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INTRODUCTION

The purpose of this paper isto darify the issues regarding the use of hydrogtatic testing to verify pipeline
integrity. There are those who say it damages a pipdine especidly if carried out to levels of 100 percent
of more of the specified minimum yield strength (SMY'S) of the pipe materid. These people assart that
if itisdoneat dl, it should be limited to levels of around 90 percent of SMYS. There are those who
ingg that pipeines should be retested periodicaly to reassure their serviceability. Theredlity isthet if
and when it is appropriate to test a pipeline, the test should be carried out at the highest possible level
that can feasblely be done without cregting numerous test faillures. The chalenge isto determineif and
when it should be done, the gppropriate test level, and the test-section logigtics that will maximize the
effectiveness of the tedt.

The technology to meet these challenges has been known for 30 years. Nothing has arisen in the
meantime to refute this technology. The problem isthat people both within and outside the pipe industry
ether are not aware of the technology or have forgotten it, or for political reasons are choosing to ignore
it.

In this document wesmwthefollowmg
It makes sense to test a new pipeline to a minimum of 100 percent of SMY S at the
highest devation in the test section.
Fipe that meets the specified minimum yield strength is not likely to be gppreciably
expanded even if the maximum test pressure is 110 percent of SMY'S,
If hydrogtatic retesting is to be conducted to revdidate the serviceshility of a
pipdine that is suspected to contain defects that are becoming larger with timein
sarvice, the highest feasible test pressure level should be used.
If the time-dependent defects can be located rdliably by means of an in-line-
ingoection tool, using the toal is usudly preferable to hydrodtatic testing.

We dso note the following as reminders:
When apipdineistested to aleve in excess of 100 percent SMY'S, a pressure-
volume plot should be made to limit yidding.
A test may be terminated short of the initid pressure target, if necessary, to limit the
number of test breaks as long as the MOP guaranteed by the test is acceptable to
the pipeline's operator.



And, we suggest that:
- Test-section length should be limited to prevent eevation differences within atest

section from exceeding 300 fedt.

The pressure leve for verifying integrity can be higher than the level needed to

vaidate the MOP of the pipdine, and the integrity test to alevel above 1.25 times

MOP, if used, needs to be no longer than 1/2 hour.

BACKGROUND

The concept and vaue of high-pressure hydrogtatic testing of cross-country pipeines were first
demongtrated by Texas Eastern Transmission Corporation. Texas Eastern sought the advice of Béttelle
in the early 1950s as they began to rehabilitate the War Emergency Pipelines and to convert them to
natura gas service. Prior to tegting, these pipelines exhibited numerous faluresin service due to origina
manufacturing defects in the pipe. The Battelle staff recommended hydrogtetic testing to diminate as
many of these types of defects as possible. After being tested to levels of 100 to 109 percent of SMY S
during which time "hundreds’ of test bresks occurred, not one in-service fallure caused by a
manufacturing defect was observed. The news of this successful use of hydrogtatic testing spread
quickly to other pipdine operators, and by the late 1960s the ASA B31.8 Committee (forerunner of
ASME B31.8) had established an enormous database of thousands of miles of pipdinesthat had
exhibited no in-service ruptures from origind manufacturing or congtruction defects after having been
hydrostatically tested to levels at or above 90 percent of SMYS®. These data were used to establish
the standard practice and ASA B31.8 Code requirement that prior to service, each gas pipdine should
be hydrogaticaly tested to 1.25 times its maximum alowable operating pressure. Later, asmilar
requirement for liquid pipelines was insarted into the ASVIE B31.4 Code. When federd regulations for
pipelines came aong, the precedent set by the industry of testing to 1.25 times the MOP was adopted
asalegd requirement.

Both fied experience and full-scale laboratory tests have reveal ed much about the benefits and
limitations of hydrostatlc testing. Among the things learned were the following:
Longitudindly oriented defectsin pipe materias have unique failure pressure
levelsthat are predictable on the basis of the axid lengths and maximum depths
of the defects and the geometry of the pipe and its material properties?.
The higher the test pressure, the smaller will be the defects, if any, that survive
the test.
With increasing pressure, defectsin atypica line-pipe materid begin to grow by
ductile tearing prior to failure. If the defect is close enough to fallure, the ductile
tearing that occurs prior to falure will continue even if pressurization is stopped
and the pressure is held constant. The damage created by this tearing when the
defect is about ready to fail can be severe enough that if pressurizationis
stopped and the pressure is released, the defect may fail upon a second or
subsequent pressurization at a pressure level below the level reached on the first
pressurization. This phenomenon is referred to as a pressure reversd® @,



Tedting apipdineto its actud yield strength can cause some pipe to expand
plasticaly, but the number of pipes affected and the amount of expanson will be
amadl if apressure-volume plot is made during testing and the test is terminated
with an acceptably smal offset volume or reduction in the pressure-volume

dope®.
TEST-PRESSURE-TO-OPERATING-PRESSURE RATIO

The hypothesis that "the higher the test- pressure-to- operating- pressure ratio, the more effective the
test”, isvdidated by Figure 1. Figure 1 presents a set of failure-pressure-versus-defect-9ze
relationships for a specific diameter, wal thickness, and grade of pipe. A great ded of testing of line-
pipe materias over the years has vaidated these curves®. Each curve represents a flaw with auniform
depth-to-wadl-thicknessratio. Nine such curves are given (d/t ranging from 0.1 to 0.9).

Consider the maximum operating pressure for the pipeline (the pressure leve corresponding to 72
percent of SMY'S). That pressure level isrepresented in Figure 1 by the horizontd line labeled MOP.
At the MOP, no defect longer than 10 inches and degper than 50 percent of the wall thickness can
exis. Any such defect would have falled in service. Smilarly, no defect longer than 4 inches and
deeper than 70 percent of the wall thickness can exigt, nor can onethat islonger than 16 inches and
deeper than 40 percent of the wall thickness.

By raising the pressure level above the MOP in a hydrodtatic test, the pipeline's operator can assure the
absence of defects smaller than those that would fail at the MOP. For example, at atest pressureleve
equivaent to 90 percent of SMY'S, the largest surviving defects are determined in Figure 1 by the
horizontd line labeled 90 percent of SMYS. At that leve, the longest surviving defect that is 50 percent
through the wall can be only about 4.5 inches. Compare that length to the length of the longest possible
50-percent-through flaw at the MOP, it was 10 inches. Alternatively, consider the minimum survivable
depth at 90 percent SMY Sfor a 10-inch-long defect (the Sze thet fails a the MOP if it is 50 percent
through the wal). The survivable depth is only about 32 percent through the wal. By asmilar process
of reasoning, one can show that even smaler flaws are assured by teststo 100 or 110 percent of
SMY S (the horizonta lines drawn at those pressure levels on Figure 1).

The point is that the higher the test pressure (above MOP), the smaller will be the possible surviving
flaws. Thisfact meansalarger Sze margin between flaw Szes I eft after the test and the Sizes of flaws
that would cause afalure a the MOP. If surviving flaws can be extended by operating pressure cycles,
the higher test pressure will assure that it takes alonger time for these smdler flawvsto grow to asze
that will fal a the MOP. Thus, Figure 1 provides proof of the validity of the hypothesis (i.e., the higher
the test- pressure-to-operating-pressure ratio, the more effective the test).



TESTING TO LEVELSABOVE 100 PERCENT OF SMYS

Given the previous argument for testing to the highest feasible level, one needsto consider practica
upper limits. In the case of anew pipdine congtructed of modern high-qudlity, high-toughness line pipe,
the maximum test level can generdly be in excess of 100 percent of SMY'S. Reasons why this will not
cause dgnificant yielding of the pipe are asfollows.

Firg, as shown in Figure 2, the average yidd strength of an order of pipeisusualy well abovethe
minimum specified value. Very few pieces will have yidd strengths low enough to causeyidding at 100
percent of SMYS.

Secondly, when aburied pipeline is pressurized, it is restrained by the soil from shortening in the axid
direction. Thiscauses an axid tendle stress equa to Poisson's ratio times the hoop stress (Poisson's
ratio is 0.3 for stedl). What this means to testing to over 100 percent of SMY Sis shown in Figure 3.

The tensle test commonly used to assess the yield strength of line pipe is atransverse, flattened uniaxid
specimen designed to test the circumferentia (hoop) direction tensile properties. A test of sucha
specimen reveds a unique vaue of yidd strength at a certain value of gpplied stress. In Figure 3, that
vaueis represented as 1.0 on the circumferentia tensle stressto uniaxid yield stressratio (verticd) axis.

If one were to test the same type of soecimen using alongitudind oecimen, the unique yield strength
measured in the test could be plotted on Figure 3 a 1.0 on the longitudind tendle stress uniaxid yield
drength (horizontal axis). Negative numbers on the horizonta axis represent axial compressive siress.
Thetypicd line-pipe materid exhibits an dlipticd yidd-strength relationship for various combinations of
biaxid stress®. Asshown in Figure 3, thisresultsin yielding a a higher value of circumferentia tensile
stress to uniaxia yidld strength ratios than 1.0. In tests of pressurized pipes®, the ratio for aburied
pipdine (longitudina tendle stress to circumferentid tensile stress ratio of 0.3) was found to be about
1.09. So, this effect also suppressesyieding in ahydrogtatic test of a pipelineto apressure leve in
excess of 100 percent of SMYS.

To resolve how much yidding actudly takes place, Texas Eastern designed a gauging pig in the mid
1960s to measure diametric expansior®. In 300 miles of 30-inch OD X52 pipe, tested to amaximum
of 113 percent of SMY'S, they found only 100 joints of pipe (out of 40,000) that had expanded as
much as 1.0 percent. In 66 miles of 36-inch OD X60 pipe tested to a maximum of 113 percent of
SMY' S, they found 100 joints of pipe (out of 6,600) that had expanded as much as 1.0 percent, till not
alot of expanded pipe.

PRESSURE-VOLUME PLOTS

Shown in Fgure 4 is a pressure-versus-pump-stroke plot of an actua hydrogtatic test. Theplot is
created by recording the number of pump stirokes of a positive displacement pump as each 10 psig
increase of pressureisattained. Prior to beginning the plat, it is prudent to hold the test section at a
constant pressure to assure that there are no leaks. After it is established that there is no leak, the plot



should be started at a pressure level no higher than 90 percent of SMY Sfor the low devation point in
the test section in order to establish the "dagtic” dope of the plot. By projecting the astic dope lines
across the plot as shown, one can then record pump strokes and compare the evolving plot to those
dopes. If and when the actud plot begins to deviate from the elastic dope, either some pipeis
beginning to yield or aleak has developed. The pressurization can be continued in any event until the
"double-the-strokes’ point isreached. Thisisthe point a which it takes twice as many strokes to
increase the pressure 10 ps asit did in the dagtic range. Also, we suggest stopping at 110 percent of
SMYSif that level of pressure is reached before the double-the-stroke point. Once the desired level
has been reached, a hold period of 30 minutes should establish whether or not aleak has devel oped.
Some yielding can be taking place while holding a the maximum pressure. Yidding will cease upon
repested repressurization to the maximum pressure, whereas aleak likely will not.

Tedting an exidting pipelineto aleve a which yielding can occur may or may not be agood idea. It
depends on the number and severity of defectsin the pipe, the purpose of the test, and the leved of
maximum operating pressure thet is desired. More will be said about thisin the next section of this

paper.

Findly, onthe subject of tegting to actud yield, the following statements apply.
Yidding does not hurt or damage sound pipe. If it did, no one would be able to
make cold-expanded pipe or to cold bend pipe.
Yidding does not damage the coating. If it did, one could not field-bend coated
pipe or lay coated pipe from ared barge.
Very little pipe actudly undergoes yielding in atest to 110 percent of SMY'S.
Those joints that do yield do not affect pipdine integrity, and the amount of
yidding issmdl.
The only thing testing to alevel in excess of 100 percent of SMY Smay do isto
void a manufacturer's warranty to replace test breaks if such awarranty exists.

TESTING EXISTING PIPELINES

Tedting of an exigting pipdineis apossble way to demondrate or revaidate its serviceability. For a
variety of reasons, retesting of an existing pipeline is not necessarily the best meansto achieve
confidence in its serviceability, however. First a pipdine operator who dects to retest a pipeline must
take it out of service and purge it of product. The downtime represents aloss of revenue and a
disruption to shippers. Second, the operator must obtain test water. To fill 30 miles of a 16-inch
pipeline, an operator would need nearly 40,000 barrels of water. Thisis equivaent to a 100 x 100-foot
pond, 22 feet in depth. For 30 miles of 36-inch pipe, the volume required would be five times as large.
After the test, the water is consdered a hazardous materia because of being contaminated with

product remaining in the pipeline. And, atest breek, if one occurs, releases contaminated water into the
environment. Asde from these issues, some problematic technical consderations exis.



The most important reason why a hydrogtatic test may not be the best way to vaidate the integrity of an
exiging pipdineistha in-line ingpection is often a better dternative. From the standpoint of corrosion
caused metd loss, thisis mogt certainly the case. Even with the standard resolution tools thet first
emerged in the late 1960s and 1970s thiswastrue. Condder Figure 5. Thisfigure showsthe rdative
comparison between using a sandard resolution in-line tool and testing apipelineto aleve of 90
percent of SMY'S. The assumption is made in this case that the operator excavates and examines dl
"severe' and "moderate’ anomdiesidentified by the tool, leaving only the "lights’ unexcavated. Interms
of the 1970s technology the terms light, moderate, and severe meant the following:

Light indications. metal |oss having a depth less than or equa to 30 percent of

the wdl thickness

M oderate indication: meta loss having a depth more than 30 percent of the wall

thickness but less than 50 percent of the wall thickness

Severe indication: metd loss having a depth more than 50 percent of the wall

thickness.
In Figure 5, the boundary between "light" and "moderate’ is nearly at the same levd of failure pressure
as the 90 percent of SMY Stest for long defects, and it iswell above that leve for short defects.
Because even the standard resol ution tools have some defect length indicating capability, an in-line
ingpection on the basis represented in Figure 5 gives a better assurance of pipdine integrity than a
hydrogtatic test to 90 percent of SMY'S. With the advent of high-resolution tools, the advantage shifts
dramdticdly in favor of usng in-line ingpection instead of hydrostatic testing to vaidate the servicegbility
of apipdine affected by corroson-caused meta |oss.

From the standpoint of other types of defects, the appropriate in-line-ingpection technology is evolving
rapidly and, in some cases, it has proven to be more effective than hydrogtatic testing. One exampleis
the use of the dastic-wave tool for detecting seam-weld defects in submerged-arc-welded pipe™.
Another isthe use of transverse-fidd magnetic-flux-leakage ingpection to find seam anomdies dong sde
or in the seams of dectric-resistance-welded (ERW) pipe®. In these cases, the particular tools
reveded defects that were too smal to have been found by a hydrostatic test to any reasonable level up
to and including 110 percent of SMY'S. When atool has established thiskind of track record, a
pipeline operator can justify using the tool instead of hydrogtatic testing.

The concept of usng in-line tools to detect flaws invariably raises the question about defects possibly
not being detected. The reasonable answer is that the probability of non-detection is small (acceptably
smal in the authors opinion) but not zero. In the same context, one must also recognize that hydrostatic
testing is not fool proof ether. One issue with hydrodtatic testing is the possibility of a pressure reversal.
That possibility isdiscussed below. The other issue is that because hydrogtatic testing can leave behind
defects that could be detected by in-line ingpection, the use of hydrodtatic testing often demondtrates
serviceability for only ashort period of time if a defect-growth mechanism exids This possihility is
discussed in our companion paper®.



PRESSURE REVERSALS

A pressure reversal is defined as the occurrence of afailure of adefect at apressure leve thet is below
the pressure leve that the defect has previoudy survived due to defect growth produced by the previous
higher pressurization and possible subsequent damage upon depressurization. Pressure reversals were
observed long before their probable cause was identified®. The pipdine industry supported a
considerable amount of research to determine the causes of pressure reversals. The most complete
body of industry research on this subject is Reference 4. Figure 6, taken from Reference 4, revedsthe
nature of experiments used to create and demondtrate pressure reversals. It shows photographs of
highly magnified cross sections of the tips of sx longitudindly oriented flaws that had been machined into
asingle piece of 36-inch OD by 0.390 inch w.t. X60 pipe. Each flaw had the same length but each was
of adifferent depth giving a graduation in severities. When the single gpecimen containing dl six flaws
was pressurized to failure, the deepest flaw (No. 1) failed. By cdculations based on their lengths and
depths, the surviving flaws were believed to have been pressurized to the following percents of their
failure pressures.

Test Pressure Level at
Failure of Flaw No. 1 asa
Percent of the Calculated

Failure Pressure of the
Flaw Number Flaw, percent

2 97

94

91

3
4
5 89
6 87

As one can see, thetips of Flaws 2, 3, and 4 exhibit some crack extenson as aresult of the
pressurization to fallure. The nearer the defect to failure, the more crack extension it exhibited. In fact,
dueto its extension during the test, Flaw No. 2 is now deeper than Flaw No. 1 was at the outset. Logic
suggests that if we could have pressurized the specimen again, Haw No. 2 would havefaled at level
below that which it experienced during the testing of Haw No. 1 to fallure. Indeed, in Smilar specimens
designed in amanner to alow subsequent pressurizations, that is exactly what often occurred. Thistype
of testing led to an understanding of pressure reversasin terms of ductile crack extension occurring a
near-failure pressure levels where the amount of crack extenson is so greet that crack closure upon
depressurization does further damage leading to the inability of the flaw to endure a second
pressurization to the previous level. The pressure reversd is expressed as a percent.



Pressure reversal = (origina pressure minus failure pressure) divided by
(origind pressure times 100).

Once the cause was known, the next key question was: What is the implication of the potentia for
pressure reversals on confidence in the safety margin demonsrated by a hydrogtatic test? This question
has been answered in particular circumstances and the answer comes from numerous examples of actua
hydrogtatic tests . Figure 7 is an example of an andysis of pressure reversalsin a pecific test. This
figureisaplot of sizes of pressure increases or decreases (reversas) on subsequent pressurizations
versus the frequency of occurrence of that Size of increase or decrease. Among other things, these data
show that upon pressurization to the target test-pressure leve, a one-percent pressure reversal (34 ps)
can be expected about once in every 15 pressurizations, a two-percent pressure reversal (68 ps) can
be expected about once in every 100 pressurizations, and a three-percent pressure reversa (102 ps)
can be expected about once in every 1,000 pressurizations. For atarget test pressure level of 1.25
times the maximum operating pressure (M OP), the expectation of a 20-percent pressure reversa
(enough to causefailure a the MOP) is off the chart, thet is, it is an extremely low probability event (but
not an impossible event).

There have been a handful of pipeline service failluresin which a pressure reversd is the suspected but
unproven cause. Thereisaso one case of alarge pressure reversal (62 percent) that was unequivocaly
demonstrated because it occurred on the fifth cycle of afive-cycle hydrogtatic test®. 1t should be noted
that most of the experiences of numerous and large pressure reversalsin actual hydrodtatic tests have
involved flaws associated with manufacturing defectsin or near ERW seams, particularly in materids
with low-frequency welded (generdly pre-1970) ERW pipe. But in most cases where numerous
reversas occurred, the sizes of the actud pressure reversals observed are smal (less than five percent).
Onething seems dlear - if ahydrogtatic test can be successfully accomplished without the failure of any
defect, the likelihood of a pressure reversd will be extremely small. It isthe tests in which numerous
failures occur that have the highest probabilities of reversals. And, when the number of reversas
becomes large, the probability of areversa of agiven Sze can be estimated as was done on the basis of
Figure7.

PRACTICAL CONSIDERATIONS

For new pipdine materias made to adequate specifications with adequate ingpection and pipe-mill
testing, one does not expect test failures even a pressure levels corresponding to 100 percent or more
of SMYS. Therefore, thereis no reason not to test a pipeline constructed of such materiadsto levelsin
excess of 100 percent of SMY S, As has been shown, the higher the ratio of test pressure to operating
pressure, the more confidence one can have in the serviceahility of apipdine. In the case of exiding
pipeines, especialy the older ones, such test levels may be impossible to achieve, and if numerous test

"In actual hydrostatic tests, direct evidence that pressure reversals are the result of the type of flaw growth shownin
Figure 6 has seldom been obtained. However, afew such cases have been documented and it is assumed that defect
growth isresponsible for all such cases.



failures occur, the margin of confidence may become eroded by the potentid for pressure reversals.
Waeighing againgt low test- pressure-to- operating- pressure ratios, on the other hand, isthe fact that such
tests, by definition, generate lower levels of confidence and buy |ess time between retestsif the issue of
concern is time-dependent defect growth. Some possible responses to this dilemma are discussed
below.

Firg and foremost, as has dready been mentioned, the use of an appropriate in-line-ingpection tool is
awaysto be preferred to hydrodtatic testing if there is sufficient confidence in the ability of thetool to
find the defects of Sgnificance. Mogt of the pipein apipelineis usualy sound. Therefore, it makes
sense to use a technique that will find the critica defects and alow their repair as opposed to testing the
whole pipeine when it is not necessary. Theindustry now has access to highly reliable tools for deding
with corrosion-caused metd loss, and tools are evolving rapidly to detect and characterize cracks. As
has been noted, some uses of these tools have dready proven their value and, in those cases, their use
inlieu of hydrogtatic testing makes good sense.

There are dill certain exigting pipdines for which hydrogtatic testing remains the best (in some casesthe
only) means to revaidate their serviceability. In those cases, the following advice may be useful.
Determine the mill hydrogtatic test leve for the pipe. The mill-test certificates will show the leve gpplied
if such certificates can be found. Also, search the records for prior hydrostatic tests at or after thetime
of condruction. Review the pressure levels and causes of mill-test or in-place test failuresif they exis.
If none of these records is available, look up the API 5L specification applicable to the time the pipe
was manufactured. Thiswill reved the sandard mill-test pressure for the pipe. Do not assume, if you
do not know, that the pipe was tested in the mill to 90 percent of SMY'S. This was not dways the case
especidly for non- X grades and smdler diameter pipe materids. If you decide to test the pipeto aleve
in excess of its mill-test pressure for the first time ever, anticipate test failures. 1f you cannot tolerate test
fallures, congder testing to aleve just below the mill-test pressure. This may mean, of course, that the
MOP you vdidate is less than 72 percent of SMY S (the minimum test pressure must be at least 1.25
times the MOP for 4 hours plus 1.10 times MOP for 4 hours for a buried pipdine; (see Federd
Regulation Part 195). Alternatively, if you can tolerate at least one test failure, pressurizeto alevel as
high as you wish or until the firgt failure, whichever comesfirg. If you then conduct your 1.25 times
MOPtest a aleve at least five percent below the level of the first failure, a second falure will be highly
improbable.

It isaways agood ideato conduct an integrity test asa"spike" test. This concept has been known for
many years™), but more recently it has been advocated for dedling with stress-corrosion cracking™?.
Theideaisto test to as high apressure levd as possble, but to hold it for only ashort time (5 minutesis
good enough). Then, if you can live with the resulting MOP, conduct your 8-hour test a aleve of at
least five percent below the spike-test level. The spike test establishes the effective test- pressure-to-
operating- pressure ratio; the rest of the test is only for the purpose of checking for leaks and for meeting
the requirements of Part 195.



SUMMARY

By way of summaﬂzmg, it isworth reporting that
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Test- pressure-to- operating- pressure ratio measures the effectiveness of the test
Inline inspection is usudly preferable to hydrodtatic testing

Tedting to actud yield is acceptable for modern materids

Pressure reversdls, if they occur, tend to erode confidence in the effectiveness
of atest but usualy not to a sgnificant degree

Minimizing tes- pressure cycles minimizes the chance for pressure reversds.
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Figure 1. Impact of Test Pressure Levels on Margin of Safety
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Figure 3. Explanation for Higher Yield Strength with Biaxial Tensile Stress
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Figure 4. Typical Pressure-Volume Plot
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Figure 5. Sizes of Flaws Located by In-Line Inspection (Corrosion)
{16 Inch by 0.250 Inch X52, Blunt Defects)
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Defect No 3. 94 Percent of
Failure Stress Leval
(4.4 x 0.142 inch)

Defeet No. 1. Failure (Leak) Defect No. 2. 97 Percent of
(L x d, 4.4 x 0.195 inch) Failure Siress Level

(4.4 x 0.171 inch)

Defect No. 6. 87 Percent of
Failure Stress Level
(4.4 x 0.078 inch)

Defect No. 5. 89 Percent of
Failure Stress Level
(44 x 0.101 inch)

Defect No. 4. 91 Percent of
Failure Stress Level
(4.4 x 0.125 inch)

Figure 6. Flaw Growth in 4.4-Inch-Long Part-Through Flaws in
36 x 0.390-Inch X60 Pipe

Note: Loading consisted of —
1st cyele — 0= 1330 psig with 30 sec hold

Ind cycle — 0 = 1300 psig with 30 sec hold
3rd cycle — 0 = 1230 psig with 30 sec hold



Probability of a given pressure change on subsequent pressurization
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Figure 7. Evaluation of Probability of Having a Pressure Reversal





