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Definitions
Buckle

A buckle can be described as a wrinkle that has advanced well into the post-wrinkling stage of

deformation. Buckles that form under high-pressure conditions are typicaly characterized by severe
distorted outward bulges. However, under |ow- pressure conditions, buckles can take on aninward/outward
“diamond” lobe pattern around the pipe circumference. With very severe buckles, a“folding over” of the
outward bulge of the pipe wall has been observed.

Ripple

A locdlized waveform deformation pattern in the pipe wall, typicaly conssting of severa low-amplitude,
dternating inward/outward lobes, is referred to as a ripple. It is not uncommon to observe mild ripples
aong theintrados of field cold bends or dong the extreme compression fibers of a pipe during the early
gagesof full-scae pipe bending tests. Ripples are permanent featuresthat result from plastic deformation of
the pipe wall.

Wrinkle

A wrinkle is defined as alocdized deformation of the pipe wall, usudly characterized by a dominant
outward bulge. A wrinkleismore severethan arippleand isusualy formed at one of the outward lobesof a
previoudy rippled section of pipe. Wrinklesformed under low- pressure conditions can be characterized by
sgnificant inward distortions. For apipe subject to bending, awrinkleforms on the compression side of the
pipe. For a pipe with only axia force, the wrinkle may be axi-symmetric.
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Executive Summary

This report examines the effects of corrosion metal 1oss on wrinkles and buckles in sted pipdines. The
report focuses on the ability of in-line ingpection (ILI) to detect corrosonrelated defects within the
deformed pipe section and eva uates the possibility of devel oping ademand- capacity criteriaframework for
evauation of wrinkles and buckles with generd metd |oss due to corrosion.

While current ILI tools can accurately detect locdized pitting and genera meta loss in cylindricd pipe
sections (i.e., in sections without wrinkles or buckles), the ability of I1LI tools to accurately characterize
metal |oss due to corrosion in the vicinity of wrinkle bends and buckles is uncertain.

In areas where the pipe wall’s radius of curvatureis small, the sensors on both types of tools commonly
used for detection of metd loss—magnetic flux leskage (MFL) and ultrasonic (UT)—will not conform
properly to the pipe surface and the minimum detection level can be serioudy impacted.

Thus, though it is possible the severity of meta |oss can be accuratdly reported in pipe containing mild
ripples, the more severe the deformation, the more likdly it will be that meta loss will not be accuratdly
detected.

There are numerous acceptable methods available for evauating the pressure capacity of cylindrica pipe
sections containing corrosion-related metal loss (ASME B31G, modified B31G, RSTRENG, etc.).

Likewise, therearemethods availablefor evauating thefatigue life of deformed pipe sections, though these
methods are typicaly more complicated and not as widely used or standardized. These fatigue life
evauaion methodstypicaly rely on someform of finite dement andysis (FEA). However, thereiscurrently
no well-established method for combining the effects of generd metd lossat awrinkle or bucklewith fatigue
effects from pressure and/or temperature cycling.

Developed specifically for this report, the framework for evauating the effects of corroson meta losson
wrinkles or buckles conssts of the following steps:

Evaluate the pressure capacity of the section based on measurements of the corrosion aone,
using one of the widdly accepted methods and assuming the pipe is cylindricd (ignoring the
presence of the wrinkle or buckle).

If the results of the pressure capacity eva uation indicate an acceptable condition, evauate the
fatigue integrity of the wrinkle or buckle by performing the following:

0 Deveop representative annud “histograms’ of pressure and temperature cycles for the
pipeline a the location of interest.

0 Deveop and analyze a case-specific “globd” buried pipe modd at the location of interest
to produce estimates of the globa loads and nomina stresses at the wrinkle.

0 Deveopand andyzeacase-specific“locd” FEA modd of thewrinkle geometry of interest
to establish estimates of the stress concentration factors (SCFs) for internal pressure and
bending moment loads.
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0 Combinethe pressure and temperature cycle histograms with the corresponding nomina
stresses and the pressure and bending moment SCFsto obtain the locaized fatigue stress
demands & the wrinkle.

0 Usefdigue dressversuscycle (“S-N") curvesto compute estimates of the annud fatigue
damage at the wrinkle based on afatigue usage factor. The fatigue lifein yearsisequd to
the inverse of the annua usage factor.

Once the fatigue integrity of thewrinkle, disregarding the presence of corrosion, has been considered, the
fatigue analysis can be extended to consder the effects of corrosion within thewrinkle. Theonly changeto
the evauation gpproach is that the detailed “loca” FEA modd of the wrinkle is modified to include a
characterization of the corrosion. The corrosonistypicaly represented asarectangular patch. Depending
on the geometry of the corrosion (e.g., itslength, width and depth and itslocation with respect to the peak
of the wrinkle), the SCFs are likely to increase rdative to those of the un-corroded wrinkle.

The fatigue analysis aspects of the proposed framework are far less well established and more time
consuming than the procedures used to evaluate pressure integrity. However, the gpplication of FEA
methodsis very well established in the pipdine and piping research industry. The use of FEA asatool for
performing pipdine sructurd integrity and serviceshility assessmentsisbecoming much more common. FEA
methods used in combination with additiona experimenta data represent the most promising means of
evauating complex pipe stress and deformation problems such as assessng thefatigue behavior of corroded
wrinkles.

Based on the combined experience of the project team and discussions with industry experts, pipeline
faluresdueto fatiguein corroded ripples, wrinkles or buckles could not beidentified. Moreover, thereisa
lack of full-scale experimentd evauations of corroded pipes designed to produce fatigue failures in the
corrosion; most corroded pipe tests are amed at evauating burst pressure. However, pipelinesthat have
experienced externa corrosion at elbows were identified during the research. In this case, there was
concern that the corrosion within the dbow would increase the flexibility and stress intendfication effects
with apotentid reduction in thefatigue capacity of the elbow. Detailed (proprietary) FEA and fatiguetesting
of both uncorroded and corroded elbows led to the conclusion that evaluation of the corrosion pressure
capacity by any established methodology (e.g., B31G, RSTRENG), as well as derating or repair if the
corrosion is severe enough, should take precedence over fatigue concerns. Using established pressure
integrity methods should result in derating or repairing the pipeline long before fatigue becomes a concern
for dl but the most extreme cases of cyclic stressdemand. The same conclusion can be gpplied to corroded
wrinkles.

The proposed framework presented in this report is based in large part on theoreticd information. With
additiona research data on fatigue in corroded pipe and corroded wrinkled pipe and burst capacity of
corroded wrinkled pipe, thisframework could likely be further enhanced. Even though the gpparent lack of
any in-service pipeline fatigue failures related to corroded wrinkles or buckles may indicate that further
research on this subject is not warranted, a better understanding of the interaction between corrosion and
fatigue at wrinkles and buckles would be useful to help ensure industry experience to date is correct.
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1 Introduction

Thisreport was prepared in accordance with the Statement of Work and proposal submitted inresponseto
RFP for Technical Task Order Number 11 (TTO 11) entitled “ Pipe Wrinkle Study.”

A complex integrity management issueis uncovered when one combinesthe uncertainties associated with in-
lineingpection (IL1) tools &hility to accurately characterize metd loss, in particular that caused by corrosion,
near wrinkle bends and buckles with the current lack of a definitive understanding of how best to evauate
the pressure integrity of wrinkles and buckles containing corroded regions. The issue of therma and
pressure cycling of cold bent sections of pipe containing ripples, wrinkles or buckles with localized
corrosion introduces separate concerns for fatigue damage due to high localized stress'strain cycling in
addition to the pressure integrity issues.

Thisreport presentsthe results of areview of current in-lineingpection (1L 1) technology related to detecting
generd meta lossfrom corrosion in ripples, wrinklesand buckles. An engineering approach for developing
afalure criterion for meta loss on wrinkle bends and buckles is aso presented.
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2 Background

Wrinkle bends and buckles in buried pipelines may be susceptible to metal loss caused by corrosion.
Severdy distorted and wrinkled sections of pipe can aso be subject to locaized metal |oss dueto impacts,
or “dings,” from the passage of in-linetools. While current 1L tools can accurately detect locaized pitting
and generd metd loss in cylindrica pipe sections (i.e., in sections without wrinkles or buckles) and
standardized procedures are available to assess the pressureintegrity of the pipe accounting for metd loss, it
isunclear whether current IL1 technology can accurately detect these same defectsif they occur on or near
a wrinkle or buckle because the effects of the pipe wall loca curvature on the ILI tool signals can cause
inaccuracies.

The standard methods used to assessthe pressureintegrity of acylindrica pipe section containing pitting or
genera metdl loss(e.g., ASME B31.G, Modified B31.G, RSTRENG, €ic.) are not necessarily appropriate
(or at least not thoroughly proven) for eva uating the pressure integrity of pipe sections containing wrinkles
or buckles. However, it may be possible to evauate the pressure integrity of wrinkled pipe sections that
contain corrosion using Smilar methods to those used for evauating cylindrica pipe. One possibility is by
modifying the “calibration factor” that accounts for bulging of the corroded section near burst. This is
because theresidua stressand strain pattern associated with the wrinkle distortion/deformation will tend to
“wash out” asthe pipeisstrained to near burst pressures (it iswell known that wrinkles can tend to flatten
when the pipeis subjected to very high pressures).

In the absence of corrosion, the primary integrity concern associated with sections of pipe that have stable
ripples, wrinkles or buckles is fatigue damage or failure when the pipeline is subject to pressure and/or
temperature cycling. The faigue demands due to pressure and temperature cycling are increased at
locations where the pipe undergoes a change of direction (e.g., a a fidd bend or a location of high
curvature) which is where pipe ripples, wrinkles or buckles are mogt likely to be found. The most
gopropriate way to evaluate fatigue damage a these locations is through the use of forma fatigue
caculations that consder the geometry of the ripples, wrinkles or buckles, the gross geometry and
orientation of the bend, the depth of soil cover and soil type, and the location-specific pressure and
temperature differentia history.

When sections of pipe containing ripples, wrinkles or bucklesaso contain corrosion patches, it isclear that
apipeintegrity assessment should be based on demand capacity calculationsthat consider both the pressure
integrity and thefatigue failure limit states. One of the aims of this scope of work isto develop aframework
for pipeintegrity assessment that congdersboth the pressureintegrity and the fatiguefailurelimit Sates. The
god of the framework is such that operators are able to assess corroded pipe sections with or without
ripples, wrinkles or buckles, as well as pipe containing ripples, wrinkles or buckles with or without

corrosion.
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3 ILI Technology Evaluation
3.1 Scope Statement

“Perform adetailed review to evauate current I L1 technologiesused toidentify corros on-reated anomdlies
for their ability to detect such defects in pipe bends containing ripples, wrinkles or buckles. If defect
detection ispossible, attempt to characterize the accuracy of the resulting defect geometry (lengths, widths
and depths) as a function of bend and wrinkle geometry parameters (i.e., bend radius, circumferentia

extent, wave ength, amplitude and number of lobes present in the ripple/wrinkle/buckle) and asafunction of
variousILI tool parameters (number of sensors, sensor resol ution, sampling rate, tool travel speed, etc.).”

3.2 ILI Technology

Severd different ILI tools are availablefor assessng theintegrity of apipeline. However, sdection of these
tools must be made carefully based on the particular defect type of interest and the level of accuracy
required.

For detection of internal and external metd |oss, ultrasonic (UT) and magnetic flux leekage (MFL) toolsare
maost commonly used. Transversefield inspection (TH), ardatively recent development in ILI technology,
has ds0 proven effective in detecting metd loss. Application of eectromagnetic acoustic transducers
(EMAT) for usein ILI has been available only for a short time and there is rdaively little actud field data
available. However, EMAT is expected to be gpplicable to detection of metd loss. Figure 3.1 shows an
example of an MFL ILI tool".

Figure3.1  MFL ILI Todl

3.21 UTTools

UT toolsdirectly measuretheremainingwall thicknessasthetoal travel sthrough the pipdine. UT toolshave
transducersthat generate ultrasonic sgnas perpendicular to the pipewall. An echoisreceived from both the

! VectraMFL by BJ Services
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ingdeand outsde surface of the pipe. By timing these return Sgnds, the tool measuresthe disancefromthe
pipe wal and the pipe wall thickness. Because the transducers require a liquid couplant to tranamit the
sound wave, UT toolswork best in liquid pipelines.

UT tools can be used in gas pipelines, but usudly present anincreased leved of difficulty. UsngaUT tool in
agas pipeine requires aliquid dug to be introduced into the pipdineto act asacouplant (seeFigure 3.2).
This procedure usualy requires severa pigsin front of the UT tool to hold back the liquid and severa pigs
behindthe L1 tool to hep removetheliquid when thetool runiscomplete. Thismay require modification to
exiging pig launchers and recelversin order to accommodate staged launching of the pigs. And, since the
couplant isusudly water, which isa prime contributor to interna corrosion in gas pipdlines, the liquid must
be removed when the run is complete. Disposd of the liquid used as the couplant aso can present various
environmental and cost concerns.

Batch liguid

Ultrasonic Tool

~ 500 m (1,500 ft.)
. L ———————————— ¢

Figure3.2  UT tool in aliquid batch? (Pipetronix)

3.2.2 MFL Tools

MFL wasthe first method fully developed for pipeinelLl and has been themost widely used. (Bickerstaft,
2002 and NACE, 2000). The MFL tool inducesan axid magnetic flux into the pipewal between two poles
of amagnet. A uniform homogeneous sted pipe without defects crestes auniform distribution of magnetic
flux. Metd loss causes a disturbance in the magnetic flux, which, in a magneticadly saturated pipe wall,
“leaks’ out, and sensors detect thisleskage. Because the measurement of metd lossisindirect, only limited
quantification using complex interpretation techniquesis possible. MFL can be used to measure metd lossin
both gas and liquid pipelines. Based on the testing needs, varying levels of sengtivity can be used. These
levelsare:

Standard, or low resolution
High resolution

2 Source Pipetronix
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Extra high resolution (high number of sensors)

L ow-resolution tools can Sze anomalies to a minimum of 20% wall loss with 15-20% accuracy. High-
resolution tools can Sze anomdiesto within 10% of wal losswith 10-15% accuracy. Extrahigh-resolution
tools can detect lower levels of corrosion to less than 10% (Bickerstaff, 2002).

3.2.3 TFI Tools

TH tools are a variation of MFL in that a magnetic fidd is introduced into the pipe wal, however, the
direction in which the fied is introduced is circumferential as opposed to axia as with traditional MFL.
Whilerdatively new, TFI has been used successfully on pipdines for detection of meta loss. These tools
operate equaly well in liquid and gas pipelines, and are more sengtive to longitudina anomdaies than
standard or high-resolution MFL. However, because the tool does not differentiate various defects well,
often other tools, such as UT (shear wave), are used to supplement the data gathered. The tool aso has
difficulty in 9zing defects after identification.

3.24 EMAT Tools

EMAT has recently been developed primarily for the detection of cracks, however, it can also detect

interna and externa metd loss. Thebasic principleof EMAT isthe generation of an ultrasound compression
wave usng amagnetic field at the pipe wall’ sinterna surface. Alternating current placed through the cail

inducesacurrent in the pipewall, causing Lorentz forces (Bickerstaff, 2002). After the compression wave
has been generated, it travels through the pipe wal and reflects from the surfaces. The returning echo
produces a pulse in the transducer. Aswith traditiond UT, the time between firing pulses and the echoes
determines the remaining pipe wal thickness.

EMAT tools do not require a couplant and therefore can be used in both liquid and gas pipdlines.
3.3 Effectsof Ripples, Wrinkles and Buckles on ILI Detection of Metal Loss

MFL and UT tools should perform reasonably well in detecting meta 1oss (within their capability in sraight
pipe) in areas of relatively smooth deformation. However, in areaswherethe pipewal’ sradius of curveture
issmadl, the sensors will not conform properly to the pipe surface and the minimum detection level can be
serioudy impacted.

Thus, it is possible that severity of metd loss can be accurately reported in pipe containing mild ripples.
However, sincewrinkles and buckles are more severdly deformed than ripples and tend to exhibit areas of
extreme pipewadl curvature, the probability of one of the metd losstools being able to perfform wdl within
these discontinuitiesis relatively low.

In the smoothest wrinkles and buckles, it is possble to get ametd loss Sgnd, but it should not be relied
upon for evaluation of the metd loss. As wrinkles and buckles become deeper, they become more and
more abrupt and the probability of accurate meta loss detection becomes lower. In these Stuations,
evauation of any metd loss signd received is not practicad. UT devices perform even worse than MFL
devicesin these Stuations because of the loss of the return sgndl.
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In summary, the more extreme the deformation, the more serious the defect, and the more probable that
meta loss is coexigting. Further, it is more probable that metal loss will not be detected by metd loss
deviceswhen thedeformation issevere. In no event can any of themetd lossILI devicesberdigbly usedto
determine the presence of meta loss in pipe deformations.
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4 Summary of Demand Capacity Framework for Corroded Wrinkles

The primary concern for corroson in apipeineis how it will affect the pressure capacity of the pipe. The
pipeine industry has well-accepted procedures in place for evauating the pressure capacity of corroded
pipelines. These procedures are supported by a database of hundreds of burst test results. Pipeine
operators and consultants have awedth of experience with this type of evauation.

Once awrinkleis discovered in a pipeline, the primary concern isthe sability of the wrinkle (e.g., are the
wrinkle deformationslikely to increase dueto continued settlement?). If it isunlikely thet the deformationsin
awrinkle will increase (i.e., the wrinkle is stabl€), the primary concern becomes the potentid for fatigue
damagein or near thewrinkle. Thereare currently no universaly accepted guidelines or specific criteriathat
can be used to limit the geometry of pipeline wrinkles based on fatigue consderations. However, it is
understood that the B31.8 Code Committeeis presently considering an agendaitem alowing for wrinkles
with peak-to-trough heights of up to 1% of the pipe diameter based on recent research (Rosenfeld et. d

2002). Itisaso believed that the B31.4 Code Committeeislikewise consdering an agendaitem related to
the acceptance of mild wrinkles.

When stablewrinklesin pipdinesare found to contain corrosion, the concerns should be the same asthose
expressed above:

Is the pressure integrity of the pipdine at risk?
Is the corroded wrinkle at risk of experiencing fatigue damage or failure?

Thefirst and most important step in the recommended framework isto eva uate the pressure integrity of the
corroded wrinkle. Itisbelieved that the geometry of thewrinkleisunlikely to have asgnificant effect on the
burst capacity of the corroded pipe section since the plastic strains in the wrinkle will tend to “wash out”

from the large strains associated with the burst pressure. For this reason, it is recommended that the
corrosion evauation be performed by treating the pipe asif it was cylindrical (i.e., neglecting the wrinkled
geometry). We are aware of some proprietary burst tests on wrinkled pipe specimens that support this
andyssapproach. If the pressureintegrity of the pipeisaffected by the corrosion, then the operator should
proceed based on the appropriate CFR integrity management rules.

Once the pressure integrity has been evaluated, the next sep is to evauate the fatigue integrity of the
wrinkle, disregarding the presence of corrosion. The analyss approach for this step is far less established
and more time consuming than the procedures used to evauate pressure integrity. The highlights of the
fatigue evauaion are summarized asfollows.

Deveop representative annua “histograms’ of pressure and temperature cyclesfor thepipdine
at the location of interest.

Develop and analyze a case-specific “globa” buried pipe modd at the location of interest to
develop estimates of the global loads and nomina stresses at the wrinkle,

Page 11 OPSTTO11 Fina Report 10-22-04.doc

ChallengeUs. 10/25/2004



Michael Baker Jr., Inc. OPS TTO11 — Pipe Wrinkle Study

Develop and andlyze a case-pecific “locd” FEA mode of thewrinkle geometry of interest to
establish estimates of the stress concentration factor (SCF) for interna pressure and bending
moment loads.

Combine the pressure and temperature cycle histograms, with the corresponding nomina
stresses and the pressure and bending moment SCFs to obtain the localized fatigue stress
demands a the wrinkle.

Use fatigue “S-N" curves to compute estimates of the annud fatigue damage a the wrinkle
using a faigue usage factor (where 0.0 corresponds to zero fatigue damage and 1.0

correspondsto fully consumed fatiguelife). Thefaiguelifeinyearsisequd to theinverse of the
annual usage factor. Compare the design fatigue life (computed usng a“design” fatigue curve
containing asgnificant safety factor on stress or cycles) to the design life of the pipdine. If the
design fatigue life islonger than the design life of the pipdine, the wrinkle satisfies the type of

fatigue criteriathat would be used for the design of anew pipdine, including asignificant safety
factor (as opposed to performing a serviceshility assessment of an exiding pipdine). If the
design fdigue life is shorter than the desgn life of the pipeine, the wrinkle may il be
considered as acceptable depending on the safety factor in the design SN curve.

Once the fatigue integrity of the wrinkle has been considered, the fatigue analys's can be extended to
congder the effects of corrasion within the wrinkle. The only change to the evaluation approach isthat the
detalled “loca” FEA mode of the wrinkle is modified to incdlude characterization of the corroson. The
corrosion istypically characterized as a rectangular patch. Depending on the geometry of the corroson
(e.g., itslength, width and depth and its location with respect to the pesak of the wrinkle), the SCFs are
likely to increase relative to those of the un-corroded wrinkle.

As noted above, the fatigue analysis aspects of the proposed framework are far less established and more
time consuming than the procedures used to evauate pressure integrity. However, the application of FEA

methodsis very well established in the pipeine and piping research industry, and the use of FEA asatool

for performing pipeline structurd integrity and serviceability assessmentsis becoming more common. FEA

methods used in combination with additiona experimenta data represent the most promising means of

eva uating complex pipe stress and deformation problems such as assessing the fatigue behavior of corroded
wrinkles.

4.1 lllustrative Example
Application of the demand capacity framework for corroded wrinkles described aboveisdemonstrated in
the following example.

4.1.1 ProblemParameters

For thisexample, it is assumed that a corroded wrinkle has been detected on aliquids pipdine having the
basic parameters presented in Table 4- 1. The pipeline has been in operation for 10 years and the normal
operating pressure a thelocation of the corroded wrinkleisapproximately 700 ps. It has been determined
that the soil support at the wrinkle is stable (i.e., no ongoing ground movement) and that the maximum
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corrosion depth is50% of thewall thicknesswith amaximum length of 10 inches. Thewrinkled geometries
have inward deformations of approximately 1 inch and awavelength of approximately 9 inches.

Table4-1 Example Problem Parameters

Parameter Value
Diameter 24 Inches
Wall thickness 0.266 inches
SMYS 60,000 psi
MAOP 960 psi
DT (tie-in to operating) +80°F
Design life 25 years

4.1.2 Pressure Capacity of Corroded Section

The method chosen for evauating the pressure capacity of the corroded section in this example is the
modified B31G procedure as defined by the following formula:

® a o
. ¢ 1-08— =
MaoP = Z20F O, g t -
e 2 §1—0.85—a><M'13
t [
where:

a isthe defect depth

D isthe pipdine diameter

F isthe design factor

S istheflow dtress of the pie materid (SMY S + 10 ks)
t isthe wall thickness of the pipe

M isFolias bulge factor given by:

L2 a2 (‘,52 L2

M =.|1+0.6275 x——- 0.00375 xG——= for —£50
D % Dt D %
L? L2

M =33+0.32 x— for —>50
D xt D %

Vauesfor the parameters not presented in Table4- 1, aswell astheresultsof intermediate cdculaionsare
presentedin Table 4-2.
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Table4-2 M odified B31G Calculations
Parameter/Calculation Value
a
— 0.5
t
F 0.72
S 70,000 psi
2
L 15.66
D xt
M 3.15
MAOP 743 psi

Sincetheresult of the modified B31G cal culation indicates that the MAOP for the corroded sectionisless
than the origind MAOP of theline, either aderating of thelineto thelower pressure or repair of thelocation
arerequired. For thisexample, derating is cons dered aviable option, thusfurther evauation iswarranted to
determine whether fatigue of the corroded wrinkle is a concern.

4.1.3 Fatigue Demand Capacity Evaluation

For the purposes of this example, pressure cycle and temperature cycle spectraas given in Table4-3 and
Table 4-4 have been postulated. In addition, these events have been considered to be non-coincident and
thus will each be evaluated separately.

Table4-3 Pressure Cycle Spectrum Over Typical One Year Time Period
Pressure Range Number of Cycles
(psi) (n)
700 5
500 50
300 500
100 5000
Table4-4

Temperature Differential
(degrees F)

Number of Cycles

(n)

80 5
60 25
40 250
20 2500

Temperature Cycle Spectrum Over Typical One Year Time Period
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A detalled shdll finite dement analysiswas undertaken of arepresentative wrinkle geometry. The height of
the wrinkle was gpproximately 1 inch (inward) and the wavelength of the wrinkle was about 9 inches. The
wrinklewas assumed to extend over approximately 50% of the pipe circumference, and waswell separated
from the nearest girth weld. The peak of thewrinkle was|ocated at the intrados|ocation in aside bend and
did not span across the longitudind seam. Elagtic andysis of the FEA mesh of this wrinkle for internd
pressure loading indicated that the stress concentration factor or SCF (i.e, theratio of the maximum locd
gress to the nomina hoop stress PD;/2t) for interna pressure load was 2.54. Eladtic analysis of the FEA
model of this wrinkle for bending moment loading indicated that the SCF (i.e, theratio of the maximum
local gtressto the nomina bending stress M/Z) for bending moment loads was 2.72.

To illudrate the factor of safety of the design versus mean fatigue rel ationships, the fatigue evauation was
undertaken using both the mean and design fatigue S-N relationships developed in Appendix A. Themean
fatigue SN reationship is summarized asfollows

i xS=490xN"** for20=N=8.8x 10°
i:S=20 for N> 8.8 x 10°
Applying afactor of safety of 2.0 on stress range leads to the following design S-N reationship:
i xS=245xN"°* for20=N=8.8" 10°
i:S=10 forN>88" 10°

Inthese relaionships, Sisthe nomind dressrange (inks), N isthe number of stressreversdstofailure, and
i is the fatigue effective dtress intengfication factor (SF). The “C” term in these equations is equd to
Markl’s materia congtant, which can be taken as 245 ks for carbon stedls. As discussed in Appendix B,
Section B.4, thefatigue effective SF can betaken as. i= SCF/2. The depsfor evauating thefatigue damage
due to pressure cycles at thiswrinkle are as follows:

1. Compute the nomina hoop stress due to the various pressure ranges using the formula:

PO
2%

S
where:
D; isthe insde diameter of the pipe,
P isthe pressure range, and
t isthewal thickness of the pipe.
2. Compute the localized fatigue demand measurei-S= i-S; = SCF/2xS,.

3. Since pressure cycles result in stress-controlled loading (see Appendix B, Section B.2.2), usethe
stress-controlled materia congtant C¢equd to 2/3 of the displacement- controlled materia constant
C (C¢=2/3-C) in the mean and design fatigue curves. The endurance limits (20 ks for the mean
curve and 10 ks for the design curve) are aso scaed by the 2/3 factor. For localized fatigue
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demand measure vaues (i-S) below the endurance limits, the corresponding N vaueis8. For i-S
values above the endurancelimits, solvefor the number of cyclesN on the mean and design fatigue
S-N curvesusing:

N :;5 for the mean curve
@ IS 0§
S20 23

N :;5 for the design curve
® IixS 0
523

The results from these evaluation steps are presented in Table 4-5.
Table4-5 Pressure Cycle Fatigue Results

Pressure Annual Hoo Localized

Range Number Stressps Fatigue Mean N Design N Mean Design

; of Cycles, ) " | Demand (ksi) Value Value n/N n/N

(psi) 0 (ksi)

700 5 30.9 39.2 40,188 1,256 0.00012 0.00398
500 50 22.1 28.1 212,321 6,635 0.00023 0.00754
300 500 13.2 16.8 2,779,571 86,682 0.00018 0.00576

100 5000 4.4 5.6 ¥ ¥ 0 0
Annual Usage Factor (Sn/N) [ 0.00054 0.01727

Fatigue Life (years) 1,863 58

The steps for evauating the fatigue damage due to therma cycles are asfollows.

4. Thenomind longitudind stressdemand (S ) inaburied pipe subject to atemperature change should
be computed based on buried pipe stress analysis of the configuration of interest. (Note: For this
example, buried pipeandyssresultspublished in Devel opment of Acceptance Criteriafor Mild
Ripplesin PipelineFiled Bends’ (Rosenfeld, et. d 2002) for a24-inch diameter buried pipewere
used.)

5. Compute the localized fatigue demand measurei-S= i-S. = SCF/2-S.

6. Sincethermd cycesresult in digplacement- or strain-controlled loading, thebasic Cfactorinthe S-
N relationships defined in Section B.2.2 is used to represent the fatigue capacity. For locaized
fatigue demand measure vaues (i-S) below the endurance limits (20 ks for the mean curve and 10
ks for thedesign curve), the corresponding N vaueis8. For i-Svauesabovethe endurance limits,
solvefor the number of cyclesN onthe mean and design fatigue curves corresponding to the above
i-Svauesusng:
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N = for the mean curve

N =— for the design curve
2S¢
€245

[

The results from these evaluation steps are presented in Table 4-6.
Table4-6 Temperature Cycle Fatigue Results

Temperature Annual Longitudinal Localized
mp . Number of g Fatigue Mean N Design N Mean Design
Differential Stress, S|
Cycles, . Demand Values Values n/N n/N
(degrees F) (ksi) .
n (ksi)
80 5 26.2 35.6 494,004 15,438 0.000010 | 0.000324
60 25 19.6 26.7 2,081,729 65,054 0.000012 | 0.000384
40 250 13.0 17.7 ¥ 508,117 0 0.000492
20 2500 6.5 8.8 ¥ ¥ 0 0
Annual Usage Factor (Sn/N) | 0.000022 | 0.001200
Fatigue Life (years) 45,455 833

For this example, the pressure cycles are the dominant source of fatigue damage. When the annua fatigue
usage ratios due to pressure cycles and therma cycles are combined, themean and design fatiguelives of
thiswrinkle are 1,779 and 54 years, respectively.

If the FEA of the wrinkle described above is extended to include characterization of the 10-inch long,
corrosion patch with 50% wall loss, it is postulated that the SCFs for pressure and momernt loading were
both increased by 15% (the SCF for interna pressure load wasincreased from 2.54 to 2.92 and the SCF
for bending moment loads was increased from 2.72 to 3.13). Steps 1 through 6 described above were
repeated using the increased SCF vauesassociated with the corroded wrinkle (in effect thelocalized fatigue
demand measure i-Swas increased by 15%). For the corroded wrinkle, the resulting mean and design
fatigue lives are 929 and 29 years, respectively.

Severd points can be made based on this example fatigue evauation:

For cases where the stresses are above the endurance limit, the retio of “mean” fatigue life to the
“desgn” fatigue lifeis equd to 32. This factor of 32 represents the factor of safety on cyclesand is
equal to the factor of safety of 2 on stress raised to the power 5: 32=2°.

The presence of corroson in thewrinkle resulted in an increase in the locdized stressesin the wrinkle,
which were dreedy larger than the nomina stressesinthe pipe. A 15% increasein thelocalized Stresses

Page 17 OPSTTO11 Fina Report 10-22-04.doc

ChallengeUs. 10/25/2004



Michael Baker Jr., Inc. OPS TTO11 — Pipe Wrinkle Study

dueto corrosion, resulted in an gpproximate factor of 2 reduction in both the mean and design fatigue
lives. Thisapproximatefactor of 2 correspondsto theincreased stressraised to the power 5: 271.15°.

Evauation of the postul ated wrinkleswith and without corrosion using adesign fatigue curveresulted in
design fatiguelives of 27 and 54 years, repectively (this assumesthat the eva uated anomaly has been
present in the pipeline since sartup). Both of these design fatiguelives exceed the 25-year design life of
the pipdine. Thismeansthat even the corroded wrinkle would satisfy the type of fatigue design criteria
that would be used for the design of anew pipdline, including asgnificant safety factor.

For this example, it would be concluded thet fatigue of the wrinkle (with or without corrosion) does not
pose a greater hazard than pressure done. In other words, evauation of the corrosion using established
industry proceduresfor pressure capacity (and derating the MAOP or repairing the corrosionif necessary)
would take precedence over fatigue concerns for this case.
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5 Conclusions and Recommendations
5.1 ConclusionsRegarding ILI Capabilities

While current in-line ingpection (ILI) tools can accurately detect locdized pitting and genera metd lossin
cylindrica pipe sections (i.e., in sections without wrinkles or buckles), the ability of ILI toolsto accurately
characterize metal loss due to corrosion in the vicinity of wrinkle bends and bucklesis uncertain.

MFL and UT tools should perform reasonably well in detecting meta |oss (within their capakility in Sraight
pipe) inareasof reatively smooth pipewal deformations. However, inareaswherethe pipewd|’ sradius of

curvatureissmdl, the sensorswill not conform properly to the pipe surface and the minimum detection level

can be serioudy impacted.

Thus, it is possible that severity of meta loss can be accurately reported in pipe containing mild ripples.
However, sincewrinkles and bucklesare more severe than ripples and tend toexhibit aress of extremepipe
wadl curvature, the probability of one of the metd loss tools being able to perform well within these
discontinuitiesis relaively low.

In the smoothest wrinkles and buckles, it is possble to get a metd loss signd but it should not be relied
upon for evaluation of the metal loss. As wrinkles and buckles become deeper, they become more and
more abrupt and the probability of accurate metal loss detection becomes lower. In these Stuations,
evaudion of any metd loss signd recelved is not practicd. The UT devices perform even worse than the
MFL devicesin these situations because of |oss of the return Sgndl.

In summary, the more severe the deformation, the more serious the defect, and the more probable that
metd loss is coexigting. Further, it is more probable that meta loss will not be detected by metd loss
deviceswhen the deformation is severe. In no event can any of themetd lossILI devicesberdigbly usedto
determine the presence of meta loss in deformation.

5.2 Conclusions Regarding Pipeline I ntegrity at Corroded Wrinkles

The primary concern for corrosion in apipelineis how it will affect the pressure capacity of the pipe. The
pipdine industry has well-accepted procedures in place for evaluating the pressure capacity of corroded
pipelines. These procedures are supported by a database of hundreds of burst test results. Pipeline
operators and consultants have a wedth of experience with this type of evauation.

When awrinkleisdiscovered inapipeine, and subsequently verified, the primary concernisthe stability of
thewrinkle. If an unknown wrinkleisidentified, an evauation must be conducted to determine whether the
wrinkle deformationsarelikely to increase due to ongoing settlement or other causes. If itisunlikdy thet the
deformations in a wrinkle will increase (i.e,, the wrinkle is stable), the primary concern becomes the
potentid for fatigue damagein/near thewrinkle. Although some significant research and devel opment efforts
have been undertaken, there are currently no universally accepted guiddines or specific criteriathat can be
used to limit the geometry of wrinklesin pipelines based on fatigue consderations. The most appropriate
gpproach for evauaing pipdinewrinklesisaformd fatigue damage assessment that considersthe pressure

Page 19 OPSTTOL11 Find Report 10-22-04.doc

ChallengeUs. 10/25/2004



Michael Baker Jr., Inc. OPS TTO11 — Pipe Wrinkle Study

and temperature cycling and the soil conditions at the location of the wrinkle, the geometry of the wrinkle,
and the fatigue resistance of the pipe (usualy characterized based on a S-N curve).

When (stable) wrinkles in pipelines are found to contain corrosion, the concerns should be the same as
those expressed above:

Is the pressure integrity of the pipdine at risk?
Is the corroded wrinkle &t risk of experiencing fatigue damage or failure?

Thefirgt and most important step in the recommended framework isto eva uate the pressure integrity of the
corroded wrinkle. Itisunlikely the geometry of thewrinklewill have asignificant effect on the burst capacity
of the corroded pipe section since the plastic strainsin thewrinklewill tend to“wash out” & thelargestrains
associated with the burst pressure. For this reason, it is recommended that the corrosion evauation be
performed by treating the pipe asif it was cylindricd (i.e., neglecting thewrinkled geometry). Weareaware
of some proprietary burst tests on wrinkled pipe specimens that support this analysis approach. If the
pressure integrity of the pipe is affected by the corrosion, then the operator should proceed based on the
gppropriate CFR integrity management rules.

Once the pressure integrity has been evaluated, the next sep is to evauate the fatigue integrity of the
wrinkle, neglecting the presence of corrosion. The analysisapproach for thisstep isfar less established and
more time consuming than the procedures used to eva uate pressure integrity. The highlights of the fatigue
evauation (see Appendix B for more details) are summarized asfollows.

Devel op representative annud “ hisograms’ of pressure and temperature cyclesfor the pipdine
at the location of interedt.

Develop and andyze a case-specific “globa” buried pipe modd at the location of interest to
develop estimates of the global loads and nominad stresses at the wrinkle,

Develop and andlyze a case-pecific “loca” FEA modd of thewrinkle geometry of interest to
establish estimates of the stress concentration factor (SCF) for interna pressure and bending
moment loads.

Combine the pressure and temperature cycle histograms, with the corresponding nomina
stresses and the pressure and bending moment SCFs to obtain the localized fatigue stress
demands a the wrinkle.

Usefdigue“S-N" curvesto compute esimates of the annud fatigue damage and thefatiguelife
at the wrinkle. Compare the design fatigue life (computed usng a “design” faigue curve
containing asgnificant safety factor on stress or cycles) to the design life of the pipdine. If the
design fatigue life is longer than the design life of the pipdine, the wrinkle satisfies the type of
fatigue criteriathat would be used for the design of anew pipdine, induding asgnificant sefety
factor. If thedesgnfatiguelifeisshorter than the design life of the pipdine, thewrinkle may il
be consdered as acceptabl e depending on the safety factor included in the design S-N curve.
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Once the fatigue integrity of the wrinkle has been consdered, the fatigue analysis should be extended to
congder the effects of corrasion within the wrinkle. The only change to the evaluation approach isthat the
detailed “local” FEA modd of the wrinkleis modified to include a characterization of the corroson. The
corrosion istypically characterized as a rectangular patch. Depending on the geometry of the corroson
(e.q., its length, width and depth and its location with respect to the peak of the wrinkle), the SCFs are
likely to increase releive to those of the un-corroded wrinkle.

Thefaigue andys's aspects of the proposed framework are far less established and more time consuming
than the procedures used to evaluate pressure integrity. However, the application of FEA methodsisvery
well established in the pipeline and piping research industry and the use of FEA asatoal for performing
pipdinestructura integrity and serviceshility assessmentsis becoming much more common. FEA methods
used in combination with additiona experimenta data represents the most promising means of evauating
complex pipe stress and deformation problems such as ng thefatigue behavior of corroded wrinkles.

Based on the combined experience of the project team and upon discuss onswith industry experts, pipdine
falures dueto fatiguein corroded ripples, wrinkles or buckles could not beidentified. Moreover, thereisa
lack of full-scaleexperimenta evauations of corroded pipesthat were designed to produce fatigue fallures
in the corrosion; most corroded pipe tests are aimed at eva uating burst pressure. However, pipdinesthat
that have experienced externa corrosion a elbows were identified in the research. In this case, there was
concern that the corrogon within the ebow would increase the flexibility and stress intengfication effects
with apotentia reduction in the fatigue capacity of the elbow. Detailed proprietary FEA and fatiguetesting
of both uncorroded and corroded elbows led to the conclusion that eva uation of the pressure capacity of
the corrosion by any established methodology (e.g., B31G, RSTRENG), and derating or repairing if the
corrosion is severe enough should take precedence over fatigue concerns. Using established pressure
integrity methods should result in derating or repairing the pipdine long before fatigue should be a concern
for dl but the most extreme scenarios of cyclic stress demand. The same conclusion can be gpplied to
corroded wrinkles.

5.3 Recommendations

The proposed framework presented in this report is based in large part on theoretica information. With
additiona research data on fatigue in corroded rippled or wrinkled pipe and burst capacity of corroded
wrinkled pipe, this framework could likely be enhanced. Even though the gpparent lack of any fatigue
faluresrelated to corroded wrinkles or buckles on in-service pipdines may indicate that further researchis
not warranted, a better understanding of the interaction between corrosion and fatigue at wrinkles and
buckles would be useful to help ensure that experience to date is not biased in some manner.
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APPENDIX A

FATIGUE DESIGN CURVE RECOMMENDATIONS
BY

BERKELEY ENGINEERING AND RESEARCH, INC.

Page A-1 OPSTTO11 Fina Report 10-22-04.doc

ChallengeUs. 10/25/2004



Michael Baker Jr., Inc. OPS TTO11 — Pipe Wrinkle Study

This page intentionally left blank

Page A-2 OPSTTO11 Fina Report 10-22-04.doc

ChallengeUs. 10/25/2004



Michael Baker Jr., Inc. OPS TTO11 — Pipe Wrinkle Study

May 7, 2004

Dr. Jm Hart

SSD, Inc.

6119 Ridgeview Court, Suite 400
Reno, NV 89509

Re: Design Fatigue Curvefor the OPS Pipe Wrinkle Study
Dear Dr. Hart:

We have investigated the available fatigue curves that could be used for design in the OPS Pipe Wrinkle
Study. A recommended compositefatigue curvefor full penetration weld metal isdevel oped and provided.

Thisstudy revisits, combines and organizes prior work performed by BEAR for the Trans-AlaskaPipeline
System (TAPS) [A.1] and the ASME Mechanicd Design Technica Committee (MDC) B31 Code for
Pressure Piping. Comparisons were made between design fatigue curves given in the American Society of
Mechanical Engineers (ASME) Section 11l Pressure Vessd Code, the B31 Code for Pressure Piping
(Markl), and the American Welding Society (AWS). All of these curves make specific provisonsfor weld
meta except the ASME curve. However, dl of these fatigue curves can be reasonably reconciled as
equivaent when adjusted for their different assumed: (1) safety factors, (2) weld or base meta, (2) mean
and biaxid dtress states and (4) dadtic or dagtic-plagtic anayss.

The Trans-AlaskaPipdine Sysem (TAPS) work required the development of “design” and “decison’ SN
fatigue curvesfor the evauation of dentsin both weld and base metd. The fatigue curves developed were
based on a combination of the AWS and ASME design fatigue curves [A.2,A.3]. Despite numerous
declarations to the contrary by Civil and Mechanica Engineering Code Committee members, it wasfound
that these fatigue curves give essentidly the same vaues when properly adjusted for surface roughness,
differencesin gpplied safety factors, etc.

The sameistruefor the Markl and ASME design fatigue curves. Safety factors removed and adjusted for
differences described above, these curves can be shown to give dmogt identical results. Thus, sufficient
understanding of fatigue dataexists such that aMarkl based fatigue curve can be used with confidenceinthe
OPS wrinkle study for elastic and strain based analysis and can be modified to cover new materias only
characterized by other fatigue curves.
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TheMarkl and ASME Fatigue Curves

The Markl curve is consdered vaid from 20 to 2 million cyclesby its author [A.4]. A comparison of the
Markl, ASME and AWS-X curvesfollowswith the associated ca culations given in the attached Mathcad
worksheet. On page 1 of the calculations, the valuesfor N (cycles) used in the ASME codeto definetheir
fatigue curve [A.3] are determined with Equation 1 and the corresponding stress va ues determined without
the safety factors gpplied with Equation 2 [A.5].

Reasonably approximate stress va uesfor weld metd are determined with Equation 3 by dividing the stress
vaues determined in Equation 2 by afactor of 2 [A.6] and applying alinear mean stress adjustment in the
high cycle region above 10° cycles as shownin Equation 10 [A.7]. Equation 5 passes through the mean of
the Markl fatigue data without safety factors.

Asshown in Figure 1, the Markl fatigue curve fallswell below the ASME curve (adjusted for weld metdl
[A.6] and mean stress[A.7]), particularly in the low-cydefatigue (LCF) region. Thiscomparisonisinvaid
because of the large plastic Srainsthat occur inthe L CF region. The ASME fatigue datais based on actud
eadtic-plastic strain multiplied by the dastic modulus[A 5], whereasthe Markl data stresses are based on
nomindly eastic moment values [A 4].

ASME Elastic Plastic Adjustment

The ASME code providesasmplified adjustment factor to gpproximate an dagtic- plastic andysswith the
results of an eadtic analyss [A.7,A.8]. An dadtic-pladtic factor, Ke, is determined and multiplied by the
elagticaly determined stress prior to entering the ASME design fatigue curve. Applying this factor to the
Markl curve, Equations6 and 7, dmost bring it into agreement with the ASME curve, asshowninFigure 1.

Close examination of Ke (see Figures 1, 2 and 3) showsthat its adjustment is conservetively held constant
below approximately 100 cycles. Numerous fatigue curves in the literature indicate that cyclic stresses
should continue to increase in the LCF region as cycles decrease al the way down to ¥ cycles.
Furthermore, the vaue of m for carbon steels (3.0) used in the determination of Ke isaconservative lower
bound value based on comparison with bi-axiad fatigue test data [A.9]. Thisis appropriate for a desgn
curve asalower bound vaue for m gives an upper bound vaue for Ke and providesaconservaivey high
equivaent dadtic-plagtic stress to enter the ASME code fatigue curve with.

Depending on theratio of biaxial stress, the value of m can be shown to vary between 3 and 5. Choosing a
vaue for m of 3.5 and assuming a continuous correction, causes the adjusted Markl curve to amost
perfectly fal ontop of the ASME curve as shown in Figure 4. Thisis consstent with arange of m between
3 and 5. Furthermore, the Markl and ASME fatigue curves are supported by considerable fatigue data.
Thus, multiplying the Markl fatigue curve by Ken based on an m vaue of 3.5 should provide an excellent
fatigue curve for an eadtic equivaent stresses determined from an eagtic-plastic andysis. For an dadtic
anadysis, the stresses determined should be compared directly to the Markl curve.
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In practice, the ASME code fatigue curve is assumed to reach an endurance limit a 10 cycles. Prior
proprietary high cyclefatiguetest work on full sze pipe weldsand data provided in Reference 11 indicates
that an endurance limit range of 20 ks (no safety factor) mean for butt welded piping connections. This
dress range value occurs a 8.8 x 10° cycles for the Markl curve, very closeto 107 cycles.

Comparison with the AWS X-curve

TheMarkl curve providessmilar resultsto the ASME fatigue curve when compared in acongstent manner.
However, the ASME curve datais based on the testing of base metal materia. Thus, asecond comparison
to a weld metal based fatigue curve is appropriate. Both the Markl and AWS X-curve require full
penetration welding. Assuming the endurancelimit discussed abovefor theMarkl curve, 20 kg, and asafety
factor of 2 on stress(Equation 11), acomparison isshown in Figure 5. For weld metd fatigue data, afactor
of 2 on stress corresponds to gpproximately 2 standard deviations from the mean [A.10].

The endurancelimit adjusted Markl design curve and AWS X-curve comparewe | in the high cycleregion.
In the low cyde region the Markl curveis sgnificantly lower. However, piping and largetubular Sructure
fatigue test data in this region more closely match the Markl design curve than the AWS X curve.

Recommended Design Fatigue Curve

Based on the above assessment and reasonable agreement with both the ASME and AWS X fatigue
curves, the author recommends using the Markl fatigue curve as given in Equation 11 with a fatigue
endurance limit of 20 ks range (8.8 x 10° cycles) as a mean fatigue curve for use with eastic anaysis
results. A safety factor of 2 on stressis suggested for a design curve, giving afatigue endurancelimit of 10
ks range. Welds eva uated with the recommended fatigue curve should be held to the detailing and undercut
limitations given in the AWS structurd welding code [A.2].

The user may wish to gpply dternate factors of safety depending on the application, flaw inspection criteria
and corrogon environment. To alow for Sgnificant flaw sizes, an adjustment based on fracture mechanicsis
recommended. An adjustment to the endurance limit can be determined based on adressintensty threshold
vaue [A.11] and gpplied as shown in Equation 12. Prior proprietary work by BEAR indicates the
endurance limit should be reduced by 42% for maximum flawsthat are 2 incheslong and one- quarterwal in
depth.

For use with eadtic-plagtic andyssresults, dastic equivaent stresses should be determined fromthe strain
results and used to enter the (MarklKen) fatigue curve generated by multiplying the Markl curve by Ken
based on an mvaueof 3.5. Note, cyclic stressesare given intermsof rangein dl the above cited equations
and figures.

For base metd piping materid, the same recommended Markl curve can be used by increasing the stress
range by afactor of 2 [A.6]. This corresponds to an i vaue of ¥2in B31 Piping Code fatigue equations
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[A.12]. Thismethod can be shown to be conservative. A lessconsarvative biaxid base metd desgn fatigue
curve derived for the Alaska Pipdineis given in Reference [A.1].

To evduate weld or base metdl materid below 20 cyclesof life, alog-linear interpolation isrecommended
between the Markl curve stress range at N=20 cycles and stress (or strain) values determined at N=Y4
cycle (eg., viaburst testing of pipe or burst andyss). Burst testing and/or andysis take into account the
ggnificant materid properties and the biaxia piping stresses. Burst andlys's based stresses can be
determined usng RSTRENG [A.13], B31G[A.14], API 579[A.15] or equivaent biaxia plagticingability
andysis methods.

If you have any questions or comments, please contact me at 510-549-3300, extension 1.

Best Regards,

BERKELEY ENGINEERING AND RESEARCH, INC.

Glen Stevick, Ph.D., P.E.
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Fatigue Curve Comparisons

1.0 ASME Pressure Vassal Code
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Mean Stress Adjustment for ASME curve
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Equation {2)
Carbon Stesl "Best Fit" Curve (Range)

Equation {3)
Adjust for weld metal, divide by 2 (5till Range)

R2 = .75 N2:=10
(R2)
8’1
= T C = -0074 D= logi RLy =~ Cilop(N1) D = 0.39
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otherwise

Equation (4) ASME curve adjusted
for weld metal and mean stress
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2.0 Mark] Curve

Smkl; = 490-E_Nni]_'2-k5i Equation {5)
Carbon Stesl Mean Data fit, Room Temp (Range)

m:= 3.0 n =02 &M = 20-ksi Adjust for Plastic Range
~490.(Nnj) - ksi
Kej:= |1 if =1
38m
-0 | 490.{Nn) ™~ ksi 4900 Nnj)” ks
1+ ; ] ifl«= < M
nim-= 141 3-5m J.5m

1 ;

— otherwise Equation (&)

n Adjustment for Elastic Analysis

of Plastic Deformation
SmkKej := 49D-(Nn1:|_'2-ksi~1=:e-l Equation (7) Markl adjusted via Equation &

Figure 1. ASME and Markl Fatigue Curves
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3.0 Elastic-Plastic Adjustments

Keisr.m) = |1 if &r = |
{ | =1
114 (ST I]J if 1« 8 «<m
n:im-= 11
& otharwise Eq u;ti-::-n [E} ASME Code
n Elastic-Plastic Correction
Figure 2. Elastic-Plastic Corraction
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Krisr.m) == |1 if Sr= 1
' | =1 : s
{ 14— <(8r= 13| otherwise
n-{1m =1}
Equation (9)
Mew continuous Elastic-Plastic Comection

Mew Adjustment for Plastic Range m:= 3.5

Figure 3. Mew Elastic-Plastic Correction
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Figure 4. Adjusted ASME and Mark] Curves
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5.0 Proposed Markl Design Curve
SF:=2 safety Factor of 2 on stress, retain temperature adjustment

) * Momalize by:  Sc+ Sh
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400 2 .
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— Nl 'E.ksi otherwisa Proposed Markl based desian
SH fatigue curve

Adjustrment for Significant Flaws (2c = 2 in, a't = 1/4)

_

Rli=1 Ml = 2. IEII R = 58 N2 = B.826-10
(R21
|DQ|H
C "T C=-0.042  D:=logiRl) - Clog(Nl) D = 0.055
|||:| 1 —_I
Ll, N1
Afji= |1 if Nnoyj = M1 Equation {12}
C. loe Mo+ Example fracture adjustment
10° TR G N < N < N2

R2 otherwise
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AWS X-Curve for Comparison
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APPENDIX B

DEVELOPMENT OF DEMAND-CAPACITY FRAMEWORK
BY

SSD, INC.

Page B-1 OPSTTO11 Fina Report 10-22-04.doc

ChallengeUs. 10/25/2004



Michael Baker Jr., Inc. OPS TTO11 — Pipe Wrinkle Study

This page intentionally left blank

Page B-2 OPSTTO11 Fina Report 10-22-04.doc

ChallengeUs. 10/25/2004



Michael Baker Jr., Inc. OPS TTO11 — Pipe Wrinkle Study

B.1 Scope Statement

Evauate the phenomenon of corrasion in rippled, wrinkled or buckled sections of pipdinesand develop a
framework of rationd, quantitative criteriafor evauating such wrinklesin termsof those that can continueto
remain in sarvice and those that must be removed from sarvice. This evauation framework will am to
consider both pressure integrity limits and fatigue damage limits for pipelines. Determine the gppropriate
method to verify the proposed framework (i.e., corrdation with existing pipe burst and fatigue test

databases, computer modeling, additiona physical testing, or acombination of these). It isproposed to start
with a calculation method that is similar to well accepted Smple corrosion evauation procedures such as
ASME B31G or Modified B31G and to extend this procedure to consider fatigue damagein addition tothe
burst pressurelimit state. 1dedly, the resulting cal culation framework will accept measures of the corrosion
geometry, variouswrinkle geometry parameters, and the pressure and temperature differentid loads asinput
and will evauate both the burst pressure and fatigue failure limit Sates.

The componentsof theframework areillustrated schematicaly in FigureB.1, FigureB.2 and Figure B.3. A
two-dimensond illudration of how the burst pressure capacity decreaseswith increasing corroson severity
isshowninFgureB. 1. Thisaspect of the framework would be based on the existing burst test database for
cylindrical, corroded pipe specimens (hundreds of tests) in the absence of bending moment loads and
wrinkles The principleillustrated in Figure B.1 can be rationally extended to congder increasing levels of
bending moment and axid force (i.e, longitudina stresses) including representative wrinkle geometries
based on dadtic finite eement andyses of pipe sections which include representative idedized corrosion
“patches’ (based on stress concentration factor (SCF) analyses).

2]
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—

ol L]
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S ~~

7 N
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v N~ “

@ S o
Corrosion Severity

FigureB.1  Pressure-Corrosion Space

The manner in which fatigue capacity of pipe would tend to decrease with increasing corrosion severity is
illustrated in Figure B.2. At zero levels of corrosion severity, thisagpect of theframework could be related
to the fatigue testing of pipe components (e.g., the Markl fatigue (stress versus number of cyclesor SN)
relationship and the ASME Section V111, Divison 2 fatigue relaionship which are based on hundreds of
fatigue tests). These SN relationships can be applied to the eval uation of wrinkled pipe sections by relating
an dadticaly computed SCF to a fatigue based stress-intengfication factor (SIF) (i.e,, the B31 i-factor).
The principleillustrated in Figure B.2 can be rationdly extended into increasing levels of interna pressure
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and corrosion severity based on dadtic finitedement andyses of piping componentsincluding representative
idedlized corrosion “patches’ (again based on SCF analyses).
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FigureB.2  Fatigue-Corrosion Space

Theoverd| framework in the burst pressure capacity — fatiguefailure cgpacity — corrosion severity “ space”
isillugrated in Figure B.3. If the wrinkle geometry is “cylindricd”, then the computed burst pressure
capacity would decompose to be consistent with the burst pressure database for corroded straight pipe
sections. If the corroson geometry is “uncorroded”, then the fatigue capacity would decompose to be
reasonably consgtent with uncorroded pipe fatigue test data. Combinations of wrinkle and corroson
geometries and pressures and bending moment combinations that are between these bounding casesin
effect would be considered with respect to the failure capacity surface illustrated in this space.

Burst Pressure Capaclty

Fallure Capaclty Surface

Corrogion Savarity

Banding Fatigue Capacity

FigureB.3 Pressure& Fatigue-Corrosion Space

The* capacity surface” concept described above could be used for pipeintegrity assessmentsby comparing

it to different measures of location specific demand on the pipe (e.g., maximum pressure demand, cyclic

pressure demand, and the cyclic stress demands due to temperature differentid cycling). The pressure
Page B-4 OPSTTOL11 Find Report 10-22-04.doc

ChallengeUs. 10/25/2004




Michael Baker Jr., Inc. OPS TTO11 — Pipe Wrinkle Study

demand measures can be established based on the pipeline design basisand representative pressure history
samplesfrom previousyearsof operation. Thegloba temperature differential demand measureswould best
be established based on charts that relate temperature differential, bend angle, soil cover depth and ol
type, to maximum nomina stress range which would be scaled by a SCF associated with the corroded
wrinkle under investigation.

The ddiverable from thistask will be an outline of aforma procedure for performing integrity assessments
of corroded, wrinkled sections of pipe. This will include (a) formulas that can be used to develop the
capacities for the bounding cases (e.g., modified B31G for evauating the burst pressure capacity of
unwrinkled, corroded pipe, a SN capacity curve for evauation of uncorroded, wrinkled pipe), (b) an
introduction to the use of stress concentration factors for wrinkled pipe, corroded pipe, and wrinkled and
corroded pipe sections, (c) guidance for developing pipe demand measures based on pressure and
temperature differentia, and (d) an example of how the procedure can be applied.

B.2 Capacity Evaluation for Bounding Cases

The following sections describe the procedures available for evauating the burst pressure and maximum
alowable operating pressure (MAOP) of corroded sections of pipeline (i.e., the pressure capacity), and
relationships that are used to evauate pipe and piping components for fatigue damage (i.e., the fatigue
capacity).

B.2.1 Corrosion

The pipdine industry has long recognized that some sections of high-pressure pipelines may experience
corrosion. Based on industry experience, experimental evauations and theoretica consderations, it is
known that some amount of meta |oss due to corroson can be tolerated without impairing the ability of
pipelines to operate safely. Methods for evaluating safe operating pressure levels for pipes affected by
corroson have received wide atention within the pipeine industry to the point that well-accepted
procedures have been directly implemented into the ASME B31.4 and B31.8 pipeline codes (e.g., ASVIE
B31G), and moreimportantly, directly referencedin Tile 49 of the Code of Federd Regulations Parts 192
and 195 (49 CFR 192 and 195). Since the development of B31G, the eva uation methods have continued
to evolve in efforts to remove excess conservatism that resultsin unnecessary pipdinerepairs. Kiefner and
Vieth provide an excdlent discusson of the basis of the B31G method including its assumptions and
limitations (Kiefner and Vieth 1989). This document aso provides a useful introduction to the modified
B31G criterion including the refinements to the flow stress and the Folias factor, and the 0.85-d-L and
effective arearepresentations of metal lossused in theindustry accepted computer program for determining
the remaining strength of corroded pipe, RSTRENG.

Severd methods are available for the eva uation of the burst pressure or the maximum alowable operating
pressure of corroded pipelinesincluding B31G, modified B31G, RSTRENG, KAPA, APl 579, KOGAS,
NG-18 Log Secant, etc. Thereport“ ASVIE B31G: Deter mining the Remaining Strength of Corroded
Pipelines’ provides a good overview of the methods for determining remaining strength of corroded
pipdines currently in use by the pipeline industry (ASME 2003). The basic formula used in most of these
methods is of the fallowing form:
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where:

A is the area of the defect in the longitudind plane through the wall
thickness

Ao isLt
Sisthe hoop stresslevd at fallure
S istheflow stress of the pipe materia

M isFalias origind bulging factor for athrough-wall axid flaw, afunction
of L, Dandt

where:
L isthe axid extent of the defect
t isthe nomina wall thickness of the pipe
D isthe diameter of the pipe

In terms of the pipe’'s maximum alowable operating pressure, this expression is often presented in the
following form:

e A U
(5] - u
XF b . A 1. a2XF Xt- CA) 5
maop = B 0,58 A apBEN-CAO Gy
e D g € &Aoo Y é D )
a2 M
8 &Nhg B

where:
F isthe design factor (e.g. 0.72),
SMYS s the specified minimum yidd sress of the pipe materid, and
CA isthe corrosion dlowance.

The key terms in these cdculations for saverd of the methods mentioned above are summarized in Table
B.1
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TableB-1 Comparison of Parameters Used in Different MAOP and Burst Pressure
Calculation Methods

Method S* AlA, Folias Factor, M
. - J1+08% for z £ 20
ASME B31G 1.1-SMYS 23altforz=20
altforz>20 ¥ forz > 20
5 _ J1+0.6275 xz- 0.00875 xz2  forz £50
Modified B31G SMYS + 10 ksi 0.85-alt
33+ 00322 forz > 50
DNV Level 1 SUTS alt J1+0.31xz
KOGAS 0.9-UTS alt J1+0.31xz

NOTE: z = L%(Dx)

SUTS is the Specified Ultimate Tensile Strength of the pipe material.
UTS is the Ultimate Tensile Strength of the pipe material

In each of these methods, the cal culation is based on a characterization of the corrosion defect based on a
depth “a” and alength “L”. The circumferentia extent of the corroson is not included in the formulas. A
comparison of the MAOP computed using severad methods for a 36-inch diameter, 0.5-inch thick, X-65
pipe with a 50% wall loss (i.e, a/t=0.5) for corroson defect lengths ranging from O to 40 inches is
presented in Figure B.4. Notethat: (a) the B31G method exhibits an undesirable discontinuity at around 19
inches (i.e, a z = 20), and (b) the modified B31G method is the least consarvative of the continuous
methods. The authors believe that the modified B31G method with the0.85-d-L metal lossareaisthe most
gppropriate hand cal culation method without resorting to the more complicated corrosion grid processing
used for RSTRENG (or KAPA) compuitations.
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MAOP of Corroded Pipes
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FigureB.4  Comparison of Remaining Strength Calculation M ethods

A corrosion defect iscons dered acceptabl e when the computed failure stressis equd to or greater than the
hoop stress at the M AOP multiplied by asuitable Safety Factor. The minimum recommended Safety Factor
is equa to the ratio of the minimum hydrogtatic test pressure required for the given type of pipdine

congtruction to the MAORP, but no lessthan 1.25in general. Greater factorsof safety may be gppropriatein

some cases, for example in areas of greater risk to the public or the environment. Lesser factors of safety
may be judtified in some circumstances, for example for short time periods or in remote locetions. In

establishing the Safety Factor for agiven pipeine segment, the pipeline operator should give consideration
to the accuracy of corrosion measurements (particularly if the corrosonisinterna or isindicated by in-line
ingpection, and has not been verified physicaly), the characterigtics of the pipe, etc.

B.2.2 Fatigue

The cdculdion of faigue damage is an inexact science and there is dways a significant scatter in
experimentd fatigue data. For the purposes of new design, it isusua to make conservative assumptionsin
order to ensure that if the design satisfies the design criteria, then the probability of fatigue falure is
extremdy smdl. Thisis done by usng design SN curves tha ensure a very low probability that fatigue
falurewill occur. Thisistypicaly accomplished by selecting adesign SN curvethat providesanear lower
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bound envelope to the experimentd (SN) data points. Some fatigue design codes (e.g., British Standard
BS 7608) provide SN rdationships in terms of the mean and standard deviations of their basisdata. A
design SN curve is typicaly sdected based on the mean minus two sandard deviations. Assuming a
norma distribution, the cal culation of ausagefactor (i.e., cumulative damageratio) of 1.0usngadesign S
N relationship based on the mean minustwo standard deviations correspondsto a2.3% nomind probability
of falure. On the other hand, cdculation of a usage factor of 1.0 usng the mean SN rdationship
corresponds to a 50% nomind probability of falure (i.e., hdf of the SN data points would lie above the
mean SN relationship and haf of the SN data points would lie below the mean SN reationship). This
means that andyses attempting to predict an actud fatigue faillure should utilize the mean S-N relationship.
Thisillugrates how the use of thefatigue data stati stics can provide aframework for quantifying thefactor of
safety associated with a given fatigue assessment.

For the purposes of this work, a fatigue capacity relationship was developed based on three different
sources of fatigue datanamely, () the Markl fatigue data, (b) the ASME Boiler and Pressure Vessd Code
Section VIII, Division 2 design fatigue data, and (c) the American Welding Society X curve.

A.R. C. Markl (and his colleagues) performed an extensive series of fatigue tests during the early 1950s
(Markl 1952 and 1955). The“Markl tests’ form the basisfor thefatigue design rulesintoday’ SASME B31
piping codes. Markl generated S-N curves over a range of 2x107 to 1x10° cycles for the round bar
pecimens, plain draight pipe, sraight pipe containing a girth butt weld, short- and long-radius elbows,
fabricated miter bends, forged welding tees, un-reinforced branches, pad-reinforced branches, welding
neck flanges, dip-on flanges, and socket-welded flanges. Markl found that within a scatter band, the SN
curves of each type of component lay essentidly pardld to theround-bar SN curve. When plotted on log-
log paper, the entire body of data was essentidly paralel and could be reasonably approximated by the
formula

i XS=2xCxN %2
where:

i isthe SIF (the gtress intengification factor associated with agiven piping
component),

Sisthe nomina stressrange,
N isthe number of dressreversdsto failure, and

C isamaterid congant (avaue of 2-C =490ks isused to represent the
mean of the carbon sted fatigue test data).

The fact that the SN curves for different components are essentidly pardld dlowsfor the use of asngle
curve scaled by thei factor to compute fatigue damage for arange of different piping components.

Thereissubgtantia pipdineand piping industry experience with the use and gpplication of the ASVIE Boiler
and Pressure Vessdl design fatigue curve. As described in Criteria of the ASME Boiler and Pressure
Vessel Code for Design Analysisin Sections 111 and VIII, Division 2, thisisa“design” faigue curve
derived from base meta fatigue tests which has a sgnificant factor of safety with respect to its bass data
Comparison of the design curve and itsbasisdataindicates that the factor of safety for thedesign curveisa
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factor of 2 on stress (i.e., §2) or 20 on life (i.e.,, N/20) relativeto the basis data points, whichever ismore
conservative a each point. The best fit (mean) SN curve for carbon steel base metal is based on the
following relaionship:

where:
A = 68.5%,
B=21,645 pd, and
E = 30,000 ks.

The AWS X design curve for full penetration welds has been considered because it provides a clearly
defined endurance limit in the high cycle region (astress range S=10 ksi at 107 cycles).

Berkeey Engineering and Research, Inc. (BEAR) performed adetailed comparison of the above mentioned
fatigue &N) curves making the necessary adjustments for weld metal versus base metd, etc. (See
Appendix A for more detail.) Based on this comparison, BEAR developed a recommended fatigue S-N
relaionship for the purposes of assessing corroded wrinkles. The recommended mean faigue SN
relationship is summarized asfollows

i XS=490xN %2 for20=N=8.8x 10°
i:S=20 for N > 8.8 x 10°

where:

Sisthe dressrange (in k)
N isthe number of gress reversasto failure, and

i isthefatigue effective SIF (note: i=1.0 for agirth butt weld andi=0.5 for
pipe base meta).

Applying afactor of safety of 2.0 on stress range leads to the following design S-N rdationship:
i xS=245xN""? for20=N=8.8" 10°
i:S=10 forN>88" 10°

Note that in the above fatigue re ationships, the term on left- hand side of the equation representsthe fatigue
demand while the term on the right-hand side represents the fatigue capacity. The fatigue demand is
compared to thefatigue capacity based on the cumulativefatigue damage (usageratio) that isestablished by
application of Miner’ slinear damagetheory (Miner 1945). Thefatiguerulesused inthe ASVIE B31 piping
codes aso provide abasis for accumulating damage due to cycles with different stress ranges. Accepted
agorithmssuch asthe“rainflow” counting method can be used asabasisfor accuratdly counting equivaent
stress cycles based on experimenta time history measurements (e.g., piping temperature or pressure time
higtories).
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B.221 Modification for Stress-Controlled Loading

All of the discusson on fatigue presented in the previous section is related to fatigue testing wherein the
materid is cycled under displacement-controlled (secondary) |oading conditions, such asthose that would
result from therma expansion and contraction or other cyclic secondary loads. As discussed in the report,
“ Development of Acceptance Criteria for Mild Ripples in Pipeline Field Bends (Rosenfeld €. d,
2002), comparatively few Markl-type SIF tests have been reported in which the loading environment was
load controlled (i.e., primary or stress controlled). The following definitions may be helpful to make a
distinction between displacement- controlled (secondary) and |oad- controlled (primary) stress conditions:

Primary Stressesare devel oped by imposed loadings and are necessary to satisfy equilibrium of
interna and externa forces and moments. Primary |oads cannot be relieved by loca yidding or
digtortion. Thebasc characterigtic of aprimary sressisthat it isnot self-limiting, which meansthat
the stress will be present as long as the load is applied. Primary stresses which considerably
exceed theyidd strength will resultinfailureor, at least, in grossdistortion. Stresses caused by the
following loads are considered primary stresses. interna pressure, external pressure and
overburden, dead and live loads. In ASME B31 design terminology, sustained |oads produce
primary stresses.

Secondary Stresses are developed by the self-congraint of the Structure or by the congtraint of
adjacent materia and are developed to satisfy strain/displacement compatibility. Secondary
stresses can berelieved by locd yielding and distortion. The basic characteritic of a secondary
dressisthat it issdf-limiting. Inredity, asecondary stressisadrainthat isconverted to astress.
Stresses caused by thefollowing loads are considered secondary stresses: temperature differentia,
differentid settlement, and fault displacement. In ASME B31 design terminology, secondary
stresses are referred to as displacement limited stresses.

Fatigue curves presented in “ Criteria of the ASME Boiler and Pressure Vessel Code for Design by
Analysisin Sections|11 and Vi1, Divison 2" (ASME) indicate that the stressrange for stress controlled
tests is less than the dtress range for digplacement controlled tests. Rodabaugh (Rodabaugh, 1988)
discussed work by Lane and Rose (Lane and Rose, 1961) on pulsating pressure tests of pressure vessel
nozzles (pressureloading creates primary stressand henceisload controlled). Mani pulation of the Laneand
Rose fatigue rdationship into aform analogous to Markl’ s equation leads to an effective materid constant
for stress-controlled testsof C¢=165.4 ks. Thisva ue agreed very well with an effective C¢=163.3 derived
from AP rippled pipe pressure cycling test results of rippled pipe (Rosenfeld et. al 2002). Therefore, for
the purposes of developing thisanalysisframework, for fatigue andysis of stress-controlled conditions(i.e,
pressure loads), it is recommended that a modified materid constant C¢equal to essentidly 2/3 of the
displacement- controlled materia congtant C (C¢=2/3-C=163.3) be utilized.

B.3 Stress Concentration Factors

Asdiscussed previoudy, the results of finite dement analysis (FEA) of piping are frequently expressed in
terms of ascdar factor that characterizes the stress concentration effects due to the geometry of the piping
component or the anomaly being evaluated by the FEA modd. Thisfactor is the SCF, whichistypicdly
taken asthe ratio of the maximum loca dress or the maximum stress intendity to the nomind stress. The
SCFs discussed in this report are based on dastic FEA results for a stub of pipe containing a mesh of
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rippled or wrinkled profile. The results from finite dement andyss of rippled pipe stubs subjected to
bending moment and pressure loads presented in “ Devel opment of Acceptance Criteriafor Mild Ripples
in Pipeline Field Bends’ (Rosenfeld et. d 2002) serves as a useful starting point for this work.

B.3.1 Wrinkled Pipe
The wrinkle geometry parameters varied in the analyses reported in the paper noted above are:

1. Parameter D: theratio of thewrinkledepth, “h”, to the pipe diameter, “D”. h/D ratiosof 1%, 2%,
4% and 6% were considered.

2. Parameter ?/h: theratio of thewrinkletrough-to-trough wavelength,“ | ” , tothewrinkledepth, “h.
?/hratios of 9, 12 and 15 were considered.

3. Parameter Di/t: the ratio of the pipe diameter, “ D", to thewall thickness, “ t” . Pipe D/t ratios of
60, 90 and 120 were considered.

4. Parameter c/pD: theratio of the circumferentid extent of thewrinkle, “c”, tothetota circumference,
“pD”. This parameter was taken as alinear function of h/t.

Additiona wrinkle geometry parameters include whether or not the wrinkle deformation is dominantly
inward or outward and the number of lobesin the wrinkle wave form. The parametric studieswere carried
out on a pipe modd with adiameter of 36 inches. A totd of 36 different ripple geometries are required to
evduate the /D, ?/h and D/t ratioslisted above (4h/D ratiosx 3?/hratiosx 3D/ ratios = 36 cases). For
each wrinkle geometry, afinite e ement mesh was generated and each modd was anayzed for two load
cases, apressure vessdl |oading corresponding to apressure of 1,000 ps and auniform bending moment of
5,000 kip-inches. A total of 72 cases were consdered (36 for interna pressure and 36 for bending
moment). Based on these cases, regressions of the following form were devel oped to estimate the SCFs at
the peak of the wrinkle for pressure and bending moment loads:

_ 0
Ly =a )%EE;J %;} )gﬂt_;) ?h@ ep—Xch)
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In order to evauate awrinkled section of pipein the absence of corrosion, the geometric parametersDIt,
h/D, hit, ?/h and c/pD would be established based on physical or smart pig measurements. Using these
wrinkle geometry parameters, the SCFsfor interna pressure and bending moment could then be estimated
using the above regression formulas. As a more direct method, the analyst could develop a case-specific
finite dement modd of a stub of pipe containing a mesh of the wrinkle with the measured geometry and
directly determine case specific SCFs based on dastic FEA.

B.3.2 Corroded Pipe

The metd loss due to sgnificant corrosion obvioudy has the potentia to cause stresses to concentrate
locally in and near the corroded region. The increased local stress plays a role in reducing the pressure
capacity of the pipe. Based on industry experience and discussions with industry experts, pipelinefailures
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dueto fatiguein corroded ripples, wrinkles or buckles were not identified. Nevertheless, if adetailed finite
element andysis (or strain gauged experiment) is performed on acorroded section of pipe, thelocal stresses
in or near the corroded region would be larger than the nomind stress and hence an SCF could be
edtablished. Based ontheresearch, most FEA of corrosion defects characterizethe corroson asauniformly
thinned “patch” region. In this case, the locd stresses in the patch may be roughly approximated by
cdculating the nomind gress (i.e,, PD/2t or M/Z) using the “thinned” cross section properties.

B.3.3 Combined Wrinkling and Corrosion

As discussed in the previous two sections, it is possible to develop finite eement models based on the
geometry of wrinkled sections of pipe as well as corroded sections of pipe (e.g., where the corroson is
usualy idedized asauniformly thinned patch). It followsthen that these types of mode s could be combined
to smulate a wrinkled and corroded section of pipe. To investigate this, preliminary pilot analyses were
undertaken on severd of the FEA models of wrinklesdescribed in Section B.3.1. Thewrinkled pipe models
were extended to consider idedlized uniform depth corrosion patches. In all cases, the corrosion patch was
assumed to be axi-symmetric and centered on the center of the wrinkle profile. Corrosion patcheswith up
to 50% meta loss were evauated with lengths of 6, 18 and 36 inches (i.e., D/6, D/2 and D). Based on
theseandyses, it was observed that the wrinkle plus corrosion SCFswereincreased rdativeto thewrinkle
SCFswithout corrosion, as expected. In generd the SCFswerefound toincreasewith increasing corroson
length and depth. Based on these observations, it should be possible, given a much more comprehensive
matrix of analyss cases, to extend the previous SCF regressions to include a meta |oss parameter (e.g.,
A/A,) as well as a parameter defining the circumferentid and longitudind location of the corroson with
respect to the peak of the wrinkle such that the SCF isincreased when the corrosion is significant and the
SCF decomposes to the un-corroded va ue when the metal oss reduces to zero. The form of apossible
modified regresson is as follows:

. @3 @S et @ e §F @ AD
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In order to evaluate awrinkled and corroded section of pipe, the geometric parametersD/t, WD, ht, ?/h
and ¢/ pD and the geometry of the corrosion (e.g., A/A,) would be established based on smart pig or
physical measurements. Using these measured parameters, the SCFs for interna pressure and bending
moment could then be estimated using the above modified regression formulas. However, it should benoted
that the general consderation of corroson in addition to wrinkles adds a sgnificant number of geometric
parametersto the FEA analysismatrix (i.e., in addition to the numerous parametersrequired to characterize
the wrinkles such as D, ht, ?/h and ¢/ pD). For example, even if the corroson is characterized as a
smplerectangular patch, the additional geometric parametersincludethe patch length, width and depth, the
trangtion length between the full and corroded thickness, as well as the longitudind and circumferentia
locations of the center of the patch relative to the peak of the wrinkle. Based on the pilot andyses
undertaken as part of thiswork, it is not considered practicable to develop a general regression since it
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would take literdly thousands of parametric FEA analyss cases to bound the possible ranges of the
pertinent combined wrinkle and corroson geometries. As an dternaive and much more practicable
approach, the analyst could devel op a case-specific finite dement modd of astub of pipe containingamesh
of themeasured corroded wrinkle geometry of interest and use thismode to determine case specific SCFs
based on eagtic FEA.

B.4 Relationships Between Sl Fs (i-factors) and SCFs

One of the primary objectives of thiswork is to develop aframework for evauating the potentid for fatigue
damage and failure in corroded wrinkles subjected to pressure and bending loads. A key dement of this
assessment isthe proper evauation of theleft- hand Side demand term (i -S) described in Section B.2.2. The
i term is the fatigue effective stress intendfication factor. Markl formaly defined the stress intendfication

factor i as*“...theratio of the bending moment required to produce fatigue failurein a straight girth
butt welded pipe of nominal dimensions, to that producing fatigue failure in the same number of
cyclesin the component under consideration...” It should be clearly stated and understood that Markl’s,

and thus the B31 codes, definition for the “ butt weld in straight pipe’ stressintendfication factor isi = 1.0.

For pipe base metd, i = 0.5. The B31 codes provide tables and formulas for the i-factors for arange of

piping components. The*S’ termiswell understood— it representsthe nomind stressrangein the pipe. For
bending moment loads, this term would normaly be taken as S=M/Z where M is the nomind bending

moment range (for the cycle under consideration) and Z isthe pipe section modulus. For apressurecycle, S
isnormdly taken asthe nomind hoop gressin the pipewal: S=P-Di/(2:t) whereP istheinterna pressure
changefor the cycle under consderation, D; isthe pipe singdediameter andt isthe nomina (uncorroded)
wall thickness.

As noted above, the B31 codes provide tables and formulas for the i-factors for a range of piping

components dlowing relatively sraightforward application of the B31 fatigue rules for piping design.

However, the effective i-factors for pipe anomalies such as corraosion, wrinkles or corroded wrinkles are
not readily avallable and procedures used to evaluate the fatigue performance of these anomalies are
typicaly undertaken in the realm of case-pecific fitness for service assessments or research projects. In
most ingtances, the pipdine anomay will be evauated based on the analyssof detailed shell or solid finite
element modd meshes that gpproximate the geometric features of the anomay. The andysis typicaly

conssts of the gpplication of a bending moment or an internd pressure to a“stub” of pipe containing the
anomdy. Thefinitedement anadyssresultsaretypicaly expressed intermsof an SCF, whichistakenasthe
ratio of the maximum loca stress or the maximum dressintengty to thenomind stress. SCFs can bethought
of as generd locd response quantities since they can be developed for different types of loading (e.g.,

bending moment, internal pressure, axid load, torsona moment, etc.). It isvery important to point out that
SCFs (which are defined based on FEA or theory of eadticity solutions) are not equa to the “fatigue
effective’ SIFs (i factors) asused inthe B31 pipeine and piping codes (which are defined based on fatigue
testing). However, as detailed in “ Relationships Between Stress Intensification Factors and Stress
Concentration Factors’ (SSD, Inc. andKiefner & Associates, Inc. 2003), itispossibleto devel op useful

rel ationships between theoreticaly developed SCFs and experimentaly determined SIFs.

For the purposes of thiswork, it is assumed that the locdized stressfield in the vicinity of apipeanomay
(i.e., acorrosion patch, awrinkleor ripple or acorroded wrinkleor ripple) that resultsfrom globaly applied
| oads (such as bending moment and internal pressure) can be reasonably represented using an SCF froman
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dadic finite dement andyss of a pipe sub modd containing a characterization of the anomdly. If the
anomaly does not contain aweld, then it can be shown that the fatigue effective B31i-factor to beusedin
thefatigue assessment for bending loadsisreated to theandyticd SCF asfollows (SSD Inc. and Kiefner &
Associates, Inc. 2003):

i = SCF/2

If the anomay were located on aweld, which is not explicitly included in the FEA mode (i.e., the typica
case) the B31 i-factor would be related to the andytical SCF as follows (SSD, Inc. and Kiefner &
Associates, Inc. 2003):

i = SCFXK, /2
where:

K, is the pesk (highly-localized) bending siress index which results from
localized discontinuities, such as welds (used for Class 1 nuclear power
plant piping per ASME Code Section Il — see “ Stress Indices and
Sress Intensification Factors of Pressure Vessd and Piping
Components” (ASME PVP, 1981) for more details).

If the fatigue performance of the weld detall is consdered to be equivaent to afull penetration butt weld
without any externa sharp corners, then the value of theK index in the above expression could betaken as
2.0.

B.5 Framework for Evaluation of Corroded Wrinkles

The primary concern for corrosion in pipelines is how it will affect the pipe's pressure capacity. As
previoudy discussed, the pipdineindustry haswdl-accepted proceduresin placefor eva uating the pressure
capacity of corroded pipelines and this area continues to be the subject of extensive research.

Once awrinkle has formed in a pipdine, the primary concern is the stability of the wrinkle (eg., are the
wrinkle deformationslikely to increase dueto continued settlement?). If it isunlikely that the deformationsin
awrinkle or ripple will increase (i.e., the wrinkle or ripple is stable), the next concern is the potentid for
faigue damage in or near the wrinkle. There are currently no universaly accepted guidelines or pecific
criteria that can be used to limit the geometry of wrinkles or ripples in pipelines based on fatigue
consderations. However, it isour understanding that the B31.8 Code Committeeispresently consderingan
agenda item dlowing for ripples with pesk-to-trough heights of up to 1% of the pipe diameter based on
recent research (Rosenfeld et. a 2002). It isaso understood that the B31.4 Code Committeeis consdering
an agenda item related to the acceptance of mild ripples, aswell.

When wrinkles (or ripples) in pipdines are found to contain corrosion, the concerns are the same asthose
described above:

a. Isthe pressure integrity of the pipdine at risk?
b. Isthewrinkle stable?

c. Isthecorroded wrinkle at risk of fatigue damage or failure?
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The development of aconsgtent analys's framework for accessing corroded wrinkle serviceshility would
provide a very important step forward for the pipdine industry. Based on experience with piping and
pipdineandyds, acorroded wrinkle anadyssframework is presented below. Thelevel of complexity of the
serviceability analys's depends on numerous issues including how much is known about the corrosion and
wrinklefripple geometry, the pipdine operating history, the pipe materia properties, the soil conditionsand
other variables. A flow chart of the andysis framework is presented in Figure B.5. The overal stepsof the
framework are outlined asfollows:

1. Develop Measurementsof the Corrosion and the Wrinkle. Idedly, the geometry of
both the corrosion and the wrinkle can be established with reasonable accuracy based on
smart pig measurements. If thisis not the case, it may be necessary to excavate the pipe
and physcaly take the necessary measurements (e.g., a grid of the corroson and its
location with respect to the pesak of the wrinkle and measurements of the wrinkle height,
length, circumferentia extent, etc.).

2. EvaluatethePressure Capacity of the Corroded Section. Evduaethecorrosonusng
industry-accepted procedures (e.g., B31G, Modified B31G or RSTRENG) assuming that
the pipe is cylindricd (i.e,, disregarding the wrinkle). If the remaining strength is not
aufficient to resst the MAOP with an adequate Safety Factor, repair the pipe (or reduce
the MAOP of this segment — see appropriate CFR integrity management rules).

3. Check the Stability of the Wrinkle or Ripple. Assuming that the corroson has
“passed”’ the remaining strength check performed under item 2, the next step is to
determine if the wrinkle is stable. If the wrinkle formed as a result of pipe settlement or
other sources of permanent ground displacement (e.g., earthquake fault movement,
landdide, etc.), theandyst must make adetermination if the pipe deformations arelikely to
increase from continued ground movement or other causes. If additiond digtortion is
anticipated, adecigonto repair thewrinkled section or to sabilizethe pipelineinthevicinity
of the wrinkle must be made, depending on the level of deformation in the wrinkle. If the
wrinkleis determined to be stable and not likely to be subject to additiond digtortion (e.g.,
mild wrinkles or ripples on the intrados of a cold bend that have been in place since
congtruction), then thewrinkle should be screened asa potentia source of fatigue damage.

4. Evaluatethe Fatigue Demandsvs. the Fatigue Capacity of the Wrinkle. Assuming
that the corrosion has“passed” the remaining strength check performed initem 2, and that
thewrinkleisdetermined to be stable asdescribed initem 3, the next sepisto evauatethe
fatigue demands on the wrinklewith respect to the fatigue capacity (neglecting the presence
of corrogon). Thesmplest gpproach involvesthe use of screening “rulesof thumb™ narmely:

Audtrdian Standard AS 2885.1 1997: Height (h) = 5% of Peak-to-Peak Length
()

Proposed Criteriac Height (h) = 1.52 and Aspect Ratio ?/h > 12 (Olson €. d
1996).
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Hazardous Liquid Pipelines. Shdlow ripples having crest-to-trough dimensions
(h) up to 0.5% of the pipe outsde diameter (D) for operation at (hoop) stress
levels in excess of 47 kg, increasing to 2% of the pipe outsde diameter for
operation at (hoop) stresslevels at lessthan 20 ks (Rosenfeld et. a 2002).

GasPipelines: Shdlow rippleshaving crest-to-trough dimensons (h) up to 1%caf
the pipe outside diameter (D) for operation at (hoop) stresslevelsin excess of 47
ks, increasing to 2% of the pipe outsde diameter for operation at (hoop) stress
levels a lessthan 37 ks (Rosenfeld et. d 2002).

In addition to, or as an dternative to the wrinkle screening guiddines described above, a detailed
mullti- step eval uation process may be undertaken. The components are described as follows:

a)

b)

Develop Representative Pressure and Temper ature Cycle Histograms. Based onthe
operating higtory of the pipeline and the corresponding pipeline pressure and temperature
profiles, it should be possibleto develop acount of pressure and temperature differentid cycles
at aspecific location (Sation) of interest over agiven timeinterva (e.g., one year) or over the
entire operating higtory of the pipdine. If digitd time histories of the pressure and temperature
are available, the cycles can be counted using numerica procedures such astherainflow cycle
counting method (this can be used to group thecycle countsin pressure or temperature” bins,”
e.g., 100 pressure cycles with a stress range between 600 and 700 psi, 400 pressure cycles
with a stress range between 500 and 600 p9g, €tc.). The key result of this Step is atable or
hisogram that identifies the pressure range or temperature differential range and the
corresponding number of cycles“n” at thisrange.

Develop Buried Pipe M odels. Develop “globd” pipe-soil interactionfinitedement modd sof
the buried pipe section containing the wrinkled pipe section of interest. This step requires an
andys with experience in buried pipe andysisto develop and andyze amodd of the pipdine
containing the region of interest. The buried pipe modd geometry can be devel oped based on
as-built pipdine drawings or geometry pig survey data. The section of themode containing the
wrinkle and the associated angle changeismodded asaseries of short, straight pipe (or beam)
elements. The ripples or wrinkles are not explicitly consdered in this modd. The date-of-
practice for modeling buried pipe-soil interaction is through the use of a“beam on foundation
model” where the centerline of the pipe (beam) is supported by anonlinear Winkler foundation.
Wadl-established procedures are available for computing eastic-perfectly plastic pipe-sail
spring propertiesinthelongitudind, transverse horizonta, uplift and bearing directions (e.g., see
American Lifdines Alliance 2001 and ASCE 1984) based on the cover depth, soil dengty,
friction angle and cohesion. The yied strength isthe key calculated pipe-soil oring parameter
while the displacement required to mohilize thefull strengthisusudly based on asmplerule of
thumb. Due to the variability of soil properties, they are often specified as arange (e.g., the
friction angle is between 30 to 35 degrees). It is common practice to develop both a " soft-
week" spring based on lower range strength and largest yield displacement aswell as a "tiff-
strong" spring based on upper range strength and smalest yield displacement. Analyses should
be performed for both the "soft-week™ and "iff-<srong" soil goring assumptionsin order to
bound the expected pipe-s0il interaction behavior.
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c)

d)

Analyze the Buried Pipeline Models for Global/Nominal Demand Measures. The
buried pipe modes described above are analyzed for pressure and temperature differentia

loadings based on a pre-defined pipeline design bas sthat specifiesthe MAOP and temperature
differentia . Depending on how much isknown about the pipeline operating hydraulicsand heet
transfer, it may be possible to develop estimates of |ocation pecific maximum pressures and
temperature differentids (see item 4a). The results from these anadyses include the
displacementsat the pipe nodes, theforces and deformationsin the pi pe-soil springs, aswell as
the “globa” axid force (F) and bending moment (M) “demands’ in the pipe dements and the
corresponding nomind pipestress(S). The pipe-soil interaction andyssisadvantageoussinceit
provides estimates of the longitudinal and transverse pipe movements that can occur at bends
and it can capture the pipe axid force variation between fully restrained sections (e.g., long
draight runs) and partidly restrained sections (e.g., bends) of the pipeline.

Analyze Representative Wrinkle Geometries for Local Demand Measures. The
purpose of this step is to develop estimates of the degree of loca stress concentration

associaed with a given wrinkle geometry (i.e. the SCFs for pressure and moment loads).
Although it may be possible to use closed-form solutions or regressions for this purpose,

probably the most practicable approach isto develop adetailed, case-pecific dagtic shell or
solid finite element mode s of a pipe stub containing the wrinkle geometry of interest. Thisstep
requires detailed measurements of thewrinkle geometry and an analyst with experiencein FEA
to develop and andyzethe modd of the pipe section containing a detailed mesh of thewrinkle,
Asdiscussed in Section B.3.1, the fundamenta wrinkle geometry parameters are the wrinkle
height, the wrinkle wavelength and the circumferentia extent of the wrinkle. Although it is
possible to include the effects of soil restraint in the “local” analyses, it is most practicable to
neglect soil restraint inthisdetailed FEA mode. Themain advantages of using linear dadtic pipe
materid are that the materid modd is rdativey ample (the materid diffnessis defined by the
elastic modulus, E, and Poisson’ sratio, ?) and that the resultsfrom agiven “unit” load case are
scaableto any load level. The stresslocdlization can be adequately represented by performing
linear dadtic, smdl digplacements andlyss of the FEA stub mode for unit pressure and unit
bending moment load cases. For a given wrinkle geometry, evaluate the pressure and bending
moment stress concentration factor (SCF) defined as the maximum computed loca stress (or
dressintengty) in or near the wrinkleto the corresponding nomind stress. In the absence of the
ability to perform a case-specific FEA for awrinkle of interest, Section B.3 provides SCF
regression formulas established based on FEA over arange of ripple/wrinkle geometries for
pressure and bending moment loads based on the following dimensionless geometry
parameters. D/t, /D, hit, ?/h and ¢/pD. These geometric parameters would be established
based on physica or smart pig measurements for the wrinkle of interest.

Combine the Nominal and Local Stress Demand M easur es. For agiven wrinkled pipe
configuration of interest, use the pressure and temperature histograms to establish location
specific pressure and temperature differentias ranges. Use these ranges to establish the
corresponding nomina pressure stress demands and the nomina bending stress demands
computed from the pipe- s0il interaction models. Scae the nomina stressdemand measures (S
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by the SCFs computed from the local finite dement andyses of the wrinkled stub modelsto
compute the overdl locdized fatigue stress demand measures (i-S) that are associated with a
pressure or temperature differential cycle at or near the wrinkle(s) of interest. Note that, as
discussed in Section B.4, the andyticaly established SCFs must be appropriately adjusted to
develop the equivdent fatigue effective SFs (i factors).

f) Perform Fatigue Damage Calculations. Use the intensified stress demand measures at or
near the wrinkles with gppropriate fatigue “ capacity” curves (i.e., S-N curves) to computethe
number of operating cyclesto failurefor each wrinkle. In order to estimate the actual number of
cyclesto falure, afatigue S-N curve that passes through the mean of the S-N data should be
used. A “design” S-N curveincluding a Safety Factor would be used to estimate the design life
of the wrinkle under consideration based on the type of criteria that would be used for the
design of anew pipdine (as opposed to performing a serviceability assessment of an existing
pipeline). Section B.2.2 and Appendix A provide arecommended mean and design curvefor
piping and pipeine materias. Operating cyclesthat may not producethefull design pressureor
temperature differential can be included using an gppropriate cycle counting agorithm (eg.,
rainflow) and acumulative damage rule (e.g., Miner’srule (Miner, 1945)).

Thisandyssframework isattractive because it isardatively smple goproach that includes (a) the
“globa” effectsof pipe-soil interaction, (b) the*loca” effectsof unrestrained stress concentration at
wrinkles and (c) a bads for estimating the fatigue damage a wrinkles for a given pressure or
temperature differentia cycle. This framework is aso reasonably consgtent with the andyss
procedures presently used to evauate piping and pipdine designs per the ASME B31 Codes (e.g.,
eladic pipe, indastic supports, evauation of pressure and temperature differentia load cases, a
fatigue stress check, etc.). The procedure can be used to determine gppropriate limits on wrinkle
geometry. The wrinkle acceptance criteria presented in “ Devel opment of Acceptance Criteria
for Mild Ripples in Pipeline Field Bends’ (Rosenfeld et. a 2002) is based essentidly on the
gpplication of this gpproach to a set of generic pipeine configurations.

The end result of sub-gteps (a) through (f) is an estimate of the number of pressure and/or
temperature differentia cyclesrequired to produce afaiguefailurein thewrinkle. In order for this
information to be useful, the andyst must obtain detailled information regarding the operating

pressure and temperature cycles of the pipeline at the location of the wrinkle (i.e., operating

scenarios). By combining this historical information, with the “damage per cyde’ results from the
fatigue cdculations, estimates of the (mean and design) fatigue “life’ can be established in terms of
anticipated forward-looking operations. If the fatigue lives established using this gpproach are
shorter than the design life of the pipeline, then, decisionsmay need to be madeto schedule arepair
of thewrinkle, depending on the acceptability of the safety factor associated with thedesign curve.

5. Evaluate the Fatigue Demands vs. the Fatigue Capacity of the Corroded Wrinkle.
Assuming that the corrosion has “passed” the remaining strength check performed initem 2, the
wrinkleis determined to be stable as described in item 3, and the uncorroded wrinkle has* passed”
the fatigue check performed under item 4, an additiona step in the framework is to evauate the
fatigue demands on thecorroded wrinkle with respect to the fatigue capacity. Asprevioudy noted,
based on experience and discussons with industry experts, pipdine fallures due to faigue in
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corroded ripples, wrinkles or buckleswere not identified. Nevertheless, the presence of corrosion
in or near awrinkle may increase the loca stressfield beyond theincreased loca stresslevelsthat
exist due to the wrinkle alone. In order to evauate corroded wrinkles, sub-steps (a) through (f)
under item 4 above could be repeated except that in this case, the SCFs would be established
based on the combination of the wrinkle and the corrosion. Idedlly, the gppropriate SCF could be
estimated based on a case-specific FEA mode of the corroded wrinkle. As discussed in Section
B.3.3, it may be possible to develop generaized SCFsfor corroded wrinkles based on regresson
andysis on the results of FEA for arange of corroded wrinkle configurations, provided awide
range of the important wrinkle and corroson geometries could be considered. In addition to the
geometric parameters describing the wrinkle (e.g. D/t, WD, ht, ?/h and ¢/pD), the regression
would include a metal loss parameter (e.g., A/A,) and a means of defining the location of the
corrosion relaive to the peak of the wrinkle such that the SCF isincreased when the corrosonis
ggnificant and the SCF decomposesto the uncorroded val ue when the metal |ossreducesto zero.
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B.6 Example Application of Demand Capacity Framework

The previous section provides an overview of the recommended demand capacity comparison procedure
for evaudtion of pipeine segments containing wrinkles and corrogon. This section provides a smple
illugtrative example of how the framework could be gpplied to apipeline containing wrinklesand corrosion.

B.6.1 Description of Example Problem Parameters

This example problem considers a 24-inch diameter, liquid products pipeline with a 0.266-inch wall

thickness (D/t=90). The pipe stedl is X-60. The pipeline has been in operation for aperiod of 10 yearsand
it hasadesign life of 25 years. The MAORP of thelineis 960 ps and the norma operating pressure & the
subject location is gpproximately 700 ps. The estimated temperature differentia (between operating and
tie-in) a the subject location is +80°F. The lineis buried under 3 feet of sandy soil cover. The pipe was
found to contain severd wrinkles, and furthermore, some of the wrinkles had experienced sgnificant

externa corrosion. Based on geometry pig surveysof the pipdineinthevicinity of thewrinklesthat showed
no evidence of pipeor ground movement, thewrinklesin the pipewere believed to be stable and were most
likely formed during cold bending. The individua wrinkles are located in joints containing cold sde bends
with abend angle of approximately 10° and with abend radius equal to the minimum radius permitted by the
B31.4 code (R=30D=60 fest).

B.6.2 Sep-by-Sep Application of the Demand Capacity Framework Parameters

Following the framework outline, thefirst sep in the evaluation isto establish the geometry of the corrosion
and the geometry of thewrinkles. The grid of the most Sgnificant corrosion location wasfound to contain a
maximum corrosion depth of 0.133 inches (50% of the nomina wall thickness) with a maximum aong the
pipe corrosion length of about 10 inches. Measurements of the wrinkles reveaed wrinkled geometrieswith
inward deformations of the pipe wall of gpproximatdy 1 inch (i.e., a d/D ratio of about 4%) and a
waveength of gpproximately 9 inches

The next gep isto eva uate the pressure capacity of the corroded sections of pipe. Thiswas accomplished
using both the B31G and modified B31G procedures. Figure B.5 presentsaplot of the resulting MAOP for
acorroson depth equa to 50% of the wall thickness for this pipe over arange of corrosion lengths. For a
corrosion length of 10 inches, the MAORP is reduced to 772 ps based on B31G while the MAOP is
reduced to 743 ps based on modified B31G. Noticethat if the corrosion length isincreased to about 11.3
inches (corresponding to z = 20), the B31G method dropsthe MAOPto 527 ps (dueto its discontinuous
function) while the MAOP of the modified B31G method isabout 732 ps. The fact that the MAOP of the
corroded pipeisless than the origind design MAORP requires areduction in pressure and scheduling of a
corrosion repair (see gppropriate CFR integrity management rules).

The next gep isto perform afatigue demand capacity comparison of the wrinkles. The procedure used
herein is based upon results presented in “ Development of Acceptance Criteria for Mild Ripplesin
Pipeline Field Bends (Rosenfeld 2002). Based on areview of the operating history of the subject pipdine,
it was determined that the location of interest was subjected to afairly wide range of operating pressureand
temperature cycles within atypicd one-year period. The pressure cycles result from operating pressure
changes during batching and ddlivery of product whilethetemperature cyclesare mainly related to seasond
temperature variations of the pipdine contents. Therefore, for this pipdine, the pressure and temperature
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cycles were condgdered as non-coincident. The characterized “spectrum” of pressure and temperature
differentia cyclesare summarized in Table B-2 and Table B-3.
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FigureB.6 MAOP of Corroded 24-inch Diameter, 0.266-inch Wall, X60 Pipe
with 50% Metal loss

TableB-2 Pressure Cycle Spectrum Over Typical OneYear Time Period

Pressure Range Number of Cycles
(psi) (n)
700 5
500 50
300 500
100 5000

Table B-3 Temperature Cycle Spectrum Over Typical One Year Time Period

Temperature Differential Number of Cycles
(degrees F) (n)
80 5
60 25
40 250
20 2500

For this illugration, a detailed shell finite dement andys's was undertaken of a representative wrinkle
geometry. The height of the wrinkle was gpproximately 1 inch (inward) and the wavelength of the wrinkle

Page B-23 OPSTTO11 Fina Report 10-22-04.doc

ChallengeUs. 10/25/2004



Michael Baker Jr., Inc. OPS TTO11 — Pipe Wrinkle Study

was about 9 inches. The wrinkle, which extended over aout 50% of the pipe circumference, is well
separated from the nearest girth weld. The peak of the wrinkle waslocated at the 3 o' clock position of the
pipe, which was the intrados location in aside bend. The wrinkle did not span over the longitudina seam.
Eladgtic andysis of the FEA mesh of this wrinkle for internd pressure loading indicated that the stress
concentration factor or SCF (i.e., theratio of the maximum local stressto the nomind hoop stressPD;/2t)
for internd pressure load was 2.54. Elagtic andysis of the FEA modd of thiswrinkle for bending moment
loading indicated that the SCF (i.e,, theratio of the maximum loca stressto the nomind bending stressM/Z)
for bending moment loads was 2.72.

Toillugrate the factor of safety of the design versus mean fatigue relationships, the fatigue eva uation was
undertaken using both the mean and design fatigue S-N relationships developed in Appendix A. Themean
fatigue SN relationship is summarized as follows

i XS=490xN"** for20=N=8.8x 10°
i:S=20 for N > 8.8 x 10°
Applying afactor of safety of 2.0 on stress range leads to the following design S-N rdationship:
i xS=245xN"°* for20=N=8.8" 10°
i:S=10 forN>8.8" 10°

Inthese relaionships, Sisthe nomind dressrange (inks), N isthe number of stressreversastofailure, and
i isthe fatigue effective dress intengfication factor (SF). The congtant 245 isthe Markl materia constant
“C” andthe congtant 490 isequal to 2C. Asdiscussed in Section B4, thefatigue effective SIF can betaken
as i=SCF/2. The geps for evauating the fatigue damage due to pressure cycles a this wrinkle are as
follows

1. Compute the nomina hoop stress due to pressure ranges of 700, 500, 300 and 100 ps using S=
PDi/2t — the corresponding values are 30.9, 22.1, 13.2 and 4.4 ks.

2. Compute the locdized fatigue demand measure i-S = SCF/2-S = 2.54/2:S — the vdues
corresponding to pressure ranges of 700, 500, 300 and 100 ps are 39.2, 28.1, 16.8 and 5.6 k.

3. Pressure cycles reault in gtress-controlled loading. Therefore, as discussed in B.2.2.1, use the
stress-controlled materia congtant C¢equd to 2/3 of the displacement- controlled materia constant
C (C¢=2/3-C) in the mean and design faigue curves. The endurance limits (20 ks for the mean
curve and 10 ks for the design curve) are aso scded by the 2/3 factor. For localized fatigue
demand measure values (i-S) below the endurance limits, the corresponding N vaueis8. For i-S
vaues above the endurancelimits, solvefor the number of cyclesN on the mean and design fatigue
S-N curves using:

N=z——— for the mean curve

€190 2/3p
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1

N=———— for the design curve

e ixS 0o

Sa5%130
Themean N values corresponding to pressure ranges of 700, 500, 300 and 100 psi are 40,188,
212,321, 2,779,571 and 8, respectively and thedesign N vaues correponding to pressureranges
of 700, 500, 300 and 100 ps are 1,256, 6,635, 86,682 and 8, respectively. The annuad fatigue
usage ratio is computed as S(r/N) and the fatigue lifein yearsis equd to the inverse of the usage
ratio. Using this gpproach, the mean fatigue life due to pressure cycling of thiswrinkleis estimated
as 1,863 years, while the design fatigue life is estimated as 58 years.

The steps for evaluating the fatigue damage due to thermd cycles are as follows.

4. Thenomind stress demand in aburied pipe subject to atemperature change should be computed

based on buried pipe stress analysis of the configuration of interest. For this case, the buried pipe
andysisresults for a24-inch diameter pipe published in Reference (IPC, 2002) have been used.
Thepipeisburied under 3 feet of cohesionless sand cover with afriction angleof 30° and anin-situ
density of 100 pcf. Buried pipe bend configurationswith bend angles of 10°, 20°, 30° and 40° were
subjected to a pipe temperature of 120°F and the resulting pipe stresses at the apex of the bend
was obtained a 10°F increments. The nomind longitudind stress € = F/A +M/Z) due to
temperature differentids of 80°, 60°, 40° and 20° F for the subject bend angle of 10° are 26.2,
19.6, 13.0 and 6.5 kdi, respectively.

. Compute the locdized fatigue demand measure i-S = SCF/2-S = 2.72/2-S — the vaues
corresponding to temperature differentials of 80°, 60°, 40° and 20° F are 35.6, 26.7, 17.7 and 8.8
ks.

. Thermd cydesreault in displacement or strain-controlled loading. Therefore, thebasic Cfactor in
the SN rdationships defined in Section B.2.2 is used to represent the fatigue capacity. For
locdlized fatigue demand measure values (i-S) below the endurancelimits (20 ks for themean curve
and 10 kg for the design curve), the corresponding N vaueis 8. For i-S vaues above the
endurance limits, solve for the number of cycles N on the mean and design fatigue curves
corresponding to the above i-S vaues usng:

1

N=—— for the mean curve
&S0
&490g
1 :
N=—— for the design curve
2850
§2455

The mean N vdues corresponding to temperature differentials of 80°, 60°, 40° and 20° F are
494,004, 2,081,729, 8, and 8, respectively and thedesign N va ues corresponding to temperature
differentids of 80°, 60°, 40° and 20° F are 15,438, 65,054, 508,117 and 8, respectively. The
annud faigue usageratio is computed as S(N) and the fatigue lifein yearsis equd to theinverse
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of the usageratio. Therefore the mean fatiguelife due to thermd cycling of thiswrinkleis estimated
as 45,455 years while the design fatigue life is estimated as 833 years.

For thisexample, the pressure cycles are the dominant source of fatigue damage. The annud fatigue usage
ratios due to pressure cycles and therma cycles can be combined to develop estimates of the mean and
design fatigue life of thiswrinkle. The mean fatiguelifeis estimated as 1,779 years, while the design fatigue
lifeis estimated as 54 years.

Thefiniteeement andyssof thewrinkle described above was extended to include acharacterization of the
10-inch long, corroson patch with 50% wall loss. Elagtic andyss of a mesh of the corroded wrinkle
indicated that the SCFs for pressure and moment |oading were both increased by 15% (the SCF far intamd
pressure load wasincreased from 2.54 to 2.92 and the SCF for bending moment loadswasincreased from
2.72 to 3.13). Steps 1 through 6 described above were repeated using the increased SCF vaues
associated with the corroded wrinkle (in effect the localized fatigue demand measurei-Swasincreased by
15%). For the corroded wrinkle, the resulting mean fatigue life is estimated as 929 years while the design
faigue lifeis estimated as 29 years.

Severa points can be made based on this fatigue eva uation:

For cases where the stresses are above the endurance limit, the ratio of “mean” fatigue life to the
“desgn” fatiguelifeisequd to 32. Thisfactor of 32 representsthefactor of safety on cycdesandis
equal to the factor of safety of 2 on stress raised to the power 5: 32=2°.

The presence of corrosion in the wrinkle resulted in an increase in the locdized stresses in the
wrinkle, which were dready larger than the nomina sressesin the pipe. A 15% increase in the
localized stresses due to corrosion, resulted in an gpproximate factor of 2 reduction in both the
mean and design fatigue lives. This gpproximate factor of 2 corresponds to the increased stress
raised to the power 5: 271.15°.

Evaduation of thewrinkleswith and without corroson using adesign fatigue curve resulted in design
fatigue lives of 55 and 27 years, respectively (this assumes that the evauated anomaly has been
present in the pipeine since Sartup). Both of these design fatigue lives exceed the 25-year design
life of the pipeline. This means tha even the corroded wrinkle would satisfy the type of fatigue
design criteria that would be used for the design of a new pipeline, including a Sgnificant safety
factor.

For thisexample, it would be concluded thet fatigue of thewrinkle (with or without corrosion) does
not posethe same or greater hazard that pressure alone. In other words, eva uation of the corrosion
using established industry procedures for pressure capacity (and derating the MAOP or repairing
the corrosion if necessary) would take precedence over fatigue concernsfor this case.

B.7 Summary and Conclusion

Based on the combined experience of the project team and discussions with industry experts, pipdine
falures due to fatigue in corroded ripples, wrinkles or buckles could not be immediately identified.

Moreover, thereis a lack of full-scae experimental evaluations of corroded pipes that were designed to
produce fatigue failuresin the corroson; most corroded pipe tests are aimed at evauating burst pressure.
However, pipelinesthat that have experienced externa corrosion at €bows have been identified during the
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research. In this case, there was concern that the corroson within the elbow would increase the flexibility
and dress intengfication effects with a potentid reduction in the fatigue capacity of the elbow. Detailed
proprietary FEA and fatigue testing of both uncorroded and corroded elbows led to the conclusion that
evauation of the pressure capacity of the corroson by any established methodology (eg., B31G,
RSTRENG), and derating or repairing if the corroson is severe enough shoul d teke precedence over fatigue
concerns. Using established pressureintegrity methods should result in derating or repairing the pipelinelong
beforefatigue becomesaconcernfor al but the most extreme scenarios of cyclic stressdemand. Thesame
conclusion applies to corroded wrinkles.

This Appendix contains an overview of an andyss framework for the evaluation of corroson in wrinkled
pipe sections, including areview of methods used to eva uate the pressure capacity of corroded pipeand a
detailed discussion about the fatigue capacity of pipe steds and arationd bass for evaduation of fatigue
damage in corroded wrinkled pipe. The key aspects of this Appendix are summarized as follows:

The primary concern for corroson in a pipeline is how it will affect the pressure capacity of the
pipe. The pipdine industry has well-accepted procedures in place for evauating the pressure
capacity of corroded pipelines. These procedures are supported by a database of hundreds of
burst test results. Pipeline operators and consultants have awedlth of experience with thistype of
evauation.

Onceawrinkleisdiscovered in apipeline, the primary concern isthe stability of the wrinkle (e.g.,
arethewrinkle deformationslikely to increase dueto continued settlement?). If itisunlikely that the
deformationsinawrinklewill increase (i.e., thewrinkleis stabl€), the primary concern becomesthe
potentia for fatigue damage in or near the wrinkle. There are currently no universaly accepted
guiddinesor specific criteriathat can be used to limit the geometry of wrinklesin pipeinesbased on
fatigue consderations. However, it is understood that the B31.8 Code Committee is presently
conddering an agendaitem alowing for wrinkles with pesk-to-trough heights of up to 1% of the
pipe diameter (Rosenfeld et. d 2002). It is adso believed that the B31.4 Code Committee is
consdering an agendaitem related to the acceptance of mild wrinkles, as well.

When gable wrinkles in pipelines are found to contain corrosion, the concerns should be the same
as those expressed above:

Is the pressure integrity of the pipdine at risk?
Is the corroded wrinkle &t risk of experiencing fatigue damage or failure?

The first and most important step in the recommended framework is to evauate the pressure
integrity of the corroded wrinkle. It isbelieved that the geometry of thewrinkleisunlikely to havea
ggnificant effect on the burst capacity of the corroded section of pipe sincethe plagtic strainsin the
wrinkle will tend to “wash out” a the large strains associated with the burst pressure. For this
reason, it is recommended that the corrosion eva uation be performed by treating the pipe asif it
was cylindrica (i.e., neglecting the wrinkled geometry). We are aware of some proprietary burst
testson wrinkled pipe specimensthat support thisanaysis gpproach. If the pressure integrity of the
pipeisaffected by the corrosion, then the operator should proceed based on the appropriate CFR

integrity management rules.
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Once the pressure integrity has been evauated, the next step isto evauate the fatigue integrity of

thewrinkle, neglecting the presence of corrosion. The andysisgpproach for thisstepisfar lesswell

established and more time consuming than the procedures used to evaluate pressureintegrity. The
highlights of the fatigue evauation are summarized asfollows:

Develop representative annud “histograms’ of pressure and temperature cyclesfor the
pipeine a the location of interedt.

Develop and andyze a case-gpecific “globd” buried pipe modd at the location of
interest to develop estimates of the globa |oads and nomina stresses at the wrinkle.

Deveop and analyze a case-specific “locd” FEA mode of the wrinkle geometry of
interest to establish estimates of the stress concentration factor (SCF) for interna
pressure and bending moment loads.

Combine the pressure and temperature cycle histograms, with the corresponding
nominal stresses and the pressure and bending moment SCFs to obtain the localized
fatigue stress demands at the wrinkle.

Use fatigue “S-N”" curves to compute estimates of the annual fatigue damage at the
wrinkle using afatigue usagefactor (where 0.0 correspondsto zero fatigue damage and
1.0 corresponds to fully consumed fatigue life). Thefaiguelifein yearsisequd to the
inverse of the annua usage factor. Compare the design fatigue life (computed usng a
“design” fatigue curve containing a sgnificant safety factor on stress or cycles) to the
design life of the pipdine. If the design fatigue life is longer than the design life of the
pipdine, the wrinkle satisfies the type of fatigue criteria that would be used for the
design of anew pipdine, including asignificant safety factor (as opposed to performing
a sarviceahility assessment of an existing pipdine). If the design fatigue life is shorter
than the design life of the pipeline, the wrinkle may ill be considered as acceptable
depending on the safety factor inthe design SN curve.

Once the fatigue integrity of the wrinkle has been consdered, the fatigue analys's can be extended
to congder the effects of corrosion within thewrinkle. The only changeto the evauation approach
isthet the detailed “local” FEA modd of thewrinkleis modified to include acharacterization of the
corroson. The corroson is typicaly characterized as a rectangular patch. Depending on the
geometry of the corrosion (e.g., itslength, width and depth and its| ocation with respect to the peak
of the wrinkle), the SCFs are likely to increase relative to those of the uncorroded wrinkle.

As noted above, the fatigue analysis aspects of the proposed framework arefar less established and more
time consuming than the procedures used to evauate pressure integrity. However, the application of finite
element andyssmethodsisvery well established in the pipeline and piping research industry and the use of
FEA asatool for performing pipeline structurd integrity and serviceability assessmentsis becoming much
more common. We believe that FEA methods used in combination with additiona experimenta data
represents the most promising means of eva uating complex pipe stress and deformation problems such as
ng the fatigue behavior of corroded wrinkles.
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