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Abstract: For operators of oil and gas to save the cost of unforeseen events and risks, and to avoid
unnecessary shutdowns, there is a need to have an effective subsea pipeline integrity management
system. Currently a large number of subsea pipelines around the globe have already exceeded their
design lives; nevertheless, they are still being operated safely, effectively and with diligent consid-
eration towards Environmental, Health and Safety regulations, as well as international standards
and best practices. In addition, many older flowlines have no permanent pigging facilities due to
various design and operational limitations. For the unpiggable pipeline, the vast majority of the oil
and gas operators use different inspection and monitoring techniques to provide essential integrity
management data such as product chemistry, cathodic protection, electrical resistance probes and
coupons, etc. However, translating such essential integrity management data into meaningful in-
formation to make crucial integrity-based decisions can be challenging. This paper presents a holis-
tic approach that implements the required pipeline integrity management tools to facilitate the safe
operation and maintenance of pipeline systems going forward. This paper also provides a review
of the integrity of the ageing pipelines and underlines the practical pipeline integrity management
steps and systems that maintain the condition of the subsea assets going forward.
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1. Introduction

Globally, a significant number of offshore pipeline systems are operated beyond their
nominal design lives. With today’s state-of-the-art integrity management processes, this
is being done in a safe and efficient manner with careful consideration for Environmental,
Health and Safety (EHS) regulations, international codes and standards, and operator in-
tegrity management standards. In addition, many aging pipeline systems have no perma-
nent pigging facilities, otherwise classified as “unpiggable”, which introduces integrity
management challenges, particularly for subsea pipelines.

Different operators have presented some challenges of pigging from pipeline integ-
rity management of unpiggable pipelines, dead legs and pipe sections [1,2]. The physical
integrity of the pipeline system is typically assessed principally by three methods:

e Inspection (including ILL, monitoring, and surveillance) if the pipeline is piggable.
e  Pressure testing (unpiggable pipeline).
¢ Direct assessment (unpiggable pipeline). Pipelines that cannot be pigged are the most
likely candidates for integrity assessment by direct assessment.
e Other integrity assessment methods (i.e., Visual Inspection).
Subsea pipeline integrity is defined by DNV-ST-F101 [3] (as “the ability of the sub-
marine pipeline system to operate safely and withstand the loads imposed during the
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pipeline life cycle”. Other relevant codes and standards describe pipeline integrity and
integrity management framework from different perspectives, and indeed pipeline oper-
ators around the world have developed their own-pipeline integrity management defini-
tions and practices. In light of that, the Pipeline Integrity Management System (PIMS) is
defined as a collection of preventative measures that work together to retain the integrity
of the pipeline system.

A number of recent studies on subsea pipelines and risers have addressed guidelines
for their integrity management to ensure their safe operation in line with industry best
practices [4-6]. For example, Trojette et al. [7] presented an oil operator’s integrity ap-
proach operating in the UAE, called the Zakum Development Company (ZADCO)’s ap-
proach. Due to the gas fields producing past their intended lifespan, the integrity evalua-
tion in ageing exploration and production infrastructures, such as flowlines, collection
and gathering systems, is quickly growing to be a source of concern [8,9]. Ragbu et al. [10]
conducted an integrity assessment for a gas production pipeline with internal corrosion
in a mature field. Rincén and Gonzaélez [11] presented a pipeline life extension using In-
tegrity Management Practices with some case studies.

Pipeline integrity may be severely impacted by the gradual decrease in production
flow rate over time which can amplify internal corrosion issues [12-14]. Oxidation, bacte-
rial activity, and localised corrosion, including those cause by deposits, are all factors for
concern of pipeline integrity. The challenge in managing the integrity of pipelines, flow-
lines, and gathering systems, is to accurately predict the rate of internal corrosion, to iden-
tify the size, and location of the potential corrosion threat and perform the required as-
sessments to understand the fitness for service (FFS) status. A FFS assessment is a cur-
rently methodology used to determine a pipeline’s capacity to operate with known de-
fects, and to facilitate any necessary corrective action for maintaining safe pipeline opera-
tion while maximising the pipeline’s life cycle performance [15-21], however, there are
other industry developments and philosophies on subsea pipeline integrity management
currently taken into consideration as industry best practice [22-33]. Therefore, there is
benefit in presenting an operator’s perspective on this subject area which is important in
developing industry guidelines.

Oil and gas is a crucial component of global energy demand and will continue to play
an important role contributing to rising energy needs globally, as well as facilitating
emerging and developing technologies as part of the future energy transition. While fossil
fuels continue to have a high demand, the importance of having safe and sustainable op-
erations in the oil and gas industry have never been more important [34-38]. Subsea pipe-
lines, due to their strong track-record and otherwise necessary function in subsea gather-
ing systems, will continue to be relied on heavily to realize energy production from oil
and gas reserves. It is because of their importance that there is a need to understand the
research state-of-the-art with respect to their integrity management. Where there is a sub-
stantial quantity of research published each year, there is a there is a risk that knowledge
gaps develop amongst operators, and those companies on which they rely.

The purpose of this paper is to present an operator’s perspective on the review of
subsea pipeline integrity management systems. This research also presents a holistic ap-
proach for implementing the necessary integrity management tools which have been suc-
cessfully executed to facilitate the safe and sustainable operation and maintenance of the
pipelines. The paper also provides a review of mature pipeline integrity management and
underlines the practical steps and systems required to maintain the condition of aging
assets. This work aims to present a comprehensive understanding of pipeline integrity
management, including those which are being operated towards or beyond their original
design life, and those that do not include the facilities for performing pigging and typical
in-line inspection activities.
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2. Industry Guidance on Pipeline Integrity Management

The Pipeline Integrity Management System (PIMS) is intended to highlight the in-
dustry practices supplemented by “Industry Best Practice” and thereby assist to certain
oil and gas operator to prevent loss of technical integrity, and maximize system availabil-
ity. The purpose of the PIMS is:

e  To promote high standards and continuous improvement.

e To ensure safe and reliable delivery of the products to their customers, without ad-
verse effects on employees, the public, customers, the environment, and incident free
operation.

e  To ensure that all reasonably practicable steps are taken to prevent loss of technical
integrity.

e To establish adequate controls over relevant business activities with the aim of
achieving incident-free working conditions.

e To ensure any future legislative compliance.

A Pipeline Integrity Management System (PIMS) is a complex interdependent system
that is often difficult to describe, however, in the early development stages it is important
to ensure that a sound understanding of industry codes and standards is prioritized. A
considerable suite of industry references exists, with the following typically used by most
operators:

e  ASME B31.85-2004 Managing System Integrity of Gas Pipelines [39].
e APIRP 1160-2019 Managing System Integrity for Hazardous Liquid Pipelines [40].

The requirements detailed in these industry standards with respect to pipeline integ-
rity management are related principally to the following;:

e  Gathering, reviewing and integrating data.

e  Risk assessment.

e Integrity assessment.

e  Responses to integrity assessments and mitigation (repair and prevention).

Furthermore, specific and robust integrity management principles which are refer-
enced therein, include:

e  The use of comprehensive, systematic, and integrated processes for operation and
maintenance.

e  Programs shall continuously evolve.

e  Programs shall be customised to meet operators” unique conditions.

Pipeline “Industry Best Practice”

This section identifies and references the outline practices, processes, and require-
ments to be considered to align the PIMS of unpiggable pipelines with industry best prac-
tice.

A background to the present-day industry best practices are the processes adopted
in the North Sea post-Piper Alpha. That is the introduction of risk management, specifi-
cally the onus is on the operator to identify the risks inherent in his pipeline system, and
thereafter identify the mitigation measures to reduce those risks “to as low as reasonably
practicable”. This was a move-away from the previous prescriptive measures imposed on
operators through pipeline legislation. As a result, pipeline risk-based legislation was in-
troduced in the U.K.

This approach was quickly adopted within the North Sea in general. At that time
(prior to the adoption of this process in the U.S.A.), the implementation of pipeline (risk-
based) integrity management in the U.S.A. would have been recommended as industry
best practice because there was no legislation nor incorporation within codes of practice.
However, this has now been achieved in terms of national legislation and pipeline code
of practice through the respective introduction of ASME B31.85-2004 Managing System
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Integrity of Gas Pipelines and API RP 1160-2019 Managing System Integrity for Hazard-
ous Liquid Pipelines [40].

At the same time, incorporation of risk management within other corporate inte-
grated management systems, i.e., internal control or systems to be followed in terms of
identification of the stakeholders, management roles and responsibilities, etc., was being
achieved. It was therefore recognized that the pipeline industry’s best practice follows:

Implementation and (ISO, OSHAS, etc.) certification of integrated management sys-
tems, in particular the adoption of risk management and subsequent risk-based inspec-
tion and maintenance regimes.

This approach (risk-based integrity management) has been adopted in occidental
countries by major oil and gas operators, predominantly as a result of national legislation,
and is presently being implemented within regions of pipeline operation on a global basis.

The DNV-ST-F101 [3] standard provides criteria and guidance on concept develop-
ment, design, construction, operation, and abandonment of Submarine Pipeline Systems.
The standard defines subsea pipeline integrity as “the ability of the submarine pipeline
system to operate safely and withstand the loads imposed during the pipeline life cycle”.
The standard is supported by the recommended practice document DNV RP F116 Integ-
rity Management of Submarine Pipeline Systems [41] which states “Pipeline system integ-
rity is defined as the pipeline system’s structural/containment function. This is the sub-
marine pipeline system’s ability to operate safely and withstand the loads imposed during
the pipeline lifecycle. If a system loses this ability, a failure has occurred”. Other relevant
codes and standards (e.g., ASME B31.85, API RP 1160), describe pipeline integrity and the
integrity management framework in different perspectives, and indeed, many pipeline
operators around the world have developed their own pipeline integrity management
standards and practices using these comprehensive industry guidance documents.

The primary aim of the PIMS is to ensure the pipeline systems are suitable for the
intended purpose and continued service. A secondary function of the system is to aid
compliance with any future government regulations governing the pipeline systems.

A Pipeline Integrity Management System (PIMS) seeks to:

e  Ensure safe and reliable delivery of the products to their customers, without adverse
effects on employees, the public, customers, the environment and incident free oper-
ation.

e  Ensure that all reasonably practicable steps are taken to prevent loss of technical in-
tegrity.

e  Establish adequate controls over relevant business activities with the aim of achiev-
ing incident-free working conditions.

¢  Ensure any future legislative compliance.

e  Promote high standards and continuous improvement.

Anomalies within the context of PIMS are defects and damage to the pipe that could
impact pipeline integrity. Anomalies include, but are not necessarily limited to:

e  External corrosion metal loss.

e Internal corrosion metal loss and erosion.

e  SCC (Sulphide Corrosion Cracking) colonies.

e Dents.

¢  Gouges.

e  Cracks and crack-like defects (principally in welds).
e  Buckles.

e  Freespans.

¢  Sinkage and floatation.

e  Corrosion Under Insulation.

The Anomaly Management System defines:
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e  The roles and responsibilities of the Assessment/Inspection Engineers, the Pipeline
Integrity Engineers (including Corrosion Engineers), and Operations in the manage-
ment, administration, and progressing of anomaly resolution

e  How anomaly registers are administered

e  How an anomaly’s severity is assessed

e  How the anomaly is reviewed

e  How remediation of the anomaly is undertaken

¢  How the remediation actions are reviewed

e  The reporting and progressing and closing out of activities arising from the resolu-
tion of anomalies

Integrity-related actions are required during all stages of the pipeline system life cy-
cle. These stages are:

e Design.

e  Construction.

¢  Commissioning.

e  Operation and Maintenance (including modifications).
e  Decommissioning.

e  Abandonment (Removal/Recovery).

PIMS relies on the interaction between these management systems and their interac-
tion with the Operational and Maintenance activities to maximise pro-active identification
of condition degradation and failure modes, thereby assuring integrity of the pipeline sys-
tem.

During operation a PIMS provides the basis for managing the residual risks and
maintenance of the pipeline to provide an efficient operation and verification that the
pipeline is fit for continued operation. The PIMS process is not just about the condition of
the pipeline and the integrity review it’s also about operations. Operations personnel have
a key role in maintaining pipeline integrity as a day-to-day operation such as pigging, etc.
Integrity review should look at the effectiveness of these activities. If the pipeline systems
have not had any formal assessments for a number of years and the condition is unknown,
a baseline survey shall be required.

3. Pipeline Integrity Review

As discussed above, this paper focus on mature offshore pipeline networks, often
with multiple pipelines in service, and having approached or exceeded their design life.
Herein, a Pipeline Integrity Review (PIR) study on mature pipeline network is presented.

The PIR has the following objectives:

e  To assess the likelihood and consequences of failure of the offshore pipeline system.
e  Toidentify the level of operational risk related to the offshore pipelines and to detail
risk mitigation strategies to ensure that risks are within acceptable industry levels.

These objectives can be achieved by execution of the following key tasks:

e Data gathering, review and integration of the pipeline system data.

¢ Implementation of a geographic information system (GIS) based Pipeline Integrity
Management System (PIMS) software application.

e  Evaluation of the condition of the offshore pipeline system, determination of their
fitness-for-purpose (FFP) and need for remedial work.

e  Determination of the level of risk involved in extending the design life of the offshore
pipeline system.

e Identification of the mitigation measures and the costs required to lower the opera-
tional risks to an acceptable level in accordance with standard industry practice lev-
els.

e  Preparing different study reports for each pipeline (condition, FFP, risk and integrity
management plans).
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The pipelines should be monitored routinely to track their condition. The following
are the principal methods used, but are not necessarily limited to:

e  Cathodic protection measurement

e  Direct wall thickness measurement

e  Route and ROW surveys. For offshore pipelines this includes ROV surveys of pipe-
line position, length of unsupported spans, and the extent to which pipeline are pro-
tected by trenching or burial

e  Corrosion Coupons/Probes and Sand Probes

e Product analysis. Analysis includes the following in liquid/gas phases:

Water

CO2

Dissolved salts

Soluble iron

Corrosion inhibitor chemicals
Methanol

PH

Chlorides

Bacteria

0O 0 0O 0O O O O O ©O

The Pipeline Integrity Reviews (PIR) should be led by corporate single point of ac-
countability for the pipeline with support from the “Pipeline Technical Authority” for the
pipeline and its Operations Manager. The pipeline may have many different sections and
components for ownership, design, operation and emergency response it is best practice
to address and review the pipeline as one system from the source of pressure to the point
of discharge.

Incidents affecting pipeline safety, integrity or operation shall be investigated, rec-
orded and be included in any review process. The use certain “world leading” legislation
ascertaining to pipeline critical elements (i.e., ESDV’s) should be best practice and part of
the overall process to ensure these elements have been appropriately identified and that
assurance processes are working effectively and the appropriate for the identified risks.

3.1. Task 1: Data Gathering, Review and Data Integration

This initial stage of the PIR may involve site visits to obtain detailed information of
the pipeline system(s). PIMS relies on the interaction between the pipeline integrity man-
agement systems and the Operational and Maintenance activities to maximise identifica-
tion of condition status and respective failure modes.

Once the required data for the PIR is collected, data integration may be completed
into a PIMS software. Typical data to be collected includes:

e  DPipeline alignment sheets.

e  Pipeline route data (centerlines) for input into a GIS database.

e  Pipeline condition assessment data. Data sets are often by multiple vendors and may
include:

o In-line inspection (ILI) data.
o  Survey data, often by Remotely Operated Vehicle (ROV).
o  Direct examination/NDE (including for unpiggable pipelines).

e  Pipeline operating chemistry/composition of production fluids.

e  Operational and forecast production rate data.

e  Corrosion control data (i.e., CP readings).

e Data relating to platform lifting activities, vessel movements and dropped/dragged
anchor related damage was collected and evaluated to generate a bespoke offshore
probability model for failure from mechanical damage incidents.
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e Information on the detection/isolation/repair times, Emergency shut-down valve
(ESDV’s), platform populations, the financial losses and the environmental impact
associated with small leaks, leaks and rupture releases was collected.

e Additional data elements of pipeline attributes (related to design, operation, mainte-
nance, threats and consequences for use in the risk assessment and FFP) were entered
for multiple line segments per pipeline.

The last sub-task within this initial step is to develop a basis of design document for
the PIR; the purpose of which was to clearly set out the following:

e  The methodologies to be used and the outcome to be obtained.
e  The basic data, including assumptions.

e  Listing of the software tools to be used.

e Listing of the industry codes and standards to be used.

3.2. Task 2: Establishment of the GIS Based PIMS

At the core of any PIMS is the requirement to effectively manage and to reduce any
principal pipeline risks/hazards via the use of data management systems and PIMS soft-
ware (pipeline condition assessment, risk assessment, integrity management planning
and activity management).

The pipeline integrity management system requires a software package, and as a
minimum, this software will be able to address all issues in relation to people, integrity
process, and any activities required to manage the pipeline system. The selected software
should be able to tie the three elements (process, people, and activities) together in a seam-
less manner. The selected computer PIMS software should be capable of providing the
user with a step-by-step workflow through the life cycle of pipeline integrity manage-
ment.

3.3. Task 3: Engineering Evaluation of the Pipeline Fitness-for-Purpose (FFP)

This task in the PIR project required a thorough engineering evaluation of the design
basis and of the condition of the offshore pipeline systems. This evaluation involved the
following steps:

e A review of historical and any ongoing inspection, repair, and maintenance activity
records (Le., in-line inspection (ILI), caliper, Automated Ultrasonic Testing (Auto-
UT), corrosion and ROV inspections). This process included: Providing feature and
significant event summaries for each pipeline based on the available and most recent
Auto-UT, ROV, Caliper and ILI surveys, and accounting for any remedial and inter-
vention work conducted since the last survey. This effort ensured that known anom-
alies, and where they exist, are catalogued as either remediated, or un-remediated
anomalies. Utilising this database allowed for the following engineering assessments
to be performed:

o  FFP evaluation of the most recently known condition of the pipeline, utilising in-
dustry best practice and including.

o  Determination of the current and historical operational parameters.

o  Assessment of the criticality internal and external corrosion based on the feature
dimensions as reported by the most recent ILI and/or automated UT inspections.

o  Assessment of the criticality of other reported anomalies, including dents, manu-
facturing defects and girth weld anomalies, and the assessment of the maximum
allowed (critical) span lengths and respective limit state criteria for spanning pipe-
lines.

o Identification and recommendation of the necessary actions that should be taken
to ensure the pipeline is fit-for-purpose based on the known condition.
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e  Review of external corrosion with the main objective to assess of the pipeline corro-
sion protection system, including a review of the external survey data of existing Ca-
thodic Protection Systems, and assessment of sacrificial anode depletion. This scope
included:

o  Assessment of the current Cathodic Protection (CP) levels based on data from the
last CP and anode potential surveys.

o  Comparison of the current potential levels against industry recommended best
practices.

o  Summary listing of all anodes including comments on the observed condition.

o  Assessment of the anode depletion rate, determination of the remaining life for
each anode and the estimated time to replacement.

o  Prediction of the current anode condition based on the last anode inspection, and
extrapolation of the data to determine replacement timelines.

e  Review of internal corrosion with the main objective to review the on-going risk from
pipeline internal corrosion mechanisms. This included an in-depth operational anal-
ysis of the pipelines taking into consideration; product composition, operating con-
ditions (temperature, pressure, flowrate), inhibition, produced water, solids, bacte-
rial contamination, leak history in order to evaluate the internal corrosion threat to
each of the pipelines and to estimate deterioration rates.

Based on these described evaluations, the FFP of the pipelines can be established and
the required remedial works identified to either maintain safe operating condition mov-
ing forward, or to define any remediation required to reestablish a FFP pipeline.

3.4. Task 4: Probabilistic Assessment of Pipeline Failures, Consequence Analysis and Risk
Assessment

An estimate is required of the annual failure probability for each line segment and
for each of the considered threats. Two approaches for obtaining this estimate have been
adopted:

(i) A classical probabilistic approach (load vs. resistance) has been utilised where there
is sufficient data available to define probability distributions that describe load and
resistance, e.g., this approach is adopted for the Internal Corrosion threat (for the
lines with ILI data) and is referred to as an analytical method.

(i) Where sufficient defect data is not available or the threat does not lend itself to the
classical probabilistic approach, the failure probability has been estimated from
baseline failure rate estimates which are then adjusted to reflect the impact of
pipeline specific attributes (factors which cause or resist the threat), e.g., this
approach has been adopted for the Internal Corrosion threat for the lines which do
not have ILI data and is referred to as an empirical method.

Both approaches are valid, provide quantitative failure rates and failure probability
values, and are commonly used probabilistic methodologies. The latter approach in (ii)
can be adopted for ageing pipelines. The approach in (ii) is referred to as an empirical
method as it is based on estimating the failure probability from a baseline failure rate that
is then adjusted to reflect the impact of pipeline specific attributes (factors which cause or
resist the threat). A baseline failure rate estimate for a given threat can be obtained from
historical pipeline incident data (either industry published incident data or incident data
pertaining to certain operator). These baseline failure rates can be converted to line spe-
cific (and segment specific) estimates using modification factors which adjust the baseline
failure rate up or down to reflect the specific pipeline conditions. The modification factors
are calculated from specific pipeline attributes using algorithms developed from the anal-
ysis of historical incident data and expert judgement. The resulting section specific failure
rates (per km-year values) can be subsequently converted into corresponding failure prob-
abilities (per year values) by considering the length of the corresponding pipeline or seg-
ment of a pipeline.
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The threats applicable to the offshore pipelines include:

o Internal Corrosion.

External Corrosion.

Mechanical Damage (sub-divided into ship impact to riser, dropped objects and an-
chor handling threats).

Sour Cracking.

Fatigue.

Weather and Outside Force.

Equipment Failure.

Incorrect Operations (upset conditions)

o O

O O O O O

The probability of failure (per year) is determined based on threat per pipeline seg-
ment. The pipelines were segmented as follows:

o  Startriser.

Safety zone 1.

Main subsea section.

Safety zone 2 (or shore approach).
End riser.

O O O O

The consequence of failure values are determined for the following consequence
types:
o Health and safety.
o  Environmental.
o  Financial.
The overall risks are then determined in terms of:
Health and safety risk.
Environmental risk.
Financial risk.
Overall risk.

O O O O

The results of the risk assessment can be viewed at the overall pipeline level or drilled
down to the individual pipeline dynamic segment level. Results can be viewed in terms
of failure probability (overall and by threat), by failure consequence (overall and by con-
sequence type) and by risk (overall and by risk type). Therefore, the number of ways to
view and evaluate the results is significant. To facilitate the efficient viewing of results,
the PIMS software can automate the production of probability, consequence and risk sum-
mary reports where the user can quickly see the key results and easily drill down into the
key inputs to identify what is contributing to the results.

3.5. Task 5: Recommendations of the PIR Study

This final output of the PIR is to draw up the necessary documentation and detailed
scopes of services for the required rectification and survey works as recommended in the
PIR, including;:

Required rectification works.

Free span Rectifications.

Pipeline Stabilisation Rectifications.
Pipeline Crossing Rectifications.

Sacrificial Anode Retrofits.

Anomaly repairs.

Replacement of a damaged pipeline section.
Installation of pipeline protection.

ESDV installation.

ROV, ILI and auto-UT surveys.

O O O O O O O O O O
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4. Conclusions

The proposed PIR can help to identify pipelines that are not fit-for-purpose, or those
that garner the highest risks, the then focus on risk mitigation activities to where they are
most needed. For oil and gas operators to save cost from unforeseen events and realised
risks, and to avoid unnecessary shutdowns, there is the need to have an effective subsea
pipeline integrity management system. Currently, a large number of subsea pipelines
around the globe have already exceeded their design lives; nevertheless, they are still be-
ing operated safely, effectively, and with diligent consideration to Environmental, Health
and Safety regulations and international standards and best practices. In addition, most
older flow lines have no permanent pigging facilities and are classified as “difficult to pig”
due to various design and operational limitations. Most pipeline operators use a variety
of inspection and monitoring techniques to provide essential integrity management data
such as product chemistry, cathodic protection, ER (Electrical Resistance) probes and cou-
pons, etc. However, translating such data into meaningful information in order to make
crucial integrity-based decisions has proven difficult. This paper establishes a holistic ap-
proach which implements the required integrity management tools and technology trans-
fer to facilitate the safe operation and maintenance of the pipelines going forward. This
review on the integrity of mature pipelines underlines the practical pipeline integrity
management steps, presents approaches, tasks and benefits of management systems in
order to maintain the condition of these subsea assets going forward.
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