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1 Introduction

1.1 Background

Steel pipelines are widely considered the most efficient and safest mode of transmitting
and distributing large quantity of hydrocarbon products (e.g., crude oil, natural gas and
various petroleum products). Canada has more than 840,000 kilometres (km) of
transmission, gathering and distribution pipelines with most provinces having significant
pipeline infrastructure (NRCan, 2021). Of this amount, about 73,000 km are federally
regulated pipelines which are primarily transmission pipelines. According to the National
Conference of State Legislatures (NCSL, 2021), the United States maintains about 2
million miles of natural gas distribution mains and pipelines, 321,000 miles of gas
transmission and gathering pipelines, 175,000 miles hazardous liquid pipelines. Failures
of pipelines, albeit infrequent, will cause undesirable impacts on economies, environment
and the living conditions of residents. The metal-loss corrosion is one of the most common
threats to the structural integrity of pipelines as shown in Figure 1.1. Lam and Zhou (2016)
analyzed the incidents on onshore gas transmission pipelines from 2002 to 2013 based on
the Pipeline and Hazardous Material Safety Administration (PHMSA) database indicating
that corrosion is responsible for 32.1% of all incidents. The in-line inspection (ILI) tool is
the most common practice throughout the pipe industry to detect and size metal loss
anomalies on the pipelines. The ILI tools identify and size the metal loss corrosion defect
through a data analysis process and report in a spreadsheet format, which generally
includes the maximum depth (d, in the through wall thickness direction), length (I, in the
pipe longitudinal direction), width of the corrosion defect (w, in the pipe circumferential

direction) as shown in Fig. 1.1.



Corrosion defect

Figure 1.1 Corrosion defect on pipeline

Based on the ILI information, semi-empirical models are commonly used in practice to
evaluate the burst capacity of corroded pipelines, for example, the well-known B31G
(1991), B31G Modified (Kiefner and Vieth, 1989), CSA (2019), DNV (2017), RSTRENG
(Kiefner and Vieth, 1990) and SHELL92 (Ritchie and Last, 1995) models. These models
evaluate the burst capacity by taking into account the length and depth of the corrosion
defect, but ignoring the influence of the defect width. Many recently developed burst
capacity models (Netto, 2009; Chen et al., 2015; Su et al., 2016; Shuai et al., 2017;
Keshtegar and Seghier, 2018) include the defect width as a model parameter. For all of
such models, an increase in the defect width leads to a decrease in the burst capacity, all
the other parameters being unchanged. Idealized corrosion defects are considered in the
semi-empirical models, for example, rectangular and semi-ellipsoidal idealizations. The
effect of the defect width on the burst capacity of corroded pipelines has been investigated
based primarily on the rectangular idealization of the defect (Netto, 2009; Chen et al., 2015;
Su et al., 2016; Shuai et al., 2017), which leads to the most conservative prediction. The
influence of the defect width on the burst capacity remains an open question in the context
of the semi-ellipsoidal idealization, which better approximates the geometry of real

corrosion defects than the commonly used rectangular (or cubic) idealization.

Corroded in-service pipelines may be subjected to longitudinal tensile or compressive



forces and bending moments resulting from, for example, ground movement or formation
of free spans (Karimian, 2006; Wijewickreme et al., 2009; Meidani et al., 2017, 2018), in
addition to internal pressures. The burst capacity of a corroded pipeline under the
combined internal pressure and longitudinal compression can be markedly lower than that
of the pipeline under the internal pressure only as confirmed by both experimental and
numerical studies reported in the literature (Chouchaoui, 1995; Bjgrngy et al., 2000; Smith
and Waldhart, 2000; Liu et al., 2009; Mondal and Dhar, 2019). Note that the longitudinal
compression may result from a compressive force or bending moment (with the corrosion
defect located on the compression side of the bending). Widely-used semi-empirical
fitness-for-service (FFS) assessment models for corroded pipelines, such as the B31G
(1991), B31G Modified (Kiefner and Vieth, 1989), CSA (2019), RSTRENG (Kiefner and
Vieth, 1990) and SHELL92 (Ritchie and Last, 1995) models, consider the internal pressure
only. The two most well-known practical FFS assessment models for corroded pipelines
under combined loads, the one recommended in DNV RP-F101 (2017) and the RPA-PLLC
model proposed in (Benjamin, 2008) (RPA stands for the rectangular parabolic area, and
PLLC stands for the pressure loading plus longitudinal compression), cannot adequately
capture the effect of compressive stress on the burst capacity of corroded pipelines. This
is because both models include a relatively high threshold compressive stress (typically
greater than 30% of the pipe yield strength), below which the compressive stress is
considered to have no effect on the burst capacity. This however is inconsistent with
observations obtained in recent studies (Liu et al., 2009; Mondal and Dhar, 2019; Zhang
and Zhou, 2020). Results of FEA (Mondal and Dhar, 2019) indicate that a compressive
stress equal to about 15% of the pipe yield strength can result in a 8~17% reduction in the
burst capacity of corroded pipelines. This suggests that the DNV and RPA-PLLC models
do not adequately capture the effect of compressive stress on the burst capacity of corroded

pipelines.

Multiple corrosion defects often exist in close proximity on a given pipeline. This can lead
to the so-called interaction effect; that is, the burst capacity of the pipeline containing
multiple closely-spaced defects is lower than those of the same pipeline containing each of
the defects individually. Extensive experimental and numerical studies have been reported

in the literature to investigate the interaction of two closely-spaced corrosion defects on



pipelines subjected to the internal pressure only (Benjamin et al., 2005, 2006; Silva et al.,
2007; Li et al., 2016; Xu et al., 2017; Al-Owaisi et al., 2018; Sun and Cheng, 2018).
Simple-to-use (generally conservative) defect interaction rules have also been suggested in
various standards and recommended practice to facilitate the integrity assessment of
corroded pipelines in practice (Kiefner and Vieth, 1990; ASME, 2017; DNV, 2017; CSA,

2019) for the loading condition of internal pressure only.

1.2 Obijective

The study in this thesis is financially supported by Natural Sciences and Engineering
Research Council (NSERC) of Canada. The objectives of this study are summarized as

follows.

1) Investigate the conservatism associated with the rectangular and semi-ellipsoidal
idealizations of corrosion defects and the effect of the defect width on the burst capacity

based on semi-ellipsoidal idealization using extensive 3D elasto-plastic FEA

2) Propose a new burst capacity model for corroded pipeline under internal pressure only

to achieve high predictive accuracy of the burst capacity.

3) Evaluate the influence of longitudinal compression on the burst capacity of corroded

pipelines by using FEA and ANN technique.

4) Develop a new semi-empirical burst capacity model for corroded oil and gas pipelines

under combined internal pressure and longitudinal compression.

5) Investigate the interaction effect on the burst capacity of oil and gas pipelines containing
closely-spaced corrosion defects under combined internal pressure and longitudinal

compression by carrying out extensive parametric 3D elasto-plastic FEA.

This research will improve the accuracy of fitness-for-service assessments of corroded
pipelines in practice including the combined loading condition and provide practical

recommendations for the defect interaction rules under combined loads.



1.3 Scope of the study

This thesis consists of five main topics that are presented in Chapters 2 to 6, respectively.
Chapter 2 investigates the conservatism associated with the rectangular and semi-
ellipsoidal idealizations of corrosion defects by comparing the FEA-predicted burst
capacities corresponding to these idealizations with the burst capacities observed in a set
of full-scale burst tests of pipe specimens containing naturally-occurring corrosion defects
(Bao et al., 2018). Then, systematic parametric 3D FEA is carried out to have an in-depth
understanding of the influence of the defect width on the burst capacity of corroded

pipelines and its implication for the burst capacity predicted by semi-empirical models.

Chapter 3 develops a new burst capacity model for corroded pipeline based on a large
number of parametric elasto-plastic FEA validated by full-scale tests. The proposed model
follows the basic form of the NG-18 equation but incorporates the defect width as an input
parameter in the model, a new Folias factor equation that depends on both the defect depth
and length and the same flow stress defined as a function of the strain hardening exponent
and ultimate tensile strength of the pipe steel based on the analytical solution of the burst
capacity of defect-free pipes. The accuracy of the proposed model is validated using
extensive parametric FEA and shown to be higher than those of six well-known NG-18-
family models, i.e. the B31G, B31G Modified, CSA, DNV, RSTRENG and SHELL92 and

a model recently proposed by Sun et al.

Chapter 4 evaluates the burst capacity of corroded pipelines under combined internal
pressure and longitudinal compression loading condition based on extensive parametric 3D
elastic-plastic FEA and artificial neural network (ANN) technique. The inter-dependent
influence of the defect dimension on the longitudinal compression effect on the burst
capacity compression by varying the defect depth, length and width, and magnitude of axial
compressive stress. Based on the parametric FEA results, an ANN model is developed to
predict the burst capacity of pipelines containing single corrosion defects under internal

pressure only or combined internal pressure and axial compression.

Chapter 5 proposes a new semi-empirical burst capacity model for corroded oil and gas

pipelines under combined internal pressure and longitudinal compression. The proposed



model evaluates the burst capacity of a corroded pipeline under combined loads as the burst
capacity of the pipeline under internal pressure only, which is developed in Chapter 3,
multiplied by a correction factor to account for the effect of the longitudinal compression.
Extensive parametric elastoplastic FEA results, conducted in Chapter 4, are used as the
basis to develop the correction factor as a function of the corrosion defect sizes and
magnitude of the longitudinal compressive stress. The proposed model is validated by a
large set of parametric FEA and full-scale burst tests reported in the literature, and is shown
to provide marked improvements over two existing models, the DNV and RPA-PLLC

models, for corroded pipelines under combined loads.

Chapter 6 investigates the interaction effect on the burst capacity of oil and gas pipelines
containing closely-spaced corrosion defects under combined internal pressure and
longitudinal compression by carrying out extensive parametric 3D elasto-plastic FEA. The
analysis considers two identical, semi-ellipsoidal-shaped corrosion defects aligned
circumferentially or longitudinally on the pipeline. The adequacy of four practical
interaction rules, DNV RP F101, B31G and CSA Z662 (CSA) as well as that recommended
by Kiefner and Vieth (KV), is also examined for the combined loading condition.

1.4 Thesis format

This thesis is prepared as an Integrated-Article Format as specified by the School of
Graduate and Postdoctoral Studies at Western University, London, Ontario, Canada. A
total of 7 chapters are included in this thesis. Chapter 1 presents the introduction of the
thesis which includes the research background, objective, scope of the study and thesis
format. Chapters 2 through 6 are the main body of the thesis, of which each chapter
addresses an individual topic. Finally, the main conclusions and recommendations for

future research regarding the topics in the thesis are included in Chapter 7.
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2 Assessment of Effects of |dealized Defect Shape and
Width on the Burst Capacity of Corroded Pipeline

2.1 Introduction

Metal-loss corrosion threatens the structural integrity of oil and gas pipelines as it causes
thinning of the pipe wall and therefore reduces the pressure containment capacity, i.e. burst
capacity, of the pipeline. Semi-empirical models are commonly used in the pipeline
industry to evaluate the burst capacity of corroded pipelines, for example, the well-known
B31G (ASME, 1991), B31G Modified (Kiefner and Vieth, 1989), CSA (2019), DNV
(2017), RSTRENG ((Kiefner and Vieth, 1990) and PCORRC (Stephens and Leis, 2000)
models. These models evaluate the burst capacity by taking into account the length (in the
pipe longitudinal direction) and depth (in the through-pipe wall thickness direction) of the
corrosion defect, but ignoring the influence of the defect width (in the pipe circumferential
direction). Many recently developed burst capacity models (Netto, 2009; Chen et al., 2015;
Su et al., 2016; Shuai et al., 2017; Keshtegar and Seghier, 2018; Mokhtari and Melchers,
2018) include the defect width as a model parameter. For almost all of such models, an
increase in the defect width leads to a decrease in the burst capacity, all the other parameters
being unchanged. The extent to which the defect width influences the burst capacity

however varies markedly among the models.

The three-dimensional (3D) elasto-plastic finite element analysis (FEA) has proven to be
an effective tool to evaluate the burst capacity of corroded pipelines (Chouchaoui, 1995).
Although naturally-occurring corrosion defects are irregular-shaped, corrosion defects
considered in FEA are often idealized to be rectangular-shaped 3D flaws as illustrated in
Fig. 2.1, which is the most conservative idealization of a naturally-occurring defect with
given depth (d), length (I) and width (w). The semi-ellipsoidal idealization of the corrosion
defect (Fig. 2.1) has been employed in a few studies (Al-Owaisi et al., 2016; Mokhtari and
Melchers, 2018, 2019). In particular, Mokhtari and Melchers (2018) considered
artificially-generated, complex-shaped defects in finite element models of corroded pipes,
and their corresponding rectangular and semi-ellipsoidal idealizations (with the same
defect depth, length and width). Based on FEA of eleven pipe models, the authors reported

that the semi-ellipsoidal idealization leads to on average about 5% under-prediction of
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burst capacities of complex-shaped defects, whereas the rectangular idealization on
average about 11% under-prediction. The accuracy of FEA is validated by full-scale burst
tests of three pipe specimens containing complex-shaped defects and three containing
rectangular-shaped defects (Mokhtari and Melchers, 2019). Although the complex-shaped
defects considered in (Mokhtari and Melchers, 2018, 2019) are intended to mimic
naturally-occurring corrosion defects, there is a lack of rigorous evidence in (Mokhtari and
Melchers, 2018, 2019) that characteristics of such defects are indeed representative of those

of naturally-occurring corrosion defects.

— 1 Defect — 1 Defect
A S LS S i
2 ) 2 )
s | -y
Width

< Length (2)
LQQJ  — | Depth -

1-1 2-2 1-1 2-2
Rectangular shape Semi-ellipsoidal shape

Figure 2.1 Schematics for corrosion defects idealized as rectangular and semi-

ellipsoidal shapes.

Leis and Stephens (1997a, 1997b) used the shell element-based FEA to evaluate the burst
capacity of pipelines containing rectangular-shaped defects. They reported that the
influence of the defect width on the burst capacity is of secondary importance, i.e. less than
5%, based on a limited number of analyses. Chiodo and Ruggieri (2009) evaluated the
burst capacity of pipelines containing rectangular-shaped defects by carrying out plane-
strain FEA (i.e. assuming the defect to be infinitely long) and found that the defect width
has a negligible effect on the burst capacity. Similar findings were reported by Cronin
(2000) based on limited FEA of corrosion pits. Fekete and Varga (2012) investigated the
effect of the defect width-to-length ratio on the burst capacity of corroded pipelines by
using the solid element-based 3D FEA. The corrosion defects in the FEA model are

characterized as ellipsoids generated by removing materials from the pipe surface using
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revolving elliptical surfaces. Fekete and Varga showed that the burst capacity increases
markedly as the defect width-to-length ratio increases. It should however be noted that the
increase in the defect width-to-length ratio is achieved by fixing the width and reducing
the length. This suggests that the increase in the burst capacity is due largely to the decrease
in the defect length, and the effect of the defect width-to-length ratio on the burst capacity
is rather unclear. Su et al. (2016) carried out 3D FEA to investigate the burst capacity of
corroded pipelines by considering rectangular-shaped defects. The authors found that the
defect width has a negligible effect on the burst capacity for long corrosion defects. This
finding is consistent with that reported in (Chiodo and Ruggieri, 2009). However, for short
deep corrosion defects, Su et al. showed that the defect width has a significant effect on the
burst capacity: the burst capacity can decrease by as much as 20% as the defect width
increases while the defect depth and length remaining the same. Similar findings have also
been reported in (Tan and Xiao, 2006; Chen et al., 2015; Shuai et al., 2017).

Although the semi-ellipsoidal idealization is shown to be less conservative than the
rectangular idealization for artificially-generated, complex-shaped defects (Mokhtari and
Melchers, 2018, 2019), it remains an open question to what degree the FEA-predicted burst
capacities corresponding to these two idealizations approximate the actual burst capacity
of pipelines containing naturally-occurring corrosion defects. Furthermore, the effect of
the defect width on the burst capacity of corroded pipelines has been investigated based
primarily on the rectangular idealization of the defect (Netto, 2009; Chen et al., 2015; Su
et al., 2016; Shuai et al., 2017). The influence of the defect width on the burst capacity in

the context of the semi-ellipsoidal idealization remains an open question.

The objective of the present chapter is two-fold. First, we investigate the conservatism
associated with the rectangular and semi-ellipsoidal idealizations of corrosion defects by
comparing the FEA-predicted burst capacities corresponding to these idealizations with the
burst capacities observed in a set of recently-completed full-scale burst tests of pipe
specimens containing naturally-occurring corrosion defects (Bao et al., 2018). Second,
systematic parametric 3D FEA is carried out to have an in-depth understanding of the
influence of the defect width on the burst capacity of corroded pipelines and its implication

for the burst capacity predicted by semi-empirical models. To this end, the semi-ellipsoidal
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idealization of the corrosion defect is adopted in FEA. The rest of this chapter is organized
as follows: Section 2.2 presents details of the finite element model and validation of the
model; the difference between the rectangular and semi-ellipsoidal idealizations of the
corrosion defects in terms of the burst capacity is discussed in Section 2.3; the defect width
effect on the burst capacity of corroded pipelines is investigated in Section 2.4, followed

by conclusions in Section 2.5.

2.2 FEA Model
2.2.1 General

The FEA analysis is performed by the commercial FEA package ABAQUS (Dassault
Systémes, 2016) in this chapter. The 8-node solid element (C3D8) with full integration is
used in the numerical simulation. The finite-strain elasto-plastic analysis is employed to
capture the geometrical and material non-linearity. The von Mises yield criterion and the
associated flow rule as well as the isotropic hardening rule are adopted in the numerical

simulation.

2.2.2  Material properties and failure criterion

The stress—strain relationship of typical pipe steels can be well represented by a power-law
model as given in Eq. (2.1) (Zhu and Leis, 2004; Wang and Zhang, 2011), which is adopted
in the present study.
o=Ee g < gy 21
{a = Ke™ g =0, (2.1)
where ¢ and ¢ denote the true stress and true strain in the uniaxial tensile test, respectively;
E is Young’s modulus; oy is the yield strength, defined as the stress corresponding to an
offset (i.e. plastic) strain of 0.2% or a total strain of 0.5%; K and n are coefficients of the
power-law stress-strain relationship in the plastic domain, and n is also known as the strain

hardening exponent.

If tensile coupon test results are available, the values of K and n in Eq. (1) can be obtained

from curve fitting of the test data. Since the stress-strain curve obtained from the tensile
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coupon test is usually reported in terms of the engineering stress (¢”) and engineering strain
(£"), they are converted to the corresponding true stress and true strain, respectively. In the
elastic domain, o ( €) is assumed equal to o’ (¢'). In the plastic domain, o ( €) is

converted from o’ (&") as follows up to the onset of necking:
e=Iln(1+¢) (2.2a)
c=0'(14+¢" (2.2b)

If only the yield strength (oy) and ultimate tensile strength (UTS), denoted by o, are known
while coupon test results are unavailable, the following empirical equation can be used to
estimate the value of n (Zhu and Leis, 2006):

. 0.596
n= 0.239( — 1) (2.3)
oy /oy
Given the value of n, K can be estimated by using the Considere’s criterion (Dowling,
2007):

K =—o, (2.4)

where e is the base of the natural logarithm.

Although there is a discontinuity between the two branches of the stress-strain curve in Eq.
(2.1), it is noted that the stress-strain curve is defined in a piecewise fashion in ABAQUS
(Dassault Systemes, 2016). It follows that the discontinuity is addressed through a linear
approximation of the stress-strain curve near the intersection of the two branches. Such an
approximation does not impact the prediction of the burst capacity, which is governed by

the second branch of Eq. (2.1) at relatively large strains.

The UTS-based failure criterion, which has been used in the literature to predict the burst
capacity of corroded pipelines (Cronin, 2000; Bao et al., 2018), is adopted in this chapter.
According to this criterion, the burst capacity of a corroded pipe is obtained once the
maximum von Mises (true) stress at any point within the defected region reaches the true

stress corresponding to UTS. Note that this criterion is different from another failure
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criterion commonly used in the literature (Choi et al., 2003; Mokhtari and Melchers, 2018),
which states that the burst capacity is obtained once the von Mises stress throughout the
remaining ligament at the deepest point within the defect region reaches 90% of the true
stress corresponding to UTS.

2.2.3 Validation of FEA

Full-scale burst tests reported in the literature involving pipe specimens containing
rectangular- and semi-ellipsoid-shaped defects (Benjamin et al., 2006; Al-Owaisi, 2018)
are used to validate the finite element model and UTS-based failure criterion. The material
properties of the test specimens obtained from the tensile coupon test results reported in
(Benjamin et al., 2006; Al-Owaisi, 2018) are summarized in Table 1.1. The outside
diameters (D) and wall thicknesses (t) of the test specimens are summarized in Table 2.2.
Four layers of elements are used through the thickness of each defect area to ensure the
high stress gradient along the radial direction of the defect area to be accurately captured.
To improve the computational efficiency, the mesh in the FEA model is transitioned from
a high density in the defect region to a low density in the defect-free region in the
longitudinal, circumferential and radius directions and transition is modelled in the same
way for rectangular- and semi-ellipsoidal-shaped defects. Because of symmetry, a half of
a given specimen is modelled. The mesh density is selected after a convergence study.
Figures 2.2 and 2.3 depict representative FEA meshes for pipe specimens IDTS2 and 18
containing rectangular- and semi-ellipsoid- shaped defects, respectively. The meshes in
Figs. 2.2 and 2.3 consist of 15307 and 15645 nodes, respectively, with the corresponding

number of elements equal to 9144 and 9450, respectively.

Table 2.1 Material properties of full-scale burst tests reported in (Benjamin et al.,
2006; Al-Owaisi, 2018)

Source Steel grade E (GPa) g, (MPa) o, (MPa) n
2.A X80 200 534.1 661.4 0.08
2.B X52 182 372 497.7 0.20

Note: Sources 2.A and 2.B refer to Ref (Benjamin et al., 2006) and Ref (Al-Owaisi, 2018),
respectively.
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Figure 2.2 FEA mesh for the rectangular-shaped defect in test specimen IDTS2
reported in (Benjamin et al., 2006)

Figure 2.3 FEA mesh for the semi-ellipsoidal-shaped defect in specimen 18 reported
in (Al-Owaisi, 2018)

The symmetric constraint is applied to the symmetry plane, and one end of the model is
restricted in the longitudinal direction. As the pipe specimens are end caped during the
burst tests, corresponding axial stress is simultaneously applied at the free end of the model
while the internal pressure load is applied. The FEA-predicted burst capacities (Prea) for
rectangular and semi-ellipsoid shaped defects are summarized in Table 2.2, together with
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the actual burst capacities from tests (Prest).

Table 2.2 Comparison of FEA burst prediction and test results

Source SpecimenID D (mm) t(mm) Defectshape Pist (MPa) Prea (MPa)  Prest/Prea

IDTS?2 22.68 22.05 1.03

2.A IDTS3 458.8 8.1 Rectangular 20.31 19.80 1.03
IDTS4 21.14 21.57 0.98

24 9.86 18.42 18.91 0.97

25 9.7 Rectangular 18.77 19.27 0.97

26 9.7 19.28 19.34 1.00

18 9.7 19.55 19.83 0.99

2.B 19 508 9.85 19.11 19.15 1.00
20 9.7 Semi-ellipsoid 19.59 19.39 1.01

21 9.7 19.65 19.48 1.01

22 9.75 20.08 19.65 1.02

23 9.8 20.27 19.80 1.02

Mean 1.00

cov 2.0%

Note: Sources 2.A and 2.B refer to Ref (Benjamin et al., 2006) and Ref (Al-Owaisi, 2018),
respectively.

The fact that the mean and coefficient of variation (COV) of Prest/Prea are 1.00 and 2.0%,
respectively, as presented in Table 2.2 indicates that the FEA-predicted and test burst
capacities are in excellent agreement. This provides a strong validation of the finite element
model and UTS-based burst criterion employed in the analysis.

2.3 Influence of idealization of defect geometry on burst
capacities

To quantify the difference between the rectangular and semi-ellipsoidal idealizations of
corrosion defects in terms of the burst capacity of corroded pipelines, eleven recently-
completed full-scale burst tests of pipe specimens containing naturally-occurring corrosion
defects (Bao et al., 2018) are analyzed using 3D FEA. The dimensions and material
properties of the specimens as well as the geometry of corrosion defects on the specimens
are summarized in Table 2.3. Note that the defect depth in Table 2.3 is the maximum depth
of the naturally-occurring corrosion defect and adopted in the rectangular and semi-
ellipsoidal defect idealization. Furthermore, the length shown in Table 2.3 is the length of
the effective portion of the defect, i.e. the portion of the defect that leads to the lowest
predicted burst capacity per the RSTRENG model (Kiefner and Vieth, 1990). Using the
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effective length as opposed to the actual length of the defect somewhat reduces the
conservatism resulting from the defect idealization, as the actual lengths of the defects on
some of the specimens are quite long (over 1000 mm). Photos of corrosion defects on two
representative specimens (16-6 and 16-7) are included in Appendix A to illustrate the
irregular geometry of the defect. The rectangular and semi-ellipsoidal idealizations of the
defects in FEA models are also shown in Appendix A. More detailed information about

the specimens is included in (Bao et al., 2018).

Since the pipeline wall is rolled in a circular position the commonly used method can only
generate the characteristic defect model with a maximum width, wmax, as given by (Fekete
and Varga, 2012):

Winax = 2VdD — d2 (2.5)

Furthermore, even the defect width is within the generable range the generated defect
profile is not strictly semi-ellipsoidal. In this study, the semi-ellipsoidal-shaped defect is
first generated on a flat plate with same thickness as the pipe wall. Then the FE model is
converted to a cylindrical coordinate system. Therefore, the defect profile in this study is
strictly semi-ellipsoidal and is not subjected to the restriction of the maximum defect width

given by Eq. (2.5).

Table 2.3 Summary of the test specimens

Specimen

D

t

Specimen

Steel

E Oy oy

w

ID (mm) (mm) length(mm) grade (GPa) (MPa) (MPa) (mm)  (mm) drt
16-1 408.2 6.2 4361 X52 167 369 540 0.16 346 302 0.33
16-6 4074 5.9 3001 X52 191 408 576 0.13 142 120 0.57
16-7 4074 6.0 3230 X52 191 408 576 0.13 346 382 0.87
24-1 6105 6.8 6384 X70 145 553 680 010 742 242 0.30
24-2 6105 6.7 8152 X70 145 553 680 0.10 412 201 0.39
30-1 763.2 8.4 6185 X70 187 539 655 0.09 331 402 0.68
30-2 763.4 85 5768 X70 170 535 652 0.09 398 260 0.48
30-3 763.2 8.4 4970 X70 171 568 691 0.09 294 386 0.73
30-4 763.7 85 6005 X70 174 562 604 0.07 203 200 0.78
30-5 7629 84 5313 X70 154 546 659 0.09 482 282 0.59
30-6 764.1 84 5142 X70 161 515 628 0.10 979 238 0.75
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The FEA-predicted burst capacities for rectangular and semi-ellipsoid idealizations, i.e.
PReS and PSE,, respectively, are summarized in Table 2.4, together with the actual burst
capacities from tests. The large values of mean (1.87 and 1.59) and COV (47% and 42%)
of P,.s./PRES and P, . /P3¢, are due primarily to very low predicted burst capacities for
specimens 16-7, 30-3, 30-4 and 30-6. It is observed that d/t values corresponding to these
specimens are all greater than 70%. These results suggest that the rectangular and semi-
ellipsoidal idealizations are overly conservative for naturally-occurring corrosion defects
with the maximum depth greater than 70% of the pipe wall thickness. This limitation is
however of little practical concern as a corrosion defect with d/t greater than 70% will
typically trigger immediate mitigation actions regardless of the burst capacity of the

pipeline at the defect.

Table 2.4 FEA-predicted burst capacities for rectangular and semi-ellipsoid

idealizations and the actual burst capacities for the full-scale pipe specimens

Specimen ID P, (MPa)  PEES (MPa) PRE, (MPa) Py /PRES  Prost/Piga

16-1 14.60 13.43 14.92 1.09 0.98
16-6 12.72 11.91 13.31 1.07 0.96
16-7 12.84 3.21 4.19 3.99 3.06
24-1 14.21 12.69 13.34 1.12 1.06
24-2 14.37 11.56 12.51 1.24 1.15
30-1 12.31 7.06 8.72 1.74 1.41
30-2 14.10 10.05 11.30 1.40 1.25
30-3 14.78 6.80 8.53 2.17 1.73
30-4 12.48 5.62 7.15 2.22 1.74
30-5 12.26 8.01 8.88 1.53 1.38
30-6 12.96 4.42 4.75 2.94 2.73
Mean 1.87 1.59

cov 47% 42%

Mean (excluding 16-7, 30-3, 30-4 and 30-6) 1.31 1.17
COV (excluding 16-7, 30-3, 30-4 and 30-6) 18% 15%

By excluding specimens 16-7, 30-3, 30-4 and 30-6, the corresponding mean and COV of
the test-to-predicted ratios are also summarized in Table 4. The results indicate that the
semi-ellipsoidal idealization is on average a more accurate approximation of naturally-
occurring defects than the rectangular idealization, with mean values of P;.s./P5¢, and

Piose | PRES equal to 1.17 and 1.31, respectively. Furthermore, the variability of the
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Appendices

Appendix A

The photos of naturally-occurring corrosion defects on two represented pipe specimens
(16-6 and 16-7) from Table 3 as well as their rectangular and semi-ellipsoidal idealizations
in FEA are depicted sin the figures below.

(a) Naturally-occurring corrosion defect (b) Naturally-occurring corrosion defect
on pipe specimen 16-6 on pipe specimen 16-7

(c) Rectangular idealization of corrosion  (d) Rectangular idealization of corrosion
defect on specimen 16-6 in FEA defect on specimen 16-7 in FEA
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(e) Semi-ellipsoidal idealization of (f) Semi-ellipsoidal idealization of
corrosion defect on specimen 16-6 in FEA  corrosion defect on specimen 16-7 in FEA

Figure A.1 Naturally-occurring corrosion defects and corresponding idealization in

FEA on pipe specimens 16-6 and 16-7
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Table B.1 Summary of FEA-predicted burst capacities (MPa) for all the parametric

analysis cases to investigate the defect width effect

%MDY  wl _ di=0.30 d/t=0.45  d/t=0.60
025  12.25 11.26 10.20
050  12.67 11.80 10.84
075  12.86 12.03 11.00
) 1.00  13.05 12.23 11.22
125  13.15 12.43 11.41
150  13.25 12.58 1161
175 1334 12.68 11.75
200 1337 12.78 11.88
025 12,07 10.79 9.35
050  12.40 11.23 9.78
075  12.59 11.46 10.00
5 100 1281 1171 10.23
125 1294 11.84 10.37
150  13.02 12.03 10.59
175 1311 12.15 10.73
200 1313 12.23 10.77
025  11.78 10.21 8.32
050  12.04 10.49 8.56
15 075 12.24 10.64 8.62
100 1242 10.86 8.87
1.25 12.50 11.01 8.98
150 1257 11.08 9.05
025 1157 9.85 7.80
050  11.83 10.11 8.02
20 075  12.07 10.23 8.17
100 1220 10.55 8.38
125 1231 10.65 8.50
150  12.35 10.72 8.58
0.25 11.43 9.57 7.46
050  11.68 0.82 7.63
20 075  11.85 9.97 7.76
100 1198 10.16 791
125 1203 10.23 8.01
150  12.06 10.26 8.06
025  11.33 9.40 7.26
050 1154 9.62 7.38
10 075  11.70 9.75 751
100 1180 9.90 7.63
1.25 11.84 9.93 7.70
1.50 11.84 9.94 71.74
50 025  11.24 9.28 7.13
050 1144 9.48 7.24




0.75 11.59 9.60 7.31
1.00 11.66 9.65 7.43
1.25 11.67 9.73 7.50
1.50 11.66 9.72 7.51
0.25 11.17 9.18 7.02
0.50 11.35 9.35 7.10
60 0.75 11.48 9.46 7.18
1.00 11.54 9.51 7.28
1.25 11.54 9.56 7.34
1.50 11.52 9.53 7.34
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