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ABSTRACT: In this paper, statistical methods for the reliability of repairable systems have been applied 
to provide an estimate for the failure rate of cross-country crude product pipelines based on historical 
failures. The pipelines are assumed to follow minimal repair models, and the failure data are tested against 
the Homogenous Poisson Process (HPP) and the non-Homogenous Poisson Process (nHPP). Two sta-
tistical tests, Laplace test and the MIL-HDBK 189 are used to test the null hypothesis that the process 
is an HPP against the alternative that the intensity is increasing, following a nHPP. The statistical tests 
conducted reveals that HPP is an acceptable model that describes the number of corrosions that occur in 
onshore crude product pipelines. The intensity function and the Mean Time Between failures (MTBf) 
of the pipelines are determined to study the dynamics of failures between API 5L X42 pipelines installed 
at different periods. It is found that all other factors being equal, similar pipelines installed relatively at 
the same time would show similar MTBf and failure intensity. The result of the work will be valuable in 
formulating effective inspection and maintenance policies for cross country pipelines.

after failure. Therefore, statistical methods for the 
reliability of repairable  systems can be applied to 
model their failures (Rigdon and Basu 2000).

1.2 Statistical reliability of pipelines

A number of researchers have worked on risk assess-
ment and reliability of pipelines using different 
approaches. (Muhlbauer 2003) developed a qualita-
tive index to rank pipelines based on level of risk. 
Semi quantitative methods such as Analytical hierar-
chy process (AHP) (Dey et al 2004 and Al Al-Khalil 
et al 2005) and AHP-fTA (Dawotola et al 2009) have 
been applied to subjectively estimate pipeline failures 
and provide risk management framework for oper-
ating pipelines. (Cagno 2000 & 2003) have utilized 
AHP as an elicitation method of expert opinion to 
obtain a priori distribution of failures of pipelines. 
The expert result was further combined with histori-
cal data of failures by Bayesian analysis. Probabilistic 
approaches, using limit state models (Ahammed and 
Melchers 1997 & Caleyo et al 2002) have been applied 
with some success. Statistical approaches such as the 
work of (Sosa and Alvarez-Ramirez 2009) have stud-
ied the time distribution of hazardous materials pipe-
line incidents. failures of both low and high severity 
index were analyzed using  historical data obtained 

1 InTRoDuCTIon

1.1 Background

Pipelines are generally safe medium of trans-
porting petroleum products from one part of the 
country to another. Majority of oil exploration 
and production companies rely on pipelines in 
transporting crude oil from rig to refinery, and 
from refinery to oil depot. Despite their relatively 
low failure probability, pipeline failures do occur. 
failure of pipeline can be very disastrous, often 
carrying huge financial, life and environmental 
consequences. Risk safety assessment of pipelines 
is therefore a topic of prime interest to both regu-
lators and operating companies.

furthermore, in the research environment, the 
development of effective failure prediction mod-
els for oil pipelines continues to be a very active 
research area (Oke et al 2003). Many approaches 
have been presented to study the rate of occurrence 
of failures of operating pipelines depending on their 
types, and the trend of failures recorded. The times 
between failures could be independent or identical, 
with either a spontaneous or time dependent fail-
ure distribution. Pipelines are repairable systems, 
in general. That is, they can be restored or repaired 
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from the office of pipeline safety (oPS) of the uS 
department of transport. Similarly, (Fa-si-oen and 
Pievatolo 2000) presents the analysis of 6-year rup-
tures incident in a metropolitan gas network using 
both HPP and power law process. Statistical analysis 
based on historical failures data can be  particularly 
 suitable to model pipeline failures owing to the use 
of real data. However, a major setback to statistical 
analysis is lack of data.

The purpose of this paper is to apply statistical 
methods of repairable systems to model the failure 
rates of three different cross-country API 5L X42 
crude products pipelines. The study analyses the 
trend of failure and the mean time between failures 
(MTBf) of the pipelines over a period of 11 years, 
from January 1999 to December 2009. Based on 
outcome of failure analysis, inspection and mainte-
nance recommendations are made. The next section 
discusses the different methodologies for reliability 
of repairable systems. Section 3 discusses two major 
trend tests, the Laplace and MIL-HDBK 189 tests 
and their applications to hypothesis testing for Pois-
son processes. In  section 4, a case study of three 
products pipelines is presented. The methodologies 
described in  sections 2 and 3 are applied to select a 
fitting failure model for the data. The MTBf, failure 
rates and probabilities of failures for each pipeline 
is calculated in other to study similarity in trends. 
Conclusions of the analysis are given in section 5.

2 RELIABILITy of REPAIRABLE 
SySTEMS

2.1 The repairable system concept

The reliability of repairable systems concept is 
applicable to systems that are considered repair-
able. This means the system is generally repair-
able after failure and can be restored to its original 
state (as old as new) or to close to its original 
state (as bad as old). Two of the most common 
forms of stochastic models for repairable systems 
are the Homogenous Poisson (HPP) and non-
 Homogenous Poisson Process (nHPP). They are 
briefly explained in the next paragraphs.

2.2 Homogenous Poisson Process (HPP)

The Homogenous Poisson process (HPP) may be 
appropriate to model a system that neither deterio-
rates nor shows reliability improvement over time. It 
is applicable if the inter-arrival times between fail-
ures are “independent and identically distributed 
according to the exponential distribution”.

The HPP is a function with constant intensity 
function and cannot be used to model systems that 
deteriorate or show improvement over time. This is 
a very strong assumption, and it is recommended 

that before reaching this conclusion, at least a trend 
test should be performed. Trend test and goodness 
of fit tests are discussed in paragraph 2.2.

The failure intensity for HPP is:

λ µ( ) ,t t= >1 0  (1)

Mean time between failure (MTBf), µ is deter-
mined based on whether the failure process is time 
truncated, that is, failure testing stopped at a pre-
determined time, say tn or failure truncated testing 
stopped after a given number of failure is reached, 
at any time, t.

The maximum likelihood for failure truncated 
µ, µf is calculated as:

ˆ n
f

t
nµ =  (2)

The function 2tn /µf has a chi-square distribution 
with 2n degrees of freedom.

A confidence interval at 100 × (1 − α)% for µf is:
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Similarly, the maximum likelihood for time 
truncated µ, µt is calculated as:

ˆt
t

Nµ =  (4)

Where N is the total number of failures observed 
at time, t. Equation (4) is substituted in (1) above 
to obtain the maximum likelihood for the failure 
intensity in a time truncated case.

A 100 × (1 − α)% confidence interval for µt is:

1
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2.3 Non-Homogenous Poisson Process (NHPP)

An alternative to the HPP is the non- Homogenous 
Poisson Process (nHPP), which is a system with 
non-constant intensity function. In contrast to 
HPP, nHPP has a time dependent rate of occur-
rence of failures and times between failures are 
neither independent nor identically distributed. 
nHPP is suitable to describe systems that deterio-
rate or improve over time.

Two common models are usually applied to 
model non Homogenous Poisson Process. They 
are log-linear and the power law models:

failure intensity in the log-linear model can be 
written as:

λ α β( ) exp( ),t t t= + > 0  (6)

If  β < 0, then the intensity function, λ(t) is 
decreasing, and the system is improving. However, 
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if  β > 0, then the intensity function is increasing, 
and the system is deteriorating.

for Power law model, otherwise called the 
Weibull model the failure intensity is given by:

λ β
θ θ

β

( ) ,t t t= 





>
−1

0  (7)

The parameters of β and θ are the shape and 
scale parameters of the failure intensity function, 
respectively. The intensity function decreases, if  
β <1, and increases if  β > 1. If  λ(t) is decreasing, 
and the system is improving. If  β = 1, then the 
power law process reduces to a homogenous Pois-
son process with intensity function:

λ θ( )t = 1  (8)

The power law process is the most widely used 
over the log-linear model because its model is well 
validated and its statistical procedures, such as the 
calculation of the maximum likelihood and the 
point estimates are well developed (Rigdon and 
Basu 2000).

The maximum likelihood estimates (MLE) of β 
and θ, for a time truncated data having N number 
of failures is given as:

1
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using the power law, the MLE of the intensity 
function at time t is given as:

ˆ 1ˆˆ( ) ˆ ˆ
t

t
ββ
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 (11)

Equation (11) is the rate of failure, considering 
the number of failures at any given time, t.

To obtain a point estimate for the failure rate, 
equation (11) can be further simplified into:

ˆˆ( ) N
t

t
β

λ =  (12)

for a power law process with N number of  fail-
ures that is truncated at time, t. It can be inferred 
that, ˆ2 /Nβ β  has a chi-square distribution with 
2N degree of  freedom [1]. from this theorem, 
the 100 × (1−α)% confidence interval for β is 
obtained as:
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for a failure truncated case, let us assume 
that the failure records was truncated after n 
number of failures occurred within the interval 
0 < t1 < t2 < … < tn. The maximum likelihood esti-
mates (MLE) of β and θ, for a failure truncated 
case is then given as:

1
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The MLE of the intensity function for the fail-
ure truncated case is the same as was obtained for 
the time truncated case given in equation (11).

for failure truncated data, the value ˆ2 /nβ β  
has a chi-square distribution with 2n − 1 degree of 
freedom [1]. from this theorem, the 100 × (1−α)% 
two sided confidence interval for β is:

2 2
1 2 2

ˆ ˆ(2( 1)) (2( 1))
2 2

n n
n n
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β− − −
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where χα 2
2 2 1( ( ))n −  and χ α1 2

2 2 1− −( ( ))n  are the 
points that leave an area of α /2 in the right and left 
tails, respectively of the chi-square distribution, 
having 2(n-1) degrees of freedom.

3 TREnD AnD GooDnESS of fIT TESTS.

It is essential to determine whether the model is 
appropriate to describe the data characteristics 
and whether the parameter estimation is accepta-
ble. The basic methods involve graphical and trend 
analysis, and performing goodness of fit tests.

Graphical test involve plotting a Duane plot to 
observe the trend of failure data. A Duane plot is 
the graph of cumulative MTBf on the vertical axis 
against number of failure on the horizontal axis 
plotted on log-log graph paper. A Duane plot is a 
good initial estimate before trend analysis. Where 
Duane plot is linear, it is assumed that HPP may be 
appropriate to model the failure and if  otherwise, 
nHPP may apply.

Trend test requires some quantitative analysis. 
Laplace test and the MIL-HDBK 189 are two of 
the most common trend tests.

In Laplace test, a null hypothesis is tested that 
the process is an HPP against the alternative that 
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the intensity is increasing, following a nHPP. The 
null hypothesis is rejected if:

U z U z< − >α α/ / ,2 2or  (17)

and retain if  otherwise.
where, zα/2 denotes the value of  probability of 
α/2 at the right tail of  the standard normal 
distribution.

for a n number of testing that is time truncated 
at time, t the Laplace statistic is given as:
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While for a failure truncated data in operation 
until time tn, equation (18) becomes:
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In the MIL-HDBK 189 test (US. DOD, 1981) 
the null hypothesis,

H0: HPP
is rejected for a time truncated failure data, if:

2 2
/ 2 1 / 2

ˆ ˆ2 (2 ) or 2 (2 )n n n nα αβ χ β χ −> <  (20)

where χα / ( )2
2 2n  and χ α1 2

2 2− / ( )n  are the values that 
leave a probability of α/2 and 1− α/2 respectively at 
the right tail of the chi-square distribution, having 
a 2n degree of freedom.

A goodness-of-fit indicates whether it is reason-
able to assume that a random sample comes from a 
specific distribution. The Cramer-von Mises is well 
suited for symmetric and right-skewed distribu-
tions. The test is recommended for testing for good-
ness of fit [MIL]. for a single non-homogenous 

Poisson process under a time truncated case, the 
 Cramer-von Mises goodness-of-fit is given by [2]:
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where N is the number of failure for a time trun-
cated failure data.

If  the data is failure truncated, N in equation 
(21) above is replaced by n−1 given,
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CM
2 is compared with a critical value obtained 

based on significant level from the critical Values 
table for the Cramer-von Mises goodness-of-fit test.

If  the value of CM
2 obtained is less than the criti-

cal value, then the null hypothesis, that the power 
law process is the suitable model is not rejected.

4 An APPLICATIon To oIL PIPELInES

4.1 The data

A case study is presented to illustrate the appli-
cation of the proposed methodology. The stud-
ied data is obtained from the nigerian national 
Petroleum Company (nnPC) and consists of 
three different API 5L X42 pipelines. The number 
of failures of the pipelines due to corrosion from 
1999 to 2009 was collected. Basic features of the 
pipelines are summarized in Table 1 below.

The pipelines are assumed to follow minimal 
repair models. Trend test is applied to test whether 
HPP or nHPP is a suitable model to describe the 
failure records. The plots of number of failures 
versus cumulative period in days are shown in 
 figures 1–3.

Table 1. Summary of the attributes of pipelines.

Attribute

Pipeline

PPL1 PPL2 PPL3

Diameter 12 16 12
Length (km) 1526.6 1562.2 1397.8
Service Crude Crude Crude
capacity (m3) 10,200 11,300 5,500
Material API 5L X42 API 5L X42 API 5L X42
year 1995 1980 1980
Cathodic protection Ground bed sacrificial Ground bed sacrificial Ground bed sacrificial
External coating Coaltar enamel Coaltar enamel Coaltar enamel
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figures 1–3 show number of corrosion failures 
versus operating time for the three pipelines. Dur-
ing the total time of operation (1999 to 2009), 
PPL2 pipeline recorded more number of corrosion 
failures compared to PPL1 and PPL3 pipelines.

4.2 Trend test of failure records

The pipeline failures are tested for HPP or nHPP 
based on both the Laplace and the MIL-HDBK 
189 trend tests:

The standardized average based on the Laplace 
statistic is calculated and indicated in Table 2.

The null hypothesis is:
H0 = HPP
And the alternative hypothesis,
Ha ≠ HPP
The test is conducted at a 95% confidence level 

(that is, α = 0.05), and for a two-tailed test:
α / 2 = 0.025, and z0.025 = 1.96.
The Laplace for the three pipelines are:
UPPL1 = 0.57, UPPL2 = −0.143 and UPPL3 = 1.79.
Decision null: Retain null for all pipelines, since 

z0.025 > UPPL1 > UPPL3 and −z0.025 < UPPL2
Similarly, the MIL-HDBK 189 test is further 

applied to test the null hypothesis by applying 
equation (20).

Table 2 gives the summary of the two tests. Both 
tests fail to reject the null hypothesis that the fail-
ure data of both the crude and product pipelines 
can be modelled by homogenous Poisson process. 
We assume that the times between failures of each 
pipeline can be modelled by an exponential dis-
tribution and therefore accept the null hypothesis 
that a homogenous Poisson process will be appro-
priate to analyse the failures.

4.3 Maximum likelihood estimation

Equations (1) and (4) are applied for the MLEs of 
µ and the failure intensity (failure rate) λ. MLEs 
for µ and λ are obtained as well as the MTBf (see 
Table 3). The time of operation is converted to 
years and the length of each pipeline is included to 
obtain the mean time between failure (MTBf) in 
year and the failure rate (per km. year).

The failure rates of the three pipelines are 
roughly of the same order which shows some 
robust in the equation applied. It can be seen from 
the result in table 3 that the MTBf of the three 
pipelines range from 2.5 months for PPL2 pipeline 
to 10 months for PPL1 pipelines.

4.4 Failure rate in (failure/km-year)

The failure rate is obtained by multiplying the 
length of pipeline (km) by the computed


λ . The 

result indicate that PPL2 pipeline exhibit the 
least MTBf which indicates that its propensity to 

figure 2. number of corrosion failures versus cumula-
tive period (days) for PPL2.

figure 3. number of corrosion failures versus cumula-
tive period (days) for PPL3.

figure 1. number of corrosion failures versus cumula-
tive period (days) for PPL1.

Table 2. outcome of statistical tests.

Pipeline

Laplace 
statistic 
(U)

Laplace 
Test

ˆ2 /n β
MIL-HDBK 
189

PPL1 0.57 HPP 
accept

22.49 HPP 
accept

PPL2 −0.143 HPP 
accept

72.30 HPP 
accept

PPL3 1.79 HPP 
accept

22.72 HPP 
accept
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 failure is the highest among the three  pipelines. 
PPL1 pipeline’ propensity to failure is least 
among the three pipelines. figures 4–6 represent 
the plot of  failure rate against time of  operation 
in years.

The plots indicate that there is little change in 
failure rate over 11 year period for each pipeline. 
This is consistent with the assumption of HPP. 
However, some variations can be seen in the plot 
for PPL1 this is due to the sudden jump in failure 
rates in the first 3 years from (1999 to 2002). PPL2 
and PPL3 exhibit a similar trend in failure rate. 
The similarity is also observed in their MTBf and 
failure rate recorded in Table 3.

4.5 Fitting of probability of failure

The probability of n(t), number of failures that 
occur within the interval: 0 < t1< t2< … < tn can be 
estimated using:

P n C e
n

n C
( )

!
=

−
 (23)

whereC t Ln p=

λ. ;  (24)

where 

λ.tn is the expected number of failures and 

Lp is the length of pipeline in km.
The three pipelines are not identical from statis-

tical point of view since their mean time between 
failures (MTBf) is different. It is therefore nec-
essary to compute a separate function for the 
probabilities.

The probability functions for the pipelines are:

P n e
n

n
( ) .

!

.
=

−13 27 13 27
for PPL1;

P n e
n

n
( ) .

!

.
=

−50 35 50 35
for PPL2, and

P n e
n

n
( ) .

!

.
=

−33 52 33 52
for PPL3.

However, it should be noted that the probability 
of failure is cumulative. If  there is occurrence of 
failures: (0, …, n − 1, n), the probability of having 
n failures will be:

C e
n

n C

n
n

−

=∑ !0
 (25)

4 ConCLuSIonS

In this paper, we have studied stochastic distribu-
tion in the occurrence of corrosion failures of three 
different pipelines. By carrying a test of hypothesis, 
our analysis shows that the dynamics of corrosion 

figure 4. failure rate against years of operation (1999 
to 2009) for PPL1.

figure 5. failure rate against years of operation (1999 
to 2009) for PPL2.

figure 6. failure rate against years of operation (1999 
to 2009) for PPL3.

Table 3. failure rate and MTBf.

Pipeline MTBf (yr)

λ  (per km year)

PPL1 0.83 0.79 × 10−3

PPL2 0.22 2.93 × 10−3

PPL3 0.33 2.18 × 10−3
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incident can be described by Homogenous Poisson 
process. A further analysis of rate of failure shows 
that the curve of pipelines’ rate of failure follows 
a similar trend for pipelines having relatively equal 
installation date. The result can be used in mak-
ing integrity maintenance decisions. Based on the 
calculated MTBf and failure rates, maintenance 
managers could be in the position to decide on 
most appropriate framework for maintainability 
(including design, redesign, construction, monitor-
ing, inspection, maintenance, reconstruction and 
demolition) of crude product pipelines.

future plans for the current work include devel-
opment of a maintenance optimisation approach 
for the application of the failure rates to minimise 
pipeline risks. This will address such issues as suit-
ability of HPP or nHPP for corrosion modelling, 
calculation of failure rates for different corrosion 
types, and using acceptable risk to determine opti-
mum maintenance management framework for the 
pipelines.
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