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Abstract

The aim of this study was to use the finite elelmaathod to model crack, corrosion, and
Crack-in-Corrosion defects in a pipeline. The pipaterial under investigation for this study was
API 5L X60, 508 mm diameter with a wall thicknessso/ mm. The pipe material was evaluated
using Tensile, Charpy, and J testing in order talehdhe defects and to establish the numerical

failure criteria.

Corrosion defects were modeled as flat-bottomedvg®. The collapse pressure was predicted when
the deepest point in the bottom of the defect redchcritical stress. Based on this criterion,REe
corrosion failure pressure predictions were corster@ compared to the experimental failure

pressures, conducted by Hosseini [9], with an ayesearor of 10.13%.

For crack modeling, the failure criteria were elitlled considering the plastic collapse limit ahd t
fracture limit. Both the Von Mises stress in thraak ligament and the J-integral values around the
crack were monitored to predict the failure pressoff the model. The crack modeling was done
based on two approaches, the uniform depth prafit the semi-elliptical profile. The crack with
uniform depth profile was done because the unifsihape is the logical equivalent shape for a colony
of cracks. The crack with the semi-elliptical pimfvas done to have a less conservative resuits an
because the experiments were done with semi-ebilptiracks. The FE crack modeling results were
conservative compared to the experimental collgpsssure with an average error of 19.64% for the

uniform depth profile and 5.35% for the semi-eltgt profile.



In crack-in-corrosion (CIC) defect modeling, theak was modeled with uniform depth because it
was very difficult to model the semi-elliptical ckaprofile when the crack defect is coincident vath
corrosion defect. The results were conservativepared to the experimental results with an average

error of 22.18%.

In general, the FE modeling provides the least eosdive failure pressure prediction over the

existing analytical solutions for pipe with longitinal corrosion, crack, and CIC defects.
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Chapter 1 Introduction

Pipelines have been used widely since the 1860susecthey are the most economical way to
transport high capacities of natural gas, oil atietioproducts. In Canada for example, 97% of titenal
gas and oil are transported by pipelines [1]. @anases pipelines to produce and export crude e
USA. In 2005 Canada was known as the second laeyg®rter of natural gas with a value of $27.8
billion [1]. In order to meet the forecast prodantincreases, the production is expected to bélédiby

2015 [1].

At present, many pipelines are several decadesamidmay have experienced corrosion damage as a
result of aging and the corrosive environment. sThas led to the need for integrity assessment
improvement for defects such as corrosion, craokaelds, or dents. Some crack defects are due to
coating or cathodic protection degeneration. Giwebenvironments and damage during fabrication are

also factors that may lead to pipelines defects.

Traditionally, the pipeline companies used to itigede a pipe section after the failure. With high
resolution inspection devices such as ultrasorngs,ghe operators have better awareness of theticond
of the pipelines. The cost of regular inspectiod eepair of significant defects is more economtbah
the cost of replacing the failed line [2]. Thuayeral failure assessment methods were developerd iy

past several years to evaluate the failure pressuddferent pipeline defects. The current methdiuat



assess pipeline defects are typically conservativegch causes unnecessary removal or repair of some
pipe sections. Therefore, it is important to ustherd how critical a defect is and to make thetrigh

decision about a damaged pipe section.

Corrosion is one of the common defects found inratoeg pipelines. It is commonly found on the
external surface of the pipe due to improper cathptbtection or coating. These defects may akso b
found on the internal surface of the pipe due wdpct contamination. Currently, there are accepted
evaluation techniques such as the Modified B31G BRSTRENG [3] to assess corrosion defects.
Although these techniques have been used sucdgsshdy are considered to be conservative. Most
recently, Elastic-Plastic finite element models dhadheen used to provide more accurate results in

evaluating the corrosion defects [4].

Another type of critical defect is cracking. Cradkay occur in welds or in the pipe body. Several
analytical assessment methods have been discotemehluate the failure pressure of a cracked pipe
such as API579 [5] and BS 7910 [6]. On the ottardh FE commercial programs such as ABAQUS [7]

and ANSYS [8] can be used to numerically evalulagecollapse pressure of crack defects.

Recently, in operating pipelines, a form of hyhaefect has been identified known as Crack-in-Caoros
(CIC). CIC is a hybrid form of defect that contminracks coincident with a significant amount of
corrosion. This type of defect has not been studidensively and needs to be investigated to ingro

the evaluation methods of pipeline integrity.

The primary focus of this study was to include ambesd numerical modeling analysis to predict the

failure pressure of pipes with corrosion, crack] &iC defects. The finite element program ABAQUS



was used to model a series of experimental rupgasts. It should be noted that Trans Canada Reeli
Company (TCPL) provided several pipe sections winehe used later for material characterization and

burst tests.

In this study, in chapter 2 a background is givemriderstand the pipeline defect problem. In avapit
relevant experimental results carried out by Hagd48] are given. In chapter 4, the material pmips

are evaluated for the material from the experimt@natests, in order to have a good material
representation for the modeling. Numerical modgfor simulated corrosion, crack, and CIC defects a
carried out in chapter 5. The results are then ewetpto the experimental and analytical results for
validation and comparison. Chapter 6 discussesntbdeling results. The last chapter contains the

conclusions and recommendations.



Chapter 2 Background

Corrosion and crack defects are known and have ioeestigated extensively in the past years,
while CIC defects are relatively new and need tinbestigated [10]. CIC defects may occur in pipes
due to weak cathodic protection or coating damage2006 a study was undertaken by Cronin and
Plumtree on pipes that had long cracks within l@ogrosion grooves. The results showed that the
collapse pressures of these hybrid defects felvdet those for cracks and corrosion [10]. A reduced
collapse pressure was noted for shallower defaststd the contribution of local bending to the loca
stress within the defect. Because crack defectsuamally more critical than corrosion defects, one
procedure to deal with the cracks is by grindingnthout resulting in a smooth metal loss defectjlaim

to corrosion.

Although, corrosion and crack defects have sevewdes to assist in determining the integrity of the
pipes, numerical analysis or finite element met(feldM) gives more accurate results [4] when material
properties and defect geometries are closely mdttththose determined by experiment. For CIC dsfect
numerical modeling is an important tool to be ufmdcollapse pressure prediction. To understand the
behavior of the CIC defects, crack and corrosidieats should be studied separately first. The ningel
procedure and failure criteria have to be estabtistor both types of defects that form the CIC defe
The following sections review the different methdbat evaluate the failure pressure in corrosioth an
crack defects, including general information abitigt assessment methods as well as an explanation of

the source of conservatism in each method.



2.1 Corrosion Defects

Pipelines are usually made of steel and buried ugdmund. Corrosion defects occur because of
chemical or electrochemical interactions betweengipe and the surrounding environment on both the
internal and external surfaces [11]. As a resunéterial losses could compromise the pipe integrity
2002-2003 The U. S. Department of TransportatidRésearch and Special Programs Administration,
Office of Pipeline Safety (RSPA/OPS) concluded thai6% of the natural gas transmission incidents
were caused by corrosion with property damages 24,2%3,051[13]. The types of corrosion are

classified according to the following categorie$][1

* Uniform corrosion

The corrosion in this type has the same depth tinewhole corroded pipe surface. The extent of the

corrosion can be measured as the mass loss pareait Figure 2.1 shows a corroded pipe.

Thickness is reduced uniformly

Figure 2.1 Uniform Corrosion [12].



» Pitting

Due to localized corrosion, pits are created orstiréace of the pipe.

Thicknessis reduced locally,
tmajorty of surface remains
unattacked

Figure 2.2 Pitting Corrosion [12].

* Crevice corrosion

When a break in the pipe surface occurs, creviomsion is immediately formed around the break as

shown in Figure 2.3.

Thickness is reduced locally, under
influence of crevice deametry

Figure 2.3 Crevice Corrosion [12].



* Intergranular corrosion

Occurs at the grain boundaries of the metal as shiowigure 2.4.

Freferential corrosion along
grain houndaries

Figure 2.4 Intergrangular Corrosion [12].

* Erosion corrosion

Fast flowing liquids with high levels of turbulensult in erosion corrosion on the inner surfafce o

the pipe, especially in elbows. Figure 2.5 shdwvesdrosion corrosion.

Figure 2.5 Erosion Corrosion [13].



* Environment-induced cracking

Joint action of mechanical stress and corrosidhascause of this type of corrosion. Stress C@mmos

Cracking (SCC) is included in this group of coromstefects.

When a corrosion defect occurs on the internal xteraal pipe surface as shown in Figure 2.6, the
integrity of the pipe is reduced. The importantgoaeters that determine the strength of a pipeaare
follows [4]:

* Internal pressure.

* Pipe Diameter.

» The defect depth related to the wall thickness.

» Ultimate tensile strength.

* Yield strength and stain hardening behavior.

» Fracture toughness.

Figure 2.6 Stress Corrosion Cracking [16]



2.1.1 Current Assessment Methods for Corrosion Defe ct

Several methods were developed to evaluate thedgiressure caused by corrosion defects in
pipelines. The most recent and accepted methodea@idied B31G and RSTRENG [3]. Both methods
were developed using the NG-18 approach as a featise failure caused by part-wall flaw. The
Modified B31G and RSTRENG approaches differ inttlapiproximations of the Folias factor [3], defect
profile, and flow stress. These methods approxirttegeomplex corrosion profile in different wayher
Finite element method has been found to providacanrate estimation of the failure pressure of the

corroded pipes [4].

2.1.2 Modified B31-G

For many years the corrosion defect assessment dualee been developed for the safety of
pipelines. The Battelle Memorial Institute in Collous, Ohio carried out much of the original worktth
led to the development of the through-wall and-pall NG-18 equations, used for the failure analyi
the flaws. This approach incorporates the Fobasof and was originally used by Eiber [14] to dibsc
the failure of through-wall defects in pipes. B##'s work resulted in being included a sectiorthod
American code B31G. The B31G criterion was basedhenassumption that the maximum principle
stress (hoop stress) in the plain pipe controlkllife. B31G was improved later to Modified B31G to
provide less conservative results. Modified B31@swa major development by changing the
approximated parabolic defect profile area in B3fdbn 2/3dmax | to 0.85dmax | [3]. According to the
NG-18 surface flaw equations, there is a direcitiah between flow stress, bulging factor (Foliastér

M) and defect geometry [3] as follows:



2.1)

Q

@

Il

al
[r—
—_
|

|
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Where D is the pipe diameter and t is the pipe thédkness. Equation (2.1) can be rewritten for

Modified B31G as follows:

| o1- 0.85%
Og =0
1-0.85 (%)% (2.2)
The bulging factor M is given by [3]:
M= (1406275 (22 - 0003375(2)
- SUU\WnY VDt (2.3)
6(flow stress) = o, + 69.8 (MPa) =oy + 10 (ksi)
The failure pressure may be expressed by [3]:
(t) 1- 0.85%
Pf = (= 6
R™ 11085 (%)% (2.4)
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The above equation typically underestimates theangimy strength of the pipe by assuming that the
corrosion is lying axially along the pipe surfaedsich may not be the actual case. In addition, Medi
B31G gives conservative results because it assthméshe corrosion pits are blunt defects, compéwed
other defects such as cracks. It was shown thapssurface flaws have significantly lower collapse
pressure than blunt surface defects [3]. Moreotles, data from the burst tests used in developing
equation (2.4) contained sharp flaws [3]. Figuréshows the line that connects the corroded pitisita

projection onto longitudinal axis of the pipe.

1
1]
1]
1]
:
T
Line M - path of ! | Line C - path 'of minimum %,
minimum thickness : thickness ' '— Cylindrical Shell
readings in the | readings in thie
longitudinal direction ' circumferentifil direction
1 1

1
1
1
1
1
1

T ST
1T — T 15
b

Figure 2.7 Inspection Planes and the Critical Thickess Profile [1].
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2.1.3 RSTRENG

RSTRENG uses the modified form of the NG18 (equaflidl) and it is more accurate in predicting the
failure in a corrosion defect than the Modified B315]. RSTRENG and the Modified B31G differ in
their assumption of the projected area. The MedifB31G uses the parabolic area to calculate the
remaining strength whereas RSTRENG uses the aeffeetiea. Figure 2.8 shows the difference in the

projected area in both methods [4]. RSTRENG prewichore accurate results than Modified B31G.

Actual Corrosion Profile

L |
1
-« >
—_— e —
NE oo i S B Sl A
Efp, 1 P A - A
RSTRENG Corrosion Prolile
[ I _
I I | | | |
. -;‘,_‘_L el ____‘F__.‘_:__.r-;"'j
e E‘—-.:h.-__«-'“"'—:J

Figure 2.8 The Difference in the Projected Area itModified B31G and RSTRENG [4].
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In RSTRENG each individual measurement is assa@ssedmbination with other corroded areas in an
iterative procedure. For RSTRENG the failure puesss calculated iteratively to predict the lowest

failure pressure as follows:

A

b= (L)o| A

= (%) AT (2.5)
A, M

2.1.4 FE Modeling of Corrosion

For FEM analysis of longitudinal corroded grovesstael pipes, Mok [30] used simplified 2D
and 3D models with actual defect geometry and nadteroperties to predict the collapse pressurbe T
material properties were taken from tensile teth dad modeled in ABAQUS using the Von Mises yield
criterion and incremental plasticity (Prandtl-RgusBhe predicted results had an error of 5% cosgh&w
the experimental burst test data. To predict tbkapse pressure, Mok evaluated the strains in the
corrosion ligament and considered that the failomessure occurred when the strains at the ligament

started increasing in an asymptotic manner.

Several 3D elastic-plastic finite element analysese conducted by Chouchaoui et al [31] who modeled
single corrosion pits, complex electro-chemicallyamined flat-bottomed pits, and some natural c@ros

defects of simple geometry. The material was nestleising incremental plasticity and isoparametric
hybrid elements with reduced integration. The ltexaf the FEM modeling were between -6% and 7% of

the actual burst test failure pressure. The ptedicesults were dependent upon the mesh coarseness

13



Although the coarse meshes converged, the reselts gonservative in predicting failure pressurde T
model was considered to fail when the stress thrahg thickness of the corrosion ligament excedided

ultimate tensile strength.

Several studies were undertaken by Fu and Kirkwi88f Stephens[33], Klever [34], and Popelar[35] to
understand the dependency of collapse pressurbeodefect geometry and the interaction of closely

spaced corrosion defects.

It was essential to specify a criterion that woaksess the plastic collapse of a corrosion defgngu
FEM. For that reason, the strain-based criterignMok [30] and the stress-based criterion by

Chouchaoui [31] were proposed. For this studysthess-based criterion was used.

The strain-based criterion predicts the failurespuee when the corrosion ligament gradient plastain
increases asymptotically. On the other hand, thessbased criterion proposed by Chouchaoui [31]
considers plastic collapse when the equivalensstilirough the ligament exceeds the ultimate &trsie
stress. It was found by Chouchaoui that the stvased approach provided large scatter in predictia

collapse pressure.

Another criterion was presented by Fu and Kirkw@®8d] to increase the accuracy of predicting the
collapse pressure of corroded pipes. They fouat dhcritical stress state based on the true Vaedi

stress at the point of necking gave more accuegalts. Another alternative criterion suggested by
Stephens [33] was based on the stress-strain aotlife behaviour of the material. Stephens sugdest
that material failure occurred when the stressheddhe fracture stress, as defined by the follgwin

equations where £Cand G are material constants:
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C,(CVP)*
o = o = Cot (2.6)

GUTS

log(zf /EYS)
GUTS log(&yrs /2vg)
cyFracture = cTYS (27)

0-YS
Leis [36] suggested that the stress-strain critevias necessary if stable tearing in the ligamestlted
in the development of the flaw. In the case of foacture toughness materials, the flaw could tesul
brittle fracture before the plastic collapse.
The work of Chouchaoui [31] and Fu [32] was foll@mMey Cronin [4] who used FEM to predict the
failure pressure of complex natural corrosion dafersing a critical-stress based failure criteriorhe
onset of collapse was predicted when the Von Migess at any point in the defect exceeded thaaiki
tensile true strength (the critical stress). Tasults of burst tests on twenty-five pipe sectiorse
modeled and the predicted of the failure pressw@ &n average error of -0.18%, with a standard
deviation of 8.45%. However, the average error weasiced to 0.1% with a standard deviation of 4.1%
when the defects were measured more accurately as3 scanner [4].
Both accurate defect geometry and material reptatsen give the FEM approach an advantage over
other assessment methods. Accurate defect meamntresmequired because the FEM is very sensitive t
local changes in defect depth. Detailed materiapgrties are also required to provide an accurate
collapse pressure prediction. As a result, the FEbbnsidered as an accurate approach to prexdligtef

pressure location of a corrosion defect.
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It is worth noting that a transition in failure niemism to instability-based failure could occuthe case

of shallow defects (less than 20% of wall thickpesth such a case, the mode of failure changes fro
stress-based to geometric instability which depemighe geometry and hardening parameters of the
material. Experimental testing verified [10] theognetric instability failure mechanism. The same
mechanism was verified in the commercial FE codeguRik's method in ABAQUS [37] which allows

for continued deformation of the model at lowerds&eyond the instability limit.

2.2 Crack Defect Overview

There are several accepted codes for assessirigdatects in pipelines. Some of these use linear
elastic fracture mechanics (LEFM) and others usstielplastic fracture mechanics (EPFM). EPFM is
used instead of LEFM when significant yielding ascin the material prior to fracture. For plainagtr
conditions, the maximum stress intensity is expkeatehe deepest point of a semi-elliptical craekilure
in a cracked pipe usually occurs by plastic cokkaps fracture depending on the material properties,

defect size and loading conditions.

2.21LEFM

LEFM can be used for a material with high strengttere the plasticity in the vicinity of the cradf ts
small [15]. The stress intensity factor K is a mjity that gives the magnitude of the elastic strigsld.
As the defects in this study were made in the koaliial direction of the pipes, Fracture openingdmd
loading (Figure 2.9) was the concern of this stsidige the hoop stress in the circumferential divecof
the pipe was the highest and would cause the defdatl. The stress intensity factor for Mode atbing

was calculated using the following equation:

16



K; = Yo, Vma (2.8)

The geometry factor Y can be found in handbooksogies such as the stress intensity factors handbook

[15].

Figure 2.9 Mode | loading [19]
2.2.2 EPFM

EPFM or yielding fracture mechanics YFM is used doacks in a ductile material when plasticity is
significant at the crack tip. The fracture chasaizing parameters in EPFM are the J-integral dned t
crack opening displacement COD. J is used to kcthe strain energy release rate around thé tiyac

and is a path independent integral. In two dimarssi) is expressed as follows:

e [ (wde—t. 2% 4
'_ﬁ T ey (2.9)

Figure 2.10 shows the J-Integral line in 2 dimemnsio
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Figure 2.10 Line J-Integral around the crack tip [16],

To evaluate whether the crack defect in a pipes fayl plastic collapse or fracture, the criticalcfrae
toughness should be used. The critical valuesefricture toughness are (Kor LEFM), Jc, or b2 (for
EPFM). Where dis the critical strain energy release rate ajyisxhe strain energy release rate when the
crack grows by 0.2mm. These material propertiesheevaluated using ASTM Standard Test Method
for Measurement of Fracture Toughness [18]. N fracture occurs when ¥ K,c and for the special

case of plane strain deformatiogd€comesc.

The J-integral can be related tefr LEFM by the following equation:

K.= ] E (2.10)

Where for plane strairE’zﬁ

The J-Integral has elastic and plastic parts adegittd the following equation whetg=Jq:
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J=Jer+Jpt (2.11)

The additional plasticity part added to the elagtict causes the J-Integral to increases rapidly wi

applied stress for EPFM. This will be seen latesection 4.4.

2.3 Current Codes for Crack-Like Flaws Assessment

At present, API579 and BS7910 are the most commethods for assessing crack-like flaws in
pipelines. Both methods are based on the failusesssnent diagram (FAD) [20]. Also, NG-18, which is

based on the Folias factor, and CorLAS softwarauseel for assessing crack-like flaw in pipelines.

2.3.1 Failure Assessment Diagram (FAD)

The FAD approach is often applied at three diffetevels. These levels used for different amount of
material property information. For example, LEFM brittle fracture as well as EPFM or fully plasti

collapse for ductile material can be evaluated.[18]gure 2.11 shows the Level 1 FAD.
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Level 1 FAD
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Figure 2.11 Level 1 FAD

FAD Level 1

FAD level 1 (Figure 2.11) is used when informatregarding the material properties or loading
conditions is limited. In this case the materiglassumed elastic perfectly plastic. The assessment
lines are based on the relationship between thghtmss ratio (K, and load ratio (¥ of the

component. The toughness ratio and the load aatigiven by the following two equations:

K
Toughness ratio K, = L (2.12)
Kic
Orer (2.13)
Load ratio S, =—=—
Gflow
Where:
Oflow = 224 < 1.2 0y
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The assessment point is considered safe if itilidke shaded area where the toughness ratioss les

than 0.707 and the load ratio is less than 0.&ratise the component is consider unsafe. With an

increase in crack size or load, the assessment pilinmove along the loading path towards the

unsafe line.

FAD Level 2

Whereas FAD level 1 assumes that the materiabitietperfectly plastic, FAD level 2 uses the

actual material stress-strain curve providing mammeurate assessment [20]. Similar to FAD level 1, i

the assessment point using FAD level 2 lies inkihended area, the component is considered safe.

The following equation is used to construct thdufai develop for FAD level 2 as shown in Figure

2.12.
K, =(1— 0.14(Lf)2 (0.3 +0.7 exp [—0.65 (Lf)ﬁ]) (2.14)
12 T T T T T T T T T T T T T T T T T T
Level 1 Level 2 .
1.0 4 4
0.8 UNACCEPTABLE REGION :

T 0.6 o

0.4

0.2 o

ACCEPTAEBELE REGION

(Inside the L Cut-off)

ut-off For Steels with a Yield Plateau _

4]
JI‘r‘l’_lﬂﬂ.mx_: .

Cut-off for ASTM AS08 _
Cut-off for C-Mn Steels i
Cut-off for

Stainless Steels

0.0
0.0

Figure 2.12 Failure Assessment Diagram Level 2 [1]
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To prevent localized plastic collapse, the cuthiofé L2 (max) is calculated using the following equation:

o, + o
24 =2 *
r(max) 20, (2.15)

e FAD Level 3
FAD level 3 requires the true stress-strain cuivin® material (as with FAD level 2). FAD level 3
can predict whether the failure occurs by plastitapse or by fracture. The following equationsrej

with equation 2.13 are used construct the diagteows in Figure 2.13.

K. = Egref (LI;)BO-Y -05 216
rOy gref

Where the references stressy can be taken from the true stress strain curve.

1.4
1.2
Unacceptabie
1.0 |
0.8
-y
0.6
| Acceptablie
0,4 — T Assaessrmaert
Firme
o.2
— .
1.4 1.6

0.0 0.2 0.4 o.6

Figure 2.13 Failure Assessment Diagram Level 3 [20]
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Both API579 and BS 7910 use a 3-level Fad-basedapp. The difference between API579 and BS
7910 is in the procedure for calculation of theestrintensity and the reference stress, explaimed i
Appendix A. FAD level 3 shown in Figure 2.13 iwidied into three regions as shown in Figure 2.14.

This can determine whether the crack fails bylbritacture containing yield or plastic collapse.

Small-scale

— yielding y
. Contained
1 _ A vielding
= MNet-section
K' \ yielding .
. : : Plastic
. collapse
L, =F/Fy = Cret/Cv 1 LFnax
Figure 2.14 Ligament Yielding Range [40].
2.3.2NG-18

NG-18 uses the stress and the fracture toughnesed bien the Charpy fracture energy Cv to

calculate the collapse pressure of a pipeline aaintaa crack using the following equation [21]:

T X Myo
)2 = —Ceq x 6% X Insec ( P h) (2.17)

26f
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Where
K, : Fracture toughness% (Joulesih?)
or . flow stress =+ 68.9 (MPa)

D
1-2Gr)
M, : Bulge factor :?

t

. . . Ceq2 Ceq4
M : Folias bulging factor 3[1 + 1.255( o ) —0.0135 (RZtZ)]

To calculate the failure pressure, the followingatépn was used:

P

2t ., 1
_f-—ij;fﬁigﬁ(ctf)((:os (———ifﬁzg;—a

Where A: Fracture area of the Charpy specimen (albyr8 X 10 mnj)

2.3.3 CorLAS

(2.18)

CorLAS is software developed by CC Technologieg.[2The program evaluates the residual

strength of pipes with a corrosion or crack defe€brLAS uses the J- Integral to evaluate theoatiti

flaw size for the fracture toughness criterion ive @f two ways. The first compares the appliedealf J

integral (dp) to the material fracture toughnesg.(JThe second compares the applied tearing paeamet
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(dJ,p/da) to the material tearing resistance (dJ/da)o determine the critical flaw size, each method

requires iterative calculations [23].

2.3.4 FE Modeling of Cracks

Modeling fracture mechanics using ABAQUS requittes following background, obtained from
the ABAQUS workshop (Modeling Fracture and Failwieh ABAQUS) manual [7]. It is necessary to
understand the important parameters used by ABA@USblve fracture mechanics problems, such as
crack tip size, J-integral calculation, the contmtegral, and the type of mesh. In order to aomstthe
fracture problem, the material behavior -eitheedin or nonlinear- must be defined, and the type of
fracture analysis (LEFM or EPFM) must be selecté&thally, the element size and type, the crack tip

element size, and contour integral type must bimelef

2.3.4.1 FE Modeling of LEFM

For an isotropic linear elastic material, LEFM dmzerizes the local crack tip stress field using a
single parameter called the stress intensity fa€toiThe stress intensity is dependent on the gagroé
the specimen as well as the size and placemeheafrack. It is defined from the elastic stresss the

crack tip of a sharp crack under residual streksés also used to predict the stress state neacridick

tip.

The stress and strain fields in the vicinity of ttrack tip are expressed in terms of asymptotiesef
solutions and they are valid only in a small regimar the crack tip. The stress intensity factothe

parameter that relates the local crack tip fieldih whe global aspects of the crack problem. Eqnat
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2.19 shows the leading order terms of the asympsatiution wherd = atan(xz/xl), Ki, Ky, and K,

are the stress intensity factors of the three moffe®), £/ (6) and f/'(6) are defining the angular

variation of the stress for each mode, and r isitbance from the crack tip shown in Figure 2.15

01 (r,0) = —_ £1(0) + -~ pi1(gy 4 UL et g) (2.19)
A \2nr Y V2nr Y V2nr Y '
.--’—.-_—-""h-.

e T R = S

Figure 2.15 Crack Tip [7]
The predicted stress state at the crack tip passessquare-root singularity for linear elastidgtilie)
materials as shown in equation 2.20.

0'~

1
— 2.20
7 (2.20)
It should be noted that the LEFM solution is ndtdsanside the plastic deformation zone if the mialds
modeled as elastic-plastic. The plastic zgnean be estimated in the LEFM asymptotic solutighere
o, IS the yield stress, by the following equation:

r 1 K
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LEFM predicts infinite stress at the crack tip, @hiis unrealistic but the results could be usethéf
region of inelastic deformation near the crackisigmall enough that there is a finite zone outsiile
region where the LEFM asymptotic solution is actairaln general, the effect on the elastic field

surrounding the plastic zone becomes negligibte3at[7].

The crack tip in LEFM must be modeled as sharpkcracsharp crack is used when small strain anglysi
is appropriate, such as in LEFM. In this case sheyularity at the crack requires special attention

depending on the material behavior.

The stress at the crack tip is large as it appeatie tip so the finite element mesh must beadfin the
vicinity of the crack tip in order to predict acate stresses and strains. For LEFM problems, atxur
Integral values can be obtained with coarse mestes though the local stress and strain fieldsate

very accurate.

2.3.4.2 J-Integral Evaluation

The J-Integral is used in rate-independent quasiesfracture analysis to determine the energy
release associated with crack growth. J can la¢ectko the stress intensity factor for linear male as

follows:

1—v2
J=—% K?  For plane strain (2.22)
K?
] = N For plane stress (2.23)
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I' is the contour for J and should fall entirely witthe annular region where K fields dominate shdmn

Figure 2.16.
Arnular
- Zene  of
K - dominance

.1.-
“ 37

Bl P astic Zene

Figure 2.16 Plastic Zone and K-dominance

J values are more accurate if some singularitpdhided at the crack tip mesh since the stresstaih

. . . . . . . - -1 .
fields in the crack tip region will be more accerafThe small-strain singularities are r /2 for linear

—n
elasticity,e a r~? for perfect plasticity, anda r /+1) for power-law hardening material.

To capture the singularity using an 8-node isopatémelement, one side should be collapsed (edes
a,b, and c in Figure 2.17) so that all three nddes the same geometric location at the crack Tipe

midside nodes should be moved to the ¥4 point netresrack tip. If node a,b, and c are free toveno
independently, there — é + % as r = 0 everywhere in the collapsed element. By contibapde a,b,

and c are moving together, then A=0 and the stsemseé strains are square-root singular which isisla
for linear elasticity. If node a,b, and c are fteenove independently and the midside nodes reatdime

midsides, then B=0 which responds to the perfgatsgtic case.
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Figure 2.17 8-Nodes Isoparametric Element at CracKip [7]

Numerical evaluation of the J-Integral requires tnack geometry, definition of the crack front and
identification of the crack extension direction.hel J-integral is evaluated using a domain intefynal

reasons of accuracy. The domain is evaluated amverea, for two-dimensional problems, and volume,
for three dimension problems, contained within atoar that surrounds the crack tip or crack line.
ABAQUS defines the domain in terms of rings of edets surrounding the crack tip in two-dimensional
analysis. In three dimensions, a tubular surfacdefined that surround the crack line to define th

domain as shown in Figure 2.18.
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crack front

crack
aurfaces

Figure 2.18 Contour Integral [7]

The crack direction, q vector, must be chosen glyefo that q is parallel to the crack surfaceslagwn
in Figure 2.19 A. If the crack direction g weret parallel to the crack surface then the first contwill
not contain all the crack tip nodes as shown iufei@.19 B. Therefore, the J-integral from thetoars
could be affected by the crack extension directidmother method used in the case of semi-elliptical

cracks where the crack line is not uniform, isgedfy the normal surface of the crack n.

A Paths for contour B
Crack surface integrals — -— — Crack surface
— T e /
— ~
» X Y
1 .

All nodes on blunted surface in
crack-tip node set; g parallel to
crack surface.

Single node in crack-tip node set;
normals calculated on nodes of

blunted surface; g not parallel to
crack surface.

Figure 2.19 Crack Extension Direction [7]
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ABAQUS creates different contours (domains) autécadly. The first contour has the crack front and
one layer of elements that surround it. The secmmtiour consists of the ring of elements in cantéth
the first contour elements and first contour ad.w€he next contour is defined by adding the g of
elements in contact with the previous contour. Titst contour value is generally not used becauise

not accurate [7]. The crack tip contours for EPpiblems, blunt crack (notch), are shown in Figure

2.20.

-

2md contour 1st contour /

Crack-tip node crack-front nodes
contour contour

Crack-tip node
Figure 2.20 Blunt crack Tip and the Contours [7]

2.3.4.3 Nonlinear Fracture Mechanics or EPFM

The theory is based on nonlinear elastic matefrhlijstead of elastic-plastic material model.

Consider a material that has a power-law hardefaing:

i — (i)n
_— a p (2.24)
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Whereo, is the effective yield stressg= 0,/E is the associated yield strain, E is the Youngsiutus,

ando and n are chosen to fit the stress-strain field far the material. Figure 2.21 shows the behravio

of the nonlinear elastic material that ABAQUS userepresent the elastic-plastic materials.

€ g

Figure 2.21 Nonlinear Elastic Material Behavior

This way the non linear elastic material behavian e equivalent to elastic-plastic material bebravi
under monotonic loading. Thus, when the elastisid material is subjected to monotonic loading,
evaluating the J values will allow for charactarizithe strength of the singularity in the crackrggion.

This approach is used to model the results givechapter 5.

2.3.4.3.1Finite-Strain Analysis of Crack Tip

For plasticity (EPFM), the crack tip region hasbe modeled carefully to give accurate results.
For example, the crack tip radius and crack tipnelet size should be small and the size is determine
from the fracture toughness and the plastic zone siA crack can be modeled in ABAQUS as blunted

crack or notch which is used for finite strain asa for ductile materials. In this case thereassingular
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behavior at the crack tip. The radius of the natcbuld be 18[7]. The notch radius must be small
enough so that the deformed shape of the notchngel depends on the original geometry under applie
loads For this to be true, the notch must blunt out taerthan four times its original radius. The elemen

size around the notch must be about /@ notch radius as shown in Figure 2.22.

notch-tip radius. 17| Biased edge seeds can
[ reduce the size of the mesh
il by focusing small elements

L I towards the crack tip.

e

SEN specimen

Vorch

10% of r

notch

Figure 2.22 Element Size at the Notch Tip Radius [7

Singular elements should not be used for finitaistanalysis. In addition, the mesh must be Seffity
refined to avoid numerical problems when evaluativggJ-integral and to be able to model the highirst

gradients around the crack tip if the details is tkgion are required.

2.3.4.4 Element Type

Plastic deformation is considered incompressibteMon Mises plasticity. As the plastic deformation
starts to dominate the response, the rate of dati@rmation becomes incompressible (constant vglume

All quadrilateral and brick elements are suitabte fise in J-integral evaluation to handle this
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incompressibility condition except for the fullytégrated quadrilaterals and brick elements withibat
hybrid formulation. Some elements such as CPE8C81020 will become over constrained (lock) as the
material becomes more incompressible. In contsasipnd-order elements with reduced integratioh suc
as CPE8R and C3D20R, which was used in this studgk best for crack tips in particular. A regular
pattern of deformation in the displaced shape {@oa sign of mesh locking. A change to reduced
integration elements from fully integrated elementsrefining the mesh density if using reduced
integration elements may solve the locking problefilme elastic-plastic materials are more sensitive

meshing than for small-strain linear elasticity.
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Chapter 3 Experimental Testing

This chapter summarizes a series of rupture tesie 8y Hosseini [9] on several seam-welded
pipe sections to investigate the failure behavioa pipe containing longitudinal defect. The testre
carried out by making either artificial corrosiamack, or CIC defects of different depths in selveral-
capped pipe sections. Each experiment was modsied finite element method in Chapter 5 and the

results were compared to the experimental restittiochapter.
3.1 Corrosion Defect Experimental Data

Three artificial corrosion defects were createdthie longitudinal direction of the pipe by
machining a rectangular groove with rounded corneravoid stress concentrations [9]. Each defect
length was 200 mm, and the depths were 22%, 45806 8% of the wall thickness. Figure 3.1 shows the

corrosion defect dimensions while Figure 3.2 shthestested pipe.

Figure 3.1 Corrosion Defect Dimensions
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Figure 3.2 Burst Test of The 61%WT Corroded Pipe [P

Hosseini used the analytical methods modified Bah® RSTRENG to predict the failure pressure before

the test. The experimental and analytical resaés summarized in Table 3.1 and Figure 3.3.

results will be used to validate the corrosion ntiaderesults in Chapter 5.

Table 3.1 Experimental and Analytical Failure Presare Results in Corroded Pipe [9]

. 0 Experimental — Predicted
o Experimental Predicted Burst Error(%) = Experimental
es
Failure Pressure Pressure % 100
ID
(MPa) RSTRENG | MB31G
(MPa) (MPa) RSTRENG MB31G
a 12.8 9.47 9.73 26.0 24.0
C2 9.59 7.10 8.25 26.0 14.0
c3 6.0 5.51 6.54 8.0 9.0
Average Error (%) 20.0 10.0
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Hosseini concluded that RSTRENG is more reliabentthe Modified B31G in predicting the failure
pressure [9] because RSTRENG uses a more commstziption of the longitudinal geometry of the
corrosion defect. In general as shown from FiguB the analytical solutions gave conservativeltgs

compared to the experimental failure pressure.

Failure Pressure Comparison

14

12 "~

g
s u\’
g 8 @ Experiment
(7]
8 6 .\' B Modified B31G
(-8
g 4 RSTRENG
=
e 2

0

0 10 20 30 40 50 60 70

Corrosion Depth (% WT)

Figure 3.3 Experimental and Analytical Failure Presure Results in Corroded Pipe [9]

As expected, the failure pressure decreases watlepth of the corrosion defect which is expeateithé
finite element modeling as well. In addition, Heiss [9] observed the fracture surface of the wgipes
and concluded that the failure occurred due totigla®llapse by ductile tearing. The three cowaosi

defects of (22%, 45%, and 61%WT) were modeled haddsults will be seen in Chapter 5.
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3.2 Crack Defects Experimental Data

Four artificial crack defects were created in eagped seam-welded pipe sections. The direction
of the prefatigued cracks was made axially to itigate the behavior of a longitudinal crack defethe

semi-elliptical crack depths and geometries arerginm Table 3.2, and Figure 3.4, respectively.

Table 3.2 Geometry of the Artificial Crack Defect P]

Pipe Dimension Defect Dimension (mm)
Test (mm) Collapse
ID . . Depth (a) | Pressure (MPa)
Length Width Thickness Length (2c) (%WT)
CR1 38 10.1
CR2 1800 508 5.70 200 47 9.30
CR3 48 9.60
CR4 51 8.83
. f

—-— 20—

Figure 3.4 Semi-elliptical Crack Geometry [9]
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Hosseini [9] used several analytical methods taliptehe crack defect failure pressure. These aukth

were BS 7910 level 3 FAD, API 579 level 3 FAD, &x@18. Moreover, CorLAS software provided by

TCPL was also used for the flaw collapse pressnvestigation.

Hosseini [9] showed that all the

analytical solutions were conservative, and thelL&8r program provided the best failure pressure

prediction agreement. The results are summarizédble 3.3 and Figure 3.5,

Table 3.3 Failure Pressure Results in Cracked Pig®]

Crack Exp. Predicted Failure Pressure (MPa) Error(%) = —Exp. —Pred x 100

Test | Depth | Failure Exp
® L cown | e | exincer | tmdor | S5 | g | cyndr | cpinder | 45 | '3g
CR1 38 10.1 8.10 5.80 8.48 | 7.10 20.0 43.0 16.0 | 30.0
CR2 47 9.30 7.10 4.62 7.69 6.30 24.0 50.0 17.0 | 32.0
CR3 48 9.60 6.86 4.45 7.58 |6.20 29.0 54.0 21.0 | 35.0
CR4 51 8.83 6.21 3.97 7.24 | 5.90 30.0 55.0 18.0 | 33.0
Average Error (%) 25.0 50.0 18.0 | 33.0
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Figure 3.5 Experimental and Analytical Failure Presure Results in Cracked Pipe [9]

API 579 level 2 FAD cylinder approach was less eovative than the other analytical methods in
predicting the collapse pressure because of usiagtiging factor (M) directly in the stress intiéns
factor solution. According to Hosseini [9], theack defects (38%, 47%, 48% and 51%WT) failed by
plastic collapse and this results were verifiedelgmining the fracture surface after the ruptuss. te
Moreover, Hosseini [9] stated that in some casedatiure mode started as plastic collapse androced
with ductile tearing, or vice versa. The four &mof (38%, 47%, 48%, and 51%WT) were modeled in

Chapter 5 to simulate the burst test.

3.3 Crack-in-Corrosion (CIC) Experimental Data

Five CIC experiments were undertaken by Hosseini [he pipes were seam-welded with end-
caps and the direction of the defects was in thel @wection. The CIC defect was prepared byt firs
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machining a longitudinal slit in the pipe, and theitiating and propagating a fatigue crack frora iit.
A rectangular groove, similar to corrosion defeetswthen machined over the crack as shown in Figure

3.6. The geometries of the CIC defects are ginerable 3.4.

Table 3.4 Geometry of Tested Pipes for Crack-in-Cansion Defects [9]

Test ID Corrosion & Crack Corrosion Defect Depth Total Defect
1 [»)
Length (mm) Width(mm) Crack (%) Corrosion (%) Depth (%WT)
Cic1 32 68 52
Cic2 38 62 59
Cic3 200 30 34 66 60
cica 30 70 61
CIC5 35 65 66
1 ) \ " F
C/—1 I‘\IM\“-——'-. . ___/,/ ,‘T.S :rCorrosion depth (%) Total depth (cyo)
| I"\x‘"l { ‘:Crack depth (%)

Figure 3.6 Transverse View Through CIC Flaw and Dehition of Depth [9]

A numerical study by Cronin and Plumtree [43], etiathat the failure pressure results of the Cl@ctsf
where intermediate between those of a long unifamack and a long uniform corrosion defect.
Therefore, Hosseini [9] used the analytical solutio predict the failure pressures of the CIC dsfec

based on the following two assumptions [9]:

1-The CIC defect was treated as a crack defeauif/alent depth.

2-The CIC defect was treated as a corrosion defemfjuivalent depth.
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API1 579 level 3 FAD cylinder approach provided thest analytical method for assessing the crack-like
flaws and RSTRENG provided the best results fotuatang the corrosion defects [9]. Therefore, both
methods were used to evaluate the CIC failure presgata. In addition CorLAS software was also used
since it provided the least conservative predictiborack defects. The results of the experimantsthe

analytical prediction are summarized in Table 318 Bigure 3.6.

Table 3.5 Experimental and Analytical Failure Presare Results in CIC Defected Pipe [9]

Exp.—Pred.
Predicte.d the Failure Pressure of Error(%) = T
Equivalent Defect (MPa) % 100
Total E.XP' Crack Corrosion Crack Corrosion
Test | Defect Failure Only Only Only Only
ID Depth Pressure
(%WT) | (MPa) | Level 3 FAD Level 3
API 579- CorLAS RSTRENG FAD CorLAS | RSTRENG
Cylinder API 579-
Cylinder
cica 52 7.74 6.15 7.21 6.55 21.0 7.0 15.0
cic2 59 6.72 4.89 6.48 5.75 27.0 4.0 14.0
cic3 60 7.06 4.75 6.45 5.63 33.0 9.0 20.0
cica 61 7.89 4.45 6.43 5.51 44.0 19.0 30.0
CIC5 66 6.15 3.73 5.93 491 39.0 4.0 20.0
Average Error (%) 33.0 8.0 20.0
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¢ CIC-Experimental Failure Pressure
® Fatigue Crack-Predicted Failure Pressure(CorLAS)
M Fatigue Crack-Predicted Failure Pressure(AP1579-Cylinder Approach)

Corrosion-Predicted Failure Pressure(RSTRENG)
9.0

CIC1(52% WT) CiC4 (61% WT)

ccs (GO%OWT)
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Total Defect Depth( % WT)

Figure 3.7 Experimental and Analytical Failure Presure Results in CIC Defected Pipe [9]

In Figure 3.7 Hosseini [9] show that all the useetimds provided conservative results for an eqgental
CIC defects. CorLAS predictions of the CIC defeollapse pressure were more accurate than APl 579
level 3 FAD Cylinder approach and RSTRENG. It adbows that the crack, as expected is more critical

than the corrosion. The results of Hosseini's expental results are summarized in Figure 3.8
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Figure 3.8 Experimental Summary of Corrosion, Crack and CIC Defects [9]

According to experimental results in Figure 3.& IC defect collapse pressure fell in betweenkcrac

defect only (upper bound) and corrosion defect dldwer bound). Usually, the crack defect is more

critical than the corrosion defect of the same lkiepipparently, from Figure 3.8 the corrosion defect

were more critical than the crack defects. Thidue to the fact that the corrosion defects werdarss

blunt defect with uniform depth were as the craefedts were made as semi-elliptical cracks. Iritechd

to the difference in defects profiles, the corrasitefects have more removed material in the wikdém t

the crack defects [9]. Based on Hosseini’'s [9]epbation of the fracture surface of the tested pijib

CIC defect, the failure occurred by plastic colaps
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Chapter 4 Material Characterization

In order to evaluate the integrity of the pipdsitmportant to know the material properties. Once
the appropriate failure criteria have been idesdifithe material properties are also required talect
the modeling. Tensile, Charpy and J-Integral teste conducted by the author according to the ASTM

standards to obtain the required information.
4.1 Tensile Testing

The tensile test provides engineering stress-sttaives that are used to determine the true
strength and the plastic strain behaviour of thee phaterial. True stress-strain can be evalugbetb u
necking assuming constancy of volume. Twenty temsile test specimens were cut from several pipe
sections because the material properties couldalang the pipe line from one section to anotHgince
the longitudinal and circumferential strengths ndiffer in the pipes, specimens were cut in both
directions. The first set of tests contains tHggitudinal and three circumferential specimerigeita
from one pipe section. The rest of the test spatinfeighteen specimens) were taken from threerdiffe

pipe sections and were paired with Charpy testing.

Twelve longitudinal and twelve circumferential tdadest specimens were prepared and tested angordi
to the ASTM standard [24]. The tensile test specidimensions were 5.7 mm thickness, and 12.5 mm
width, with a gage length of 60 mm, as shown inuRég4.1. The Young's Modulus of Elasticity was
assumed to be 207 GPa. The test results are givémahle 4.1 and Table 4.2 for the longitudinal and

circumferential tensile test specimens, respegtivel
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Figure 4.1Tensile Test Specimen Dimensions

Table 4.1 Longitudinal Tensile Test Results

Longitudinal Direction

Specimen ID oy (0.2 % Offset) oy (0.5 %) Outs (Eng. Stress)

(MPa) (psi) (MPa) (psi) (MPa) (psi)

L1 343 49748 361 52359 549 79626
L2 348 50473 362 52504 546 79191
L3 341 49458 356 51633 544 78900
L4 363 52649 380 55114 563 81656
L5 357 51778 380 55114 571 82817
L6 363 52649 381 55259 551 79916
L7 343 49748 361 52359 544 78901
L8 362 52504 376 54534 545 79046
L9 355 51488 372 53954 553 80206
L10 374 54244 387 56130 555 80496
L11 349 50618 365 52939 554 80351
L12 362 52504 383 55549 552 80061
Average 355 51488 372 53954 552 80097
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Table 4.2 Circumferential Tensile Test Results

Circumferential Direction
Specimen ID oy (0.2 % Offset) oy (0.5 %) Oy (Eng. Stress)

(MPa) (psi) (MPa) (psi) (MPa) (psi)

Cc1 480 69618 483 69908 568 82381
Cc2 445 64542 449 65122 560 81221
Cc3 454 65992 460 66717 563 81656
ca 413 59928 430 62395 579 83977
C5 424 61524 435 63091 569 82526
C6 394 57171 409 59320 565 81946
c7 407 59057 419 60771 549 79626
Cc8 384 55720 398 57725 539 78175
Cc9 398 57751 411 59611 545 79046
C10 430 62395 448 64977 590 85572
C11 423 61379 434 62946 557 70198
C12 394 57171 418 60626 561 81366
Average 421 60988 433 62777 562 81511

Note that the average longitudina} .. was 355 MPa, 17 MPa lower thamos», and the average

circumferentialovo.2spwas 421 MPa, 12 MPa lower thamnos»). The circumferential strength results were
averaged and used in this study because the hags $h the pipe was higher, and has been showe to
an appropriate value for assessment conservatiwoagh. As recommended by the CSA [25], the 0.5%

circumferential stress-strain values were used.

The true stress and true strain were calculatedgugie following equations assuming constancy of

volume, up to necking:
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A.True stress:
Or = Ogng (1 +€) (4.2)

B.True strain:

Al
er=In(1+¢e) (4.2

Figure 4.2 represents the true stress-strain cofrtke circumferential tensile test results. Sdamesile
data show initial negative strains because theises were initially curved and on testing, strégglting
took place causing the extensometer to record ivegatlues [42]. As previously mentioned, the
circumferential tensile test data were used tordete the plastic properties of the material whigdre

determined by applying the Ramberg-Osgood equatdollow:

E=¢ t& (4.3)
o n o
e=pra() @ (4.4)

Where n is the strain hardening coefficient and the strength coefficient. Both were determifredn

fitting the equation to the experimental data.
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Figure 4.2 True Stress-Strain Curve for all Circumgrential Tensile Test Samples

As shown in Figure 4.3, a power law curve was deethe plastic portion of the true stress-strairves,

up to the ultimate tensile strength.

True Stress-Strain Curve(Plastic portion)
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Figure 4.3 Exponential Curve Fitting to the True Stess-Strain Curve (C2)
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Table 4.3 presents the calculated ultimate trusilestrength (the true stress at UTS) along whiih t
strain hardening and strength coefficients fortladl circumferential tensile tests and the averaees

were used to plot Figure 4.4.

Table 4.3 True Stress and Ramberg-Osgood Materiald?ameters - Circumferential Direction

Ultimate tensile stress (True Stress)
Specimen Id o n
(MPa) (psi)
C1 631 91519 1.85 9.85
C2 624 90503 1.75 8.55
c3 626 90794 1.80 10.81
Cc4 635 92099 2.41 5.63
C5 625 90649 2.37 8.01
cé 620 89923 2.52 6.37
Cc7 603 87458 2.49 8.34
Cc8 592 85862 2.59 7.26
c9 599 86878 2.52 7.19
C10 646 93694 2.32 5.25
C11 591 85717 2.38 8.74
C12 615 89198 2.48 4.18
Average 618 89524 2.29 7.31
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Figure 4.4 Average True Stress Strain Curve in Ciramferential Direction
The average, maximum, minimum and standard dewiaticghe 12 tensile test samples carried out ifneac
direction are given in Table 4.4. The most impdrtproperties for the modeling analysis were the

ultimate true stress in the circumferential directithe average true stress-strain curve, ngand

Table 4.4 Summary of The Tensile Test Results

AVG Max Min *STDEV

Longitudinal Tensile test result of 12 samples

Yield stress o, (0.5%) (MPa) 372 387 356 10.07

Engineering ultimate o, (MPa) 552 571 544 8.08

Ultimate True o, (MPa) 608 625 591 9.65
Circumferential Tensile test result of 12 samples

Yield stress o, (0.5%) (MPa) 433 483 398 24.2

Engineering ultimate o, (MPa) 562 590 539 14.1

Ultimate True o, (MPa) 618 646 591 17.6

o (equation 4.4) 2.29 4.39 1.75 0.82

n (equation 4.4) 7.31 9.85 418 1.67
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The difference between the circumferential and itoiiinal yield stressy (0.5%) was 61 MPa. In general
the circumferential strength of the pipe was gne#ttan the longitudinal strength. Note that theldyie
strength of the circumferential tensile test hddrge variation with a standard deviation of 24 Ris is

due to the curved specimens which were flattenéatdéesting.
4.2 Charpy V-notch Test

Two sets of CVN tests were undertaken accordind$dM standard [42]. The first test was
conducted to determine the transition temperatacethe upper shelf energy for the steel. 54 subdsiz
specimens were tested from one pipe section tlitaha7 mm wall thickness. The recommended full
size specimen thickness is 10 mm but since thetpipkness was smaller, sub-size samples of 5mm and
3mm thickness were machined, and some were flattefibe dimensions of the sub-sized CVN

specimens are shown in Figure 4.5.

aomm 10mm ) 55mm 10mm

'I5mm E}Wmm ‘1 A =|¢3mm§%051m
T

rF

Figure 4.5 Sub-Size Specimen Dimensions for Charfyest [42].

In addition, non-flattened samples of 3 mm thiclene®re also prepared and tested for comparison with
the flattened samples in order to account for aisgrdpancies that could arise from to the flattgnin
process. The tests were carried out at temperabtfre80C, -40C, -20C, 3C, 2ZC, and 10¢C to

determine the ductile-brittle transition temperatururthermore, to evaluate any variation in thpeup
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shelf energy, a second set of C¥dsts was conducted to determine the upper shethge energies of
three other pipe sections. Therefore, another b4sged specimens from the three different pip¢éices

were tested at temperatures ofG0100C, and 15€C.

Table 4.5 Non Scaled Charpy Test Results

(CVN®) Average Energy E (J)
Temperature (°C)
T=3mm Flattened T=3mm Non-Flattened T=5mm Flattened

150 N/A 11.0 26.0
100 12.0 12.0 25.0
50 N/A 11.0 24.0
22 14.0 13.0 19.0

3 12.0 9.00 16.0
-20 10.0 9.00 15.0
-40 8.00 8.00 7.00
-60 6.00 7.00 3.00

The sub-size specimens have less cross-sectioeal vanich results in less energy absorption [24];
However, the energies can be scaled to the fudl siecimen using the following equation from AP 57

[26]:

t
= S —C
CVN = CVN (tg) 45)

The scaled CVN results are given in Table 4.6.
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Table 4.6 Scaled Charpy Test Results

Temperature (°C) (CVN) Average Energy E (J)
T=3mm Flattened T=3mm Non-Flattened T=5mm Flattened

150 N/A 37.0 52.0
100 41.0 39.0 49.0

50 N/A 37.0 49.0

22 47.0 44.0 38.0

3 40.0 40.0 32.0
-20 32.0 31.0 29.0
-40 26.0 27.0 15.0
-60 19.0 24.0 6.00

The CVN energy-temperatuichar in Figure 4.6summarizes the scaled test re<. The Boltzmann
function was used to fit a sigmoidal curve tidentified the transition temperature and the upper ¢

average energy. Equation 4ji§es the function used in fitting the results:

—29.67
Energy = ——5333z5 + 43.44 (46)
1 4+ 2 18.09
Sigmoidal Curve Fitting for all CVN data
fal
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::: i n:jlo/g ¥ 8 + X  2-5mm-F
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From the energy-temperature chart in Figure 4 & tithinsition temperature was calculated to be 2€2.9

Scatter in the data may be due to two reasons.

a) Depend on the side where the notch was made terfled specimen.

b) The scatter was magnified on scaling up the energpits to 10mm full size specimen.

The fracture surfaces of the CVN specimens werensed and the amount of shear fracture percentage
was determined according to ASTM [24]. The reswte shown in Table 4.7 and Figure 4.7,
respectively. 100% shear fracture indicates fullgtde fracture and 50% ductile fracture correspotad

the transition temperature. From Table 4.7 therstiaaeture percentage for the 5mm flattened spetime
reached 50% at -20°C. In addition, the shear fragpercentage for the 3mm flattened specimens egach

50% between -20 and -40°C while for the 3mm notigteed specimens, the 50% shear fracture

percentage was close to -20 °C.

Table 4.7 Shear Fracture Percentage Results

Specimen Size (mm) | T=5mm Flattened | T=3mm Flattened ‘ T=3mm Non- Flattened
Temperature (°C) Percent Shear %
150 100.0 100.0 100.0
100 100.0 100.0 100.0
50 90.0 100.0 100.0
22 90.0 90.0 100.0
3 70.0 90.0 86.7
-20 50.0 80.0 46.7
-40 10.0 30.0 20.0
-60 0.00 0.00 10.0
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Figure 4.7 Percent Shear Fracture Chart

Figure 4.7shows that the 50% observductile shear occurred at -22°@8whicl agrees with a transition
temperature of -22.9°@und using the sigmoidal cunin Figure 4.6.A summary of th Charpy test

results is given in Table 4.8.

Table 4.8 Summary of Charpy V-notch Test Results

Upper shelf Average Lower Shelf Average Transition Temperature, | Average Percent Shear (%)
energy E (J) Figure 4.6 | Energy E (J) Figure 4.6 DBTT(°C) Figure 4.6 at -22.98 (°C ) Figure 4.7
435 16.3 -22.9 50

4.3 Fracture Toughness Empirical E valuation

Fracture toughness is defined as the ability alaked material to resist fracture. The evalua

of the fracture toughness provides an estimatagevidlat can be used to determine the crack notths
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and the failure pressure in modeling the crack @il defects. There are several methods to conlert t
CVN energy to an equivalent fracture toughness. rEfetionships to convert CVN energy tackr b2

are empirical and have been developed over theypass by several groups. Tyson [27] provided three
relations to convert CVN energy tackas seen, for upper shelf energy of 43.5 J, in ifjigizbd Figure 4.8
which were 147, 122, and 116 J. In addition, Makl aryson [28] have also developed empirical
correlations to calculate zlising CVN energy seen in Figure 4.9 (96 J for gmeughelf energy of 43.5 J)
and Figure 4.10 (113, 97, and 77 J for an uppdf shergy of 43.5 J), respectively. The three eioplir
evaluations (Figure 4.8- Figure 4.10) were cardatlto give an initial average estimation of thecfure
toughness value for the material under investigatoreover, in the absence of the fracture tougbne

value for old pipes, the empirical evaluation waes dnly way to estimate fracture toughness.

Mak and Tyson investigated the material propemiesight different pipes manufactured from 1952 to
1981. The pipes grades were X52, X65, and X70 hadHickness of the pipes ranged from 7.9 to 12.7
mm and all of the pipes exhibited ductile tearimgtloe reported CVN upper shelf energies given iblf a
3.8 were used in the figures of Mak and Tyson giveRigure 4.8, Figure 4.9and Figure 4.10 to eséma
the fracture toughness. Note that the pipe inwliigk had a 5.7 mm wall thickness (less than the [iip

the Mak and Tyson study) and was considered awhihpipe. Therefore, the results in Figures 3.833.

are just an approximation of the actual fractuleea
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The results of the previous correlations in Figdr8, Figure 4.9, and Figure 4.10 are averaged and

summarized in Table 4.9.

Table 4.9 Empirical Conversion of CVN Energy to Kc and Jy2

CVN upper shelf
Method average energy Average K (MPaym) | Average Jo, (KJ/m?)
(Joules)
Tyson 128 (16.4)
43.5 97 (19.5)
Mak & Tyson 95.7 (18)

The numbers in brackets give the standard deviatifimese empirical results were most useful because

the result of k. = 128 MPay/m was used later to estimate the crack tip radiustfercrack and CIC
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models. Moreover, based on the results of J-lategsting in section 4.4, the empirical valueggfin,

Table 4.9, prove to be very conservative when caatpto the measured value.

4.4 J-Integral Test

J-Integral testing was conducted to evaluate thetdre toughness by determining tleod b2 of
the steel under investigation. J-Integral testomting to ASTM [18] were carried out on three diéfet
pipe sections by BMT Fleet Technology Company [2BMT used single edge bend specimens (SEB).
The specimen thicknesses were 5.3 mm for thetéisttset, 5.12 mm for the second, and 5.33 mnhfor t
third. The differences in thickness resulted fromciining specimens that contained varying amouits o
corrosion. The specimens were prepared with thekcoa the outer pipe diameter in the longitudinal
direction. According to ASTM, the specimens were-pracked by fatigue [18] and then a load was
applied and crack extension was measured. BMTt Fleehnology Company provided the curve shown

in Figure 4.11 for the first test set.
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Figure 4.11 J-Integral Test Results for the First Est Set

This curve is believed to be done according to ASEM.820 [18] for the basic test method. BMT
prefatigued the single edge specimens then theljedpg load P and recorded the crack extensiorenTh
they have used the following equations to drawtdgral versus the crack extension in Figure 4.11.

J integral was calculated as follows:

K?(1-v?)

J=—F— "t n (4.7)
I, = Np1Api
PL™ Byb, (4.8)

Where:n,,;= 1.9 if the load-line displacement is used4fgr = 3.667- 2.199(ao /W) + 0.437(ao /W)2 if

the crack mouth opening displacement record is fwed),,.
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fo- [(BB )1/2W3/2]f (/W) (4.9)

" _3 1/2[199—(%)(1—W)(215—393 (W)+27(W)2)]

2(1+23) (1- —)3/2 (4.10)

Appendix A contains the analytical procedure arslilts for tests of J-Integral tests. A summaryhaf t
analytical procedure for the first test was caroedl according to ASTM [18]. First, the crack e>diem

was corrected using the following equation

_ Jplo
J=Jelo + a — 05

1+ (%505 ) 5o

(4.11)

A power law curve was then fitted and the expomntalue of the new curve was used as m the J-R

curve exponent according to the following equation:

J=]Jel, + Jplo
/T a — m\ Aa
1+ (TFm ) 5 (4.12)

The capacity and the limit of the specimema(Jand Aamay were calculated using the following

equations:

Jmax = booy /10 (4_13)

Jmax = Boy/10 (4.14)

62



Oys+ Outs

Y= (4.15)
Jlimit = bo0y/7.5 (4.16)
Al q, = 0.25b, (4.17)
Jmax = booy/10 (4.18)

Finally, the J-R curve was constructed showinga@ification area to evaluatg Jseen in Figure 4.12.
The qualification region is the area defined Asymin, Aaimr, and Jni. TO be acceptable foicJthe J-R
curve has to have at least five data points intidequalification region. As a result of the asay
according to ASTM [18], there were fewer than fidata points in the qualification area for all the J

Integral test sets. Figure 4.12 shows the filstdgral test result after the analysis.
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Figure 4.12 J-R Curve (First test)

The data shown in Figure 4.12 proved unsatisfadimqyredict } because the sample thickness was too
small which may have caused extensive plasticitihéncrack ligament since the fracture toughnekseva

increased as the thickness decreases as showguire Hi.13.
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Figure 4.13 The Effect of Thickness on the Fracturdoughness [38]

However, the data was satisfactory to provigieas a reference for the crack and CIC modelingifail
criteria because,dis the value of the J after the crack has extehge@i2 mm. Figure 4.14, Figure 4.15,
and Figure 4.16 show the evaluation @f fbr the three J-Integral tests. The evaluationkhgfwas

determined from the intersection of the powerrfgtdata curve (AB Figure 4.14) to the final coreec

data (CD Figure 4.14) with 0.2mm crack growth.
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J-R Curve
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Figure 4.15 Evaluation of §,(Second test)
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J-R Curve
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Figure 4.16 Evaluation of §,(Third test)

The final value of ¢, = 197 KJ/mM being the average of the three J-Integral tests salues is

summarized in Table 4.10. The average valug pfvads used as a fracture limit in modeling crack and

CIC defect.

Table 4.10 Summary of) 2 Results

Test Number Jo.2 (KJ/mz)
1 215.2
2 196.5
3 179.6
Average 197.1

The J-Integral testing result of 1%0/m’ shows that the correlation results ebd 97 or 95.7KJ/mf

given in Table 4.9 were significantly conservatisethis material. The difference was expectecabee
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the pipes used by Mak and Tyson for the empiricaletation of Kcand §,ranged from 7.9 to 12.7 mm

which was in average twice the thickness of the piiyat was tested in this study.
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Chapter 5 Numerical Analysis

5.1 Overview

The finite element method (FEM) has been used witteinvestigate the prediction of collapse
pressures in corrosion and crack defects. Ingtidy the implicit finite element program ABAQUS] [7
was used. For the material properties, the aveodigbe circumferential tensile test results givan
Chapter 4 was used for modeling. The appropriatenttary conditions for restraining the models were
the same for all of the defects modeled. The adgmn of symmetry was taken to reduce the
computational time, hence only a quarter of theeckefd pipe was modeled. The determination of the

collapse pressure was done for corrosion modeksgd on the critical stress criterion.

The type of element used for the analyses was leelxah20-node quadratic brick, reduced integration
(C3D20R) [37] to decrease the computational tim&his type of element was recommended by
ABAQUS [37] for 3D modeling and for large strairbptems because it gave the best results in minimum
time.

The material properties were introduced to the rhadimg incremental plasticity as discussed inisact
2.3.4.3. The true strain of the circumferentiaktsstress strain curve (Figure 4.4) was determirsiay

the Ramberg-Osgood (equation 4.4). This methotkpfesenting the material was recommended by
ABAQUS [37], for proportional monotonic loading. ufthermore, since the experimental pipe had end
caps, plain strain conditions were simulated tdra@s the pipe from expanding or contracting in the

longitudinal direction [10] as shown in Figure 5.1.
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One node was fixed to
avoid rigid body
motion

Bothe ends were symmetrically Half walls were symmetrically
restricted in Z-direction ( to restricted in X-direction
simulate Plane strain)

Figure 5.1 Plain Strain Boundary Conditions

5.2 Corrosion Defect Numerical Evaluation

A set of five longitudinal aligne grooves of uniforndepth were modeled usitFEM to predict
the failure pressuran pipes with 50mm diameter and 5.7mmvall thickness (WT. As discussed in
section 2.1.4, failure initiateehen the equivalent Von Mises stres the bottom of the defect exces the
critical stress expressed as ttrue ultimate tensile stress. Figure SRows the corrosion defect
modeled. Previous FE igstigationby Cronin [4] concluded that two elements through the |
thickness weresufficient to predict the failure pressure. Croalao found that the failure pressiwas
relatively insensitive to the circumferential dins@m of the defect because themount of plasticity prio
to failure was significant. In general,ten elementawvere used through the pipe wall thickness

corrosion defect modeling.
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n & 7-4 Thu Maris 10

Figure 5.2 45% Corrosion Model
Five models with corrosion defects of 200mm leratld depths of 22%, 30%, 45%, 61%, and 80%WT
were evaluated. After modeling the problem witld @aps, it appeared that adding the end caps only
increases the number of elements and run time.reldre, modeling of the end caps was neglected and
the boundary conditions were applied for the cdgalain strain [10]. The initiation of the failerwas
considered when the stress at the defect bottooheédathe circumferential ultimate true stress d 61
MPa. After failure initiation, ductile tearing thkqglace. The analyses of the corrosion modelireg ar

shown in Figure 5.3.
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Figure 5.3 Corrosion Defect Failure Pressure Analys

The intersection between the Von Mises effectivesst at the center node in the bottom of the defedt
the ultimate true stress value indicate the stoédailure as shown in Figure 5.3. Modified B31ahd
RSTRENG were also used in this study to predicfdiiere pressure. Table 5.1 summarizes the resfilts
analyzing the FE corrosion defect models and thalydoal solutions with a comparison between

Analytical methods and FE failure pressure preoiicti
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Table 5.1 FE and Analytical Results for Corrosion Mdeling

. Modified B31G RST.RENG
Defect FE Failure . 0 Failure Error% (FE Vs.
Depth % | Pressure MPa Failure Pressure Error% (FE Vs. Pressure RSTRENG)
MPa Modified B31G)
MPa
22 10.72 9.74 -10.11 9.45 -13.49
30 9.82 9.17 -7.08 8.76 -12.09
45 8.04 8.25 2.17 7.1 -13.68
61 6.10 6.57 7.15 5.53 -10.31
80 3.53 4.66 24.27 3.07 -14.95
Average Error (%) 3.28 -12.90

The FE method proved to be in a conservative ageaemith Modified B-31G and the average error
shown in Table 5.1 was 3.28%. Figure 5.4 showarfaipressure predictions of corrosion defectsgisin

analytical and FE methods.

12
= 10 ?T\ X Predicted FE Collapse
% = Pressure (Corrosion
- 8 Defect)
g
2
g © - OModified B31G
o m
e 4 ~
2 N R?=0.9987
(]
w 2

RSTRENG
0
10 20 30 40 50 60 70 80 90 100
Defect Depth (%)

Figure 5.4 Numerical Failure Pressure Prediction ofhe Corrosion Defect
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The results in Table 5.1 and Figure 5.4 were coetbto the three experimental burst tests by Hossein
[9] (Figure 3.3) to validate the FE modeling. T® FE models of (30% and 80% WT) were conducted
to extend the FE prediction. The failure pressesmilts showed an agreement with an average efrror o
10.13% as given in Table 5.2. Figure 5.5 showsnapewison in predicting the collapse pressure batwee

experimental, analytical, and finite element maugfor the corrosion defects.

Table 5.2 Comparison Between Experimental and FE Relts for Corrosion Modeling

Depth Failure Pressure (MPa) Error % Experimental Vs. Predicted
Modified Modified
o/ .
(J Experimental FE B31G RSTRENG FE B31G RSTRENG
22 12.8 10.72 9.74 9.45 16.22 23.91 26.17
30 N/A 9.82 9.17 8.76 N/A N/A N/A
45 9.59 8.04 8.25 7.1 15.84 13.97 25.96
61 6 6.10 6.57 5.53 -1.67 -9.50 7.83
80 N/A 3.53 4.66 3.07 N/A N/A N/A
Average Error % 10.13 9.46 19.99
14 .
X Predicted FE Collapse
12 O \ Pressure (Corrosion
_ ’ Defect)
£ 10 ?.,\E R,
2 Al A3 0 Modified B31G
o N
2 8 NG
o
t 6 RSTRENG
5 4 il
s 3
& R2=0.9987
2 O Experimental Collapse
Pressure
0
0 10 20 30 40 50 60 70 80 90 100
Defect Depth (%)

Figure 5.5 Corrosion Defect Analysis and Comparisoi®].
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The modeling results were conservative, with thé&ed4and 22%WT defects showing a greater
conservative error. It is expected that the emordases for the shallower defects since the é&itoode
transfers to geometric instability as mentionedha background for shallow defects. Naturally, the
ultimate true stress is important in determining tfailure pressure for corrosion modeling, and
consequently the variation in the ultimate truesgrshould be considered. In present work corisgler
the standard deviation of 17.6MPa (see Table Aellttimate true stress varied from 635.6 to 6004M
and the average error varied from 7.61% to 12.32%e average errors for all prediction methods are

plotted in Figure 5.6.

25
20 W RSTRENG
15 B Modified B31G
ES "
FE Average critical stress
10
B FE Maximum critical stress
5
B FE Minimum critical stress
0
Average Error (%)

Figure 5.6 Average Error Comparison between Corrosin Defect Failure Prediction Methods

To summarize, the appropriate material propertied the geometry of a corrosion defect are the

important parameters that could affect the collggessure prediction when using FE modeling.
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5.3 Crack Defect Numerical Evaluation

The study of crack defects and prediction of stiggsnsity using FEM has been widely used
particularly for elastic-plastic analysis. The difinces between modeling LEFM and EPFM have been
investigated by Cronin and Plumtree [10], and cotetl that LEFM significantly overestimate, the
failure pressure, as expected for this materiakrétore, EPFM was more appropriate in crack defect
evaluation due to ductility of the material consa&tk As an example, to confirm this difference thoe
steel pipe under investigation a 20 %WT crack defes modeled by both LEFM and EPFM. The results

in Figure 5.7 showed that the difference in J-lriém LEFM and EPFM increased rapidly with increas

in the pipe pressure.

35000
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J - Integral (J/m?)

J-Integral comparison for 20%WT 2D crack

l
/

/
M/T

Pressure (MPa)

¢ LEFM )

s EPFMJ

12

The EPFM modeling of the crack was carried out depths of 38%, 47%, 48% and 51%WT. As

recommended by ABAQUS [37], the crack tip was mededs a blunt notch with a specific radius as

Figure 5.7 Comparison between LEFM and EPFM Modelig
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small as 15 of the plastic zone sizg,rso that the deformed shape, caused by intereakpre in the
pipe, was no longer dependant on the original gégmd he following equation for the plastic zonees

calculations was used for plain strain conditiot&]]

1

rp =5 (K_y)z (1=2v)7 (4.1)

To obtain accurate results [37], the size of tleeneint around the notch had to be 1/10 the notatadijpis

so that the stress in the crack ligament couldaptured and the results of the contour integrafrfam

the crack were accurate when the solution convergkd fracture toughnessidor the material was
estimated using CVN results (shown in Table 4.9¢0128 MPgm). According to equation 4.1 the
plastic zone pwas calculated to be Foof rp (0.013 mm). The material was modeled using incréaten
plasticity as recommended by ABAQUS [37]. The crdelects 200 mm lengths were modeled with an
axial orientation on the outer surface of the pipely quarter of the pipe was modeled to bendfitrfithe

symmetry of the problem as shown in Figure 5.8.
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Figure 5.8 Crack Defect (Uniform depth Profile) Model

Generally, failures of cracksccur either by plastic collapse or fracture. Thgufe pressure criteric
depends on the stress and energy release ratihd wicinity of the crack. Bh the average VoMises
stress along the crack ligament and tIntegral values aroundéthcrack were evaluated and compare
the circumferential ultimate true stress and thécal fracture toughnesso>, respectively. When the
average Von Mises ssg in the crack ligament reacl the true ultimate strength of timaterial first, the
model wasconsidered to fail by plastic collapse. On the otrend, if the -Integral value in the vicinit

of the cack reached the critical val of b2, then failure occurred by fracture.

In the field, cracks appeared as colonies and usteghesente by an equivalent uniform depth crack
collapse pressure evaluatifb0] because the equivalent crack defect should be wrritieal than the

colonies of the @cks in order to have a conservative resiTherefore, four FE cracks with unifor
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depths of (38%, 47%, 48%, and 51%WT) were modeiearder to simulate the burst test. Figure 5.9 -

Figure 5.12 show the FE analysis of the crack nsodel
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Figure 5.9 FE Analysis of 38%WT Crack Model (Uniform Depth Profile)

The average Von Mises stress in the vicinity of 3B&WT crack in Figure 5.9 reached the ultimate tru
stress before the fracture toughness limit washexh@nd therefore the failure mode was considesed a
plastic collapse. The same failure mode is shawralfi the modeled cracks as shown in Figure 5010 t

Figure 5.12.
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Figure 5.10 FE Analysis of 47%WT Crack Model (Unifam Depth Profile)
[048%WT- stress at crack ligament
& 48%-J-Integral

- 800 i 900
é 700 Plastic collapce 1 800
g F.P = 7.5 MPa
e 600 o -— - -— -— - -— -— - -— -— - -— -— T -1 700 a
¥ 4 <
© 4 600
S5 500 | El:'@] 5
® 0 ! 1 500 =
4 —~ 400 | (] | a
§§ O | 1 400 &
5 € 300 ¢ 0 - I Fracture 4 300 _—f
a -_—
E 2007 I FEIXR L a0
5 O
> 100 - Lo { 100
gp 0 Vi 1 L O O OO (" 1 l / 1 1 1 L 0
g
<

Figure 5.11 FE Analysis of 48%WT Crack Model (Unifam Depth Profile)
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Figure 5.12 FE Analysis of 51%WT Crack Model (Unifam Depth Profile)

Table 5.3 Summarize the failure pressures of thefdlysis for the crack models based on the average

Von Mises stress of the nodes in the crack vicinity

Table 5.3 FE Results for Crack Defect (Uniform Dept Profile)

Crack ID # FE Failure Pressure (MPa)
38% WT 8.70
47% WT 7.93
48% WT 7.50
51% WT 6.35

As expected the failure pressure increased witlidteeased of the defect depth. The results dETaB

are compared with the experimental and analytiesllts (Table 3.3) done by Hosseini [9] to validate

FE modeling results. Hosseini [9] showed thattal analytical solutions were conservative compéved

his experimental results. Table 5.4 shows thedsElts versus the experimental and analytical tesul

81




Table 5.4 Crack Defect (Uniform Depth Profile) Anaysis and Comparison [9]

. . Exp. —Pred.
Exp. Predicted Failure Pressure (MPa) Error(%) = ———x 100
Crack . Exp
Depth Failure
Pressure API579 | BS7910 NG- API1 579 BS7910 NG-
%WT
(MPa) FE Cylinder | Cylinder CorLAS 18 FE Cylinder | Cylinder CorlAS 18

38 10.10 8.70 8.10 5.80 8.48 | 7.10 | 13.86 20.0 43.0 16.0 30.0

47 9.30 7.93 7.10 4.62 7.69 | 6.30 | 14.73 24.0 50.0 17.0 32.0
48 9.60 7.50 | 6.86 4.45 7.58 | 6.20 | 21.88 29.0 54.0 21.0 35.0
51 8.83 6.35| 6.21 3.97 7.24 | 590 | 28.09 30.0 55.0 18.0 33.0

Average Error (%) 19.64 25.0 50.0 18.0 33.0

The FE modeling results in Table 5.4 were in agegnwith the burst test with an average error of
19.64%, which is less conservative than the amaltnethods API 579, BS7910, and NG-18. 1t is
apparent, that the difference between the expetahand FE failure pressures increases with inergas

defect depth which is due to the difference in daéect profile shown in Figure 5.13. The FE crack
models with uniform depth profiles assume that nroegerial is removed at the shoulders. The error is

due to the difference in the defect profiles betwie experimented and the FE models.

/
/

U

\
/

\

Experimental Profile FE Mod\eling Profile

Figure 5.13 Side View of Experimental and FE Modelk Uniform Depth Crack Profile
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Further work was carried out to improve the craddeling results by considering a semi-ellipticalak
profile which is shallower than the crack with wmihed profile. With a semi-elliptical crack pre&fjlthe

FE modeling would be much more close to the bast ¢rack profile as shown in Figure 5.14 and the
error should be reduced. The experimental prafiées too sharp at the crack ends which will cause
meshing and partitioning problems in ABAQUS therefothe semi-elliptical FE profile still more

aggressive than the experimental crack profiletduaore removed material

Experimental Profile FE Modeling Profile

Figure 5.14 Side View of Experimental and FE Modelk Semi-elliptical Crack Profile

The semi-elliptical FE crack modeling was conduatsthg a computer with 8 processors and a 64-bit
operating system since previous resources did am# knough memory. The semi-elliptical crack peofil

was successfully modeled as shown in Figure 5.15.
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Figure 5.15 Crack Defect Model (Semklliptical Profile)

A set of four FE semi-ellipticalrack modelwith depths of (38%, 47%, 48%, and 51%\\were carried
out and analyzed as shownHigure5.16 - Figure 5.18sing the same failure approach used for unii

depth cracks.
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Figure 5.17 FEAnalysis of 47%WT crack Model (Semi-elliptical Profile)

85




(zw /) jeadaqul-r

o o o o o
o o o o o
o [Tp] < on o

900
800
700
100

I
|
[
[
[
[
|
LD g
" O o
I O 3
[
| i
| O J
“ = -
I a
; O X
[
[ 4
[
|
I 1 I I 1 1 I D
o o o o o o o o o
o o o o o o o o
o0 ~ O wn < m [V} —
(edIA) 2us eS|

)oeudd ay] je ssa43s SOSI|AI-UOA 98esany

11 12

10

6 7

Pressure (MPa)

5

Figure 5.18 FE Analysis of 48%WT crack Model (Semelliptical Profile)
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Figure 5.19 FE Analysis of 51%WT crack Model (Semelliptical Profile)
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When considering the uniform depth crack modeling ¢he experimental results, the semi-elliptical
crack models results showed a significant improwgrirepredicting the crack defect collapse pressisre

shown in Table 5.5.

Table 5.5 Crack Defect (Semi-elliptical profile) Amlysis and Comparison

Experimental FE FE Error Exp Vs.
. . . Error Exp. Vs. FE
Crack # Failure Fallur_e Pr.es:sure Fal[ure Pressure (semi-elliptical) FE
Pressure (Semi-elliptical) (uniform depth) (%) (Uniform depth)

(MPa) (MPa) (MPa) (%)
38%WT 10.10 9.51 8.70 5.84 13.86
47% WT 9.30 9.06 7.93 2.58 14.73
48%WT 9.60 8.68 7.50 9.58 21.88
51%WT 8.83 8.53 6.35 3.40 28.09
Average 5.35 19.64

As shown in Table 5.5 the predicted collapse presstror using semi-elliptical FE crack profilenmich
less conservative than using uniform depth FE crackile, as expected. The average error improved
from 19.64% for the uniform depth crack profile3®5% for semi-elliptical crack profile. Figure 8.2

was plotted to compare the FE results with therahalytical methods from Table 5.4.
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Figure 5.20 Comparison between FE and Analytical Rlure Pressure Prediction.

Apparently, the FE method provided the best prégictor crack defect when compared with the other
analytical methods as shown in Figure 5.20. Moeeothe crack defect profile was proven to be an
important parameter that could affect the collgpsssure prediction when using FE modeling. Figure

5.21 was contains the collapse pressure resulthdaexperimental, FE, and analytical.
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Figure 5.21 Crack Defect Comparison between FE, Exgriment, and Analytical Failure Pressure [9]

5.4 Crack-in-Corrosion (CIC) Defect Numerical Evalu  ation

Five burst tests were modeled and the results e@rgared to the experimental results that were
undertaken by Hosseini [9]. The CIC models havemosion defect with a flat bottom and a uniform
depth crack as shown in Figure 5.22. The corroslefect was 30 mm in width and 200 mm in

longitudinal length while the crack length was 1. Note that only quarter of the pipe was modeled.
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Table 5.6shows the CIC defect geometries for the five FE et®dnd the burst tests. The CIC mo
contain corrosion groove coincidence with crackr &ample, the total defect depth of CIC1 i%WT

out of the wall thickness that is divided into @mion and crack percentages. 68% of the WT is the

Figure 5.22 CIC Defect Profile

corrosion depth while the rest of the 52%WT is 3&%ck depth as shown Figure5.23 .

Table 5.6 CIC Defect Geometry [9]

TestID | Corrosion Length (mm) Corrosion Defect Depth Total Defect Depth
Width (mm) | crack (%) | Corrosion (%) (%WT)
cici 32 68 52
Cic2 38 62 59
Cic3 200 30 34 66 60
Cica 30 70 61
CIC5 35 65 66
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The difference in crack section profile betweendRperimental and modeled CIC defect is also shown
Figure 5.23. The FE corrosion defect profile af thIC defect was modeled as the experimental defect
while the crack profile (in red color) was modelgith a uniform depth instead of semi-elliptical file

The difference resulted in a conservative failurespure because more material was removed from the

crack defect. Accordingly the stress will be mooacentrated in the sharper corners of the defect.

\ =
P e

Experimental Profile FE Profile

Figure 5.23 View of Actual and Modeled CIC Profile

The CIC defect was expected to fail by plasticaqmde hence the failure criterion used in the aisalyas

the same as that used in evaluating the failursspre for modeling the crack defect. The Von Mises
stress in the crack ligament was calculated themaged and compared to the circumferential ultimate
true stress. In addition, the J-Integral aroureddtack profile was determined and compared =197
KJ/n? to assess whether if the crack failed by fracturplastic collapse. Figure 5.24 - Figure 5.28vsho

the FE analysis of the CIC defect models.
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Figure 5.25 Failure Pressure Analysis of CIC-2
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Figure 5.27 Failure Pressure Analysis of CIC-4
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Figure 5.28 Failure Pressure Analysis of CIC-5

Table 5.7 summarizes the experimental and FE ssfulthe CIC defect.

Table 5.7 Comparison Between Experimental and FE Railts for CIC Modeling

CIC Defect | CIC Defect Depth |Experiment Failure Pressure | FE Failure Pressure | Difference%
ID (WT%) (MPa) (MPa)

Cic-1 52 7.7 6.94 10.34
Cic-2 59 6.7 5.41 19.49
Cic-3 60 7.1 5.49 22.24
Cic-4 61 7.9 5.93 24.84
CIC-5 66 6.2 4.06 33.98

Average (%) 22.18

The CIC modeling results in Table 5.7 were condarmacompared to the experimental results. The

average difference was 22.18%. In general, tHerdifice increased with crack depth in the CIC, laimi
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to the crack modeling results. This was due toemoaterial being removed at the shoulders in thekcr

profile compared to the experimental semi-elligtmrack profile shown in Figure 5.23.

Figure 5.29 shows a comparison between the FE,riexpet and analytical solution. The analytical
solution was done by Hosseini [9] for crack onlyl aorrosion only to see if the CIC defect closertick

or close to corrosion. The results given in Figbr29 show that the FE method predicts the failure
pressure with the same trend as the experimentst tast. It also shows that the FE approach gesva
good estimation of the failure pressure of a Cl@de It is possible that the error may be reduide

crack’s profiles were modeled as semi-elliptical.

CIC-Experimental Collapse Pressure
@ Corrosion-Predicted Collapse Pressure(RSTRENG)
M Fatigue Crack-Predicted Collapse Pressure(API579-Cylinder Approach)
X FE CIC collapse pressrue

CIC 1 (52% WT) CIC 4 (61% WT)

Failure Pressure (MPa)
O R N W b U1 OO N 0O O

50 55 60 65 70
Total Defect Depth( % WT)

Figure 5.29 Comparison Between Experimental and FResults for CIC Modeling [9]
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Chapter 6 Results and Discussion

Modeling failure prediction requires accurate matguroperties, geometry, boundary condition,
and appropriate failure criteria. The materialgandies of the pipe were very important parametar§E
modeling and to define the failure criteria of Whefects under investigation in this study. Thesilen
testing provided the true circumferential ultimateess (618 MPa (17.6 MPa)) that was necessary to
define the plastic collapse (critical stress) linilthe circumferential tensile test results weredusecause
the hoop stress of the pipe was higher and donsrddéect failure. As expected, the circumferential
tensile stresses were greater than the longituditreingth. In addition, the yield strength of the
circumferential tensile test had a large variatioe to the curved specimens, which were flattereddré

testing.

CVN testing gave an upper shelf average energBdf 4 which was correlated to the fracture tougbnes
(Kicand J,). The test also provided the transition tempeeatd -22.9 (°C). The variation of the CVN
energies was due to the pipe thickness which atlooely sub-sized test specimens. The specimen
results had a scatter which was magnified wherirgcéthe energy results to equivalent full size épea

absorbed energy.

The J-Testing results were analyzed but the tdatwdare not qualified to provide the fracture tougts
(Jc) directly. The pipe wall thickness allowed forlypsmall test specimens which exhibited significant
plasticity in the vicinity of the cracks. The ddtam the tests was used to determipe which is an
approximation of the fracture toughness, =197 KJ/nf was a very important value that defined the

fracture limit used later for crack and CIC FE mlodge The empirical correlate@ = 97 KJ/n based
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on CVN upper shelf energy was very conservativenvbempared with the value measured from J-
Integral testing which was 197 KJm Thus, it is better to determine the fracturegtmess using J-
Integral testing for d if possible or to useyd for thin wall pipes. The correlation was stillnsidered

valid but it will result in very conservative farti predictions.

The corrosion modeling was done for defect depfha2é6, 45%, and 61%WT resulted in conservative
predictions compared to the experimental failuespure, with an average error of 10.13%. The reddel
pipe was considered to fail when the material athbttom of the defect reached the circumferential
ultimate true stress of 618 MPa. If the variatadfithe circumferential ultimate true stress results
considered then the predicted error range variech f6.66 to 27.89% conservative in agreement with
previous studies. The error became greater wighiasker corrosion defects because the failure msde

changing to geometric instability when the defextti is less than 20% WT.

The crack modeling was done for depths of 38%, 4#8% and 51%WT based on two approaches, the
uniform depth profile and the semi-elliptical ptefi The crack with uniform depth profile was done
because the uniform shape is the logical equivalkape for a colony of cracks [10] whereas thekcrac
with the semi-elliptical profile was done to hawsd conservative results and because the expesiment
were done with semi-elliptical cracks. The FE mauglresults for crack defects with uniform depth
profile had an average error of 19.64% which isenmwnservative than the burst test results. Thar err
increased with deeper crack defects as the modessdt become more aggressive than the actual crack
due to more material being removed. For crackaefedeling with a semi-elliptical defect profilde
average error was 5.35% (conservative) comparétetexperimental failure pressure. The reasothfor

improvement was that the experimental crack profids close to semi-elliptical. Modeling a crackhwi
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uniform depth is still valuable considering a colasf cracks [10] despite the large error in theckra

modeling of uniform depth profile when comparedtte specific experiment in this study.

Five CIC defects were modeled with total depth§2%, 59%, 60%, 61%, and 66%WT. As was done for
the crack modeling, the failure pressure critedepended on the stress and energy release ratéad in
vicinity of the crack. The CIC predicted failureepsure results were conservative compared to the
experimental results with an average error of Z4.18The error increased with the total defect depth
because the deeper defects had more removed rhafEr@error can be improved to be less consesati

if the crack in the CIC defect was modeled with ielliptical profile.
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Chapter 7 Conclusions and Recommendations

The FE modeling of the corrosion, crack, and Cl@vpd to give good estimations of the failure
pressures. The defect geometry and the mateopkpies are the important factors that affectf#filere
pressure predictions. In general, the FE modalnifapse pressure results were conservative compare

the experimental results.

The circumferential tensile test data was usedeadipt response and failure of the defects. Thenate
true stress was the critical stress used to deterthi failure initiation in corrosion defect madgl It is
recommended that the tensile test variation isidensd, since the failure prediction depends orvtiee

of the critical stress (ultimate true stress).

For CVN testing, full size specimens are preferrbdcause the sub-sized specimens may exhibit
additional scatter. The sub-sized specimens usgé ®caled in order to match the full size absorbed
energy. In addition, using the upper shelf avergergy and correlating to the fracture toughnesk .0

using existing data fives a conservative estimatheotoughness.

For the J-Integral testing, the test specimen shbel thick for the data to be qualified to provigie
Since thin specimens were used, and the data wasgjuadified to provide d, b, was used as an
approximate value for the fracture toughness. dgiatl testing is recommended because it providesrbe

estimation of the fracture toughness compared Mak and Tyson correlation charts.

The corrosion FE modeling results gave conservadigalts compared to the experimental results laad t

average error was 10.13%. The error became morseoaative with shallower corrosion (less than
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20%WT) defects since the failure mode transferggometric instability. It is important to accodat
the scatter in the tensile strength when analythiegFE corrosion defect. Moreover, removing thd en

caps from the calculation will decrease the comtjmrial time with no effect on the failure predictio

The crack defect modeling results were conservatiite an average error of 19.64% for the uniform
depth crack profile and 5.35% for the semi-elligkicrack profile. The crack defect modeling issitve

to the defect profile and the material loss affddiee failure pressure prediction. The uniform tbep
approach should be used when having a colony cksria the field cases. To simulate an experimenta
crack, the crack profile of the model should beclse as possible to the experimental one. The J-
Integral around the modeled crack tip should beitomed in both the depth, and the shoulders on the

surface. The greater value has to be compardatisacture toughness for predicted failure bytfrex

The results of CIC FE modeling were conservativenvbompared with the experimental results and the
average difference was 22.18%. This error wasdlsoto the defect profile being more aggressiaa th
the experimental CIC defect. To conclude, thelcewd corrosion modeling are sensitive to the fofi

shape and the amount of removed material.

For future work, the sub-modeling technique is higecommended when having such repetitive models.
For instance, all the modeled defects in this sthdg the same lengths and widths so they could be
modeled separately and added later to the rebegiipe body. This method would allow the usdraee

a very fine mesh for the sub-models (the defectetspwithout having to remodel the whole pipe gver

time.
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Appendix A

a) Reference Stress API 579 (Cylinder Approach):
To calculate the reference stress of a cylindereuridternal pressure containing semi-elliptical

surface crack, the following equation should belydd] :

2c

Figure A. 1 Cylinder — Surface Crack, Longitudinal Direction-Semi-elliptical Shape [44].
Oref = MsPpy
Where
P,,: Hoop Stress

Folias bulging factorM,is given by:

af 1
075

s” 1-0.67%
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_ 1.02 + 0.44112% +.0061242*
£ 7 14.026421%2 + 1.533X10-614

_1.818C
tR;

A

b) Stress Intensity APl 579 (Cylinder Approach):

To calculate the stress intensity of a cylinderarridternal pressure containing semi-ellipticaface

crack, the following equation should be used [45] :

2

PRI 106 + 26,2 436, (S5)2 + 464 (—2)3 + 56, ()4 |22
— 7 [260 +26:G) + 362()? + 46 )" +56u)"] [

K[ =
R% — R?

For the coefficient&oandGaifor inside and outside surface cracks the followeggation can be
used:

Go = Ago + A1oB + ApoB?+A3 0B +A40B* +A5 0 B> +A6,0B°

Gy = Agq +A11B+ Ay BP+A; 1 B3 +A, 1 B +As 1B +Ag,1 B°
Where

B Is given by following Equation
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The parameters;, are provided in Table C.11 [45].

To determine the influence coefficients ,G; andGs, paragraph C.14.3 or C.14.4 [45]can be

used.
Q is giving by the following equation:
Q=1+1.464 )15

0,: Uniform coefficient for polynomial stress distuition (MPa or psi)
a) Reference stress BS 7910 (Cylinder Approach):

To calculate the reference stress of a cylindereuridternal pressure containing semi-elliptical

surface crack, the following equation should bedy26]:
O'ref = 12M5Pm

Where
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b)

Stress intensity BS 7910 (Cylinder Approach):

To calculate the reference stress of a cylindereundternal pressure containing semi-elliptical

surface crack, the following equation should bedJ4é]:
K; = Mf,,M,0,, Vta
Where

fur = fec ()

M; = {1+3.2 ¢ 30
t 2Rt

2

M, = {M {Ml M (3) + M (%)4} gf(pfw} /Q

a
M, = 113 - 0.09()
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-nc__ L _ (224
M3=0.57 = + 14(1 B}

Q={1 + 1.464 (9)"5}°°
In the present case:

For deep point:

For surface point:

g={11+035 (%)2}
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Appendix B

* J-Integral Test Analysis

Table B. 1 shows the J-Integral test results.

Table B. 1 J-Integral First Test Set Results

Specimen | CMOD a a, Aa Aa, b, Ja(KI/ | 3 (K | KD/

# (in) | (mm) | (mm) | (mm) | (mm) | (mm) m?) m? m?)
3.00 001 | 225 | 2.32 0.07 0.07 3.05 6.26 70.8 77.1
6.00 003 | 219 | 242 0.23 0.23 3.11 6.53 169 175
7.00 003 | 221 | 264 0.43 0.43 3.09 5.58 188 193
7-adj 003 | 221 | 264 0.43 0.43 3.09 5.54 204 210
4.00 0.05 | 244 | 3.02 0.57 0.57 2.86 4.21 274 278
2.00 0.06 | 243 | 3.30 0.87 0.87 2.87 2.78 349 352
1.00 007 | 221 | 3.31 1.10 1.10 3.09 2.61 439 442

The above results needed to be analyzed in ordevatuate gk The analysis was done according to
ASTM E1820 — 08 [18]. The procedure and the resfilanalyzing one of the three test sets are
summarized in the following steps:
1. Correcting the crack growth:
1. Because crack growth is not monitored in the bsitprocedure, a multiple-specimen technique is
required to obtain the J-R curve. J-Integral valwese calculated for 7 specimens from the first

test set. The following equation was used to coddotegral initial results:

_ Jplo
]_]elo+1+(a,_ 05)%
a+05/ b,
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While a« =1 for SE(B)

2.Fit a power law curve of the expressips Ji,,m, Aa™ to the corrected data that have crack

growth exceedingNa/bo = 0.05). Table B. 2 shows the corrected J, and Figuré ghows the

curve fitted.
Table B. 2 J-Integral Crack Growth Correction
Specimen | Aa Jiotal Corrected J
# mm | (K)/m?) | (KJ/m2)
3.00 0.07 77.1 76.5
6.00 0.23 175 171
7.00 0.43 193 185
7-adj 0.43 210 201
4.00 0.57 278 261
2.00 0.87 352 320
1.00 1.10 442 396
500 J-R Curve
* .
400 " -
) I -
& 300 - A . » # Initial J-R Curve
£ ,3"" y = 347.15x0-p°°1
X 5~
= 200 v
L Corrected J
100
4
U4
0
0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60
Crack Extension, Aa (mm)

Figure B. 1 Power-law Curve Fitting to the Correctel Crack Extension
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3.Calculate the final crack growth corrected using= 5591 for the equation bellow:

Jpl,

J=Jel, +

Table B. 3and Figure B. 2 represent the resultookcting J.

Table B. 3 Crack Growth Final Correction

Crack Extension, Aa (mm)

Specimen | Aa Jiotal Corrected J Final crack growth corrected J
# mm | (/m?) | (K1 /my | B2/be>0.05 (K) / m?)
3.00 0.07 77.1 76.5 0.02 76.6
6.00 0.23 175 171 0.07 172
7.00 0.43 193 185 0.14 186
7-adj 0.43 210 201 0.14 202
4.00 0.57 278 261 0.20 263
2.00 0.87 352 320 0.30 325
1.00 1.10 442 396 0.35 402
J-R Curve
500 # Initial J-R Curve
400 )T(
7*5 300 X Corrected
£ X
2 200 x
- X Final crack growth
100 *® corrected J
0
0.00 0.20 0.40 0.60 0.80 1.00 1.20

Figure B. 2 Crack Growth Final Correction
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4. Measurement Capacity of Specimen: This capacitylshthen form a qualification area which
should contain more than two points to evaluate J

a. Set the maximum capacity of the J-Integral by tgkhe smaller .}, of the following:

Jmax = booy /10

Jmax = Boy/10

Oys+ Outs

Oy = )

b. Set the maximum crack extension capacity by tHevdhg:

Aayq = 0.25b,
Adpgx = 0.76 mm

The results are shown as follows in Table B. 4 /kigure B. 3 shows the limit lines

Table B. 4 Measurement Capacity of Specimen

Jinax = by 0y/10 (KJ/M?) | Jinax = B 0y/10 (KJ/m?) | Aapa, = 0.25%b, (KJ/m?)
160 0.76
163 0.78
162 0.77
162 279 0.77
150 0.71
151 0.72
162 0.77
163 279 0.78
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J-R Curve
600
|
500 : @ Initial J-R Curve
) L 4
400 X Corrected J
|
g X
< | .
E 300 x | X  Final corrected J
2 |
= 200 O % 0 == == | limit bo max
100 !
L 2 | = e= A3 max
0 |
0 0.2 0.4 0.6 0.8 1 1.2

Figure B. 3 (J-R Curve) the Capacity of Specimen

Apparently from Figure B. 3 the limits are very shi@ contain enough qualified data for
evaluating ¢. The reason for the small capacity is the smiph phickness that results in a small

remaining ligament (.

5. Jc Evaluation:
Basic method was used to determine the toughnetiseainaterial near the onset of the crack
extension from preexisting fatigue crack. The heijig stage of material crack growth resistance
development is marked by theg.J
a. Calculate J according to the following equation @hot J versusAa (J-R curve) as in

Figure B. 4.
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] = MO'yAa

Table B. 5 Calculation of J and Jnit

B (mm) | J=MoYAa (KJ)/m?) | bo | Jimi=bo 0Yy/7.5
3.05 69.4 3.05 208
3.11 231 3.11 212
3.09 439 3.09 211
3.09 439 3.09 211
2.86 588 2.86 195
2.87 888 2.87 196
3.09 1121 3.09 211

Plot construction lines from J

Draw exclusion line parallel to construction liméersecting the abscissa at 0.15 mm.
Draw exclusion line parallel to construction limggrsecting the abscissa at 1.5 mm.
Plot all J —Aa data points that fall inside the area enclosethbge two exclusion lines

and capped by

Jlimit = booy/7.5 .
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J-R Curve
700

s !
R
600 >4

Crack Extension, Aa (mm)

/
: y)
500 P 1
R /
T~ 400 £ /
£ ¥/ /
g ..' ) /
p 7
/
4
/
y)
/
1
0O 02 04 06 08 1 12 14 16 1.8 2 22 24

X Final crack growth
corrected J

e=—(0.2 mm Offset line
=== \a max
X Constuction line
0.15 mm Exclusion

line

1.5 mm Exclusion
line

J limit

&= A2 min

—=—Aa limit

Figure B. 4 J-R Curve for Determining Jc

As expected from the capacity lines, there areemough qualified data according to Figure B. 5.erEv

after proceeding with fitting the curve and makthg intersection between the 0.2mm offset line thed

fitted curve to determine a provisiong), dhe data is still not qualified fofcJbecause of the following

gualification requirements:

» The power coefficient C2 shall be less than 1.
* Jycan be equivalent tJf:
 thethikness B > 10 Jo/oy

 theintial legament b, > 10 Jq/oy
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 theslope of the power law regression Aag < oy
To evaluate dan intersection between the 0.2mm offset line aeditted curve should be plotted.
This intersection point is to determine a provisiod. The data should meet some conditions so
that the provisionalglcan be accounted as the material fracture toughles

6. Data Quialifications:

J-R Curve
700 0.2mm 1 05
) Smin
Exclusion line R ,', /J./ Exclusion line /
600 s A — .
0.15mm K ﬂl’l / | Olnicial J data
500 |[Exclusion line s Il[l /I —
~1
Constructi Nl" ann 1 /
— 200 onstructionys — ¢ . ~ ® Corrected J data
o line J 7 ! } 1.3mm
. / 1
£ NN Extlusion] line
S 300 N =
2 K / _J limit
= N , / OFinal crack
> —— rowth corrected
200 BA \Q;T STON.OF & Wﬁ\ s
)
pall L DRTAN
100 F ”, _ha imit
; / \
0 & / ! ></ g u/
0 02 04 06 038 1 1.2 14 16 138 2 22 24
Aa (mm)

Figure B. 5 Qualified Data on J-R curve
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