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1. Introduction

The concentration of CO₂ in the atmosphere has now exceeded safe limits, contributing to a global temperature increase of 
more than 1.4 °C above pre-industrial levels. One promising approach to address this issue is carbon capture and storage (CCS) 
technologies, which capture CO₂  emissions and store them safely (Wennersten et al., 2015). However, this system still faces 
significant challenges; one of the most critical is the risk of pipeline failure, as pipelines are the primary means of transporting
CO₂ . Pipeline failure can result in severe economic losses and even fatalities, particularly in densely populated areas. For instance, 
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Abstract

Catastrophic failures of CO₂  transport pipelines can result in severe economic losses and even casualties. During operation, pipelines are 
subjected to cyclic loading, which may lead to fatigue failure. The presence of geometric imperfections (GI) arising from installation processes 
introduces uncertainty that can affect the pipe's strength under these conditions. This study assesses the impact of dent-type GI on the fatigue 
resistance of CO₂  transport pipelines using a validated finite element method (FEM). Fatigue analysis was conducted using the hot-spot stress 
approach on the straight tubular pipe with dent-type GI ranging from 0% to 20%. The pipe material is ASTM A36 steel, and the boundary 
conditions represent an onshore buried pipeline. The results show that the higher the percentage of dent-type GI, the lower the fatigue life due to 
the stress concentration effect. Further experimental tests and fluid–structure interaction studies are recommended to extend these findings.
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the 2020 CO₂  pipeline failure in Mississippi, USA, led to 45 reported injuries and damages totaling over US$3.9 million (PHMSA, 
2022).

Nomenclatures

𝑘𝑘 number of stress levels
𝑛𝑛𝑖𝑖 actual number of cycles occurring at the i-th stress level
𝑁𝑁𝑖𝑖 number of cycles to failure at the i-th stress level (from the S–N curve)
𝜎𝜎1, 𝜎𝜎2, 𝜎𝜎3 principal stresses (normal stresses along the x, y, and z axes after coordinate rotation, shear stresses = 0)
𝜎𝜎𝑎𝑎, 𝜎𝜎𝑚𝑚 stress amplitude and mean stress
𝜎𝜎𝑒𝑒, 𝜎𝜎𝑢𝑢 endurance limit and ultimate tensile strength
𝜎𝜎𝑒𝑒𝑒𝑒 equivalent (von Mises) stress
𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚, 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚 maximum and minimum stress in one cycle

According to the literature, one factor increasing failure risk is geometric imperfections (GI) in the pipeline structure, which 
reduce its strength under loading (Prabowo et al. (2022); Yasniy et al. (2017); Hanif et al. 2023). Among several types of GI, dent-
shaped profiles (Fig. 1) formed during fabrication or installation are believed to have the most significant impact on reducing 
pipeline strength (Shuai et al., 2020; Ezzati et al., 2021; Dinita, 2023). CCS pipelines are subjected to various loads, including 
cyclic loads caused by thermal expansion and internal pressure fluctuations. The combination of GI and cyclic loading can lead to 
fatigue failure. Therefore, accurate prediction and mitigation of this condition are essential to prevent catastrophic events in the 
future.

Fig. 1. GI in the form of dents that are suspected to reduce the strength of the pipe structure (Paiva et al., 2021)

2. Fatigue failure on CCS pipelines

Fatigue failure in CCS pipelines usually starts with crack initiation at points with high stress concentration. The location of this 
crack initiation can be predicted using the stress–life approach (Fajri et al., 2021), based on Finite Element Method (FEM) 
simulations. In the FEM-based fatigue simulation, the multiaxial stress at each element is converted into a single scalar quantity 
using the equivalent von Mises stress equation, as shown in Eq. 1. From this scalar stress history, the maximum and minimum 
stresses in each cycle can be determined to calculate the stress ratio (Eq. 2), as well as the mean stress and stress amplitude. 
Generally, the S–N curve is obtained from fatigue tests under fully reversed loading conditions (𝑅𝑅 = −1). 

However, for actual loading conditions with different stress ratios, a mean-stress correction is required to ensure that the 
evaluated stress amplitude matches the reference condition of the S–N curve. The Goodman correction theory (Eq. 3) is commonly 
applied for this purpose, particularly for ductile materials (Pastorcic et al., 2019). Subsequently, the stress cycle history is analyzed 
using the rainflow counting method to determine the number of cycles at each stress level. Based on the S–N curve, the fatigue life 
corresponding to each stress level can be estimated. The total fatigue life is then calculated using the Palmgren–Miner rule (Eq. 4), 
where failure is assumed to occur when the cumulative damage reaches or exceeds one (𝐷𝐷 ≥ 1).

𝜎𝜎𝑒𝑒𝑒𝑒 = √1
2

[(𝜎𝜎1 − 𝜎𝜎2)2 + (𝜎𝜎2 − 𝜎𝜎3)2 + (𝜎𝜎3 − 𝜎𝜎1)2] (1)

𝑅𝑅 = 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚
𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚

(2)

𝜎𝜎𝑎𝑎
𝜎𝜎𝑒𝑒

+ 𝜎𝜎𝑚𝑚
𝜎𝜎𝑢𝑢

= 1 (3)
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𝐷𝐷 = ∑ 𝑛𝑛𝑖𝑖
𝑁𝑁𝑖𝑖

𝑘𝑘
𝑖𝑖=1 (4)

3. Materials and methods

3.1. Research procedure and validation process

In general, this research follows three stages: (1) pre-processing, conducting literature studies to collect reference data and FEM 
input parameters; (2) processing, validating the FEM model through benchmark analysis and then performing parametric studies 
on geometry and boundary conditions; (3) post-processing, extracting and analyzing simulation data to interpret the observed 
phenomena. The validation process was carried out by re-simulating the study by Köksal et al, (2013). The resulting error was less 
than 5% (Fig. 2), indicating that our FEM approach is valid and reliable

Fig. 2. Validation of the method used: (a) stress distribution contour, and (b) benchmark analysis.

3.2. Material and geometry modelling

The material used in this study is ASTM A36 steel, with its mechanical properties shown in Table 1 and its S-N curve from the 
uniaxial fatigue test shown in Fig. 3a. The pipeline model has a length of 5,000 mm, an outer diameter of 300 mm, and a wall 
thickness of 10 mm. This geometry has a slenderness ratio of < 50, which is very suitable for observing local failure phenomena. 
The dent imperfection ranged from 0% to 20% of the pipe diameter. Details of the model configuration and loading type are 
presented in Table 2 and Fig. 3b.

Table 1. Material properties of ASTM A36 steel.

Yield tensile strength 
(MPa)

Ultimate tensile strength 
(MPa)

Elastic modulus 
(GPa)

Poisson's ratio Elongation at break 
(%)

Corrected endurance 
limit (MPa)

250 460 200 0.3 18 195

Table 2. Model configuration.

Sample %Dent (𝑑𝑑𝑝𝑝
𝐷𝐷𝑒𝑒

× 100%) Dimension (𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙ℎ; 𝐷𝐷𝑒𝑒; 𝑡𝑡) Slenderness ratio (λ) Load

Geometry 1 0

5,000; 300; 10 mm 48.8 Type 1,
Type 2

Geometry 2 5

Geometry 3 10

Geometry 4 15

Geometry 5 20
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Fig. 3. (a) S-N curve of ASTM A36 steel, adapted from Gorash and MacKenzie, (2017); and (b) geometry model, adapted from Dinita, (2023).

3.3. Meshing strategy and boundary condition

In this study, a hexahedral mesh was used to generate solid elements (Fig. 4a). At the initial stage, several mesh size variations 
were applied to the model geometry. A simple static analysis was then performed to assess mesh independence. One end of the 
pipe was fixed, while a lateral load was applied at the opposite end. The maximum hot-spot stress in the dent region and the 
corresponding computational time were recorded and plotted to generate the convergence curve. The mesh convergence analysis 
showed that element aspect ratios between 2 and 4 gave the best compromise between accuracy and computational time (Fig. 4b). 
Based on that analysis, a mesh size of 40 mm was determined to be optimal for this study, as it has an aspect ratio of 4. When 
applied to the geometry, the 40 mm mesh size generates 3,800 elements and has a relatively light computational load.

Fig. 4. Meshing procedure: (a) mesh convergence test; (b) hexahedral mesh

The boundary conditions define the direction and location of applied loads (Fig. 5). Two loading types were simulated to 
represent real field conditions, both in axial and radial directions. Fixed supports and displacement control were applied to account 
for the soil resistance surrounding the buried pipeline. Load type 1 corresponds to an axial load acting along the pipeline axis. An 
axial cyclic force (F) of ±500 kN was applied to each model, producing different alternating hot-spot stress levels depending on 
the dent depth variation. These alternating hot-spot stress values were subsequently adopted for the fatigue analysis. Load type 2 
represents a cyclic internal pressure (P) of ±3.5 MPa. Similar to load type 1, cyclic internal pressure induces alternating stress in 
the dented region. The resulting alternating stress values were likewise used in the fatigue assessment. Both loading cases 
correspond to a fully reversed condition (R = −1); therefore, the stress amplitude is equal to the maximum stress within a single 
cycle (𝜎𝜎𝑎𝑎 = 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚). Loading was applied continuously until crack initiation in the pipe. The number of cycles to crack initiation 
was taken as a measure of the pipe’s fatigue life.
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Fig. 5. Boundary conditions for the finite element analysis.

4. Result and discussion

After all the numerical simulations were completed, contour figures were generated to represent the distribution of each 
parameter. These figures were then extracted and analyzed together with quantitative data to explain the characteristics of the pipe 
model under cyclic loading

4.1. Alternating stress distribution

The numerical simulation results show that the pipe without GI experiences alternating stress with a relatively uniform 
distribution under load type 1 (Fig. 6). The maximum alternating stress is approximately 60.34 MPa, which is well below the 
endurance limit. This condition indicates that the pipe operates safely in accordance with the applicable design criteria. However, 
when the GI is introduced, the stress distribution changes significantly. A noticeable stress concentration occurs in the GI region, 
accompanied by a gradual increase in the maximum alternating stress to 78.27 MPa, 84.6 MPa, 97.02 MPa, and 112.26 MPa at
dent levels of 5%, 10%, 15%, and 20%, respectively.

A similar pattern is observed under load type 2, which represents fluid pressure fluctuations. Under this condition, the alternating 
stress in the dented area increases significantly. For a pipe without a dent, the maximum alternating stress is 16.34 MPa with a 
relatively uniform distribution. However, when a 5% dent is present, the maximum alternating stress rises sharply to 190.47 MPa, 
accompanied by stress concentration around the dented area. The maximum alternating stress continues to increase with increasing 
dent depth, reaching 298.9 MPa at a 20% dent level. Compared to the material’s endurance limit, a 10% dent is already considered 
unsafe, as it produces an alternating stress exceeding the endurance limit. These findings are consistent with ASME standards, 
which recommend limiting dent deformation to a maximum of 6% to maintain the structural integrity of the pipe (ASME, 2003).

Fig. 6. FEM result: alternating stress under load types 1 and 2.
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4.2. Biaxiality indication

Fig. 7 illustrates the changes in direction and principal stress components due to the presence of GI, as indicated by the biaxiality. 
A value of 0 represents a uniaxial condition, while a value of ±1 indicates a multiaxial condition. It can be observed that both load 
types 1 and 2 tend to produce multiaxial stress on the dent profile, which is not uniformly distributed. This condition will affect 
the model's behavior under fatigue loading.

Fig. 7. FEM result: biaxiality indication.

4.3. Fatigue life

Fig. 8 illustrates the effect of stress concentration on the pipeline's fatigue life. The analysis results indicate that the normal 
pipeline subjected to both load types 1 and 2 remains within the safe operating range and can withstand more than 1 million loading 
cycles. However, the minimum fatigue life in the critical region decreases with increasing GI percentage. Moreover, Fig. 9 shows 
that load type 2 poses a higher risk to the pipeline's structural integrity than load type 1.

Fig. 8. FEM result: fatigue life.
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Fig. 9. Stress result vs fatigue life; (a) load type 1; and (b) load type 2.

4.4. Fatigue safety factor

Fig. 10 presents the analysis of the safety factor (SF) against fatigue for a design life of one million cycles. Unlike in static 
loading conditions, an SF ≥ 1 in fatigue analysis is considered safe. As shown in Fig. 10, a 5% dent significantly increases the 
likelihood of fatigue failure, particularly under load type 2. Meanwhile, a 10% dent remains within the safe range under load type 
1, but may lead to structural failure after only a few thousand cycles under load type 2.

Fig. 10. Fatigue safety factor for 106-cycle design life.

5. Concluding remarks

The effect of GI on the fatigue strength of CO2 transportation pipelines has been studied. The results show that dent-shaped GI 
significantly reduces the fatigue life of the modeled pipe structure. The dent profile alters the effective cross-sectional area, thereby 
inducing stress concentration. This stress concentration is the primary cause of crack formation after undergoing a specific loading 
cycle. From a loading perspective, fluctuating internal pressure in type 2 is more hazardous and requires greater attention than 
loading in type 1. For further research, this result needs to be validated using experimental methods or numerical modeling of fluid-
structure interaction to provide a more comprehensive picture.
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