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ABSTRACT. Pipelines with seam welds that are in cyclic mencan suffer fatigue damage that can
lead to failures. Pressure cycle fatigue analy®3HA) is performed to predict the remaining lifesem
flaws, and forms the basis for decision making besé pipelines. This paper will describe several
innovations that have been developed to continuienfmove the PCFA process. These innovations
include:

¢ A Cyclic Index, which provides a quantitative measure of the sgvef pressure cycling. The
Cyclic Index can be viewed as a “pressure cycledpmeter”.

« A probabilistic PCFA model for remaining life esties in pipelines subject to pressure cycling.
The probabilistic model accounts for uncertaintiregnput parameters and improves predictions of
the effect of ILI and hydrotest results on the flai@es that remain in the pipeline after integrity
management activities.

« The application of new assessments to seam weddritif management including use of thgclic
Index and an approach to evaluate the relative effentise of hydrotest and in-line inspections.

« The Pacifcd integrity management software platform for pipetinsubject to pressure cycling.
This software can be integrated with pipeline SCA®Atems to automatically gather pressure data
for multiple pipelines and process these data gjindeCFA computations.

OVERVIEW OF PRESSURE CYCLE FATIGUE ANALYSIS (PCFA)

Pipelines that are subject to pressure cycling the pressure fluctuates rather than
remaining steady) can develop fatigue cracks imiser Pressure cycling is primarily a
problem in liquid lines, but fatigue failures hawecurred in gas lines. Fatigue cracks
typically initiate at pre-existing weld flaws, sdREV pipe with hook cracks and lack of
fusion flaws is particularly susceptible.

Pressure cycle fatigue analysis (PCFA) is an itgmbrpart of integrity management
of pipelines in cyclic service. Figure 1 illuseatthe typical PCFA methodology. Pressure
versus time data at a given location in the pigelne processed through a rainflow cycle
counting algorithm, resulting in a cyclic presshistogram. Next, an initial flaw size is
determined based on hydrostatic test results,anlspection (ILI), or a combination of
both. The specified initial flaw dimensions, alongth pipe dimensions and material
properties, are fed into a fracture mechanics mudual predicts the remaining life of the
pipe joint that contains the flaw. A factor of2typically applied to the calculated life to
establish the recommended time to the next hydrotd&l tool run.
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FIGURE 1. Pressure cycle fatigue analysis (PCFA). Presgarsus time data are processed through a
rainflow cycle counting algorithm to produce a éggbressure histogram. This information is theadus
predict the growth of a pre-existing crack.

The rate of fatigue crack growth per pressureeg\dd/dN, is usually inferred from
the Paris equation:

da _ {C(AK)m MK > AK,,
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WhereAK is the cyclic stress intensity factor [},andm are material constants, aA#in
is the threshold value &K, below which fatigue crack growth does not occur.

Given a cyclic pressure histogram, the crack gnosate must be computed for each
histogram bin. The average crack growth rate imseof time (e.g. inches per year) is
inferred by summing over the histogram:
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whereAt is the time interval over which the histogram welected, (da/dN). is the crack
growth rate for theth histogram bin, andi is the number of cycles in thtéh bin. The
time to failure ty, is obtained by integrating the crack growth faben the initial flaw size,

o, to the critical flaw size at failures:
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The critical flaw size is computed from a failureodel, such as the API 579 failure
assessment diagram (FAD) method [2] or the PRCI MATMethod [3].

While PCFA can provide useful information, andars essential part of an effective
integrity management plan for pipelines subjegpriessure cycling, there are a number of
shortcomings with traditional methods. For exampleere is often a high degree
uncertainty in the inputs to the analysis, suclilas dimensions and material properties.
Also, PCFA can be time consuming when performedh widitional tools. The sections
that follow describe several recent innovationsntegrity management of pipelines that
experience pressure cycling.

DEVELOPMENT OF A CYCLIC INDEX

The severity of pressure cycling can vary signiftbabetween pipelines. Moreover, there
can be large variations in pressure cycle sevarigy given line at various locations, or at
different times at the same location. Consequeilitlis important to have an objective
method to quantify pressure cycle severity in otdeassess the threat level.

In the past decade, the pipeline industry in Ndéttherica has adopted a subjective
categorization of pressure cycle severity, whictascribed in the TTO5 document [4]. A
given cyclic pressure histogram is evaluated arsigasd one of four categories: Light,
Moderate, Aggressive and Very Aggressive. Tablists the benchmark cycle counts for
each of these categories.

TABLE 1.
TTO5 benchmark annual cycle counts for the fouegaties [4].

Percent SMYS | Very Aggressive Aggressive Moderate Light
72% 2C 4 1 0
65% 4C 8 2 0
55% 10C 25 10 0
45% 50C 12E 50 25
35% 100( 25C 10C 5C
25% 200( 50C 20C 10C
Total 3660 912 363 175




Aside from being subjective, the TTO5 categoriedfes from another major
shortcoming. Namely, the cyclic hoop stress inl@dbis expressed as a percentage of
specified minimum vyield strength (SMYS). The Padsnstants @ and m), which
characterize fatigue crack growth, are not seresitovstrength properties. Consequently,
an Aggressive rating in a pipeline made from a tsghngth steel grade (e.g. APl 5L X80)
represents far more severe cycling than an Aggressiting in a low strength pipe (e.g.
X42). Given the same rating, an X80 pipe will havmuch shorter remaining life than an
X42 pipe.

Quest Integrity has recently developed a quanéatyclic index as an alternative to
the TTOS pressure cycle categories. This indea rmumber that is proportional to the
fatigue damage rate. Given a histogram of cyctiophstress valueéya, an equivalent
number of cycles per year at a constant stressitaican be computed as follows:

_ ZAO}mNi (1 yearj (6)
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Neq can be taken as th@yclic Index, given a specified value of the equivalent cortstan
amplitude stres&o,,. The value of the equivalent cyclic stress idteaty. The authors

of this article chose to define;!&o*eq as 72% SMYS for APl 5L X52 steel, which

corresponds to 0.72 x 52.2 ksi = 37.58 ksi. Gitles definition of the equivalent cyclic
stress, the Cyclic Index corresponds to the egemtahumber of 72% SMYS cycles per
year in X52. It is necessary to define the indeterms of arabsolute stress (37.58 ksi in
this case) rather than a percentage of SMYS. dbis/enient to set this reference stress to
the allowable hoop stress for X52 because thisegimdoughly in the middle of strength
levels for API 5L steels. Since the Cyclic Indextresponds to an equivalent number of
pressure cycles per year, it is proportional tofgdtgue damage rate. In other words, the
Cyclic Index can be viewed ageessure cycle speedometer.

Table 2 lists the Cyclic Index for the TTO5 catege as a function of SMYS for
common grades of API 5L steel. Note that a “Veygressive” rating for Grade A25 is
equivalent to “Mild” cycling in X80. Moreover, ak80 pipeline operating in the “Very
Aggressive” regime, as characterized by TTO5, wdaid32 times (1521/48) sooner than
an A25 pipeline with a “Very Aggressive” rating. h0s Table 2 illustrates a serious
shortcoming of the TTO5 pressure cycle rating m@thehere cyclic hoop stress is
normalized by SMYS. As stated earlier, ti®solute magnitude of cyclic stress governs
fatigue crack propagation.

Figure 2 shows the monthly variation of the Cydidex at a pumping station
discharge in a line constructed with X52 ERW pig#éhis plot incorporates four years of
pressure data. The severity of cyclic loadingany significantly month to month.



TABLE 2.
Cyclic Index for the four TTO5 categories as a fiorcof SMYS. The Paris exponent (m) = 3.

Cyclic Index
Grade SMYS, ksi A very Aggressive Moderate Mild
ggressive

A25 254 48 12 4 2

B 35.2 130 32 12 5
X42 42.2 219 53 21 8
X52 52.2 415 101 39 16
X60 60.2 636 155 60 25
X70 70.3 1013 247 95 39
X80 80.5 1521 371 143 59
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FIGURE 2. Monthly variation of the Cyclic Index at a pumgistation discharge.

PROBABILISTIC PCFA MODEL

A major practical limitation of life prediction bed on PCFA is that the outcome of such
an analysis is highly sensitive to the input paramse For example, uncertainties in crack
sizing from ILI data can affect remaining life preltbns by an order of magnitude.
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Material properties are another source of uncdstama fatigue analysis, as life estimates
are affected by tensile properties, fracture toegsnand Paris constants. Even if a pipe
joint is excavated and subject to material testthgre is no assurance that the remaining
joints in the line will have similar properties.

The traditional response of the pipeline indugtsyuncertainty in remaining life
estimates is to make a series of worst-case assumapt The resulting intervals for re-
inspection or hydrostatic testing tend to be venyservative.

Probabilistic analysis is a viable alternative worst-case deterministic analysis.
Methods such as Monte Carlo simulation can accdantuncertainties in the input
parameters. A Monte Carlo simulation entails p@nfag a deterministic analysis multiple
times with various input values, which are chosamdomly from user-defined statistical
distributions. The result is a plot of probabilitgrsus remaining life. The operator can
then choose the re-inspection or re-test interagaéld on a tolerable failure probability.

Quest Integrity has recently developed a Montdoctaased PCFA model. Up to 9
input parameters can be treated as random variabigsire 3 shows typical output from a
Monte Carlo simulation.

The most important input to a PCFA, from the spamat of its effect on predicted
life, is the starting flaw size. In the Quest briey Monte Carlo model, the procedure for
selecting the starting flaw dimensions depends batker the integrity management plan
calls for hydrostatic testing, ILI, or a combinatiof both. The various procedures for
specifying the starting flaw dimensions in a givdonte Carlo simulation are described
below.

Inferring Flaw Dimensions from Hydrostatic Testing

When a section of a pipeline passes a hydrostaspike test, it is assumed that the worst
remaining flaw is slightly below the critical sifar failure at the test pressure. The starting
flaw size for PCFA is then set equal to the cal@decritical flaw size. A critical flaw
curve rather than a single value actually charactertheslargest cracks that could have
survived the pressure test, as there is an infiniteber of combinations of flaw depth and
flaw length that are critical at the test pressure.

Given uncertainty in material properties such @tdystrength and toughness, there
are actually a range of possible critical flaw @syvas Fig. 4 illustrates. In a Monte Carlo
trial, one of the possible curves is randomly deldased on the material properties for
that particular trial. The red curve in Fig. 4 dess the randomly selected critical flaw
curve. Next, it is necessary to pick a value endbirve. This requires randomly choosing
a flaw aspect (depth/length) ratio, as Fig. 5 thates. The starting flaw is then defined
from the point on the curve corresponding to theseim flaw aspect ratio. This flaw is
used in the fatigue analysis, which may incorporatelomness in material properties and
cyclic loading. This entire process is repeatedccich Monte Carlo trial.
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FIGURE 3. Typical output from the Monte Carlo PCFA model.
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FIGURE 4. Family of critical flaw curves for a hydrostatist, given uncertainty of input parameters to the
fracture model. The red curve corresponds to titiea flaw curve selected in a given Monte Carial.
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FIGURE 5. Selecting starting flaw dimensions from the catiflaw curve from Fig. 4. The flaw aspect
ratio (depth/length) is treated as a random vagiabthe Monte Carlo analysis.

Inferring Flaw Dimensionsfrom ILI

When an ILI crack tool is run on a section of pipe) there is a finite probability that some
flaws will not be detected. Assuming that all déte flaws are remediated, the worst
remaining undetected flaw can be inferred from pebability of detection (POD)
characteristics of the ILI tool, which are illuged in Fig. 6.

An ILI vendor will typically report separate POPexifications for flaw length and
flaw depth. In a given Monte Carlo simulationaadom depth and length will be selected
from the respective POD information. The resulhis red L-shaped curve in Fig. 6. The
starting flaw dimensions for the fatigue analysis mferred from a random flaw aspect
ratio, as Fig. 7 illustrates.

Combining IL1 with Hydrostatic Testing
When pressure testing is combined with ILI, the uUategrity Monte Carlo model can
guantify the effect on the probability versus remiag life curve. In theory, applying both
ILI and pressure testing should lead to a longer sderval between testing/inspection.
Figure 8 illustrates a starting flaw curve, givdre application of both ILI and
pressure testing. The curves for the respectibads are computed separately, as shown
in Figs. 4 and 6, and the combined curve is defia@dhe minimum of the two at each
point. The solid red curve in Fig. 8 represents tombined starting flaw curve. The
starting flaw dimensions are then inferred fromridwedomized flaw aspect ratio, as before.
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FIGURE 6. Determining the maximum undetected flaw lengtl dapth based on probability of detection
(POD) specifications for the ILI tool. The red haped curve represents the locus of possible litfiitia/
dimensions for a given Monte Carlo trial.
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FIGURE 7. Selecting the starting flaw dimensions from theHaped curve from Fig. 6. The flaw aspect
ratio is treated as a random variable, similaritp .
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FIGURE 8. Starting flaw curve for ILI + hydrotesting, oltaid by combining Figs. 4 and 6.
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SEAM WELD INTEGRITY MANAGEMENT

The goal of the any integrity assessment is to igevwnformation in order to make

informed decisions that will successfully manage tisk related to that integrity threat.
This involves performing analyses that develop aemmmplete understanding of the
threat profiles throughout the pipeline. Seam wetdsyclic service are no different in that
respect. The challenge with seam weld assessment®wa to effectively manage the large
amounts of pressure data required to perform treyses and how to best integrate
uncertainties in the data into the assessment. dabsmin the application of seam weld
assessments to integrity management will be disclissthis section.

Application of the Cyclic Index
Since pressure loading is the driving force foigia® crack growth it is very helpful to
understand both the amount of cyclic loading ancttivr it is getting more severe. A
comparison of cyclic loading between lines alsgp&édb identify those with a higher risk
for seam weld fatigue failures.

A further issue with the benchmark pressure cyment in TTOS is that it is
impractical to use. It is difficult to fit a complepressure regime into one of the four
categories and therefore to properly understandrtipact on remaining life a pressure
cycle fatigue analysis would need to be completed.

As the Cyclic Index turns a complex pressure regimto a single quantitative value,
it is very helpful for either trending or compams@urposes. Figure 9 shows both the
monthly variation in cyclic loading and the trendieh in this case is to an increase
loading. The cyclic index is proportional to fateggrowth where, for example, a doubling
in index value equates to about twice the ratatffie growth and half the remaining life.
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FIGURE 9. Monthly cyclic index values for a pipeline inclad a trailing 12-month average showing an
increase in pressure cycle loading.
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Hydrotest vs. IL1 Decision M aking

The outcome of a complete seam weld assessmém ishaining life of a critical flaw, or
set of flaws, on a pipeline. This remaining lifdue with the correct safety factor, is what
is used to determine the re-inspection interval pfpeline. This leads to the often difficult
decision between inspection methodologies: hydtotsack in-line inspection (ILI) or
both.

Each individual method has its strengths and wesdes. A hydrotest is proof
positive of the integrity of the pipeline, but doest provide any information about the
number or size of cracks remaining on the pipelferack in-line inspection provides
information about the crack population that canubed to develop an anomaly response
program but carries some uncertainty due to eaohstdlaw detection limitations and
measurement inaccuracies. To help weigh the reldienefits of each methodology the
flaws that will be either destructively removedr foydrotest, or detected, for ILI, can be
compared to each other.

Critical flaw curves are used to represent flahat tare critical at both maximum
operating and test pressures. Any flaw that istgreidan the critical flaw curves at the
maximum operating pressure will not have surviveslhtydrotest.

An ILI detectability window represents flaws haween reliably detected by the tool.
The analysis can be first performed using the poihiba of detection specified by the
vendor and further refined based on verificaticgults.

The relative effectiveness of both methods caodmepared by overlaying the critical
crack curves with the tool detectability window. fiimd all critical anomalies the ILI needs
to detect flaws at the MOP critical flaw curve.thfe ILI detectability window extends
beyond the critical flaw pressure critical flaw earthen it is more sensitive to flaws than
the hydrotest is. In the example shown in FigurgahEJILI anomaly detectability window
extends beyond the critical crack curve for therbggbst indicating that ILI has the
potential to identify smaller cracks then the hydst. Noted that the relative effectiveness
of hydrotesting, ILI, or a combination of the twancalso assessed using the probabilistic
model described earlier.
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FIGURE 10. This chart shows the relative merits of an Ildpection and an ILI survey by comparing the
detectability window and hydrotest and MOP crititalv curves

Pacifica™ Integrity Management Software Platform.

To both make PCFA assessments easier to compldteenrporate the new assessment
methodologies a new analysis platform was requigecth a platform needs to effectively
manage the large amounts of pressure data andngksta and still be able to perform the
analyses using seam weld integrity managementgrastices, including the innovations
discussed in this paper.

Pacifica has been designed using an innovativabdae structure that can be
automated to import pressure data which is theredtéor the lifetime of the pipeline.
Storing the pressure data means that rainflow @oginturning the pressure data into
pressure cycles, only needs to be done once andcthe also be stored in the database.
Making the more mundane tasks that are part of PE&Ster allows more time to be spent
on analyses. Figure 11 shows an overview of itsieecture and workflow.

The measure of the effectiveness of assessmentasefis not limited to its ability to
give accurate results for an analysis, but is bettdined by its ability to provide the
information required to make solid integrity deorss. Keeping this in mind, Pacifica has
been developed with a pipeline operator to ensbat the analyses that are available
support integrity management decision making.
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FIGURE 11. An overview of Pacifica architecture and workflow
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CONCLUDING REMARKS

To effectively manage the threat of fatigue in seaehds on liquid lines, the assessment
needs to be based on solid engineering theory. &samtinue to learn more about seam
weld failures and apply that knowledge to improkie assessments, it is important that
those assessments become incorporated into it@gaitagement best practices.

A pressure cycle fatigue assessment often stadsalbvays ends with the fracture
model. Using a fracture model that will predictidiegé pressures as accurately as possible
across the range of material properties is thelesimgpst important element to making the
assessment predict actual line behavior. Frachogels that have traditionally been used
by the pipeline industry suffer from series shamawgs [5], but improved models are now
available [2, 3]. Even with the best fracture modewever, uncertainties in material
properties, flaw dimensions and other input paramsetesult in uncertainties in predicted
time to failure. A probabilistic analysis, suchthe Monte Carlo model described herein,
is an effective method to handle such uncertainties
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