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Abstract 

During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 

Accurate determination of the failure probability of oil and gas pipeline is very important in integrity assessment and work 
conditions of such structure. In this paper, the failure probability of the corroded pipelines which is made by X60 steel grade is 
evaluated. The burst corroded performance function is developed using the M5 model tree for this complex real engineering failure 
problem. The structural  reliability of a the pressurized gas pipeline containing external corrosion defects has been evaluated using  
hybrid reliability method combined by the M5 model tree and Monte Carlo simulation.  The results indicated that increasing the 
defects depth are strongly reduced the safety levels of this problem. 
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1. Introduction 

Oil and gas pipelines are considered are vital infrastructures in the petroleum industry. Pipes are made from metallic 
steels in which they are in most time buried in aggressive soil environments. This abnormal condition leads to the 
formation of corrosion defects on the external surface of the pipe wall. As pipelines, transportation capacity needs to be 
sufficient to ensure oil and gas increasing demand, the safety of such structures is important issue must be precisely 
determinate to avoid any failure that can cause environmental damages or economies losses for pipelines' owners. For 
that estimating the failure probability of pipelines with external corrosion defects is considered as an important cause of 
pipes damages [1][2][3]. 
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Evaluation of failure probability of corroded pipelines is one of the core contents of quantitative risk assessment in 
the oil and gas field. Several approaches are conducted by researchers to model and analyze the failure probability oil 
and gas pipelines. The main efforts in reliability methods are to estimate the failure probability using the limit state 
function (LSF; i.e. g(X)=0). The LSF is separated the design domain into the failure (g(X)≤0) and safety (g(X)>0) 
regains [4]. To address the problem, several efficient approximate techniques such as the first/second-order reliability 
method (FORM/SORM) and the advanced Monte Carlo simulation (MCS) have been widely adopted to achieve 
efficient reliability evaluations [5]. Although the widely used of the methods they contain various drawbacks. The 
FORM/SORM methods may provide unstable or unreasonable failure probabilities for highly nonlinear limit function 
as the case in corroded pipelines [6][7]. The MCS the most straightforward and used method for its simplicity suffer 
from tremendous computational cost especially for low failure probabilities. Therefore more robust and efficacy 
method should be used to estimate the failure probability of corroded pipelines   

In this paper, a combined M5Tree meta-model with MCS reliability method is applied to evaluate the failure 
probabilities of a corroded pipe made by X60 grade steel. The inspection of this pipe reveals various corrosion 
defects in the external wall. Therefore, the inspection data were used in the calculation to show the efficacy of the 
proposed method. The complex performance function in the simulation of Monte Carlo technique was enhanced by 
the M5Tree model to pass the drawback of MCS time consuming for an accurate evaluating the corroded limit state 
function. 

1.1. Reliability analysis of corroded pipes-based M5Tree and MCS  

The MCS is used to approximate the failure probability, which is used to compute the below integration: 
𝑃𝑃� � |… |𝑓𝑓��𝑥𝑥�, … , 𝑥𝑥��𝑑𝑑𝑑𝑑� …𝑑𝑑𝑑𝑑� (1) 

where, 𝑃𝑃�  is the joint probability density function of n-dimensional random variables 𝑋𝑋  [6,8], and 𝑓𝑓�  is the 
performance function of corroded pipe based on burst failure mode, which is evaluated using the M5Tree model. 
Thus, the approximation of performance function is a vital important issue in this problem. 

1.1.1 M5 Tree model 

The M5 Tree model is a one of the popular nondramatic data-driven to predict the performance function. This meta-
model for evaluating the limit state function is proposed in structural reliability analysis by Keshtegar and Kisi [9]. 
Recently, the radial M5Tree is applied to calibrate the nonlinear performance function in structural reliability analysis 
using radial sapling set [10][11]. Two stages are involved to build a model in M5Tree as:  

i) Dividing input space into sub regions (Fig. 1a); 
ii) Building the trees using data of each sub region (Fig. 1b) that these stages are plotted in Fig. 1. 
This model is calibrated using two input data of 𝑥𝑥� and 𝑥𝑥� that each sub data points are used to evaluate a linear 

model (LM1-LM4).  
 

a) b) 
Fig. 1. The M5 model tree structure: a) data in sub regions; b) linear model for sub regions.  
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a) b) 
Fig. 1. The M5 model tree structure: a) data in sub regions; b) linear model for sub regions.  
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The M5Tree is calibrated based on the data of the experimental corroded pipes which is made by X60 which are 
extracted from reference [2]. This data include 28 full-scale experimental burst data point that the mid-strength X60 
steel grade varied from 73 to 720 mm for diameter, 3-14.8mm for wall-thickness, 430 - 478MPa for yield strength, 
620.9 – 673.5MPa for ultimate strength, 1.5 – 10.5mm for the maximum corroded depth and 25.5-1016 mm for length 
of corrosion defects with corroded burst test ranged between 7.55 and 36.33MPa. 

1.1.2 Monte Carlo simulation 

The Monte Carlo method is the most straightforward method used in the reliability of corroded pipelines. Basically 
the simulation is based on the generation of a large number of random variables used in the limit state function 
calculation, then the failure probability is expressed using the following expression: 

𝑃𝑃� � 1
𝑁𝑁�𝐼𝐼���𝑃𝑃����� � 𝑃𝑃���� � 𝑛𝑛

𝑁𝑁
�

���
 (2) 

where, 𝐼𝐼 represent an indicator equal to 1 if the statement is true or 0 otherwise, 𝑛𝑛 is the number of the failure 
scenarios, while 𝑁𝑁  is the total number of simulations. The convergence condition taken in this study to attend 
sufficient precision is the variation coefficient, this latter should satisfy the following condition: 

��� � � �1 � 𝑃𝑃��
𝑃𝑃��𝑁𝑁 � 1� � ���� (3) 

where, CoV is the variation coefficient, and 𝑃𝑃� is the failure probability provided by the MC technique. 

1.1.3 M5 tree model algorithm with Monte Carlo 

The M5Tree model is used for approximating the performance function of the corroded pipes under burst pressure 
failure mode. The ten million random sample data points-based MCS is applied for the evaluating the LSF to 
approximate the failure probability in the next process. The failure probability by hybrid M5Tree and MCS can be 
approximated by the following steps: 
Step 1: Define initial parameters 

1- Sample points to calibrate the M5Tree model, number of random samples in MCS (N).  
2- Give statistical properties of random variables (μ and ) and their distributions.    

Step 2: Generate the performance function by using M5Tree model. 
Step 3: Generate N random samples –based MCS using statistical properties of random variables  
Step 4: Approximate the performance function for N- random samples using M5Tree model 
Step 5: Approximate the failure probability using M5Tree based on the predicted values of performance function for 

burst pressure of corroded pipe in Step 4.  

2. Case of Study  

To show the robust and the applicability of the proposed method (M5tree model combined with Monte Carlo 
Simulation) a candidate gas pipeline carries made from medium grade steel, X60. The pipe is 40 inches in diameter, 
was inspected to determine the corrosion defects on pipe-wall-thickness, 100 km was the inspected part of the pipe 
which reveal a huge number of defects. A statistical analysis of corrosion defects in the external wall of the pipeline 
was carried out using the Anderson Darling test for the purpose of finding the best fitting distortion of the input 
parameters based on the inspection data. The chosen distribution are Normal, Log-Normal, Weibull, Frechet and 
Gumbel distributions while the tested variables are the length and the depth of corrosion defects. The diameter and 
wall thickness distribution were taken as the nominal values with a slightly CoV. The operating pressure is 
characterized by a Gumbel distribution. Table 1 presents the input variables used in the reliability analysis. 
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Table 1. Description of statistical data of the X60 corroded pipeline. 
Random variables Description Mean CoV Distribution 

𝐷𝐷 Outer diameter of the pipe (mm) 1016 0.03 Normal 
𝑡𝑡 Wall thickness of the pipe (mm) 12.7 0.06 Normal 
𝜎𝜎� Yield stress (MPa) 467 0.07 Normal 
𝜎𝜎� Ultimate tensile strength (MPa) 576 0.08 Lognormal 
𝑃𝑃� Pipeline operating pressure (MPa) 5, 8, 10, 15 0.1 Normal 
𝑑𝑑� Depth of the defect (mm) 2.44 0.51 Frechet 
𝐿𝐿� Length of the defect at time T0 (mm) 38.72 1.14 Frechet 

a Based on the results obtained by Andersing Darling test, the probability distribution function of the defects depth is Frechet with the shape 
parameter of α=2.827 and scale parameter of α=1.954. 
b Based on the results obtained by Andersing Darling test, the probability distribution function of defects length is Frechet with the shape 
parameter α=1.942 of and scale parameter of β=28.731.

3. Results and discussions  

To investigate the applicability and the performances of the new reliability analysis method based on combining 
the M5 tree meta-model with the known MCS, the reliability analysis of a corroded pipeline made of mid-strength 
steel X60 was calculated in term of reliability index and failure probability in which the relationship between both is 
expressed by the following expression: 

𝑃𝑃� � ����� (4) 

First is worthy to mention that the relationship between reliability index and failure probabilities is inversely 
proportional, that mean an increasing in reliability index is a decrease in failure probability. Results are performed 
based on the influence of failure probabilities and the reliability on three parameters, which are the operating pressure, 
corrosion defects depth and length. 

In Figure 2 were plotted the reliability index (a) and failure probabilities (b) of the X60 pipeline for four cases of 
operating pressure regime such as 5, 8, 10 and 15 MPa. The effect of corrosion depth was investigated based on the 
reliability index and the failure probabilities, in which corrosion depths to wall thickness ratios (d/t) are represented in 
range of 0.05 to 0.8 . It is obvious from results that the reliability indexes decrease with the increasing of the defects 
depth and/or the increasing in operating pressure while the failure probabilities are increasing in the other hand.  

Some worthy result should be denoted such that the ratio 𝑑𝑑𝑑𝑑𝑑=0.8 has the smallest reliability index (highest failure 
probability) compared to the other ratios for all P0 cases. The result is logical due to the decreasing of remaining 
strength of the pipe caused by defects depth (10.16mm as mean). In the case of 𝑑𝑑𝑑𝑑𝑑=0.2 that represent our real case 
with 2.44 mm of corrosion defects as depth, a threshold should be noted to better know the operating pressure 
applicable for the operating X60 gas pipeline. Based on reference [6], a reliability index threshold was taken equal to 
3 (which mean a failure probability equal to 10-3). Therefore for the ratio 𝑑𝑑𝑑𝑑𝑑=0.2, the operating pressure valid of the 
candidate pipeline are the one less or equal to 8 MPa. These results are logical for a pipeline made of X60 which 
confirm the applicability of the developed model. 
 

a) b) 
Fig. 2. Structural reliability results of the X60 gas pipeline corresponding to various ratio of corrosion defect depth -to- pipes-wall thickness 

under different operating pressures cases: a) Reliability index results; b) Failure probabilities results. 
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was inspected to determine the corrosion defects on pipe-wall-thickness, 100 km was the inspected part of the pipe 
which reveal a huge number of defects. A statistical analysis of corrosion defects in the external wall of the pipeline 
was carried out using the Anderson Darling test for the purpose of finding the best fitting distortion of the input 
parameters based on the inspection data. The chosen distribution are Normal, Log-Normal, Weibull, Frechet and 
Gumbel distributions while the tested variables are the length and the depth of corrosion defects. The diameter and 
wall thickness distribution were taken as the nominal values with a slightly CoV. The operating pressure is 
characterized by a Gumbel distribution. Table 1 presents the input variables used in the reliability analysis. 
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Table 1. Description of statistical data of the X60 corroded pipeline. 
Random variables Description Mean CoV Distribution 

𝐷𝐷 Outer diameter of the pipe (mm) 1016 0.03 Normal 
𝑡𝑡 Wall thickness of the pipe (mm) 12.7 0.06 Normal 
𝜎𝜎� Yield stress (MPa) 467 0.07 Normal 
𝜎𝜎� Ultimate tensile strength (MPa) 576 0.08 Lognormal 
𝑃𝑃� Pipeline operating pressure (MPa) 5, 8, 10, 15 0.1 Normal 
𝑑𝑑� Depth of the defect (mm) 2.44 0.51 Frechet 
𝐿𝐿� Length of the defect at time T0 (mm) 38.72 1.14 Frechet 

a Based on the results obtained by Andersing Darling test, the probability distribution function of the defects depth is Frechet with the shape 
parameter of α=2.827 and scale parameter of α=1.954. 
b Based on the results obtained by Andersing Darling test, the probability distribution function of defects length is Frechet with the shape 
parameter α=1.942 of and scale parameter of β=28.731.

3. Results and discussions  

To investigate the applicability and the performances of the new reliability analysis method based on combining 
the M5 tree meta-model with the known MCS, the reliability analysis of a corroded pipeline made of mid-strength 
steel X60 was calculated in term of reliability index and failure probability in which the relationship between both is 
expressed by the following expression: 

𝑃𝑃� � ����� (4) 

First is worthy to mention that the relationship between reliability index and failure probabilities is inversely 
proportional, that mean an increasing in reliability index is a decrease in failure probability. Results are performed 
based on the influence of failure probabilities and the reliability on three parameters, which are the operating pressure, 
corrosion defects depth and length. 

In Figure 2 were plotted the reliability index (a) and failure probabilities (b) of the X60 pipeline for four cases of 
operating pressure regime such as 5, 8, 10 and 15 MPa. The effect of corrosion depth was investigated based on the 
reliability index and the failure probabilities, in which corrosion depths to wall thickness ratios (d/t) are represented in 
range of 0.05 to 0.8 . It is obvious from results that the reliability indexes decrease with the increasing of the defects 
depth and/or the increasing in operating pressure while the failure probabilities are increasing in the other hand.  

Some worthy result should be denoted such that the ratio 𝑑𝑑𝑑𝑑𝑑=0.8 has the smallest reliability index (highest failure 
probability) compared to the other ratios for all P0 cases. The result is logical due to the decreasing of remaining 
strength of the pipe caused by defects depth (10.16mm as mean). In the case of 𝑑𝑑𝑑𝑑𝑑=0.2 that represent our real case 
with 2.44 mm of corrosion defects as depth, a threshold should be noted to better know the operating pressure 
applicable for the operating X60 gas pipeline. Based on reference [6], a reliability index threshold was taken equal to 
3 (which mean a failure probability equal to 10-3). Therefore for the ratio 𝑑𝑑𝑑𝑑𝑑=0.2, the operating pressure valid of the 
candidate pipeline are the one less or equal to 8 MPa. These results are logical for a pipeline made of X60 which 
confirm the applicability of the developed model. 
 

a) b) 
Fig. 2. Structural reliability results of the X60 gas pipeline corresponding to various ratio of corrosion defect depth -to- pipes-wall thickness 

under different operating pressures cases: a) Reliability index results; b) Failure probabilities results. 
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The effects of corrosion defect length on the reliability index and failure probability are investigated and presented 
in Figures 3 (a) and (b), respectively. This latter show the reliability index and failure probability of the X60 studied 
pipeline corresponding to various ratios �

√�� in the range from 0.05 to 15 under four cases of operating pressure as 5, 

8, 10 and 12 MPa as mean.  The results of the calculation show that the influence of �
√�� ratio increasing on reliability 

index and failure probability for the four curves-based different cases of P0, i.e. 5, 8, 10, 12 MPa, are different then 
Figure 2. The results are more sensitive to the variation of �

√�� in the beginning then reliability index and/or failure 

probabilities results became insensitive to the ration variation after �
√�� >3. These results confirm the ones obtained in 

reference [6].  The results of the reliability index and failure probability in Figures 2 based on the proposed threshold 
(β=3 / Pf =10-3) with �

√�� =0.34 indicated that the allowed pressure for X60 pipeline are the ones less than 8MPa , 
same as the first results obtained from corrosion to wall-thickness ratio. 

Generally, for case under consideration, the gas pipeline could work under operating pressure equal or less than 
8Mpa for the mentioned corrosion defects depth and length (see Table 1). Moreover, if the depth to wall-thickness 
ration exceed 0.4 the operating pressure should decreased to 5 MPa while the reliability index and failure probability 
are insensitively changed from narrow corrosions �

√�� <1, otherwise it should be work with the regime of 5MPa. 
 

 
Fig 3. Structural reliability results of the X60 gas pipeline corresponding to various values �

√�� ratio under different operating pressures cases: a) 
Reliability index results; b) Failure probabilities results. 

4. Conclusion  

A new structural reliability method based on meta-model combined with Monte Carlo simulation is proposed for 
probabilistic reliably levels assessment of operating corroded gas pipeline. The proposed approach, termed as M5tree 
algorithm-MCS, improves the efficiency of the simulation-based MCS to pass the drawback of the latter that take an 
enormous computational cost in estimating the failure probabilities of corroded pipelines. The estimated reliability 
levels are presented on terms of reliability index and failure probability, where the effect of operating pressure and 
defects geometries on those terms were investigated. For the studied case, gas pipeline made of X60 steel the effect 
of corrosion defect length on the reliability levels (indicated by the calculation of the reliability index/ failure 
probability) is insignificant. In the other hand, the maximum operating pressure of the pipe should not exceed 8MPa 
for the obtained defects depths using Darling Anderson test and real inspection data. Based on the study results it is 
important to define the regime of the operating pressure and well identify the corrosion defects depth, due to theirs 
great influence on the failure probability of the pipe. 
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The effects of corrosion defect length on the reliability index and failure probability are investigated and presented 
in Figures 3 (a) and (b), respectively. This latter show the reliability index and failure probability of the X60 studied 
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