid mechanics.

The pipe-soil interaction process is also affected by the fluid in the
pipe, temperature gradient, heat transfer, flow rate, particle size, and
erosion-corrosion synergy. Under the action of erosion-corrosion,
buried pipeline stress evolution is very complex. Therefore, the
pipeline stress model should not only consider time-varying THM
phenomena related to the constitutive behavior of frozen soil but also
account for the interface deterioration of fluid and pipeline.

CONCLUSION

Using the background of the Da-Qing section of the China-Russia
buried oil pipeline, this study optimized the freeze-thaw cycling
test device based on the similarity theory. The general rule of
pipeline stress evolution under freeze-thaw cycles was obtained.
The COMSOL model verified the stress evolution of the pipeline
under freeze-thaw cycles and predicted the stress evolution for
different moisture contents. This verification realized the THM
coupling of buried pipelines. The XGBoost-based prediction
results made it possible to draw the following conclusions.

1) In a freeze-thaw process, the compressive stress at the pipeline
bottom reached -69.785MPa. The principal stress value
increased gradually with the number of freeze-thaw cycles.
After eight freeze-thaw cycles, the principal stress reached the
extreme value of−252.437MPa (i.e., 73.17% of yield stress). After
fourteen freeze-thaw cycles, the principal compressive stress of
the Q345 steel pipeline reached -224.733MPa (65.14% of the
yield stress) and tended to be saturated. This was consistent with
the ratcheting effect predicted by the freeze-thaw cycle theory
(Cherniavsky, 2018). Therefore, pipeline scale test had important
reference value for actual pipeline engineering design.

2) Numerical simulation was performed to study the effect of
initial moisture content (5, 10, 16, 20, 25, and 30%) on the pipe-
soil interaction. The stress at the pipeline bottom increased with
the moisture content w. However, this increase was the most
obvious at w = 20–30%, indicating that at moisture contents
below 16%, the number of freeze-thaw cycles had little effect on
the frost heaving force of the frozen silty clay.

3) The principal stress prediction for the Q345 oil pipeline
established via the XGBoost model was excellent, featuring
R2 = 0.978, MSE = 0.0207, MAE = 0.102, and RMSE = 11.0673.
This result shows that the prediction accuracy of the Q345

FIGURE 13 | THM coupling mechanism and equation.
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pipeline prediction model was high. The XGBoost regression
model established a nonlinear relationship between the test
parameters and the pipeline stress, predicting the pipeline
stress evolution for 10–20 freeze-thaw cycles.

4) Pursuing better stress prediction effects in pipeline engineering
in cold regions, the tree algorithm combined with the XGBoost
integration was introduced into the regular term parameters,
effectively avoiding overfitting. The superposition of many
decision trees improved the calculation accuracy, and the
iteration efficiency was improved by the second-order Taylor
expansion of the objective function. It could better meet the
engineering requirements of the oil pipeline stress monitoring
cycle, high precision, and large data volume.

5) Under 10–20 freeze-thaw cycles, the principal stress of the
pipeline predicted by the XGBoost model fluctuated from
−31.235 to −224.105 MPa, which results were consistent with
the experimental ones.
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