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MoApO6HO onKcaHbl BEPOSTHOCTHbIE METOANKMA, OCHOBaHHbIE HA O6HOBNEHUM faHHbLIX Mo Baliecy u
pacueTe HafeXKHOCTU KOHCTPYKUMA. MeTOAUKM MCMOMb3yTCA 41 ONTUMU3aLMN AMarHoCTUYec-
KX OCMOTPOB 1 (MM) YacTOTbl MPOBeAEHUs NOKa/IbHUX MHCMEKUMIA TPy6ONpPoBoAoB. TO rapaHTu-
pyeT 3KOHOMMWYHOE pelleHne npobnem obecrnedeHnsi paboTocnocobHOCTU TPY6ONpPoBOAoB, Mpo-
ANEHNS| UX AONTOBEUHOCTM WM ONTUMU3ALMK [ABNEHNA B HUX. CyTb MPefodXKeHHON MeTOANKN 1
0CO6EHHOCTM ee MPUMEHEHVSI € Ta/IbHO OMWCaHbl Ha Pas/INUHbIX NMPUMepax.

Knouesble cnosa: TPY60NpoBO/, BEPOSATHOCTHbIE METOAUKMW, HAfeXHOCTb KOHCT-
PYKUWUW, AONTOBEYHOCTb, ONTUMU3ALUS.

Nomenclature

corrosion defect depth
- critical corrosion defect depth

c
ar - depth of corrosion defect requiring repair
p(a, tg§§|K, ) - conditional defect depth distribution

PO (a>tage) - defect depth distribution

Po(K) - growth rate distribution

PO(ti) - initiation time distribution

t - time

tage - age of pipeline

ti - initiation time

Ec - expected number of corrosion defects

Eh - expected number of coating holidays

K - corrosion growth rate
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N a - number of indications by survey only A

N b - number of indications by survey only B

N ab - number of indications by surveys A and B
Nc - number of corrosion defects

N h - number of coating holidays

PO(ar stage) - probability of exceeding repair criteria

Ve - variance of number of corrosion defects
Vh - variance of number of coating holidays

a - ratio of corrosion defects to coating holidays
$A - probability of false indication of survey A
$B - probability of false indication of survey B
t A - probability of detection of survey A

tB - probability of detection of survey B

Introduction. Oil and gas pipelines have now been operating in many parts of
the world for periods in excess of 40, or in some places even 60, years. Operation
has largely been very successful with relatively few fatal accidents when compared
with the operation of other types of hazardous equipment. However, due to the
increasing age of pipelines, more rigorous inspection and maintenance regimes are
becoming increasingly important to ensure that the existing safety record is
increased or even improved.

There is a world-wide recognition that, in addition to other damage
mechanisms, external corrosion can pose a serious threat to the integrity of buried
onshore pipelines and the focus on methods to prevent corrosion failures is
increasing. The primary means of preventing corrosion is the application of a
protective coating prior to installation. However, it is well recognized that breaches
in the coating do occur for several reasons and that the number of breaches can
increase with time. For this reason, secondary measures are included such as the
Cathodic Protection (CP) systems to mitigate the likelihood of corrosion growth
when breaches occur. Even so, the effectiveness of CP systems is known to be
variable and intermittent and external corrosion occur. In view of this, above
ground surveys such as Direct Current Voltage Gradient (DCVG) and Close
Interval Potential (CIPS) are periodically undertaken to identify areas of coating
loss and locations of active corrosion, respectively. Additionally, in-line inspection
(IL1) tools are used to detect the locations of actual metal loss. The objective of all
surveys and inspections is to locate the presence of corrosion defects in atimely
manner in order that repairs can be undertaken before failure occurs. Accordingly,
excavations are performed at the most likely locations and if corrosion damage is
present and exceeds some pre-determined criteria, a repair is performed.

The systems and activities described above are basic components of an
integrity management plan (IMP). However, the effectiveness of the IMP depends
on the frequency at which the surveys and inspections are undertaken and the
reliability of the equipment used. Different combinations of surveys may be used
with different frequencies. For instance, ILI is likely to be used less frequently than
above ground surveys. Moreover, for a significant number of pipelines, ILI is not
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possible resulting in total reliance on above ground surveys. The integrity
management process based on above ground surveys alone has become known as
External Corrosion Direct Assessment (ECDA).

Irrespective of whether ILI, ECDA, or a combination of the two is used, it is
important to ensure that frequencies at which the methods are employed are
sufficient to ensure that risk of failure is acceptably low. The determination of the
survey and inspection frequencies thus needs to take account of the reliability and
accuracy of the tools and also the current condition of the pipeline. Probabilistic
techniques are best suited to this purpose.

A full description of the method is provided and the application of the
techniques is clearly illustrated through case studies.

Integrity management of high pressure oil and gas pipelines is recognized
world-wide as the primary means of ensuring that the pipelines are operated safely.

In basic terms, integrity management involves

(i) a identification of the potential causes of damage to the pipe-wall;

(i) a determination of the severity of each type of damage that can be
tolerated without causing failure combined with

(iii) a means of preventing the occurrence of damage;
and/or

(iv) a means of ensuring that if damage does occur it can be tolerated.

For onshore pipelines the potential causes of damage are generally the same
world-wide and include external interference, external/internal corrosion, stress
corrosion cracking and construction processes (welding). However, due to
differences in operating environments and construction techniques the relative
importance of these potential causes may differ across the globe.

Means for determining the severity of the damage that can be tolerated are
available for all types of damage and models that may be used for this purpose
appear in various design codes and defect assessment standards. Such models are
sometimes referred to as limit state functions.

For damage that occurs instantaneously (and will either cause failure or it
won’t) these functions can be used to place bounds on the steady state operating
regime. For instance recognising that internal pressure will affect the tolerability of
most types of damage such functions can be used to determine the maximum
allowable operating pressure. Managing the pressure is thus one means of ensuring
that damage caused by external interference can be tolerated.

On the other hand, some types of damage (i.e. corrosion and construction
defects) will not necessarily cause failure immediately but will become progressively
more severe with time and cause failure in the future. Tolerance of this damage can
either be ensured by preventing the growth and/or detecting the damage and
removing and repairing it before it can cause failure. For instance some assurance
of the initial sizes of construction defects is obtained from adherence to established
construction processes and survival of the hydrostatic pressure test. The growth of
such defects is controlled by controlling the magnitude of pressure fluctuations. On
the other hand various steps are taken to prevent the occurrence of external
corrosion. These include the application of a protective coating and the application
of a cathodic protection system. However, it is generally found that external
corrosion does occur and internal inspections and above ground surveys are used

38 ISSN 0556-171X. npo6n.eMH npounocmu, 2009, N 5



Pipeline Life Extension and Integrity Management

on a period basis to detect it. If corrosion is found the tolerabiUty of it can be
assessed based on the magnitude of the signal from the inspection/survey tool and
action can be taken immediately or in the future based on an assessment its severity
according to the limit state function.

From the above, a number of points emerges.

Firstly, the perceived severity of the damage that can be tolerated depends on
the accuracy of limit state function and on the precision of the knowledge of the
basic parameters such as wall thickness, material grade and operating pressure.

The true magnitude of any damage that has been found depends on the
accuracy of the surveyl/inspection tools.

The likelihood of detecting the various types of damage depends on the
reliability of the inspection and survey techniques. In general larger defects can be
more reliably detected. There is thus an increased likelihood of detecting corrosion
damage if it has been growing quicker or the inspection the interval between
inspections is increased. However, larger defects are more likely to cause failure. It
naturally follows that prevention of corrosion (and other types of damage) is the
most steadfast means of integrity management. However, accepting this is rarely
possible, the use of reliable tools at some optimum frequency is best substitute for
this.

Another important issue is that, in general, there are more small construction
defects earlier in life than there are larger defects. This means that in early life
there are few defects requiring attention. However, as time increases and defects
grow the number of defects requiring attention increases. This means that integrity
management becomes more expensive as time increases. Similarly, as coating
deteriorates with time the number of corrosion defects increases and management
of corrosion becomes more expensive. This leads to the concept of economic life
of the system. Depending on the revenue from transportation there necessarily
comes atime when the cost of integrity management dictates that operation of the
system is no longer economically viable and the life of the pipeline comes to an
end.

The above narrative gives a brief description of integrity management and its
relationship with asset (economic) life.

While integrity management and asset life have been described in principle,
detail has thus far been neglected. However, based on the brief description given
thus far it is clear that options for undertaking integrity management can be wide
ranging. In the simplest form prescriptive integrity management can be undertaken
following the guidelines of design codes. This will allow the operator to demonstrate
compliance with legislation. However, due to the conservatism and shortcomings
associated with prescriptive design codes, it likely that such an approach is
expensive, does not capture all safety issues and perhaps will not allow operation
beyond some nominal design life.

On the other hand, risk-based approaches that take account of many aspects of
uncertainty may lead to reduced costs and a safer operating regime and may allow
considerable extension of the economic life. The downside of the use of these
techniques is that additional expertise is required and rigorous analytical tools are
required to demonstrate the validity of the approach to regulators. Nonetheless the
pay-back can be considerable in terms of both revenue and safety.

ISSN 0556-171X. Mpo6nembl npoyHocTw, 2009, N 5 39



A. Francis, M. McCallum, and C. Jandu

The aim of this paper is to present and demonstrate robust techniques for
combining the data from above ground surveys and ILI data to optimise the
integrity management process and to extend the economic life of the a pipeline. A
particular focus is given to ECDA.

External Corrosion Direct Assessment. ECDA has been proposed as a
viable alternative to hydrostatic pressure testing and in-line inspection (ILI) for the
purpose of managing the integrity of high pressure pipelines [1]. Accordingly, an
ECDA standard is now in existence [2].

The essence of ECDA is to combine the results of two or more above ground
surveys in order to establish a level of confidence in the condition of the pipeline.
Recognising that all above ground survey techniques are subject to uncertainty,
bell-hole excavations are performed to investigate the presence of damage at the
locations of positive indications of the surveys and to allow any necessary repairs
to be made using appropriate techniques. By repeating the process at sufficiently
frequent intervals, the time dependent deterioration process due to external corrosion
can be effectively managed.

A central issue associated with the use of above ground surveys is the
uncertainty in their effectiveness. Notably, not all defects will be detected and at
the locations of some indications no defect will be found. The characteristics of the
surveys associated with these two issues are often referred to as the probability of
detection (PoD) and the probability of false indication (Pfl).

It thus follows that the data obtained from any above ground survey requires
interpretation using probabilistic techniques. To this end, building on an outline
approach given in [3], a detailed method has recently been developed [4] for
determining the number of defects that are likely to be present based on the results
of the particular survey and the values of the PoD and Pfl. The method includes the
effect of updating the distribution as information from excavations is acquired and
accordingly determines when a sufficient level of integrity has been attained.

It is noteworthy, however, that such uncertainty is not confined only to above
ground surveys. Inline inspection tools are also prone to such behavior.

In view of this, it follows that techniques used combining different above
ground survey results can also be used to combine above ground survey results
with ILI data.

Life Extension Using above Ground Survey Results. The approach adopted
here is based on the concepts of ECDA.

ECDA is a four stage process is adopted. The four stages are referred to as:

1. Pre-assessment.

2. Indirect assessment.

3. Direct examination.

4. Post assessment.

Pre-assessment. During the pre-assessment stage, preliminary investigations
are undertaken to determine whether the use of above ground survey techniques is
viable. For instance, if a significant portion of the pipeline is buried under hard
surfaces then DCVG would not be possible.

For the present purpose it is assumed that the surveys have been established,
i,e., DCVG and CIPS and hence no further discussion of this aspect of the
pre-assessment is required here.
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Nonetheless, another function of the pre-assessment is to establish the current
condition of the pipe based on previously gathered data. This is discussed in more
detail later

Indirect Assessment. The above ground surveys are undertaken during the
indirect assessment stage. The purpose of these is to allow an initial updating of the
prior distributions.

For the present purpose the two survey techniques are considered to be CIPS
and DCVG.

Direct Examination. Above ground survey techniques are subject to
uncertainty. The purpose of the direct examinations is to reduce uncertainty by
providing direct information on the actual condition of the pipeline. The information
obtained form direct examinations is used to improve the confidence in the
performance characteristics of the above ground surveys and consequently to
improve the confidence in the knowledge of the condition of the pipeline. This
confidence is further enhanced by performing any necessary repairs during this
phase.

Post Assessment. Once it has been established that the current integrity of the
pipeline has been brought to an acceptable position, the data that have been
obtained are used to determine the likely increase in the number of coating defects
and the likely growth rates at locations of active corrosion. This information is
used to determine the allowable time period before the next assessment will be
necessary. In particular, for the present purpose, the future safe operational life is
determined.

General Principle. The purpose of this section is to outline, through the use
of basic formulations, how the four phases of the ECDA process are used to
systematically achieve the objectives set out above.

The detail associated with the stated formulations is given later.

Pre-assessment. Based on the above, the prior condition of the pipeline is
determined by the distribution of the number of corrosion defects, p cO(N c), and
the defect depth distribution, p 0(a). The latter will depend on the age of the
pipeline, tage, the time, ti, at which corrosion growth commenced and the growth
rate, K. Since the two latter quantities will be subject to uncertainty, the defect
depth distribution can generally be expressed as

tage 1T
PO(a, tage)= | f P(a, tagelK , ti)Po(K)Po(ti)dKdti, (1)
00

where p 0(K ) and p 0(tt) are the initial distributions of K and tt, respectively.

The conditional probability, p(a, tage|K , ti), depends on the growth process.
The above distribution allows the probability, P (ar, tage), that any given

defect will exceed the repair criterion to be determined and this quantity is given

by

PO(ar, tage) = pr(a,tage)da, 2)
ar
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where all defects deeper than will be repaired. This is an important consideration
for deciding when to terminate the ECDA investigation.

Indirect Assessment. Denoting the ILI run as survey A and the DCVG survey
as survey B, the most general outcome will be Nab locations at which both
surveys give a positive indication, N A locations at which only survey A gives a
positive indication and N b locations at which only survey B gives a positive
indication.

The above quantities allow the expected number of coating defects EHO and
the expected number of corrosion defects, EcO, to be determined. In general these
quantities will depend on the probability of detection and the probability of false
indication of each of the surveys. It thus follows that Enh 0 and Ec0 will have the
functional forms,

EHO = EHO(t A0, £B0, 0 A0,0B0,a0) 3)
and

ECO = ECO(EAO, £B0, 0 A0, 0 BO, a0), (4)

where ta0, tB0, 0 a0,and 0 BO are the probability of detection of survey A, the
probability of detection of survey B, the probability of false indication of survey A,
and the probability of false indication of survey B, respectively. The subscript ‘0’
denotes conditions prior to any information from excavations being obtained. In
the above a 0 denotes the ratio of corrosion defects to coating defects. In order to
evaluate the expressions given above, it is necessary to determine a value for a 0.
This can be achieved by finding the solution to the equation

ECO(EAO, £B0,0A0,0 B0, a0)= a0EHO(EAO, £80,0A0,0 B0,a0). (5)

Explicit reference to the dependence of EHO and EcO on Nab, Na,and Nb
has been omitted as these quantities are not subject to change.

The variance in the number of coating defects, Vh 0, and the variance in the
number of corrosion defects, Vc0, may also be obtained from the above ground
survey results and consequently will take the functional forms

Vh0=VhO0(£a0,£b0,0a0,0b0,a0) (6)
and

VCO = VCO(£AO, £B0, 0 A0, 0 BO, a 0). @)

It follows that distributions of the number of coating and corrosion defects can
be obtained and expressed in the general forms

PhO(Nh)=PhO(Nh,EHO, VHO)= pHO(N n , £A0, £B0,0 A0, 0 B0, a0) (8)

and

pCO(Nh)=pCO(Nh,ECO,VCO)= pCO(Nc, £A0, £B0,0 A0,0B0,a0). (9)
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Number of Corrosion Defects Exceeding Repair Criterion. The number of
corrosion defects exceeding the repair criterion is related to the number of
corrosion defects through

Nrc = NcP(ar, tage), (10)

from which it follows that the distribution, p rc 0, of the number of defects, N rc,
exceeding the repair criterion is given by

1 ( N c

prcoO(Nrc)_ d ~ ApcCO O, ' 7,£A0,£B0,0A0,0B0,a0 (ii)
PO(ar, ge) YPO(ar, tage)

The above distribution has an expectation, ErCO, and variance, VrCO, given by

ErCO = ECO(CAO, CBO, 0 A0, ~ BO, a 0)P(ar, tage) (H)
and

VICO = VCO(CAO, CBO, 0 A0, 0 BO, a 0)P(ar, tage)2" (13)

The above provide an initial view on the number of excavations that will be
required.

Direct Examination. Updating the Distributions of NH and N c .Excavations
will generally be performed at some or all of the locations at which one or more of
the surveys gave a positive indication. The outcome of the excavation will confirm
whether or not a coating defect or a coating defect and a corrosion defect is
present. This will allow the distributions of Nc, Nh ,and a to be updated.

The findings at each excavation will either be a corrosion defect, a coating
defect with no corrosion or no coating defect.

This allows the values of a 0, CAO, CBO, 0 A0O,and 0 BO to be updated. The
nature of the updating depends on both the nature of the surveys and the nature of
the findings and these issues are described in full detail later. However, at the
present stage in this paper, it suffices to say that the results of the M e excavations,

will result in the revised values a me, Came, Come, 0O ame, and O bme mThe

locations that are selected for excavation will have an effect on these values,
however, the order in which the excavations are performed will not.

Based on the new values of ame, Came, Cobme, 0 ame, and 0 bme , the
distributions of NH and N C can be updated giving

pHOMe (NH)= pHO(NH,EHMe ,vhme) =

= pHO(NH, Came , Come ,0 ame , 0 bme , a me) (14)
and

pCOMe (NC)= pCO(NC,ECMe ,vcme )=
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- PCo(NC, £fame , £EBME , ®Pame , PBME, a ME )+ (15)

Note from the above that the functional form of the distributions has not changed;
the change is only to the characterising parameters.

In addition to causing the characteristic parameters to change, if M H coating
defects are found (with or without corrosion) and M c corrosion defects are
found, then a further modification to the distributions is appropriate resulting in

PhMkMk(NH, ?ame, ?BME, 0 ame , 0 BME, a ME) =

pHO(NH , £ame , EBME, ®ame , ®BME,a ME)H(Nh - Mh)

(16)
/ pHO(NH, £fame , £EBVE, ®AMe , PBME , a ME)dN H
M
and
p CMEME (N C, £AM, £BME , ®AMe , PBME , a ME ) -
p CO(NC5£AMe 5£BME 5dAMe 5®BME 5a ME)H (NC - M C) (17)

x

/ p CO(N C5£AMe 5£BME 5®AMe 5®BME 5a ME)dN ¢
M

where H () denotes the Heaviside step function.

Distribution of Numbers of Remaining Defects. The numbers of remaining
coating defects; NHR5and corrosion defects; NcR5are given by

NHR- NH - MH (18)
and
Ncr - Nc - Mc5 (19)

from which it follows that the distributions of remaining defects are given by
p HMEMER (N HR 5£AMe 5£BME 5®AMe 5®BME 5a ME ) -

pHO(NHR + M H5£AMe 5£BME 5dAMe 5®BME 5a ME) (20)
- » (20)

/ pHO(NHR + M H5£AMe 5£BME 5(AMe 5PBME 5a ME )dN HR
0

and

p CMEMeR (N CR5£AMe 5£BME 5® AMe 5® BME 5a ME ) -
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pCO(NCR + M C, Came , CBME, 0 ame , 0 BVE, a ME) (21)
» ||

f pCO(NCR+ M C, Came, CBME, 0 ame , 0 BME, a ME)dN CR
0

Updating the Distribution of a. Following the M E excavations and the
discovery of M c corrosion defects, it is also possible to update the corrosion
defect depth distribution. This is done by updating the distributions of K and ti.

The joint distribution of K and ti is updated using the expression it

Mr
n P(aj 5tagelti5K )Pk O(K )PtiO(ti)
j=1
pme (k m'e)= ] (22)
//n P(aj , tage|tt, K )Pk o(K )Ptio(ti)dKdti
0 0j=1

where the at values (j=1 to Mc) are the measured depths of the corrosion
defects found at the excavations. If follows that the updated defect depth distribution
is given by
tage X
PME (a, tage) = //P(a, tageX , ti)PME (K , ti)dKdti. (23)
00

Naturally, the above distribution will depend on the results of excavations that
have been undertaken, however, it will be independent of the order in which the
excavations are undertaken.

Distribution ofNumber ofRemaining Corrosion Defects Exceeding the RePair
Criterion. The probability that any single defect depth will exceed the repair
criterion after M E excavations have been undertaken is given by

PME(ar,tage):/PME(a,tage)da (24)
ar

The number of remaining corrosion defects exceeding the repair criterion, N rcR,
is then given by

N rCR = NCRPME (ar, tage). (25)

It then follows that the distribution, P,-cMeMeR (N rcR), of the number of remaining

defects, N rcR, exceeding the repair criterion is given by

1 N rcr

p CMEMeR (N rCR) _ P ga t gp CMEMeR (26)
P MEg {ar’tage yPMe (ar5tage)
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The above distribution has an expectation, E tcMeMeR , and variance, VrcMEMER,
given by

E rCMEMER = ECMeMeR (ar, {age) 27)
and

VICMEMER = VCMe MeRP Me (ar, {age) , (28)

respectively, where Ecm mer and VcMeMeR are the expectation and variance

associated with PcMeMeR (N c).

The general principle outlined above applies to any ECDA methodology and
therefore represents a general framework for reference.

Example. The intent of this section is to show, using a simple example, how
the methodology can be used as part of an integrity management program to extend
the pipeline life.

Pre-assessment. The pipeline parameters used in this example are given in
Table 1. It should be noted that since the methodology described in this paper
requires only knowledge of the repair depth, there is no requirement to detail all
the pipeline parameters.

Table 1
Pipeline Parameters

Parameter Value
Commissioning year 1970
Current year 2006

Diameter 2191 mm

Wall thickness 6.35 mm
Grade X42

Pressure 5.5 MPa

Repair depth 30% wall thickness
Number of corrosion defects 10

In order to calculate the defect depth distribution, the distributions in Table 2
have been used to model the uncertainty in the above three parameters.

The distribution of initiation depth is assumed to represent those defects that
are just becoming detectable, i.e., smaller defects are not considered to be defects.
This assumption is acknowledged as being subjective; however, it suffices here for
the purpose of illustration.

The initiation time is perhaps subject to most uncertainty in practice and
indeed this quantity has rarely been isolated and indeed may have an effect on
reported measured growth rates. It is acknowledged that more focus is needed on
the determination of this quantity, and the values used below, whilst not unrealistic
are used only for illustration purposes here.
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Table 2
Distributions Used in Defect Depth Distribution
Factor Distribution Mean Standard deviation
Initiation depth Weibull 0.5 mm 0.5 mm
Initiation time, ti Normal 18 years 4 years
Growth rate, K Normal 0.2 mm per year 0.025 mm per year

Using the data given above, the defect depth of the 36 year old pipeline was
determined using Eq. (1) and the results are shown graphically in Fig. 1. It is seen
from Fig. 1 that the mean depth increases from 0.5 mm to about 1.75 mm in the 36
year period based on an average growth rate of 0.2 mm per year. At first glance this
result appears anomalous. However, it is important to note that not all defects will
have been growing for the full 18 year period. Those defects introduced towards
the end of the 36 year period will have been growing for a very short time and this
is reflected in the results given in Fig. 1.

Fig. 1 Defect depth distribution (solid line correspond initiation distribution; dashed line - 2006
distribution).

Using the defect depth distribution and Eq. (2), it is possible to make an initial
assessment of the condition of the pipeline. The probability that any given defect
will exceed the failure criterion, given in Table 1, is 0.235. This means, using (12),
that the expected number of corrosion defects exceeding the repair criterion is
around 2.35.

Structural Reliability Analysis (SRA) can be used to determine the future
failure probability for the pipeline. Details of the approach used can be found in
[3]. The failure probability for the pipeline is shown in Fig. 2. It can be seen that in
2010 (%0 year design life) the failure probability is marginally greater than
1.0-10" per km. Based on AFAA’s experience of conducting similar studies this

figure is considered high, although a more extensive study would look at the risks
associated with this failure probability.

Indirect Assessment. The number of indications from the Corrosion Survey
and DCVG survey is given in Table 3.

From Table 3, it can be seen that there were five areas where both the
Corrosion Survey (survey A) and the DCVG (survey B) were positive, no areas
where only the Corrosion survey was positive and twenty-five areas where only the
coating survey was positive.
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Table 3
Above Ground Survey Results
Indication type Number of indications

N AB 5
N a 0
Nb 25

1.00E+00

1.00E-02

1.00E-04

1 00E-06 -

1.00E-08 -

1.00E-10 4

2004 2006 2008 2010 2012 2014 2016 2018 2020

Fig. 2. Future failure probability based on pre-assessment information.

For the purposes of this example, the mean values of the probability of
detection (£) and probability of false indication (¢p) of the above ground surveys A
and B are given by Table 4.

Table 4
Above Ground Survey Characteristics
Probability ILI (survey A) DCVG (survey B)
Probability of detection 0.76 0.84
Probability of false indication 0.10 0.11

These values are based on previous comparisons between indicated and
observed results on earlier projects. However, it is likely that different values will
be appropriate to other situations and hence the values given here should be
regarded as indicative only. Notwithstanding this, the updating will cause a
migration of the initial starting values towards the true values in any given
situation.

The distributions for the number of corrosion defects and the number of
coating holidays are shown in Fig. 3.

The expected number of corrosion defects after the indirect assessment is 6.6.
Using (12), the probability of a single defect exceeding the repair criterion is 0.235
and the expected number of corrosion defects exceeding the repair criterion is 1.55.
So after the indirect assessment there has been a decrease in the number of
corrosion defects exceeding the repair criterion, this is due to the updating of the
number of corrosion defects based on the above ground survey results, taking
account of the accuracy of the above ground techniques.
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Fig. 3. Distribution of corrosion defects and coating holidays after indirect assessment (dots
correspond coating holidays; solid line - corrosion defects).

Direct Examination. Excavations, based on the results of the above ground
surveys, are undertaken during the direct examination stage. The purpose of these
is to allow us to update our view on the accuracy of the above ground surveys, the
number of corrosion defects on the pipeline, the size of corrosion defects on the
pipeline and hence the number of corrosion defects that exceed the repair criterion.

For this example, it has been assumed that twenty excavations have been
undertaken. Five of the excavations were carried out at areas where both surveys
were positive; at each of these excavations, a coating holiday and corrosion were
found.

Fifteen excavations were carried out at sites where the coating survey was
positive; at each of these excavations a coating holiday with no corrosion was
found. The sequential changes to the characteristics of the above ground surveys
are shown in Table 5.

From Table 5, it can be seen that the probability of detection of the corrosion
survey (£A) increases (i.e., survey is more accurate) from 0.76 to 0.79, this is due
to the fifteen excavations where the corrosion survey was negative and no
corrosion was found. The probability of false indication of the corrosion survey
($ a ) and the probability of detection of the coating survey (EB) are unchanged as
there have been no excavations where the corrosion survey was positive and the
coating survey was negative. In the final column of Table 5, it can be seen that the
probability of false indication of the coating survey (pB) decreases (i.e., survey is
more accurate) from 0.11 to 0.09. Again, this is due to excavating fifteen locations
where the coating survey was positive and a coating holiday was found at each
excavation.

The change in number of corrosion defects and the number of remaining
corrosion defects is shown in Table 6 and Fig. 4.

From Table 6 and Fig. 4 it is seen that the overall expected number of
corrosion defects decreases slightly. This is due to an increase in the probability of
detection of the Corrosion Survey, i.e., the corrosion survey is less prone to
missing defects.

In this case, the expected number of remaining unknown corrosion defects
again decreases in direct accordance with the total number; the difference being
generally due to the 5 known corrosion defects found at sites where both surveys
were positive.

Since corrosion defects were found during the excavations, it is also possible
to update the initiation time and growth rate distributions, which in turn allows us
to update the defect depth distribution. The depths of corrosion defects found
during the excavations are shown in Table 7.
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Table 5
Effect of Excavations on Survey Characteristics
Excavation b $B
0 0.76 0.10 0.84 0.11
1 0.76 0.10 0.84 0.11
2 0.76 0.10 0.84 0.11
3 0.76 0.10 0.84 0.11
4 0.76 0.10 0.84 0.11
5 0.76 0.10 0.84 0.11
6 0.76 0.10 0.84 0.11
7 0.76 0.10 0.84 0.11
8 0.77 0.10 0.84 0.10
9 0.77 0.10 0.84 0.10
10 0.77 0.10 0.84 0.10
n 0.77 0.10 0.84 0.10
12 0.78 0.10 0.84 0.10
13 0.78 0.10 0.84 0.10
14 0.78 0.10 0.84 0.10
15 0.78 0.10 0.84 0.10
16 0.78 0.10 0.84 0.10
17 0.79 0.10 0.84 0.09
18 0.79 0.10 0.84 0.09
19 0.79 0.10 0.84 0.09
20 0.79 0.10 0.84 0.09

Change in Expected Number of Corrosion Defects

0 5 10 15 20 25

Excavation

Fig. 4. Effect of excavations on the expected number of corrosion defects and number of corrosion
defects remaining (dots correspond expected number of corrosion defects; solid line - expected
number of remaining corrosion defects).

The effect of the corrosion defects found during excavations on the defect
depth is shown in Fig. 5. From Fig. 5 it can be seen that the there is a gradual shift
to the left, i.e., excavations are saying that the depth of corrosion defects are not as
deep as was thought during the pre-assessment. This could be due to the initial
corrosion growth rate being too high, the time corrosion defects initiate being too
early or a combination of both of these.
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Table 6
Effect of Excavations on Expected Number of Corrosion Defects
and Number of Corrosion Defects Remaining

Excavation EC eor
1 6.59 5.39
2 6.59 4.49
3 6.59 3.29
4 6.59 2.42
5 6.59 174
6 6.57 172
7 6.55 1.70
8 6.53 1.69
9 6.50 1.67
10 6.48 1.65
n 6.47 164
12 6.45 1.62
13 6.43 1.60
14 6.41 1.59
15 6.39 157
16 6.38 1.56
17 6.36 155
18 6.34 153
19 6.33 152
20 6.31 151

Table 7
Depth of Corrosion Defects Found During Excavations
Excavation Corrosion depth (mm)
1 12
2 10
3 0.9
4 11
5 10

The effect of the above ground surveys and the excavations on the expected
number of corrosion defects exceeding the repair criterion is shown in Fig. 6.

From Fig. 6, it can be seen that there is a steady drop in the expected number
of corrosion defects greater than the repair criterion.

Based on the expected number of corrosion defects greater than the repair
criterion, a decision can be made on whether further excavations are required. For
the purposes of this example, it is assumed that excavations are necessary until this
value is 5% or less (highlighted by the bold line in Fig. 6). Thus on this occasion, it
would be appropriate to stop excavating after 5 excavations.

ISSN 0556-171X. npo6éeMbi npounocmu, 2009, N 5 51



A. Francis, M. McCallum, and C. Jandu

1.00
> 0.80
4 '
1 oso A,
m 040 T
U 0.20
o !
0 1.00 2.00 3.00 4.00 5.00
Depth (mm)
........... Excavation 1 -------Excavation 2
:Excavation 3 - - Excavation 4
----------- Excavations --—---—-Prior Distribution

Fig. 5. Effect of excavated corrosion defects on the defect depth distribution.

Fig. 6. Effect of excavations on the expected number of defects greater than the repair depth.

Fig. 7. Comparison of pre- (solid line) and post-assessment (dashed line) failure probability.

Post Assessment and Life Extension. The post assessment stage uses the
updated distributions for the defect depth and number determined in the indirect
and direct examination stages to determine an updated failure probability for the
pipeline. This failure probability can be used to determine the date for the next
integrity assessment or in this example to be used to determine the length of life
extension possible.

SRA was used to determine the failure probability based on the updated
distributions.

The updated failure probabilities are shown in Fig. 7 for the time period
between 2006 and 2020. It is immediately obvious that using the information
gathered from the above ground surveys and the excavations that the failure
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probability due to external corrosion has reduced to negligible values up to around
2010. Furthermore, assuming an acceptable failure probability of around 1.010_4

per km, it can be seen that the failure probability remains acceptably low until
around 2020.

Based on the above, the ECDA methodology has shown that probability of
failure remains acceptable till around 2020. The implications of this outcome are
that it is possible to schedule future integrity assessments, but it is also viable to
consider extending the life of the pipeline beyond the 40 year nominal design life.

Conclusions

1. The following methods have been presented:

- a method for determining the corrosion defect depth distribution based on
variable growth rate, variable growth time, and time dependent introduction of
corrosion defects;

- a method for determining the expected number of coating defects, the
expected number of corrosion defects, the associated variances, and hence the
distributions, based on the results from a coating survey and a Corrosion survey;

- a method for updating the corrosion defect distribution based on the
measurements made at excavations;

- a method for simultaneously updating the probability of detection and the
probability of false indication of each survey technique based on the results from
excavations;

- a method for updating the distributions of the numbers of coating and
corrosion defects based on the results from excavation;

- a method for determining the distribution of the number of remaining
defects following excavation and repair;

- a method for determining the expected number of defects that will exceed
the repair criteria and the confidence limits on this quantity.

2. A simple example showing how the method is used to extend the life of
ageing pipelines has been presented.

Pe3stome

[eTanbHO onncaHo MMOBIPHICHI MeToAMKWM, WO 6a3yloTbCsA Ha 06HOBAEHHI AaHUX
3a baliecom i po3paxyHKY HafiliHOCTI KOHCTPYKLiA. MeTogWKW BUKOPUCTOBY-
ITbCA ANA OoNTUMI3auil AiarHocTMYHOro ornagy i (abo) 4yacToTu NpPOBefeHHS
NIOKanbHUX iHCMNeKWin Tpy6onpoBofiB. Lle rapaHTye eKOHOMIYHUA pO3B’A30K
npo6nem 3abesneyeHHA npawes3faTHOCTI Tpy6onpoBoAiB, MOLOBXEHHSA X [LOBro-

BIYHOCTI 4YM onTuUMi3ayii TUCKY B HUX. CyTb 3anponoHOBaHOl MeTOAUKU 1 ocobnn-

1 US Code ofFederal Regulations (CFR) Title 49. “Transportation ofHazardous
Liquids by Pipeline,” Part 195. Washington, DC.

2. NACE Recommended Practice RP0502-2002, Pipeline External Corrosion
Direct Assessment.
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