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In permafrost regions, long distance buried pipelines are widely used to transport oil and natural gas resources. However, pipeline
problems occur frequently due to the complicated surrounding environment and transportation requirement of positive
temperature. In this study, a thermal insulation layer was applied to mitigate permafrost degeneration around the buried oil-
gas pipelines. Based on engineering background of the Sebei-Xining-Lanzhou natural gas pipeline in China, an indoor model
test was designed and carried out in which many key indices, such as the temperature regime, vertical displacement, pipeline
wall stress, and water content, were closely monitored. The test results indicate that the large heat loss of the buried pipeline
produces a rapid increase in ground temperatures which seriously reduces the bearing capacity of the permafrost foundation.
The buried oil-gas pipelines with a thermal insulation layer can effectively reduce the thawing range and vertical displacement
of the permafrost foundation around the buried pipelines, so as to control the stress of the pipeline wall in the normal range
and protect the safe and stable operation of the buried oil-gas pipelines. The experimental results can serve as a reference for
the construction, operation, and maintenance of buried oil-gas pipelines in permafrost regions.

1. Introduction

Permafrost is defined as ground (soil or rock including ice)
with a temperature at or below 0°C over at least two con-
secutive years [1]. Permafrost regions account for approxi-
mately 25% of Earth’s land surface in which there are
abundant oil and gas resources [2]. In recent years, the
social demand for energy has further increased with the
rapid development of the economy. Long distance pipelines
are one of the most efficient and economical transmission
ways; a large number of oil-gas pipeline projects have been
built to develop and transport oil and natural gas resources
in permafrost regions [3–5]. Examples include the Trans-
Alaska (Alyeska) Pipeline System (TAPS) [6–8], the Nor-
man Wells Oil Pipeline (NWOP) [9–11], the Russian Far
East Pipeline in Siberia [12, 13], the Golmud–Lhasa Oil

Pipeline (GLOP) [14, 15], the Sebei-Xining-Lanzhou natu-
ral gas pipeline [16–18], and the China-Russia Crude Oil
Pipeline (CRCOP) [19–26]. Up to now, the above well-
known oil-gas pipelines play an important role in the effec-
tive exploitation and utilisation of oil and gas resources in
permafrost regions. However, due to the complicated sur-
rounding environment and special transportation require-
ments of oil and gas, pipeline disease occurs frequently in
permafrost regions.

In permafrost regions, the primary challenge of the bur-
ied oil-gas pipelines is differential frost heave and thaw set-
tlement of frozen soil [1, 4, 13, 14], which indirectly affects
the thermal stability and mechanical properties of the buried
pipelines (Figure 1). In particular, frost heaving is the most
serious problem that causes additional stress and large
deformation of the buried pipelines. In addition, the internal
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temperature of natural gas pipelines often needs to be main-
tained at 6°C ~ 15°C and that of some crude oil pipelines
must be maintained at 30°C to ensure normal transporta-
tion. The continuous heat loss from the buried pipelines will
make a rapid increase in the ground temperatures and per-
mafrost degradation. A series of serious pipeline problems,
including pipeline trench subsidence, pipeline trench thaw
slumping, and frost heaving and buckling of the pipeline,

are induced during the operation of the buried pipelines
(Figure 2). The above adverse actions lead to large deforma-
tion, high stress concentration, and even fracture and liquid
leakage of the buried oil-gas pipelines, resulting in an
immeasurable loss of economic property [3, 8, 17, 27].
Therefore, it is necessary to study the complicated interac-
tion between the buried oil-gas pipelines and the foundation
soil in permafrost regions.
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Figure 1: Schematic of multicoupling model between pipeline and soil [13].
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Figure 2: Damage types of the buried oil-gas pipelines: (a, b) photoed at Laji mountain of the Sebei-Xining-Lanzhou buried gas pipeline in
July 2016, (c) photoed at the Norman Wells Oil Pipeline in September 1997 [28], and (d) photoed at Wuli in June 2002 [8].

2 Geofluids



At present, a considerable amount of research has been
done on the numerical simulation method and in situ inves-
tigation and observation of oil-gas pipelines in permafrost
regions. Numerical calculation is mainly used to predict
the long-term thermal stability of buried oil-gas pipelines
[29–35]. The field investigation and observation can truly
reflect in situ pipeline problems and the change trend of
the permafrost table during the operation of the buried pipe-
lines [14, 20]. However, wall stress and deformation of the
buried pipelines are difficult to monitor in field and still need
to be sufficiently validated by experiments. In addition, pre-
vious experimental studies have focused on mechanical
interaction of pipe-soil during freezing and thawing [6, 19,
36, 37]. Large heat loss of the buried pipelines is often not
considered in the model test, but it makes a rapid rise in
the ground temperatures so that it cannot be ignored [22,
24]. Moreover, the thermal insulation effect of the buried
insulated pipeline also lacks relevant test data. Consequently,
it is significant to study the thermal insulation effect of the
bare or insulated pipeline in permafrost regions.

In this paper, based on the actual engineering back-
ground of Sebei-Xining-Lanzhou buried natural gas trans-
mission pipeline in China, an indoor scaled-down pipeline-
foundation model test was carried out to perform experi-

mental analysis on the interaction mechanism between pipe-
line and soil. Through the controlled trial, we verified the
effectiveness of thermal insulation layer from the tempera-
ture regime of the foundation soil around the pipelines and
the vertical displacement and stress variation of the buried
pipelines. The experimental results can provide an impor-
tant reference for the construction, operation, and mainte-
nance of the buried oil-gas pipelines in permafrost regions.

2. Engineering Background of the Research

This study focuses on the Sebei-Xining-Lanzhou buried gas
pipeline in China (Figure 3), which was put into operation
on September 6, 2001. It enters the Loess Plateau from the
mideastern of the Qinghai-Tibet Plateau and finally reaches
Lanzhou, Gansu (36° ~ 38°N,94° ~ 103°E), with a total length
of 926:6 km. The transmission medium of the buried pipe-
line is positive temperature liquefied natural gas [17, 18],
and the specific pipeline parameters are shown in Table 1.

The Sebei-Xining-Lanzhou buried gas pipeline passes
through the high-elevation sporadic permafrost regions.
The double effects of freeze-thaw and large heat loss of the
pipeline lead to periodic subsidence and arch warping defor-
mation of the pipeline. This problem is most obvious in the

Figure 3: Distribution of Sebei-Xining-Lanzhou gas pipeline and location of study site.

Table 1: Specific parameters of Sebei-Xining-Lanzhou buried gas pipeline.

Material Pressure Diameter Thickness Anticorrosion Thermal insulation layer Buried depth

L415 6.4MPa 660mm 7:1 ~ 8:7mm 3PE + coal tar enamel No 2.5m

Note: L415: the yield strength of pipeline steel; 3PE: the three-layer anticorrosive structure [17, 18].
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Laji mountain area among the whole line, which is extremely
unfavourable to the safe and stable operation of the pipeline.
Therefore, the study site is located in the Laji mountain area.
The Laji mountain area belongs to the continental plateau
climate with the characteristics of thin air, low air pressure,
and low temperature. It is windy in spring, dry and snowy
in winter, with annual precipitation of 300 ~ 600mm, and
mainly concentrated in May to September. The annual total
solar radiation is about 60 ~ 80 kal/cm2 · a. The annual tem-
perature difference can reach 20 ~ 25°C, and the annual
average temperature is 0 ~ −5°C. The permafrost table is at
the depth of 1:6 ~ 4:3m. The geotechnical survey shows that
the shallow strata consist of humus soil, gravel soil, and silty
clay, respectively (Figure 3). The humus soil belongs to ice-
rich permafrost with a thickness of about 2:0 ~ 3:8m, mois-
ture content of 40% ~ 180%, and organic matter content of
ζ > 5%. Moisture content of silty clay is 30% ~ 140%
[16–18]. In addition, a typical section K688 + 600 was
selected to drill holes (#1, #2, and #3), arrange temperature
sensors, and monitor the variation of ground temperature
with depth. The #3 hole is located 8m away from the buried
pipeline, which is little affected by the heat release of the gas
pipeline and can be regard as a natural hole [17]. Figure 4
shows that the ground temperature is greatly affected by
air temperature in the depth of 1m. When the depth is
below 3m, the ground temperature varies stably from −1
to −2°C.

3. Materials and Methods

3.1. Experimental Principle and Theory. In permafrost
regions, frozen soil around pipelines can be considered to
be homogeneous and isotropic, and only the heat conduc-
tion and ice-water phase change are considered during
freeze-thaw cycles. At the same time, the axial size of the
pipeline is much larger than the radial size, so the radial
temperature distribution of the pipeline can be considered
as a 2-dimension problem when the heat conduction of the
pipeline wall is ignored. The equation of heat conduction
is described as follows [38–41]:
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where C∗
e and λ∗e are the equivalent volumetric heat capacity

and equivalent thermal conductivity of frozen soil, respec-
tively; T is temperature; t is time; and x and y are the
distance.

Based on the similarity principle, some key parameters
were controlled to simulate the in situ situation as truly as
possible. According to dimensional analysis [42], we can get

λt
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+
λt
cy2

= 1, ð2Þ

where λt/cx2 and λt/cy2 are dimensionless terms whose cor-
responding similarity index CλCt/CcC

2
y = CλCt/CcC

2
x = Cλ

Ct/CcC
2
l = 1. We assume that the thermal parameters of soil

in field and laboratory tests are equal [19], so the similarity
index of the specific heat is Cc = 1, and that of the thermal
conductivity is Cλ = 1. In this model test, the time of a
freeze-thaw cycle was designed to be six days, so we can cal-
culate the similarity ratio of time Ct = tp/tm = 365/6 = 60:83,
where tp is in situ time and tm is laboratory time. According
to the known similarity indices Cc, Cλ, and Ct , we can deter-
mine the similarity ratio of geometric dimensions Cl = Lp/
Lm = 7:8, where Lp is the in situ geometric dimension and
Lm is the model geometric dimension. As mentioned in the
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Figure 4: Variation of natural ground temperature with depth.

Table 2: Similarity ratios of the scaled model test (prototype/
model).

Physical variable Cλ Cc Ct Cl CT

Value 1 1 60.83 7.8 1

Note: Cλ: thermal conductivity; Cc: specific heat capacity; Ct : time; Cl :
geometric dimensions; CT : temperature.

Table 3: Key physical parameters of humus soil.

Gs wop (%) ρdmax g/cm3� �
wP (%) wL (%) IP k (cm/s)

2.16 55.6 0.88 52.1 88.0 35.9 >10−6

Note: Gs: specific gravity; wop: optimal water content; ρdmax: maximum dry
density; wP : plastic limit; wL: liquid limit; IP : plasticity index; k: permeability
coefficient.
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engineering background part, the pipeline diameter in prac-
tical engineering is 0:66m, so we can get the diameter of the
pipeline model Lm = 0:085m, and the final selected pipeline
diameter is 0:08m. The thickness of the pipeline wall is less
than 2mm. The average buried depth of the Sebei-Xining-
Lanzhou buried gas pipeline in the Laji mountain area is
2:1m, so we can deduce that the buried depth of the pipeline
in the model test is 0:27m. Equation (2) shows that there is
no direct connection between temperature boundary condi-
tions CT and other physical parameters in the similarity the-
ory, so the temperature boundary conditions of the model
box and the pipeline model are in accordance with the actual
situation [19, 42]. The specific similarity ratios of the scaled
model test are listed in Table 2.

3.2. Soil Sample. Humus soil was selected for the test soil
sample and was obtained from around the gas pipeline in
the Laji mountain area of Qinghai, China. Since humus soil
contains many plant roots, the organic matter in the soil
sample should be firstly removed before the experiment.
Then, the collected soil sample was dried at 70°C and passed
through a 5:0mm sieve. Finally, according to the Chinese
standard for geotechnical testing method GB/T 50123–
2019 [43], the key physical parameters of the humus soil
were measured, as shown in Table 3.

3.3. Experimental Equipment. The experimental equipment
mainly consists of three parts: a freeze-thaw cycle system, a
pipeline simulation system, and three data acquisition sys-

tems (Figure 5). The functions and detailed parameters of
these devices are as follows:

(1) Freeze-thaw cycle system: pipeline models were sub-
jected to a full-automatic freeze-thaw machine to simu-
late the process of freezing and thawing periodically.
The temperature controller (XT5701LTB-450) realizes
real-time temperature changes by the compressor and
condenser tube. The temperature range is −40°C ~ +
90°C with an accuracy of ±0:05°C ~ 0:1°C and resolu-
tion of 0:1°C. The experiment parameters such as the
temperature and time of the freeze-thaw cycle and cycle
number could be adjusted by the central control panel

(2) Pipeline simulation system: the pipeline model and
temperature intelligent controller (HBG-7411) were
combined to simulate the buried oil-gas pipelines
in practical engineering. By comparing the perfor-
mance of different pipeline materials before the
experiment, it was found that aluminium alloy was
the most suitable material for the pipeline model.
Based on the similarity criteria and material proper-
ties, the specific parameters of the buried gas pipeline
models were summarised, as shown in Table 4. The
temperature range of the intelligent temperature
controller is −29 ~ +39°C with precision of ±0:1°C,
which is connected with a 90W resistance wire
inside the centre of the pipeline model to power on
and release heat to simulate the positive temperature
transportation in the field

Figure 5: Schematic diagram of experimental equipment and procedures.

Table 4: Specific parameters of the buried gas pipeline model.

Material Length, L (m) Diameter, D (m) Thickness, t (mm) Buried depth d (m) ν E (GPa) αl (°C) σ½ � (MPa)

Aluminium alloy 2.3 0.08 1.5 0.27 0.34 70 21:65 × 10−6 35

Note: ν: Poisson’s ratio; E: elasticity modulus; αl: coefficient of linear expansion; ½σ�: allowable stress.
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Table 5: Specific parameters of the sensors and data collection devices.

Type
Sensor Date collection device

Model Range Precision Model Precision Time interval

Temperature testing system WPT − PT100A −50 ~ +300°C ±0:1°C RX − 6000F ±0:2%FS 1 h

Displacement testing system BQF − 350A 0 ~ 50mm ±0:01mm INV2312 ±0:2%FS 1 h

Stress testing system BA120 − 3AA 0 ~
20000 μm

m
2:0 ± 1% DH3816N ±0:5%FS 0:25 h

Figure 6: Locations of measurement points (unit: cm): (a) plan view, (b) section view, (c) displacement sensors, (d) temperature sensors, (e)
stress gauges, and (f) water content test points.
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(3) Data acquisition systems: a series of sensors and data
collection devices were installed in the model box to
monitor the changes of pipeline and surrounding
soil during the freeze-thaw cycle, including the tem-
perature testing system, the displacement testing sys-
tem, and the stress testing system. The above data
collection devices were connected with a computer
to observe and export the test data easily. Table 5
shows the specific parameters of the equipment

(4) Other equipment: a model box of 2:3m × 1:7m ×
0:8m (length × width × height) was installed in the
freeze-thaw machine to fill the foundation and pipe-
line models. The lateral boundaries were assumed to
be adiabatic and pasted with a rubber thermal insula-
tion material with a thickness of 3 cm, whose thermal
conductivity was 0:034w/m:k. In this experiment, we
would like to verify the influence of the thermal insu-
lation layer on the buried oil-gas pipelines in perma-
frost regions through a controlled trial, so the model
box was separated into two parts of equal size, one side
was the bare pipeline model, and the other side was
the insulated pipeline (rubber thermal insulation layer
with a thickness of 1 cm)

3.4. Experimental Procedures. The experiment system and
equipment are shown in Figure 5, and the particular experi-
ment procedures are described as follows:

(1) Soil sample preparation: in the pretest stage, the pre-
pared humus soil sample was treated by a series of
processes (organic matter removing, drying, sieving,
weighing, and water content testing). Then, accord-
ing to the initial water content of the soil sample
obtained in situ, the water content of the humus soil
was controlled at about 83% by adding water.
Finally, the reshaped soil sample was sealed in a
model box for 48 hours to ensure uniform water
content before the model filling

(2) Model filling and equipment setup: as shown in
Figure 6(b), the foundation model was divided into
two layers filled successively, in which the degree of
compaction of humus soil A was 0.7 and that of
humus soil B was 0.8. Frozen balloons with a diam-
eter of about 10 cm were uniformly placed under
the pipeline with a depth of 70 cm, which was used
to reflect the uneven distribution of frozen soil in
sporadic permafrost regions. Then, the pipeline
models were installed after the foundation soil was
filled to the design height, and the waterproofing
treatment was applied to the pipeline surface and
ends. In addition, 32:5 kg quartz sand was evenly
placed in the pipeline to increase the weight of the
aluminium alloy pipeline, which was used to reflect
the marked deformation law of the pipeline during
freeze-thaw cycles

According to the symmetry principle of the pipeline
models, all monitoring equipment was installed according

to Figure 6 in the model filling process. Displacement sen-
sors were installed at different depths (d = 0, 15, 35, and
55 cm) to monitor the deformation of the pipeline and foun-
dation soil (Figure 6(c)). Temperature sensors were arranged
at two monitoring sections (1 – 1 section and 3 – 3 section)
to monitor the thawing range of the foundation soil during
pipeline model operation (Figure 6(d)). Strain gauges were
pasted on the upper and lower surface of the pipeline with
an equal distance of 40 cm to monitor the stress changes in
freeze-thaw cycles (Figure 6(e)).

(3) Temperature control: based on the adherent layer
theory [44] and the in situ monitoring data of ambi-
ent temperature in the Laji mountain area, the ther-
mal boundary conditions of the model test could be
expressed as follows:

T = −3:5 + 12 sin
2πt
144

+ 2:846
� �

: ð3Þ

We designed six cycles in this experiment, and the sinu-
soidal ambient temperature control curve is shown in
Figure 7. Before the freeze-thaw cycle, the foundation soil
around the buried pipelines was frozen at−12°C for 52 days,
and the soil temperature distribution of the two groups par-
allel tests have tended to be stable. At this time, the initial
soil temperature at the bottom of the model box reached
−0.8°C~−1°C. Then, the temperature inside the pipeline
was set to+6°C and kept constant by the intelligent temper-
ature controller.

(4) After the end of the sixth freeze-thaw cycle, the soil
samples were taken out quickly by using a special
sampling tool according to the measurement points
in Figure 6(f) and the water content was measured
by the drying method
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Figure 8: Continued.
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4. Results and Discussion

4.1. Temperature Regime around the Pipelines. In order to
avoid the influence of the model box on the temperature
regime around the pipelines, we selected the temperature sen-
sor data of 1 – 1 cross section in the middle of the bare/insu-
lated pipeline for analysis. The distributions of the
temperature regime at the end of each freeze-thaw cycle
(t = 144, 288, 432, 576, 720, and 864 h) are presented in
Figures 8 and 9. Figure 8 shows that the isotherms around
the bare pipeline are smooth in the thaw stage because of suf-
ficient heat transfer inside the foundation soil. The foundation
soil of the surface layer within 20 cm is greatly influenced by
the environmental temperature in the model box; it thaws in
the positive temperature stage and freezes in the negative tem-
perature stage. However, due to the continuous heat release of
the bare pipeline model, the temperature of the surface soil
above the pipeline is higher than 0°C at the end of the third
cycle, which leads to the formation of a thaw channel above
the bare pipeline, which gradually increases with the freeze-
thaw cycles. In addition, there is no extra cold supply at the
bottom and around of the model box in this experiment, so
we can see that foundation soil under the bare pipeline obvi-
ously thaws during freeze-thaw cycles and the exothermic pro-
cess of the pipeline (Figure 8). The −2°C isotherms disappear
at the end of the third cycle, and the −1°C isotherms degener-
ate at the end of the sixth cycle. Finally, the foundation soil
under the bare pipeline was thawed by 75% after the test,
which results in a differential thaw settlement and consolida-

tion of the foundation soil. Permafrost degradation reduces
the bearing capacity of the pipeline foundation, and it is
extremely easy to cause plenty of pipeline faults in practical
engineering, such as pipeline trench subsidence and pipeline
trench thaw slumping, which seriously affects the safe opera-
tion of the buried oil-gas pipelines in permafrost regions [3,
8, 17, 27].

To prevent uplift/downward buckling of the buried oil-
gas pipelines from differential frost heave and thaw settle-
ment in permafrost regions, many mitigative engineering
measurements including a thermal insulation layer, two-
phase closed thermosyphon, and U-shaped air-ventilated
pipes are applied to minimise permafrost degradation and
ensure the thermal stability of permafrost foundations [21,
22, 24]. The thermal insulation layer is more convenient
than other mitigation measures, but its effectiveness needs
to be further verified. Figure 9 shows the temperature regime
around the insulated pipeline at different freeze-thaw cycles,
and the isothermals around the insulated pipeline are denser
due to the circumferential heat release. The thermal resis-
tance of the rubber thermal insulation layer plays a great role
in protecting against permafrost, which ensures that the 0°C
isotherms do not appear until the end of the second cycle.
The thaw bulb around the insulated pipeline increases grad-
ually with heat exchange between the pipelines and the foun-
dation soil. However, the thawing rate decreases gradually
and tends to a balanced state, which can also be clearly
observed in later sections of pipeline wall stress and vertical
displacement. Moreover, there is no thaw channel above the
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insulated pipeline, and most of the foundation soil is in a
frozen state at all times. After the end of the sixth freeze-
thaw cycle, the horizontal thawing range of the foundation
soil around the insulated pipeline is less than half that of

the bare pipeline, and the vertical thawing depth is only 35
cm (Figure 9). The results indicate that the application of
thermal insulation layer to prevent permafrost degradation
around the oil-gas pipelines is effective. In addition, the age-
ing rate of thermal insulation materials will accelerate with
the increase of service years in practical engineering, and
the thermal insulation performance will gradually weaken
under the freeze-thaw cycles [45]. Consequently, further
studies on the new insulation materials and the optimal lay-
ing thickness are still necessary, and they will be summarised
in our next study.

4.2. Vertical Displacement of Pipeline and Surrounding Soil.
Frost heave and thaw settlement occur in foundation soil
with periodic fluctuations of air temperature, which makes
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the buried pipelines move up and down regularly. During
the freezing period, a portion of pore water migrates through
the unfrozen zone towards a freeze surface by temperature
gradient, in which the pore water is partially solidified into
ice lenses during this process. Frost heave will occur due to
the phase change of ice-water which increases in volume
by about 9%, causing uplift deformation of the buried pipe-
lines. When the environmental temperature rises, the buried
oil-gas pipelines will move down gradually with permafrost
foundation thaw settlement [1].

Figure 10 shows the vertical displacement variation of
the buried pipelines with freeze-thaw cycles at different posi-
tions (negative sign represents subsidence of pipelines and
surrounding soil). First, the bare pipeline and insulated pipe-
line still move down in the first freeze-thaw cycle, which
does not mean that there is no frost heave in the foundation
soil during freezing time. In contrast, the sudden heat release
of the buried pipelines will produce a marked and continu-
ous disturbance to the surrounding foundation, which is
much larger than frost heave, but the especially obvious
uplift deformation of the bare pipeline does not appear until
the third cycle. Second, according to the deformation rate of
the buried pipelines, vertical displacement variation of the

pipeline can be divided into two stages. Before the third
freeze-thaw cycle, the pipeline and surrounding soil are in
a large deformation phase, and for the remaining time they
are in a stabilisation phase. The frost heave and thaw settle-
ment are obvious in the stabilisation phase, which corre-
sponds to a regular up and down movement of the buried
pipeline. Furthermore, the overall trend of vertical displace-
ment is increasing due to continuous expansion of the thaw
bulb around the pipelines, but the subsidence rate of the
pipeline and surrounding soil decreases gradually. Third,
the phase change of the pore water needs time, and it occurs
in the temperature range ðTm ± ΔTÞ [40, 41, 46]. Therefore,
the vertical displacement change lags by 1/4 cycle in time
compared with the temperature. Finally, it can be assumed
that the buried pipelines are similar to a buckling arch con-
strained by pipeline bearings (Figure 11) [37]. In theory, the
maximum bending moment and deformation occur in the
middle cross section of buckling arch during frost heave
and thaw settlement, which has also been verified in this
experiment as shown in Figure 10.

As mentioned in the temperature regime part, the ther-
mal insulation layer can mitigate permafrost degradation
to some extent. Figure 12 shows the comparison of vertical
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displacement variation between the bare pipeline and the
insulated pipeline at different positions. Evidently, the verti-
cal displacement of the insulated pipeline is less than that of
the bare pipeline. After the end of the sixth freeze-thaw
cycle, the vertical displacement of the insulated pipeline
measured at the middle cross section is −2:44mm, which
decreases by 26:9% compared with the bare pipeline, −3:34
mm. In addition, Figure 12 also shows that the deformation
rate of the insulated pipeline is less than that of the bare
pipeline, which indicates that the thermal insulation mate-
rials play an active role in ensuring safe and stable operation
of the oil-gas buried pipelines in the service years.

In this experiment, we also directly measured the vertical
displacement variation of foundation soil at different depths.
Figure 13 shows that the displacement of the permafrost
foundation fluctuates periodically with freeze-thaw cycles.
Moreover, the deformation range of the foundation soil
gradually decreases with depth, and the regularity of frost
heave and thaw settlement is most obvious at the depth of
55 cm due to less impact of air temperature, which is similar
to the in situ situation [17]. In addition, permafrost defor-
mation above the buried pipelines is larger than that of the
surrounding foundation. In other words, the further away
the humus soil is from the pipeline, the smaller the deforma-
tion and vice versa (Figure 12). Finally, uplift deformation
caused by frost heave increases gradually at the depth of 35

cm and reaches 1:48mm in the sixth freeze-thaw cycle.
When the air temperature rises, the pore water will accumu-
late near the thaw bulb with the thawing of ice lenses here.
At the same time, the remaining pore water will also migrate
to the freezing surface and redistribute again in freezing
time, which leads to more obvious frost heave deformation
in the next cycle.

4.3. Pipeline Wall Stress. We assume that the buried pipe-
lines are in close contact with the surrounding soil, and the
wall stress of the pipeline will change following the freeze
heave and thaw settlement of the foundation soil. In this
part, the stress variation on the lower surface of the pipelines
at three typical cross sections (l = 35, 75, and 115 cm) will be
analysed. First, Figure 14 shows that compression occurs in
the whole freeze-thaw cycles (positive sign represents com-
pression and vice versa). The uplift deformation of the pipe-
line caused by frost heave occurs at the initial freezing time,
which cannot be restored completely in the spring-thawing
seasons, and residual deformation may exist and accumulate
gradually [1]; the maximum frost heave force reaches 22:89
MPa at the middle cross section of the bare pipeline. There-
fore, the stress accumulation of the pipeline cannot be
ignored in permafrost regions, which seriously threatens
the safe operation of the buried oil-gas pipelines. According
to the in situ investigation [8], the Golmud–Lhasa oil
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product pipeline was uplifted onto the surface at Wuli in
June 2002, forming a buckling arch with a maximum height
of about 0:7m (Figure 2(d)). When the air temperature rises,
compression on the pipeline lower wall decreases gradually
due to thaw settlement of the foundation soil. Second,
Figure 14 also shows that the maximum stress appears in
the middle cross section of the pipelines, as mentioned in
the vertical displacement section, which is caused by the spe-
cial constraint of pipeline bearings [37]. Third, the stress
variation of the buried pipelines tends to be stable after the
second cycle. At the same time, the phenomenon of stress
hysteresis is obvious in the stabilisation phase due to differ-
ential freeze heave and thaw settlement. Consequently, we
should also pay more attention to the stress accumulation
of the buried oil-gas pipelines at the initial thawing time.

Thermal insulation layer, as an effective insulation mea-
sure, can reduce wall stress accumulation of the buried oil-
gas pipelines in freeze-thaw cycles. Figure 15 shows that
the stress on lower wall of the insulated pipeline is far less
than that of the bare pipeline, and the two main reasons
are as follows. On the one hand, thermal insulation material
has good thermostability, and this characteristic makes the
heat release rate of positive temperature oil-gas pipelines
decrease significantly in freeze-thaw cycles. Therefore, the
thawing range of the permafrost foundation around the
insulated pipeline is only half that of the bare pipeline
(Figure 9). At the same time, the frost heave deformation
of the insulated pipeline is also smaller than that of the bare
pipeline in freezing time (Figure 12). Compared with the
bare pipeline, the maximum frost heave force of the insu-

lated pipeline in the first freeze-thaw cycle reduces by 66:2
%, 68:8%, and 60:4% at locations of 35, 75, and 115 cm,
respectively. On the other hand, thermal insulation material,
as a separation layer, has a certain thickness. It can be con-
sidered that the elastic properties of the rubber insulation
cotton will also eliminate a small part of the frost heave force
in this test. Overall, the thermostability of the thermal insu-
lation layer occupies a dominant position in the above two
main reasons. Furthermore, the experimental research
results will hopefully serve as useful feedback information
for allowable stress design for the buried oil-gas pipelines
in permafrost regions.

4.4. Distributions of Water Content around the Pipelines.
Figure 16 shows that redistribution of the pore water is obvi-
ous at 1 – 1 cross section after the sixth freeze-thaw cycle.
The initial water content of the foundation soil is approxi-
mately 83%, but the water content of the upper foundation soil
is much larger than that of the lower soil and exceeds 100%
after the test. As mentioned in the temperature regime part,
the thaw bulb around and below the pipelines increases grad-
ually with heat release of the pipelines, but the temperature of
upper soil affected by low temperature decreases during the
freezing time, so a freezing surface is generated. Therefore,
the pore water will be induced to migrate from the unfrozen
zone to the freezing zone by a temperature gradient.

In addition, thermal insulation materials such as EPS
and XPS have low water absorption, which can also effec-
tively prevent water migration under the insulated pipeline
by weakening the driving force. Therefore, the water content
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at the upper soil of the bare pipeline is larger than that of the
insulated pipeline. Figure 16 shows that the water content of
#1 reaches 152:9% at the depth of 10 cm. Furthermore, a
large amount of water accumulation will lead to significant
frost heave deformation in the surface soil, which is
extremely unfavourable to the safe and stable operation of
the pipeline. Meanwhile, the water content of humus soil
around the pipelines is high in practical engineering

[16–18]. Hence, an extensive study of the frost heave defor-
mation caused by water migration during freezing time is of
great importance and cannot be ignored.

5. Conclusion

In permafrost regions, long distance buried pipelines, as a
reliable and economical transportation way, have been
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widely used to transport oil and natural gas resources. How-
ever, pipeline faults occur frequently during freeze-thaw
cycles and heat release of the pipeline. Therefore, in this
paper, the method of thermal insulation layer was applied
to mitigate permafrost degeneration. At the same time, an
indoor model test was carried out, in which mechanical
interaction between the buried pipelines and the foundation
soil was studied systematically. Based on the results and dis-
cussion, the following conclusions can be drawn:

(1) The continuous heat release of the buried pipelines
breaks the original thermal balance in permafrost
regions. When the air temperature rises, thaw settle-
ment of frozen soil around the bare pipeline is obvi-
ous, even forming a thaw channel above the bare
pipeline. In contrast, a thermal insulation layer effec-
tively slows down the thawing rate of the permafrost
foundation. After the test, the horizontal thawing
range of the foundation soil around the insulated
pipeline is half that of the bare pipeline

(2) The vertical displacement of foundation soil at dif-
ferent depths fluctuates periodically and gradually
stabilises with the freeze-thaw cycles. Due to con-
straint by pipeline bearings, the maximum deforma-
tion occurs in the middle cross section of the buried
pipelines, where the vertical displacement of the
insulated pipeline is 26:9% less than that of the bare
pipeline

(3) The stress accumulation caused by frost heave defor-
mation seriously threatens the safe operation of the
buried oil-gas pipelines. Compared with the bare
pipeline, the maximum compression on the lower
surface of the middle cross section of the insulated
pipeline is reduced by 60:4%

(4) In practical engineering, the ageing of materials will
weaken the thermal insulation performance during
the service years. Consequently, further studies on
the new insulation materials and the optimal laying
thickness are still necessary. Overall, the thermal
insulation layer plays an active role in ensuring a safe
and stable operation of the buried oil-gas pipelines in
permafrost regions
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