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ABSTRACT

This study presents a thorough and holistic review of various studies focusing on the structural analysis of
0il and Gas (0&G) pipelines, with an emphasis on various defect modes. The study appraised pipeline-related
articles from the empirical, semi-empirical, analytical, and numerical studies. However, the study’s core objective
remains to address the persistent challenge that often leads to Burst Pressure Loss (BPL) in a pipeline. These
mechanical-associated damages, which can result in BPL, may include pipe scratches, dents, or cracks. Therefore,
training a large volume of datasets in neural network architectures or the finite element domain is crucial in this
context. The study further explores previous research to gain a deeper insight into how many modes of damage
enhance loss in Burst Pressure (BP). The study further synthesises significant reasons why pipeline Structural
Health Failures (SHFs) occur, as drawn from existing literature. Failure scenarios in pipeline dent, crack, fracture,
buckling, fatigue, corrosion, BPL, and Third-Party Damage (TPD) could result from mechanical deformation,

ageing, insufficient real-time monitoring, and TPD influences. Many of the assessed articles conclude that the
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experimental approach and Finite Element Method (FEM) are valid and can accurately validate one another in

the analysis and prediction of pipeline failures. However, this study offers valuable and comprehensive resources

for pipeline engineers, academic researchers, and industry professionals. Again, the study is crucial for pipeline

fabricators, installers, and operators to keep up with maintenance, repairs, and predictions.

Keywords: Oil and Gas (0&G); Onshore and Offshore Pipelines; SHFs; FEM; BPL; Several Failure Modes

1. Introduction

The operational pipeline system for both onshore
and offshore oil and natural gas has long been rec-
ognised as the most efficient, effective, economical,
and safest method for energy transport. The above as-
sertion is supported by numerous scholarly research
articles ", Notably, the long decade of significant shift
from oil to natural gas has triggered an increase in pipe-
line construction and installation worldwide '°. This
change has attracted greater attention from the Oil and
Gas (0&G) industry, academic sector, and research in-
stitutions. From a practical and traditional perspective,
API 5L X42-120 seamless grade carbon steel pipelines
are considered more suitable and efficient for trans-
porting this energy. The longitudinal Seam Submerged
Arc Welded (LSSAW) is the closest alternative to API 5L
X42-120 seamless pipelines; however, there is no com-
parison between the two grades of pipeline.

A dearth in numerically and remotely real-life mon-
itoring and prediction programmes for operational
pipelines has inspired this study. The research gap in
computationally and artificially trained datasets in this
regard is a great concern. This acute problem in the
0&G sector demands urgent attention as we prepare for
alternative energy through carbon emission reduction
and a new energy source by 2050. Solving this prob-
lem would have reduced emissions due to catastrophic
events upon explosion. Therefore, harnessing datasets
of pipeline scratches, micro-dents, and cracks can col-
lectively or individually address the persistent pipeline
BPL and its accurate prediction. To accurately enhance
the prediction of BPL damage in isotropic carbon steel
oil and natural gas pipelines, it is vital to gather exten-
sive and detailed field datasets. Training these datasets
is therefore necessary. Employing advanced Neural Net-
work Architectures (NNAs) and Finite Element Analysis
(FEA) is aimed at refining Burst Pressure Loss (BPL)

calculations and predictions of pipeline behaviour.

Several significant challenges, however, should be
addressed throughout this process. These include strict
time constraints that can limit both data collection and
analysis. The availability of essential resources, such as
equipment and skilled personnel, and complex bureau-
cratic procedures that differ from country to country,
can impede swift project implementation. Furthermore,
challenges related to right-of-way permissions may
complicate access to pipeline locations, ultimately im-
pacting the speed and effectiveness of data gathering
efforts. Overcoming these obstacles is crucial through
the successful utilisation of NNAs or alternative soft-
ware in the vital field of pipeline integrity studies.

The study aligns with the recent research conduct-
ed by Chen et al. ! on the use of artificial intelligence
for monitoring onshore TPD pipelines. As such, it
serves as a framework for addressing the issues previ-
ously discussed. Consequently, the study introduces a
novel approach for predicting BPL defects in pipelines,
through some damage modes of failure detailed in the
following tables. This information will also provide a
foundational basis for enhancing future calculations

and predictions of pipeline BPL.

1.1.Brief History of Carbon Steel Pipeline
Design and Installation

Pipeline defects are of great concern as they threat-
en the safety of oil and natural gas transport across the
globe . A China Daily newspaper reported how hol-
low bamboo plants were used in transporting the first
encountered brine while mining for salt in Sichuan
province centuries ago (220 BC) "' Vogel’s " re-
search study validated the brine transport in bamboo
tubes in China about 2000 years ago. Moreover, the
first-ever water piping network used the same hollow

bamboo plants ">, At the brine mining station for
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salt refinement, the transported natural gas encoun-
tered from the brine well to the surface was the same
array of bamboo tubes (31 Again, the first-ever carbon
steel pipeline for natural gas transport was used in
Fredonia, New York, United States of America, in 1821.
Between the 1930s and 1970s, carbon steel pipeline
installation for oil and natural gas transport grew and
revolutionised the world. The pipeline defects review
contained here is a synopsis of oil and natural gas
pipelines, fundamental approaches to structural defect
analysis, remediation, structural integrity, and simula-
tions for prediction as evaluated from various previous
articles. The information about the empirical, numeri-
cal, analytical, and other approaches used for pipeline
defect resolutions is well explored, demonstrated, and

utilised.

1.2.0nshore and Offshore 0il and Natural
Gas Pipeline Overview

Carbon steel and composite pipeline technolog-
ical design have faced structural challenges globally.
These challenges are, however, felt in structural anal-
ysis, which has confronted pipeline integrity over the
years. Nevertheless, an efficiency optimisation analysis
and structural stability prediction are always in view
to benchmark cutting-edge pipeline designs ****!. BPL,
crack growth, and corrosion fatigue are some of the
structural challenges that have bedevilled pipelines in
operation over the years "*'®, Hence, they are essential
parameters for investigating and analysing O&G pipe-
line integrity globally.

However, these essential parameters are vigorously
synchronised using some of the best approaches from
the cited literature to validate experimental procedures
with numerical or computational models. Maintaining
standard operational practice and safety procedures
in a pipeline is critical to maximise flow. Flow obstruc-
tions due to defects have required structural assess-
ment and operational control to optimise pipeline
functionality and integrity. This study extensively sum-
marises different defect modes and those parameters
that ensure pipeline safety to maximise energy profit
across the 0&G sector globally *'%?%,

Several authors, including Ne$i¢ ", Race 1, Tse

and Wang %, Zhang and Zhou **, and Ghavamian et al.
8 have proved that corrosion poses the most endemic
and catastrophic threat to the operational integrity of
natural gas pipelines. In this context, internal corro-
sion is identified as the primary cause of subsea pipe-
line failure. Usually, it leads to an attrition in pipeline
thickness that can ultimately result in Stress Corrosion
Cracking (SCC) and a loss of internal Burst Pressure
(BP). In contrast, the research of Durowoju et al. ** ex-
pressed different opinions regarding pipeline damage
in a more general context. Their opinion suggested that
Third-Party Damages (TPDs) and installation challeng-
es are the primary factors contributing to pipeline fail-
ures. Again, Durowoju et al. ** pointed out that most
TPDs are due to anthropogenic influences occurring
along the first 180° part of the buried pipeline near the
surface. The 180° exposed part of the pipeline to the
pseudo intender, which can cause a dent in a pipeline
and potentially initiate a micro crack in some cases.
However, concurrent Static Burst Pressure (SBP) anal-
ysis is another mode of damage that employs slightly
different shear stress failure criteria for corrosion de-
fect evaluation **. Notably, the dent impact on a pipe-
line may lead to other damage modes if prompt repair
action is not deployed to fix the operational pipeline.
Alexander et al. * have uncovered dent behaviour in a
pipeline and tagged it as mechanical damage caused by
a Third Party (TP). Such damage can lead to addition-
al damage throughout the pipeline’s service life. This
damage drops the fatigue life and becomes more severe
with an increase in the dent at the cause of the service
pipeline lifecycle.

The whole idea of pipeline specification before
design and construction is optimal to withstand the
proposed environmental conditions of application.
The environmental conditions may be harsh marine
environments, external loading conditions, and several
operational conditions that challenge structural integ-
rity and safety. The Finite Element Method (FEM) has
emerged as a powerful computational technique for
analysing the operational behaviour of pipelines un-
der various loading conditions. This study provides a
comprehensive overview of the FEM application and

analysis of pipelines, focusing on modelling techniques,
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material behaviours, environmental loading conditions,
and failure mechanisms. Insightfully, various case stud-
ies are assessed in detail in this study to highlight the
effectiveness and challenges associated with computa-
tional FEM and empirical formulation in the context of

pipelines’ O&G transport systems.

2. Structural Advantages of FEM
and its Application in 0&G Pipe-
line Analysis

The FEM has proven to be highly effective for struc-
tural analyses over the years, making it a recommended
approach for solving boundary value problems in engi-
neering structures. Most of the research work reviewed
in this study employed FEM for comprehensive struc-
tural analysis, validating various analytical, experimen-
tal, or semi-empirical approaches, as cited in several
articles included in this structural review. For instance,
Shahid et al. ®”? demonstrated the capabilities of FEM in
analysing fibre-reinforced polymer (FRP) sleeves used
for repairing subsea carbon steel pipelines under dif-
ferent operating conditions. As a simulation technique,
FEM can numerically assess the physical and mechani-
cal properties of a pipeline composite material, partic-
ularly its resistance to corrosion and mechanical dam-
age "***’| The efficiency and reliability of FRP extend
beyond repairing isotropic carbon steel pipelines. They
are also crucial in the fabrication and construction of
flanges to enhance integrity in the operational phase
of the pipeline lifecycle ®”. Furthermore, the failure
pressure calculations provided by pipeline specifica-
tion agencies such as American Society of Mechanical
Engineers (ASME) B31G, Det Norske Veritas (DNV), and
Predictive Corroded Pipe Rupture Criteria (PCORRC)
can validate the results obtained from FEM analysis

from the literature assessed.
Pipeline Operation and Structural Defects

The operational phase of the O&G pipeline is cru-
cial, as it significantly impacts the stability and integrity
of the pipeline during its lifecycle. However, conducting
routine checks during operation enhances structural

integrity. Structural damages may arise from environ-

mental factors, Maximum Allowable Operating Pressure
(MAOP), natural frequency of pipe, and the pipeline’s
service life challenge. Witek ®" conducted a structur-
al integrity investigation focused on a buried onshore
natural gas pipeline, specifically evaluating defects
associated with natural phenomena and the ageing
of pipelines. Surface corrosion defect in this scenario
was the common defect analysed ®". Structural defects
represent tough challenges in maintaining robust infra-
structures, including pipelines. Therefore, adhering to
structural regulations and operational protection pro-
tocols is vital for ensuring safety. Cosham and Hopkins
2 provided several recommendations after assessing
various structural defects in pipelines by validating the
Standard Operating Procedure (SOP) outlined in ASME
B31G, Remaining Strength (RSTRENG) of corroded
pipe, American Petroleum Institute (API), and related
guidelines. Furthermore, their pipeline defect appraisal
document offered valuable insights for preventing and
controlling defects in O&G pipeline operations, applica-
ble to both onshore and offshore environments. Witek
BY emphasised the need for regular inspections and
maintenance to manage structural defects and prevent

potentially catastrophic damage to pipelines.

3. Review Methodology and Appli-
cations

A systematic review methodology has been estab-
lished for this structural review, enabling the study to
effectively analyse literature based on structural param-
eters and arguments presented in each reviewed article.
The idea of data extraction and synthesis from previous
literature is to ensure thorough analysis, evaluation,
and documentation throughout the review process. The
purpose of this information is to address structural re-
search inputs and gaps. The graphical representation of
0&G pipeline publications in Figure 1 portrays article
tracking and harmonisation over the years. Of course,
Figure 1 clearly illustrates the collected literature pub-
lications with fluctuations over the past five and a half
decades. The sharp exponential jump between 2007
and 2010 in Figure 1 significantly addresses the peri-

od of the energy production and transportation boom.
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However, the steady and consistent publication period
between 2010 and 2018, for about a decade, could have
resulted from the alternative energy decision stage.
The decline in publications in the literature between
2017 and 2020 reflects the net-zero carbon emission
phase (Figure 1). The increasing momentum aimed at

achieving net-zero carbon emissions by 2050 may be

50

Issues with pipeline

40

Design, Installation,
Operation, Maintenance,

responsible for the significant decline in gas pipeline
publications in the literature. However, as the transition
to alternative green energy progresses, publications
related to the net-zero carbon agenda are expected to
rise geometrically between 2030 and 2050. A key issue
in this transition is the decommissioning process of old

pipelines.
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Figure 1. O&G pipeline structural publication distribution for over five and half decades.

This topic raises crucial discussions about the
best methods for transporting new energy and the
maintenance process of existing energy sources. The
rehabilitation of existing pipelines for alternative
green energy, as well as the construction and instal-
lation of new green energy pipelines, is frequently
highlighted in many sustainable marine and energy
journals ***"). Consequently, there is a rapid growth
in the development of new materials designed to en-
hance carbon steel pipelines with advanced compos-
ite structural materials suitable for alternative green
energy. Moreover, repurposing existing pipelines for
alternative energy could present promising research

opportunities in the future. This review study focuses
on the existing literature surrounding the structural
analysis of carbon steel pipeline publications. A good
example is the Lancaster and Palmer’s ®*® pipeline
structural analysis of dent and gouge combination for
BPL influence.

The yearly publication distributions, as presented
in Figure 1, clearly demonstrate the trend in the quan-
tity of literature in this field of study. The publication
in percentage (%) of the Y-axis gives information on
the number of publications in % over the years on the
X-axis. This information assisted in the collection and

assessment of existing related articles.
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3.1.Datasets Application for Pipeline BPL
Prediction

To significantly improve BPL damage predictions in
pipelines, it is essential to account for mechanical dam-
age modes like scratches, dents, and cracks. Collecting
datasets before and after installation is critical to this
process. Moreover, employing advanced remote sens-
ing technology, such as wireless ultrasonic and sunspot
sensors, provides a reliable and efficient way to gather
this vital data. By prioritising these practices, pipeline

safety and performance are enhanced.

e Datasets can systematically serve as the foundation
for training a machine learning model. Equipment
for data collection, such as Shogun, a real-time moni-
toring remote sensor, is possible for this assignment.
This data should encompass various scenarios of a
particular damage mode. An example is a scratch or
dent to ensure comprehensive learning.

¢ Pre-processing involves cleaning to remove inaccu-
racies, handling missing values, and standardising
the formats. Additionally, transforming the data into
a more suitable structure or representation, such as
normalising numerical values or encoding categorical
variables, allows for preparing it effectively for model
training.

e Training Process involves the utilisation of the
cleaned and pre-processed datasets through a ma-
chine learning algorithm that aligns best with the
specific objectives of the task. During this phase, the
model could draw on historical data, thereby adjust-
ing its internal parameters to minimise errors and
improve its predictive performance. This process may
involve multiple iterations based on the feedback
from the model’s initial performance.

¢ Predictions are possible with an adequately trained
model. However, numerically, predictive models can
be implemented and used to validate subsequent re-
search results. This application enables the model to
demonstrate its ability to generalise from past exam-
ples and make informed decisions.

¢ Optimisation is the final phase after the deployment

of the whole process. A rigorous assessment of the

model’s performance using an appropriate compu-
tational tool, such as FEA in ANSYS, FEA in ABAQUS,
and Workbench Optimisation Domain, depending on
the task objective. Based on this evaluation, an op-
timisation programme is necessary in this regard.
It may include fine-tuning parameters involved and
employing advanced techniques, such as cross-vali-
dation, or retraining with additional data to enhance

performance and accuracy.

3.2.Different Failure Modes of Onshore and
Offshore Pipelines

Real-time investigations of pipelines in operation
and those that have suffered a catastrophic event, such
as explosions caused by BPL, require critical insights
into data collection and analysis. Over the years, re-
searchers have explored this area by examining vari-
ous structural defects in pipelines. However, for more
accurate and detailed analysis and predictions, partic-
ularly regarding BPL, training large datasets and FE
analysis are essential. The reviewed literature has uti-
lised software simulation tools to predict potential fu-
ture damages in pipelines. The study not only connects
these various structural investigations but also seeks to
bridge the existing gaps in the study domain, consider-
ing this study’s aim and objectives.

Figure 2 is a schematic representation of possible
generic onshore oil and natural gas defects, starting
from human external interference, design/mechanical,
operational lifecycle, and natural disasters that could
result in pipeline failure. The cylindrical pipeline dam-
age representation includes different colour captions.
The anthropogenic activities (external interferences) on
onshore 0&G pipelines are considered TPDs. The TPD
in Figure 2 is the first captioned in the red cylinder.
The TPDs’ influence on the onshore pipeline encom-
passes land excavation for new projects, drilling, theft,
and heavy-duty truck vibration, which are all capable
of causing pipeline damage. The brown captions are for
the pipeline damage modes associated with mechanical
impacts during pipeline transportation and installation,

while the yellow captions are examples of the opera-
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tional phase in the pipeline. The blue caption indicates
natural disasters.

The damages in subsea pipelines share a similar
fate to those onshore during installation and operation.
However, there are notable differences in the types of
TPDs and the natural disasters, which have the poten-
tial to destroy the pipeline. For subsea pipelines, TPDs
include anchor drops, heavy object impacts (rockfall),
trawling gear, and ships running aground. The natural
disasters affecting subsea pipelines encompass tectonic
eruptions, strong sea currents, tsunamis, earthquakes,
and many more.

Johnson and Vigilante ©**

clarify this issue by refer-
encing findings from the Pipeline and Hazardous Mate-
rials Safety Administration (PHMSA) and the European
Gas Pipeline Incident Data Group (EGIG). Their find-
ings indicate that TPDs and corrosion are the primary
causes of pipeline damage and failures. In the context

of natural gas pipelines in the USA, welded joints, par-

ticularly in the butt weld sections of pipes, are identi-
fied as the most common type of defect. Guedes and
Caro ™" further emphasise that external interference,
whether onshore or offshore, ranks as the second lead-
ing cause of failures, following corrosion. For a com-
prehensive overview of TPDs, refer to the Handbook
of Pipeline Engineering by de Franca Freire et al. ",
Figure 3 schematic portrays information about subsea
0&G pipeline challenges. The damage types are in an
array of dwarf-coloured cylinders that represent differ-
ent damage modes of the subsea pipeline. The yellow
arrow pointer indicates the TPDs, and the overlapping
yellow rectangular boxes with the light green dwarf
cylinder indicate design/mechanical damage. Again,
the light blue cylinders represent operational/lifecycle
problems, while the deep blue cylinder depicts natural
disasters. Other than the TPDs and natural disasters,
the design/mechanical and operational/lifecycle prob-

lems remain the same with the onshore pipelines.

Figure 2. Damages associated with onshore oil and natural gas pipeline.
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Figure 3. A special schematic of possible defects to the subsea O&G pipeline.

3.3.Indentation

Dent formation in a pipeline has consistently posed
a difficult challenge to onshore and offshore oil and nat-
ural gas pipelines. This damage mode, however, is an
inevitable defect during the pipeline fabrication and in-
stallation process, and very often it degenerates into a
BPL challenge after micro-crack initiation. Micro-dents
and micro-crack data mining, however, is one of the
best pieces of information for studying damage like
BPL in a pipeline. Pipeline standardisation and specifi-
cation manuals offer more information to caution pipe-
line engineers and operators. The pipeline manual also
helps with decision-making during pipe procurement
for energy transport. In the same vein, dent evaluation
and depth acceptability levels are further investigated
by Wu et al. %, Note that a dent in the pipeline compro-
mises BP resistance, collapse, and local buckling resis-
tance in operation. Additionally, experimental and nu-
merical investigations by Zeinoddini et al. " prove that
the reduction in BP increases the risk of pipeline fail-
ure. This risk could result from elevated internal pres-
sure due to the combination of dents. Following tables

present an in-depth analysis and comparison of various
onshore and offshore pipeline failure modes. Differenc-
es in pipeline structural defects from appraised articles
based on empirical, semi-empirical, analytical, and nu-
merical analyses reveal previous pipeline failures and
possible solutions. The study introduces a new perspec-
tive, the possibility of utilising a trained dataset from
pipe scratches or dents for FE simulation of BPL dam-
age prediction. It highlights the significance of the pipe-
line operational environment and emphasises the need
to consider different pipeline grades. The simple reason
for multiple grades of pipeline is to generate more data
for adequate training and analysis to improve safety
and efficiency in pipeline operation. Persistent BPL
drives this idea for this innovative study.

Figure 4 schematic portrays a pseudo-indenter
used for creating a deep dent on the surface of an off-
shore pipeline structure. The pipe thickness remains
unchanged even at the indentation spot. However, the
indenter causes a deep depression, which in turn cre-
ates a high stress concentration. Such indentation may
lead to several other damages around the dent region.

The dent could initiate a micro-crack due to high-stress
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field concentration within the dent environment, due
to flow pressure inside the pipeline. Residual stresses
around the dent’s internal and external surfaces are
the differences between a possible observed stress
value and the predicted value. According to Hyde et al.
43 Other pipeline damage problems, like fatigue in an

operational gas pipeline, were investigated using the

JAN

Below Sea-Level ﬂ

practical indentation examples. However, to ensure op-
erational stability in O&G pipelines, there should be a
routine Structural Health Monitoring (SHM) as set by
industrial pipeline experts . Consequently, the struc-
tural integrity of pipelines should be a top priority
for operators to ensure stability, as this study demon-

strates.

L

pse

Ocean Environment

udo indenter

Figure 4. A schematic view of practical example of indentation possibility in the offshore environment.

3.4.Crack Initiation and Propagation in a
Pipeline

Simulation methods for structural analyses are pro-
foundly and exponentially advancing with technological
improvement to stabilise the health of marine struc-
tures, especially the O&G pipelines. The FEM for crack
investigation is mostly cross validated using empirical
results to optimise the structural analysis of different

models used in discussing various structural parame-

A Simplified Crack in a Pipeline

Internal Pressure

ters in this study. Figure 5 further illustrates the study
of Valadi et al. " on the strength of the eXtended Finite
Element Method (XFEM) for crack investigation. Most
0&G pipeline crack problems could occur due to pipe-
line stress-related loading, which is known as material
Sulphide Stress Cracking (SSC). However, crack repair
in the pipeline is possible as illustrated in Figure 6.
The composite reinforced sleeve is a good material for
wrapping pipelines during crack repair, as well as pipe

joining.

Figure 5. A pipe with simplified crack defect under internal pressure.
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Region of Transparent Psendo Composite Sleeve Material

Figure 6. Schematic of imaginary composite sleeve materials for possible joining or repairing of cracked pipeline.

The Finite Element (FE) numerical approach can
effectively identify micro-cracks in pipelines, which
often degenerate into crack propagation through el-
ement paths instead of node grid paths of the model
*4] However, cracks can also propagate through node
grids depending on their orientation. The limitations
of Classical Continuum Mechanics (CCM) and the foun-
dation of traditional FEM are, however, addressed by
the XFEM. Nevertheless, the propagation challenge
persists in visualising the portion of the element that
is affected once the crack loses its continuity. Thus, the
capabilities of CCM remain relevant within the context
of XFEM. In Figure 5, the red arrows indicate internal
pressure, which often poses a potential threat to an al-
ready cracked pipeline, whether from internal or exter-
nal surfaces of the pipe.

A powerful and robust approach, known as the
peridynamic (PD) theory, has been developed to effec-
tively address the limitations of XFEM and CCM in crack
problems. This innovative approach, called PD, was first
proposed by esteemed scientist Stewart A. Silling, who
aimed to find solutions to the aforementioned chal-
lenges in crack propagation. PD focuses on managing
crack-related damages in solid mechanics and beyond.

Numerous studies have explored this area, including

Kilic and Madenci ***, Silling and Lehoucq "*), Oterkus

[48] [49]

and Madenci *, and Madenci and Oterkus ", among
others.

Additionally, Candas et al. B9 Shj et al. ®", and Can-
das et al. ®? have carefully demonstrated the effective-
ness and efficiency of PD for structural analysis. Their
findings highlight the structural capacity of PD for ma-
terial advancement and development based on the fol-

lowing:

e Micro-crack identification and propagation envision
under a sudden and transient force of application on
Functionally Graded Materials (FGMs) ©°.

e Analysis of SCC on carbon steel pipeline materials
based on initial crack stage formation and propaga-
tion resulting from mechanical agitation and corro-
sion effect "1,

e Investigation of dynamic fracture in FGMs to under-
stand optimal variation and formulation pattern of

material property %,

In the same line of idea is the innovative contribu-
tion of Imachi et al. ®* on dynamic crack propagation.
Conclusively, the PD approaches appraised for crack
investigations demonstrate that both non-ordinary and

ordinary state-based, along with bond-based methods,
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are numerically feasible within the PD crack analysis
framework. The above structural studies are potentially
possible for 0&G carbon steel pipelines to improve sta-

bility and integrity.

3.5.Buckling-Collapse Failure in Pipelines

Buckling in pipeline structure is one of the critical
and challenging damage modes of a pipeline, which of-
ten results from overloading of a structure or design
errors, like dents or ovalisation in a pipeline ®***!, This
sudden mechanical deformation occurs from the axial
compression load, and it is only when the compressive
load on the pipeline reaches a critical value. According

B3 an experimental

to Kyriakides and Corona’s study
approach can predict pipeline buckling under a high
bending pressure load (external force) at the installa-
tion stage of the pipeline. On the other hand, the col-
lapse behaviour of pipelines under bending and axial
loads is primarily caused by a dent in the pipeline. Both
problems could result in catastrophic failure and cre-
ate a highly undesired scenario within a specific region
of the pipeline location. These two damage modes are
discussed further in following tables along with other
damage types.

The buckling of a pipeline due to external pres-
sure, thermal expansion, or lateral loads is discussed
extensively by Sun et al. ®*®, Wang et al. *”), and Cai and
Grognec ®. The FEM serves as a certified approach for
predicting critical buckling modes, such as global buck-
ling or local buckling occurring at welds or supports of
a pipeline. Additionally, Gong et al. ® highlighted that
buckling occurs due to various types of loading, includ-
ing axial tension, bending moments, and external load-
ing regimes. Collapse failures in subsea oil and natural
gas pipelines could be due to external pressures, such
as hydrodynamic loads. Gong et al. ®” predicted that
the ability to withstand extreme external pressure
loading conditions revolves around compliance with
design safety standards and installation rules with
operational limits in a pipeline. In this scenario, an im-
perfection in the cylindrical shape of a pipeline can be

a potential buckling threat in the operational pipeline.

1 [59]

Gong et a reiterated these imperfections in pipe

design geometry to predict possible failure in an oper-

ational pipeline. Additionally, Dadfar et al. **

L [59]

and Gong
eta provided separate simple approaches to prac-
tically aid in minimising this imperfection during de-

B3] stated

sign and fabrication. Kyriakides and Corona
that a micro-wrinkled pipeline could lead to buckling
challenges and potential failure in existing onshore or
offshore operational O&G pipelines. In the O&G sec-
tor, most radiographic testing of pipelines for wrinkles
may also go through a Scanning Electron Microscope
(SEM) to certify it for installation and commissioning
for operation deployment.

The Tables 1-4 framework is structured based on
one of the study’s core objectives, which was to system-
atically filter and summarise all necessary information
from each appraised literature. Each table header and
sub-header thematically portrays the general structur-
al review pattern. The detailed appraised literature in
Tables 1-4 presents various structural problems as-
sociated with pipelines, such as dent, crack, buckling,
fracture, fatigue, stress, and TPD. Again, Tables 1-4
summarise the overview of several studies on defect
pipelines. An example is the detailed study of Xu et al.
9] expressing different corrosion predictive models
in Table 2. Xu et al. " listed predictive models, such
as Back Propagation Neural Network (BPNN), Com-
plete Ensemble Empirical Mode Decomposition with
Adaptive Noise (CEEMDAN), Genetic Algorithm (GA),
Improved Particle Swarm Optimisation (IPSO), Particle
Swarm Optimisation (PSO), and Support Vector Ma-
chine (SVM). Among the structural defects appraised
in Tables 1-4, pipeline corrosion damage is imminent,
especially for offshore pipelines. Table 2 presents an
assessment of corrosion damage and corrosion re-
duction tests, with a higher number of damage modes
compared to others. The buckling, TPD, and general
damage are all listed in Table 4. The grouping is for
no specific reason, but with the idea of simplifying the
assessed pipeline damage modes. All assessed pipeline

defect types are written boldly across all tables.
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Table 1. Dent and cracks associated damages and their likes in O&G pipeline.

Environ-

S/N Cited Material ment of Structural Damage BCs and Strl.lctu.ral Research
Author(s) Type Application Tools/Methods Mode/Type Loads Validation Output
1 Zeinoddini X80 car- Seafloorre- Empirical, Wrinkle, Displacement This studyis The empirical and
etal. [ bon steel gion installa- semi-empirical, buckle,and and mono- validated nu- computational
pipe tion and computa-  collapse tonic axial merically with results agreed with
tional simula-  challenges compressive the dented the semi-empir-
tion methods in investigated loading ap- API X80 grade ical equations to
ABAQUS soft- inadented plied steel pipe predict residual
ware pipe pressure under mi-
nor dent defects in
pipelines
2 Wuetal. API-X52  This pipe Numerical FEA Dent damage The modelis A structural A type Il plain
121 carbon grade is in ANSYSwas modeisim- constrained to computation- dented pipeline
steel pipe applicable  usedtoinves- minentin this preventrigid alapproach  damage is investi-
in onshore tigate pipeline analysis body motion for pipeline  gated using Oya-
and offshore dent damage. with varying model analysis ne’s ductile frac-
environment Parameters of internal pres- isvalidated  ture approach with
the material sure analytically =~ FEA and nonlinear
geometry of the with nonlinear regression analysis
pipeline are of regression
great impor-
tance in Wu et
al. "study
3 Race'®" The re- The pipeline This article Plain dent The internal  Most reviewed The study rein-
viewed APl models for  studied several resulted from pressure articles on forced Fowler’s
X-grades  O&G are established fatigue load- load model dent used idea of steeper
pipes suitable for dentanalysis ing has different numerical dents leading to
(X46-80), onshore and methods: exper- failure modes methods lower fatigue life
without  offshore imental data from the and validat-  and higher Specific
the X65  regions analysis, algo- unconstrained ed against Minimum Yield
grade type, rithm formula- model setting different Strength (SMYS).
are indeed tion, numerical experimental However, relying
a detailed simulation, and approaches  on strain alone is
study analytical equa- insufficient for pre-
tion method dicting dent strain
based on depth
4 Hydeetal. Carbon Both pipe The method Initiated Internal Semi-empiri- Indentation depth
131 steel X52 gradesare used hereis dents (TPD) pressure load cal results val- significantly in-
and X65  applicable in FEA tobench- onX52and and quarter idated against fluences pressure
grade pipe the onshore markexisting X65 wereto symmetry op- acomputa- fluctuations and
and offshore semi-empirical analyse fail- eration were tional analysis the fatigue life of
regions results ure caused by applied using FEM pipelines, with

mechanical
denting

deeper indenta-
tions generally re-
sulting in a shorter
fatigue life of the
pipeline. The eval-
uation was based
on unpressurised
grade X52 and
pressurised X65,
without dent and
indented, respec-
tively, to predict
the fatigue life of
pipelines
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Table 1. Cont.

Environ-

S/N Cited Material ment of Structural Damage BCs and Strl.lctu.ral Research
Author(s) Type Application Tools/Methods Mode/Type Loads Validation Output
5 Mackin-  Carbon Onshore The FEA is Kinked dent  Strain and Validated The study pro-
tosh ¥ steel pipe subsurface based on as- (a short tight stress concen- using ASME  vides a solution for
environment sessmentusing twist nature) tration BCs B31.8 of pipe- calculating longi-
ASME B31.8 on a pipeline line standard tudinal extension
specification code strain using dent
depth and length
6 Huanget Generic  Practically Theoretical (Circumfer- Combined ten- The theoret- A thin-walled
al. ' pipe de-  applicable in (analytical) and ential Stress) sion force with ical plastic circumferential
fect-weld- the onshore robustcompu- o,=(R-t/2) internal pres- limitload defect in a gener-
ed circum- and offshore tational FEM p/t. However, sure bending method of ic pipeline (0&G
ference environment were strategi- 6 = C3p. This momentload pipeline analy- pipelines) is nu-
cally employed isasaresult isapplied sis is validated merically analysed
of the inter- numerically by using FEM, and the
nal pressure FEM analysis is poten-
effect on the tially applicable to
incomplete pipeline cracks and
weld safety analysis as
proposed
7 Lancaster All API Possiblein ~ Semi-empirical Dents and An incremen- A proposed  The interaction
and Palmer 5L grade onshore and formulation ca- smooth tal internal analytical between goug-
3] pipes from offshore pable of predict- axial gouges pressure method to es-dents and
X42-X120 environment ingindentation (mechanical) loading validate the  position relative to
depth damages experimental the dent is crucial
analysed process is in determining a
necessarily pipe BPL. An ex-
recommended perimental setup
with incremental
internal pressure
is used
8 Zhenetal. High-grade Possiblein  FE structural =~ Crack damage Static loading Experimental- The practicability
64 carbon onshore and tool in ABAQUS analysed generated ly conducted of pipe ductility
steel X65  offshore explicit solver plastic strain  approach in pipeline fabri-
grade environment validated com- cation and anal-
putationally  ysis is significant
for crack arrest
toughness, fracture
resistance, and
crack propagation
resistance at the
design stage of
every natural gas
pipeline
9 Okodietal. APIX70  This pipe FEM in ABAQUS Dent-crack A half symme- The study Dent-crack asso-
[6%1 pipe grade gradeisap- software for the study try BC was not validated the ciated damage
plicable for of BPLin a possible due experimen- in a pipeline was
both onshore full-scale to the crack  tal work of critically stud-
and offshore pipeline location on the Ghaedniaet  ied to determine
regions dent flank al.*witha  whether different
calibrated pipe sizes of cracks and

geometry in
the FE domain

their nearness to
dent have different
impact on bust
pressure of a pipe-
line
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Table 2. Corrosion damages and corrosion reduction test in O&G pipeline.

Environment

Cited Material . Structural Tools Damage BCsand Structural Vali-
S/N Author(s) Type Of‘l‘t‘i)s:ca_ Methods / Mode/T!;pe Loads dation Research Output
1 Qinetal. X100car- Practically Theresearchis The external There are The 3D FE The computational
o bon steel acceptable robustly con- corrosion = staticax- model valida- investigation reviews
pipe in onshore  ducted with damage ial tensile tion is initiated how pipeline internal
and offshore FEM using the leads to stresses, experimentally pressure strength (MPa)
environment COMSOL Mul-  pipeline internal by field lab- reduces with age due
tiphysics do- internal pres- oratory data  to external corrosion.
main to analyse pressure sure, and analysis The FE model was used
symmetrically reduction restricted to ascertain pipeline
3D pipeline ends of the failure prediction as
pipe corrosion growth was
imminent with time
2 Velazquez Steel pipe Onshore The research in- Different The The study is Corrosion reduction
etal. ™  (API-5L  environment vestigation em- type of opposite  validated nu-  techniques are essential
Grade B) pipeline ploys a numeri- external ends of the merically with for maintaining pipeline
cal approach in corrosion  pipeare  FEMin ANSYS internal BP. Compar-
ANSYS software damageis restricted, APDLsolver  ing BP models from
to enhance the studied and inter- different specification
experimental nal BPL is agencies highlights their
study applied importance for pipeline
safety and integrity
3 Aru- Various The assessed Experimental Bulge-buck- Combina- The article The literature sum-
mugam et API5L (X pipelines procedures, le due to tion of in- experimentally marises the response of
al. 1*® 42-100)  from the effect of ternal and analysed O&G corroded straight and
grades article are corrosion  external pipelinesand elbow O&G transmis-
pipes were applicable in load, com- further validat- sion pipelines under
reviewed the onshore pressive  ed them using complicated external
and offshore and tensile FEM and the  loading conditions. Re-
environment load standardisa-  maining strength of pipe
tion agencies’  after corrosion effect
document is assessed with DNV-
RP-F101
4 Ohetal. APIX65  TheX65 pipe Experimental  Scratch from Symmet- The numer- The study used a local
169 grade steel is possible  and numerical mechanical rically con- ical (FEM) failure criterion to anal-
pipe in onshore investigation = damage and strained simulationis yse APIX65 to predict
and offshore methods were corrosion  with validated using ductile failure due to
environment employed attack from internal  experimental corrosion and gouge
the environ- pressure data results pressure defects under
ment load internal pressure, as ex-
perimentally designed
5 Askariet Different Applicablein Several field Different Effectof  The experi- A systematic and com-
al. "™ API 5L both onshore empirical and types of load on mi- mental work  prehensive cutting-edge
X-grade and offshore laboratory corrosion  cro-grain is validated review that evaluates
carbon environment methods like defects material is experimentally different kinds and sizes
steel SEM pictured  using a differ- of corrosion damage
from SEM entapproach to O&G onshore and

offshore pipelines
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Table 2. Cont.

Cited Material Envirom.nent Structural Tools Damage BCsand Structural Vali-
S/N Author(s) Type of Atli)(?:ca_ Methods / Mode /'Ig‘ype Loads dation Research Output
6 Xuetal. General Applicablein Empiricaland Corrosion Statistical The corrosion The research developed
160] carbon both onshore different exist- damage BCs based prediction a novel hybrid model
steel pipe- and offshore ing analytical on differ- model was approach with four
line environment data models encesin  validated using cardinal points: data
were employed model data BPNN, SVM, preprocessing, prioriti-
GA-SVM, PSO- sation, evaluation, and
SVM, IPSO- prediction of corrosion
SVM, and rate in O&G pipelines,
CEEMDAN- considering nonlinear-
SVM. The ity and noise interfer-
models can be ence has been removed
found in the = with an algorithm
ref. list of Xu et
al. ™"
7 daCunha Carbon Onshore Empirical, nu- Different Different Mostnumer-  This literature com-
[71] steel pipe- environment merical, and an- types of on- boundary ical analyses  pared the concurrent
line alytical methods shore pipe andload- arevalidated consequences of on-
were used for damages, ingcondi- analytically shore pipelines’ internal
the quantitative like those in tions are and external corrosion
risk assessment Figure 2 applied rate failures for four
review of the countries. Most of the
onshore pipe- explosions had resulted
line from pipeline leakages
8 Deyetal. Carbon Applicable in Laboratory Internal Pressure Thelaborato- This research assesses
72 steel pipe- both onshore sampling of in- corrosion, load on ry sampling risks and maintenance
line and offshore ternal and prac- external welded method is val- to evaluate the cor-
environment tical inspection corrosion, joints idated against rosion rate in steel
for corrosion  and crack operational pipelines and aims to
rate damage pipeline data  address the corrosion
analysis problems before they
escalate
9 Capiel et Composite The compos- Empirical analy- Pipeline Necessary Laboratory Recommended glass
al. 7! pipeline ite pipeline is sis of fibre-rein- clogging experi- procedures are FRP pipe for O&G pipe-
material  possible for forced polymer with mo- mental and validated with lines for its high resis-
with FRP  onshore and to evaluate lecular laboratory existing litera- tance to Electro-Chemi-
offshore en- deterioration  species, and boundary ture based on cal Corrosion (ECC) and
ergy pipeline level of pipeline also bend- conditions hygrothermal an alternative to steel
transport at failure mode ing during effect on com- pipelines
and propose installation, posite pipeline
an in-situ and corro-
assessment pro- sion effects
gramme
10 Songetal. API-5L The author Experimental Blasting and Dynamic Validated nu- The damage level in-
74 X70 pipe analysed this and numerical spallation pressure merically with creases with an increase
pipeline for method of FEA effectina loading the FEM in in the blast load in kg.
the onshore in LS-DYNA pipeline for (local LS-DYNA solver Pipeline wall thickness
environment domain local pitting impulse = domain determines the yield
corrosion  loading) strength and toughness
test of the pipe
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Table 2. Cont.

Cited Material Envirom_nent Structural Tools Damage BCsand Structural Vali-
S/N Author(s) Type of At‘i)s:ca_ Methods / Mode /T%lpe Loads dation Research Output
11 Soomro et Different Applicable in The systematic Internal BCshere Theresearch A certified Bayesian
al. ™ grades of both onshore review article  corrosion areinter- is validated network method can
oil and and offshore gives details of damage nal and using Bayes-  adequately predict pipe-
natural gas environment different litera- type MAOP ian network  line integrity using in-
pipes ture on failure pressures (conditional  ternal corrosion effects
data and Bayes- based probability) without knowledge of
ian network on the pipe Inline Inspection
appraisals research (ILI) data. This meth-
article od is more robust and
improves informed
decision making and
management control
12 Ameh and X42 and  Applicable Field experi- Overpro- The BCs  Field exper- The Cathodic impressed
Ikpeseni X65 car- inonshore mentalimple- tectionand arethe imental ap- current coating plan is
72l bon steel and offshore mentation and coating anode and plication was necessary after a carbon
pipe environment mathematical damageis cathode validated using steel pipe infrastructur-
formulation for inevitable if calcu- an analytical  al design. The idea is to
carbon steel the current lations calculation prevent corrosion. How-
pipeline coat-  distribution and pipe procedure ever, high application
ingusingthe  isnotuni- geometry costs have made it less
cathodic im- form dimen- used in O&G pipeline
pressed current sions infrastructural facilities
coating
13 Ghavamian X80 grade The pipeline A review of differ- Damage mode Trac- The essence of ~ SHM results from non-de-
etal. ™ carbon steel material is ent experimental hereis cor-  tion-free the FEM mod- structive testing using
pipe applicable in  and numerical rosion attack BCs are el and guided guided and ultrasonic wave
onshore and simulation to and crack appliedto  ultrasonic wave propagation, and the FEM
offshore envi- detect pipeline initiation and achieve (non-destructive is optimal in natural gas
ronment defects based on propagation adequate  testing) wasto  pipeline defect detection.
corrosion results establish the The review study was
output causes of param- based on corrosion
eters failure in a
pipeline system
Table 3. BPL and rupture damage in O&G pipeline.
S/N Cited Au- Material Ezz:::hnz zl_lt Tf,tor]l; ;;141:;11 Damage BCs and Structural Research Output
thor(s) Model - Mode/Type Loads Validation
tion ods
1 Keliletal. API5L- The pipeline Laboratory = The damage Bending force, The FEMis  The study high-
el X65 car-  analysis is investigation mode inves- internal pres- validated ex- lighted the SBD
bon steel beneficialin ~ with a mi- tigated is sure, bi-axial perimentally method’s ability to
pipe the onshore  croscope and puffinessina forces, and with micro-  analyse puffiness
and offshore  Strain-Based pipeline atall hydrodynamic scopic data  with undulation and
environment Design (SBD) stagesinits loads were analysis ovalisation during
approaches lifecycle applicable a pipeline’s fabrica-
and FEM were tion, operation, and
employed maintenance stages.

Puffiness in the pipe-
line can result in BPL
due to high stress
concentration within
the puff region
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Table 3. Cont.

Environment Structural
Cited Au- Material . Damage BCs and Structural
S/N thor(s) Model ofA;.)phca- Tools/Meth- Mode/T{i'pe Loads Validation Research Output
tion ods
2 Zhangand X70 grade The focuson Experimental Dents and Axial inter-  The failure  The predictive model
Adey””  carbon  TPDmodes and analytical gouges re- nal pressure frequency assesses sudden TP
steel pipe suggestthat tools were sulting from  applied analysis val-  failure damage that
the pipe is for practically TP influence idates some can cause an immedi-
an onshore possible in could initiate equations ate leak and rupture
region this literature an internal of the TPD (general damage) of
crack in the prediction the energy pipeline.
pipeline Hydrogen mix-natu-
ral gas pipeline may
lead to delayed fail-
ure from the hydro-
gen embrittlement
challenge
3 Zhanget X70 grade The pipeis The study Corroded and Tension force Validated The internal BP of a
al. "™ carbon suitable for experimental- plastic col- and internal  against ex- damaged pipeline is
steel pipe- onshore and ly and analyt- lapsed dam- pressure load isting exper- analytically studied
line offshore gas  ically investi- age due to an imental and against the intact
transport gated the X70 increase in numerical pipeline to justify
pipeline flow pressure data solutions their different BP
levels from the Y/T of
the von Mises criteri-
on
4 James and APIX-42, The pipe is Experimen-  Rupture Mostly inter- SEM labo- Damage from flow
Hudgins X-46, suitable for  tally and failure due to nal operating ratory and pressure may not
e and X-56 onshoreand computation- mechanical pressure near-neutral have acknowl-
grade car- offshore use ally addressed impact (dent) pH SCC anal- edged the MAOP
bon steel accidental on incomplete ysis validated with known SMYS
pipe defects, TPDs, seam fusion against other of a pipeline, and
and pipeline  welding of the empirical real-world failure
corrosion pipeline methodsin  mechanism analysis
the literature in the research could
serve as a reference
for numerical studies
5 Bhardwaj Thickand Applicablein The research ar- Corrosion Internal pres- A computation- This research article
etal. " high-grade onshore and ticle applies the defectand BPL sure load al model for conducted several in-
carbon offshore envi-  First Order Re- damage BPL capacities ternal BPL predictions
steel ronment liability Method of high-grade  using reliability algo-
(X60-X120) (FORM), First steel, such rithms and the Monte
Order Sec- as X80-X120,  Carlo method, with
ond Moment was validated increased corrosion
(FOSM), and against empiri- defects in a pipeline.
Monte Carlo cal data The experimental data
simulation yielded the expected
processes results for the flawed

and unflawed pipeline.
Hasan et al. ® expand-
ed the Monte Carlo
simulation method for
analysing failure proba-
bility
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Table 3. Cont.

AQUS software
domain

pressure BCs
applied

parameter. An-
alytical method
validated the
empirical and
FEM

Environment Structural
Cited Au- Material . Damage BCs and Structural
S/N thor(s) Model ofA;.)pllca- Tools/Meth- Mode/T{irpe Loads Validation Research Output
tion ods
6 Meniconi A fibre-re- The API 5L Experimental Corrosion and Hydrostatic =~ The FEA The research studied
etal.®™ inforced X60ispossi- and numerical BP damage  internal pres- for BPLisa  BP for repairinga
material ble for both  applications sure loading validation of corroded X60 pipe-
for the onshore and for repair experimental line with a fibre-re-
repair of offshore envi- of corroded procedure of inforced composite
API 5L ronment pipelines an analysed sleeve, focusing on
X60 pipe with fibre corroded stiffness strength for
reinforced pipeline defect pipes. This
composite method is unsuitable
materials: for higher-grade steel
20” outside from X100 onward
diameter API
5L X60 steel
were hydro-
statically
tested
7 Ohetal. APIrang- Applicablein The study Internal BP  Pipe symme- The BPL pre- A numerical model
81 ing from both onshore utilised three loading try operation diction was for predicting BPL
X52-X70 and offshore methods: under internal validated us- damages in a pipe-
grade environment empirical, pressure ing analytical line using linear and
pipes analytical and and numeri- nonlinear approach
numerical ap- cal methods of FEM in ANSYS do-
plications for main is established
impact BPL
analysis
8 Sebaey ™ Com- Applicable in Experimental The BPL, Internal pres- The experi- The research deter-
posite both onshore BPLtestand matrix crack sureload, en- mental pipe mines the impact
(fibre and and offshore impactma-  part of the ergy-time load BPL test resistance of a com-
matrix) environment chine testing composite steps, impact validates the posite pipeline under
designed set-up material energy load, low-velocity internal pressure
pipeline bending, and impact from and the low-velocity
axial loads are weight drop effect of drop weight
applied by creatinga on a composite pipe-
winding angle line. The winding
in the pipe-  angle was compared
line, like the  against the internal
Tashnizi et al. pressure capacity
3 composite and the mechani-
study cal resistance from
the external load to
determine the pipe’s
strength and stiffness
9 Chen etal. Carbon Applicable in The study Damage as- Symmetrically TheE, PV The hypothesis of a new
[84] steel onshore and proposed sessed: crack, constrained X  defines the multi-parameter for BP
hydrogen offshore envi- semi—empi.ri— buckling, and and Z di.rections linear param- calculation equation
mixed ronment cal, analytlc.al BP of the pipe to eter,. stress—. (Y/T) was to geperz'ate
and numerical avoid free body strain relation- anew failure criterion
natur.al methods for movement, ship defines using the Tresca Failure
gas pipe- new BPL failure with internal ~ the nonlinear  Criterion for a thin-
line criteria in AB-

walled hydrogen-mixed
natural gas pipeline
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Table 4. Buckling, TPD, and general damage in O&G pipeline.

Environ-

Structural

Cited Au- Material Damage BCsand  Structural Valida-
S/N thor(s) Type A;:Eleiléflgif)n TOOlz{;\:eth Mode/Type Loads tion Research Output
1 Vosooghi General Subsea en- FE imple- Buckling Axialand  The research arti- The study clarifies
etal. carbon vironment mentation damage due lateral cle is analytically pipe-soil interaction
steel pipe in ABAQUS  to lateral frictions and numerically and identifies key
software and axial activated, validated against geometric parameters
movement and tem-  Python script affecting pipeline
of the subsea perature  to calculate the  buckling resistance
soil (natural increased pipeline out of
disaster) straightness
2 Kyriakides Various API Pipelines  Experimental Buckling Pipelines  Validated an- The author intro-
and Coro- 5L X-grade can be method with and collapse are restrict- alytically by duced a groundbreak-
na & pipes appliedin robustlabo- mode of ed atboth the principle of  ing experimental
both on- ratory analy- damages ends, with virtual work, see setup with advanced
shoreand sis (Chapter9  localised  Johns et al. * laboratory machinery
offshore Kyriakides  deforma- and Sakakibara pipe buckling and col-
environ- and Corona tion by the etal. ™ for more lapse test procedures
ments 55h engineer-  detail
ing process.
3 Shinetal. General Applicable Field in- Third party/ Transient Theresearchis A developed real-time
(98] carbon in both on- vestigation = mechanical load system validated using monitoring model is
steel pipes shoreand of pipeline damage (acoustic  a developed used to reveal fresh
offshore using acous- wave) algorithm on the TPD like anchor drops
environ-  tic waves Digital Signal in the transmission
ment technology to Processor (DSP) pipeline. Hence, the
monitor TPD TMS320C32 BP lifecycle is reduced
Board after noticing the first
impact and taking
adequate operational
measures
4 Guoetal. X60and X60 and Experimental Damages Environ-  The pipeline leak- The study evaluates
Bl X70 grade X70grade set-upand  associated mental BCs age case studyis the danger involved in
pipeline of pipelines  Bayesian with TPs: like right-  validated using  the O&G pipeline safe-
the Shaan- are possible network data stress, crack, of-way and Bayesian theory ty by TPD after the
Jing natural for both on- collection and rupture geological to identify over- catastrophic event.
gas, China shoreand and analysis BCs looked problems The study justifies
offshore from pipeline related to TPD  the Bayesian theory
region incidents like as one of the best for
leakage were risk assessment for
employed TPD incidents
5 Ossaietal. Appraisal The pipe- Laboratory Collective Grain Literature vali- A distinctive research
9] of different line is microscope literature microstruc- dations primar-  article that is signifi-
grades of applicable and Macki- on pipeline tureinter- ily drawnfrom  cantly rooted in the
carbon in onshore nawite chem- damages, action from experimental structural analysis of
steel pipe and off- ical formation such as microscop- approaches onshore and offshore
shore envi- and formula- dents, cracks, ic laborato- and vice versa,  pipelines to improve
ronment  tion bench-  SSC, buckles, ry analysis creating a robust pipe design and op-

mark is used

bulges, and
fatigue was
analysed

foundation for re-
liable results and

insights

erational input. The
review study was a
general pipe assess-
ment
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Table 4. Cont.

. . Environ- Structural .
S/N Ctl}tliié l)l M,?;:::al mentof  Tools/Meth- ME:Z}?rgy‘;e st;g;d StFUCtlltl;szallda- Research Output
Application ods
6 Torreset Different Pipelines Mathematical Damage Load types: Independent leak Pipeline structural
al. ! transport  are efficient modelling types are fa- hydro- assessmentina parameters are de-
pipelines  in both on- and physical tigue, stress, dynamic, pipeline with the tected and verified to
studied shoreand measure- and crack internal Kalman filter, Lu- promote the real-time
offshore ments based propagation pressure, enberger observ- failure process of leak
environ-  on estimated tensile ers, and other identification
ment values to force,and acoustic micro-
detect defects bending phone equipment
that result in moment
leakages
7 Mondal et Isotropic  Applicable FEA in AB- Damage Symmetry This research ar- The research evalu-

al. P steel pipe in onshore AQUS soft- mode here is BCs applied ticle validated the ates the risks asso-
of API X46 and off- ware domain the corrosion to avoid works of Chouch- ciated with bending
shore envi- and bending free body aouiand Pick " pipes to accommodate
ronment ratio effect movement and Maetal.” the harsh installation
with inter- environment. Bend-
nal pres- ing is often neces-
sure load sary during pipeline
installation due to
factors such as right-
of-way constraints,
utility conflicts, and
environmental ob-
structions. This article
is categorised based
on a general pipeline
assessment
8 Pluvinage X52,X65  Applicable The study Damages are Displace- Validated using The research article
etal. ¥ carbon intheon- experimen- brittle, duc- ment, FEM and speci- examines the evolu-
steel pipes shoreand tallyusesa tile, fracture, stress, fication bodies  tion of O&G pipeline
offshore microscope notch, dent internal such as ASME grade strengths over
environ- and volumet- gouge,and pressure  B31G, modified the past eighty years,
ment ric method of crack B31G, PCORRC, explores various dam-
analysis and DNV age modes, and sug-
gests effective failure
prediction techniques
9 Biezmaet X70-120 Accident Systematic The analysis ~ Pressurised The article uses The documented pie
al.™ pipe grades pipelines review and covers TP-in-  pipeline apie chart model  chart model and tables
assessed documentation fluenced fail- contentsled to calculate the with detailed reasons
were from  of several pipe- uressuchas toreduced pipeline mode of for past failures could be
the onshore line accidents excavation and load-bearing failures at several a tool to predict future
environment across different theft. And nat- capacity pipeline locations  occurrences. General

ural disasters
like landslides,
floods, dike
breaks, and
erosion

locations from
different coun-
tries

and reduced
MAOP

as a validation to
ascertain failure
causes

pipeline assessment

4. Review Results and Discussion

that integrates the empirical, numerical, and analyti-

cal methods used in all the appraised literature. The

The results and discussion section of the review

study is structured based on a comprehensive analysis
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study’s general structural framework was derived from

the configurations and methodologies of the reviewed
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articles, as reflected in the overall assessment patterns
(Tables 1-4). These tables present and emphasise var-
ious structural implications of an undesired condition
in operational O&G pipelines. Notably, some of the most
common and inevitable defects in 0&G pipelines are
scratches, dents, and cracks, which are often indications

to enhance BPL in a pipeline.

4.1.Pipeline Integrity Analysis Based on
Past Failure Incidents

Subsea pipelines primarily face the risk of internal
corrosion in operation, making it a leading cause of oft-
shore pipeline failure. In the same context, the research
conducted by Cheng and Chen “*highlights the external
risks faced by subsea pipelines due to hydrodynamic
pressure, which can lead to external corrosion fatigue.
In this regard, the assessment of pipeline structural
integrity focuses on both corrosion and fatigue. In con-
trast, onshore pipelines are more vulnerable to external
factors arising from various third-party (TP) activities,
predominantly resulting from human-induced mechan-
ical damage. On the other hand, the damage to subsea
pipelines from TP activities typically occurs due to inci-
dents such as ships running aground, dropped anchors,

heavy objects falling from vessels, and fishing trawlers.

4.2.Statistics and Probability Assessment
of Pipeline Internal Corrosion

Soomro et al. " argued that the Bayesian network
approach is the most promising method for assessing
the impact of internal corrosion damage on the struc-
tural integrity of O&G pipelines. Their review also list-
ed some fascinating methods from other researchers,
such as Witek ?¥, Cavalieri et al. !, Zakikhani et al.
and Khan et al. . Many researchers projected how the
structural integrity assessment, the BPL, the fault iden-
tification, and the ILI models are used for pipeline fail-
ure prediction . The Bayesian network stands out for
its integrity and risk prediction in the context of corro-
sion damage of operating pipelines. Guo et al’s ! TPD
risk assessment using the Bayesian network is another
validated work by Soomro et al. ! and Zakikhani et al.

% They have a general experimental setup for pipeline

1. "itemise the

data collection and analysis. Chen et a
possible onshore pipeline failure influences and initiate
how an Al monitoring system can ameliorate the prob-

lem due to TPD.

4.3.The Use of Corrosion Reduction to De-
termine Pipeline Internal BPL

Conventionally, Tse and Wang ! have noted that
corrosion is a prevalent issue in Hong Kong’s pipeline
system due to extreme environmental conditions. One
of the damages related to hydrogen pipeline issues is
embrittlement. The concept of mixing hydrogen with
natural gas in the same transmission pipeline raises
concerns, as introducing hydrogen could lead to a loss
of toughness and increased embrittlement. While cor-
rosion in pipelines is a global problem, different types
of corrosion are tied to specific environments and tend
to be more severe in certain regions, as highlighted by

11 and Ghavamian et al. ®. For example, in Hong

Nesi¢
Kong, environmental factors significantly affect the rate
of corrosion damage, particularly concerning external
corrosion in buried or surface pipelines **. Measur-
ing the depth of internal corrosion in natural gas or oil
pipelines is essential for determining the internal BP of
transmission pipelines. In this study, we explored the
potential of using datasets related to pipeline scratches,
dents, or cracks to train models and simulate predic-
tions for BP. Notably, conventional methods for calculat-
ing BP include experimental, numerical, and real-world
assessments. With the help of advanced machine-aided
field evaluations, laboratory setups, and computational
software, predicting BP has become more manageable,
as demonstrated in some sections of Table 3. A notable
example is the work of Fahed et al. °®, who conducted
experimental and FEM to evaluate the internal BP of
corroded API X42, X52, and X70 grade pipes. Su et al.
%1 ytilise the retained BP of a pipeline as a specific pa-
rameter to calculate the remaining strength of corroded
steel pipeline structures, which is another method. Nev-
ertheless, the corrosion challenge of steel pipes’ grades
X42 to X120 could reduce pipe internal pressure, which

is an inescapable condition during operation "%,

[74]

However, Song et al. used various masses of

Trinitrotoluene (TNT) as an explosive to blast pipe-
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lines of different thicknesses at varying time intervals
(in microseconds) to study their BPL capacity. Song et
al. 7

to determine the internal BP of a pipe is in contrast to

also confirmed that the pipe blasting technique

the effect of corrosion as an environmental factor. 0&G
pipelines are often installed in harsh environments, far
from urban or inhabited areas within their operational
environment. Hence, they are susceptible to environ-
mental attacks like corrosion and hydrostatic pressure.
Thus, continuous advancement in pipeline design and
the use of corrosion-resistant material becomes imper-
ative. Qin et al. "’ discussed the internal pressure re-
tained in a pipeline after experiencing corrosion effects
on high-grade steel (X100) as the remaining strength
of the pipeline. The Near-Neutral Simulation with pH-4
(NS4) is a chemical solution that is slightly acidic, with
a pH close to 7. The NS4 solution is assumed to have
corroded the steel pipe in the experimental setup by
Qin et al. 71 The simulated corrosion effect, however,
is in a localised form, which can manifest as pitting, fili-
form, or crevice corrosion in real-life scenarios. Figure
7 depicts a random and irregular pipe pitting corrosion
pattern in a long-distance hydrocarbon carrier. The
rougher and sharper the corrosion on the X100 steel
grade used, the greater the localised stress distribution

1. ¥ used a simple equa-

in that region. Pluvinage et a
tion to suggest that plastic collapse system analysis
can predict BP damage. For example, if a pipe incurs a
corrosion crater or experiences spallation due to corro-

sion, the following Equation (1) is possible.

or _ 0 1
853q - ( )
where P is the internal pressure and &,4 is the

equivalent strain. For more detailed analyses and pre-
dictions regarding BP, refer to the works of Leis and
Stephens ”!, Bjgrngy et al. "*”, Shuai ", and Ma et al.
(192 The Pluvinage et al. *! equation for pipeline BPL
defines the use of linear and nonlinear analysis to justi-
fy the plasticity of material instability. The deep neural
network utilised by Oh et al. "** adopted a dented 0&G
pipeline, possibly across all API 5L X42-X120 grade
carbon steel pipelines for BPL testing and prediction.
The Oh et al. "”* method is an advanced technological

approach that could validate the TNT explosive tradi-

tional approach of Song et al. . Yan et al. " evaluated
different BPL predictive models’ errors and ascertained
that the API RP579 and R6 are more efficient than the
Battelle Model concept in 0&G pipelines’ BPL predic-
tion. However, no specific certified reliable method ex-
ists for accurately forecasting BP strength, according
to Bhardwaj et al. "’ The Bhardwaj et al. " study fur-
ther concludes that data collection also modelled a full-
sized pipeline with respect to the geometry mirroring
the initial quarter section of the pipe as proposed. The
mesh sensitivity study of corroded pipe by Qin et al. "
ascertains that a pipeline can still be in operation even
at a corroded level. The level of corrosion is, therefore,
a medium to justify the pipe stability in operation. The
anodic current density initiated the corrosion defect on
the pipeline at a different pressure flow rate, while oth-
er parameters like internal and external stress were in-
troduced "””%., The Askari et al. " study is a proof and
an example of the different types of internal corrosion
that could happen in any hydrocarbon pipeline. The
main factor of this internal corrosion in the pipelines is
the sulphide content in hydrocarbons, which results in
SSC.

Figure 7. A half symmetry schematic of internal corroded hy-
drocarbon pipeline.

The damage incidents discussed herein do not indi-
cate any failure propensity related to the design or in-
stallation process, but ageing within a steadily operated
pipeline. Corrosion is the most significant factor in this
context. Clogging is another notable contributor to the
corrosion effect in onshore and offshore 0&G pipelines,
often resulting from dirt or other factors. Clogging in
a pipeline increases the Maximum Operating Pres-

sure (MOP) needed to transport the pipeline’s content,
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which may lead to higher operating costs and reduce
BP. However, following pigging operations to miti-
gate the clogging, the flow resistance encountered by
low-molecular-weight gas or liquid hydrocarbons can
be alleviated, allowing for a potentially faster flow rate.
Zhu et al. "' employed fluid oscillation theory with
mathematical models to detect clogs in pipelines, using
plugging attenuation parameters to assess the specific
location and volume of the blockage. Chern-Tong and

Aziz 1

provided an example of a hydrocarbon product
that causes coagulation due to low temperatures, which
contributes to clogging in oil pipelines, ultimately lead-
ing to corrosive impacts on the pipeline. Additionally,
hydrate formation in natural gas pipelines can also re-
L [107]

sult in clogging, as Al-Sharify et a mildly put it.

Crack initiation in carbon steel pipelines often re-
sults from mechanical or stress impacts and can propa-
gate when exposed to external loads. Additionally, dents
may develop in high-grade carbon steel due to mechan-
ical impact, before and after installation. Zhen et al. *!
evaluated the benefits of material thickness in X65 steel
pipeline crack tip openings using a 3D FE model. The
thicker the pipeline material, the greater its resistance
to crack opening. A high-grade carbon steel, ranging
from X42 to X80, falls within Product Specification
Levels 1 and 2 (PSL1 and PSL2). It is, therefore, signif-
icant to note that butt-weld areas in pipelines are par-
ticularly vulnerable to stress corrosion cracking (SCC),
which poses a high risk by potentially reducing the BP
strength. Such weaknesses could lead to catastrophic
incidents, including explosions, within the operational
phase of a pipeline.

In another campaign to mitigate corrosion effects,

221 and Adib-Ramezani et al. ™*® have drawn at-

Race
tention to corrosion management and control in on-
shore pipelines. This problem remains a global metal
infrastructural challenge. In the same light, Dao et al.
19 study provides a valid analytical investigation of in-
ternal corrosion as a primary mode of subsea pipeline

failure.

4.4.Structural-Empirical Based Analysis of
Pipelines with Defects

Zhen et al. * have strongly argued against the no-

tion that restricting laboratory carbon steel X-grade
samples can effectively limit the prediction of crack and
fracture behaviour in operational pipelines. Many of
the articles evaluated by Zhen et al. " adopt a similar
approach to those by Shterenlikht et al. ", Amara et
al. "', and Shibanuma et al. "'**! for studying the effects
of cracks in pipelines. However, the use of laborato-
ry specimens is insufficient for accurately assessing
crack-related fractures in long and large O&G pipelines
L1121 Consequently, the trend towards incorporating
numerical and computational analysis to predict frac-
ture and crack responses in natural gas pipelines ap-
pears to be the most effective strategy. It is essential to
recognise that environmental factors play a significant
role in many types of pipeline damage, including em-

brittlement, fractures, and cracks.

4.5.Empirical and Numerical Synthesis of
Damaged Pipelines

Empirical and numerical methods for repairing and
rehabilitating onshore and offshore 0&G pipelines used
for transportation have consistently shown reliable re-
sults through field investigations and computational
validation. However, the welding of damaged sections
of the pipeline has remained uncertain throughout the
remaining pipeline's operational life. This uncertainty
arises from differences in material properties, includ-
ing the welding rod, the pipeline material itself, and the

repair sleeve used.

5. Different Approaches for Flawed
and Unflawed Pipeline Structur-
al Analysis

The critically reviewed articles in this study exam-
ine both flawed and unflawed pipelines. They utilise
a diverse range of methodologies rooted in analytical,
semi-empirical, empirical, and numerical approach-
es to highlight the implications of defects and provide
guidance for predicting failures. A newly commissioned
pipeline, whether onshore or offshore, is expected to
function effectively throughout its lifecycle. However,

these expectations for pipeline performance and integ-
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rity can often be compromised by various challenges
associated with the pipeline. To improve our under-
standing of different methods for analysing pipeline
defects, a summary of several experimental, analytical,

and computational tools is provided in Tables 1-4.

5.1.Pipeline Repair and Rehabilitation

FEM plays a critical role in assessing damaged pipe-
lines, evaluating repair techniques, and ensuring the
integrity of repaired sections. Case studies demonstrate
the effectiveness of FEM-based simulations in guiding
repair procedures, such as hot tapping, composite re-
pairs, and pipeline replacements. The advanced weld-
ing technology for shipbuilding applications highlighted
by Wahidi et al. "** could serve as an adequate alterna-
tive for pipeline butt welding. Particularly in pipe join-
ing, reeling, or construction on the badge ship before
installation in the offshore environment. Additionally,
quality joint welding and repair in pipelines are crucial
because these processes are often prone to internal
failures after repair. The harsh marine environmental
conditions have made subsea pipelines challenging and

problematic to repair and rehabilitate.

5.2.Pipeline Monitoring and Maintenance

A monitoring and maintenance programme for ma-
rine infrastructure is essential for ensuring efficiency
and stability. It is the architectural hallmark of opera-
tional integrity in the harsh marine environment. Sub-
sea 0&G pipelines are no exception to this necessity.
Therefore, constant routine monitoring and mainte-
nance are crucial for transmission pipelines and are
significant concerns for the 0&G sector. Ho et al. " re-
viewed various articles focusing on the monitoring-in-
spection of O&G subsea pipelines. Most of these articles
debated the best methodologies and technologies for
inspecting and monitoring offshore pipelines. Among
them are the corrosion-appraised articles in Table 2.

Evans and Thomas "**

employed the Guided Wave Test-
ing (GWT) principle to inspect corrosion in a straight
offshore pipeline. GWT is a non-destructive testing
(NDT) approach that uses wave propagation to locate

and evaluate the corrosion potential of a pipeline. Dey

et al."? developed a unique risk-based model called the
Analytic Hierarchy Process, designed to monitor and
inspect pipelines. However, while pipeline monitoring
is not always cost-effective, it is an unavoidable prac-
tice to prevent the loss of crude oil or natural gas due
to leaks "?. Witek *” introduces a mathematical for-
mulation by incorporating fibre-reinforced composites
to repair corroded O&G pipelines, thereby preventing
BP damage in both onshore and offshore pipelines. The
MAOP, SOP, and MOP established by the design engineer
are critical considerations in pipeline operations. De-
sign standards, operational safety, and standard repair
procedures for corroded pipelines are paramount for a
pipeline's optimal function ™.

The analytical solution for the maximum theoreti-
cal failure pressure of the composite sleeve is given as
Equation (2):

ph fu(ro—1i)
ag(ri—1nro)

where PRIt is the maximum theoretical failure

(2)

pressure, 1, is the outside radius of pipe, 7; is the in-
ner radius of pipe, ap is the hoop stress, n is the co-
efficient of the pipe Young’'s modulus, and f, is the
Ultimate Tensile Strength (UTS) of the pipe. The hoop

stress (ag ) can be calculated as Equation (3):
1-(4) (3)
ap=————"
()

where d d is the defect depth, t t is the pipe thick-
ness, which is the difference between the outside and

(3)

inner radius, = is the defect depth to thickness ratio in
%, and QQ is the bulging factor as it is used in the BG/
DNV level 1 criterion. The coefficient the pipe Young's
modulus is defined as Equation (4):

70 Epipe(T'o

-1
- 'ri) To
n= P) + —
T Esleeve (re - To) T

where Ej,;p. is Young’'s modulus of pipe, Eg..pe

(4)

is
Young’s modulus of sleeve, and 7, is the radius of the
sleeve. The bulging factor can be calculated as Equa-
tion (5):

@ /1+03 () (5)

Dt
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where L is the defect length in (mm), DD is the
sleeve pipe outside diameter, and tt is the sleeve pipe
nominal thickness in (mm).

6. Conclusion

Remote and real-time monitoring, along with de-
fect data analysis for BPL prediction, are key to en-
hancing pipeline operational effectiveness, efficiency,
and integrity. In conclusion, this review study offers a
comprehensive and high-quality systematic analysis
from significant literature resources on both onshore
and offshore pipelines. The main objectives outlined in
the reviewed articles are pipeline operational capacity
expectations depending on the operational environ-
ment, as presented by the cited authors. However, these
objectives become compromised in the presence of
pipeline defects. Addressing this problem, Tables 1-4
present additional structural defect mechanisms and
predictive model reviews to reduce failure frequency
and enhance pipeline flow efficiency.

The literature review employs a detailed and com-
prehensive systematic approach to unravel the appli-
cation of the experimental, numerical, and analytical
models presented in the appraised articles on struc-
tural defects. Notably, some of the numerical models
assessed include robust FEM applications, which help
to identify structural parameters for predicting fail-
ure modes in pipeline systems. Again, FEM stands as a
foundational backbone of modern engineering design
and analysis of onshore and offshore pipelines. The
reviewed literature publications in this study have ex-
plored the myriad applications of FEM, ranging from
modelling techniques and material considerations to
environmental loading, failure modes, and case studies.
Furthermore, most reviewed articles here ascertained
that structural health failure from BP is not often sud-
den but initiated by one damage mode or the other
and coupled with loss of operating pressure. A routine
maintenance culture and proper checks while the pipe-
line is in operation are paramount to safety adherence,
accentuation, and streamlining the control of mechani-
cal problems to improve the pipeline's integrity .

Again, pipeline Bayesian model network assess-

ment for failure or integrity purposes has proven to be
the best choice for risk and integrity evaluation of op-
erational pipelines. As technology advances and chal-
lenges evolve, continued research and innovation in
FEM will be crucial for ensuring the safety, reliability,
and sustainability of pipeline systems. All these envi-
ronmental and operational factors conjoined to cause
immense loading conditions on the O&G pipelines. As
offshore exploration ventures into deeper waters and
harsher environments, the challenges faced by subsea
pipeline engineers continue to evolve. The ability to
model nonlinear material behaviour, dynamic environ-
mental loading, and complex interaction phenomena al-
lows engineers to make informed decisions throughout
the lifecycle of subsea pipelines. It goes from the design
and construction stage to the operation phase, mainte-
nance, and decommissioning stage. Furthermore, the
integration of FEM with data analytics, ML, and digital
twins presents exciting opportunities for predictive
maintenance, real-time monitoring, and risk manage-

ment strategies.
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Abbreviations

ANSYS Commercial Finite Element Software

ASME American Society of Mechanical Engi-
neers B31G

APDL ANSYS Parametric Design Language

API 5L American Petroleum Institute, 5th edi-
tion Line Pipe

APIRP579  American Petroleum Institute Recom-
mended Practice 579

BCs Boundary Conditions

BP Burst Pressure

BPNN Back Propagation Neural Network

BPL Burst Pressure Loss

C3p Dimensionless coefficient of internal
pressure

CEEMDAN  Complete Ensemble Empirical Mode
Decomposition with Adaptive Noise

DNV-RP-F101 Det Norske Veritas-Recommended Prac-
tice-Factor of Safety 101

E Young’'s Modulus

ECC Electro-Chemical Corrosion

FE Finite Element

FEA Finite Element Analysis

FEM Finite Element Method

FGMs Functionally Graded Materials

FORM First Order Reliability Method

FOSM First Order Second Moment

FRP Fibre Reinforced Polymer

GA Genetic Algorithm

ID Inner Diameter of a Pipe

IPSO Improved Particle Swarm Optimisation

kg Kilogramme

LSSAW Longitudinal Seam Submerged Arc
Welded

MAOP Maximum Allowable Operating Pres-
sure in MPa

ML Machine Learning

MOP

MPa
NDT

NNAs
NS4
0&G
oD

P

p/t

pH
PHMSA

Psi
PSL 1&2

PSO

R6
RSTRENG
SBD

Scc

SEM

SHFs
SHM
SMYS
SOP
Spallation

SSC
SVM
t0/D0

TNT
TP
TPD(s)

r.t
X80

XFEM
Y/T

(R-t/2)

202

Maximum Operating Pressure in MPa
Megapascal

Non-Destructive Testing

Neural Network Architectures
Near-Neutral Simulated with pH-4
Oil and Gas

Outside Diameter of a Pipe

Internal pressure

Ratio of pressure to pipeline wall thick-
ness
Potential of Hydrogen

Pipeline and Hazardous Materials Safe-
ty Administration
Pounds per square inch

Product Specification Level 1 & 2 as al-
ways defined by API 5L
Particle Swarm Optimisation

Rev 4, Amendment 10

Remaining Strength of corroded pipe
Strain-Based Design

Stress Corrosion Cracking

Scanning Electron Microscope
Structural Health Failures

Structural Health Monitoring
Specific Minimum Yield Strength
Standard Operating Procedure

Localised fragments of material eject-
ed from a global material due to stress
impaction

Sulphide Stress Cracking

Support Vector Machine

Ratio of thickness-to-inside-diameter of
a pipe before corrosion damage
Trinitrotoluene- an explosive material
Third-Party

Third-Party Damage(s)

Poisson’s ratio

with respect to

Key identifier of a specific grade and its
associated pipeline properties
eXtended Finite Element Method

Ratio of yield strength to tensile
strength

Percentage unit

Average radius of pipe minus half pipe-
line wall thickness
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fu Ultimate Tensile Strength (UTS) of pipe
(o5} Circumferential normal stress

geq Equivalent strain

p Density

s Time in microseconds

3D Three dimensional
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