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ABSTRACT 

Buried pipelines face significant challenges from external corrosion, particularly stress corrosion. This 

localized form of degradation is driven by the influence of mechanical stresses, soil environments, and 

electrochemical reactions. This study developed a Three-Dimensional (3D) Finite Element (FE) model to 

analyze the Mechano-Electrochemical (M-E) effects on corroded pipelines. Understanding the effects of M-

E interaction in corrosion processes is crucial for ensuring the integrity and longevity of these pipelines. 

The study presents a 3D FE simulation using COMSOL Multiphysics software to investigate the M-E 

effect on corrosion defects by simulating the stress corrosion behavior of X46 buried steel pipeline. The 

results reveal that increasing longitudinal tensile strain and corrosion defect depth lead to localized stress 

enhancements on the pipe wall. While tensile strain leads to an increase in the overall stress level, deeper 

corrosion defects concentrate stress at the defect center. 

Keywords-mechano-electrochemical; 3D FE model; stress corrosion; buried pipelines; corrosion defects 

I. INTRODUCTION  

Despite the high structural integrity of current pipelines, 
they experience various types of corrosion due to the harsh 
operating environment [1-3]. Pipeline corrosion can cause wall 

thinning, perforations, or rupture, increasing the risk of fires, 
explosions, and compromising human safety and infrastructure 
integrity. Furthermore, leakage of hydrocarbons can severely 
contaminate soil and water, damaging ecosystems and 
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compromising biodiversity [4-6]. Approximately 40% of the 
documented pipeline incidents and failures worldwide are 
directly attributed to corrosion-related damage [2]. Buried oil 
and gas pipelines are particularly vulnerable to corrosion due to 
prolonged exposure to aggressive soil environments, 
groundwater, microbial activity, and fluctuating operating 
conditions [7, 8]. External corrosion not only endangers human 
life and the environment but also results in substantial 
economic losses and disruption of energy supply. Therefore, 
accurate identification and prediction of external corrosion are 
significant for ensuring the integrity of buried oil and gas 
pipeline systems. 

For buried oil and gas pipelines, stress corrosion is a crucial 
issue [9], with documented cases across major producing 
nations including the United States, Canada, Russia, Australia, 
Saudi Arabia, and Iran. The complexity of stress corrosion in 
pipelines stems from its dependence on multiple interacting 
factors. Steel pipelines are subjected to complex stress and 
strain conditions, including hoop stress from operating pressure 
and soil stress from ground movement [10]. The complex 
interplay between mechanical stresses and electrochemical 
reactions at corrosion defect sites creates a synergistic effect, 
known as the M-E effect [11, 12]. The M-E effect plays a 
substantial role in stress corrosion by accelerating 
electrochemical reactions under mechanical action [13, 14]. 
Authors in [11, 15-18] investigated the M-E effect in corroded 
pipe defects under near-neutral pH bicarbonate (NS4) solution. 
Their findings demonstrate the significant influence of the 
tensile stress and corrosion depth on the M-E effect at the 
defect site. 

Authors in [19, 20] developed an FE model incorporating 
the M-E effect to analyze the growth of corrosion defects on 
X100 pipeline steel. Their findings revealed distinct growth 
rates across defect dimensions, with depth progression 
occurring most rapidly, followed by length and width 
extension. Similarly, authors in [21] designed a 3D FE model 
to examine the M-E effect, indicating stress concentration at 
the defect center with increasing strain and corrosion depth. 
Authors in [22] applied the FE method to simulate corrosion 
pits using the M-E effect, demonstrating interaction between 
stress concentration and pit depth. Previous studies have mostly 
applied simple 2D models, which fail to analyze the intricacies 
of stress corrosion, and 3D models with a single corrosion 
defect. Therefore, the present study developed a 3D FE model 
to examine the M-E effect at two external corrosion defects. 
The model employs computational methodologies, including 
the advancement of complex boundary conditions, high-quality 
mesh generation, and parameter specification to achieve highly 
reliable simulation outcomes. 

II. FINITE ELEMENT MODELING 

A. Geometry Model and Boundary Conditions 

The FE model was developed using COMSOL 
Multiphysics software to simulate the complex interactions of 
mechanical stresses, electrochemical reactions, and their M-E 
effects. Corrosion defects typically exhibit irregular geometries 
during the long-term corrosion process. To standardize 
integrity assessment, the American Society of Mechanical 

Engineers (ASME) approximates these defects as ellipsoidal or 
parabolic geometries [23]. The material API 5L X46 grade 
steel pipe was selected due to its widespread use in pipeline 
networks worldwide. The defect assessment of old pipelines is 
crucial for the integrity and operational safety of pipeline 
systems. 

An elliptical shape was chosen to represent corrosion 
defects, as it more accurately reflects the typical geometry 
observed in real-world scenarios. The pipe was modeled with 
an outer diameter of 88.9 mm, a length of 1000 mm, and a wall 
thickness of 10 mm, as shown in Figure 1. In addition, a 
domain of computation (0.2 m × 0.2 m × 1 m) was developed 
to enclose the pipe model for the simulated NS4 solution. Two 
elliptical corrosion defects (100 mm length, 20 mm width, and 
varying depth) were developed on the outer surface of a pipe 
segment to model the M-E effect between defects. The defect 
depths are specified as 20%, 40%, 60%, and 80% of pipe wall 
thickness. According to ASME B31G standard [23], a 
corrosion depth reaching 80% of pipe wall thickness represents 
the critical threshold at which pipeline repair is required. The 
circumferential space between two corrosion defects is 5.96 
mm. As depicted in Figure 1, the model also includes a soil 
domain surrounding the pipeline, with a solution conductivity 
of 0.096 S/m. 

 

 

Fig. 1.  3D geometric model of steel pipe with elliptical corrosion defect 

exposed to NS4 soil solution. 

The Parallel Direct Sparse Solver (PARDISO) was selected 
for the solution, with a relative tolerance of 0.02 to achieve 
convergence in nonlinear analysis. The boundary conditions 
were defined as follows: the steel/electrolyte interface was 
treated as a free boundary, while the outer boundaries were 
assumed to be electrically insulating. The surface of the 
corrosion defect was assumed to be the active anodic electrode. 
To simulate the mechanical constraints encountered in 
operational pipelines, the left end of the pipe was fully fixed, 
while the right end was subjected to hoop stress (��) generated 
by operating pressure, as given by (1) [24]. A free tetrahedral 
mesh type was assigned to corrosion defects for mesh 
refinement, and a finer mesh was assigned for the remaining 
pipe sections. The maximum mesh sizes for the defect area and 
the remaining pipe body were 0.002 m and 0.08 m, 
respectively. A stress-based failure criterion was adopted to 
determine the onset of failure. Failure was assumed to occur 
when the maximum von Mises stress in the remaining pipe 



Engineering, Technology & Applied Science Research Vol. 16, No. 2, 2026, 34111-34117 34113  
 

www.etasr.com Sarwar et al.: Coupled 3D Mechano-Electrochemical Finite Element Modeling of Interacting Corrosion … 

 

ligament reached the true ultimate tensile strength of the pipe 
material. In addition, the von Mises yield criterion was 
employed to evaluate the multiaxial stress distribution within 
the corroded pipe region: 

�� =  ��
��      (1) 

where P is the operating pressure, D is the outer diameter of the 
pipe, and t is the pipe wall thickness. 

B. Mechanical Properties 

The pipe material was modeled using the mechanical 
properties of API 5L X46 grade carbon steel, a commonly used 
material in oil and gas pipelines. The ultimate tensile stress 
(�	
� ) of the pipe was 630 MPa at a strain of 0.1745. The 
modulus of elasticity (�) of the material was 207 GPa with a 
Poisson's ratio of 0.3. These parameters were assigned to the 
modeled pipe section. The mechanical properties of API 5L 
X46 steel pipe were determined using the nonlinear elastic-
plastic model. The yield stress (�
�) of API 5L X46 steel pipe 

was 410 MPa [16] and the plastic stress followed a nonlinear 
isotropic hardening model: 

�
���� =  ���������� − �
� =  

���� ��� + ��
� � − �
�       (2) 

where �
����  represents the hardening function, ����  is the 

experimental stress function obtained from the stress-strain 
curve of X46 steel, ���� stands for the total effective strain, �� 

represents the plastic strain of steel, and ��  is the effective 
stress. 

C. Multiphysics Field Coupled M-E Effects 

FE simulation was performed in three stages: (a) elasto-
plastic stress analysis of the steel pipeline, examining 
mechanical behavior under loading conditions, (b) 
electrochemical modeling to determine potential distribution 
and current density patterns within the electrolyte solution and 
along the steel pipe surface, and (c) coupled M-E analysis to 
investigate the interaction between mechanical stresses and 
electrochemical processes at the solution-steel interface where 
corrosion defect is presented. 

When mechanical damage or cathodic protection effects 
compromise a pipeline's anticorrosion coating, the underlying 
steel becomes exposed to corrosive solutions. This establishes a 
corrosion cell at the defect site, where the steel surface 
facilitates both anodic (iron dissolution) and cathodic 
(hydrogen evolution) reactions in near-neutral NS4 solution 
(pH 6.8), with the electrolyte completing the electron transfer 
pathway. This work assumes that only the exposed corrosion 
defect area participates actively in these electrochemical 
processes (Anodic reaction:  ! →  !�# + 2!% ; Cathodic 
reaction: &# + !% → &), while the remaining coated pipeline 
surfaces remain electrochemically inert. 

The anodic and cathodic reactions at the corrosion defect of 
the steel pipe in the NS4 solution are defined using kinetic 
equations [25]: 

'()*! +,-!. = /� = /0,� !23 �45
65

�    (3) 

7,8ℎ)*! +,-!. = /: = /0,:!23 �4;
6;

�  (4) 

<=!>3)8!(8/,. = ? =  @ − @�A   (5) 

where / is the electrode current density reaction for anodic , 
and cathodic B , /0  and C  represents the exchange current 

density and Tafel slope, @  and @�A  represent the electrode 

potential and the equilibrium electrode potential, respectively. 

The Multiphysics coupled FE simulation provides the 
theoretical foundation for this work and has been established as 
an effective approach for investigating stress corrosion 
phenomena. This computational methodology has gained 
widespread adoption in corrosion science, enabling the 
investigation of complex scenarios that would be challenging 
or impractical to replicate through physical experimentation. 
The M-E effect on corrosion defects of pipelines integrates 
mechanical and electrochemical reactions. 

Under the M-E effect, anodic and cathodic corrosion 
reactions on the electrode surface are influenced by the state of 
stress on the pipe wall and the corrosion defects. The anodic 
reaction influenced by the M-E effect was quantitatively 
measured in [12]: 

@�,�A = @�,�A0 − ∆�EFE
GH − 
I

GH ln �LM
NO

�� + 1� (6) 

where @�,�A represents the variation of the anodic equilibrium 

potential affected by the applied stress, @�,�A
0  is the standard 

equilibrium potential, ∆Q represents excess pressure (Pa) equal 
to one-third of the uniaxial tensile stress, with its elastic limit 
∆QR  calculated as one-third of the steel's yield strength. The 
key material parameters included molar volume (SR = 7.13×10-
6 m3/mol), orientation factor (υ = 0.45), and dislocation 
coefficient ( T  = 1.67×1011 cm-2). The initial density of 
dislocations before plastic deformation, U0 , is 1×108 cm-2. 
Finally, plastic strain, �� , is obtained through mechanical 

elasto-plastic simulation. 

The M-E effect on the cathodic reaction was simplified to 
the cathodic exchange current density influenced by the von 
Mises stress: 

/0,:
� = /0,: × 10 

XEYZ
[\(^_;)    (7) 

where /0,:
�  is the exchange current density of the cathodic 

reaction under applied stress, /0,:  denotes the exchange current 

density of cathodic reaction on the steel pipe in the absence of 
external stress or strain, and �a represents the von Mises stress, 
as calculated from FE simulation. 

III. RESULTS 

A. Model Validation 

Before predicting the M-E effect on corrosion defects using 
the developed FE model, the simulation results were validated 
to ensure the model accuracy and reliability. The validation 
process determines the adequacy of the model's geometry, 
loading, boundary conditions, material properties, and meshing. 
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In this study, the model was validated by comparing the 
simulation results with the theoretical calculations. The 
theoretical calculations were examined from two critical 
aspects: the mechanical stress field with first principal stress 
calculations, and the electrochemical behavior, computing the 
anodic current density. The first principal stress was calculated 
in accordance with the ASME B31.4 [24] theoretical formula 
for hoop stress and axial stress in a pressurized cylindrical pipe, 
as given by (1). In addition, the anodic current density (/�b ) of 
stressed API 5L X46 steel electrode was calculated using [12]: 

/�b = /�,c !23 �∆�FEI
 �    (8) 

where /�,c is the anodic current density of an unstressed steel. 

The key input parameters incorporated into the multiphysics 
model comprised mechanical properties of the steel (true stress-
strain curve, yield strength, and ultimate tensile strength), 
pipeline geometry (outer diameter and wall thickness), and 
electrochemical parameters governing corrosion kinetics 
(exchange current densities, equilibrium potentials, and Tafel 
slopes for both anodic and cathodic reactions).  

Table I illustrates a comparison between the FE simulation 
predictions and analytical calculations of the first principal 
stress and anodic current density for an API 5L X46 steel 
pipeline immersed in NS4 solution under varying internal 
pressures. Excellent agreement was achieved in the mechanical 
domain, with the Relative Error (RE) for the first principal 
stress remaining below 1.8%. In the electrochemical domain, 
the anodic current density exhibited a moderately higher 
maximum RE of 5.55%, which is primarily attributable to the 
simplified porosity correction applied to the dynamically 
evolving corrosion product layer on the steel surface. 
Additionally, negative REs were consistently observed at low 
internal pressure levels for both the von Mises stress and 
anodic current density, reflecting the greater sensitivity of the 
FE model to subtle pressure variations compared to the 
corresponding analytical solutions. 

TABLE I.  COMPARISON OF THEORETICAL AND 
MODELING RESULTS UNDER DIFFERENT OPERATING 

PRESSURE 

Internal pressure (MPa) 3 6 9 12 

First principal stress 

(MPa) 

Theoretical 13.34 26.67 40.01 53.34 

Simulation 13.19 26.21 39.59 53.01 

RE (%) 1.09 1.72 1.04 0.62 

Anodic current 

density (μA/cm²) 

Theoretical 3.56 3.63 3.70 3.77 

Simulation 3.65 3.69 3.51 3.56 

RE (%) -2.60 -1.75 5.05 5.53 

 
After validation, the distribution of the von Mises stress in 

the overall pipe wall for a corrosion defect with 8 mm depth 
and 0.3% tensile strain was analyzed, as shown in Figure 2. 
The results systematically examine the interplay between 
mechanical stress and electrochemical activity at the corrosion 
defect. It can be seen that the steel pipe exhibits high stress at 
corrosion defects, highlighted by a dark red color. 

B. Von Mises Stress, Corrosion Potential, and Net Current 
Density Distributions 

The distributions of corrosion potential and von Mises 
stress at the pipe corrosion defect with 8 mm fixed depth and 
various tensile strain conditions are illustrated in Figure 3. The 
von Mises stress (MPa) and corrosion potential (V and SCE) 
are also illustrated as colour legends on the right and left sides 
in Figure 3, where significantly higher stress concentration is 
observed at the defect area compared to the pipe wall at tensile 
strains of 1% and 2%. In addition, the solution potential field 
remains uniform. As the tensile strain increased to 0.4%, stress 
also increased gradually, leading to plastic deformation, as 
represented by the dark red colour at the defect area of the 
pipeline. This indicates that high tensile strain leads to a more 
negative potential and a corresponding increase in local stress.  

 

Fig. 2.  Distribution of stress in the pipe inner wall for a corrosion defect 

depth of 8 mm and 0.3% tensile strain. 

 

Fig. 3.  Von Mises stress and corrosion potential distributions at a 

corrosion defect with a depth of 8 mm under varying tensile strains. 

Figure 4 displays the von Mises stress and corrosion 
potential distributions at the defect area with 0.4% tensile strain 
and varying defect depths. The results indicate that shallow 
corrosion defects of 20% and 40% of pipe wall thickness, 
corresponding to depths of 2 mm and 4 mm, do not 
significantly alter the potential field within the NS4 solution 
and remain below the yield strength of the material (806 MPa). 
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However, as defect depth increased further from 60% to 80% 
of pipe wall thickness, an increase in the von Mises stress was 
also observed at the corrosion defect. Therefore, corrosion 
potential distribution appeared uneven, with a notably higher 
potential at the corrosion defect compared to other areas of the 
pipe in the NS4 solution. 

 

 

Fig. 4.  Von Mises stress and corrosion potential distributions at a 

corrosion defect with 0.3% tensile strain and varying defect depths. 

 

Fig. 5.  Net current density and von Mises stress distributions at a 

corrosion defect with 8 mm depth and varying tensile strains. 

Figure 5 depicts the corrosion potential, distribution of net 
current density, and von Mises stress at the pipe corrosion 
defect with 8 mm depth and various tensile strains. Stress 
concentration at the defect area showed a nearly symmetrical 
distribution, with a peak at the defect center. As tensile strain 
increased from 0.1% to 0.4%, the stress also increased 
correspondingly. The electrostatic current density remained 

low in the NS4 solution until tensile strain reached 0.3%, 
indicating that the entire pipeline was operating with 
deformation within the elastic range. As tensile stress increased 
from 0.3% to 0.4%, the stress at the defect exceeded the yield 
strength of X100 steel, leading to a shift from elastic to plastic 
deformation. 

Figure 6 illustrates von Mises stress and net current density 
distributions at a pipe corrosion defect with 0.4% tensile strain 
and various defect depths. High stress concentration was 
observed at the corrosion defect when the defect depth 
exceeded 20% of the pipe wall thickness. It is observed that the 
entire pipeline entered into the plastic region even at a small 
defect depth 20% of the pipe wall thickness. Additionally, in 
Figure 6, a pronounced net current flow in the NS4 solution is 
noted, as highlighted by vectors directed from the defect center 
outward.  

 

 

Fig. 6.  Von Mises stress and net current density distributions at a 

corrosion defect with 0.4% tensile strain and varying defect depths. 

IV. DISCUSSION 

The simulation results demonstrate that an increase in 
corrosion defect size, internal pressure, pipe service time, and 
tensile strain leads to stress concentrations in the pipeline wall 
that exceed the safe limits of the material, although their 
influence on stress distribution differs significantly. Since 
mechanical stress influences the electrochemical potential 
distribution of steel, corrosion at the defect is considered to be 
composed of a series of local galvanic cells. In these cells, 
regions with high stress, such as the defect center, act as anodic 
sites, while the lower stress regions, such as the defect sides, 
serve as cathodic areas. The accelerated hydrogen evolution 
was captured in the model by an increased cathodic exchange 
current density. 

The increase in defect depth is attributed to higher stress 
concentration in deeper regions due to the M-E effect. It is 
observed that increasing defect depth leads to a more 
concentrated stress at the defect center. This makes the 
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corrosion growth rate more pronounced in the depth direction. 
Moreover, when tensile strain, induced by soil movement or 
ground deformation, is applied to a pipe model with a corrosion 
defect, the axial force in any cross-section remains constant 
(according to the equilibrium principle). However, this stress 
distribution becomes non-uniform due to geometric variations, 
such as lower stress at the corrosion defect sides and higher 
stress concentration at the defect center. As hoop stress in 
pressurized pipelines is typically twice the longitudinal stress, 
the first principal stress acts primarily in the circumferential 
direction. Consequently, stress corrosion cracks tend to 
propagate longitudinally, perpendicular to the dominant hoop 
stress, a pattern observed in field inspections of oil and gas 
pipelines. 

V. CONCLUSION 

The study identified critical factors influencing stress 
corrosion driven by Mechano-Electrochemical (M-E) effects. A 
Three-Dimensional (3D) Finite Element (FE) model was 
utilized to examine the influence of key factors, including 
defect geometry, operational parameters, ground movement 
(tensile strain), and environmental conditions (NS4 solution). 
The FE model was developed to simulate stress corrosion, 
incorporating M-E effects at double corrosion defects in a 
carbon steel pipeline (API 5L X46). The results revealed that 
under elastic deformation (0.1-0.2% tensile strain), corrosion 
potential remains uniform, but plastic deformation (0.4% 
tensile strain at 8 mm defect depth) induces a negative potential 
shift, driving localized corrosion at defect centers. The FE 
analysis results show that the simulation is capable of 
predicting the failure of corroded oil and gas pipelines. Even 
when pipelines operate within design limits, localized corrosion 
defects in aggressive environments can still trigger catastrophic 
failure. Within these defects, a macroscopic corrosion cell is 
established, with the defect center acting as the anode and 
undergoing accelerated dissolution, while the adjacent defect 
edges are cathodically protected. The results also reveal that 
corrosion propagates preferentially downward along the defect 
centerline, leading to continuous deepening and thinning of the 
remaining ligament until ultimate failure occurs. 
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