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Abstract. Oil and gas pipelines, as vital arteries for energy transportation, play a crucial role in
ensuring the supply of energy. However, under harsh geological conditions and external forces,
the pipeline's anti-corrosion layer is susceptible to damage, particularly the destruction caused by
external forces such as rockfall. This study focuses on the performance of a new type of
anti-corrosion material-Fiber Reinforced Polymer (FRP) coating-under rockfall scratch, and
compares it with Polyethylene (3PE) coating. By establishing a three-dimensional finite element
model of the pipeline and rockfall, the study simulates the scratch process of rockfall on FRP and
3PE coated pipelines, analyzing the impact of various parameters on the coating damage. The
results indicate that the FRP coating has a significant advantage in resisting rockfall damage,
effectively dispersing and absorbing the impact force, thereby reducing damage. Moreover,
parameters such as rockfall moving velocity, angle, penetration depth, and coating thickness
significantly affect the degree of damage to the FRP coating. This research provides theoretical
basis and technical support for the protection of oil and gas pipelines, which is of great importance
for enhancing the safety and reliability of pipelines.
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1. Introduction

In the field of oil and gas pipeline research, China has become the world's third-largest pipeline
nation and has developed a pipeline technology system adapted to the characteristics of China’s
oil and gas [1]. The expanding economy and energy demands are projected to increase the pipeline
network to 210,000 km by 2025, necessitating advanced anti-corrosion materials, especially in
challenging areas where traditional coatings fail. Jing H et al. emphasized the importance of
coating treatment in pipeline corrosion protection [2], while Islam identified safety risks, including
corrosion, and proposed protective measures such as improving material quality and
anti-corrosion strategies [3]. Wen’s research on P110 steel in a CO»-rich environment used SEM
and electrochemical methods to study corrosion, crucial for developing anti-corrosion strategies
[4].

Rockfall is a significant geological hazard to buried pipelines, causing severe damage and
affecting safe operation [5, 6]. Simulations using finite element software analyzed the mechanical
changes of pipelines under rockfall impacts, varying parameters like impact speed, wall thickness,
and burial depth [7]. The results indicated that stress, strain, and indentation velocity peak increase
with rockfall speed and decrease with wall thickness and burial depth, providing technical support
for pipeline protection under complex geological conditions [8].
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Aghajani discussed detection and repair techniques for pipeline corrosion, offering a scientific
basis for maintenance [9]. FRP materials are expected to innovate and expand in applications,
particularly in new energy, 5G communication, and biomedicine, with high-performance thin
films, conductive coatings, and biocompatible materials seeing greater development [10]. Given
rockfall’s threat to pipelines and FRP coatings’ potential advantages, research on rockfall scratch
to FRP-coated pipelines is essential [10]. Finite element simulation can simulate rockfall scratch
on FRP and PE-coated pipelines, analyzing parameter impacts on coating damage, providing a
theoretical basis for pipeline protection and optimizing design for enhanced damage resistance,
reducing accidents, and ensuring energy and environmental security [11]. This study aims to
analyze FRP coating performance under rockfall scratch compared to 3PE coatings, offering new
solutions and technical guidance for pipeline protection.

2. Materials and methods
2.1. Problem statement

Before proceeding with finite element simulation analysis, it is essential to establish the
geometric model of the pipeline. The pipeline consists of an anti-corrosion coating and a steel
pipe, with the steel pipe having a radius of 762 mm and a thickness of 17.5 mm. The anti-corrosion
layer is made of either epoxy resin glass fiber or polyethylene material, with a thickness of 3 mm.
The rockfall is simplified into a conical shape, which slides over the pipeline at a specific angle
and velocity.

Once the model is established, meshing is carried out as shown in Fig. 1. Meshing is a crucial
step in finite element analysis, directly affecting the accuracy and efficiency of the calculations.
A mesh size of 20 mm and tetrahedral element types are selected for meshing the model.
Considering the potential stress concentration areas that may exist during the impact process, local
mesh refinement is performed in the area where the steel pipe and the anti-corrosion layer meet to
enhance computational accuracy.

Define the properties of various materials. This includes the density, Young’s modulus,
Poisson's ratio, and tensile yield strength of structural steel, polyethylene (3PE), epoxy resin glass
fiber (FRP), and granite. These parameters are of paramount importance for the accuracy of the
simulation results, as shown in Table 1.

Fig. 1. Finite element mesh of the model

The area where the falling rock comes into contact with the pipe can be compared to the contact
between a conical punch and an elastic half-space. The radius of the contact circle and the vertical
displacement (settlement) of the punch can be estimated using the following formula:

P(1 - Pr(1 —
utanoz, §= H(Tv)cota, ()
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where a is the radius of the contact circle, § is the vertical displacement of the punch, « is the
apex angle, P is the contact pressure, v is the Poisson’s ratio, and G is the shear modulus of
elasticity.

Table 1. Material properties

Material Density Young’s modulus Poisson’s Tensile yield strength
(kg/m3) (GPa) ratio (MPa)
Structural steel 7850 200 0.3 250
Polyethylene (3PE) 950 1.1 0.42 25
. 45(X 0.3(XY 1100
Epoxy resin glass fiber 2000 ) OEYg 0. 4((ng 35
(FRP) 10(2) 0.3(X2) 35
Granite 3000 34 0.23 -

2.2. Numerical results

To analyze the anti-corrosion protection effects of glass fiber material and polyethylene
material on pipelines, a scratch test was conducted on pipelines covered with anti-corrosion layers
at a speed of 5 m/s. Both anti-corrosion layer materials have a thickness of 3 mm, with all other
conditions being identical. The stress of both 3PEand FRP anti-corrosion layer under scratch
results are shown in Figs. 2-3.

a) Equivalent stress b) The first principal stress
Fig. 2. Stress of 3PE anti-corrosion layer under scratch

a) Equivalent stress b) The first principal stress
Fig. 3. Stress of FRP anti-corrosion layer under scratch

From the simulation results, we can see that when the 3PE material is scratched by a falling
rock, its equivalent stress reaches 69.14 MPa, which is a relatively high value, indicating that
under the impact of the falling rock, the 3PE material undergoes significant stress. At the same
time, the maximum principal stress is 29.09 MPa, and the minimum principal stress is 90.9 MPa.
This uneven distribution of stress may lead to local damage to the material, thereby losing its
protective function for the internal pipeline. This kind of damage may be due to the insufficient
ductility of the 3PE material, which cannot effectively disperse the impact force in areas of high
stress concentration.

In comparison, the equivalent stress of the FRP material when scratched by a falling rock is
59.69 MPa, which is lower than that of the 3PE material, showing better impact resistance. The

'VIBROENGINEERING PROCEDIA. MAY 2025, VOLUME 58 55



RESEARCH ON ROCKFALL SCRATCH DAMAGE OF FRP-COATED OIL AND GAS PIPELINES BASED ON FINITE ELEMENT METHOD.
YUE ZU, XU ZHANG, JIUFA LI1U, YUNCHAO ZHANG, YIXUAN ZHANG, ZHENFA JIA, JINGJING YU, JIACHENG ZHAO, ZHIGANG PEI, ET AL.

maximum principal stress of the FRP material is 60.45 MPa, and the minimum principal stress is
75.77 MPa. This more uniform stress distribution helps the material maintain its integrity when
impacted. The simulation results show that the FRP layer did not suffer damage under the impact
of falling rocks and was able to effectively deflect the rocks, with internal stress quickly dropping
to a low level, indicating that the FRP material is significantly superior to the 3PE material in
terms of resistance to rock impact damage.

In practical applications, this means that when designing oil and gas pipelines, if the possibility
of external impacts such as falling rocks is considered, choosing FRP material as the anti-corrosion
layer is a more reliable option. The characteristics of the FRP material make it more valuable in
high-risk areas, such as mountainous regions and slopes prone to rockfalls. Therefore, we will
only study the FRP material in the future.

3. Results and analysis

In order to more intuitively observe the degree of pipeline damage risk, the following danger
factor coefficients is defined:

n= Co-max/O-OJ (2)

where n is the danger factor, oy,,,4 is the maximal equivalent stress of the pipeline. Safety factor
is taken as ¢ = 1.25, and yield stress of the material is 6, = 520 MPa.

The magnitude of the rock moving velocity is related to the material's dissipation capability.
To investigate the extent of the moving velocity on the deformation of the pipeline, numerical
simulations are conducted with different values of rock velocity. The values taken for rock
velocities are: 10 m/s, 15 m/s, 20 m/s, 25 m/s and 30 m/s. The results of the numerical simulations
are shown in Fig. 4.

Investigating pipeline coating damage from falling rocks reveals a complex relationship
between rock velocity and coating damage. Data analysis shows that while increasing rock
velocity enhances impact force, the equivalent stress and danger factor paradoxically decrease.
Specifically, as rock velocity rises from 10 m/s to 30 m/s, equivalent stress drops from 485.75 MPa
to 369 MPa, and danger factor fall from 1.167668 to 0.887019. This suggests that the coating
material disperses and absorbs impact more effectively at higher velocities, reducing damage.
Additionally, at 20 m/s and 25 m/s, equivalent stress and danger factor are similar, suggesting a
stabilization in coating damage behavior within this velocity range.

Since epoxy resin glass fiber is an anisotropic material, the angle between the direction of
falling rock velocity and the damage strength is different. To study the extent of the impact of
falling rock velocity on the layer angle, numerical simulations are conducted with different values
of the angle. The angles taken are the angles between the falling rock velocity and the X-axis, with
values of 0°, 15°, 30°, 45°, 60°, 75°, and 90°. The results of the numerical simulations are shown
in Fig. 5.
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Fig. 4. Variations of danger factor with rock impact velocity
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Analyzing the effect of rock impact angles on pipeline coatings, it's evident that damage
patterns are not linear. At a 0-degree impact, the coating endures peak stress (485.75 MPa) and
danger factor (1.167668). This reduces at a 15-degree angle to 351.61 MPa and 0.845216,
respectively. However, at 30 degrees, there’s an increase to 465.58 MPa and 1.119183. The
coating sustains the most severe damage at a 45-degree impact, with peak values of 729.83 MPa
and 1.754399. From 60 to 75 degrees, equivalent stress and danger factor decrease to 424.66 MPa
and 1.020817, and 472.56 MPa and 1.135962, respectively. At a 90-degree impact, equivalent
stress is 641.4 MPa and the danger factor is 1.541827, indicating significant but less severe
damage than at 45 degrees.

To study the extent of the impact of the depth of rock impact on the coating damage, numerical
simulations are conducted with different values of impact depth. The impact depth is set to 1 mm,
and the coating thickness values are taken as: 1 mm, 2 mm, 3 mm, 4 mm, 5 mm, 6 mm. The results
of the numerical simulations are shown in Fig. 6.

In the study of the damage to pipeline coatings caused by falling rocks, it has been observed
that there is a significant relationship between the thickness of the coating and the damage to the
coating when the depth of the scratch is 1 mm. By analyzing the data provided in the figures, we
can observe that as the thickness of the coating increases, the equivalent stress and danger factor
show a certain trend of change.

Specifically, when the thickness of the coating increases from 1 mm to 6 mm, the equivalent
stress decreases from 306.53 MPa to 203.03 MPa, while the danger factor decreases from
0.736851 to 0.488053. This indicates that as the thickness of the coating increases, the degree of
damage to the coating is reduced. The decrease in equivalent stress and danger factor suggests that
a thicker coating can more effectively disperse and absorb the impact force of the falling rock,
thereby reducing the damage to the coating.
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4. Conclusions

This study comprehensively examines the effects of rockfall on oil and gas pipelines,
comparing fiber-reinforced polymer (FRP) and polyethylene (3PE) materials through theoretical
and numerical analysis. It highlights FRP's superior resistance to rockfall scratch and analyzes
how parameters like rockfall velocity, angle, scratch depth, and coating thickness affect pipeline
integrity, offering a theoretical and technical foundation for pipeline design and maintenance.

Parametric analysis of rockfall impact on FRP-coated pipelines revealed significant
relationships between rockfall velocity and coating damage. Equivalent stress and danger factor
change with increasing velocity, stabilizing at 20-25 m/s. The angle of rockfall also significantly
affects damage, with maximum equivalent stress and hazard at 45 degrees. Thicker coatings were
found to reduce equivalent stress and hazard, suggesting their effectiveness in mitigating rockfall
impacts.

The study’s findings are crucial for predicting rockfall impacts on pipeline coatings and
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guiding pipeline design and maintenance. It recommends prioritizing FRP for anti-corrosion
layers in oil and gas pipelines and tailoring coating thickness and structure in high-risk areas to
enhance pipeline safety and reliability.
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