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Abstract: Corrosion is accountable for numerous malfunctions and leakages in gas pipelines. In instances of
external corrosion, due to the internal pressure within the pipes, stress concentrations can occur around the
corroded areas. These, in the presence of cavities or cracks resulting from corrosion, may amplify the risk of
pipeline failure. Consequently, as the wall thickness diminishes due to corrosion, the pipeline’s ability to
withstand internal pressure declines. In the case of corrosion, the pressure at which a corroded pipe might
collapse is significantly lower than that of an uncorroded one. Finite element modeling of corroded pipes with
a defect is conducted using the Abaqus software, taking into account the mechanical effects of internal pressure
on the gas pipeline structure. Abaqus facilitates the simulation of internal pressure and predicts the behavior
of the pipe under pressure conditions.
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1. Introduction

Gases are valuable resources that currently drive over 50% of the world's energy [1, 2]. Natural gas is
transported from one place to another through pipelines. Steel is the most commonly used material for pipelines
that transport natural gas, and it is highly susceptible to corrosion [3].

When a pipeline is affected by corrosion, it loses its essential properties and mechanical strength [4]. This
can lead to malfunctions, endangering lives and the environment, as well as incurring costly damages [5].
Corrosion poses a significant challenge to the integrity and safety of pipelines, especially aboveground ones
exposed to environmental conditions. As pipelines corrode, they can weaken and become more susceptible to
failure under internal pressure.

Corrosion is a natural chemical process as the surrounding environment causes the deterioration and
destruction of pipe materials. Pipeline corrosion becomes a tangible problem as changes in the environment,
climate, and aging infrastructure dramatically affect corrosion rates. Corrosion is undoubtedly a growing
concern in the gas industry.

External corrosion [2] occurs due to environmental conditions on the outer surface of the steel pipe, which
can cause an electrochemical interaction between the exterior of the pipe, and the surrounding air or water.
Galvanic and atmospheric corrosion are common types of external corrosion. The corrosion cell is powered
by the continuous supply of water and oxygen from external sources. The primary area where external
corrosion is found is in places with paint application.
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Maintaining the integrity of aboveground pipelines is essential to prevent accidents and ensure the safe
transport of gases or other substances [6, 7]. Regular monitoring and timely intervention can extend the lifespan
of the pipeline and reduce risks.

Thus, significant effort has been made in recent years to study the behavior of metal loss defects in
corroded pipelines under static internal pressure, using experimental, numerical, and theoretical methods.
According to DNV RP F101[8], actual corrosion defects can be divided into three types, namely singular
defect, interacting defect, and complex shape defect. A singular defect is one that does not interact with a
neighboring defect; an interacting defect is one that interacts with neighboring defects in an axial or
circumferential direction; a complex shape defect is a defect resulting from the combination of colonies of
interacting defects, or a singular defect for which a profile is available. The failure behavior of a colony of
spatially close defects is much more complex than the failure behavior of an isolated defect.

2. Finite element modeling of corroded pipes
2.1. Finite Element Model

The development and validation of new assessment methods for pipelines with corrosion defects have
relied on both laboratory test results and FE analyses since the early 1990s [7]. Guidelines for the FE analysis
of corroded pipelines are available in recognized standards such as BS 7910 (Annex G).

FE analyses are performed using the ABAQUS software [9]. A rate-independent plasticity model is
adopted using the von Mises yield criterion [10]. Pressure is applied to the inner surfaces of the model. Since
the finite element formulation used in this work is based on continuum mechanics, it is not possible to simulate
the development of discontinuities in the material. For this reason, it is necessary to define a criterion for
detecting the failure pressure level of the corroded pipeline. The failure criterion known as the "tensile stress
criterion” is adopted [7, 11], according to which failure is attained when the von Mises stress around the defect
exceeds the ultimate tensile strength of the pipeline steel.

2.2. Validation of the Finite Element Model

The finite element method is a powerful numerical tool that can be used to study the failure behavior of
corrosion defects. The ability to use FEM to perform parametric studies by varying geometric data also allows
the development of new corrosion assessment guidelines. However, as [12, 13] have mentioned, due to the
sheer complexity generated by real-life corrosion problems, the accuracy of the results obtained using FEM
heavily depends on the model characteristics, material behavior, and boundary conditions of the model. Since
simulating pitting can take hours or even days to yield results, an efficient FEM must be simulated to save time
and increase research productivity [14, 15, 16].

There are numerous papers utilizing FEM to investigate the behavior of steel pipelines at corrosion
defects. Despite this, only a few have considered combined loads. This paper describes a detailed FEM to
simulate the failure behavior of a single corroded pipe subjected to internal pressure.

2.3. Model Data

A tubular pipeline of 2 m length made of APl 5L X65 steel is considered. The material properties
according to the Johnson-Cook criterion are A=500, B=927, n=0.34257, m=1, Mt=0 (Melting temperature),
Tt=0 (Transition temperature), C=0.032604, ¢'=0. An elasticity modulus E=210,000 MPa and Poisson's
coefficient v=0.3 are used. This specimen has an outer diameter D and the same wall thickness t, namely 168.3
mm and, respectively, 4.5 mm. The defect has dimensions where L, a, w represent the corrosion length, depth,
and respectively, the width of a single defect according to figure 1.

The depth of the defect is 3.82 mm (considered 85% of the pipeline thickness).
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1450 mm

Figure 1. Dimensions of the Model

The internal pressure is 6 bars, as shown in Figure 2.

Figure 2. The internal pressure
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It is assumed that the pipeline is fixed at both ends, resulting in the stress states depicted in Figures 3 and 4.
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Figure 3. Von Mises Stress State for the 50x50x3.82mm Defect (MPa/mm)
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Figure 4 VVon Mises Stress State for the 100x100x3.82mm Defect, transverse (MPa/mm)

Both models, sharing the same parameters and boundary conditions, were developed to determine the von
Mises stress in a pipe with a single corrosion defect under internal pressure. The similarity in results validates
the consistency and reliability of the finite element method (FEM) in modeling such problems.
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The failure criterion, based on the von Mises stress exceeding the actual tensile strength, has been validated
through comparative analysis. In both cases, the von Mises stress state was found to be below the fracture limit
of X65 steel (cr=537.4 MPa), indicating that the model aligns with theoretical and experimental expectations.

A detailed analysis of figure 5. reveals the presence of stress concentration zones, a phenomenon that can
contribute to the initiation and propagation of cracks, potentially leading to pipe failure. The increased surface
area of the corrosion defect is a significant contributing factor to this stress concentration.
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Figure 5. Von Mises Stress State for the 100x100x3.82mm Defect, longitudinal (MPa/mm)
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A more extensive corrosion, even with the same depth, can lead to a more unfavorable stress distribution
around the defect's perimeter. This can increase the risk of crack initiation and reduce the pipe's resistance to
internal pressure.

The size of the corrosion can influence the Stress Concentration Factor (SCF). A larger corroded area
may generate a higher SCF, thereby increasing local stresses and facilitating crack propagation.

According to fracture mechanics theory, once a crack has initiated, its size can influence the rate of
propagation and the risk of rupture. More extensive corrosion can thus facilitate faster crack propagation and
reduce the time to failure.

Pipes with larger corrosion defects will have a more significant reduction in the effective cross-sectional
area, leading to a decrease in residual strength and the ability to withstand external loads and internal pressure.

In practice, these considerations suggest that assessing both the size and depth of corrosion is essential
for determining the degree of pipe degradation and the need for intervention or replacement.

3. Conclusions

The conclusions drawn from this study underscore the importance of monitoring and assessing the
integrity of pipes, especially in the presence of corrosion defects. However, it is essential to acknowledge and
further explore the inherent limitations of modeling and to consider the variability of real conditions and the
complexity of the involved phenomena.

Based on the obtained results and identified limitations, it is recommended to develop more advanced and
diversified models, explore different types of defects and loading conditions, and conduct complementary
experimental studies for the continuous validation and improvement of pipe integrity analysis methodologies.

The current study provides a solid foundation for understanding the behavior of pipes with corrosion
defects under internal pressure, validating the applicability of the finite element method (FEM) and identifying
risk zones for crack initiation. Nonetheless, it is imperative for future research to address the limitations and
continue the development of strategies for monitoring and preventing failures in pipeline systems.
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