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Abstract: This study aims to investigate the interaction between reinforced thermoplastic pipes
(RTPs) and sandy soil. The mechanical properties of sandy soil in the South China Sea region were
determined through shear tests to obtain fundamental data. Subsequently, a specialized experimental
setup was designed and assembled to study the pipe–soil interaction, specifically measuring the
lateral soil resistance of flexible pipes at varying burial depths. Data analysis revealed the relationship
between soil resistance, lateral displacement, and initial burial depth. To simulate the mechanical
behavior of the pipe–soil interaction, the coupled Eulerian–Lagrangian (CEL) method was employed
for numerical simulations. The research findings indicate that the lateral soil resistance is influenced
by the uplift height and accumulation width of the soil ahead of the pipe. Within a lateral displacement
range of 0.5 times the pipe diameter (0.5D), the lateral soil resistance rapidly increases, resulting
in a soil uplift along the circumferential direction of the pipe. This process not only enhances the
load-bearing capacity of the pipe but also increases the accumulated soil resistance, consequently
expanding the soil failure zone. Furthermore, the ultimate soil resistance exhibits an increasing trend
with an increasing burial depth. Once the pipe reaches a certain burial depth, the uplift height of
the soil reaches a critical state. To address the grid distortion caused by soil deformation, numerical
simulations based on the CEL method effectively modeled the pipe–soil interaction forces under
significant lateral displacements, exhibiting good agreement with the experimental results. This study
provides a solution for investigating soil resistance in submarine pipelines, thereby contributing
significantly to the design and performance prediction of underwater pipelines.

Keywords: lateral soil resistance; CEL method; reinforced thermoplastic pipes (RTPs); pipe–soil
interaction

1. Introduction

Submarine oil and gas pipelines serve as the lifelines for offshore oil and gas produc-
tion systems, providing the most direct and efficient means of transportation [1]. With the
increasingly complex exploitation environment and the growing utilization of fiber materi-
als, the application of RTPs based on thermoplastic materials has gained traction in the field
of offshore engineering [2–5]. Submarine pipelines, which are partially embedded in the
seabed, are subjected to lateral soil resistance during significant lateral movements. This
resistance plays a crucial role in the lateral buckling of pipelines under thermal stress [6,7].
Therefore, studying the interaction between RTPs and soil is of paramount importance to
ensure on-bottom stability.

In order to achieve an optimal design solution, it is crucial to accurately model the
interaction between a pipe and the soil during large-amplitude lateral movements. In
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recent years, researchers have focused on studying the pipe–soil interaction for pipes
that are shallowly embedded in the seabed with the aid of centrifuge testing. Several
models have been proposed specifically for shallowly embedded pipes, considering dif-
ferent soil types such as calcareous sands [8–12] and clays [12–15]. DNV [16] proposed a
small-displacement, three-stage soil resistance model. Bruton et al. [17] conducted lateral
large pipeline displacement experiments and analyzed the nonlinear characteristics of soil
resistance. They categorized the pipe–soil interaction into the breakthrough, unstable, and
residual motion stages. Cheuk, White, and Bolton [18] conducted extensive plane strain
model tests to measure the response of a partially embedded pipe segment in soft clay
subjected to large-amplitude cyclic movements. The tests aimed to simulate the thermal
expansion and contraction experienced at a pipeline bend. Colicchio [19] et al. proposed
an innovative model for analyzing pipe–soil interaction using the level set technique for a
two-phase mixture of sand and water. Dingle, White, and Gaudin [20] researched the lateral
breakthrough resistance and residual resistance of soft clay. During the lateral buckling
process, significant lateral displacements ranging from approximately 5 to 20 times the pipe
diameter may occur. Wang [15,21] developed a dynamic soil resistance model that varies
with the buried depth of the pipeline, based on a series of model tests using sand samples
from the Bohai Gulf. In fact, the time-varying soil resistances during the pipe–soil inter-
action are strongly interconnected in both vertical and lateral directions. However, there
is currently limited research attention devoted to this issue, and the coupling mechanism
requires further exploration.

Wang [22] developed a new formula for predicting residual resistance based on the
failure mechanism of pipe–soil interaction during lateral movement. Kong [7] explored the
breakout resistances of a pipe in all possible directions to determine the most vulnerable
plane where transverse displacement is likely to occur, along with the minimum breakout
resistance. Liu [21] conducted large-scale model tests on Bohai sand and proposed bi-linear
pipe–soil interaction models normalized by pipe weight and diameter based on these test
results. Dong [23] developed a coupled large-deformation finite element (LDFE) framework
with a small strain (RITSS) and discussed the effects of the interaction rate and drainage
condition on the p–y curve, excess pore pressure generation and dissipation, and failure
mechanisms. Liu and Ortega [24] proposed a closed-form linear–elastic solution to analyze
pipes that were restrained using both thrust blocks and restrained joints. The solution
took into consideration the passive soil resistance, as well as the contribution of friction
resistance resulting from the increased normal pressure at the pipe–soil interface. Macaro,
Utili, and Martin [25] utilized the three-dimensional distinct-element method to investigate
the behavior of a partially embedded pipe segment in sand, and the simulation approach
was validated against experimental results. Wu [26] presented a detailed numerical in-
vestigation to study the interaction between large-diameter pipes and soil under three
typical working conditions. The study aimed to capture the structural mechanical behaviors
associated with pipe deformation, soil displacement, and soil pressure. Additionally, a
novel method was introduced to investigate soil–pipe interaction in the lateral and vertical
directions. This method involved mounting a soil box on a six-degrees-of-freedom (DOF)
system. The test results provided evidence of how different loading types affect soil–pipe
interaction and demonstrated a strong coupling of the pipe response in the lateral and
vertical directions. Wang [27] proposed a formula for predicting the maximum lateral soil
resistance based on tests that examined pipe–soil interaction with different initial pipe
embedments and weights. Rezadoost and Nassiraei [28] conducted a comprehensive study
on the criteria for modeling fiber-reinforced polymer (FRP) using the finite element method.
The accuracy of these models was rigorously verified through meticulous comparisons
with experimental results.

There has been extensive research on the interaction between steel pipes and soil in
this field. However, research on the soil resistance of RTPs moving on the surface of sandy
soil remains largely unexplored. Additionally, existing large-displacement lateral testing
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devices have various limitations in terms of efficiency. Therefore, there is a need to enhance
the research on the interaction between reinforced thermoplastic (RTPs) pipes and soil.

The aim of this study is to address a research gap by designing and manufacturing a
test apparatus for investigating the horizontal soil resistance of flexible pipes in response
to different initial settlement depths. This apparatus enables the detection of the lateral
soil resistance characteristics of pipelines under varying burial conditions. The primary
objective is to reveal the correlation between typical resistance and lateral movement at
different stages. Moreover, the study aims to resolve the issue of grid distortion caused by
soil deformation by employing the CEL method to simulate the interaction between pipes
and soil. The effectiveness of the simulation was validated through a comparison with the
experimental results.

2. Experimental System and Content
2.1. Experimental Configuration

Typically, pipelines are assumed to be infinitely long, and axial displacements are
disregarded, allowing the lateral pipe–soil interaction problem to be simplified as a plane
strain problem [29]. Based on this conception, a testing system for lateral pipe–soil interac-
tion was designed to replicate significant lateral movements of the pipe above the seabed,
as depicted in Figure 1.
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Figure 1. Sketch of the experimental device. 1—soil box; 2—flexible pipe; 3—anti-roll linkage
mechanism; 4—tension–compression load sensor; 5—slide (with wiping lubricant); 6—steel wire;
and 7—electric motor.

(1) Experimental system: In a rectangular soil box, two parallel tracks with a length of
1.5 m were built, and a connection structure with a flexible pipeline was designed to
connect the pipe to the motive force transmission device and install it on the soil box.
The motive force transmission device was connected to the pressure sensor, and the
pipeline was driven horizontally in the soil sample to obtain the relationship curve
between the pipe displacement and the soil resistance force.

The design of the connecting components between the pipeline and the transmis-
sion structure is shown in Figure 2. The connecting mechanism consists of the follow-
ing components:

• A connecting rod: It provides the structural connection between different parts of
the mechanism;

• A connecting outer circle: Its diameter is equal to the outer diameter of the pipeline. It
ensures the connection between the mechanism and the outer surface of the pipeline;

• A connecting inner embedded circle: Its diameter is equal to the inner diameter of the
pipeline. It ensures the connection between the mechanism and the inner surface of
the pipeline;
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• An anti-rotation latch: It is embedded in the gap of the pipeline to prevent circumfer-
ential movement during horizontal motion of the pipeline.

(2) Experimental equipment: The main instruments and components used in this experi-
ment included the following: a soil box size whose length × width × depth = 1.5 m
× 1.0 m × 1.0 m, an LTR-1 tension–compression load, sensor, a sliding rail, a pipeline
anti-roll and translation device, a motor, etc.

(3) Experimental samples: Flexible, non-metallic pipes with a diameter of 76 mm and
sandy soil from the seabed.

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 4 of 14 
 

 

• A connecting outer circle: Its diameter is equal to the outer diameter of the pipeline. 
It ensures the connection between the mechanism and the outer surface of the pipe-
line; 

• A connecting inner embedded circle: Its diameter is equal to the inner diameter of 
the pipeline. It ensures the connection between the mechanism and the inner surface 
of the pipeline; 

• An anti-rotation latch: It is embedded in the gap of the pipeline to prevent circum-
ferential movement during horizontal motion of the pipeline. 

(2) Experimental equipment: The main instruments and components used in this exper-
iment included the following: a soil box size whose length × width × depth = 1.5 m × 
1.0 m × 1.0 m, an LTR-1 tension–compression load, sensor, a sliding rail, a pipeline 
anti-roll and translation device, a motor, etc. 

(3) Experimental samples: Flexible, non-metallic pipes with a diameter of 76 mm and 
sandy soil from the seabed. 

 
(a) Right view (b) Front view (c) Top view 

Figure 2. Schematic diagram of the pipe connection. 1—connecting rod, 2—connecting outer circle, 
3—connecting inner embedded circle, and 4—anti-rotation latch. 

2.2. Experiment Content 
This experiment included three parts: (1) carry out soil shear tests to determine the 

friction angle and shear strength of the soil; (2) carry out pipe–soil interaction experiments 
to identify the relationship between horizontal pipe displacement and soil resistance; (3) 
analyze the experimental results based on the scientific research literature and obtain com-
parative data on the differences in the soil resistance loads of flexible, non-metallic pipes 
and steel pipes. 

2.3. Tests Pipe 
The RTPs examined in this study were made up of a polyethylene (PE) matrix with 

fiberglass reinforcement, as depicted in Figure 3. The reinforcement comprised fiberglass 
embedded within the polymer matrix, which was spirally wound around the inner PE 
liner at a specific angle. The layers were fused together through heating, producing a fil-
ament-wound fiber-reinforced composite pipe. 

1

3
2 4

Figure 2. Schematic diagram of the pipe connection. 1—connecting rod, 2—connecting outer circle,
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2.2. Experiment Content

This experiment included three parts: (1) carry out soil shear tests to determine the
friction angle and shear strength of the soil; (2) carry out pipe–soil interaction experiments
to identify the relationship between horizontal pipe displacement and soil resistance;
(3) analyze the experimental results based on the scientific research literature and obtain
comparative data on the differences in the soil resistance loads of flexible, non-metallic
pipes and steel pipes.

2.3. Tests Pipe

The RTPs examined in this study were made up of a polyethylene (PE) matrix with
fiberglass reinforcement, as depicted in Figure 3. The reinforcement comprised fiberglass
embedded within the polymer matrix, which was spirally wound around the inner PE
liner at a specific angle. The layers were fused together through heating, producing a
filament-wound fiber-reinforced composite pipe.
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2.4. Test Soil

The South China Sea is rich in oil and gas storage and transportation, and submarine
pipelines have a relatively broad application space. To ensure the safety of submarine
pipelines, the target oil and gas sea area of seabed sand was selected as the experimental
model, which had a wide particle size distribution. Sandy soil is highly permeable and
rapidly drains, resulting in the strength of a dry sample being comparable to that of a
saturated sample under drained conditions. Thus, in the interest of simplification, we
employed dry sand to construct the test soil bed.

2.5. Experimental Process

To study pipe–soil interactions during large displacements in sand, we conducted two
series of tests, a shear strength experiment with soil tests and large-amplitude motion tests.

The main purpose of the shear strength experiment was to identify the mechanical
parameters of the experimental soil samples to predict the lateral soil resistance in nu-
merical simulations. The objective of the lateral large displacement experiment was to
determine the lateral soil resistance experienced by the pipeline under different initial burial
depth conditions.

1. Soil shear strength test:

The purpose of the soil shear strength test was to study the shear strength and internal
friction angle of the soil sample. A constant-normal-pressure shear test was carried out at
seven normal pressures. After the normal displacement was stable, the shear was started,
and the shear rate was controlled at 0.8 mm/min. The target parameters were identified by
processing the experimental data, as shown in Figure 4.
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2. Pipe–soil interaction experiment:

It has been shown that the impedance of sandy soil to pipelines does not differ
significantly between fully wet and fully dry states. Therefore, dry sandy soil was used in
this experiment. The experimental system was set up as shown in Figure 5. The surface
of the sandy soil was scraped flat, and lubricating oil was applied to the smooth track to
reduce the influence of track friction on the experimental results.

The vertical position of the track was adjusted to ensure that the pipeline had initial
depths of 0.1D, 0.2D, and 0.3D, where 0.1D means 0.1 times the pipe diameter.

The electric motor was started, and the steel wire rope was tightened via the transmis-
sion rod to drive the truss structure and the test pipeline to move laterally on the surface of
the sandy soil through the auxiliary pulley system. In order to better observe the change
in soil resistance, the pipeline always maintained a stable and relatively low speed value
during lateral movement. Table 1 shows the experiment parameters.



J. Mar. Sci. Eng. 2023, 11, 2353 6 of 14

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 6 of 14 
 

 

this experiment. The experimental system was set up as shown in Figure 5. The surface of 
the sandy soil was scraped flat, and lubricating oil was applied to the smooth track to 
reduce the influence of track friction on the experimental results. 

The vertical position of the track was adjusted to ensure that the pipeline had initial 
depths of 0.1D, 0.2D, and 0.3D, where 0.1D means 0.1 times the pipe diameter. 

The electric motor was started, and the steel wire rope was tightened via the trans-
mission rod to drive the truss structure and the test pipeline to move laterally on the sur-
face of the sandy soil through the auxiliary pulley system. In order to better observe the 
change in soil resistance, the pipeline always maintained a stable and relatively low speed 
value during lateral movement. Table 1 shows the experiment parameters. 

 
Figure 5. Lateral pipe–soil interaction testing system. 

Table 1. Experiment parameters. 

Property Value 
Pipe diameter (mm) 76 

Internal friction angle (degrees) To be tested 
Cohesive strength (Pa) To be tested 

Soil density (kg·m−3) 1560 
Horizontal displacement (mm) 760 (10 times the pipe diameter) 

Initial embedment 0.1D, 0.2D, and 0.3D 

3. Numerical Method 
3.1. CEL Theoretical Approach 

The lateral displacement of pipes can cause soil extrusion, which poses challenges for 
numerical calculations due to material deformation and grid distortion. In order to avoid 
computational failures caused by conventional methods, this study employed the coupled 
Eulerian–Lagrangian (CEL) method to address the issue of large deformations in pipe–
soil interaction. The CEL method utilizes the Eulerian description of solid mechanics prob-
lems. The following are the principles underlying the CEL method. 

The Lagrangian formulation was employed to describe the conservation equations 
for mass, momentum, and energy, which could be expressed as follows: 

0d
dt
ρ ρ ν+ ∇ ⋅ =  (1) 

d
dt

ρ ρ= ∇ ⋅ +ν σ b  (2) 

:Ide
dt

= σ ε  (3) 

Figure 5. Lateral pipe–soil interaction testing system.

Table 1. Experiment parameters.

Property Value

Pipe diameter (mm) 76
Internal friction angle (degrees) To be tested

Cohesive strength (Pa) To be tested
Soil density (kg·m−3) 1560

Horizontal displacement (mm) 760 (10 times the pipe diameter)
Initial embedment 0.1D, 0.2D, and 0.3D

3. Numerical Method
3.1. CEL Theoretical Approach

The lateral displacement of pipes can cause soil extrusion, which poses challenges for
numerical calculations due to material deformation and grid distortion. In order to avoid
computational failures caused by conventional methods, this study employed the coupled
Eulerian–Lagrangian (CEL) method to address the issue of large deformations in pipe–soil
interaction. The CEL method utilizes the Eulerian description of solid mechanics problems.
The following are the principles underlying the CEL method.

The Lagrangian formulation was employed to describe the conservation equations for
mass, momentum, and energy, which could be expressed as follows:

dρ

dt
+ ρ∇·ν = 0 (1)

ρ
dν
dt

= ∇·σ+ ρb (2)

deI
dt

= σ :
.
ε (3)

dψ(x, t)
dt

=
∂ψ(x, t)

∂t
+ ν·(∇ψ(x, t)) (4)

In these equations, ρ represents the material density, ν represents the material particle
velocity, σ represents the Cauchy stress, b represents body forces, eI represents the specific
internal energy per unit volume,

.
ε represents the rate of strain, “:” denotes the double con-

traction of tensors, ∇ represents the gradient operator, and ∇·ν represents the divergence
of the velocity vector.ψ(x, t) represents the field function.

The Lagrangian control equations were converted into Eulerian-form control equations:

∂ρ

∂t
+∇·(ρν) = 0 (5)
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∂ρν

∂t
= ∇·(ρν⊗ ν) = ∇·σ+ ρb (6)

∂eI
∂t

+∇·(eIν) = σ :
.
ε (7)

∂ψ

∂t
+∇·ψ(ψ, ν, x, t) = S (8)

Among them, the termψ represents the flux function accounting for convective effects,
and S represents the source term.

In the CEL method, the equation mentioned above was decomposed into two sep-
arate equations, and these two equations were solved sequentially in each numerical
iteration step.

∂ψ

∂t
= S (9)

∂ψ

∂t
+∇·ψ(ψ, ν, x, t) = 0 (10)

Using an explicit time integration scheme, the velocity and displacement solutions of
the physical problem were computed and updated using the central difference method.

νn+1/2 = νn−1/2 + ∆tM−1
{

Fn
external −

∫
BT¯
σdΩ

}
(11)

xn+1 = xn + ∆tνn+1/2 (12)

In these equations, M represents the mass diagonal matrix, Fn
external represents the

external force vector, B represents the strain matrix, σ represents the average stress within
the element, n represents the nth time increment step, Ω represents the computational
domain, and ∆t represents the duration of the nth time increment step.

3.2. Modeling Criteria

a. Constitutive Model

The Mohr–Coulomb model was employed to the constitutive relationship for the soil
in this study. The soil domain and air domain were discretized using Eulerian elements,
while the pipe model was represented using Lagrangian elements. The structure mesh
and fluid mesh were coupled using the CEL contact algorithm to enable the numerical
simulation of large lateral displacements in the pipe–soil system.

b. Pipe–Soil Interaction

This approach was based on the time-domain dynamic analysis method to investigate
the pipe–soil interaction. In order to prevent the settlement of the soil under its own
weight and ensure the relative stability of the soil properties, the loading was applied
through internal forces between the soil layers. This loading method allowed the forma-
tion of an initial stress field in the soil that satisfied the given conditions and achieved
stress equilibrium.

c. Modeling Dimension Verification

Considering the influence of the grid scale on computational results, it is necessary to
investigate the sensitivity of the grid size in the soil–pipe interaction region. Taking the
self-weight settlement of the pipeline as a case study, this research analyzed the temporal
variation curve of the soil–pipe interaction force and compared the effects of different grid
sizes on the unit length of soil reaction. Three scenarios were selected for calculation: a
large grid (8 mm), a medium grid (5 mm), and a small grid (3 mm). The results indicate that
the soil–pipe interaction forces converged and exhibited relatively consistent mean values
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in all three scenarios, as per Figure 6. However, the large grid (8 mm) showed significant
fluctuations during the stable phase, while the medium and small grids exhibited smoother
variations. The computational cost of the small grid was approximately 4.5 times higher
than that of the medium grid. Therefore, to obtain accurate results with a relatively small
computational workload, it is recommended to set the soil grid size to 5 mm and gradually
transition towards the surrounding boundaries.
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4. Results and Discussion
4.1. The Results of the Soil Shear Strength Test

The force readings of the measuring ring under different normal pressures are shown
in Table 2, and the shear strength and vertical pressure relationship curve is shown in
Figure 7, which identified the friction angle and cohesive force of the soil sample.

Table 2. Shear strength experimental data.

No. Normal Pressure
(kPa)

Load Coefficient
(kPa·mm−1)

Load Measurement
(mm)

Shear Pressure
(kPa)

1 100 1.572 34.72 54.58
2 150 1.558 70.69 110.13
3 200 1.572 83.18 130.76
4 250 1.585 98.69 156.42
5 300 1.585 122.29 193.83
6 350 1.558 141.50 220.46
7 400 1.558 166.90 260.03
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The experimental data were fitted using the linear fitting method. The intercept of the
curve at the y-axis for the lateral displacement of the pipeline at different depths was found
to be 0.158, with a slope of k = 0.6429. The cohesive force was found to be 0.158 kPa, and
the internal friction angle was found to be 32.75◦.

4.2. Pipe-Soil Interaction Experiment Results

(1) Experimental phenomena:

Based on the analysis of experimental observations shown in Figure 8, the following
conclusions can be drawn. At the initial settlement position, the pipeline maintained its
position stability under the influence of soil resistance (Figure 8a). Under lateral displace-
ment, the soil resistance increased with the rise of the soil bulging height. With small
displacements (Figure 8b), the soil resistance exhibited a typical softening response. The
soil bulged around the pipeline, leading to soil damage, uplift, and accumulation on the
movement side, resulting in an increase in the soil height.
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Figure 8. Soil failure at lateral displacements in the 3D initial embedment.

As the lateral displacement increased (Figure 8c), the accumulation of the soil ex-
panded the failure range, enhancing the resistance to the lateral displacement of the
simulated pipeline. When the lateral displacement further increased (Figure 8d), the
accumulated soil on top of the pipeline could not be sustained, leading to detachment. The
degree of detachment was dependent on the cohesive strength of the soil layer.

(2) Experimental data

Figure 9 shows the curve of lateral soil resistance measured during the experiment for
a 76-mm-diameter pipeline at different initial depths and horizontal displacements.

From the analysis of the collected experimental data, it could be observed that, at
a fixed burial depth, during the initial stage where the lateral displacement was within
the range of 0.5D, the lateral soil resistance rapidly increased and gradually increased
with the increase in the horizontal displacement of the pipeline. This is because, during
the initial stage, the pipeline remained within the range of the in-place stability capacity.
However, when the displacement exceeded 0.5D, the pipeline transitioned into a phase of
overall large deformation. As the lateral displacement of the pipeline increased, the front
soil sample gradually bulged, causing the soil resistance to increase gradually with the
displacement as the pipeline moves laterally. This increase in the soil resistance was closely
related to the gradual rise in the height of the front soil.
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Based on the analysis of the experimental results from pipelines with different initial
burial depths, it could be observed that, as the initial settlement depth of the pipeline
increased, the rate of increase in the soil resistance during the pipeline initiation stage was
higher, and the final lateral soil resistance at 10D displacement was also greater. The soil
resistance values obtained from the experiments are shown in Table 3, and the peak soil
resistance between adjacent test conditions decreased.

Table 3. Soil resistance measured via tests.

No. Initial Embedment Soil Resistance/N Difference/N

1 0.1D 160.38 ——
2 0.2D 252.69 92.30
3 0.3D 315.77 63.07

In order to obtain a more accurate numerical simulation method for the interaction
between pipes and the soil, this study employed the CEL method to numerically simulate
the resistance of pipe–soil interaction. The simulation was conducted using an initial burial
depth of 0.5D as an example. The deformation of the soil is presented in Figure 10. The
results indicate that, at a lateral displacement of 0.5D (Figure 10a), there was a noticeable
uplift of the soil, with a significant increase in height compared to its initial horizontal
position. When the displacement reached 2D (Figure 10b), the height of the soil was
approximately equal to the pipe diameter. As the displacement gradually increased to 4D
(Figure 10c), the soil continued to accumulate above the pipe, and the horizontal width
of the uplifted soil also increased, consistent with the experimental observations. When
the lateral displacement reached 7D (Figure 10d), the accumulated soil above the pipe
underwent failure, resulting in soil detachment towards the opposite movement side.
Subsequently, the soil’s interaction force reached a stable state.
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Figure 10. Soil failure with lateral displacement in 0.5D via a numerical simulation.

Figure 11 presents schematic diagrams of the lateral and axial pipe–soil interaction
at a lateral displacement of 7D in the model experiments. From the figure, it can be
observed that the height of the soil bulging in the direction of the pipeline displacement
gradually increased with the increase in lateral displacement. The height of the soil bulging
approached approximately 1.5 times the diameter of the pipeline. As shown in Figure 11a,
the distribution of the soil bulging height along the length direction was not uniformly
consistent, which was attributed to the initial non-uniformity of the soil layer height in the
experimental setup. During the model experiments, soil detachment began to occur at the
7D position (Figure 11b), which was consistent with the numerical simulation results and
the observed phenomenon.
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Figure 12 illustrates the soil resistance curves at different burial depths, based on the
CEL method. The results show that the ultimate soil resistance increased in a sequential
manner with the increase in burial depth. The numerical simulation results demonstrate
that, within the lateral displacement range of the initial 0.5D, the soil resistance increased
sharply. In the initial stage, the pipeline was positioned within the trench, and under
external forces, it was required to overcome the lateral soil resistance, resulting in lateral
displacement. Therefore, the soil resistance rapidly increased from zero, reaching its peak
growth rate within approximately 0.2D. As the lateral displacement continued to increase,
the soil resistance force continued to rise, but at a diminishing growth rate.
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Figure 12. Lateral soil resistance curve of the simulation.

For the conditions of 0D, 0.1D, 0.2D, 0.3D, and 0.4D, the soil resistance continued to
increase with the displacement, and it exhibits an upward trend even at the 10D position.
Under the 0.5D condition, a distinct phase of cyclically stable soil resistance was observed.
This is because only under the 0.5D condition did the soil reach the critical state of soil
detachment failure. A comparison between the calculated soil resistance results based
on the CEL method and the experimental data is shown in Figure 13. It is evident that
the experimental soil resistance values are higher than the numerical simulation results.
Table 4 presents the corresponding numerical calculation results of the simulation and
experimental data, indicating a discrepancy that decreased with increasing burial depth,
reaching approximately 10%. This difference was attributed to the influence of frictional
resistance in the sliding device mechanism, which decreased in proportion as the burial
depth increased. The computational results demonstrate that the proposed CEL method in
this study achieves good accuracy in predicting pipe–soil interaction forces and effectively
addresses the issue of distorted finite element meshes, thereby accurately representing the
deformation and flow characteristics of the soil.
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Figure 13. Comparison between the simulation of and experiment on soil resistance.
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Table 4. Difference between the simulation of and experiment on soil resistance.

No. Initial Embedment Numerical
Simulation/N Tests/N Difference/N

1 0.1D 138 160.38 13.9%
2 0.2D 231 252.69 8.6%
3 0.3D 289 315.77 8.5%

5. Conclusions

This study designed and conducted enhanced experimental tests on the mechanical
interaction between reinforced flexible pipes and sandy soil. The magnitudes of the soil
resistance acting on the pipes were measured for both exposure and different burial depths.
A simulation method for lateral soil resistance based on the CEL method was developed.
The conclusions are as follows:

(1) Within the lateral displacement range of 0.5D, the lateral soil resistance increases
rapidly. As the lateral displacement of the pipe increases, the soil climbs along the
circumferential direction of the pipe, increasing the load-bearing capacity of the pipe
and the accumulated soil resistance. The accumulation of soil leads to a larger range
of soil failure.

(2) With an increase in the burial depth, the ultimate soil resistance exhibits an increasing
sequence, and the final uplifted height of the soil reaches a critical state. A larger
initial burial depth allows for a quicker attainment of the critical soil resistance state.
The differences in the final soil resistance among different burial depths decrease
gradually, and this conclusion was validated through data calculations.

(3) The CEL method successfully addresses the issue of grid distortion caused by soil
deformation and effectively simulates the pipe–soil interaction forces under large
lateral displacements. The results of the simulation align well with the experimental
findings, demonstrating the effectiveness of this method from both qualitative and
quantitative perspectives.
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