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Abstract: Lined pipes are widely used in oil and gas transportation systems due to
their excellent corrosion resistance and cost-effectiveness. However, current design
codes often oversimplify their mechanical behavior by treating them as single-layer
systems, neglecting the complex interactions between the liner and outer pipes under
temperature–pressure coupling. To address this gap, this study develops a finite element
model for a Φ323.8 × (10 + 3) mm X60-825 lined pipe under elastic laying conditions. The
model evaluates stress distribution, bonding strength, and liner deformation under varying
operational conditions, including temperatures ranging from 20 ◦C to 80 ◦C and internal
pressures from 0 MPa to 14 MPa. Key findings reveal that the liner pipe approaches its
yield strength (241 MPa) under high-pressure conditions, with a maximum Tresca stress
of 238.81 MPa, while the outer pipe reaches 286.51 MPa. Internal pressure significantly
enhances bonding strength, increasing it from an initial 0.85 MPa to 11.86 MPa at 14 MPa,
thereby reducing the risk of delamination. Simplified single-layer models, which ignore the
liner’s pressure-bearing effect, underestimate stress interactions, resulting in a 16.63% error
in outer pipe stress under extreme conditions. These results underscore the limitations
of simplified models and highlight the importance of considering multi-field coupling
effects in pipeline design. This study provides critical insights for optimizing laying radii
and ensuring the long-term integrity of lined pipe systems. Future work should focus on
experimental validation and microstructural analysis to further refine the design guidelines.

Keywords: lined pipe; elastic laying; pipe stress; finite element method; liner stress;
bonding strength

1. Introduction
Lined pipes have become indispensable in the oil and gas industry, particularly in

highly corrosive environments, due to their superior corrosion resistance and economic
benefits [1,2]. Despite their widespread use, the mechanical behavior of lined pipes under
operational conditions remains inadequately addressed. Current design codes, such as
B31.4 and B31.8, simplify stress analysis by treating lined pipes as single-layer systems,
ignoring the mechanical contributions of the liner pipe [3–5]. This simplification overlooks
critical factors such as material property mismatches, thermal expansion differences, and
multi-field coupling effects, which can significantly impact the pipeline’s integrity. Recent
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advancements in stress analysis techniques, including multi-physics modeling and high-
fidelity finite element analysis (FEA), have emphasized the importance of considering the
interactions between the liner and outer pipes [6,7]. However, limited studies have focused
on the combined stress behaviors of lined pipes during elastic laying and operation.

At present, the combined stress calculation method of single-layer pipeline at the
operation stage has been described in detail in the pipeline stress analysis standard and
design codes B31.4 and B31.8 to guide the design and installation of single-layer pipes.
In addition, the National Standard of China GB 50251-2015 [8] Code for the design of
gas transmission pipeline engineering stipulates the formula for calculating the radius of
curvature for the elastic laying of a monolayer pipe system as follows:

R ≥ 3600 3

√
1 − cos α

2
α4 D2 (1)

where R is the radius of the elastic laying of the pipeline; D is the outer diameter of the pipe;
α is the deflection angle of the pipeline. At the same time, it is stipulated that the radius of
curvature of the elastic laying pipe system should not only meet the strength requirements
of its material but also not be less than 1000 times the outer diameter of the pipe.

Up to now, the mechanical behavior of lined pipe systems under various loading
conditions has been extensively studied in recent years. Gavriilidis et al. [9] and Yuan
et al. [10–12] investigated the buckling behavior of lined pipes under bending and external
pressure, highlighting the significant role of internal pressure in enhancing liner stabil-
ity and reducing the risk of delamination. Their findings are consistent with the stress
distribution and bonding strength results obtained in this study, further validating the
importance of considering internal pressure effects in pipeline design. In addition, Qu
et al. [6] employed cohesive zone models to analyze the reliability of sandwich pipes, pro-
viding valuable insights into interfacial behavior modeling. Their methodological approach
informed the simulation of contact interactions between the liner and outer pipes in the
present study, particularly in addressing the complexities of multi-layer pipe systems. Fur-
thermore, Gu et al. [13] conducted experimental and numerical studies on liner collapse in
lined composite pipes, emphasizing the influence of manufacturing processes and residual
stresses on the mechanical performance of lined pipe systems. Their research contributed
to the development of the initial stress conditions model used in this study, ensuring a
more accurate representation of the stress state in lined pipes after manufacturing.

The above publications are mainly related to the installation condition of non-pressure
or low-pressure (less than 3 MPa) lined pipes and mainly focus on the installation phase.
Regarding the bending behaviors of lined pipes at the operation stage, especially after
elastic laying, during the increase in operating temperature and pressure, their mechanical
response has received much less attention. Figure 1 shows the finite element simulation
and experimental photos of the buckling process of the lined pipe structure. Due to the thin
wall structure of the lining, the diameter-to-thickness ratio of the inner pipe is obviously
larger than that of the outer pipe.

In the process of installation, the elastic laying method is used to preset the bending
radius of pipes. Under the coupling action of high temperature (80 ◦C~120 ◦C) and high
pressure (6~16 MPa) [15], due to the different material properties, there is an obvious differ-
ence in the stress state between the liner pipe and the outer pipe, which determines whether
the deformation of the liner pipe will be caused by the coupling action of temperature and
pressure, such as liner pipe delamination, wrinkling, or the reverse yield phenomenon [16].
At present, it has not been seen that any scholars have carried out systematic research work
on this problem. Therefore, determining the stress state of the lined pipe under the elastic



Processes 2025, 13, 691 3 of 18

laying bending condition, especially under the operating condition, is of great significance
to the installation design and stress analysis of the lined pipe.
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Figure 1. Simulation and experimental results of liner collapse in bending process of lined pipe [14].
(a) Finite element simulation results of bending lined pipe, (b) Bending test results of lined pipe.

This study aims to fill this research gap by developing a comprehensive finite element
model to analyze the mechanical response of lined pipes under elastic laying conditions.
The model considers the interaction between the outer pipe and liner under varying tem-
perature and pressure conditions, providing a detailed evaluation of stress distribution and
bonding strength. The results demonstrate that the liner pipe’s stress levels approach its
yield strength under high-pressure conditions, while the internal pressure significantly en-
hances the bonding strength between the liner and outer pipes. These findings underscore
the importance of considering multi-field coupling effects in the design and installation of
lined pipe systems.

2. Numerical Modeling
2.1. Contact Modeling

In order to better understand the interaction behavior between the outer pipe and
the liner pipe under the action of temperature and internal pressure load under the elastic
laying state, it is necessary to know the manufacturing process of the lined pipe, because
this introduces changes to the mechanical properties of the two constituents and leaves
behind residual stresses as well as the interference contact stress [17]. The typical hydraulic
expansion process of the lined pipe is shown in Figure 2.
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Figure 2. Lined pipe manufacturing process.

As can be seen from Figure 1, the forming process of the lined pipe mainly includes
the following four steps.

(a) Assembling process. The stainless steel liner and the carbon steel outer pipe are
assembled together on the same axis, and the outer diameter of the liner pipe is
slightly smaller than the inner diameter of the outer pipe, which ensures a reasonable
initial gap before forming.

(b) Loading process. The inner wall of the liner pipe is loaded with hydraulic pressure to
make the liner pipe expand radially, eliminate the gap between the two pipes, and
make the outer wall of the liner pipe fit with the inner wall of the outer pipe.

(c) Steady loading. When the hydraulic loading reaches the design value, the liner pipe
has entered the plastic expansion, the outer pipe is still in the stage of elastic expansion,
and the pressure is maintained to make the liner pipe and the outer pipe fully fit.

(d) Finished forming. After unloading the pressure, both the outer pipe and the liner
shrink elastically. Due to the residual plastic deformation in the liner, the outer pipe
will grip the liner so that an initial tightness is formed between the outer pipe and the
liner after hydraulic forming.

Through the understanding of the manufacturing process of lined pipe, it can be
known that after the forming process, there is an initial prestress field of stress in the
circumferential direction of the liner pipe and outer pipe. Regarding the initial stress condi-
tions of the liner and outer pipes, as shown in Figure 3, the existence of these prestresses
may affect the mechanical behavior of lined pipes and need to be subsequently considered
in the FE model.
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Therefore, the initial stress state of the outer and liner pipes should be considered
in the finite element analysis. According to the method of measuring tightness by the
extrapolation in API-5LD, and in combination with the tightness parameters provided
by the lined pipe manufacturer in this study, the bonding strength in this analysis is
taken as 0.85 MPa. The method of interference fit is selected, and the initial interference
amount is applied between the outer and liner pipes to simulate initial tightness between
the two pipes [18,19]. After calculation, the relationship between the initial interference
and bonding strength is basically linear. When the interference is taken as 0.04 mm, the
calculated compactness is just 0.85 MPa. In order to more truly reflect the friction behavior
between the outer pipe and the liner pipe, the isotropic Coulomb friction model with
µ = 0.3 is used to simulate the tangent behavior of the interface.

2.2. Elastic Laying Model

Elastic laying is the installation of deliberate elastic bending in a predetermined posi-
tion, and its main purpose is to enable the pipe to trigger thermal buckling at a determined
position [20]. Figure 4 presents a typical configuration of an elastic laying pipeline.
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Figure 4. Typical configuration of elastic laying pipelines.

As shown in Figure 4, the elastic laying radius is R, the half laying wavelength is L1,
and the offset from the route center line to intersection point of bending radius is h1. The
blue lines represent the straight pipe section, and the red lines represent the elastic bending
section. Research shows that the laying radius of the bending section will affect the initial
probability of the pipeline buckling design. From the above Equation (1), we can know that
the calculation method of the elastic laying radius of the single-layer pipeline. In order to
study the applicability of this method to the lined composite pipeline, we choose the same
minimum elastic laying radius R = 1000 D to investigate the mechanical response of the
lined pipe system.

Therefore, the traditional three-point bending model is selected to analyze the me-
chanical response of the lined pipe under temperature and pressure load under the premise
of elastic laying. However, through the calculation and verification of the traditional three-
point bending model, it is found that because of the structural characteristics of the lined
pipe system, it can be regarded as a composite structure composed of the coaxial assembly
of the outer pipe and the liner pipe. In the process of pipe stress analysis, local stress
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singularities easily occur in the loading position and constraint position of the composite
mechanism, which affects the accuracy of the calculation results [21,22].

In order to avoid this kind of stress singularity, we optimize the traditional three-point
bending model and modify the loading mode of curvature. After many attempts and
comparisons, we choose to use the rigid surface with a fixed radius of curvature to load the
lined pipe. The schematic diagram of the optimized finite element mechanical model is
shown in Figure 5.

Processes 2025, 13, 691 6 of 19 
 

 

and comparisons, we choose to use the rigid surface with a fixed radius of curvature to 
load the lined pipe. The schematic diagram of the optimized finite element mechanical 
model is shown in Figure 5. 

 

Figure 5. Mechanical model of uniform bending for elastic laying of lined pipe. 

As shown in Figure 5, A and B are the support surfaces of the model, and the radius 
of the rigid loading surface is R = 1000 D. Because of the axisymmetric property of the 
finite element model, half of the research length L is taken for analysis. In order to ensure 
that the lined pipe between the A and B support surfaces is in a state of pure bending as 
far as possible, the research length of the pipe is increased by LH, and the support surfaces 
A and B are installed at the midpoint of the LH, respectively. 

The relationship between the radius of curvature R and the deflection dt can be cal-
culated by Equation (2), with a given research length L. By studying the geometric rela-
tionship between research length and deflection, the radius of curvature of the rigid sur-
face can be determined. 

( )2 2 2R dt L R− + =  (2)

where R is the radius of curvature, dt is deflection, and L is half of the study length. 
By using the curvature loading model of a rigid surface, not only can the bending 

radius of the lined pipe be controlled accurately and uniformly, but also the problem of 
inaccurate calculation caused by sudden stress change can be avoided, which occurs easily 
in the traditional centralized loading method. In this study, the outer pipe material of the 
lined pipe is X60 and the liner material is N08825. The material mechanical parameters of 
the outer and liner pipes are shown in Table 1. 

Table 1. The material mechanical parameters of the lined pipe. 

Description Outer Diameter 
(mm) 

Wall Thickness 
(mm) 

Yield Strength 
(MPa) 

Ultimate Strength 
(MPa) 

Poisson’s 
Ratio 

Young Mod-
ulus 

(GPa) 
Inner pipe 303.8 3 241 586 0.3 196 
Outer pipe 323.8 10 413 547 0.3 203 

In this paper, the research length L of the lined pipe is 12 m, the auxiliary calculation 
length of the LH section is 0.8 m, and the radius of the rigid loading surface is known as R 
= 1000 D. According to Equation (2), the deflection dt can be calculated and obtained as 
222.43 mm. On the basis of Figure 5, because the pipe bending problem is a typical ax-
isymmetric problem, the bending model of lined pipe can be symmetrically simplified, 

Figure 5. Mechanical model of uniform bending for elastic laying of lined pipe.

As shown in Figure 5, A and B are the support surfaces of the model, and the radius of
the rigid loading surface is R = 1000 D. Because of the axisymmetric property of the finite
element model, half of the research length L is taken for analysis. In order to ensure that
the lined pipe between the A and B support surfaces is in a state of pure bending as far as
possible, the research length of the pipe is increased by LH, and the support surfaces A and
B are installed at the midpoint of the LH, respectively.

The relationship between the radius of curvature R and the deflection dt can be
calculated by Equation (2), with a given research length L. By studying the geometric
relationship between research length and deflection, the radius of curvature of the rigid
surface can be determined.

(R − dt)2 + L2 = R2 (2)

where R is the radius of curvature, dt is deflection, and L is half of the study length.
By using the curvature loading model of a rigid surface, not only can the bending

radius of the lined pipe be controlled accurately and uniformly, but also the problem of
inaccurate calculation caused by sudden stress change can be avoided, which occurs easily
in the traditional centralized loading method. In this study, the outer pipe material of the
lined pipe is X60 and the liner material is N08825. The material mechanical parameters of
the outer and liner pipes are shown in Table 1.

Table 1. The material mechanical parameters of the lined pipe.

Description
Outer

Diameter
(mm)

Wall
Thickness

(mm)

Yield
Strength

(MPa)

Ultimate
Strength

(MPa)

Poisson’s
Ratio

Young
Modulus

(GPa)

Inner pipe 303.8 3 241 586 0.3 196

Outer pipe 323.8 10 413 547 0.3 203

In this paper, the research length L of the lined pipe is 12 m, the auxiliary calculation
length of the LH section is 0.8 m, and the radius of the rigid loading surface is known as
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R = 1000 D. According to Equation (2), the deflection dt can be calculated and obtained
as 222.43 mm. On the basis of Figure 5, because the pipe bending problem is a typical
axisymmetric problem, the bending model of lined pipe can be symmetrically simplified,
and the 1/4 axisymmetric mechanical model of lined pipe is established and meshed, as
shown in Figure 6.
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Figure 6. Finite element mesh model of elastic laying of lined pipe.

In Figure 6, symmetrical constraints are imposed on the axisymmetric end face of
the model, while coupling the degrees of freedom of the outer pipe and liner pipe on the
symmetrical plane. The SOLID185 8-node element is used for both the outer pipe and the
liner pipe in the lined pipe model. Three groups of contact relationships need to be set in
the finite element model. The first group is the contact between the outer pipe and liner
pipe. The contact setting method is as follows: The inner wall of the outer pipe is the target
surface, the outer wall of the liner pipe is the contact surface, and the contact unit types are
the target 170 element and contact 174 element, respectively. As described in Section 2.1,
the initial interference amount of 0.04 mm is added between the outer pipe and the liner
pipe to simulate the tightness produced in the pipe manufacturing process, which adds
an axial friction coefficient µ = 0.3 to the contact surface. The second group is the contact
between the rigid loading surface and the outer wall of the outer pipe, and the third group
is the contact setting between the rigid supporting surface and the outer wall of the outer
pipe. The contact setting methods of these two groups are similar, taking the outer wall of
the outer pipe as the target surface, the side of the rigid surface near the outer pipe is the
contact surface, and the type of contact element is the same as that of the first group.

Because the above three groups of contact problems involve highly nonlinear static
problems, in order to improve the accuracy of calculation, the hard contact model is
considered. After many attempts, the combination of the augmented Lagrangian method
and penalty function method is adopted to solve the complex contact and friction problems
of the lined pipe. The combined method has good convergence in solving the complex
contact and friction problems of lined pipes.

Due to the large temperature difference in the process of the installation and operation
of the pipeline, the influence of temperature change on the material parameters of the lined
pipe cannot be ignored. Therefore, the elastic modulus and thermal expansion coefficient
of the outer and liner pipes at different temperatures are summarized as follows. The
parameters are shown in Table 2.
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Table 2. Thermal expansion coefficient and elastic modulus data of lined pipe.

Temperature
/◦C

Thermal Expansion Coefficient
α/×10−6 (1/◦C) Elastic Modulus E/GPa

Outer (α1) Liner (α2) Outer (E1) Liner (E2)

−29 11.250 13.095 205 199
21 11.520 13.500 203 196
38 11.644 13.583 202 195
93 12.060 13.860 198 192

In order to clearly compare the mechanical response of the lined pipe system under
different operating conditions in the elastic laying state, we summarize five typical con-
ditions of the lined composite pipeline in the operation stage and give the corresponding
temperature and pressure under different operating conditions. These five working condi-
tions completely represent the different states of the pipeline in the operation stage. The
specific parameters are shown in Table 3.

Table 3. Five typical operation conditions of lined composite pipeline.

Description Temperature
/◦C

Pressure
/MPa

Corresponding Operation
Conditions

Condition 1 20 0 Installation
Condition 2 80 0 Stop operation and relieve pressure
Condition 3 80 6 Low-pressure operation
Condition 4 80 10 Mid-pressure operation
Condition 5 80 14 Design condition

According to the finite element method in Figure 6 and the operation condition
parameters given in Table 3, we have analyzed and studied the mechanical response of
the elastically laid lined composite pipeline under the coupling action of temperature and
pressure. The stress distribution of the outer pipe and liner pipe under different operation
conditions is compared, and the evaluation model of contact bonding strength between the
outer pipe and liner pipe is established. The calculation results are classified and discussed
as follows.

3. Results and Discussion
3.1. Stress Analysis
3.1.1. Grid Independence Verification

Under working condition 1, when the bending curvature of the lined pipe R = 1000 D,
the maximum Tresca stress at the largest point of bending displacement and deformation
is selected to verify the grid independence. The calculation results are shown in Figure 7.
It can be seen that when the number of grids in the circumference direction and wall
thickness direction in Figure 6 is guaranteed, the mesh size in the axial direction is only
adjusted, and the number of grids reaches more than 43 × 104, the calculation result of the
maximum Tresca stress is relatively stable around 124 MPa, indicating that the calculation
result at this time presents obvious grid-independent characteristics. Under the premise of
comprehensively considering the number of grids and calculation accuracy, and balancing
the calculation cost, the size of the axial elements is defined in the finite element analysis
process, which is 20 mm, and the total number of units in the model is 432,000.
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3.1.2. Variation in Temperature

In order to study the effect of temperature on the stress distribution of the lined
composite pipe, we compare the calculation results under conditions 1 and 2 in Table 3.
The parameter corresponding to condition 1 is the installation condition. At this time,
the composite pipe system has not yet begun to be pressurized, so it is considered that
the inner pressure is zero and the ambient temperature is 20 ◦C. Meanwhile, condition
2 corresponds to the operation condition after the shutdown and pressure relief. At this
time, the temperature of the pipeline is still at a high level, but the pressure in the pipe has
dropped to zero. Under the premise of elastic laying, there is only the effect of temperature
on the stress of the lined composite pipe in these two conditions; therefore, using the finite
element model in the above Figure 6, the symmetry of the composite pipe structure is taken
into account. The stress distribution results of the outer pipe and liner pipe under these
two working conditions are calculated, respectively, as shown in the following Figure 8.

From the calculation results in Figure 8, it can be seen that both the outer pipe and
liner pipe show the typical bending stress distribution characteristics of single-layer pipes
under the two working conditions. The stress level of the upper compression side and the
bottom tension side of the pipe is obviously higher than that of the middle neutral layer,
and the overall stress level of the liner pipe is slightly higher than that of the outer pipe.
From the point of view of the axial direction of the pipe stress, the stress value of the pipes
at the axisymmetric plane with maximum deflection in the bending model is the largest,
and the stress value decreases gradually with the increase in the axial distance. In addition,
it is also obvious that the circumferential width of the neutral layer of the liner is slightly
wider than that of the outer pipe.

Compared with conditions 1 and 2 in Figure 8, only the operating temperature of
the pipeline change, and the overall stress level of the outer pipe and liner pipe increases
slightly. When the temperature increases from 20 ◦C to 80 ◦C, the minimum and maximum
Tresca stress values of the outer pipe increase from 12.57 MPa and 113.41 MPa to 20.11 MPa
and 115.96 MPa, respectively, and the minimum and maximum Tresca stress values of the
liner increase from 41.17 MPa and 124.78 MPa to 64.59 MPa and 127.51 MPa, respectively.
Thus, it can be seen that the increase in pipeline operating temperature (60 ◦C) has a limited
influence on pipe stress.
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1: installation condition of lined pipe (20 ◦C, 0 MPa). (b) Condition 2: stop operation and relieve
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3.1.3. Variation in Pressure

In order to analyze the influence of the change in internal pressure on the stress
distribution of the lined pipe, the stress calculation results of the outer and liner pipes
under operation conditions 3, 4, and 5 in Table 3 are compared below.

The temperature under the three operating conditions is 80 ◦C, but the internal pres-
sure is different; the three different internal pressures represent the three different states of
the pipeline during operation. The calculation results of the stress distribution of the outer
pipe and liner pipe under the three operation conditions are shown in Figure 9.
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Figure 9. Influence of pressure on stress distribution of lined composite pipe. (a) Condition 3: low-
pressure operation of lined pipe (80 ◦C, 6 MPa). (b) Condition 4: mid-pressure operation of lined
pipe (80 ◦C, 10 Mpa). (c) Condition 5: design condition of lined pipe (80 ◦C, 14 Mpa).
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It can be seen from Figure 9 that the stress distribution of the lined composite pipe
with internal pressure is obviously different from the conditions without internal pressure
(Figure 8). Under the premise of internal pressure, the stress distribution of the outer pipe
and the liner pipe shows that the stress value of the upper compression side is obviously
higher than that of the lower tension side, and the stress level of the outer pipe is much
higher than that of the liner pipe. With the increase in internal pressure, the stress level of
the outer pipe and liner pipe increases obviously, and the position of low stress in the outer
pipe and liner pipe gradually moves to the lower tension side.

Compared with conditions 3, 4, and 5 in Figure 9, only the internal pressure of the
pipeline changes, and the overall Tresca stress level of the outer pipe and liner increases
obviously when it increases from 6 Mpa to 14 Mpa. The maximum Tresca stress of the outer
pipe increases from 196.97 Mpa to 286.51 Mpa, and the maximum Tresca stress of the liner
increases from 149.16 Mpa to 238.81 Mpa. Thus, it can be seen that the increase in pipeline
internal pressure has a great influence on the stress of the pipe. From the calculation results
of condition 5 in Figure 9c, it can be seen that the maximum stress of the outer pipe is
far from exceeding the minimum yield strength of its material, but for the liner pipe, the
maximum stress has reached 238.81 Mpa, which is close to its yield strength of 241 Mpa. If
the operating pressure or temperature of the pipeline increases again, then the liner will
enter plastic deformation. Although the liner pipe will not be delaminated or wrinkled
when the internal pressure exists, when the pipeline pressure drops, the outer pipe and
the liner pipe will spring back simultaneously because the residual plastic deformation in
the liner pipe cannot return to the initial state [16]. The elastic recovery of the outer pipe
will force the liner to reverse yield, and in serious cases, it will lead to internal buckle and
collapse of the liner pipe, which brings a serious threat to the safe operation of the pipeline.

3.1.4. The Outer Pipe Model Error Analysis

In the existing pipeline elastic laying design method, the stress analysis of the lined
pipe is carried out by considering only the pressure-bearing effect of the outer pipe. In
order to study the error of this method, the difference between the pressure-bearing effect
of only outer pipe and that of the lined pipe with the outer and liner pipe together under
the same working condition is analyzed.

Therefore, using the same analysis method, the elastic laying finite element model of
only the outer pipe is established, the research object in Figure 6 is changed from the lined
pipe to the outer pipe only, and other boundary conditions remain unchanged. Similarly,
under the five operation conditions listed in Table 3, the finite element stress analysis of the
outer pipe model is carried out, and the maximum Tresca stress calculation results of the
pipe are compared and analyzed, as shown in Table 4.

Table 4. Comparison of maximum Tresca stress errors between lined pipe model and outer
pipe model.

Description
Lined Pipe Model/(MPa) Outer Pipe Model

/(MPa)
Errors (%)

Outer Pipe Liner Pipe

Condition 1 113.41 124.77 114.51 0.97
Condition 2 115.96 127.51 115.78 −0.16
Condition 3 196.97 149.16 204.60 3.87
Condition 4 246.28 198.13 256.37 4.10
Condition 5 286.51 238.81 334.17 16.63

It can be seen from Table 4 that under conditions 1 and 2, the error of the maximum
stress of the outer pipe between the lined pipe model and the outer pipe model is small.
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Under the condition of internal pressure, when the internal pressure of the pipeline is less
than 10 Mpa, the error of the maximum Tresca stress in the two models is less than 4.10%.
Under condition 5, when the internal pressure is 14 Mpa, the error of the maximum Tresca
stress value of the outer pipe in the two models reaches 16.63%. The large error in condition
5 (16.63%) is primarily due to the liner pipe’s significant contribution to the overall stress
distribution under high internal pressures (14 Mpa). At such pressures, the liner pipe
actively participates in bearing the load, reducing the stress on the outer pipe. This effect is
further amplified by the liner pipe’s lower elastic modulus (196 Gpa) and Poisson’s ratio
(0.3), which allow it to deform more under pressure and redistribute the stress between
the liner and outer pipes. These factors are not captured in the outer pipe only model,
leading to a significant underestimation of the outer pipe’s stress levels. The lined pipe
model, which considers the interaction between the liner and outer pipes, provides a more
accurate representation of the stress distribution under high-pressure conditions. In order
to more intuitively compare the stress errors of the two calculation models, the parameters
in the table are drawn as in Figure 10 below.
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Figure 10. Maximum Tresca stress comparison between lined pipe model and outer pipe model.

Combined with Figure 10 and Table 3, it can be seen that under the condition of no
internal pressure (conditions 1 and 2), the maximum Tresca stress of the outer pipe of the
two models is almost equal when only the bending load caused by the elastic laying and the
temperature load act together. The maximum Tresca stress value of the liner pipe is slightly
higher than that of the outer pipe. Under the condition of internal pressure (conditions 3,
4, and 5), with the increase in internal pressure, the error of the maximum Tresca stress
of the outer pipe in the two models increases gradually. It can be seen that due to the
pressure-bearing effect of the liner pipe, the maximum stress of the outer pipe in the lined
pipe model is obviously lower than that of the outer pipe model, and the stress level of the
outer pipe in the two models is much higher than that of the liner pipe. With the increase
in the internal pressure, the stress level error of the outer pipe in the two models begins
to increase; this fully shows that the pressure-bearing effect of the liner pipe in the lined
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pipe model is very significant with the increase in the internal pressure. If the elastic laying
parameter design of the lined pipe system is guided only from the stress level of the outer
pipe, then the stress calculation result of the lined pipe model is conservative because the
pressure-bearing effect of the liner pipe is taken into account.

At the same time, the stress level of the liner pipe should be paid attention to. It can
be seen from Table 1 that the yield strength of the liner pipe is obviously lower than that of
the outer pipe. If the stress of the liner pipe exceeds its yield strength during the operation
stage, after the pipeline pressure drops, then due to the elastic recovery of the outer pipe, it
will lead to the reverse yield of the liner [16].

3.2. Tightness Analysis

In order to analyze the change in the contact pressure between the outer pipe and liner
pipe under the five conditions in Table 3, the model for evaluating the bonding strength of
the lined pipe is established, and the change in bonding strength of the lined pipe under
different working conditions is studied. We extract the tightness parameters of the interface
between the liner and the outer pipe in the model in Figure 6. In order to make a more
intuitive comparative study of the change in tightness, we specify the axial path of the
compact parameter analysis, as shown in Figure 11.
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As shown in Figure 11, where points A, C, and E are the three points on the cross-
section with the largest deflection in Figure 6, the AB line on the bending compression side
of the lined pipe is defined as the Up path, the neutral CD line of the lined pipe is taken as
the Mid path, and the EF line of the bending tension side of the lined pipe is taken as the
Down path.

According to the different operation conditions in Table 3, the tightness in the range
of 0 m and 10 m in the axial direction is analyzed. The cloud diagram of the compactness
distribution of the lined pipe is calculated, and the variation curve of the compactness
along the axial Up, Mid, and Down paths is shown in Figure 12.
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Figure 12. Cont.
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Figure 12. Lined pipe tightness of Up, Mid, and Down paths under different operation conditions.
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Figure 12. Lined pipe tightness of Up, Mid, and Down paths under different operation condi-
tions. (a) Condition 1: installation condition. (b) Condition 2: stop operation and relieve pressure.
(c) Condition 3: low-pressure operation. (d) Condition 4: mid-pressure operation. (e) Condition 5:
design condition.

It can be seen from Figure 12 that under the five operation conditions, the axial
distribution of the tightness of the lined pipe is relatively uniform, and at the axisymmetric
plane of the lined pipe model, there is only a slight difference between the compactness of
the Up path and the Down path. The tightness of the Down path is the highest, followed
by the Mid path, and the Up path is the lowest. The distribution of the tightness of the
neutral layer along the axial path is relatively stable.

Compared with conditions 1 and 2 in Figure 12, when the temperature increases from
20 ◦C to 80 ◦C, the average tightness (Mid path) of the lined pipe increases from 0.86 MPa to
1.34 MPa. It can be seen that increasing the temperature can slightly increase the tightness
of the lined pipe without internal pressure.

Compared with conditions 1, 2, and 3 in Figure 12, we can see that when the internal
pressure increases from 6 MPa to 14 MPa, the average tightness of the three paths increases
from 5.85 MPa to 11.86 MPa, which shows that the internal pressure is the key parameter
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affecting the tightness of the lined pipe. Therefore, under the premise of internal pressure,
the liner is in close contact with the outer pipe, that is, delamination and separation will
not occur under these conditions.

According to the structural characteristics of the lined pipe, the different operation
states of the lined pipe under the condition of elastic laying are comprehensively eval-
uated by using the two indexes of stress level and tightness parameters. This method
can fully meet the requirements of the stress analysis and quality evaluation of lined
composite pipelines.

4. Conclusions
This study provides a detailed analysis of the mechanical behavior of lined pipes

under elastic laying conditions, focusing on the stress distribution and bonding strength
between the liner and outer pipes under temperature–pressure coupling. The key findings
are as follows:

(1) Liner stress and yield strength: Under high-pressure conditions (14 MPa), the liner
pipe’s stress levels approach its yield strength (241 MPa), indicating a potential risk of
plastic deformation. This highlights the need for the careful design of laying radii to
prevent liner failure under extreme operational conditions.

(2) Bonding strength and internal pressure: Internal pressure significantly enhances the
bonding strength between the liner and outer pipes, reducing the risk of delamina-
tion. The tightness between the two pipes increases with pressure, ensuring a stable
interface under operational loads.

(3) Limitations of simplified models: Simplified single-layer models, which ignore the
liner’s mechanical contribution, underestimate the stress interactions between the
liner and outer pipes. This can lead to design errors, particularly under high-pressure
conditions, where the liner’s pressure-bearing effect becomes significant.

(4) Design implications: This study emphasizes the importance of considering multi-field
coupling effects in the design and installation of lined pipe systems. Designers should
account for both the liner and outer pipe stresses under extreme conditions to ensure
the pipeline’s long-term integrity.

(5) Although this study based on numerical modeling provides a solid foundation for
designing experimental setups, the results can guide the selection of test parameters,
such as temperature, pressure, and bending radius, to ensure that the experiments are
representative of real-world operational conditions.

Future research should focus on the experimental validation of the numerical model
and explore the microstructural changes of pipe materials under operational conditions.
These efforts will further refine the design guidelines and enhance the reliability of lined
pipe systems in oil and gas transportation.
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