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Abstract: The subsea CO2 transport pipelines, which are closely related to environmentally sound technology
under Sustainable Development Goal (SDG) 17, are subjected to cyclic loading from ocean currents, wave-induced
forces, internal pressure fluctuations, and start–stop operating cycles. In harsh marine environments, corrosion may
reduce pipe-wall strength and create local defects that promote fatigue crack initiation. These cracks may
subsequently propagate under cyclic loading, leading to structural failure. This study investigates the fatigue crack
initiation life of corroded subsea steel pipelines for CO2 transportation using an integrated local strain–life (ɛ–N)
framework. The framework combines nonlinear finite element analysis, the Coffin–Manson–Basquin relation, and
the Smith–Watson–Topper mean-stress correction. The modeled pipeline has an outer diameter of 300 mm, a wall
thickness of 20 mm, and a length of 1,800 mm, with API 5L X65 steel adopted as the pipeline material.
Rectangular corrosion defects with varying depth, length, and width are considered, while the internal pressure
ranges from 0 to 20 MPa. Fully reversed cyclic bending is applied with a stress ratio of R = −1. The finite element
results are used to extract local stress–strain responses at the corrosion defect, which are then used to predict
fatigue crack initiation life. The results show that corrosion defects produce pronounced strain localization, in
contrast to the relatively uniform strain distribution in intact pipelines. Corrosion depth is the most critical
geometric parameter because it directly reduces the effective wall thickness and increases the local cyclic strain
amplitude. Corrosion length affects fatigue life through strain redistribution: short defects behave as severe strain
concentrators, whereas longer defects reduce peak strain under displacement-controlled bending. Corrosion width
has a secondary effect by modifying the circumferential constraint. Internal pressure further reduces fatigue life by
introducing tensile membrane stress and a non-zero local mean stress. Overall, fatigue crack initiation in corroded
subsea CO2 pipelines is governed by the coupled effects of thickness reduction, strain localization, circumferential
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constraint, and pressure-induced mean stress. These findings highlight the importance of local strain-based
assessment for reliable pipeline integrity evaluation.

Keywords: CO2 transport pipelines; environmentally sound technology; corrosion defect; fatigue analysis; FEM;
strain-life approach

Nomenclature
2�� number of strain reversals to failure
� fatigue strength exponent
� fatigue ductility exponent
d corrosion depth (mm)
D outer diameter (mm)
E elastic modulus (GPa)
� number of load blocks in the spectrum
l corrosion length (mm)
L specimen length (mm)
�� max. element length measured at pipe surface (mm)
�� number of applied cycles at load level i
�� number of cycles to failure at load level i
P internal pressure loading (in MPa)
t pipe thickness (mm)
��� effective local wall thickness (mm)
w corrosion width (mm)
�� total strain amplitude
��,� elastic strain amplitude
��,� plastic strain amplitude
��

' fatigue ductility coefficient
��

' fatigue strength coefficient
�� stress amplitude in a loading cycle (MPa)
���� maximum stress in a loading cycle (MPa)
���� minimum stress in a loading cycle (MPa)
���� material ultimate tensile strength (MPa)
�� material yield strength (MPa)

1. Introduction
Carbon capture and storage (CCS) is a key strategy for mitigating climate change by reducing

carbon dioxide (CO2) emissions through environmentally sound technologies, as indicated in
Sustainable Development Goals (SDGs) 17. In CCS systems, captured CO2 must be transported from
emission sources to geological storage sites, which may be far from the capture location and are often
located offshore. Therefore, CO2 transport systems are an essential component of the CCS value chain,
with subsea pipelines serving as one of the main infrastructure options for connecting capture facilities,
transport networks, and storage sites (Wennersten, Sun and Li, 2015; Baig et al., 2025; Fajri et al.,
2026).

Subsea pipelines operate in complex marine environments in which material degradation and cyclic
loading may occur simultaneously. Fatigue is a dominant damage mechanism because pipelines are
repeatedly exposed to ocean currents, wave-induced forces, internal-pressure fluctuations, and start–
stop operating cycles. Corrosion from seawater exposure may further degrade the pipeline's mechanical
response. This degradation can be promoted by high chloride ion concentrations, dissolved oxygen,
biofouling, damage to protective coatings, and ineffective cathodic protection systems. Localized
corrosion increases stress and strain concentrations and may accelerate fatigue crack initiation.
Therefore, understanding the effects of corrosion on the fatigue life of subsea pipelines is essential for
ensuring long-term structural integrity (Udonsek, Tamonodukobipi and Odokwo, 2023; Islami et al.,
2025; Riffat et al., 2025; Riffat et al., 2026; Zhou et al., 2026).

Corrosion-induced deterioration of pipeline strength has been widely studied to ensure the integrity
of oil, gas, and CO2 pipelines. Localized corrosion, such as pitting or wall thinning, acts as a geometric
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irregularity that increases local stress and strain concentrations (Gao et al., 2024; Zhou et al., 2025).
Under cyclic loading, this condition accelerates crack initiation and reduces fatigue life. Farhad et al.
(2019) emphasized the importance of evaluating the local elastoplastic response around corrosion pits
through elemental-to-cyclic analysis, since approaches that directly treat pits as cracks may neglect the
crack-initiation stage, which can contribute significantly to fatigue life, particularly in high-cycle
regimes. In addition, Talebi et al. (2018) showed that corrosion exposure has a stronger influence on
the response and failure of pipes subjected to cyclic rather than monotonic loading. Their results
indicated that cyclic creep increases and the number of cycles to failure decreases significantly in
corroded pipes.

Studies on mechanical defects further confirm that geometric imperfections can degrade the cyclic
response of pressurized pipes. Ezzati et al. (2021) reported that dents in submarine pipes significantly
reduced fatigue resistance under combined internal pressure and asymmetric inelastic cyclic loading,
resulting in a much lower number of cycles to failure in the defective region. These findings reinforce
the importance of accurately representing defect geometry and local stress–strain behavior in pipeline
integrity assessment.

Although previous studies have examined corrosion and mechanical defects in pipelines, many
fatigue assessments still rely on nominal-stress or defect-severity-based approaches. These approaches
are suitable when plastic deformation is negligible. However, corrosion defects may produce severe
local stress and strain concentrations, resulting in cyclic plasticity near the defect region. Under such
conditions, fatigue crack initiation is governed more directly by the local cyclic strain response than by
the nominal stress alone.

The present study does not develop a new fatigue-damage model or finite element formulation.
Instead, it integrates established methods, the Coffin–Manson–Basquin (CMB) relation, the Smith–
Watson–Topper (SWT) mean-stress correction, and nonlinear finite element analysis to assess corroded
subsea CO2 transport pipelines. The originality of this work lies in its integrated application to the
specific problem of pipelines, where corrosion-induced wall thinning, cyclic bending, and pressure-
induced tensile membrane stress act simultaneously. By extracting local cyclic stress–strain responses
directly from nonlinear FE simulations, this study provides a mechanistic interpretation of how
corrosion depth, length, width, and internal pressure jointly affect strain localization, local mean stress,
and predicted fatigue crack initiation life. Therefore, the contribution of the present work is primarily
application-oriented and mechanistic, rather than methodological.

The combined effects of corrosion geometry and internal pressure on the strain-controlled fatigue
behavior of subsea pipelines are not yet fully understood. This is important because defect geometry
and operational loading may interact to alter the local cyclic strain response that governs crack
initiation. Therefore, this study numerically investigates fatigue crack initiation in corroded subsea
pipelines using a strain–life framework coupled with nonlinear finite element analysis. The objective is
to quantify the effects of corrosion depth, length, and width, as well as internal pressure, on the local
cyclic strain state and the resulting fatigue crack initiation life under cyclic bending.

2. Strain - Life Fatigue Approach
The strain–life approach was used to predict fatigue behavior under cyclic loading conditions

involving local elastoplastic deformation. The relationship between cyclic strain and fatigue life is
described by the CMB formulation, which combines elastic and plastic strain components, as expressed
in Eqs. (1) and (2) (Basquin, 1910; Manson, 1953; Coffin Jr., 1954). For loading conditions with a non-
zero mean stress, such as those caused by internal pressure, the mean-stress effect was incorporated
using the SWT parameter, as expressed in Eq. (3) (Watson and Topper, 1972). The SWT parameter
relates the maximum local stress to the strain amplitude.
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The SWT criterion was adopted to account for the pressure-induced tensile mean stress in the local
fatigue response. In the present loading condition, internal pressure introduces a non-reversing tensile
membrane stress that is superimposed on the fully reversed cyclic bending stress. Consequently, the
local stress cycle at the corrosion defect becomes asymmetric even when the nominal bending load has
a stress ratio of R = −1. Because the SWT parameter combines the maximum local stress and strain
amplitudes into a single damage parameter, it is suitable for evaluating crack initiation under strain-



4

controlled fatigue conditions with a pressure-induced tensile mean stress. Under variable-amplitude
loading, fatigue damage accumulation is commonly evaluated using the Palmgren–Miner linear
damage rule, as expressed in Eq. (4) (Miner, 1945). However, this study considered only constant-
amplitude cyclic loading with a single load block (k =1); therefore, cumulative damage from variable-
amplitude loading was not evaluated.

�=1
� ��

��
= 1� (4)

The fatigue evaluation in this study was limited to the crack initiation life predicted from the local
cyclic strain response obtained by finite element analysis. Crack propagation was not included. This
limitation is consistent with the strain–life (ε–N) methodology, which is mainly intended to evaluate
the initiation stage governed by localized cyclic plasticity. Crack propagation analysis would require a
fracture-mechanics-based framework that includes assumptions about initial crack size, crack shape,
stress intensity factor, crack growth direction, and material crack-growth parameters. Therefore, the
fatigue lives reported in this study should be interpreted as crack initiation lives rather than total fatigue
lives. For severe corrosion defects, the propagation stage may contribute to the total remaining life, but
it remains outside the scope of the present investigation.

3. Materials and Methods
The overall methodology is illustrated in Fig. 1. The procedure begins by defining the material

properties and strain–life parameters for API 5L X65 steel. The FE framework is then benchmarked
against a pit-corroded plate model reported in the literature. After validation, a three-dimensional
quarter-pipe model containing an idealized rectangular corrosion defect is developed. The defect
geometry, internal pressure, boundary conditions, and cyclic bending are specified according to the
parametric design. A mesh convergence study is performed using the element length-to-thickness ratio
to ensure reliable local stress–strain predictions. Nonlinear FE simulations are subsequently conducted
to obtain the local cyclic stress–strain responses at the defect. Finally, the extracted local strain
amplitude and maximum local stress are used in the CMB and SWT formulations to predict fatigue
crack initiation life.
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Figure 1. Flowchart of the research methodology used for strain–life fatigue assessment.

3.1. Material properties
API 5L X65 steel was used as the pipe material for both the benchmark validation and the

parametric study. The mechanical properties include a yield strength (��) of 464 MPa, an ultimate
tensile strength (����) of 563 MPa, an elastic modulus (E) of 210 GPa, and a Poisson's ratio of 0.3. The
true stress–strain response from tensile testing is shown in Fig. 2a, while the strain–life parameters are
shown in Fig. 2b. The material parameters were obtained from published data for API 5L X65 steel.
The monotonic tensile properties, including the yield strength, ultimate tensile strength, elastic
modulus, Poisson’s ratio, and true stress–strain curve, were used to define the elastoplastic response of
the material. The strain–life fatigue data were used to define the elastic and plastic strain components in
the Coffin–Manson–Basquin relation to predict fatigue crack initiation.

For the finite element analysis, the cyclic elastoplastic response of API 5L X65 steel was
represented using a multilinear kinematic hardening model. The available true stress–strain data were
converted to true stress–plastic strain data and used to define the corresponding multilinear hardening
points in ANSYS Mechanical. Kinematic hardening was selected because it can represent the yield-
surface translation during reversed loading. This feature is important for cyclic bending simulations
because the stress state repeatedly changes between tensile and compressive loading, particularly near
the corrosion defect, where local elastoplastic deformation occurs. Therefore, the calibrated multilinear
kinematic hardening model was used to capture the cyclic stress–strain response required for the strain–
life fatigue assessment. In the present framework, monotonic stress–strain data were used to define the
nonlinear elastoplastic response in the finite element model, whereas strain–life parameters were used
during fatigue post-processing to calculate crack initiation life from the extracted local cyclic strain
response.

Figure 2. Material properties of API 5L X65 steel: (a) true stress–strain curve (Lo, Karuppanan and
Ovinis, 2022); (b) strain–life curve used for fatigue-life prediction (the plotted graph is based on fatigue
data parameters obtained from Farhad et al., (2019); and Härkegård and Mann, (2003)).

3.2. FE model validation
The finite element framework used in this study was validated through a benchmark simulation of

the pit-corroded plate reported by Farhad et al. (2019). The benchmark was reproduced in ANSYS
Workbench using API X65 steel. The pit geometry and boundary conditions are shown in Figs. 3 and 4.
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Figure 3. Geometry of the pit-corroded plate benchmark model.

The geometric configuration affects mesh topology, particularly in regions of high stress
concentration. Therefore, element quality was evaluated prior to analysis using standard metrics,
including the Jacobian ratio, skewness, and aspect ratio, to ensure numerical stability in nonlinear
cyclic plasticity simulations (Prabowo et al., 2019; Ilyin and Pronina, 2025). The reference model was
discretized using a multizone meshing technique, resulting in a hex-dominant mesh with 162,658 nodes
and 74,145 elements, as shown in Fig. 4. The mesh exhibited an average Jacobian ratio of 0.996,
skewness of 0.443, and an aspect ratio of 5.02, indicating acceptable element quality for nonlinear
cyclic plasticity analysis.

Figure 4. Boundary conditions and meshing strategy used for the benchmark model.

Monotonic tensile loading was first applied to establish the initial local stress–strain field and
identify the critical region around the pit. The cyclic loading condition was defined by a stress
amplitude of 164 MPa and a stress ratio of R= 0.1. The stress ratio is defined as the ratio between the
minimum and maximum stresses in a single loading cycle, as given in Eq. (5). The maximum cyclic
stress was calculated from the stress amplitude using Eqs. (6) and (7), yielding a value of
approximately 364 MPa. During the monotonic step, the tensile load was ramped from zero to this
maximum stress to establish the local stress–strain contours and define the initial state for cyclic
loading, as shown in Figs. 5 and 6.

� = ����
����

(5)

�� = ����− ����
2 (6)

���� = 2��
1−�

(7)

The loading was then switched to cyclic conditions, with the applied stress varying between
approximately 36 MPa and 364 MPa. The stress–strain response at the pit region was extracted to
construct the corresponding hysteresis loops. The predicted hysteresis response agrees well with the
reference results, as shown in Fig. 7. Minor quantitative differences may be attributed to variations in
meshing strategy, material implementation, and solver algorithms. Given the nonlinear nature of cyclic
plasticity, this level of agreement is acceptable for fatigue analysis.
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Figure 5. Strain contour of the full benchmark model under monotonic loading.

Figure 6. Stress and strain contours around the corrosion pit.

Figure 7. Hysteresis response obtained in the present study (for comparison, see Farhad et al. (2019)).

Overall, the validation focused on the local cyclic stress–strain response around the corrosion pit,
which is the principal input for the strain–life (ε–N) fatigue assessment. The good agreement between
the hysteresis loops indicates that the adopted material model, nonlinear cyclic plasticity formulation,
meshing strategy, and local response extraction procedure can reasonably reproduce the local
elastoplastic behavior at corrosion defects. However, the benchmark geometry is a pit-corroded flat
plate; therefore, it does not fully represent pipeline curvature, hoop stress, or the interaction between
global bending and internal pressure. The validation should therefore be interpreted as verification of
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the local cyclic plasticity response and fatigue-parameter extraction procedure, rather than full
validation of pipeline-scale behavior. Direct experimental validation of the full corroded pipe model
was not performed in this study. As a result, the absolute fatigue-life estimation should be interpreted
with caution, while the predicted trends are more reliable for identifying governing mechanisms. Future
work should include experimental validation using corroded pipe specimens subjected to combined
internal pressure and cyclic bending.

3.3. Model geometry and defect parameters
The rectangular corrosion defect used in this study is illustrated in Fig. 8, and the corresponding

geometric parameters are summarized in Table 1. The pipe model has an outer diameter of 300 mm, a
wall thickness of 20 mm, and a total length of 1,800 mm. The defect geometry was varied in terms of
normalized depth, length, and width to evaluate the individual effects of each parameter on the local
fatigue response (Prabowo et al., 2022; Hanif et al., 2023; Pratama et al., 2023; Capula-Colindres et
al., 2024). The selected parameter ranges cover severe corrosion conditions and were used to
investigate fatigue sensitivity rather than to represent typical service defects.

Figure 8. Definition of the corrosion defect.

Table 1. Corrosion defect parameters
No Parameter Value
1 Overall length (L) in mm 1,800
2 Diameter (D) in mm 300
3 Wall thickness (t) in mm 20
4 Normalized corrosion depth (� �) 0.1 – 0.8
5 Normalized corrosion length (� �) 0.25 – 2.0
6 Normalized corrosion width (w/πD) 0.1 – 0.4
7 Internal pressure (P) in MPa 0 – 20

Actual corrosion defects in subsea pipelines are often irregular and may involve pit clustering,
nonuniform wall thinning, and rough defect boundaries. Nevertheless, engineering assessment
procedures commonly characterize metal-loss defects using measurable geometric parameters, such as
defect depth and longitudinal extent, as reflected in DNVGL-RP-F101 (DNV GL, 2017). In this study,
the rectangular defect was adopted as an idealized representation of localized metal loss to support a
systematic parametric investigation. This simplified geometry allows corrosion depth, length, and
width to be controlled independently and compared directly. Therefore, the rectangular defect should
be interpreted as a controlled idealization for identifying fatigue mechanisms associated with local wall
thinning, rather than as an exact representation of actual corrosion morphology. Future work may
extend the present framework by incorporating irregular corrosion profiles from inspection data or
stochastic defect models.

3.4. Boundary conditions and meshing strategy
The numerical simulations were conducted using a three-dimensional quarter-pipe model, as shown

in Fig. 9, to reduce computational cost while preserving the structural response of the full geometry.
Symmetry boundary conditions were applied to the axial and circumferential symmetry planes, where
the normal displacement component was constrained, and the tangential components were left free. The
corrosion defect was centered with respect to the symmetry planes; therefore, the deformation and the
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resulting plastic zone were assumed to remain symmetric, and the reduced model represented the full
pipe response.

The pipe was subjected to combined cyclic bending and internal pressure. Displacement-controlled
rotation was applied at the pipe end to generate the prescribed bending moment, while the internal
pressure was uniformly distributed over the inner surface. The loading history consisted of a fully
reversed cyclic rotational displacement with a rotation amplitude of 0.2 rad under quasi-static
conditions. The selected rotation amplitude was not intended to represent a specific operational loading
condition. Instead, it was used to generate sufficient cyclic deformation to activate local elastoplastic
behavior at the corrosion defect. This approach enables the strain–life fatigue framework to capture the
strain-controlled damage mechanism governing crack initiation in the defect region. Thus, it served as a
controlled comparative loading condition for the parametric study rather than as a calibrated
representation of a particular offshore loading event.

Figure 9. Applied Boundary Conditions

A mesh convergence study was first conducted on a representative configuration to determine an
appropriate mesh density for the numerical analysis, considering both numerical accuracy and
computational efficiency (Riffat et al., 2025; Samaei and Ghahfarokhi, 2025). In this procedure, a
single corrosion geometry was discretized using progressively refined three-dimensional hexahedral
meshes. For each mesh configuration, a simplified loading condition was applied, and the maximum
equivalent von Mises stress in the defect region was monitored as the convergence indicator.

Fig. 10 presents the variation in the normalized maximum equivalent stress as a function of the
element length-to-thickness (ELT) ratio (Eq. 8) (Alsos and Amdahl, 2007; Haris and Amdahl, 2013;
Prabowo et al., 2023).

��� = ��
���

(8)

The element length (��) is defined as the characteristic in-plane dimension of the surface element
within the axial–circumferential plane of the pipe. For non-square elements, the larger in-plane
dimension is conservatively adopted to define the ELT ratio. To prevent numerical distortion and
ensure reliable stress–strain predictions, the in-plane aspect ratio of elements in the defect region was
maintained below 3 throughout the analysis. For intact regions, the effective thickness is equal to the
nominal pipe-wall thickness (��� = �). However, in corroded regions, the effective thickness is reduced
by the corrosion depth (��� = � − �).

The convergence results indicate that for ELT values between 5 and 9, the predicted maximum
equivalent stress becomes essentially insensitive to further mesh refinement. For larger ELT values,
noticeable deviations in stress prediction are observed. Conversely, excessively refined meshes yield
only marginal changes in stress results while significantly increasing computational time. Therefore, an
ELT range of 5–9 was identified as providing an optimal compromise between numerical accuracy and
computational efficiency. This ELT range was subsequently adopted as a mesh design criterion for all
other corrosion configurations analyzed in this study.
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Figure 10.Mesh convergence based on normalized maximum von Mises stress vs the ELT ratio.

Since the corrosion severity varied from 0.1 to 0.8, the local effective thickness changed
accordingly for each analysis case. Rather than performing a separate convergence study for each
corrosion case, the in-plane element size in the defect region was adjusted to keep the ELT ratio within
the previously established converged range. This approach ensured consistent mesh resolution relative
to the structural thickness while avoiding redundant convergence analyses for each parameter variation.

The mesh-convergence study based on the ELT ratio served as the primary numerical sensitivity
assessment in this work. Uncertainty in the fatigue material parameters and prescribed loading
amplitude should also be considered when interpreting the predicted fatigue lives. The Coffin–
Manson–Basquin and SWT relations are nonlinear; therefore, relatively small changes in the local
strain amplitude, maximum stress, or fatigue coefficients may produce substantially larger changes in
the absolute crack-initiation life. Similarly, a change in the imposed rotation amplitude would directly
modify the local strain amplitude at the corrosion defect and, consequently, the calculated fatigue life.
A dedicated probabilistic or parametric sensitivity analysis was not performed in the present study.
Therefore, the reported fatigue lives should be interpreted as deterministic comparative estimates for
the specified material data and loading conditions, whereas the relative trends in corrosion depth,
length, width, and internal pressure are considered more robust.

3.5. FE solver and analysis procedures
All finite element simulations were performed in ANSYS Workbench using the ANSYS

Mechanical implicit solver. A nonlinear static structural analysis was conducted to capture the
elastoplastic material response. Material nonlinearity was represented using a multilinear kinematic
hardening model, which is suitable for reversed cyclic loading. The applied loads consisted of constant
internal pressure and cyclic bending. Both loads were applied incrementally under quasi-static
conditions to obtain the local cyclic stress–strain response at the corrosion defect. Dynamic effects and
inertia were neglected because the analysis focused on fatigue crack initiation under slowly varying
cyclic deformation rather than transient structural response.

The cyclic bending load was defined with a nominal stress ratio R = −1, corresponding to fully
reversed bending with an approximately zero nominal mean stress. However, the fatigue assessment
was based on the local stress–strain response obtained from the FE simulation, rather than on the
nominal bending condition alone. When internal pressure was applied, the pressure-induced tensile
membrane stress was superimposed on the cyclic bending stress. As a result, the local stress cycle at
the corrosion defect shifted toward a non-zero tensile mean stress, even though the nominal bending
load remained fully reversed.

The internal pressure was therefore treated as a constant static load during cyclic bending. It did not
contribute to the alternating bending component, but it increased the local maximum stress and mean
stress at the defect region. This effect became more pronounced in corroded regions because the
reduced wall thickness amplified the local pressure-induced stress. The extracted local cyclic response
was subsequently used to predict fatigue crack initiation life, as described in Section 3.6.
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3.6. Fatigue-life extraction and modeling assumptions
Fatigue-life predictions were performed during post-processing using the local cyclic stress–strain

responses obtained from nonlinear FE simulations. For each corrosion configuration, the stress and
strain histories were extracted from the critical element at the corrosion defect, identified by the
maximum local strain response. The stress–strain response was monitored during repeated loading
increments until the hysteresis loop stabilized. The stabilized cycle was then used to determine the local
total strain amplitude and maximum local stress.

The Coffin–Manson–Basquin relation was used as the primary strain–life formulation for fatigue
crack initiation prediction. When internal pressure produced a non-zero local tensile mean stress, the
Smith–Watson–Topper parameter was applied to account for the combined effects of local strain
amplitude and maximum tensile stress. The extracted local strain amplitude and maximum local stress
were substituted into the strain–life equations to obtain the number of reversals to failure, which was
then converted into cycles to fatigue crack initiation. The predicted fatigue lives should be interpreted
as comparative estimates of crack initiation under the prescribed numerical conditions. Effects of crack
propagation, corrosion growth, residual stress, welds, variable-amplitude loading, and environmental
degradation during cycling were not included in the present formulation.

4. Results and Discussion

4.1. Local strain-controlled fatigue mechanism
The results are discussed in terms of how each parameter modifies the local cyclic strain state at the

corrosion defect. Fig. 11 compares the strain distribution in intact and corroded pipelines. The intact
pipe shows a relatively uniform strain field, indicating that deformation is mainly governed by the
global structural response. In contrast, the corroded pipe shows pronounced strain localization at the
defect region, indicating that local wall thinning changes the deformation pattern from global to local
behavior. This localization occurs because corrosion reduces the local wall thickness and introduces a
geometric discontinuity. Under cyclic bending, the intact pipe distributes deformation along the pipe
wall. In the corroded pipe, however, the reduced local stiffness concentrates bending deformation
around the defect. Consequently, the local cyclic strain amplitude increases near the deepest region of
the defect and around the transition between the intact and thinned wall regions.

Figure 11. Comparison of strain distribution in intact and corroded pipes under monotonic loading (d/t
= 0.4; l/D = 2.0; w/πD = 0.4; and P = 10 MPa)

The cyclic response in Fig. 12 confirms that the defect region undergoes elastoplastic deformation.
The stabilized hysteresis loops show a clear enclosed area, representing local plastic strain energy
dissipated during cyclic loading. This response indicates that the material behavior at the defect is not
purely elastic. Therefore, nominal-stress-based assessment alone is insufficient; fatigue crack initiation
should be evaluated using the local cyclic strain amplitude, the governing parameter in the strain–life
framework.
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Figure 12. Hysteresis loops during cyclic bending at the corrosion defect.

Fig. 13 further shows the direct relationship between strain localization and fatigue damage. The
minimum fatigue life and maximum fatigue damage occur at the defect region, where the local strain
concentration is highest. This confirms that fatigue crack initiation is expected to occur at the corrosion
defect rather than in the nominally intact pipe wall. Thus, the fatigue performance of the corroded
pipeline is controlled by the local mechanical response at the defect.

Figure 13. Fatigue life, fatigue damage, and fatigue safety factor at the defect region (d/t = 0.4; l/D =
2.0; w/πD = 0.4; and P = 10 MPa)

Based on these observations, fatigue in the corroded pipeline is interpreted as a local strain-
controlled mechanism. Corrosion geometry and internal pressure affect fatigue life by modifying the
local cyclic strain amplitude, the extent of elastoplastic deformation, and the local mean stress at the
defect. The following subsections therefore discuss each parameter according to its specific influence
on the local strain field and the resulting fatigue crack initiation life.

4.2. Effect of corrosion length on fatigue life
Fig. 14 shows that the predicted fatigue life increases with corrosion length within the investigated

range. This trend may appear counterintuitive because a larger defect is commonly associated with
lower structural integrity. However, in the strain–life framework used here, crack initiation is governed
primarily by the local cyclic strain amplitude at the critical location rather than by defect size alone. For
short corrosion defects, the metal-loss region behaves as a localized geometric discontinuity.
Deformation is strongly constrained around the defect, which produces a high strain concentration.
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Under displacement-controlled bending, the imposed curvature is accommodated over a small region,
resulting in a large plastic strain amplitude and rapid accumulation of fatigue damage.

As the corrosion length increases, the response shifts from localized, notch-like behavior to more
distributed wall thinning. Bending deformation spreads over a longer corroded region, thereby reducing
local constraint and lowering the peak cyclic strain at the critical point. Although the damaged area
becomes larger, the local strain concentration decreases. Since the strain–life relation is highly sensitive
to strain amplitude, this reduction in peak strain leads to a longer predicted crack initiation life. This
result indicates a transition from notch-controlled fatigue in short defects to fatigue governed by
distributed wall thinning in longer defects.

Figure 14. Effect of corrosion length on predicted fatigue crack-initiation life (d/t = 0.4; w/πD = 0.4;
and P = 10 MPa)

This trend should not be interpreted as evidence that corrosion is beneficial. Rather, it shows that
fatigue crack initiation under the present displacement-controlled condition is controlled by strain
localization, not by corrosion length alone. Therefore, corrosion geometry should be evaluated through
its effect on the local strain field. This trend is specific to the strain-based assessment under
displacement-controlled bending. Under nominal stress-controlled conditions, a different trend may
occur because the remaining net-section area becomes more influential. Thus, the present result does
not contradict conventional understanding of fatigue; instead, it reflects the difference between stress-
controlled and strain-controlled fatigue mechanisms.

4.3. Effect of corrosion depth on fatigue life
Fig. 15 shows the effect of corrosion depth on the predicted minimum fatigue life. Fatigue life

decreases markedly as the corrosion depth increases. The reduction is nonlinear: fatigue life drops
rapidly at shallow to moderate depths, while the curve approaches a lower plateau at greater depths.
This trend indicates that corrosion depth has a strong influence in the early stage of wall-thickness
reduction, but its incremental effect diminishes once the defect becomes severe. Mechanically,
increasing corrosion depth directly reduces the effective wall thickness at the defect. Under cyclic
bending, this thickness reduction increases local compliance and amplifies bending strain near the
corroded region. As a result, the local cyclic strain amplitude rises significantly. Because the present
assessment is based on the strain–life framework, this increase in local strain amplitude accelerates
fatigue damage accumulation and shortens the predicted crack initiation life.

The plateau-like behavior at larger depths can be attributed to the dominance of localized plastic
deformation. Once the remaining wall becomes sufficiently thin, the material response is already
governed by high plastic strain amplitude. Further increases in depth, therefore, do not produce a
proportional increase in peak strain. Consequently, the predicted fatigue life approaches the lower
bound set by the material's local cyclic plasticity capacity. These results confirm that corrosion depth is
the most critical geometric parameter in the present strain-based assessment. Unlike defect length or
width, which mainly affect strain redistribution, corrosion depth directly controls the remaining wall
thickness and the magnitude of local cyclic deformation at the critical location.
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Figure 15. Effect of corrosion depth on predicted fatigue crack-initiation life (l/D = 1.0; w/πD = 0.4;
and P = 10 MPa)

4.4. Effect of corrosion width on fatigue life
Fig. 16 shows the effect of corrosion width on the predicted fatigue life. Fatigue life decreases as

the corrosion width increases, although the influence is much weaker than that of corrosion depth. The
reduction is more noticeable at smaller widths, whereas the fatigue life tends to approach an
approximately constant value at larger widths. Unlike corrosion depth, corrosion width does not
directly reduce the remaining wall thickness. Instead, it modifies the circumferential constraint around
the defect. For narrow defects, the surrounding intact wall provides strong restraint, which limits the
extent of deformation in the thinned region. As the defect becomes wider, this restraint decreases, and a
larger circumferential portion of the thinned wall participates in bending deformation. This increases
the local cyclic strain amplitude and reduces the predicted fatigue life. When the defect becomes
sufficiently wide, the local response stabilizes because the strain field within the defect region becomes
more uniform. Further widening, therefore, produces only a small change in peak strain, leading to the
plateau-like trend shown in Fig. 16.

Figure 16. Effect of corrosion width on predicted fatigue crack-initiation life (d/t = 0.4; l/D = 1.0; and
P = 10 MPa)

These results indicate that corrosion width is a secondary geometric parameter in the present strain-
based fatigue assessment. It affects fatigue life by altering circumferential constraint and strain
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redistribution, but it does not control local cyclic deformation as directly as the corrosion depth does.
Therefore, its contribution to fatigue degradation is more limited than that of wall-thickness reduction.

4.5. Effect of internal pressure on fatigue life
Fig. 17 shows the effect of internal pressure on the predicted fatigue life. Fatigue life decreases

almost linearly with increasing internal pressure. This indicates that internal pressure is a detrimental
loading parameter that accelerates fatigue damage in the corroded pipeline. Although cyclic bending
was applied under fully reversed conditions (R = −1), internal pressure introduced a tensile membrane
stress in the pipe wall. This stress was superimposed on the cyclic bending stress, resulting in a nonzero
local mean stress at the corrosion defect. Therefore, the fatigue driving force was governed by the
combined local stress state rather than by the nominal bending stress ratio alone. This behavior can be
explained by stress superposition. Fully reversed bending produces alternating tensile and compressive
stresses with approximately zero nominal mean stress. In contrast, internal pressure produces a non-
reversing tensile membrane stress. The local stress at the defect is therefore the sum of the cyclic
bending stress and the constant pressure-induced membrane stress. As pressure increases, both the local
mean stress and maximum stress during each cycle increase. This effect is amplified in the corroded
region because the reduced wall thickness increases the local pressure-induced stress. Within the
strain–life framework, this mean-stress effect was accounted for using the SWT parameter. Increasing
internal pressure raises the maximum local tensile stress, thereby increasing the SWT damage
parameter. As a result, the predicted fatigue crack initiation life decreases.

Figure 17. Effect of internal pressure on predicted fatigue crack-initiation life (d/t = 0.4; l/D = 1.0; and
w/πD = 0.4)

The use of the SWT criterion is therefore appropriate for the combined loading condition
considered in this study. Without internal pressure, fully reversed bending produces approximately zero
nominal mean stress. When pressure is applied, however, the local stress cycle shifts toward the tensile
region. Because the SWT parameter includes both maximum local stress and strain amplitude, it
captures the detrimental effect of pressure-induced tensile mean stress on crack initiation.
Mechanically, internal pressure increases the local mean stress and the maximum cyclic stress,
promoting earlier crack initiation and faster fatigue damage accumulation. Thus, even under nominally
fully reversed bending, the corroded pipe experiences a more severe fatigue condition when
pressurized. These results show that internal pressure is a key operational parameter affecting fatigue
performance. Unlike corrosion geometry, which primarily modifies the strain distribution, internal
pressure directly increases the local mean stress and the maximum cyclic stress. Consequently, it
reduces the fatigue resistance of corroded pipelines.
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5. Conclusions
A numerical strain–life fatigue assessment was conducted for corroded subsea pipelines subjected

to cyclic bending and internal pressure using nonlinear finite element analysis. Based on the results, the
following conclusions can be drawn:

 Fatigue crack initiation is governed by the local cyclic strain response at the corrosion defect
rather than by the nominal global stress or deformation of the pipe. The critical region occurs at the
defect, where strain localization is most pronounced.

 Corrosion depth is the most influential geometric parameter. Increasing depth reduces the
effective wall thickness and amplifies the local cyclic strain amplitude, thereby significantly reducing
fatigue life. At larger depths, the effect becomes asymptotic because the response is dominated by
localized cyclic plasticity.

 Corrosion length affects fatigue life through strain redistribution. Short defects act as severe
strain concentrators, whereas longer defects distribute deformation over a wider region, thereby
reducing the peak cyclic strain under displacement-controlled bending. This trend reflects a transition
from notch-controlled fatigue to distributed wall thinning and should not be interpreted as evidence that
corrosion is beneficial.

 Corrosion width has a secondary influence on fatigue life. It modifies circumferential
constraint and strain redistribution, but its effect is weaker than that of corrosion depth because it does
not directly reduce the remaining wall thickness.

 Internal pressure reduces fatigue life by introducing tensile membrane stress and generating a
non-zero local mean stress, even under fully reversed bending. This increases the SWT fatigue-damage
parameter and accelerates crack initiation.

 Validation was limited to the local cyclic stress–strain response of a pit-corroded plate
benchmark and did not include full-scale experiments on corroded pipelines. Therefore, the predicted
fatigue lives should be interpreted as comparative crack-initiation estimates, pending validation through
pipe-scale experiments.

The main contribution of this work is the integrated application of established strain–life fatigue
tools to clarify the coupled mechanical roles of corrosion geometry and internal pressure in fatigue
crack initiation in subsea CO2 pipelines. Overall, the fatigue performance of corroded subsea CO2
pipelines is governed by coupled mechanisms. Thickness reduction controls the strain magnitude,
defect length controls strain localization, defect width controls circumferential constraint, and internal
pressure controls the local mean stress. Reliable fatigue assessments should therefore consider these
coupled effects rather than evaluating each parameter independently.
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