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ABSTRACT 

Steel pipelines are used extensively in the oil and gas industries due to their high strength to weight 
ratio. The structural integrity of pipelines in areas prone to landslides poses a significant challenge 
due to the combined effects of corrosion and permanent ground deformation (PGD). In this study, the 
effects of PGD on the behaviour of corroded pipelines were investigated numerically. The corroded 
pipelines of an X80 high-grade steel were modelled using Finite Element Method (FEM). Through a 
series of Finite Element Analyses considering different corrosion geometries, and varying levels of 
PGD, the remaining strength of the pipelines, in terms of internal pressure, were determined. This 
investigation resulted in the construction of failure envelopes those account for different corrosion 
parameters and intensities of PGD. The failure envelope will provide valuable insights for the design, 
construction, and maintenance of pipelines located in hilly or landslide-prone terrains.  
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1. INTRODUCTION 

Metals naturally corrode when exposed to the environment, causing entropy and energy release. 
Corrosion weakens pipes, leading to uneven pressure distribution, especially in defective areas. The 
fluid carried by the pipe exerts pressure internally in all directions and corrosion defects resist the 
internal pressure from distributing uniformly at the defective zone, but the pressure concentrates at 
that area. The metal of the pipe undergoes a thinning process, which causes adverse effects on 
properties like yield strength and ultimate tensile strength. The phenomenon gets worse when the 
pipeline system faces severe permanent ground deformation after a major seismic hazard, movement 
of the fault line, landslides due to heavy rain, or debris flow withdrawing material. High stresses 
develop at the defective area due to imposed deformation, shear, and bending loads and may cause 
failure of the pipeline (Vazouras et al. 2010). The potentiality of a pipeline being shifted by a lateral 
or vertical movement of soil depends on pipe steel properties, soil-pipe interaction, the behaviour of 
materials, the depth of buried pipe, the amount, and the expeditiousness of the ground movement (Lee 
et al. 2016). The structural integrity of the buried pipeline across a hazardous area is endangered 
consistently, even at a small ground deformation. Understanding corroded pipeline failures during 
landslides is vital for safe operation and maintenance. An in-depth assessment of these pipelines is 
necessary. 
  
The mechanical behaviour of a buried pipeline under a strike slip fault was investigated with FE 
analysis and it was concluded that a soft ground results in a large deformation and stiff ground results 
in relatively less deformation (Vazouras et al. 2010). A parametric solution for active loading of soil 
upon buried pipelines was generated considering the magnitudes of active loading and resistance 
acting on the pipeline and estimated the maximum deflection and stresses by Randolph et al. (2010). 
However, they imposed limitations due to some simplified assumptions. A two-dimensional finite 
element model was developed by Zhu and Randolph (2010) considering plain strain conditions and 
restraining the pipe with a set of springs to evaluate the impact of landslide on the pipeline. 
  
Regarding the mechanical response of gas pipelines during landslides, various studies have 
contributed valuable insights. Using LS-DYNA software and a specialised model, research was 
conducted to investigate the mechanical behaviour of underground steel pipelines across landslide 
areas (Liao et al. 2021). Strain demands on buried steel pipelines were analysed with a three 
dimensional (3-D) nonlinear beam-Winkler spring FE analysis. The steel pipelines were subjected to 
different ground deformation patterns considering both longitudinal and lateral movement with 
different magnitudes (Agbo et al. 2022).  The mechanical response of pipelines under lateral 
landslides, utilising methods such as the R-O model and a simplified approach, were examined 
(Rajani et al. 1995 and Rourke et al. 1995). 
  
Short term effect of PGD and corrosion defect was combined to analyse the failure probability by 
changing the value of bending moment and with the progress of corrosion defect (Benjamin et al. 
2007). Multiple corrosion growth directions were used instead of a simplified conservative corrosion 
model (Wang et al. 2020). 
 
Finite element analysis was performed to characterise the mechanical behaviour of buried pipelines 
crossing landslide areas, considering soil-pipe interaction (Zhang et al. 2016). Zang et al. (2020) and 
Cao et al. (2020) utilised the finite element method to investigate how landslides affect buried 
pipelines within landslide-prone sections. These studies collectively contribute to understanding the 
intricate relationship between landslide disasters and pipeline integrity. There is a need for more 
research on the consequences of both landslide catastrophes and pipeline corrosion on the remaining 
strength (i.e., burst pressure) of pipelines. 
 
Existing researches focus on corrosion dimensions like defect depth and length to analyse the failure 
pressure of defected pipelines but in the case of a landslide loading on a defected pipe, failure pressure 
analysis is in lack of investigation. For a safe operation, the remaining strength determination should 
go under a vigorous investigation. In this study, a failure envelope is constructed using the 3-D FE 
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analysis to predict the burst pressure of corroded pipelines subjected to permanent ground 
deformation (PGD).  

2. FINITE ELEMENT MODEL   

Numerical analysis is a useful tool to conduct a parametric study. Three-dimensional (3-D) continuum 
FE analysis was performed using Abaqus software in this study. The parts for soil and pipeline were 
developed using brick element (Abaqus element name, C3D8R). The geometrical and mechanical 
properties of the pipeline are given in Table 1. The dimensions of the soil domain are shown in Figure 
1. Figure 1 (a) shows the dimensions of the soil profile along the longitudinal direction of the pipeline 
and Figure 1 (b) shows the 3-D view of the soil domain. The dimensions are collected from Gu et al. 
(2022). The top surface of the soil domain is inclined by 30° in the transverse direction.  

Table 1: Properties of pipe (Gu et al. 2022) 

Diameter Length Wall thickness Density Poisson's ratio Modulus of elasticity 
1016 mm 80 m 22 mm 7800 kg.m-3 0.3 20600 MPa 
                                                                        
There are two compositions in the soil body, one is the sliding part, and the other is the non-sliding 
part. The sliding portion is 20 m wide and located at the central part of the soil body. The rest of the 
soil portions are 30 metres on both sidesof the sliding portion. The pipeline is placed perpendicular to 
the direction of soil movement below 2 m of the soil top. In general, transverse and longitudinal 
ground movements are two different directions of ground movement in relation to the pipeline’s axial 
direction. According to existing literature, the probability of soil movement is higher along the 
transverse direction compared to the longitudinal direction (Wang et al. 2020).  Therefore, the 
pipeline is placed perpendicular to the soil movement direction. 

 

(a) Soil Profile along longitudinal direction (b) 3-D view of Soil Domain 
Figure 1:  Dimensions of Soil Domain (After Gu et al. 2022) 

 

2.1 Material Models  

Nowadays, the pipelines are made of high-grade steel. A pipe made of X80 grade steel is considered 
in this study. The non-linear stress–strain relationships of X80 grade steel is shown in Figure 2 (Gu et 
al. 2022). Other properties of X80 grade steel are given in Table 1.  
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Figure 2:  True Stress–True Strain Curve of X80 Grade Steel (After Gu et al. 2022) 

 
For the soil body, different soil properties, given in Table 2, are applied to two different parts, i.e., 
sliding part and non-sliding part (shown in Figure 1). 
 

Table 2: Properties of soil (Gu et al. 2022) 
Parameter: Density 

(kg·m-3) 
Poisson's 

ratio 
Elastic modulus 

(MPa) 
Internal friction 

(°) 
Cohesion  

(Kpa) 
Friction 

coefficient 
Sliding Soil: 1900 0.4 20 20 20 0.4 
Sliding Soil: 2040 0.35 32.5 - - - 

 
To simulate pipe–soil interaction, hard contact penalty function is used for the tangential behaviour of 
the soil which represents a firm estimation of hard contact. From the existing literature, it is worth 
noticing that an impact on the result is found with a friction coefficient between 0.2 to 0.4 (Vazouras 
et al. 2010). The friction coefficient of 0.4 is used in this study. Hard contact Pressure-Overclosure is 
maintained in this case and separation is allowed after contact.  

2.2 Meshing and Boundary Conditions  

Using the advantages of symmetricity, the half model is developed in this study to save the 
computation time. Symmetric boundary conditions are applied at the symmetric surface and the other 
end of the model is fully restrained. Similarly, the bottom surface of the soil body is fully restrained. 
To simulate permanent ground displacement (PGD) of the sliding soil part, a transverse displacement 
load inclined by 30° with the base of the soil body is applied at the rear face of the sliding soil part as 
shown in Figure 1.  
 
During meshing the model, fine mesh is applied at the top part of the soil domain where the soil 
movement is expected, whereas the coarse mesh is applied at the remaining part of the soil domain. 
The pipe domain is meshed with the mesh size similar to the soil mesh size attached to the pipes’ 
outer surface. Four layers of elements are provided through the wall thickness of the pipeline 
following the recommendation of British Standard (BS 7910 2013). Mesh sensitivity analysis is 
performed to obtain the optimum mesh size. A typical mesh size is shown in Figure 3.  
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Figure 3:  3-D Model with typical mesh  

2.3  Validation of FE Model  

Before going into detailed analysis in this study, the FE model is validated using the experimental 
result available in Gu et al. (2022). During experimental work, the pipeline was subjected to an 
internal pressure of 10 MPa followed by a transverse displacement of 1 m. The stresses along the 
length of the pipeline were measured employing strain gauges after applying 1m displacement. Figure 
4 shows the comparisons of stresses obtained by FE analysis with test results. The curve with triangle 
markers indicates the test results and the curve with circle markers indicates the result obtained from 
FE analysis. The figure shows a good correlation between the test result and the FE analysis. The rest 
of the studies are conducted using these validated FE models.    

 
Figure 4:  Validation of FE Model 

2.4  FE Model of Corroded Pipe  

During service life, the pipelines may be subjected to corrosion defects located on the exterior and/or 
interior surface of the pipeline. Mondal and Dhar (2017a) showed that both corrosion locations (i.e., 
exterior or interior) have almost similar effects on the performance of the corroded pipeline. Besides, 
the interaction between the pipeline and the soil body will be complicated in case of external 
corrosion defect. For these reasons, internal corrosion defect is considered for this study. The actual 
corrosion shape is irregular as shown in Figure 5 (a). Accepting the findings of other researchers, a 
rectangular shaped defect with a constant defect depth is used to simplify the corrosion defect model 
as shown in Figure 5 (b) (Mondal and Dhar 2017b, Gu et al. 2022, Netto et al. 2005 and Chen et al. 
2015).  
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(a) Actual shape of corrosion defect (b) Idealised shape of corrosion defect 

Figure 5:  Shape of Corrosion Defect 

Corrosion assessment methods are determined by normalising corrosion depth (d) and length (l) by 
the pipe wall thickness (t) (Arumugam 2019). The maximum allowable depth of carrion is 80% of 
wall thickness (ASME B31G 2015).  The sizes of corrosion defect geometries considered in this 
investigation is given in Table 3. The FE models are analysed following two different stages. In the 
first stage, the pipelines are subjected to a constant displacement load and in the second stage, the 
deflected pipelines are subjected to varying internal pressure until failure. To investigate the effect of 
permanent ground displacement, three displacement magnitudes such as 0.5m, 1m and 1.5m are 
considered.  

 
Table 3: Corrosion defect geometries 

Pipe Size: 1016 mm (diameter), 22 mm (wall thickness) 
Corrosion depth (d/t): 0.10, 0.20, 0.45, 0.60 
Corrosion length (l/t): 5, 10, 15, 20 

3.  ANALYSIS AND DISCUSSION 

3.1 Stress variation along the perimeter of the pipeline 

From a preliminary analysis, it is observed that along with the displacement, the stress condition of 
the pipeline changes rapidly. Bending deformation of the pipeline is highest at the middle of the 
pipeline where the landslide thrust attacks, leading to stress variation along the cross-section along the 
cross section. The maximum stress is noticed to occur at the compressive side and at the tensile side. 
The compressive side is denoted by point A and the tensile side is denoted by point B shown in Figure 
6. The tensile side goes under fracture when the tensile strain crosses the limiting strain. Therefore, 
the simulation focuses on the corrosion defect at point B due to its higher vulnerability and further 
simulation is done focusing on this point. The rest of the study on the corroded pipeline involves 
applying corrosion defects specifically at the tensile side.   

3.2 Stress variation along the thickness and length of the pipe 

By FE analysis, the von Mises stresses are calculated at four nodes along the remaining ligament of 
the corroded zone. The values of d/t and l/t of the pipe are 0.45 and 20 respectively. The nodes are 
defined as inner node, intermediate node 1, intermediate node 2 and outer node as shown in Figure 7. 
A complete analysis is done following three loading stages. In the first stage, the pipeline is subjected 
to gravity load followed by PGD of 1 m in the second stage. In the third stage, the pipeline is 
subjected to internal pressure.  
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Figure 6: Compressive Side and Tensile Side of pipe cross-section 

Figure 8 shows the variation of von Mises stress at four nodes with respect to PGD (Figure 8 (a)) and 
internal pressure (Figure 8 (b)). The PGD and internal pressure exerts outward bending at the 
corroded zone resulting in high von Mises stresses which indicates that the PGD reduces the 
remaining strength of the corroded pipeline.   

 
Figure 7: Node number along the thickness located the centre of the defected zone 

  

(a) Permanent Ground Displacement (b) Internal Pressure 

Figure 8: Compressive Side and Tensile Side of pipe cross-section (with d/t=0.45, l/t=20) 
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Figure 9 shows the stress fluctuation along the axial length of the above-mentioned corroded pipe 
subjected to the said loadings. As depicted in the figure, the maximum von Mises stress appears at the 
corroded zone indicating the failure probability of the pipeline at the corroded zone. 
 

 

Figure 9: Stress variation along the length of the corroded pipeline (MPa) 

3.3 Effect of PGD Magnitude 

To investigate the effect of PGD magnitude on the performance of corroded pipelines, three FE 
models are developed using the corrosion geometries mentioned in section 3.2. The models are 
analysed for three PGD magnitudes of 0.50m, 1.0m and 1.5m. For each PGD magnitude, the average 
von Mises stresses through the corroded ligament located at the centre of the corrosion defect are 
calculated. The effect of PGD magnitudes is shown in Figure 10 in terms of Mises stress. The stresses 
are presented with respect to the time of analysis, where the models are subjected to gravity load, 
PGD and internal pressure from the time of 0-5, 5-10 and 10-15, respectively. The figure implies that 
the PGD magnitudes greatly influence the remaining strength of the corroded pipeline.    
 

 

Figure 10: Effect of PGD magnitudes on the strength of pipeline 
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3.4 Effect of Corrosion Geometries  

The corrosion geometries are defined in terms of corrosion depth (d) and corrosion length (l). To 
investigate the effect of d/t and l/t on the remaining strength of the corroded pipeline, nine FE models 
are developed using the corrosion geometries given in Table 3. The influence of corrosion depth is 
investigated with constant l/t of 20 and the influence of corrosion length is investigated with a 
constant d/t of 0.45. Figure 11 shows the effect of corrosion geometries in terms of Mises stress 
variation. The figure clearly implies that the remaining strength of corroded pipelines is significantly 
influenced by the corrosion geometries.  
 

  

(a) Effect of d/t (with l/t=20) (b) Effect of l/t (with d/t=0.45) 

Figure 11: Effect of corrosion geometries on the performance of corroded pipeline 

4. DEVELOPMENT OF FAILURE ENVELOPE 

4.1 Failure Criteria 

To determine the remaining strength of a corroded pipeline in terms of burst pressure under a 
magnitude of PGD, it is essential to define the failure criteria at the beginning at the beginning. The 
existing literature shows that the burst pressure of a corroded pipeline is defined using the ultimate 
tensile strength of the pipe material. Applying this criterion in this study, the burst pressure of a 
corroded pipeline is determined when the average von Mises stress through the corroded ligament is 
equal to the ultimate strength of the corroded pipeline (i.e., 550 MPa). The burst of the intact pipeline 
(Po) is determined using Eq. 1 available in Mondal and Dhar (2018), where t, D and σu indicate the 
pipe wall thickness, pipe nominal diameter and ultimate strength of the pipe material. From a 
preliminary analysis, it is observed that along with the displacement, the stress condition of the 
pipeline changes rapidly. 
   

 

4.2  Failure Envelope  

To ensure the uninterrupted operation of a pipeline network, the maximum operating pressure should 
be predicted accurately with proper precision. From the above discussions, it is observed that the 
remaining strength/burst pressure (P) of a pipeline depends on pipe dimensions, corrosion geometries, 
material properties and PGD magnitudes. Therefore, the burst pressure of a corroded pipeline should 
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be determined considering all of the influencing factors. In this study, some failure loci are 
constructed to predict the burst pressure of a corroded pipeline subjected to a PGD magnitude. In 
constructing the failure loci, the burst pressures (P) and the PGDs are normalised by the burst pressure 
of intact pipeline (Po) and the pipe diameter (d), respectively. The corrosion geometries are 
represented by the corrosion area (a) which is the product of corrosion length (l) and corrosion depth 
(d) (i.e., a=l x d). The corrosion area (a) is normalised by pipe cross-sectional area (A). The pipe 
cross-sectional, A, is calculated using Eq.2, where Do and Di indicate the outer diameter and inner 
diameter of the pipe, respectively.  

 

Figure 12 shows the failure envelope constructed in this study for three PGD magnitudes. The figure 
can be a useful tool for oil and gas industries for assessing the remaining strength of corroded 
pipelines subjected to landslide and/or land subsidence related problems.  

5. CONCLUSIONS 

The study investigates the effect of PGD on the performance of corroded pipelines when subjected to 
internal pressure. The key findings can be summed up as follows: 
 
 Under the action of PGD, maximum stress developed in the corroded zone of the pipe. The 

corrosion defect located at the tensile side of the pipeline is more harmful compared to the 
compressive side.  

 The internal pressure in association with PGD causes higher local bending resulting in higher von 
Mises stress. The effect of corrosion geometries on the remaining strength of corroded pipelines is 
increased by the presence of PGD. 

 Failure envelope between normalised failure pressure and the normalised corroded area is 
constructed for different PGD magnitudes. The envelope can be used for assessing the safe 
operating pressure of the corroded pipelines. 

 

 

Figure 12: Failure Locus for Corroded Pipe Subjected Internal pressure with PGD 
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