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With increasing gas resource development in the Arctic region, gas pipeline installations in permafrost regions are becoming
important. Frost heave of pipeline foundation soils may occur when a chilled gas pipeline passes through unfrozen areas with
frost-susceptible soils. The stress and strain behaviors caused by the differential frost heave will directly affect the safety of the
pipeline. A nonlinear finite element model (FEM) computing the mechanical responses of the buried gas pipeline subjected to
frost heave load was established and successfully validated with the results of a large-scale indoor pipe-soil interaction
experiment carried out in Caen in France. Utilizing C# language and object-oriented visual programming techniques, a new
customized parametric strain calculation software was developed. The effects of pipe diameter, pipe wall thickness, pipe
internal pressure, and peak soil resistance on the longitudinal strain of X60, X70, and X80 steel pipes have been investigated
quantitatively. For the first time, a fitting semiempirical equation and trained backpropagation neural network (BPNN) for
predicting pipeline strain demand subjected to frost heave load were proposed based on 2688 groups of FEM results. The
comparison results have proved their high accuracy and lower running time cost. The proposed new methods can be applied
in the strain-based pipeline design and safety evaluation of pipelines in service. It is in the hope of supplementing existing

theory and identifying new approaches for arctic gas pipeline installations.

1. Introduction

Arctic regions are rich in natural gas resources. Gas explora-
tion, development, and pipeline construction thus have
received increasingly more attention. For the sake of secu-
rity, environment, and economics, a proposed buried, chilled
pipeline system is preferred to prevent the thawing of per-
mafrost. It is unavoidable that the arctic gas pipeline will
cross continuous and discontinuous permafrost regions
and seasonal frost regions from north to south. Li et al. [1]
established a geothermal model of the interactions between
pipeline and permafrost. The thermal effect of pipelines with
5°C, -1°C, and -5°C settings of gas flow on the freezing and
thawing of soil around the pipeline were investigated. In

terms of thermal stability around the pipeline, it is advised
that a transporting temperature of gas flow approaching
-1°C should be adopted in continuous permafrost regions
all year round which causes only little disturbance to the
permafrost environment. In the discontinuous permafrost
regions, the pipeline could be operated under above-
freezing temperatures in the warm season with the station
discharge temperature approximating to the ambient air
temperatures, but the discharge temperature must be main-
tained approaching -1°C throughout the cold season. In the
seasonal frost regions, the cold (-1°C) and chilled (-5°C)
pipeline may cause frost heave; therefore, the pipeline should
run at positive temperature without extra temperature cool-
ing control. The operation of gas-to-gas heat exchangers
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combined with aerial gas coolers at compressor station loca-
tions is considered a feasible method of controlling the gas
temperature in the pipeline. Some experience and lessons
could be learned from gas pipelines operating in northwest
Siberia. Without sufficient cooling after compression, a
result of warm gas transmission (invariably well above 0°C)
leads to the thaw settlement of pipeline foundation soils
and a loss of soil loading-bearing capacity [2].

The frost heave would be anticipated when a chilled
pipeline passes through discontinuous permafrost regions
with alternating pipeline segments in frozen and unfrozen
soils. The water around the pipe moves and freezes near
the pipe, and the formation of ice lenses in the soils could
occur [3, 4]. These ice lenses become sufficiently thick to ver-
tically displace the pipeline upwards [5, 6]. The differential
frost heave hazards could potentially induce excessive stress
and strain on pipe resulting in pipeline deformation,
upheaval buckling, and even rupture which seriously
threaten the structural integrity and long-term safe opera-
tion of the pipeline [7]. There are examples such as frost
heaving and deformation of the buried Norman Wells Pipe-
line and Golmud-Lhasa Product Oil Pipeline [8, 9]. Numer-
ous arctic gas pipelines through the interior of Alaska and
then along the Alaska Highway and northern Alberta were
proposed and studied since the early 1970s. Most notable
are Alaska Natural Gas Transportation System (ANGTS),
Alaska Pipeline Project (APP), Alaska Stand Alone Pipeline
(ASAP), Denali Pipeline Project (Denali), Mackenzie Gas
Project (MGP), and Alaska LNG Project [10]. However,
restricted by technology, gas economy/markets, environ-
mental protection, geopolitics, and many other factors, these
pipelines have not entered the substantive construction
stage. Therefore, the engineering practice experience of bur-
ied, chilled gas pipelines in permafrost regions is still very
limited, at least in North America, challenging the safe con-
struction and operation and long-term serviceability of gas
lines. A chilled pipeline passing through discontinuous per-
mafrost regions is particularly exposed to the risk of defor-
mations [11].

To address these potential large ground movements due
to frost heave or thaw settlement, the high-level principle of
limit state design was first proposed in a nonmandatory
Annex C of CSA Z662 [12]. Afterward, these principles were
used to develop an alternative design methodology called
strain-based design (SBD). This approach is particularly
applicable in displacement-controlled load conditions where
the strains gradually accumulate over time, such as associ-
ated with frost heave or thaw settlement. In the SBD process,
if the design strain/strain demand is less than allowable
strain/factored strain capacity, then no changes or further
design investigation is required for the pipe segment. If
design strain exceeds allowable strain, then the pipe segment
is designated as an “SBD segment,” and mitigation measures
such as heavier wall pipe and large strain steel pipe would be
adopted. The engineering processes and models used to
determine both the design strain and strain capacity are crit-
ical in the application of SBD [13]. Adequate pipeline strain
capacity to resist the effects of frost heave is an important
design consideration. The strain capacity is dependent on
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pipe tensile and compressive properties. The Norman Wells
Pipeline, which came into operation in the mid-1980s across
permafrost terrain in North America, adopted the SBD
method with a 0.5% limit on the maximum tensile strain
and a 0.75% limit on the maximum compressive strain [14].
On the Mackenzie Gas Project (MGP), a strain criteria basis
was developed with material specification, line pipe, full-
scale testing, and construction to ensure the required strain
capacity can be achieved in practice [10].

The nonlinear finite element model (FEM) has been
widely applied in the strain demand analysis of buried pipe-
lines subjected to environmental loads. Lots of scholars
have studied the strain-stress behaviors of pipelines induced
by differential deformation, both experimentally and theo-
retically. Liu et al. [15] established a mathematical model
based on the nonlinear FEM for the X80 steel pipeline
crossing an active fault. The influencing factors of pipe
diameter, wall thickness, soil rigidity, and crossing angle
on the maximum compressive strain were analyzed. And
a regression equation was proposed for calculating pipeline
strain based on the FEM data. Zheng et al. [16] studied the
strain response of the X80 steel pipeline under the effect of
strike-slip fault through the nonlinear FEM method. In the
model, the pipeline was simulated by the shell elements,
and the soil constraints were simulated using the nonlinear
spring elements. An artificial neural network was proposed
for calculating the strain of the X80 steel pipeline based on
the FEM results. Taking the Sino-Russian Crude Oil Pipeline
as a prototype, Xia [17] established a FEM calculating the
strain responses of X65 steel pipe under thawing settlement
load parametrically. The effects of pipe wall thickness, pipe
internal pressure, and temperature difference on pipe strain
demand have been analyzed. A support vector machine
based on a machine learning model was furtherly trained
via FEM data to predict strain demand. The company Trans-
Canada has developed a fully integrated model package for
arctic pipeline design which consists of three programs:
Tempflo, TQUEST, and PIPLIN [18]. They have been used
and validated over the last 40 years. The PIPLIN considers
several nonlinear aspects of pipeline behavior, including pipe
yield, large displacement effects, and nonlinear soil spring.

At present, there are a few regression equations and
machine learning models proposed for calculating the strain
demand of pipe crossing active faults or thawing zones. The
research mainly focuses on X80 or X65 steel grade with the
objective of safety assessment of pipeline in service, which
provides limited guidance for the new pipelines. With gas
resource development in the Arctic region, pipeline installa-
tions in permafrost regions such as Alaska LNG Project are
brought into a schedule. Strain demand prediction of pipe-
lines subjected to frost heave displacement is of interest to
engineers in the context of strain-based design. Numerical
simulation is the main method to study the response of the
buried pipeline. Although models exist to analyze this prob-
lem, these models are quite complex. The pipeline designers
who do not master the skill of establishing FEM will have
difficulties in pipeline strain calculation.

The main purpose of the paper is to quickly compute the
strain demand of the buried pipeline subjected to frost heave
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FIGURE 1: Schematic diagram for buried pipeline subjected to differential frost heave: (a) semi-infinite length model and (b) finite length
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FIGURE 2: Soil springs simulating soil constraints on pipe: (a) nonlinear soil springs in axial, lateral, and vertical directions and (b) PSI34

elements for pipe-soil interaction.

load with high accuracy and lower running time cost. The
objective is to regress the semiempirical equations and to
establish a backpropagation neural network (BPNN) predic-
tion model based on a complete package of results from the
2688 individual FEM simulations. Although the approaches
used (e.g., finite element and neural network) are well-
established ones, the contribution of this work is to present
a fitting semiempirical equation and trained network for cal-
culating pipe strain demand subjected to frost heave load for
the first time. A new customized parametric strain calcula-
tion software for the pipeline was also developed based on
ABAQUS utilizing C# language and object-oriented visual
programming techniques. This work is meaningful and it is
in the hope of providing references for new long-distance
gas pipeline development in the Arctic region.

2. Finite Element Model and
Developed Software

2.1. Establishment of FEM. The nonlinear finite element code
package ABAQUS was used to establish FEMs for pipeline
strain calculation under frost heave displacement load. The
schematic diagram for semi-infinite length model and finite
length model are shown in Figure 1. Semi-infinite length
model means that the ground on both sides of the ground
dislocation area remains stable for a long enough length. It
is not necessary to establish entire pipe segments in model-
ing, and only half of the pipeline is required. This kind of
model applies to the longer heave span length. The finite
length model considers the ground displacement that occurs
within a certain range. In this case, the soil constraints at
both sides of the ground dislocation area must be considered
at the same time, and the entire pipeline needs to be estab-

lished in modeling. This kind of model applies to the short
heave span length. In discontinuous permafrost regions,
the length of a single frozen or unfrozen segment could
range from several meters to kilometers depending primarily
on variations in surface conditions. The models consider
multiple nonlinearities such as pipe material, pipe-soil inter-
action, and large geometric deformation, which could accu-
rately describe the stress-strain response of pipelines under
frost heave displacement load.

The stress-strain equation proposed by Ramberg and
Osgood is a classical model to describe the stress-strain rela-
tionship of elastoplastic materials. It is often used to describe
the test curves including the Round-House stress-strain
curves [19]. The Ramberg-Osgood constitutive equation
can well simulate the stress-strain curve of the actual pipe
with the yield strain within 4%. Therefore, the Ramberg-
Osgood model was selected to describe the actual constitu-
tive relationship of the pipeline. The Ramberg-Osgood
model considers the total strain as the sum of elastic strain
and plastic strain, and its mathematical expression is shown

as follows:
o, |o a\V
e= 2 |—+a|l— ,
E |o, o,

where ¢ is the real strain, o is the axial tensile stress (MPa), E
is the elasticity modulus (MPa), o, is the yield stress (MPa),
and « and N are factors of Ramberg-Osgood. For X80 steel
pipeline, & = 0.86, N =28, and o, = 552 MPa.

The nonlinear soil springs in axial, lateral, and vertical
directions proposed by the American Lifetime Alliance
(ALA) were used to simulate soil constraints on the pipe
[20]. The soil spring parameters f, p,, and g, (g,) represent

(1)
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FIGURE 3: Force-displacement relationships for nonlinear soil springs. (a) axial, (b) transverse lateral, and (c) transverse vertical.
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finite length model.

the maximum soil resistance forces per unit length of pipes in
the axial, lateral, and vertical directions (Figure 2(a)). And x,,,
¥, 24(zg) represent the yield displacements, respectively
(Figure 3). The values of these parameters can be calculated-
by the equations suggested by the ALA-ASCE guideline.

The nonlinear soil springs can be realized by the three-
dimensional 4-node pipe-soil interaction elements (PSI34)
developed by ABAQUS. PSI34 elements, as shown in
Figure 2(b), are composed of four nodes: the top two nodes
are connected to the ground surface (node 3 and node 4)
reflecting the ground movement and the displacement, and

the other two nodes (node 1 and node 2) at the bottom are
connected to the pipe elements. The PSI34 elements are con-
nected with the ground surface and pipeline elements at the
same time to avoid the meshing of soil in the studying area.
The interaction between the pipe and soil is expressed by
the nonlinear element stiffness.

The beam elements were used to simulate the structure
dominated by longitudinal stress, whose dimension in the
axial direction is larger than that of the other two directions.
Both PIPE31 elements and ELBOW31 elements belong to
beam elements. Take the finite length model for example.
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displacement of 0.4 m based on finite length frost heave model.

PIPE31 elements were utilized for the discretization of pipes
far away from the heaving area. A coarse mesh with element
size of 1 m was set. ELBOW31 elements were utilized to
model the pipes near and in the heaving area. A fine mesh
with element size of 0.1 m was set, as large pipe stress
appears in these pipe segments. By default, the ELBOW31
elements have 20 integral points in the loop direction and
5 integral points in the radial direction, which can obtain

the mechanical response of different positions of the pipe-
line. The ELBOW31 elements can describe the elliptic defor-
mation of cross-sections, resulting in more accurate
solutions with less computational cost. So ELBOW31 ele-
ments can consider pipe section deformation more accu-
rately compared with the common PIPE31 elements.
Above the pipe, a total of 4001 soil nodes were corre-
sponding to the nodes of PIPE31 elements and ELBOW31
elements on the pipe. The fixed boundary constraints were
set at both ends. The length of the pipe model was not a con-
stant value. It was determined by multiple trials based on the
criteria that the boundary constraints at both ends do not
influence the pipe strain to eliminate boundary effects.

2.2. Model Validation. One famous pipeline-soil interaction
experiment was conducted at Le Center de Geomorphologie
at Caen, France, by a France-Canada joint team during
1982-1989 and 1990-1993. The Caen frost heave experiment
was designed to investigate the thermal and mechanical effects
on a buried pipeline crossing a transition between two types of
frost-susceptible soils by creating a sharp contrast in the frost
susceptibility of soils in the test. A pipeline with a length of
16 m, a diameter of 273 mm, and a wall thickness of 7mm
was buried at 0.33 m depth. The deformation of the pipe car-
rying gas at -5 to -2°C has been determined by 22 pairs of elec-
trical resistance strain gauges attached to the pipe. The
pipeline used in the experiment was made of L245(B) steel
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FIGURE 7: Pipe strain distributions under frost heave displacement of 0.4 m based on finite length frost heave model: (a) axial strain at pipe
crown, (b) axial strain at pipe invert, (c) bending strain, and (d) axis strain.

pipe with Young’s modulus 200 GPa and Poisson’s ratio of 0.3.
More complete descriptions of this experiment are given by
Williams et al. [21]. Afterward, Selvadurai et al. [22, 23] estab-
lished three-dimensional computational modeling of the
interaction between a buried pipeline and a soil area. The
numerical model was also used to develop estimates for pipe-
line behavior observed in the Caen experiment. These experi-
mental results and computational estimates could be used to
validate the FEM established in this paper.

Figure 4 illustrates the comparison results of bending
stresses in the pipeline induced by differential frost heave
between Caen experiment in France, computational esti-
mates by Selvadurai et al., and semi-infinite length and finite
length differential frost heave models in this paper. The pipe
displacement subjected to frost heave was set as an experi-
mental result of 0.2 m. The variation trend is similar in the
distribution of bending stress in the pipeline. The peak of
bending stresses is presented in the vicinity of the interface.
The results of the semi-infinite length model and finite
length model are almost the same. The relative errors
between Caen experimental results and semi-infinite length
and finite length models for maximum and minimum bend-
ing stresses are 17.2% and 4.1%, respectively.

Figure 5 shows the comparison results of longitudinal
strains at pipe crown subjected to differential frost heave
between Caen experiment in France and semi-infinite length
and finite length differential frost heave models in this paper.
The pipe displacement subjected to frost heave was set as an

experimental result of 0.1 m. Here again, good agreement is
obtained between the experimental results and computa-
tional estimates in this paper. The results of the semi-
infinite length model and finite length model are almost
the same. The relative errors between Caen experimental
results and semi-infinite length and finite length models
for maximum and minimum strains are 0.8% and 2.3%,
respectively. The following reasons can induce the relative
error: (i) stress-strain curve of pipeline, (ii) resistance of soil
springs, and (iii) physical and mechanical properties of silty
clay and sand.

2.3. Distribution Laws of Pipeline Strain. The finite length
frost heave model is used to demonstrate the distribution
laws of pipeline strain under frost heave displacement. A
proposed arctic gas pipeline in Alaska is adopted as a proto-
type for the investigation. The pipe diameter and pipe wall
thickness are 1067 mm and 17.2 mm, respectively. Young’s
modulus of the X80 pipeline is 207 GPa. The heave span
length is 100m. A fine mesh with element length of 0.1 m
was utilized for the middle section where heaving areas were
located to obtain the accurate mechanical response of pipe
[24]. Meanwhile, a coarse mesh with element size of 1 m
was used for pipe segments at the two sides. The variation
curve of the vertical displacement of the pipeline along the
length of the pipeline is shown in Figure 6. The maximum
vertical displacement of the pipeline occurs in the middle
of the pipe section, and the maximum vertical displacement
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is 0.4 m. The pipe strain distributions along the length of the
pipeline determined via the finite length frost heave model
are shown in Figure 7. Take axial strain at pipe crown as
an example, the maximum tensile strain generally occurs
on the nonheaving side of the frozen-unfrozen interface.
The maximum compressive strain also occurs in the vicinity
of the transition area and is located in the heaving area. The
axial strain direction at the pipe invert is opposite to
the strain direction at the pipe crown. Figures 7(c) and 7(d)
show the distribution laws of bending strain and axis strain
of pipeline. It can be seen that due to the frost heave displace-
ment, the pipe has a large bending moment near the
interface, and the bending strain in the axial center of the pipe-
line is approximately zero. At the same time, the pipe has a
certain elongation, forming axis strain in the heaving area.

2.4. Customized Parametric Strain Calculation Software
Development. To quickly and conveniently compute the
pipeline strain under frost heave displacement load and eval-
uate the safety status of the pipelines in the permafrost
regions, a new customized parametric strain calculation soft-
ware for the pipeline was developed. It was based on ABA-
QUS utilizing C# language and object-oriented visual
programming techniques. The software mainly includes four
modules: parameter input module, INPUT generation mod-

ule, ABAQUS invocation module, and postprocessing mod-
ule (Figure 8). The INPUT programming language and
macrotechnology were used to organize and manage the
commands of ABAQUS, realizing the parameter input, load
application, solution, and display of the results. ABAQUS
would be invoked in the background for calculation. After
the analysis is completed, the design strain curve and allow-
able tensile and compressive strain curves would be dis-
played in one figure for comparison.

3. Analysis of Sensitivity Parameters on Pipe
Strain Demand

3.1. Sensitivity Parameter Range. To establish the advanced
model to predict the strain demand, the first step is to find
out the key influencing parameters on the longitudinal
strain. Therefore, parametric analysis was performed to
analyze the influence of various factors on the pipeline
axial strain. A reasonable range of sensitivity parameters
(Table 1) was given based on the standard ASME B31.8
(Gas Transmission and Distribution Piping Systems) [25]
and existing pipelines passing through permafrost regions
in North America, north-west Siberia, Northeastern China
including Trans-Alaska (Alyeska) Pipeline System (TAPS),
the Norman Wells pipeline (NWOP), the Nadym-Pur-Taz
(NPT) gas production complex, and the China-Russia
Crude Oil Pipelines (CRCOPs) [2, 26-28].

The steel grade included X60, X70, and X80. Pipelines
with larger diameters and high pressures can increase the
gas throughput; thus, pipelines with various pipe diameters
were selected. The pipe diameter was from 660 mm to
1422 mm. In pipeline engineering, various design factors
are used for regions with different risk levels, so four design
factors, i.e., 0.72, 0.6, 0.5, and 0.4, were used, and four pipe
wall thicknesses were selected for pipes with various diame-
ters. The burial depth of the pipeline was selected as 1.8 m by
the practice in the Arctic region which meets the require-
ments of design codes and local regulations.

The soil properties can directly influence the soil con-
straints on the pipe. For the unfrozen soils, the values of
peak soil resistant forces per unit length of pipes and yield
displacements in the axial, lateral, and vertical directions
can be calculated by the equations suggested by the ALA-
ASCE guideline. The axial soil parameters were calculated
by the backfill soil properties, while the lateral and vertical
soil parameters were calculated by site soil properties [29].
In geohazard areas, soft sands are commonly used as backfill
soils for pipelines [24].

For frozen soils, the vertical bearing and uplift peak soil
resistances are critical for accurate strain prediction. These
parameters are often determined by a combination of labo-
ratory testing, field testing, and specialized numerical simu-
lations. A detailed numerical analysis was conducted to
determine the vertical bearing peak soil resistance effect on
the pipe’s structural response. As can be seen from
Figure 9, when the vertical bearing peak soil resistance of
frozen soils reaches more than 20000 kN/m, the maximum
tensile strain of pipe almost does not change with the
increase of soil resistance. Taking a conservative approach
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Items Parameters Unit Reference value Parameter range
Axial peak soil resistance kN/m 40.5 20~100
. . o . Lateral peak soil resistance kN/m 318.6 100~2100
Pipe-soil interaction in nonfrost heaving area . i . )
Vertical uplift peak soil resistance kN/m 52 30~120
Vertical bearing peak soil resistance ~ kN/m 1360 1000~5500
. . L . Vertical uplift peak soil resistance kN/m 500 500
Pipe-soil interaction in frost heaving area ) ) ] ]
Vertical bearing peak soil resistance ~ kN/m 20000 20000
Frost heave Frost heave displacement m 1 0~1.5
Diameter of X65 steel pipe m 0.711 0.66~1.016
Wall thickness of X65 steel pipe m 0.0095 0.0079~0.0165
o ) Diameter of X70 steel pipe m 0.9144 0.66~1.016
Characteristic of pipe . .
Wall thickness of X70 steel pipe m 0.0145 0.01~0.021
Diameter of X80 steel pipe m 1.219 0.9144~1.422
Wall thickness of X80 steel pipe m 0.0246 0.0184~0.033
Operation Internal pressure MPa 10 0~10
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to analysis, for frozen soils, the vertical bearing peak soil
resistance was chosen as 20000 kN/m.

The vertical uplift soil resistance mainly depends on soil
temperature, pipe displacement rate, and pipe burial depth.
The variation curve between vertical uplift soil resistance
and pipeline displacement can be described as at the begin-
ning there is a rise in resistance; over a relatively small dis-
placement, the resistance increases to a peak and then
decreases from peak to a “residual” resistance. Nixon and
Oswell [30] proposed three analytical solutions for peak
and residual uplift resistance. One intermediate scale test
was carried out by Foriero and Ladanyi [31] at the Caen in
France. In addition, there have been several small-scale lab-
oratory tests to measure peak and residual uplift resistance
[32, 33]. However, laboratory test data cannot be directly
applied to engineering because of two scaling deficiencies:

compressive strains and frost heave displacements.

gravity effects and creep effects. The vertical uplift peak soil
resistance was initially chosen as 500 kN/m. However, the
determination of accurate soil spring resistance is an impor-
tant work in ongoing research.

The single factor alternative method was used in this
systematic analysis. The sensitivity parameters analyzed
include soil spring resistance, frost heave displacement, pipe-
line steel grade, pipeline diameter, wall thickness, and inter-
nal pressure.

3.2. Parametric Analysis

3.2.1. Effects of Frost Heave Displacement. The frost heave
displacement directly affects the axial strain of the buried pipe-
line. The pipe was loaded with several displacements from
0.25, 0.5, 0.75, 1.0, 1.25, and 1.5 m to calculate pipeline tensile
and compressive strains (Figure 10). The maximum tensile
and compressive strains of all steel grade pipes increase with
the increase of frost heave displacement. Under the same frost
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grade.

heave displacement, the larger the steel grade is, the smaller
the design strain is, indicating that the high steel grade pipe
has a stronger ability to resist deformation.

3.2.2. Effects of Pipe Diameter. The maximum tensile and
compressive strains of all steel grade pipes show a decreasing
trend with the increase of diameter (Figure 11). As the diam-
eter spans of X65 and X70 steel pipe are different from X80
steel pipe, they are presented separately. The relationship
between design strains and pipe diameter is approximately
linear, and larger pipe diameter has better resistance to
deformation.

3.2.3. Effects of Pipe Wall Thickness. The maximum tensile
and compressive strains of all steel grade pipes decrease with
the increase of wall thickness (Figure 12). The reason is that
larger wall thickness can increase pipe stiffness. The design
strain is linearly related to the wall thickness. The pipe with
a larger wall thickness has a better ability to resist deformation.

3.2.4. Effects of Pipe Internal Pressure. The internal pressure
of the pipe was chosen as 0, 2, 4, 6, 8, and 10 MPa for anal-
ysis (Figure 13). For X80 steel pipe, the design strains are
almost unchanged under different internal pressures. For
X65 and X70 steel pipes, the design strains are also not
affected much by internal pressures. Especially under the
condition of small internal pressures (<6 MPa), the design
strains are not influenced. This indicates that the internal
pressure is not the key influencing factor on the design
strain.

3.2.5. Effects of Peak Soil Resistance of Unfrozen Soils. The
vertical uplift, vertical bearing, and axial peak soil resistance
of unfrozen soils were analyzed (Figure 14). The results
show that with the vertical uplift peak soil resistance increas-
ing, the maximum tensile and compressive strains of the
X65~X80 steel pipeline maintain a linear increasing trend
(Figure 14(a)). The reason is that with the increase of vertical
uplift peak soil resistance, the pipe is subjected to a larger

bending load which causes larger bending strain and
longitudinal strain. When changing the vertical bearing peak
soil resistance, the pipeline strains remain unchanged
(Figure 14(b)). The reason is that the vertical bearing peak
soil resistance of frozen soils is much larger than the one
of unfrozen soils. Due to the pipe being mainly affected by
bending moment under frost heave displacement, the axial
peak soil resistance has little effect on the pipe strain
(Figure 14(c)).

3.3. Summary of Influencing Rules. The parametric sensitiv-
ity analysis indicates that the frost heave displacement, pipe-
line diameter, wall thickness, and vertical uplift peak soil
resistance of unfrozen soils are sensitive parameters in terms
of influence on pipe axial strain. The internal pressure, ver-
tical bearing peak soil resistance, and axial peak soil resis-
tance have little effect on pipe strain. The maximum
tensile and compressive strains of all steel grade pipes
increase with the increase of frost heave displacement.
Under the same frost heave displacement, the larger the
steel grade is, the smaller the design strain is, indicating
that the high steel grade pipe has a stronger ability to resist
deformation. The increase of pipe diameter and wall thick-
ness and the decrease of vertical uplift peak soil resistance
of unfrozen soils are more helpful to improve the ability
to resist pipeline deformation.

4. Predictions of Pipe Strain Demand

4.1. Establishment of Database. Based on influencing rules of
parameters analyzed above, a useful and complete package
of nonlinear FEM results contribute to establishing a data-
base for predicting strain demand. The internal pressure,
vertical bearing peak soil resistance, and axial peak soil resis-
tance were held constant for all frost heave analysis cases
with 10 MPa, 1360 kN/m, and 40.5 kN/m, respectively. Both
X65 steel pipe and X70 steel pipe included 5 pipe diameters
with 660, 711, 813, 914, and 1016 mm, and X80 steel pipe
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included 4 pipe diameters with 914, 1067, 1219, and
1422 mm. In addition, 4 wall thicknesses were obtained for
each pipe diameter according to the four regional grade
design factors required by the code. The frost heave displace-
ments were selected as 0.25, 0.5, 0.75, 1.0, 1.25, and 1.5m,
and the vertical uplift peak soil resistance of unfrozen soils
was 30, 40, 50, 60, 70, 80, 90, and 100 kN/m. The total num-
ber of calculation examples of X65 steel grade pipeline was
5x4x6x8x1x1x1=960 (among which, the first digit
5 represents the pipe diameter, the second digit 4 for wall
thickness, the third digit 6 for the frost heave displacement,
the fourth digit 8 for vertical uplift peak soil resistance, and the
last three-digit 1 represents the internal pressure, vertical bear-
ing peak soil resistance, and axial peak soil resistance). The
total number of calculation examples of X70 steel grade pipe-
line was 5x 4 x6x8x 1x1x1=960, and the total number

of X80 steel grade pipelines was 4x4x6x8x1x1x1=
768. The database include a complete package of results based
on 2688 individual FEM frost heave simulations.

4.2. Regression Equations. The regression equations of design
strain of X65, X70, and X80 steel pipelines under frost heave
displacement were fitted utilizing the MATLAB nonlinear
fitting toolbox. Taking the X65 steel pipeline, for example,
the regression equations for maximum tensile strain and
the fitting coeflicients obtained are listed as follows. To ver-
ify the accuracy of the semiempirical formula, another 38
strain results outside of the FEM results database were
selected for comparative analysis (Figure 15). It can be seen
that the regression formula is in good agreement with the
FEM results with a absolute error of less than 0.4%, indicat-
ing high accuracy.

&£ =x, DS 5 AR (x,p7 + xgp + %9) X, (2)
q,=2cH + <£> yH?, (3)
44
x,=5.5528x 107  x,=-1.4285 x;=-1.1579
x4 =0.7104 x5=0.0318  x,=1.0528 ,
x,=1 xg=1.5380 x 1077 x4 = 1.2707 x 10™*

(4)

where X is model deviation, the positional parameter of
standard normal distribution g is 1.0108, scale parameter o
=0.0590, D is pipe diameter (m), ¢ is pipe wall thickness
(m), p is pipe internal pressure (MPa), x;,x, -+ x4 is the
undetermined coefficient, Ah is the frost heave displacement
(m), f, is the axial peak soil resistance (kN/m), g,, is the ver-
tical uplift peak soil resistance (kN/m), c is the characteristic
bond strength (Pa), H is the buried depth (m) of the pipe
centerline, y is the effective weight of soil (N/m?), and ¢ is
the angle of internal friction of soil.



Geofluids

6 -
S 0
s J
£ 4 4
g J
o 3
2 i
3 2
-
g.‘ 4
3 1+
3 - ’_”—Q
L o ¢ e
% 0 < T "< T ¢ T > T — 1
g 20 60 80 100 4 120
-1
=)
g J
E 24
<] i
= -3
—4
Resistance (kN/m)
—m— X65 —v— X70
—e— X65 —e— X80
—a— X70 —4— X80
(a)
—_ » = —1a
g
£ 1
g
> 2 -
2
é | A A A A A
g 17
o
o J
3 *r 6 — % ——
g 0 T T T T T T T T T 1
— 50 =00 €00 <=0 ¢
‘é‘ 1000 2000 3000 4000 5000 6000
E 1 \4 g ag ag v
s
<
S J
o) &0 @ @ o
Resistance (kN/m)
—m— X65 —w— X70
—e— X65 —e— X80
—a— X70 —4— X80

(b)

FiGURrE 14: Continued.



12

Geofluids

- P
34 &
2

A A A A A
1 A

Maximum tensile/compressive strain (%)

—a— X65
—e— X65
—a— X70

S e e

Resistance (kN/m)

—v— X70
—e— X80
—<— X80

FIGURE 14: Relationship between maximum tensile and compressive strains and soil spring resistance of unfrozen soils: (a) vertical uplift
peak soil resistance, (b) vertical bearing peak soil resistance, and (c) axial peak soil resistance.

The regression equation for maximum compressive
strain is the same as tensile strain and the fitting coeflicients
obtained are listed as follows. Another 38 strain results out-
side of the FEM results database were also selected for com-
parative analysis, and a absolute error of the regression
formula is also less than 0.4%.

x,=-6.0489x10°  x,=-1.0374 x;=-1.2274
x4 =0.7030 x5=-0.1780 x4 =0.5626 ,
x,=1 Xg=2.6157x 107® x5 =1.4475x 107*

(5)

where positional parameter of standard normal distribution
u is 1.0092 and scale parameter o = 0.0815.

4.3. BPNN. The BPNN was proposed by Rumelhart and
McClelland in 1986. It is a multilayer feedforward neural
network with three layers (input layer, output layer, and hid-
den layer). In the error backpropagation, when the errors are
not within the range of errors, the errors are backpropagated
by adjusting the weights [34, 35]. To predict the design
strain of pipelines more quickly, based on the results of
FEM, a new BPNN was established to predict pipeline strain
under the frost heave displacement.

The frost heave displacement, pipeline diameter, wall
thickness, and vertical uplift peak soil resistance were
regarded as the four neurons in the input layer and the max-
imum tensile strain and the maximum compressive strain
were regarded as the two neurons in the output layer. The
number of hidden layer was determined according to the fol-
lowing empirical formula [16].

m=vVn+l+a, (6)

where m is the number of nodes in the hidden layer, # is the
number of nodes in the input layer, [ is the number of nodes
in the output layer, and a is a constant between 1 and 10.
According to multiple iteration trials, the number of nodes
in the hidden layer was calculated as v/4+2 +8=10, and
the initial network structure was 4 — 10 — 2 (Figure 16).

MATLAB programming was used to create a network.
The training data reading, eigenvalue normalization, neural
network creation, training parameters setting, model train-
ing, and test data reading were realized in turn. Take the
X80 steel grade pipeline for example. The total number of
the network training samples was 768 groups, of which
70% were used as a training set, 15% as a verification set,
and 15% as a test set. After iteration training, the correlation
coeflicients of the training set, validation set, test set, and
overall set were all greater than 0.9999 (Figure 17).

To verify the accuracy of the model, 15 groups of data
other than the training samples were substituted into the
model for prediction (Figure 18). The results show that the dif-
ference between the prediction model and the FEM results is
small and the maximum relative error is 10%, indicating that
the BPNN is fully trained and the prediction accuracy is good
enough in engineering applications. With this trained net-
work, the maximum tensile and compressive strain could be
obtained quickly only by inputting four variables such as frost
heave displacement, pipe diameter, wall thickness, and vertical
uplift peak soil resistance. In addition, the average computing
time for one example simulation is 0.08 s, compared with the
average time of 3500 s using FEM. This BPNN model could
save a lot of time cost and greatly facilitate the strain demand
prediction of pipelines under the frost heave displacement.

5. Discussions

The actual strain data of the pipelines in service could be
used to validate the accuracy of the new pipeline strain
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prediction methods proposed in the paper. Russia is the only
country operating lots of long-distance gas pipelines in perma-
frost regions. It is advised that the direct monitoring of pipe-
line axial strain is considered in the design stage of new
pipelines. The pipeline strain could be monitored via several
technologies. Most notable are in-line inspection (ILI), vibrat-
ing wire gauges (VWGs), fiber Bragg grating (FBG), and dis-
tributed strain sensing (DSS) with fiber optics [36].

There is another limit state design method called
reliability-based design. The load effects and structural resis-
tances are regarded as uncertain quantities characterized
probabilistically. For designing a new pipeline, at first, a tar-

get reliability level is set and the reliability of the new pipe-
line should meet the target value. The reliability-based
design has received increasingly more attention because the
safety criteria are met at a reasonable cost [37]. Arctic pipe-
line design is evolving towards a reliability-based design with
the extreme sensitivity of the environment. In the reliability-
based design process, one important work is to develop limit
state functions. The research results in this paper including
accurate fitting semiempirical equation and BPNN predic-
tion model contribute to formulating limit state functions
for the arctic pipeline design. Especially, an enormous num-
ber of calculations are needed in reliability-based design.
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The FEM based on numerical methods cannot meet the
requirement, because they are very time-consuming [15].
The advantage of the BPNN model is time-saving which is
of great practical significance.

6. Conclusions

(1) Two types of nonlinear FEMs: semi-infinite length
and finite length models were established and suc-
cessfully validated with the results of a chilled
pipeline experiment carried out at Caen in France.
A new customized parametric strain calculation
software for the pipeline under frost heave dis-
placement load was also developed, utilizing C#
language and object-oriented visual programming
techniques.

(2) Based on a complete package of results from the
2688 individual FEM frost heave simulations,
the semiempirical equation for predicting strain
demand of X65, X70, and X80 steel pipelines under
frost heave displacement was presented. The formula
was in good agreement with the FEM results with a
absolute error of 0.4%, indicating high accuracy.

(3) A BPNN predicting model was also established.
Through this trained network, the maximum tensile
and compressive strain could be obtained quickly by
inputting four variables such as frost heave displace-
ment, pipe diameter, wall thickness, and vertical
uplift peak soil resistance. Compared with FEM,
the BPNN model was reliable with a relative error
of 10% and a lower computing time cost.
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