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In this research paper, the failure pressure predictions were obtained for a pipeline section by 

analyzing a combined corrosion defects, which joins together a general corrosion and a pitting 

corrosion defects. Well-known conventional mathematical methods were used in this study to predict 

the failure pressure of corroded steel pipelines, such as: B31G, RSTRENG-1, Shell-92, DNV, PCORR, 

and Fitnet FFS. The equations reported for corrosion defects with more complex characteristics 

developed by Choi et al., and Cronin et al. were also used. Furthermore, Finite Element (FEM) is one 

of the most employed nonlinear methods because of its good response of pipeline failure prediction 

under the corrosion mechanism. So, FEM methodology results the least conservative in comparison 

with the others mathematical models, according to the literature, for this reason it was used to compare 

the standard deviation  of the methods. Failure pressure predictions determined that the most 

conservative methods were: Shell-92, Fitnet FFS, Choi’s method, B31G, RSTRENG-1, Cronin´s 

method, PCORR and DNV, in that order.  
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Nomenclature  

A% relative elongation 

CD corrosion depth 

Co, C1, C2 Choi´s method constants  

D external pipeline diameter 

E modulus of elasticity 

g geometry factor 

K hardening coefficient 

L longitudinal corrosion defect length 

M bulging factor 

PD pit depth 

pf failure pressure 

pLongGroove failure pressure of long groove 

pPlainPipe failure pressure of plain pipe 

p2Inst instability pressure of plain pipe 

RE relative error 

r current inside pipe radius 

t pipe wall thickness 

tLo original ligament thickness 

y defect depth  

ν Poisson´s ratio 

σYS material yield stress  

σUTS material ultimate tensile stress  

σcrit critical stress at failure 

tLO original ligament thickness at the deepest point in the defect 

Ɛcri critical strain 

α and n Ramberg-Osgood material parameters 

σ1 axial stress acting along the longitudinal direction 

σ2 hoop stress acting along the circumferential/tangential direction 

σ3 radial stress acting along the radial direction 

σVM Von Misses stress 

 

 

1. INTRODUCTION 

According to the last study presented by NACE in 2016 titled ―International Measures of 

Prevention, Application, and Economics of Corrosion Technologies Study‖ [1] the global cost of 

corrosion is equivalent to 3.4% of the GDP (Gross Domestic Product) and it demonstrated that by 

using available corrosion control methods, it is feasible to save up to 35% of the corrosion cost. In this 

study, NACE emphasizes that the oil and gas industry is one of the sectors that invest the most in 

corrosion control and monitoring. In this industry, buried pipelines constitute a safe, efficient and low-

cost means of hydrocarbon transportation that satisfies the demand for petroleum in different parts of 

the world. Oil and gas pipelines are being used in different environmental conditions, such as arctic, 

desert, jungle, tropical forests, and so on. In Mexico, the external damage in oil and gas pipelines is 

mainly motivated by the localized corrosion defects [2]. In this sense, it is worthwhile to study the 

influence of corrosion on the lack of pipeline hermeticity and how it causes a great number of small 
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leaks. For this reason, it is important to model the time evolution of the external localized corrosion 

defects [3,4] in order to evaluate pipeline reliability [5].  

The analytical methods for estimating the pipeline failure pressure are based on the corrosion 

defect depth and length. The traditional methods for estimating the failure pressure in a corroded 

pipeline are: B31G [6], RSTRENG-1 [7], PCORR (Batelle) [8], DNV-99 [9], Shell [10], Fitnet FFS 

[11]. However, one feature of B31G and RSTRENG-1 methods is that the pressure failure values can 

be more conservative
1
 than the others [12-18]. However, there are other options for estimating the 

failure pressures in pipelines with different corrosion defect profiles. Filho et al. [12], presented 

equations with a single pit in an API-5L-X65 pipelines. This study is limited to a single pit and it did 

not consider another type of corrosion. Bin Ma et al. [19] proposed equations in different pipeline 

steels using corrosion profiles, such as elliptical-shape defects with high stress yields. This equation is 

not applied to steels with low stress yield, such as steel API 5L X42 or API 5L X56. Another 

shortcoming of these studies could be that the failure pressure is only useful for a single pit. Lee et al. 

[20] proposed equations for two rectangular pitting in longitudinal and circumferential directions. They 

do not, consider the interaction of any other types of corrosion, such as general corrosion. Cronin et al. 

[15] presented a method based on complex corrosion defects using the weighted depth difference 

(WDD). Less conservative values between 20 and 34% are achieved in comparison to B31G and 

RSTRENG, respectively. Choi et al. [14] proposed equations for an API 5L X65 pipeline with a 

rectangular-shaped defect, getting adequate results when comparing their values to experimental 

failure pressures. The Finite Element Method (FEM) has been conducted frequently to get failure 

pressure predictions in pipelines with complex corrosion defects. Machado et al. [21] confirmed that 

FEM predictions produced more accurate results when these were compared with other methods. 

Using FEM allows for the evaluation of corrosion defects with complex geometries, getting better 

results than traditional methods [12]. 

According to the literature, there are several studies of corrosion defects using FEM with 

different geometries, such as oval-shaped defects [22], elliptical-shaped defects [17,19,23,24], 

ellipsoid-shaped defects [25], holes-shaped defects [12], groove-shaped defects [14,26], long blunt 

grooves [23,24,26,27], rectangular-shaped defects [14], semi-spherical shaped defects [23,24], and 

pitting [20,28,29]. So far, there are only a few studies where two types of corrosion defects are 

analyzed together in pipe segments. Recently, Bedairi et al. [16] has presented a new hybrid defect in 

pipelines, which occurs in cracks in corrosion (CIC). The CIC model combines a corrosion defect with 

a flat bottom and in this a crack of uniform depth. This combination is based on the fact that it is 

possible to find two corrosion defects in pipelines. 

Therefore, in the present study, the aforementioned traditional methods (B31G, RSTRENG-1, 

PCORR, DNV-99, Shell, Fitnet FFS), Cronin and Choi were used to obtain the failure pressure 

predictions for a combination of two types of external corrosion defects (general corrosion in a 

rectangular-shaped defect with spherical ends and a spherical-shaped pitting) on a pipe surface. One 

limitation of the traditional methods is that they depend on perfect corrosion profiles in order to predict 

the failure pressure values in pipelines with general or localized corrosion and they do not consider the 

                                                 
1 In this paper, the word ―conservative‖ refers to lower numerical values of failure pressure estimated by methods in comparison with the 

failure pressure estimation using FEM. 
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stress concentration motivated by complex geometries in pitting corrosion. In this context, it is 

necessary to include another technique, such as FEM, in order to obtain the failure pressure predictions 

in pipelines. The aim of this study is to compare the failure pressure predictions achieved with both 

traditional methods and FEM. The combined corrosion defect is studied in an API 5L X52 steel pipe 

section. In addition, the mechanical behavior of the pit was also analyzed by FEM, through Von Mises 

stress against internal pressure plots.   

 

 

2. SOIL CORROSIVITY AND ITS ELECTROCHEMICAL BEHAVIOR 

 

In Mexico, almost the majority of the leaks occur by pits that grown-up on the external surface 

of the buried steel pipes [2]. Some studies have indicated that the soils in the south side of Mexico 

(Veracruz, Tabasco and Chiapas) are a kind of silty clay [3-4, 49-50]. These soils are slightly acidic 

(pH 6.13) with a chloride content of about 47 ppm and the pipelines that work in that zone are, in 

general terms, cathodically protected (pipe-to-soil potential about 880 mV) [3-4, 49-50]. From all the 

soil characteristics analyzed in the aforementioned research, the variables that exert the greatest 

influence are pH, pipe-to-soil potential (Ecorr), soil texture, water content and dissolved chloride 

concentration, in that order. Similar results were found by Kar Sing Lim et al. in a paper published in 

2017 for Malaysian soils [53]. 

While analyzing the electrochemical behavior of a pipeline steel immersed in a simulated soil 

solution, it was found that the corrosion potential (Ecorr) has a minimum value after 168 h of immersion 

[54]. It means that after this time the formation of corrosion products is more efficient and they can 

provide a better protection on the steel surface. This conclusion also agrees when the Linear Sweep 

Characterization is done for pipeline steel. In this experimental technique, it is possible to observe that 

in the first 24 hours the steel surface is almost free of corrosion products [54]. According to the X-ray 

diffraction characterization, the main corrosion products found in a solution that simulates the 

chemical composition of Mexican soil are magnetite (Fe3O4), maghemite (γ-Fe2O3), goethite (α-

FeOOH) and lepidocrocite (γ -FeOOH) [54]. The composition of these compounds is dependent on 

exposure time. 

After analyzing the soil corrosivity, its electrochemical behavior, and the frequency with which 

external corrosion defects appear, it is important to study the impact of the geometry of the corrosion 

defects and the methods used to assess the pipeline integrity under working pressure. One of the 

purposes of the study is to complement the knowledge of the soil corrosion with computational 

techniques to determine the pipeline’s reliability. 

 
 
 

3. EXPERIMENTAL PROCEDURE 

3.1 Mechanical properties of a pipeline steel (API 5L X52) 

API 5L X52 steel is one of the most common pipeline material used for oil and gas 

transmission. The chemical composition and mechanical properties of samples of this steel are shown 

http://www.tandfonline.com/author/Lim%2C+Kar+Sing


Int. J. Electrochem. Sci., Vol. 12, 2017 

  

10156 

in Table 1 and Table 2, respectively [23,24]. In Fig. 1, the true stress-strain curve of an API 5L X52 

steel with the hardening effect is illustrated.   

 

 

Table 1. Chemical composition of API X52 pipeline (weight %) [23, 24]. 

 

C Mn Si Cr Ni Mo S Cu Ti Nb Al 

0.22 1.22 0.24 0.16 0.14 0.06 0.036 0.19 0.04 <0.05 0.032 

 

Table 2. Mechanical properties of API X52 pipeline [23, 24]. 

 

E (GPa) ν σY (MPa) σUTS (MPa) A% n K (MPa) 

203 0.30 410 528 32 0.164 876 

E (GPa), ν, σY, σU, A%, n and K, are modulus of elasticity, Poisson´s ratio, yield stress, ultimate 

stress, relative elongation, hardening exponent and hardening coefficient, respectively. 

 

 
 

Figure 1. True stress-strain curve for API 5L X52 pipeline steel [23,24]. 

 

 

3.2 Failure pressure (Pf) 

Table A1 in the appendix of this paper shows the equations commonly used to estimate the 

pipeline failure pressure. In this study, the maximum depth (50%) of pipeline wall thickness, which is 

the sum of the two corrosion defects, general corrosion (25%) and pitting corrosion (25%), is adopted 

to obtain the failure pressure values. To determine the failure pressure values by Cronin’s method [15], 

the values for g, σcrit, Ɛcrit, α and n were 0.756, 600 Mpa, 0.105, 5.87 and 8.24, respectively. One 

limitation in Cronin’s study [15], regarding the parameter g, is that it depends on the weighted depth 

difference (WDD) method, and g can be obtained using specialized software, such as the CPS 

(corrosion profile shaded). For the current study, the parameter g is considered zero for all conditions. 
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3.3 FEM simulations 

A set of nine conditions were modeled to estimate the failure pressure values, which use the 

corrosion defect length (L) and the wall thickness (t) as variables. In Fig. 2, the shape and size of the 

corrosion defect studied is illustrated, while Fig. 2a) shows the general view of the pipe section and 

Fig. 2b) presents an overview of the pipe section undergoing a combination of two types of simulated 

corrosion defects. The pipeline diameter (D) is 609.6 mm for all conditions. Fig. 3 shows the pit 

dimensions and its geometry. Table 4 summarizes all cases in the present study. 

 

 
 

Figure 2. Pipeline geometry (all dimensions in millimeters): a) circumferential and longitudinal 

pipeline and b) corrosion defect. (CD and PD refers to general corrosion depth and pitting depth, 

respectively) 

a) 

b) 
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Figure 3. Semi-elliptical pit (dimensions in millimeters).  

 

 

Table 4. Summary of FEM analysis. 

 

 t 

thickness 

L 

Length 

CD+ 

General 

Corrosion 

Defect 

Depth 

PD
* 

Pitting 

Corrosion 

Defect 

depth
 

Case mm mm mm mm 

1 9.525 152.4 2.387 4.775 

2 9.525 304.8 2.387 4.775 

3 9.525 609.6 2.387 4.775 

4 12.7 152.4 3.175 6.35 

5 12.7 304.8 3.175 6.35 

6 12.7 609.6 3.175 6.35 

7 19.05 152.4 4.775 9.525 

8 19.05 304.8 4.775 9.525 

9 19.05 609.6 4.775 9.525 

+ 25% of pipe wall thickness 

*25% of pipe wall thickness 

 

To create 3D models with FEM, plain strain conditions were considered to restrict the pipeline 

from expanding or contracting longitudinally [16]. Due to the pipeline’s symmetric geometry, one 

quarter of the pipe was considered as presented in Fig. 4a) and b). 
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Figure 4.  Symmetry conditions: a) symmetry in longitudinal and transverse direction and b) 

boundary conditions.  

 

 

FEM has been widely used to investigate the failure pressure estimations with corrosion defects 

[15,30-33]. To mesh a 3D model, brick solid 45 isoparametric elements were employed. The total 

number of elements and nodes were approximately 2000 and 15000 respectively. The commercial 

software ANSYS version 11.2 was adopted [34]. Cronin et al. [15] employed 2 elements through the 

pipeline thickness to determine the failure pressure values. Bedairi et al. [16] used 10 elements in 3D 

pipeline models affected by corrosion. For the present study, 2 and 3 elements were selected to mesh 

the corrosion defect in a pipe section. Considering the symmetric condition, only one quarter
2
 of the 

pipeline with the two corrosion defects was modeled, see Fig. 5a) and Fig. 5b) that presents the mesh 

used for all conditions. A material with elastic-plastic, isotropic, hardening behavior was adopted as 

well, as the Von Mises criterion was employed [12]. Both material nonlinearity and large displacement 

were conducted in the elastic-plastic analysis. In the study by FEM, the failure pressure values are 

considered when Von Mises stresses
3
 reach maximum stresses of the material, whose stresses values 

are equal to the whole area of ligament
4
 [12,16,19,35,36]. In the pipelines, Von Mises criterion is 

applied since the three principal stress components act along the axes of the pipeline [37]: 

                                                 
2 For the sake of simplicity and because of the pipeline symmetry in Finite Element Analysis, it is common to model only one quarter of 

the specimen. 
3 Von Mises stress is widely used by engineers to verify whether the pipe or the vessel will withstand a given load condition. 
4 In this paper, the word ―ligament‖ has the same meaning as ―remaining pipe wall thickness‖. 

a) 

b) 
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Where: 

σ1= axial stress acting along the longitudinal direction 

σ2= hoop stress acting along the circumferential/tangential direction 

σ3= radial stress acting along the radial direction 

σVM= Von Misses stress. 

 

 

 

 
Figure 5. 3D model for an API 5L X52 pipeline: a) a quarter of the pipe and b) finite element mesh for 

two corrosion defects.  

 

 

4. RESULTS AND DISCUSSION 

4.1 Failure pressure (Pf) estimation 

Table 5 presents the failure pressure values estimated by different methods and FEM. Table 6 

gives the mean error (%) of each method against FEM, considering this as the most realistic model 

[12,24]. 

It is pointed out that for the methods and FEM the failure pressure values decrease as the 

corrosion defect depth and length increase with constant pipeline thickness. For all methods, the results 

were determined for a total corrosion depth of 50% of the pipe wall thickness; as a result, the failure 

pressure decreases. This is because the corrosion defect removed enough material of the pipe wall 

thickness, weakening the ligament and resulting in low failure pressure. The failure pressure values 

were obtained by Cronin’s method considering a g parameter value of 0.756. The failure pressures 

decrease as the corrosion defect length increases when values of g that were less than 1 were obtained. 

However, it is assumed that these decreases could be small as the corrosion defect length increases. 

The g parameter was applied from the CPS Software, and it depends on the length and depth of the 

corrosion defect.  

Table 6 showed the mean error as a percentage (%) among the traditional methods respecting 

FEM. Since all cases showed the same behavior, only cases 1, 4 and 7, where the wall thickness of the 

a) b) 
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pipeline (t) was changed, were considered. It is possible to observe that Shell-92 method was the most 

conservative, followed by Fitnet FFS, Choi’s method, B31G, RSTRENG-1, Cronin’s method, 

PCORRC and DNV. To obtain the mean error (%), the following equation was used:  

 

   

 
100

f f

f

P methods P FEM
x

P MEF

 
 
  

        [2] 

 

 

Table 5. Comparison of failure pressure estimation values by methods and FEM results, in MPa. 

 

* B31G RSTRENG-1 Shell-92 DNV PCORRC Fitnet 

FFS 

Choi Cronin FEM 

1 11.22 11.14 9.80 12.57 12.64 9.92 11.17 12.65 15.37 

2 10.35 9.91 8.56 10.52 10.58 8.66 9.39 12.65 15.09 

3 7.87 9.33 7.96 9.39 8.90 8.05 4.24 12.65 14.89 

4 15.30 15.33 13.57 17.55 17.39 13.81 15.37 16.87 20.85 

5 14.01 13.50 11.69 14.59 14.71 11.89 13.00 16.87 20.27 

6 10.52 12.58 10.75 12.85 12.25 10.94 5.82 16.87 20.06 

7 23.69 24.04 21.51 28.05 27.08 22.12 23.92 25.31 32.92 

8 21.47 20.90 18.18 23.27 23.29 18.70 20.57 25.31 31.19 

9 15.79 19.15 16.44 20.07 19.29 16.90 9.00 25.31 30.75 

*cases 

 

Table 6. Mean error (%) by methods 

 

* B31G RSTRENG-1 Shell-92 DNV PCORRC Fitnet 

FFS 

Choi’s 

method 

Cronin’s 

method 

1 27 28 36 18 18 35 27 18 

2 31 34 43 30 30 43 38 16 

3 47 37 47 37 40 46 72 15 

4 27 26 35 16 17 34 26 19 

5 31 33 42 28 27 41 36 17 

6 48 37 46 36 39 45 71 16 

7 28 27 35 15 18 33 27 23 

8 31 33 42 25 25 40 34 19 

9 49 38 47 35 37 45 71 18 

*condition 

 

4.2 Effect of corrosion defect length   

Figure 6 shows the failure pressures against corrosion defect lengths for all methods and FEM. 

In this figure, the failure pressure values are illustrated for different corrosion defect lengths: a) 9.525 

mm, b) 12.7 mm and c) 19.05 mm. In general, the failure pressure values determined by the well-

established methods show lower values compared to FEM. The most conservative methods are: Shell-
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92, Fitnet FFS, B31G, RSTRENG-1, Choi’s method, Cronin’s method, PCORR and DNV, in that 

order.  

Figs. 6a), b), and c) show the failure pressures for different corrosion defect lengths as a 

function of the wall thickness (t) of 9.525 mm, 12.7 mm and 19.05 mm, respectively. The wall 

thickness of 9.525 mm is used for cases 1 to 3, 12.7 mm for cases 4 to 6 and finally 19.05 mm for 

cases 7 to 9. It is also demonstrated that there is a significant dependence of failure pressures in the 

corrosion defect length for the analytical methods. In this sense, as seen in Fig. 6a), it is possible to 

observe that all failure pressure estimations are close numerically for 9.525 mm corrosion defect 

length. On the other hand, in Fig. 6b) and c), one can see that the failure pressure estimations for 12.7 

mm and 19.05 mm corrosion defect lengths are more dispersed. However, when the corrosion defect 

length is greater (L≥300-600 mm), the failure pressures decreases. The results obtained by traditional 

methods are less accurate when the corrosion defect length is larger and they should not be used to 

analyze the larger corrosion defects.  
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Figure 6. Failure pressure values of pipelines as a function of the corrosion defect length for several 

pipeline wall thicknesses, a) 9.525 mm, b) 12.7 mm and c) 19.05 mm. 

 

This is because the background of these methods is established on short corrosion defects. 

Finally, FEM (whose failure pressure values were highest out of all corrosion defect lengths) revealed 

minimal differences of failure pressures with respect to all corrosion defect lengths. It means that FEM 

is less sensitive to corrosion defect lengths. 

 

4.3. Effect of corrosion defect depth 

Figs. 6a), b), and c) show the failure pressures for corrosion defect depth as a function of wall 

thickness (t) of 9.525 mm, 12.7 mm and 19.05 mm, respectively. This is because the wall thickness of 

9.525 mm pertains to cases 1-3, 12.7 mm to cases 4 to 6 and 19.05 mm to cases 7 to 9.  

Fig. 7 shows the failure pressure based on the variation of the corrosion defect depth: a) 4.775 

mm, b) 6.35 mm and c) 9.525 mm. It is noted that the failure pressures increase as corrosion defect 

depth increases. Both the defect caused by general corrosion and the defect caused by pitting corrosion 

have, in total, a depth of 50% of the wall thickness (t), which is considerably deep. The total depth of 

the two corrosion defects is the sum of 25% of the wall thickness for general corrosion defect depth 

and 25% of the wall thickness for pitting depth. These figures also show a similar behavior described 

in Section 3.2, where it was observed that failure pressure estimations were closer in numerical value 

for all the traditional methods (Fig. 7a), and when the corrosion defect depth increases, the results were 

more dispersed (Fig. 7b) and c).   

Analyzing the results, the most conservative estimations are achieved by Shell-92, Fitnet FFS, 

B31G, RSTRENG-1, Choi’s method, Cronin’s method, PCORR and DNV, in that order. FEM always 

has the highest failure pressure values. 
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Figure 7. Failure pressure values of pipelines as a function of the corrosion defect depth, a) 9.525 mm, 

b) 12.7 mm and c) 19.05 mm. 

 

For all methods used in this research, the failure pressures data was lower than FEM. All 

results were less than 1 when the relative error (RE) was employed. That is, the failure pressure was 

underestimated. The RE can be obtained using the following equation [17]. 
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( )

( mod )

Failure pressure methods
RE

Failure pressure FEM el
        [3] 

 

As the RE values were less than 1, the pipeline with a combined corrosion defect can be 

operated relatively safely under moderated pressure conditions. A rupture analysis is recommended to 

reveal the effect of bulging factor
5
, particularly where stress is highest at the defect area [37]. Although 

such high levels of conservatism ensure additional safety, it can also lead to cost elevation due to 

unnecessary repairs and replacement of in-service pipeline sections [26]. 

Shell, Fitnet FFS and B31G methods obtained conservatives values of failure pressures 

respecting FEM. This is due to the three methods adopting the same bulging factor (M), which is 

conservative. Therefore, enough material is removed, resulting in a high stress in the ligament; as a 

consequence, low conservative failure pressure values were produced. Fitnet FFS method based its 

approximation of failure pressure on an ideal corrosion defect where enough material is removed. The 

mean errors (%) were 35-45% and 36-47% for the Fitnet and Shell methods, respectively, when 

compared against FEM.  

B31G method shows two equations for pressure failures, depending on the relationship of 

DT

L , which used the corrosion defect length (L), pipeline thickness (t) and the pipeline diameter (D). 

In addition, two conditions are considered in real scale testing. First, limitation of the maximum hoop 

stress by the material´s yield strength. Second, small profiles of corrosion defect are shown in a 

parabolic-shape and the corrosion defect length is shown in rectangular-shape [23,38]. In addition, B31 

G leads to conservative values, since it used the material yield stress to determine the pressure failure. 

It is also mentioned that in the B31 G method, the average difference was 27-49%. Filho et al. [12] 

reported an average difference of 25-40% when short corrosion defects in pipelines were evaluated 

using the B31G method. 

The RSTRENG method obtained an average difference of 28-38%. Bedairi [16] reported 

average differences of 35-37% when they compared this method against the failure pressure 

predictions for rectangular corrosion defects in API 5L X52 pipelines. The RSTRENG method is based 

on evidence of experimental failure pressures and simulations by FEM and uses a less conservative 

bulging factor (M). It is important to emphasize that RSTRENG is limited to low stress concentration. 

The maximum corrosion defect depth and the external length of corroded area [23] are also considered. 

In the RSTRENG and B31G methods, the short longitudinal corrosion defects are simplified as 

parabolic curves. On the other hand, long corrosion defects are simplified as rectangular defects [39]. 

Another feature of those methods is that the smaller parts are not considered.   

Choi et al. [14] suggested equations for ideal pits in semi-elliptical defects instead of 

rectangular and semi-spherical defect. This procedure produces conservative results for larger and 

deeper corrosion defects in comparison with other methods [13,26], as it is shown in Figs. 6 and 7. 

                                                 
5
 Bulging factor or Folias factor (M), represents the stress concentration due to the bulging that occurs 

under internal pressure loading [45] 
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This procedure is based on elliptical and small rectangular corrosion. The failure pressures obtained by 

Choi’s method for a 600 mm corrosion defect length are the lowest valued respective of all methods 

employed in this study. One can observe this result in Fig. 6a), b) and c). Therefore, this method is not 

recommended for larger corrosion defect lengths (L> 600 mm).  

In the equations proposed by Cronin et al. [15] the geometry factor (g), the failure pressure 

decreases as the corrosion depth increased (Fig. 7), (since the equations involved the relationship of 

thickness (t)), ligament thickness in the deepest part of the defect (tLO), the use of the parameters (α, n 

of the Ramberg-Osgood parameters) and the critical stress (σCrit) were not considered.  

The failure pressure values for PCORR and DNV methods were close to FEM predictions. For 

both methods, the bulging factor (M) is less conservative considering that the DNV method multiplies 

the ultimate tensile stress (UTS) by 2 to obtain the failure pressure [46]. In addition, the maximum 

stress (σUTS) of the material is used to obtain the failure pressures. Another important aspect is that 

these two methods are based on complex corrosion defects. The DNV method is capable of assessing 

pipelines containing a single defect, multiple interacting defects and complex shaped defects as well as 

a single defect under internal pressure [17,39].  

Although the majority of the well-established methods were validated using FEM and full-scale 

experiments, different failure pressure values are still being obtained. It can be assumed that the 

methods used in this paper to obtain failure pressures employed ideal short corrosion defects. 

However, when the corrosion defect length is larger (L > 600 mm) and the corrosion defect is deeper 

(about 50% of the pipeline wall thickness), all methods present a mean error (%) in the range of 37-

71%. This is because the methods used equations where the variable corrosion defect depth exerts 

greater influence on the failure pressure estimation than the corrosion defect length, as mentioned in 

the literature by F. Caleyo et al. [5, 47] and J.C Velázquez et al. [48] This is understandable since a 

pipeline with the deepest corrosion defect is more likely to fail than a pipeline with a large and shallow 

general corrosion defect. The corrosion defect depth has a greater influence on the pipeline strength 

while the width and length of a corrosion defect has less influence on the pipeline strength. Based on 

the aforementioned data, the internal pressure leads to rupture [35]. With these conservative values, it 

is not necessary to repair or remove the pipeline and it could continue in service in some cases [16]. 

Another condition to be considered is that the methods use ideal corrosion profiles and do not take into 

account the exact area of corrosion whereas corrosion typically has an irregular profile [41]. In 

addition, a pit-shaped defect induces high stress concentration making the failure pressures decrease. 

Although M is the Folias factor (bulging correction factor) and it indicates the stress concentration for 

pipelines under internal pressure, it is necessary to take into account defects that cause greater stress 

such as, pitting and edges. In all methods, the width of the corrosion defect was considered having less 

of an effect on the strength of corroded pipelines and, therefore, this factor was avoided in all 

assessment equations [42]. Another aspect that is not considered in the methods is the toughness of the 

material. There are pipelines that have been in service for more than 30 years and have already aged. 

Fracture toughness is a steel characteristic that should be incorporated into the failure pressure 

methods; this can help improve the results. However, this is not easy, because facture toughness is 

estimated by destructive tests. It is well-known that the methods B31 and RSTRENG were developed 

using pipe steels with low toughness values. While PCORRC and DNV methods used pipe steels with 
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higher toughness values [43]. For instance, Owen et al. [44] obtained a variation of 14-24.5% between 

the experimentally measured and predicted failure pressure using ASME B31G and ASME B31G 

modified (RSTRENG).   

With the failure pressure values achieved by FEM, it is assumed that this technique considers 

the actual behavior of material (true stress-strain curve). In this study, the Finite Element Analysis was 

conducted by the actual properties of the material with a law strain hardening besides constant values 

of Zenner-Hollomon taken by other authors [23,24], isotropic hardening and Von Mises yielded 

criterion [12]. Therefore, it is assumed that the behavior of this technique is closer to the actual failure 

pressure results with these two types of corrosion defects and therefore is less conservative and more 

realistic. Bedairi et al. [16] obtained a percentage of error from 5 to 12.1% when comparing FEM 

against experimental failure in an API 5L X52 pipeline with rectangular corrosion defects. On the 

other hand, Alang et al. [39] obtained a range error from 4.9 to 9% when experimental results and 

FEM for failure pressure values were compared in an API 5L X42 steel pipeline. From an engineering 

point of view, these differences are acceptable and it can be said that the failure pressure values 

reached by FEM are correct.  

 

4.4 Mechanical behavior of corrosion defect by FEM 

To explain the mechanical behavior of pipelines with a combined corrosion defect, the Von 

Mises stresses were obtained by FEM. Fig. 9 shows the points of interest in the pipeline for both 

corrosion defects (general and localized corrosion defects). The points of interest are: edge of 

corrosion (EC) defect length, bottom of corrosion (BC) defect length, edge of pit (EP), bottom of pit 

(BP) and bottom of corrosion defect (BCD). Fig. 10 displays the Von Mises stress as a function of the 

internal pressure variation for a) case 1 with wall thickness of 9.525 mm, b) case 2 with wall thickness 

of 12.7 mm and c) case 7 with wall thickness of 19.05 mm.  

 

 
 

Figure 9. 3D model of a pipeline with a corrosion defect. 
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Figure 10. Changes in Von Mises stress states with applied internal pressure load for a) 1, b) 4 and c) 

7 conditions. 
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For all cases (BC, EP and BP) the Von Mises stress varies linearly up to a pressure of 0.3 MPa 

and corresponds to the 86.5% of the material yield stress strength (σYS). On the other hand, EC and 

BCD for all conditions presented low Von Mises stress compared with BC, EP and BC. This is due to 

the fact that the stresses in EC and BCD acting along the longitudinal direction are higher, resulting in 

a lower value of Von Mises stress.  

 

 

 
 

Figure 11. Von Mises stress variation for condition 1 (varying internal pressure)
6
: a) 6.89 MPa, b) 

10.34 MPa, c) 13.78 MPa y c) 15.37 MPa. 

 

In practice, the maximum studying pressure for a pipeline is about 70% of the material yield 

strength [5]. Therefore, local plasticity is not expected in the corrosion defect under normal operating 

conditions, which present linear elastic behavior. Once the material yield strength has been exceeded, a 

strain plastic behavior was presented in the ligament and reflected in the loss of linearity in the 

mechanical behavior of Von Mises stress against the internal pressure. It is therefore safe to state that 

the pipeline can be operated safely under the σYS. When the stress exceeds the material yield strength 

(σYS), a failure shall be produced in the corrosion defect. BCD and EC points present a different 

behavior from the other conditions. It could be possible to affirm that for EC and BC points, strain 

plastic behavior is presented. The strain plastic behavior was reached until the Von Mises stress was 

                                                 
6 The scale depicted in Fig. 11 and 12 is in pound square inch units (psi) 

a) b) 

c) d) 
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equal to the yield strength (σYS) of the material. Therefore, the whole ligament is in the plastic zone, in 

other words, the entire remaining wall thickness has a plastic behavior. The BC, EP and BP zones 

exhibit similar behavior.   

Since the simulation results for all cases were similar, and for the sake of simplicity, only the 

analysis for the first condition was described as shown in Table 4. A pipeline with a radius of 304.8 

mm, wall thickness of 9.52 mm and a corrosion defect length of 76.2 mm is analyzed. A pressure 

variation was considered, from 6.9 MPa until it reached the failure pressure values and under the 

criterion that the failure occurred when the Von Mises stress in the ligament of the corrosion defect 

was equal to the true tension stress of the material. A pressure variation that reaches plasticity in the 

ligament is considered, under the criterion that failure occurs when Von Mises stresses in the ligament 

are equal to the true stress value of the API 5L X52 steel. Fig. 11 a), b), c) and d) display the variation 

of the Von Mises stress for four different pressures, 6.89 MPa, 10.34 MPa, 13.78 MPa and 15.37 MPa, 

respectively. At a pressure of P = 15.37 MPa, the ligament has been 100% plasticized. Therefore, the 

stress at which the pipe fails is reached. The highest stress concentration occurs in the deepest part of 

the pit (BP) and it extends along the bottom of the generalized corrosion defect (BC), affecting 

minimal regions of pipeline without strain. This is particularly evident in this case where the stresses 

are acting more intensely in the longitudinal direction (radial stress σ1), following the bottom of the 

corrosion in the longitudinal corrosion (general corrosion). 

Fig. 12 shows the Von Mises stress for the pit in which the stress concentration is not 

symmetrical. Low stress concentration was presented in the circumferential direction (hoop stress, σ2) 

and greater concentration was presented in the σ1. This was attributed to the fact that there was low 

stress concentration in the outer circumferential side of the pit. The pits usually act as a stress 

concentration where the greatest stresses were presented in the σ1 at the bottom of pit (BP), edge of pit 

(EP), and bottom of corrosion (BC). The greatest stresses and strains are at the bottom of the pit and 

they extend in the longitudinal direction. Once this area has reached the maximum stresses, the strains 

are extended, and it is reflected in an increase of the Von Mises stress. Liu et al. [35] concluded that 

the depth corrosion defect depth has the greatest influence in all conditions for failure analysis of the 

corrosion defects on tubes using FEM. The deeper the corrosion defect, the more severe the stress 

concentration becomes. The corrosion defects depth appears as the most influential parameter on a 

pipeline’s reliability. Therefore, the failure occurs on the principal plane direction, σ1, [39]. 

Chouchaoui et al. [28,29] suggested that, in all levels of stress, within the ligament of the pit, the stress 

is high; therefore, the failure should start within the pit (EP, BP, and BC). This asseveration confirms 

that the pit fails first. Then, the pipeline failure, with a combined corrosion defect (general corrosion 

and localized corrosion), is expanded in the bottom of the defect. 

It should be interesting for future studies to estimate pipeline failure pressures that include 

some studies about variations in corrosion defect geometries, pipeline diameters and wall thickness. 

Besides, it is necessary to include different types of steels and different sizes of corrosion defects [16]. 

It is confirmed that FEM provides more realistic values of pipeline failure pressure when compared 

with the experimental results. In this context, it is essential to use FEM to estimate failure pressure 

predictions in order to understand the mechanical behavior of the pipelines corrosion defects with 

sophisticated geometries or combined corrosion defects. 
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Figure 12. Von Mises stress for condition 1, in pound squared inch (psi). 

 

Obtaining more accurate failure pressure values for pipelines in service, combined with the 

correct estimation of the corrosion defect depth evolution with modeling techniques for external 

[49,50] and internal damage [51], is necessary to diminish the risk of pipeline leakage and ruptures. 

Finally, it is important to notice that probabilistic techniques have also been used in order to determine 

the reliability level in oil and gas pipelines [52], making it easier to make decisions respecting 

maintenance investment. A combination of Finite Element Analysis, corrosion defect size evolution 

and reliability engineering methods can be a challenge for a future study in pipeline integrity.  

 

 

 

5. CONCLUSION REMARKS 

1. The most conservative methods to estimate the failure pressure in a pipeline with both 

general corrosion and pitting corrosion in the same corrosion defect are: Shell 92 and Fitnet FFS 

methods, followed by Choi´s method, B31G, RTRENG-1, Cronin´s method, PCORR and DNV. 

Failure pressures were also estimated by FEM and, according to the literature, the results obtained are 

closer to the experimental results. The average differences for Shell-92, Fitnet FFS, Choi´s method, 

B31G, STRENG-1, Cronin´s method, PCORRC and DNV respecting FEM were 35-47%, 33-46%, 27-

72%, 27-49%,26-38%,18-23%,18-37% and 18-40%, respectively.  

2. The methods applied in this study based their mathematical expressions on ideal 

corrosion profiles, such as rectangular defects, parabolic defects, etc. However, they did not take into 

consideration the real corrosion area, where corrosion typically involves an irregular profile. However, 

they did not take into account the following considerations: the stress concentration in places with 

irregular edges, such as pitting, the total width of the corrosion defect and actual pipeline toughness.  

3. The well-established methods used in this study are usually applied for short and 

shallow corrosion defects, getting a better performance. When the corrosion defect is larger (L>600 

mm) and deeper than 50% of the pipeline wall thickness, low failure pressures are obtained in the 

estimation. The failure pressures estimated by the mathematical methods in this study always 
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underestimated the actual failure pressure. The relative error (RE) obtained in comparison with FEM 

were always less than 1. 

4. According to the results obtained by the Finite Element Method, the mechanical 

behavior pipeline, with both general corrosion and pitting corrosion in the same corrosion defect, was 

linear for up to 86.5% of the stress yield of the material. Once the ligament exhibited strain plasticity, 

the behavior of Von Mises stress deviated from the linearity until reaching the true stress of the 

material.  

5. In a combined corrosion defect (both generalized attack and pitting attack), the stress 

concentration was not symmetrical. Lower stress in the circumferential direction (hoop stress) and 

higher stress in the longitudinal direction (axial stress) were discovered. The failure pressure 

predictions of general corrosion combined with a pit are affected by the length and depth of two 

corrosion defects. The depth is the principal parameter in the failure pressure predictions.  

 

Appendix A 

 

This appendix shows the mathematical expressions used to estimate the failure pressure in pipelines. 

 

Table A1. Mathematical expressions used to estimate the failure pressure in steel pipelines with 

corrosion defects. 
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