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ABSTRACT. There is broad consensus that hydrostatic te@diagvaluable integrity management tool
for seam-welded pipelines, but there are varyirigiops over specific hydrotesting procedures, iditig
the most appropriate test pressures. This papeepts a modeling framework that optimizes hydtizsta
test conditions in terms of both integrity and emwic value. Increasing the hydrostatic test pnessnds
to increase the calculated fatigue life in sectitdms pass the test, but there are deleteriousteffsf
excessive test pressures. For example, a hydootgstt is impractical if it results in failure afsignificant
fraction of pipe joints in the line. Predictive daing of hydrostatic testing, based on the beatlalvie
technology, is offered as a rational means to s&dstconditions that maximize the benefits andimize
the negative impact on a given pipeline. The mtéd modeling framework is demonstrated with saler
examples.

There is no one-size-fits-all test pressure (retatio SMYS) that is appropriate for all situatiorihe
optimum test pressure for a given pipeline is gogdrby a variety of factors, including vintage, i@atimg
conditions and prior integrity management actiang.(hydrotesting and ILI).

OVERVIEW

Hydrostatic testing continues to play an importaig in the integrity management of seam-
welded pipe. A key question in any hydrostatid tes what is the most appropriate
maximum test pressure? There are varying opinmmshe matter among operators,
regulators, service providers, and consultantss paper makes the case that the maximum
test pressure should be chosen based on the ladlsb#e science and technology rather than
subjective opinions.

A predictive modeling framework that optimizesttpsessures is presented below.
This model incorporates state-of-the-art fractuezhanics methodology, as well as data on
material properties and flaw populations that hasnbinferred from prior in-service and
pressure test failures.

Increasing the hydrostatic test pressure tendsctease the calculated fatigue life in
sections that pass the test. On the other haark dre deleterious effects of excessive test
pressures. For example, a hydrostatic test isaaotiwal if it results in the failure of a
significant fraction of pipe joints in the linef d vintage pipeline with poor toughness and
significant flaws is subject to a sufficiently hitgst pressure, the cost of remediating a large
number of failures may approach the replacementatdbe pipeline. The predictive model
is a tool for determining a test pressure thatnoges the value derived from a hydrostatic
test.



MODELING FRAMEWORK

Figure 1 illustrates how hydrostatic testing isitgly used to ensure integrity of pipelines
subject to in-service flaw growth. Referring toetkketch on the left, the red curve
corresponds to the critical flaw dimensions at ligdrotest pressure, which are computed
from a fracture model. Flaws above the red cureeaasumed to be eliminated by the test.
The blue curve represents the critical flaw dimensiat the maximum operating pressure
(MOP). A remaining life calculation can be perfeunto estimate the time required for a
flaw on the red curve to grow to the blue curve.tie case of a seam-welded pipeline that
experiences pressure cycling, a pressure cyclguatanalysis (PCFA) is usually used to
estimate the remaining life following a hydrostdgst.

The sketch on the right side of Fig. 1 illustrates effect of test pressure on remaining
life estimates. As test pressure increases forendgVIOP, the distance between the red and
blue curves increases. In other words, the staftaw size for a fatigue analysis decreases
with increasing test pressure, which results iongér calculated remaining life.

Based solely on conventional PCFA models, thefiteref hydrostatic tests appear to
increase with test pressure indefinitely. Readitmore complex, however. Excessively high
test pressures can damage the pipeline. An inaeimumber of ruptures during a
hydrostatic test can have an unacceptable econongact. Pipe joints with strength
properties at the lower tail of the bell curve neaperience diameter swelling, which results
in higher hoop stresses in subsequent operaticoredter, conventional PCFA models do
not account for fatigue retardation following a hgtést, which prolongs life. The beneficial
effects of fatigue retardation can be greater atlerate test pressures, so the true life of a
pipeline does not necessarily increase monotogieath test pressure.
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FIGURE 1. Integrity management with hydrostatic testing gpipeline that experiences in-service flaw
growth.



The modeling framework proposed herein takes adaafumvariety of factors that influence
the outcome of a hydrostatic test. The key ingneidi of this framework are as follows:

PRCI MAT-8 fracture model [1].

Probabilistic PCFA model [2].

Fatigue retardation model [3].

Probabilistic fracture model to forecast hydrofegtires.

Benchmarking and calibration of models to real-@athta and experience.

akhwbdPE

These five ingredients are discussed below.

The PRCI MAT-8 fracture model [1] consists of caifits to 3D elastic-plastic finite
element analyses. An accurate state-of-the-astura model is a foundational component
of the hydrotest modeling framework. Traditiongbgline fracture models such as Log-
Secant suffer from a number of serious shortcomargs are incapable of accurate burst
predictions [4].

Even with the most accurate analytical models f&tigue and fracture, there are
significant uncertainties in the input parametersich of course translates to uncertainties
in output. Material properties, for example, carysignificantly between joints and at
multiple microstructures (e.g. pipe body, bond lave heat-affected zone in ERW pipe)
within a joint. Moreover the size and locationsglam weld flaws is essentially random.
Even when flaws have been characterized with inhspection (ILI), there is a high degree
of flaw sizing error and uncertainty. Consequentlys appropriate to view remaining life
probabilistically rather than deterministically. pgobabilistic PCFA algorithm has recently
been developed [2] that takes account of the imitaracertainties in material properties,
flaw population and other key inputs. The outpfitagprobabilistic PCFA is a plot of
probability versus remaining life, as Fig. 2 illkedes. The probability curve typically shifts
to the right with increasing test pressure, butidishing returns or a reverse trend may be
observed at high pressures.
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FIGURE 2. Probabilistic pressure cycle fatigue analysis.



Traditional PCFA models do not account for theeffthat the hydrostatic test has on
the subsequent crack growth rate. Figure 3 illtiss the crack closure mechanism for
fatigue retardation following an overload eventlsas a pressure test. The load spike
produces a large plastic zone at the crack tip.eWhe load is removed, compressive
residual stresses form in the overload zone. Whercrack propagates into the overload
zone, the compressive residual stresses hold #ek @losed during a portion of some
loading cycles, which results in a diminished crgodwth rate. As the sketch on the right
side of Fig. 3 indicates, fatigue retardation falilog a pressure test results in an extension
in life relative to what would have been observethe absence of the test.

A recent study [3] sought to quantify the effe€thgdrostatic testing on subsequent
crack growth. This study consisted primarily of 8astic-plastic finite element simulation
of pressure cycling and crack propagation. Thesdyses resulted in predictions of crack
closure following a pressure test, which can belusequantify the resulting fatigue crack
growth behavior.

While increases in hydrostatic test pressand to increase the calculated remaining
life, the offsetting negative consequences of higast pressures must also be considered.
For example, there will be a greater incidenceadtifes at higher test pressures, because
more flaws in the overall population will be abdtlae critical size as pressure increases. The
burst pressures of the various joints in a pipelollew a statistical distribution, as Fig. 4
illustrates. The red shaded area on the left dragrepresents the subset of the population
of pipe joints where the burst pressureg tbe test pressure. Of course, the number ofgoint
that fail is directly related to the test pressufBhe diagram on the right side of Fig. 4
indicates that the burst pressure distributionpecsic to a particular pipeline. A vintage
pipeline may have larger and more numerous seauh fleels than a modern pipeline, and
the toughness properties of the vintage line magfeeior compared to the modern pipeline.

Given that a large number of ruptures in a hydtasttest may have significant
consequences economically and otherwise, a foretdse expected number of failures as
a function of test pressure would be useful indbeision-making process. An example of
such a forecast is presented later in this paper.
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FIGURE 3. Crack closure mechanism for fatigue retardatalofving a pressure test. The overload generates
a zone of compressive residual stresses at th& tipaavhich results in slower fatigue crack proptign due
to crack closure.
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FIGURE 4. Statistical distribution of burst pressures giejoints. The red shaded region represents the
number of failures at a given test pressure. Thstlpressure distribution is unique to a giverepiye.

Comparing the trade-offs of beneficial and detntaéimpacts of hydrostatic testing
can lead to a rational decision on the optimum pesssure in a given situation. Figure 5
illustrates a hypothetical scenario where the dated remaining life (blue curve) increases
monotonically with test pressure, but with diminighreturns at high pressures. The red
curve represents the forecast number of failufebie test pressure is too low, the calculated
remaining life is short, which means that hydrastéésting would need to be repeated
frequently. If the test pressure is too high, rd@gon costs from ruptures may be
prohibitive. The optimum test pressure range is tase corresponds to a relative high
remaining life and a manageable number of hydrdédsires.

Figure 5 is a qualitative visual representatiothefoptimum hydro test conditions. A
more quantitative and objective decision procegsssible. For example, a financial model
could be used to minimize the annualized cost egure testing. Given a fixed cost of
pressure testing, the annualized cost decreapesportion to the allowable number of years
of operation until the next test. All else beirggal, prolonging the estimated remaining life
is beneficial financially. At high test pressurbswever, the total cost of pressure testing
could increase significantly if there are an innede number of failures.
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FIGURE 5. Determining optimum hydrostatic test conditioaséd on a comparison of positive and negative
impacts.



Mathematical models can be simple or highly comgbeit even the most sophisticated
models are idealized representations of realitythé case of seam-welded pipe, there are a
number of key differences between the real world e models that attempt to represent
this reality. For example, fracture mechanics nwdssume sharp planar cracks with regular
(e.g. semi-elliptical) profiles, while seam weldvls seldom conform to this ideal. Hook
cracks are usually not planar and lack-of-fusiaw8 typically have a blunt tip radius. Many
real-world flaws have an irregular profile. In ¢, it is possible to develop failure models
for realistic flaws, but such an endeavor is impcat. Since no two flaws are alike, it would
be an insurmountable challenge to create failuréaisdfor every possible scenario. A more
fundamental difficulty is that the precise charastes of individual seam weld flaws in a
given pipeline are simply unknowable without destitte testing of every pipe joint.

The situation is not hopeless, however. Matherabtiodels have value as predictive
tools if they are benchmarked and calibrated tb-weald observations. For example, a
fracture mechanics model that assumes ideal ptamaaks can be a proxy for actual seam
weld flaws if it is properly calibrated to pipelirfailures that occur in service or during
pressure testing. The bottom line is that modatspredict the future if they are calibrated
to the past.

APPLICATIONSOF THE MODELING FRAMEWORK

The analyses that follow were performed on an ad#rnch high-frequency ERW pipeline.
The wall thickness is 0.25 inch and the materigd8 5L-X52. The line transports crude
oil and is approximately 250 miles in length. Thaximum allowable operating pressure
(MAOP) is 1170 psi, which corresponds to 72% spegiminimum yield strength (SMYS).

Effect of Fatigue Retardation

A series of pressure cycle fatigue analyses werfenpeed to demonstrate the relative effect
of fatigue retardation, based on modeling resultsnf Ref. [3]. The analyses were
deterministic in this case because we have yehdorporate retardation effects into the
probabilistic PCFA module.

The results of the fatigue analyses are plottefgigs. 6 to 8. Figure 6 shows results
pertaining to pressure cycling at a pumping statischarge, designated as Station X for the
purpose of identification in this paper. The rd#&dion model has little impact on the
predicted lives because there are few low-pressxrarsions at the discharge to Station X.
Fatigue retardation is the result of crack closwt@ch occurs only when pressure drops to
low values. Figure 7, which corresponds to thdisoof the pumping station downstream
of Station X, shows a more significant impact dfgae retardation. In this case, there are
more frequent low-pressure excursions. Note thatlife versus hydrostatic test pressure
curve that includes retardation is flatter than akfger curve because retardation effect are
more pronounced below 100% SMYS.
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FIGURE 6. Effect of hydrostatic test pressure and fatigetandation on remaining life at a pumping station
discharge.
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FIGURE 7. Same as Fig. 6, but at the suction of the pumsiiation downstream from Station X.
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Figure 8 corresponds to a hypothetical pressig®iyi that was obtained by capping
the suction pressure data (Fig. 7) at 50% SMY & Urtaltered pressure data for the pumping
station suction location actually showed that presseldom exceeded 50% SMYS, so
capping the pressure had little effect on cycladiog. However, reducing MOP from 72%
to 50% SMY'S prolongs the life for two reasons:

1. The critical flaw size increases when MOP decred®eferring to Fig. 1, the blue curve
shifts upward and to the right with decreasing MOP.

2. The magnitude of crack closure and the resultiteydation are a function of the ratio
of the test pressure to MOP [3]. Decreasing MGRlts in greater retardation in crack
growth, given the same test pressure.

The upper curve in Fig. 8 indicates that fatigdie &ctuallydecreases when test pressure

exceeds 95% SMYS because fatigue retardation sffedtich exhibit a decreasing trend
with test pressure (see below), overwhelms othetofa. Consequently, there is little or no
value in higher test pressures in this case, peatiy since remediation costs will increase
with test pressure due to hydrotest failures.

Figure 9 is a plot of the ratio of calculated dae lives with and without retardation
effects incorporated into the analysis. The redéaimpact of retardation decreases with test
pressure in all cases considered. This trend eaexplained by in terms of the mechanism
for formation of compressive residual stressebattack tip following a pressure test. The
highest residual stresses are generated whendbtcptone created during the hydrotest is
contained within material that is stressed in tlastee range. When the test pressure is
removed, the elastically deformed material recoitsrgriginal shape, which compresses the
overload zone. When the entire ligament in frdithe crack deforms plastically, the relative
magnitude of the compressive forces exerted onvbdoad zone is less.

Finally, one should not focus on thksolute magnitude of the fatigue lives shown in
Figs. 6 to 8. These life calculations were based aeterministic model with a particular
set of assumptions on material properties and capkct ratios. The purpose of Figs. 6 to
8 is to demonstrate threlative impact of test pressure, with and without fatigesardation
effects taken into account.
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FIGURE 8. Same as Fig. 7, but with MOP capped at 50% SMYS.
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Forecasting Hydrotest Failures

A probabilistic fracture analysis can be used &sohto forecast the number of expected
failures. The process is illustrated in Fig. Ithe key material properties are strength and
toughness. This model accounts for the variakiityaterial properties between joints. The
flaw population is influenced by prior operationdaintegrity actions. For example, if the
pipeline has been subject to a hydrostatic testinvihe past 5 years, there will be a cap on
the largest flaws that can be present. On the bited, if a 60-year-old line has never been
tested during its lifetime, there is a high likeldd that large flaws are present. Data from
an ILI crack tool run can also inform the choiceloé flaw population.

The output of the probabilistic model is an estenaf the average number of critical
flaws per joint at a given test pressure. Ekgected value for total hydrotest failures is
simply the critical flaws per joint times the numloé joints tested. This does not mean that
the actual outcome will line up perfectly with teepected value. The Poisson distribution
can be used to estimate the likelihood of variautsammes. The probability that the number
of failures,M, will equal a particular valuey, is given by

(pr:) e m=012.. (1)

P =

(M=m)

Wherepis the average critical flaws per joint aNds the number of joints tested.

Figure 11 shows the flaw population data usedHerpresent example. These data
were inferred from a shear wave ILI crack tool rwhjch identified 1,050 crack-like flaws
in approximately 250 miles. Note the distincticgtween theotal flaw population versus
the population o€ritical flaws. The latter is a much smaller populatiod &na function of
test pressure. The total flaw population is airp the probabilistic fracture model, which
outputs the critical flaw population, as Fig. lldistrates. The flaws detected by ILI were
ranked in order of severity, as defined by the mediB31G remaining strength equation.
Note that although the remaining strength fact@dKRwas used for ranking purposes, the
PRCI MAT-8 fracture model was used for burst catiohs.
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FIGURE 10. Probabilistic fracture analysis for forecastihng umber of failures in a hydrotest.
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Table 1 lists the estimated critical flaws penjand the expected number of failures
for a range of test pressures. The third columhaible 1 lists the average number of joints
that must be sampled to find one critical flaw. isThalue is the reciprocal of the critical
flaws per joint.

Figure 12 is a plot of expected failures versaspeessure. As stated earlier, the actual
outcome will not necessarily match the expectedesl Figure 13 shows the probability of
each outcome, as computed from the Poisson distoib(Eq. (1)). The corresponding
cumulative probability of the various outcomeslistied in Fig. 14.
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FIGURE 11. Example flaw population from an ILI shear wave td6l run.

TABLE 1.
Results of the probabilistic fracture analysis egham

Test Pressure Avg. Critica_l Flaws Avg._Joints per Expei:g%drrl]:i?ellsures n
per Joint Critical Flaw (12,751 Joints)

90% SMYS 9.24 x 19 10,819 1

95% SMYS 3.41x16 2,926 4

100% SMYS 6.95 x 16 1,439 9

110% SMYS 1.18 x 1® 848 15
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FIGURE 14. Data from Fig. 13, plotted in terms of cumulatprebability.

CONCLUDING REMARKS

The forgoing examples are demonstrations of whpbssible with state-of-the-art fracture
mechanics models, combined with probability andstes. Further work is necessary to
calibrate and benchmark this modeling frameworketd-world experience. A data mining
exercise is currently underway to extract relevafirmation on prior failures and inspection
results from both published and unpublished sources

One conclusion is clear from the work completeddte. There is no one-size-fits-all
test pressure that is appropriate for all situatioAdvocating a universal test pressure (e.g.
105% SMYS) is counterproductive to pipeline integri Optimizing hydrostatic test
conditions for each unique situation in terms dhlintegrity and economic value is arguably
a superior strategy to adopting inflexible rules.
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