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Abstract

Pipeline load carrying capacity and safety are often reduced by corrosion and associated damage. The 

prediction of future defects and the pipeline's remaining lifetime are obtained by using consistent 

assessments of corrosion rates. However, its modelling often involves simplications and assumptions to 

compensate a lack of data, imprecision and vagueness, which cannot be justied completely and may, 

thus lead to biased results. To overcome these issues, an imprecise probabilities approach is proposed for 

reliability analysis, decision-making, risk-based design and maintenance. It is shown how this approach 

can improve the practise using B31G, Modied B31G, DNV-101 and Shell-92 failure pressure models. In 

addition, a robust and efcient probabilistic framework for optimal inspection and maintenance schedule 

selection for corroded pipelines is proposed. Optimal solution is obtained through only one reliability 

assessment removing huge computational cost of reliability-base optimization and generalised 

probabilistic methods and in turn, making the analysis of industrial size problem feasible.

Keywords:- Probabilistic methods, reliability analysis, optimal inspection and maintenance, pipeline's 

remaining life, failure pressure models

O n e  o f  t h e  m o s t  i m p o r t a n t 

degradation/deterioration mechanisms 

that affect the long-term reliability and 

integrity of metallic pipelines is corrosion 

(Ahammed and Melchers, 1997; Bazan and 

Beck, 2013; Nahal et al., 2023). Corrosion 

which leads to metal loss both in type and 

section (length and depth) is the most 

prevailing time dependent threat to the 

integrity, safe operation and cause of failure 

for oil and gas pipelines (Caleyo et al., 2002, 

Wang et al., 2020, Okolie et al., 2023, Fu & 

Yao, 2022). Unavoidable uncertainties 

make the assessment of pipelines a complex 

Introduction and challenging task (Ahammed, 1998; 

Bazan and Beck, 2013; Qian et al., 2011, 

Nahal et al., 2023). These uncertainties 

appear, such as in relation to operational 

data variation, as randomness of the 

env i ronment ,  in  f o rm o f  imper f ec t 

measurement pipeline geometry, in the 

material strength, operating pressure and 

inspection tools, and in aging processes of the 

pipeline (Opeyemi et al., 2015a & 2015b).

The remaining strength of a pipeline with 

corrosion defects can be assessed using one 

or all the international design codes viz: B31G 

(ASME, 1991), B31Gmod (ASME, 1995), 

Battelle (Leis and Stephens, 1997), DNV-
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A n o t h e r  c h a l l e n g i n g  t a s k  i s  t h e 

identication of optimal inspection interval 

time to reduce the overall costs of pipelines 

including cost of inspection, repair and 

failure. For instance, areas needing repairs 

should be accurately pinpointed as to 

minimise excavations for verications. 

Likewise, early observations of failure 

mechanisms, and determination of the 

likelihood of failure in association with the 

pipeline must be handy. The identication 

of optimal maintenance scheduling 

requires in turn the evolution of the model 

reliability that can be computational 

expensive to evaluate. Approximate 

methods – e.g.  FORM may not be 

101(DNV, 1999) and Shell-92 (Klever and 

Stewart, 1995). The associated methods use 

deterministic values for load and resistance 

v a r i a b l e s ,  t h e r e b y  a s s u m i n g  n o 

uncertainty. In the light of the existing 

inherent uncertainties in the corrosion 

process, the obtained results are obviously 

quite coarse approximations, which may 

deviate from reality signicantly. A key 

challenge in this regard is the probabilistic 

modelling, which relies on substantial 

information and data required to dene 

parameter distributions. However, the 

amount of data required to dene univocally 

those distributions might not be available in 

practice, assumptions and simplications 

are applied that cannot be justied 

completely. To solve this conict, the use of 

imprecise probabilities (Beer et al., 2013) is 

proposed to realistically reect the 

vagueness of the available information in 

the probabilistic model. In fact, since these 

assumptions and simplications can be 

quite decisive, an imprecise probabilities 

approach provides a promising pathway 

towards a robust maintenance strategy. 

This work therefore proposes the use of a 

novel reliability metrics redened within the 

framework of imprecise probabilities. 

sufciently accurate or applicable for large 

scale problems, and we must resort to Monte 

Carlo simulation-based methods. Efcient 

Monte Carlo simulation is one of the most 

useful approaches to scientic computing 

due to its simplicity and general applicability; 

required for analyzing complex real-world 

problems. In this work, an efcient 

computational technique is proposed for the 

identication of a robust maintenance 

scheduling considering uncertainty and 

imprecision. More specically, the proposed 

approach allows determining the optimal 

inspection interval and the repair strategy 

that would maintain adequate reliability level 

throughout the service life of the pipeline 

obtained through only one reliability 

assessment. Hence, the proposed approach is 

applicable to the analysis of industrial size 

problem. The proposed reliability strategies 

are implemented in the general-purpose 

software OpenCossan (Patelli, 2016). 

Applications and numerical examples are 

presented to show the applicability of the 

proposed strategies. 

Materials and Methods 

Modelling of the Pipeline Corrosion Defect

One of the signicant potential threats to 

existing structures and infrastructures is 

corrosion. Metal losses due to corrosion affect 

the ult imate resistance,  safety and 

serviceability of the structure and cause 

changes in its elastic and dynamic properties. 

These are major concerns in structural 

reliability assessment of existing structures 

and infrastructures, also in the prediction of 

the safe and serviceable life for both new and 

existing structures.

The prediction of future defects and the 

pipeline's remaining lifetime are obtained by 

using consistent assessments of corrosion 

rates. Assessed corrosion rate models has 

been outlined in (Caleyo et al., 2012; Valor et 

al., 2012) following National Association of 

C o r r o s i o n  E n g i n e e r s  -  N A C E ' s 
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The corrosion model using linear growth is 

adopted in this research to include evolution 

of the corrosion defect lengths, measured 

maximum defect depth through the nominal 

wall thickness, and measured relative 

corrosion defect (ratio of defect depth to pipe 

wall thickness). This allows dening the 

failure criterion based on remaining 

pressure strength of corroded pipeline 

which depends on the length and depth of 

corrosion defects in addition with imprecise 

numbers, rather than maximum defect 

depth only. This is to realistically reect the 

vagueness of the available information in 

the probabilistic model by utilizing 

imprecise probabilities, and to address the 

robustness of the same. The traditional 

probabilistic methods are used in practice, it 

is also clear that the corresponding 

probabilities are only known imprecisely. 

Some of the existing corrosion growth 

modelling in literature (see e.g. Caleyo et al., 

2012; Valor et al., 2012) was designed to 

exclude the evolution of the corrosion defect 

lengths. The notion is that changes in the 

defect length do have little or no effect on the 

probability of failure estimation in 

association with the individual corrosion 

defects.

For instance, corrosion growth rates are 

presumed traditionally to be constant 

values. The analysis of the future state of 

pipelines, such as failure probability, 

residual strength, etc., is based on the 

predicted sizes of the defects which were 

detected during in line inspection. The 

defect parameters at a given time t, for a 

linear growth rate of the length and depth of 

corrosion are assessed, the corrosion rates 

are expressed mathematically as

recommendation (Race et al., 2007). It is a 

consensus that no single approach provides 

all the necessary information for a condent 

estimate of the corrosion rate in the pipeline 

industry. 

and 

The failure modes adopted here are the loss of 

structural strength of pipelines through 

reduction of the remaining pressure strength, 

and pipe wall thickness caused by corrosion 

defects. The failure pressure of the pipeline 

with corrosion defects at different elapsed 

times are assessed using four international 

design codes: Shell-92, B31G, DNV-101 and 

Modied B31G models. The summary of all 

the failure pressure models is shown in 

Table1. 

Pipeline Reliability Assessments

The assumption and limitation of these 

models are reected on the individual ow 

stresses – which is the measure of the 

strength of steel in the presence of a defect. 

Failure is assumed to be because of the ow 

stress, dened by yield strength (in B31G and 

Modied B31G codes) or ultimate tensile 

strength (in DNV-101 and Shell-92) as their 

tensile properties. Then further consideration 

and assumption on different shapes and 

areas of corrosion defect; and different Folias' 

factors- the geometry correction factor - to 

account for the stress concentration due to 

radial deection of the pipe surrounding a 

defect. These lead to variations in the 

obtained results based on di f ferent 

modications.

Reliability is the probability of a structural 

system performing its intended function over 

its specied period of usage and under 

specied operating conditions. It is the 

measure of the probability of failure. The 

failure probabilities of the pipeline can be 

obtained from the models shown in Table 1.

In Table1,P , d and D are the failure pressure, f

defect depth, and outside diameter of pipe 

respectively. While w  is the pipe wall t

thickness; L the longitudinal length of defect, 

σ is material yield stress, σ the ultimate y u 

tensile strength and M is the Folias' factor.

In the level III analysis (or full probabilistic 

0 1( )l t l v t= +

0( ) dd t d v t= +
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Table 1: Failure pressure models used for computing pipeline failure pressure (Bjornoy et al., 1997; 

Cosham et al., 2007)

approach), the pipeline assessment has 

been modied with the integration of 

probabilistic values into the existing failure 

pressure models using limit state function 

equations as shown in Eq. (1). 

θ represents the vector of uncertainty and in 

realistic cases it might be composed of many 

va r i ab l e s .  Hence ,  ana l y t i c a l  and 

approximate like FORM and SORM methods 

result to be inadequate for solving Eq. (1). 

Simulation methods are required. Monte 

Carlo simulation-based methods are well 

known techniques that can be used to 

evaluate the integral of Eq. (1). When dealing 

with rare case events, plain   Monte Carlo 

           (2)

The limit state function  is dened as the g

difference between the failure pressure, P , of f

the pipeline and the operating pressure, O , p

expressed mathematically as: 

g = P  - O ,           (1)f p

The probability of failure, P  for the pipeline f

is dened as:

simulation might become infeasible due to the 

large number of the samples required to 

achieve a specic level of accuracy. To 

overcome this limitation, advanced Monte 

Carlo techniques such as Line Sampling 

(Pradlwarter et al., 2007) and Subset 

simulations (Au and Beck, 2001) can be 

adopted for analyzing complex real-world 

problems. Line Sampling is applicable to 

cases where important directions can be 

evaluated, and for weakly nonlinear reliability 

problems. Subset simulations compute small 

failure probabilities encountered in reliability 

analysis of engineering systems.

Probabilistic approach aims at providing a 

realistic estimation of the risk presented by 

the pipeline system. This can also be used to 

conrm the validity of the deterministic safety 

assessment. The major advantage of the 

probabilistic approach is the integrative and 
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Inspection and monitoring of pipelines is 

necessary to ensure their continued tness 

for purpose, which entails protection from 

any time-dependent degradation processes, 

such as corrosion. Also, pipeline failures 

have signicant impact on the economic, 

environmental and social aspects of the 

society. Therefore, the proper assessment 

and maintenance of such structures are 

crucial; negligence will lead to serviceability 

loss, failure and might lead to catastrophic 

environmental and nancial consequences 

Imprecise probability is a powerful tool to 

consider imprecision and vagueness, also to 

address sensit ivit ies of the fai lure 

probability with respect to the probabilistic 

model choice and the imprecision on the 

characterisation of the input parameters 

(Beer et al., 2013). It provides another set of 

tools for analysing computational error, 

verifying sufcient conditions for existence 

and convergence, constructing upper and 

lower bounds on sets of solutions, and in 

providing natural stopping criteria for 

iterative methods. More specically, the 

effect of imprecision on the most common 

models used to predict the effect of 

corrosion.

Imprecise analysis is helpful in identifying 

low-probability but high-consequence 

events for risk analysis. It controls 

modelling accuracy with high degree of 

exibility in uncertainty quantication; 

improves design, performance and 

reliability of structures. For a dened 

condence level, interval bounds may be 

easier to specify or to control than moments 

of the parameter distributions.

quantitative approach which allows explicit 

consideration and treatment of all types of 

uncertainties. Furthermore, it enhances 

safety and operational management; results 

and decisions can be communicated on a 

clearly dened basis.

Maintenance Strategy

In  re l iab i l i ty-based opt imizat ion o f 

structures, the total expected costs in relation 

to maintenance and failure for the structure 

is the objective function that needs to be 

minimised (Enevoldsen and Sorensen, 1994). 

The time of inspection represents the design 

variable of the optimization problem. The 

monetary cost associated with the inspection, 

the cost of the repair and the expected cost of 

failure form the objective function that can be 

formulated as:        

(Ahammed and Melchers, 1997). On the other 

hand, maintenance is an expensive activity, 

and the availability of robust maintenance 

scheduling is of paramount importance. The 

premise for these decisions is supplied by 

reliability estimation inculcating the impact 

of inspection scheduling and reparation 

activities over the pipeline's service life. 

Optimization problem

β= 1 -P (t)            (4)f

Hence, the robust maintenance strategy is 

closely related to the evaluation of reliability 

and methods of structural reliability have 

been applied in the literature to evaluate 

expected costs (Valdebenito and Schuëller, 

2010). 

             (3)

The probability of failure is calculated by 

evaluating the integral of Eq. (2).

Following an inspection, if a defect is 

detected, it can be repaired or not. A defect is 

repaired immediately after an inspection if the 

pipe defects are lower than the threshold 

where N , e, and t  denote the number of I i

inspections, the qualities of inspection, and 

the time of inspection; C , C , C  and C are the T I R F 

expected total cost of operation, expected 

costs of inspection, repairs and failure 

respectively. In addition, the optimisation 

problem must satisfy some constraints. For 

instance, it might be necessary to guarantee a 

minimum level of reliability:
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           (6)

The expected repair costs are modelled as:

Where i-th term represents the capitalized 

expected repair costs at the i-th inspection; 

This value agrees for the level of integrity 

established by actual pipeline hydro testing 

and corresponds with the repair factor for a 

class 2 pipeline in Canadian code (CSA 

Z662-07) as its safety factor adopted in 

design.

The unit cost of performing inspection 

depends on the quality of inspection q, and 
tP   is the probability that failure occurs f

before the time of inspection t .i
The evaluation of the expected cost 

associated with repair is quite challenging 

and depends on the probability of detection 

(i.e. the probability to detect a defect). 

P is the failure pressure as dened in Table 1 f 

and MAOP is the Maximum Allowable 

Operating Pressure.

The expected inspection cost is calculated 

as the product of the unit inspection cost, C , I

corrected by the discount rate, r, and the 

probability that inspection takes place 

(Enevoldsen and Sorensen, 1994). This 

expected cost is expressed in mathematical 

form as:

based on the sizing of the inspection method 

(the pipeline must be excavated and 

repaired). On the other hand, when the pipe 

defects are above a predened threshold the 

pipe will be left unrepaired, this indicates 

that the processed data collected from in-

line inspection to identify defects are not 

critical to the pipeline integrity. The 

threshold is a typical value 1.25≤SF ≤1.5 FP

(see Eq. 5) where SF  is the failure pressure FP

safety factor often that denes the repair 

criterion (Pandey, 1998).

           (7)

C , is the cost of a repair at the i-th inspection Ri

and P  is the probability of performing a repair Ri

after the i-th inspection when failure has not 

occurred earlier.

The most common tools for metal loss and 

crack inspection are based on the Magnetic 

Flux Leakage or Ultrasonic techniques 

(Pipeline Operators' Forum, version 2009). 

Pigging data is gathered through in-line 

inspection activities using Magnetic Flux 

Leakage (MFL) intelligent pig, whereby the 

values of parameters in the model is because 

of the operations and inspection histories of 

the pipeline. Geometry tools are available for 

detecting and sizing of deformations and 

mapping tools for localization of a pipeline 

and/or pipeline features (Pipeline Operators' 

Forum, version 2009). The inspection 

activities may assess the damage incorrectly 

or may not even detect any damage at all 

based on the quality. Hence, a probability of 

detection (PoD) associated with the non-

destructive inspection techniques is assigned. 

The probability of detection (Pandey, 1998) is:
-qdPoD = 1 – exp                   (8)

The typical minimal detectable depth of a 

high-resolution Magnetic Flux Leakage (MFL) 

tool for uniform corrosion is 0.1wt with a PoD 

of 0.9 (POF, version 2009) as illustrated in Fig. 

1. Using these values, and a typical value of 

the pipeline wall thickness w = 9.52 mm the t 

quality of inspection can be estimated as q = 

2.42.

where d represents the defect depth and q the 

quality of inspection.

Figure 1: The PoD for minimal detectable for 

                                    (5)FP

Pf
SF

MAOP
=
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uniform corrosion using MFL tool.

In addition, the presence of imprecision 

adds another level of complexity. The 

estimation of the bounds requires an 

optimization approach making the required 

computational cost quite challenge. 

Further, the identication of the optimal 

           (9)

Computational Strategy

The total capitalized expected costs due to 

failure are determined from Eq. (9). It is the 

cost function associated with failure over 

the region of the corresponding demand 

functions (i.e. threshold based on the sizing 

of the inspection method) with the rst, t  i-1

and second failure criterion, t .i

The estimation of the probability of failure 

requires in general signicant computation 

effort, for highly reliable pipelines. In fact, 

the number of model evaluations increases 

with the reliability of the pipeline, and they 

easily exceed the computational resources 

available. For this reason, the Line 

Sampling method is adopted to estimate the 

probability of failure. Line Sampling 

(Pradlwarter et al., 2007) proved to be quite 

robust and efcient for high dimensional 

problems particularly where an important 

direction towards the failure domain could 

be estimated. Line sampling employs lines 

instead of points to collect information 

about the probability content of the failure 

domain. It was shown that it always 

o u t p e r f o r m s  d i r e c t  M o n t e  C a r l o 

(Pradlwarter et al., 2007). The variance of 

the respective estimator depends on the 

deviation of the limiting hyper-surface from 

a hyper-plane, i.e., a single line sufces to 

obtain the exact value of the probability 

content of the failure domain. Likewise, the 

limit state functions which are far from 

plain can be accounted for in an efcient 

manner.

maintenance strategy requires a second 

optimization approach, making the analysis 

unfeasible. To overcome these computational 

issues the adoption of Advanced Line 

Sampling is suggested for the calculation of 

the reliability and a novel optimisation 

strategy is proposed for the solving the 

maintenance approach. The Advanced Line 

Sampling (de Angelis et al., 2015), increases 

the efciency of reliability analyses and the 

efciency to estimate lower and upper bounds 

of the failure probability. It makes the 

computation of failure probabilities much 

faster compared with direct Monte Carlo, and 

most importantly because it eases the search 

procedure for lower and upper failure 

probabilities; it allows changing the 

important direction without re-evaluating the 

performance function along the processed 

lines.

The robust maintenance is computed 

adopting a novel computational strategy that 

allows computing the reliability of the model 

only once. The idea is to rst simulate the 

evolution of the pipelines without considering 

inspections and repairs by performing a 

Monte Carlo simulation of the model 

evolution (i.e. solving the equations in Table 1) 

till the time of interest. Then the solution of 

the optimisation problem formulated in Eq. 

(3)  and (4)  is performed within the 

OpenCossan software environment by simply 

combining all the algorithms.

Example Application

To demonstrate the usefulness and 

applicability of the approach discussed in this 

work, a real-life above ground oil pipeline with 

corrosion defects is analysed. First, the effect 

of parameter uncertainty and model 

uncertainty are analysed and then a robust 

maintenance scheduling is performed. The 

pipeline characteristics are shown in Table 2. 

The evaluation of remaining strength and 

reliability assessment of the pipeline with 

defect is carried out using both DNV-101 code 

Opeyemi, Coast, J. Sch. Sci. 6 (2): 1021- 1035    ISSN: 2714-3716



1028

The corrosion defects were assigned an 

interval of 150 – 250 mm and 0 - 100% as 

defect length and measured defect depth 

through the nominal wall thickness based 

on professional judgements, respectively. In 

addition, imprecise values are added to the 

for semi-probabilistic values and Shell-92, 

B31G and B31Gmod codes for full 

probabilistic analysis. 

mean values of the parameters. The quality of 

inspection associated with PoD is 2.42 (from 

Eq. 8). Monte Carlo simulation is employed to 

simulate the evolution of the system over the 

time considering inspections and reparation. 

Simulations were completed using line 

sampling with 20 lines, varying the number of 

inspections from 1 to 25 in a period of 25 

years.

Table 2: The pipeline characteristics

Table 3: Stochastic model used for the corroded pipeline.

The random variables involved in the 

analysis and their statistical parameters in 

Table 3 are numerical values based on 

practice and have been obtained from 

Spangler and Handy (1982) and Melchers 

(1999). The normal distribution has been 

adopted for some of the variables since only 

means and variances are available in this 

literature.

Table 4: The monetary unit cost for operation (multiplicative factor).

Opeyemi, Coast, J. Sch. Sci. 6 (2): 1021- 1035    ISSN: 2714-3716
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The monetary unit costs for operation in the form of multiplicative factors in Table 4 are 

estimated based on the summary of unit costs.

Figure 2: Failure pressure of the corroded 
pipeline in accordance with B31G, DNV-101, 
Shell-92, and Modied B31G codes as 
deterministic values.

Figure 3: Lower and upper bounds of the 
probability of failure of a pipeline as a function of 
assigned 1% imprecision on the variables using 
Shell-92, B31G, Modied B31G and DNV-101 
failure pressure models.

Figure 4: Lower and upper bounds of the 
probability of failure as a function of assigned 5% 
imprecision on the variables using Shell-92, 
B31G, Modied B31G and DNV-101 failure 
pressure models.

Figure 5: Lower and upper bounds of the 
probability of failure as a function of assigned 10% 
imprecision on the variables using Shell-92, 
B31G, Modied B31G and DNV-101 failure 
pressure models.

Opeyemi, Coast, J. Sch. Sci. 6 (2): 1021- 1035    ISSN: 2714-3716
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Model and parameter uncertainty

In Figures 3 and 4, the probability of failure 

as a function of the expected values of the 

relative corrosion defect (E[d]/E[w ]) is t

shown. The probability of failure has been 

calculated using the parameters shown in 

Tab le  3 .  Advanced L ine  Sampl ing 

simulation is adopted with 20 lines resulting 

in 120 model evaluations for each reliability 

analysis but independently of the reliability 

level. As expected, the probability of failure 

of the corroded pipeline increases with 

increase in measured relative corrosion 

defect. It is highly conservative in the Shell-

92 and the DNV-101 models followed by 

Modied B31G model and the least in the 

B31G model.  Considering a small level of 

imprecision in the parameter values (1%) 

the results in Fig. 3 show that the Shell-92 

and the B31G models give the highest and 

the lowest failure probabilities (for a relative 

co r ros i on  l e ve l  g r ea t e r  than  0 .6 ) 

respectively; and this is in accordance with 

obtained results from literature (Qian et al., 

2011; Caleyo et al., 2002).

Figure 2 shows the model uncertainty and 

the corresponding variations in the failure 

pressure as a function of the relative 

corrosion defect. The failure pressure is 

calculated by the deterministic methods 

based on the Shell-92, B31G, Modied 

B31G and DNV-101 models. DNV-101 and 

Modied B31G models are the more 

conservative models, followed by the B31G 

model, while the Shell-92 model gives the 

most non-conservative result for the 

corroded pipeline. The reason behind the 

conservatism is because of the removal of 

several conservative simplications (e.g. 

Fo l ias '  bulg ing  factor ,  ow stress 

particularly in the Modied B31G model) to 

be a bit more accurate. Generally, and it is 

obvious that the failure pressure decreases 

with increasing measured relative corrosion 

defects for all the deterministic analyses.

The results in Caleyo et al., (2002) show that 

the failure pressure models used to predict 

failure pressure give similar pipeline failure 

probabilities for relatively short service time. 

For longer service times, the Shell-92 gives 

the highest failure probabilities while B31G 

gives the smallest. This agrees with the 

results obtained here in this study without 

considering imprecision in the model 

parameters.

To understand the effect of imprecision on the 

probabilistic model, imprecision has been 

included. The rst  moments of  the 

distribution have been assumed to be known 

with a degree of  imprecision.  More 

specically, a 1%, 5%, and 10% of variation 

around the mean values have been 

considered.             

The uncertainty in the output predictions is 

dominated by the model uncertainty. While 

for an imprecision level of 5% in the 

parameter values, the uncertainty due to the 

model parameters become comparable with 

the model uncertainty, for small relative 

corrosion level. For imprecision of 10%, in a 

relative corrosion level of 0.6; the B31G model 

(lower bounds) and the Shell-92 (upper 

bounds) give the lowest and the highest 

failure probabilities respectively. DNV-101 

and Modied B3iG models give the same 

levels of failure probabilities both for lower 

and upper bounds of imprecise values (see 

Fig. 5).

In summary, the probabilistic procedures are 

required to evaluate pipeline integrity 

because of the inherent uncertainties 

Considering the lower and upper probability 

bounds, DNV-101 and Modied B31G models 

could be quite relevant when dealing with 

unnecessary pipe repairs and for greater safe 

operating pressure in the pipelines. It will 

provide the operator with several options to 

manage both the present and future integrity 

of the pipeline at a minimum acceptable 

reliability level with limited resources.
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The safety level of imprecision and 

uncertainty that can be tolerated according 

to this result, for a meaningful outcome or 

performance on the measured defect depth 

through the nominal wall thickness has 

been outlined. After having analyzed the 

pipeline probability a robust maintenance 

scheduling is performed to get an optimal 

solution as to remove huge computational 

cost of reliability-based optimization and 

associated with corrosion growth rate, 

inspection tools, pipeline geometry, material 

properties and operating pressure. 

Considering the effect of imprecision is of 

paramount importance. First, it allows 

accounting for the effect of such imprecision 

on the quantity of interest and secondly can 

allow identifying the maximum level of 

imprecision that can be tolerated. In fact, 

this has overcome the drawbacks in 

classical probabilistic methods with the 

consideration of an entire set of probabilistic 

models in one analysis; thereby making 

imprecise probabilities framework provide 

mathematical basis for dealing with 

problems which involve both probabilistic 

and non-probabilistic information. 

Optimal inspection and maintenance

Fig. 6 shows the results of the application of 

the imprecise probability to compute the 

pipeline failure probability at mission time 

against the number of inspections using the 

failure pressure models in Table 1.  A mission 

time interval of 25 years from the last in-line 

inspection time was considered with numbers 

of inspections ranging from 1 to 10.

making the analysis of industrial size problem 

feasible.

Considering imprecision in the failure 

pressure models, results in Fig. 6 show that 

the failure probability is lowest with the upper 

bound of imprecision in B31G model and 

highest with the lower bound of imprecision 

in Modied B31G model. Probability of failure 

increases with lesser numbers of inspections 

for a specied mission time but decreases 

with large numbers of inspections within the 

same mission time.

Optimal maintenance strategy for the 

remaining lifetime of the pipeline is assessed 

using the failure pressure models in Table 1 

and performed adopting a very efcient 

procedure requiring performing only a single 

reliability analysis. 

Figure 6: Pipeline probability of failure at mission 
time as a function of the number of inspections 
using Shell-92, B31G, Modied B31G and DNV-
101 failure pressure models.

Figure 7: The expected number of total repairs as a 
function of the number of inspections using Shell-
92, B31G, Modied B31G and DNV-101 failure 
pressure models.
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The expected number of total repairs action 

is shown in Fig. 7. The lower bound of 

imprecision in Modied B31G model 

predicts the lowest number of repair actions 

and highest was in the lower bounds of 

imprecision in B31G, DNV-101 and upper 

bounds of imprecision in Shell-92, DNV-

101, and B31G models. The increase in 

expected number of repairs with an increase 

in the inspection numbers signies that 

increase in numbers of inspection increases 

the chances of failures to be detected, in 

addition to the possible damage to the system 

during each inspection thereby increasing the 

total cost of operation.

Figure 8: Pipeline expected costs as a function of the number of inspections using Shell-92, 
B31G, Modied B31G and DNV-101 failure pressure models.

The optimal inspection time is usually 

between when inspections are performed 

too early (e.g. for 10 inspections carried out 

in a mission time of 25 years, i.e. every 2.5 

years an inspection is carried out), and 

when inspections are undertaken too late 

(e.g. for 1 inspection carried out in a mission 

time of 25 years, i.e. only one inspection in 

25 years). Almost no damage will be found, 

and no repair will take place for early 

inspections resulting in marginal or no 

improvement in the pipeline reliability. 

While for too late inspections, in relation to 

the level of defect damage, the detection 

probability will be large. In this case, it is 

most likely that the pipeline system will have 

failed already. 

In Fig. 8, the total expected costs as a 

function of the number of inspections with 

eventual repairs shows similar results for all 

Conclusion

In this work the importance of the model 

uncertainty on a proper characterisation of 

uncertainty has been shown. The proposed 

imprecise probabilities approach can be 

applied for the design of new systems as well 

as for assessing existing pipelines in 

operation, its inspection and repair for 

the failure pressure models (particularly from 

3 to 10 numbers of inspections), and only the 

lower bound in Modied B31G differs notably 

from the rest. It can be deduced here also that 

the optimal inspection time for both lower and 

upper bound of imprecision in all the failure 

pressure models is 3 inspections with 

eventual repairs (i.e. about 8 years), except for 

the lower bound in Modied B31G. 

Furthermore, the optimal solution is 

dependent on the number of inspections for 

different mission times. 
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