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CHANGES

« General

As of October 2010 all DNV service documents are primarily
published electronically.

In order to ensure a practical transition from the “print” scheme
to the “electronic” scheme, all documents having incorporated
amendments and corrections more recent than the date of the
latest printed issue, have been given the date October 2010.

An overview of DNV service documents, their update status
and historical “amendments and corrections” may be found
through http://www.dnv.com/resources/rules_standards/.

e Main changes

Since the previous edition (April 2009), this document has
been amended, most recently in October 2009. All changes
have been incorporated and a new date (October 2010) has
been given as explained under “General”.
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1. Introduction
1.1 Objective/Contents

The objective of this Recommended Practice is to describe a
method for establishing and maintaining a risk-based inspec-
tion (RBI) plan for offshore pressure systems. It provides
guidelines and recommendations which can be used to custom-
ize methods & working procedures that support the inspection
planning process. It is divided into two parts covering (1) an
introduction to RBI; and (2) recommendations for a working
process. More detailed material is presented in the appendices.

1.2 Scope/Application/Limitations

This recommended practice is primarily intended to be used
for the planning of in-service inspection for offshore topsides
static mechanical pressure systems when considering failures
by loss of containment of the pressure envelope. Failure
modes, such as failure to operate on demand, leakage through
gaskets, flanged connections, valve stem packing, together
with valve passing and tube clogging are not addressed in this
document.

The focus is upstream, offshore pressure systems, but with the
use of the appropriate data it can be applied onshore as well.
The pressure system boundaries for applicability of the meth-
ods are the Christmas tree wing valve through to the export
pipeline topsides ESD valve. This involves the following types
of components:

— piping systems comprising straight pipe, bends, elbows,
tees, fittings, reducers

— pressure vessels and atmospheric tanks

— pig launchers and receivers

— heat exchangers

— unfired reboilers

— valves

— pump casings

— compressor casings.

Excluded from the scope of the Recommended Practice are:

— structural items including supports, skirts and saddles
— seals, gaskets, flanged connections

— failure of internal components and fittings

— instrumentation.

1.3 Relationship to Other Codes and Standards

There are a number of design codes covering pressurised
equipment, and these should be sought where needed. A
number of codes have also been developed regarding the
assessment of fitness-for-service and remaining life, the most
comprehensive being API 579-1/ASME FFS-1 [API/ASME
2007]. Such codes can be used to justify continued service
when damage is found during inspection.

It should be noted that the use of risk-based principles
acknowledges explicitly that it is cost-effective to allow some

systems to fail as long as the consequences of that failure are
sufficiently low. This also implies that some systems may have
such high consequences of failure that such failure is wholly
unacceptable and, therefore, these should also receive attention
even when the probabilities of failure are not significantly
high. Furthermore, if the chosen RBI method is based on for-
mal probabilistic methods, taking account of uncertainties in
the different parts of the risk assessments (not necessarily the
probability of failure assessment), the results may be difficult
to interpret intuitively.

These principles may challenge some accepted design codes
based on deterministic design and fitness-for-service codes,
particularly where worst-case technical scenarios are used in
the calculations in combination with the absence of conse-
quences of failure consideration. It is possible that a discrep-
ancy in the requirements for inspection and remedial action
will arise if such methods are directly compared with risk-
based methods. Both cases would indicate that inspection is
still required to monitor the progress of degradation, but that
the timing of that inspection would be different for the deter-
ministic and risk assessments.

Risk-based inspection methods and applications are also
described in documents prepared by ASME and API. Inspec-
tion planning and execution standards and recommended prac-
tices are published by ASME [API 1998; API 2000; API 2002;
API 2006; ASME 1994].

2. Abbreviations & Definitions
2.1 Abbreviations

API American Petroleum Institute

ASME American Society for Mechanical Engineers
ASNT American Society for Non-Destructive Testing
CoF Consequence of Failure

DNV Det Norske Veritas

ESD(V)  Emergency Shut Down (Valve)

FAR Fatal Accident Rate

FORM First Order Reliability Method

PFD Process Flow Diagram

PLL Potential Loss of Life

PoD Probability of Detection

PoF Probability of Failure

P&ID Piping and Utilities Diagram

QRA Quantitative Risk Analysis

RBI Risk-based Inspection

RCM Reliability Centred Maintenance

UFD Utilities Flow Diagram
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2.2 Definitions Environmental An expression of the occurrence and outcome of a
Risk failure given in terms relevant to environmental
Term Definition damage. This may be expressed in units relevant
Component The individual parts that are used to construct a to the installation, such as volume per year or cur-
piping system or item of equipment, such as noz- ) renc‘y per year. ) )
zles, flanges, elbows, straight pieces of pipe, Equipment Equipment carries out a process function on off-
tubes, shells and similar. shore topsides that is not limited to transport of a
Condition Monitoring of plant physical conditions which medium frc])jmt one ptlallpe tto (ailrtlther, and theref(;re
Monitoring may indicate the operation of given degradation ﬁon:pnse}:ls ut 1S not fumite ! o: p?elisure vessels,
mechanisms. Examples are visual examination of cat exchangers, pumps, valves, 1iers.
painting, corrosion monitoring, crack monitoring, ~ESD Segment See “Segment”.
wall thickness monitoring. Failure The point at which a component ceases to fulfil its
Confidence CoV A quantitative description of the uncertainty in the function and the limits placed on it. The failure
data used in analyses, indicating the spread in the condition must be clearly defined in its relation-
distribution of values. A data set in which the ship to the component. Failure can be expressed,
assessor has high confidence can be given a low for example, in terms of non-compliance with
CoV. design codes, or exceeding of a set risk limit, nei-
Consequence of ~ The outcomes of a failure. This may be expressed, }hetrhgfl\iv hich necegsa(lirgy 1111.p11es kfakage, i
Failure (CoF) for example, in terms of safety to personnel, eco- ln 1sf ec?r_nmen te ractice, lailure implies
nomic loss, damage to the environment. ) 0s5 of containment. )
Consequenceof A qualitative statement of the consequence of fail- E/Iaé::ﬁraiism The means byf\xéhwh aect())mporclietnht falltsl(_iu¢tt0 the
FailureRanking ure. Often expressed as a textual description progression ot damage beyond the set Limits
(high, medium, low) or numerical rank (1, 2, 3). imposed by the operator (such as arisk acceptance
P T limit) or by physical limits such as a breach of the
(Fiolrllseqqrence of  The descglptlonfotf consqquencest of failure component wall.
aiure Type CXPIESSEC as Salety, envIronment or economic Failure Mode The method by which failure occurs. Examples

Corrosion Group

Coefficient of
Variation( CoV)

Damage (type)

Damage Model

Damage Rate
Degradation

Degradation
Mechanism

Economic Risk

consequence.

A group of components or parts of components
that are exposed to the same internal and/or
external environment and made of the same mate-
rial, thus having the same potential degradation
mechanisms. Groups should be defined such that
inspection results made on one part of the group
can be related to all the parts of the same group.

The CoV indicates the spread of a distribution.
The greater the CoV the greater the distribution is
spread and therefore the greater the uncertainty in
any value within that distribution. CoV is calcu-
lated as the standard deviation of a distribution
divided by the mean value of that distribution.

The observed effect on a component of the action
of a degradation mechanism. The damage type
gives rise to the failure mechanism of a compo-
nent. Examples of damage include cracking, uni-
form wall thinning and pitting.

A mathematical and/or heuristic representation of
the results of degradation. This may express the
accumulation of damage over time as functions of
physical or chemical parameters, and normally
includes the estimation of the conditions that give
rise to failure.

The development of damage over time.

The reduction of a component’s ability to carry
out its function.

The means by which a component degrades. Deg-
radation mechanisms may be chemical or physi-
cal in nature, and may be time- or event-driven.
The degradation mechanisms covered by this
Recommended Practice are:

— internal and external corrosion
— sand erosion

— fatigue

— stress corrosion cracking.

An expression of the occurrence and outcome of a
failure given in financial terms (units of currency
per year). This is calculated as the product of the
probability of failure and the financial conse-
quences of that failure, and can include (but is not
limited to) the value of deferred production, the
cost of repairs to equipment and structure, materi-
als and man-time used in repair.

Fatal Accident
Rate (FAR)

Hot Spot

Inspection

Inspection
Effectiveness

Inspection
Methods
Inspection
Programme

Inspection Plan

Inspection
Techniques

Limit Sate

Limit Sate Design

Monitoring

are: brittle fracture, plastic collapse and pinhole
leak.

Potential Loss of Life per 100 000 000 hours.

A location on pipe or equipment where the condi-
tion being discussed is expected to be most
severe. For example, a “hot spot” for microbial
corrosion is an area of stagnant flow.

An activity carried out periodically and used to
assess the progression of damage in a component.
Inspection can be by means of technical instru-
ments (NDT) or by a visual examination.

A description of the ability of the inspection
method to detect the damage type inspected for.

The means by which inspection can be carried
out, such as visual, ultrasonic, radiographic.

A summary of inspection activities mainly used as
an overview of inspection activity for several
years into the future.

Detail of inspection activity giving the precise
location, type and timing of activity for each indi-
vidual inspection action that is planned.

A combination of inspection method and the
means by which it is to be applied, concerning
surface and equipment preparation, execution of
inspection with a given method, and area of cov-
erage.

A mathematical description where the loss of
pressure containment is calculated. This is an
expression involving consideration of the magni-
tude of the applied loading in relation to the abil-
ity to resist that load.

Limit state design identifies explicitly the differ-
ent failure modes and provides a specific design
check to ensure that failure does not occur. This
implies that the component’s capacity is charac-
terised by the actual capacity for each individual
failure mode (i.e. limit state) and that the design
check is more directly related to the actual failure
mechanism.

An activity carried out over time whereby the
amount of damage is not directly measured but is
inferred by measurement of factors that affect that
damage. An example would be the monitoring of
CO, content in a process stream in relation to CO,
corrosion.
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NDT Non-Destructive Testing. Inspection of compo-
nents using equipment to reveal the defects, such
as magnetic particles or ultrasonic methods.

Operator The organisation responsible for operation of the

installation, and having responsibility for safety
and environment.

Potential Lossof  Potential Loss of Life is expressed as the number

Life (PLL) of personnel who may lose their lives as a conse-
quence of failure of a component.

Probability A quantitative description of the chance of an
event occurring within a given period.

Probability of Probability that a given damage in a component

Detection (PoD)  will be detected using a given inspection method.
PoD usually varies with the size or extent of dam-
age and inspection method.

Probability of The probability that failure of a component will

Failure (PoF) occur within a defined time period.

Probability of A comparative listing of probability of failure for

Failure Ranking  one item against another, without reference to an

absolute value for probability of failure.

Monitoring of process conditions which may give
rise to given degradation mechanisms. Examples
are monitoring of dew point in a gas line, monitor-
ing temperature, sand monitoring.

Process
Monitoring

QRA Quantitative Risk Assessment: The process of
hazard identification followed by numerical eval-
uation of event consequencesand frequencies and
their combination into an overall measure of risk.
Risk Risk is a measure of possible loss or injury, and is
expressed as the combination of the incident
probability and its consequences. A component
may have several associated risk levels depending
on the different consequences of failure and the

different probabilities of those failures occurring.

Risk acceptance limits are the limits above which
the operator will not tolerate risk on the installa-
tion. The risk limits can be safety related (abso-
lute), environment related (absolute) or cost
related (cost-benefit). These should be calibrated
against the rest of the operators’ installations and
similar installations within the offshore oil and
gas sector. These limits can be qualitative or
quantitative and should be defined for each type
of risk to be assessed.

Risk Acceptance
Limit

Risk-based
Inspection (RBI)

A decision making technique for inspection plan-
ning based on risk— comprising the probability of
failure and consequence of failure.

Safety Risk Risk to personnel safety expressed in terms of

Potential Loss of Life (PLL) per year.

A number of components forming part of the
same pressure system, consisting of pipes, valves,
vessels etc., which can be automatically closed-in
by emergency shutdown valves. The segment
defines the maximum volume of fluid or gas that
can be released from that system in the event of a
failure in any of the components. Some segments
contain both liquid and gas which may be consid-
ered differently regarding consequence effects.
Note that it is normal to assume that the ESD iso-
lation functions on demand, but this may not be
applicable to all cases.

Segment

System A combination of piping and equipment intended
to have the same or similar function within the
process. This may be, for example, Instrument Air

Supply, or Low Pressure Gas Compression.

The unique identification of a part, component,
pipe or equipment.

The duration from a specified point in time until
the component suffers Failure.

Tag, Tag number

Timeto Failure

3. Risk-based Approach
3.1 Integrity Management Approach

An important driver that influences the performance of a pro-
duction plant, like an offshore oil and gas installation, is the
high utilization of the equipment. This can be achieved by min-
imizing the equipment downtime using reliable components,
inclusion of redundant units and effective-efficient inspection-
maintenance service. While meeting the high performance
goals, the plant operators must also satisfy the stringent regu-
lations in health, safety and environment (HSE). In order to
successfully satisfy both of these requirements it is imperative
that, under specified operating conditions, the loss of the tech-
nical integrity of the asset is kept to the minimum.

The maintenance of technical integrity comprises of all activi-
ties that investigate the extent of decline in performance of
equipment and systems, take cognizance of the degradation
processes and seek to prevent further degradation or, if the
level or rate is unacceptable, repair or replace the degraded
component (maintenance).

Risk Type Risk expressed for a specific outcome, such as
safety for personnel, economic loss or environ- Figure 3-1 shows a generalised maintenance management sys-
mental damage. . . .. .
tem that is required for a systematic integrity management of
an asset.
Resources Management of Work Processes Results
Organisation Deﬁn_e goals & Esta_hlish insp. & Plain tasks & Execute work
requirements maint. program activities orders
Resource Active Technical ]
@ needs Management condition
Perform corrective Prepare Evaluate technical Report failures &
measures improvement tasks condition status
Figure3-1

M aintenance management system
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3.2 Basic Risk Management

The risk management approach is based on applying a struc-
tured approach and making the best use of the available knowl-
edge towards assessing, mitigating (to an acceptable level) and
monitoring of risks. It does this by first identifying hazards,
where a hazard is anything that is a potential source of harm
related to human injury, damage to the environment, damage
to property or loss in production [ISO 2000]. The hazards are
recorded in a hazard register (or risk register) which defines
how the hazard can develop into an accident, the potential acci-
dent consequences, and the safeguards in place that provide
protection from the hazard. They are then analysed for all rea-
sonably foreseeable detrimental impacts that can have on asset
integrity and reliability.

Based on the hazard analysis the associated risk is assessed.
This is done by identifying possible failures, estimating the
probability of failures and assessing the consequence of fail-
ures. The extent and sophistication of the assessment is
dependent upon the anticipated magnitude of the risk. This
generally means conducting a coarse risk assessment of all
hazards and a more detailed assessment of those with the
greater potential to cause harm.

The results of the risk assessment are used for taking steps to
reduce the impact of failure to as low as reasonably practica-
ble (ALARP).

The risk management process is a continuous activity to reflect
the changes in the operating environment and the need to mon-
itor and maintain the performance of the resources allocated.

While carrying out the basic risk management the following
should be considered:

— Risk and reliability analysis of asset performance data are
used to support the assessment of opportunities for per-
formance improvement.

— The risks to asset integrity and reliability in projects and
operations are managed in accordance with good practice.

— Data on asset performance are collected and assessed as a
basis for determining risk management measures.

— Appropriate performance standards for the effective man-
agement of risks to asset integrity and reliability are devel-
oped.

— A current register is maintained of actions required to
restore and maintain asset integrity and reliability.

— Verification that actions to manage the risks to asset integ-
rity and reliability are completed in a timely fashion and to
an appropriate standard.

3.3 Maintenance and I nspection Planning
Having carried out the risk assessment inspection, test and

maintenance activities are planned and executed according to
a defined plan. The plan reflects the risk (probability and con-
sequence) of the equipment failing and the strategy to detect,
prevent, control and mitigate potential failure. The condition
of equipment following inspection, test or maintenance actions
is recorded and analysed and is used to update the risk-based
plan. Figure 3-2 shows a generalised work process for estab-
lishing a inspection-maintenance program.

The planning of maintenance and inspection should reflect the
criticality of equipment and their performance standards devel-
oped from the risk management activities. It should seek to
optimise the allocation of scarce resources (people, specialist
equipment, spare parts, consumables) to maintain the lifecycle
value of the asset and not compromise production or HSE com-
mitments.

3.4 Inspection

Inspection is one of the many dedicated activities within off-
shore management that contribute to controlling and minimis-
ing offshore risks. The role of inspection is to check/confirm
whether degradation is occurring, to measure the progress of
that degradation, and to help ensure that integrity can be main-
tained. It provides assurance that asset integrity is maintained
in accordance with the design intent.

Some important points to note about inspection are:

— Inspection activities provide specific, relevant, accurate
and timely information to management on the condition of
assets.

— Inspection activity is planned and executed with due
regard for the policy and the risks to its achievement.

— Threats to asset integrity are identified sufficiently early so
that they can be remedied cost effectively with no appreci-
able impact on asset integrity or safety.

— The asset register is maintained current with the condition
of assets and their inspection history.

— Inspection activity is scheduled to provide the necessary
level of assurance of the condition of plant and equipment
while also minimising the detrimental impact on produc-
tion operations.

— Equipment is handed over from operations to inspection
personnel prior to inspection activity, and from inspection
to operations personnel following inspection activity in
accordance with a formal procedure which ensures that
appropriate information on the condition of the equipment
is exchanged.

— Inspection activity is subject to appropriate verification of
its performance.

DET NORSKE VERITAS



Recommended Practice DNV-RP-G101, October 2010
Page 11

Establishment of inspection -maintenance program

Establishment of

Grouping and Maintenance/Insection

Classification

Assignment of

Risk Analysis Maintenance Activities

Cost-Benefit Analysis

Program
s \ )
Technical
hierarchy,
grouping, nl Risk acceptance Updation/ -
classification d criteria evergreening l N\
and risk analysis|
planning
For maintenance Establish
maintenance/
Performance inspection
Safety barriers? TN Ye T | standards & generic 7> -—)p descri?}tion and
concepts resource
requirements
No
A 4
Use generic Local adjustment
Generic maintenance and analysis to Preventive
maintenance AN Y . o | concept and identif » | determine w, maintenance/
concept? e i existence of v maintenance/ inspection program
Pt company/authority inspection (cost- P prog
requirements benefit)
A

|0 .i_
! I
I
I

Hazard identificatior

1 1 A 4
Establish generic
CoF PoF maintenance Execution
concept
\ ) A

Risk analysis

Planned corrective
maintenance/
minimum
surveillance
program

Consider activities to
prolong the ]
equipment’s lifetime|

A 4

Risk evaluation

\—Low+>

Medium/high I
x I
I

Risk reducing »,
measures

!

Identify
maintenance/
» | inspection activities )
and company/

authority
requirements

Figure 3-2
Work processfor the establishment of inspection-maintenance program

3.5 Risk-based Inspection (RBI)

Risk-based Inspection (RBI) is a decision making technique for
inspection planning based on risk — comprising the conse-
guence of failure (CoF) and probability of failure (PoF). It is
a formal approach designed to aid the development of opti-

integrity of the asset and its capability to generate revenue
through production. Figure 3-3 shows the deliverables of an
RBI assessment to the inspection program.

RBI is carried out for piping and vessels, including heat

mised inspection, and recommendations for monitoring and
testing plans for production systems. It provides focus for
inspection activity, to address explicitly the threats to the

exchangers, tanks, pressure vessels, and filters. The scope of
the RBI encompasses all pressure systems in the plant, whether
hydrocarbon-containing or utility.
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To carry out the RBI analysis for each item, the consequences
of failure (CoF) and probability of failure (PoF) are assessed
separately. The two are then combined to obtain risk of failure.
This evaluation is carried out separately for Safety (addressing
personnel death and injury), Environmental (addressing dam-
age to the environment) and Economic (addressing financial
loss).

| Prioritisation of high risk components ﬁ
| Determination of inspection intervals WHEN to inspect

I Expected damage mechanisms ﬁ
I Selection of best inspection method ﬁ
| Data requirements for continuous improvement ﬁ

Figure 3-3
Déliverables of an RBI assessment to the inspection program

3.6 Maotivation for Using RBI

Reasons for selecting a risk-based approach to inspection plan-
ning are:

— A systematic overview of the installation is achieved
together with an explicit, systematic and documented
breakdown of the installation’s risks clearly showing the
risk drivers and recommending appropriate actions.

— Inspection efforts are focused on items where the safety,
economic or environmental risks are identified as being
high; whilst similarly the efforts applied to low-risk sys-
tems are reduced.

— Probabilistic methods can be used in calculating the extent
of degradation and hence allow variations and uncertain-
ties in process parameters, corrosivity, and thus degrada-
tion rates and damage extent, to be accounted for.

— Consequences of failure are considered, so that attention
can be focused where it will have significant effect. If
there are significant uncertainties in the outcomes, these
can be modelled by investigating the probabilities of the
various outcomes using an event tree approach.

— Contributing in a pro-active and focused manner to ensur-
ing that the overall installation risk does not exceed the
risk acceptance limit set by the authorities and/or operator.

— Identifying the optimal inspection or monitoring methods
according to the identified degradation mechanisms and
the agreed inspection strategy.

3.7 Inspection Planning

The inspection planning judiciously allocates resources to carry
out efficient and effective inspection to accurately determine the
condition of the plant. This involves balancing the cost of
inspection, including the necessary downtime, against the bene-
fits of inspection, including the effectiveness of that inspection.
The inspection planning process comprises of three parts:

1) Risk Based Inspection Analysis — It helps to decide (a)
parts of the plant that should be inspected; (b) degradation
mechanism that should be considered; (c) level of inspec-
tion that should be carried out; and (d) the time when the
inspection should be carried out.

2) Development of an Inspection Frame Programme — It
helps to develop an outline of the expected inspections
with a long-term view of the future. This incorporates the
RBI findings as well as experience and judgement related
to the degradation that is not included in the RBI.

3) Detailed Inspection Plan — It is done by interpreting the
findings of the RBI analyses and other plant experience to
develop a precise plan. The plan should cover (a) type and
technique of inspection; (b) preparation required; (c) the
necessary inspection coverage; and (d) level or quality of
inspection.

4. Risk-based Inspection — Overview

4.1 Introduction

Figure 4-1 illustrates the basic RBI concept. RBI is a system-
atic effort to try to understand both sides of the figure in order
to plan inspection.

On the left side of the figure, the key concept is the degradation
mechanism concept based on defined scenarios. This RP con-
centrates on the most common ones where inspection and/or
monitoring efforts can be used to manage the associated risks.
These degradation mechanisms are introduced in Appendix A
and Appendix B.

Each of the different degradation mechanisms may or may not
lead to loss of containment. The probability of failure (loss of
containment) can be estimated numerically, if any degradation
model exists, or by means of engineering judgement. More
detailed recommendations regarding the assessment of these
degradation mechanisms and associated failure probabilities
are given in Appendix A and Appendix B.

Given that loss of containment has occurred, the potential con-
sequences will depend very much on the size of the hole —
which can vary between a pinhole to a full bore rupture. This
RP uses a fixed template with four potential hole sizes, and
these are presented in Appendix A.4. For each of the degrada-
tion mechanisms, this RP provides recommendations as to the
expected distribution of hole sizes. This information should be
taken into account when considering the potential effect and
consequences of any loss of containment; and can potentially
materially affect the outcome.

Given a loss of containment, the consequences need to be
assessed. Whether or not the loss of containment can lead to
ignition or pollution is an important issue. A general introduc-
tion to some consequence assessment principles are presented
in Appendix C, together with some end consequence descrip-
tions and guidance.
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PROCESSES LEADING TO
CAUSES OF
LOSS OF CONTAINMENT

« Degradation mechanisms

« Material - type/strength/toughness

« Content - Medium impurities, temperature,
pressure, flowrate, chemical content, sand

» Coating & insulation

« Damage type/morphology

« Damage rate

PROBABILITY OF LOSS OF CONTAINMENT

Loss of
Containment
Pinhole leak —
Full bore rupture

PROCESSES LEADING TO
EFFECTS OF
LOSS OF CONTAINMENT

« Ignition potentials

« Characteristics of isolatable sections
(contents, temp, press, vol, density)

« Characteristics of Modules/Areas (size,
ignition sources, ventilation, active and
passive fire protection, blast walls, no of
people, evacuation options)

« Production process configuration
(redundancy, by-pass options, etc)

Repair strategies; Asset replacement

CONSEQUENCE OF LOSS OF CONTAINMENT

RBI

Planning inspection based on
explicit assessments of both
sides (cause & effect).
Assessments can be
probabilistic.

Figure4-1
RBI basic concept

4.2 RBI Methods

Risk-based inspection can be carried out using methods that
are qualitative or quantitative. In practice, most risk-based
inspection efforts are carried out using a blend of both the
methods and, hence, called semi-quantitative method.

4.2.1 Quantitative

Quantitative model can be interpreted as model-based
approach in which where suitable models are available, a
numerical value is calculated. Quantitative values can be
expressed and displayed in qualitative terms for simplicity by
assigning bands for probability of failure and consequence of
failure, and assigning risk values to risk ranks.

The advantage of the quantitative approach is that the results
can be used to calculate with some precision, when the risk
acceptance limit will be breached. The method is systematic,
consistent and documented, and lends itself to easy updating
based on inspection findings. The quantitative approach typi-
cally involves the use of a computer to calculate the risk and
the inspection programme. This can be initially data-intensive,
but removes much repetitive detailed work from the traditional
inspection planning process.

4.2.2 Qualitative

Qualitative model can be interpreted as expert judgement-
based approach in which a numerical value is not calculated
and assigned, but instead a descriptive ranking is given, such
as low, medium or high, or a numerical ranking such as 1, 2 or
3. Qualitative ranking is usually the result of using an engi-
neering judgement-based approach to the assessment.

The advantage of using a qualitative approach is that the
assessment can be completed quickly and at low initial cost,
there is little need for detailed information, and the results are
easily presented and understood. However, the results are sub-

jective, based on the opinions and experience of the RBI team,
and are not easily updated following inspection. It is not easy
to obtain results other than a ranking of items in terms of risk;
the variation of risk with time allowing estimation of inspec-
tion interval based on the risk acceptance limit is not possible.

4.2.3 Semi-quantitative/Semi-qualitative

Methods are said to be semi-quantitative or semi-qualitative in
the following cases:

— Parts of the RBI assessment are carried out using qualita-
tive methods. For example:

— the CoF assessment is qualitative and the PoF assess-
ment is quantitative

— the CoF and PoF assessments are quantitative,
whereas the risk ranking and time to inspection
assessment are qualitative.

— Assignment of PoF and/or CoF categories is done by sim-
ple algorithms based on a chosen set of most relevant
parameters.

— Assignment of PoF and CoF is made by engineering
judgement.

4.3 Degrees of Quantification
The following three degrees of quantification can be used:

— quantitative
— qualitative
— semi-quantitative / semi-qualitative.

As mentioned earlier in Section 4.2, most risk-based inspec-
tion efforts are carried out using a blend of these different
methods. The following are some recommendations with
regard to degrees of quantification.
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1) The RBI Screening Assessment (Section 5.8) should be a
qualitative assessment. Guidance is given in Appendix E.

2) If the RBI Detailed Assessments are carried out in a qual-
itative manner:

a) This should be done in the form of work sessions.

b) Separate sessions should be organised for the degra-
dation mechanisms assessment, CoF assessment, PoF
assessments, and risk and inspection scheduling
assessments.

c) Sessions should be carried out at Level 2.

d) Each of these assessments should have their own set
of assessment forms similar to the screening form in
Appendix E. Guidance and prompt questions should
also be established in a similar way.

e) The set of assessment forms for degradation mecha-
nisms should comprise as a minimum three separate
forms for each of the three groups:

— internal degradation mechanisms
— external degradation mechanisms
— mechanical damage.

Preferably, the set should include a separate form for
each individual degradation mechanism.

f) Same principle applies for the different consequence
types being assessed.

g) Risk matrices with decision procedures should be
developed, agreed on and presented to all involved
personnel prior to the work sessions.

h) Qualified senior personnel (10 years of experience or
more) should be included in all sessions.

i) A qualified senior RBI engineer from outside the
group (either an external consultant or an engineer
from another part of the organisation) should attend
the sessions in order to ensure QA verification.

j)  When the PoF assessment is qualitative:

— Generally, numerical values/ranges should not be
assigned. Only highly qualified personnel should
be allowed to assign numerical values/ranges
based on a qualitative assessment based on engi-
neering judgement.

— Generally, the risk assessment should be qualita-
tive. If a numerical value/range has been assigned
based on a qualitative PoF assessment, a quantita-
tive risk assessment can be carried out (given a
quantitative CoF assessment).

k) When the safety CoF is qualitative, numerical values/
ranges should not be assigned.

3) Ifthe RBI Detailed Assessments are carried out in a quan-
titative manner:

a) Quantitative probability of failure values have a wide
range from zero to unity, and therefore a logarithmic
scale is recommended for displaying the results
graphically.

b) A cut-off point is set for PoF below 105 as probabili-
ties below this number are both very difficult to model
and observe, and will usually represent an insignifi-
cant risk.

c) Safety consequence should be expressed in terms of
Potential Loss of Life (PLL) for personnel.

d) Economic consequence should be expressed in finan-
cial terms using appropriate currency units.

e) Environmental consequences can be expressed in
terms of mass or volume of a pollutant released to the
environment, or in financial terms as the cost of clean-
ing up the spill, including consideration of fines and
other compensation.

f) The consequence scale used in matrices and other
presentations is necessarily different for PLL and cur-
rency, and should be selected to account for the full
range of values.

g) The consequence of failure scale should advance in
decades for each category, where the lowest category
includes values up to the risk acceptance limit assum-
ing that probability of failure ~ 1.0.

4) When both quantitative and non-quantitative methods are
being used for a certain type of assessment, it is recom-
mended to revisit and calibrate the non-quantitative assess-
ments once the quantitative assessments are finalized.

5) Semi-quantitative / semi-qualitative methods based on
simplified algorithms should be qualified by either
external consultants/engineers or engineers from another
part of the organisation.

6) It is an advantage to use a qualitative approach if there is
little well-documented detailed information.

7) Inthe cases where the team has considerable general expe-
rience and much experience for the specific installation(s)
being assessed, it may be more efficient to choose a qual-
itative approach for the RBI Detailed Assessment even if
documentation is of good quality. In such cases, an under-
lying assumption is that the people involved will be avail-
able for future assessments and that the process has been
sufficiently documented.

4.4 Probability of Failure (PoF)

Probability of failure (PoF) is the probability of an event occur-
ring per unit time (e.g. annual probability). It is estimated on
the basis of the component degradation. PoF is related to the
extent of, and uncertainty in, the degradation related to the
component’s resistance to its loading.

Quantitative probability of failure values have a wide range
from zero to unity, and therefore a logarithmic scale is recom-
mended for displaying the results graphically.

The recommended probability of failure scale used in the con-
text of this recommended practice is as shown in Table 4-1.
The table also shows the recommended qualitative ranking
scale assigned to the quantitative probability of failure values.
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Table 4-1 Probability of failure description

*  Small population = 20 to 50 components.

** Large population = More than 50 components

Annual failure probability _—
Cat. — — Description
Quantitative Qualitative P
5 - 102 Failure expected (1) In .a small population*, one or‘ more failur.es can ?e expected annually.
(2)  Failure has occurred several times a year in location.
4 103 t0 102 High (1) In ?1 large population**, one qr more failu'res can b'e expected annually.
(2)  Failure has occurred several times a year in operating company.
(1)  Several failures may occur during the life of the installation for a system comprising
3 104 to 1073 Medium a small number of components.
(2)  Failure has occurred in operating company.
(1)  Several failures may occur during the life of the installation for a system comprising
2 10-5 to 104 Low a large number of components.
(2)  Failure has occurred in industry.
.. (1)  Failure is not expected.
1 <105 Negligibl - .
eeligible (2)  Failure has not occurred in industry.
Notes:

Table 4-2 Consequence of failure qualitative ranking scales [| SO 2000]

Rank CoF Personnel Safety CoF Environment CoF Economic
A Insignificant Insignificant Insignificant
B Slight/minor injury Slight/minor effect Slight/minor damage
C Major injury Local effect Local damage
D Single fatality Major effect Major damage
E Multiple fatalities Massive effect Extensive damage

45 Consequence of Failure (CoF)

Consequence of failure is evaluated as the outcome of a failure
given that such a failure will occur. It is defined for the three
consequence types: Personnel Safety, Environment and Eco-
nomic.

— Safety consequence should be expressed in terms of poten-
tial loss of life (PLL) for personnel.

— Economic conseguence should be expressed in financial
terms using appropriate currency units.

— Environmental consequences can be expressed in terms of
mass or volume of a pollutant released to the environment,
or in financial terms as the cost of cleaning up the spill,
including consideration of fines and other compensation.

It is generally recommended that consequence of failure values
or rankings be assessed and presented separately depending on
the consequence type. This allows each type to be addressed
and given proper focus. This is especially important when
using quantitative methods where it is not recommended to
combine/mix personnel safety and economic consequences.

An example of qualitative and quantitative ranking scales
which can be used for the consequence of failure are shown in
Table 4-2 and Figure 4-2 [ISO 2000].

4.6 Estimation of Risk

The risk associated with a failure from a given degradation
mechanism is estimated as the combination of the probability
of failure and the consequence of failure. The probability and
consequence of failure can be estimated in either a qualitative
or quantitative manner, or by using a combination of qualita-
tive and quantitative methods.

The risk can be presented as a matrix. This allows the relative
contribution of both factors to be seen (Consequence of Failure
and Probability of Failure). While the matrix is a static picture
of risk calculated for any one time period, but matrices can be
prepared for different parts of the time period to illustrate
development of risk.

Separate matrices for each risk type are recommended, espe-
cially when quantitative methods are used. The matrix should
be standardised for each operator/field in order to simplify
communication and the decision process. To achieve adequate
resolution of detail, a 5 x 5 matrix is recommended.

It is recommended that the results are checked for the validity
of any assumptions that were made during the assessments, the
correctness of data used, and that the risk outputs are broadly
in agreement with those given in any relevant safety case,
QRA or similar documentation. Notice that QRA / Safety
cases studies and RBI studies have different objectives, and
hence utilise somewhat different data and equations. Conse-
quently, it is likely that results from the different studies will
not be in exact agreement.

An example of a qualitative assessments matrix based on ISO
17776 is shown in Figure 4-2 [ISO 2000]. The matrix has prob-
ability of failure on the vertical axis, and consequence of fail-
ure on the horizontal. The divisions between the categories of
each should be chosen taking into consideration the absolute
magnitude of the values & their ranges (relevant for quantita-
tive assessments), and the need for consistent reporting when
comparing different installations.

The risk matrix shows three risk levels, identified through col-
our:

— Green - Low risk - Risk is acceptable. Generally, action
needs to be taken to ensure that risk remains within this
region; typically this involves operator round, cleaning,
general visual inspections (GVI) to confirm that there have
been no changes in equipment condition.

— Yellow - Mediumrisk - Risk is acceptable. Action (such as
NDT, functional tests and other condition monitoring
activities) should be taken to measure extent of degrada-
tion so that action can be taken to ensure risks do not rise
into the red high-risk region.

— Red - High risk - Risk level is unacceptable. Action must
be taken to reduce probability, consequence or both, so
that risk lies within the acceptable region.
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PoF g
raor | POF Description A B C D E
(1) In a small population, one or
more failures can be expected
5 annually. YE Ll_ow REL REL REL REL
(2) Failure has occurred several
times a year in the location.
(1) In a large population, one or
more failures can be expected
4 |annualy. YELLOW | YELLOW RED RED RED
(2) Failure has occurred several
times a year in operating company.
(1) Several fallures may cccar
during the life of the installation for
a system comprising a small number s "
3 | eomponents. YELLOW | YELLOW ) b
(2) Failure has occurred in the
operating company.
(1) Several failures may occur
during the life of the installation for
2 a system comprising a large number YELLow YELLOW X ]
of components.
(2) Failure has occurred in industry.
(1) Several failures may occur
during the life of the installation for
1 a system comprising a large number YELLOW YELLOW
of components.
(2) Failure has occurred in industry.
Minor Injury Major Injury
Safety No Injury Abserch < 3 cinys Abserce > 3 days Single Fatality Multiple Fatalities
1]
v ; —
] 7]
o Pollution has significant
S - Minor local effect. Significant local effect. effect upon the Pollution that can cause
- Envu‘noment No pollution Can be cleaned up Will take more than 1 | surrounding ecosystem | massive and irreparable
w easily. man week to remove. (e.g. population of damage to ecosystem.
o birds or fish).
o
- < € 1.000.000 damage < € 10.000.000
H No downtime or asset | < € 10.000 damage or | < € 100.000 damage or
Bu5| ness : : : - or downtime < one damage or downtime
damage downtime < one shift downtime < 4 shifts i e
CoF Ranking A C D E
Figure4-2

Example of risk matrix [1SO 2000]

The risk assessment can be implemented using:

— risk prioritisation methods: rank equipment and systems in
terms of risk magnitude, and address the highest risk
equipment first, and/or

risk acceptance limit methods: estimate risk per equipment
and its change with time, and address equipment where
risk will soon cross risk acceptance limit first.

5. RBI Assessment — Recommended Wor k-
ing Process

5.1 Introduction

This section presents an overview of a recommended RBI
work process. Material presented in this section together with
the material presented in the appendices can be used to further
develop and customize the RBI assessment working processes.

It is important to emphasize that the basic/generic RBI process
presented in this section can be applied to different levels, from
installation level down to inspection point level. In order to
manage the complexity of the task of planning inspection for a
topsides installation, it is recommended to apply a top down
approach taking care in choosing appropriate combinations of
qualitative and quantitative methods. Section 5.3 covers
assessment levels of detail before the rest of the section contin-
ues the presentation of the recommended RBI working proc-
ess.

5.2 Basic/Generic RBI Working Process

The basic/generic risk-based inspection process is presented in
Figure 5-1.

The working process has been divided into five stages:

1) Information Gathering
2)
3)
4)
5)

Screening Assessment
Detailed Assessment
Planning

Execution and Evaluation.

The RBI assessment should be reviewed on a regular basis, and
revised as necessary to account for any significant changes in
the input information, e.g. in process and operational data, new
design conditions, changes in field economy. For most off-
shore processing systems the operational conditions are sub-
ject to both short-term and long-term changes due to
operational practices and reservoir characteristics. It is essen-
tial to track such changes and to take appropriate actions based
on these. Some changes can be anticipated, such as a tie-in to
new well of different composition.

5.3 Leved of Detail

Before beginning the evaluations, the (assessment/equipment)
level of detail at which evaluations are to be carried out should
be established and agreed. This should account for the level of
detail required by the inspection planners (who are to work
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with the results of the assessment), as well as the amount and
level of input data available. The equipment level hierarchy
can be useful in connection with making choices as to how the
inspection planning process is to be defined and specified. The
level of detailing may be increased for the high-risk items. The
assessment process may, for example, start at Level 0 resulting
in high level plans for a number of installations, and proceed to
systems level for certain individual installations and move on

Information Gathering
(Section 5.6)

| Identify assets & group into systems I

Screening Assessipent
(Section 5.7)

| Identify main failure modes I

Medium &
High Risk

A4

Hig

Medium

PoF

Medium

Low

all the way down to part level for selected items.

It should be noted that inspection planning is concerned with
the smallest level of detail (inspection point) and so if the RBI
assessment is carried out at a higher level, more time will be
used in the final inspection planning process than if the RBI is
executed either directly at a more detailed level, or in a manner
that can be easily transferred to such a level.

Detailed Assessment
(Section 5.8)

Identify functional equip. & Assignment of detailed
equip. types failure modes

Low Risk

Low Risk

Medium & High Risk

Identification of failure
causes

Develop maintenance,
inspection & test strategy.
Identify monitoring. Identify|
spares.

Planning
(Section 5.9)

Y

(Section 5.5)

Y

> maintenance, as required,

Minimum surveillance, planned corrective

Verify input data to confirm low risk

Development of planned CM
routines

Development of PM routines|

Task optimisation &
job planning

Execution & Evaluation
(Section 5.10)

Resources (competence, software, hardware, guidelines, procedures, etc.)

4 MoC
| Execute plan process
required

Report integrity management Evaluate findings for Evaluate findings for
plan effectiveness

plan status equip. status

Governing Requirements (authority regulations, codes, standards, company regulations, philosophies, etc.)
(Section 5.4)

Update database

hexpected equips

Root Cause Failure
Analysis

Equip. madification / redesign / replacement

Replace equip.
or revise plan

Figure5-1
Generic RBI process
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—— Level 2:

(Level D)

System
(Level 1)
Corrosion group

ESD segment
{Level 2)

Part (pipe tag, vessel part)
(Level 3)

Inspection point
(Level 4)

Figure5-2
Equipment level hierarchy

Figure 5-2 shows the various equipment level hierarchy that
can be used. Comments/guidelines to the different levels are
presented below:

Level 0: Level O refersto the plant/installation level. An
assessment at Level 0, taking into account a number
of plants, can be useful to carry out in connection to,
for example, budget prioritisations and distributions.
Such an assessment is assumed to be carried out
based on high level information. Examples of such
information are: number of people on installations,
location of installations, production numbers, histor-
ical information regarding availability, production
interruptions related to failures by loss of contain-
ment, types of materials used on installations, pres-
ence of H,S, CO, and sand on installations. An
assessment at Level 0 lends itself to both qualitative
and quantitative evaluations. It is very likely that the
team carrying out such an assessment will be able to
use engineering judgement and evaluate most
aspects in a qualitative manner. Level 0 is not cov-
ered any further in this Recommended Practice.

Level 1: Level 1refersto the systemlevel. Examples of sys-
tems are the Separation and Stabilization System,
the Metering System, the Closed Drain System, the
Open Drain System and the Flare System. Carrying
out an assessment at this level for the purpose of
directly producing an inspection plan is not usual.
An assessment at Level 1 is normally used to iden-
tify the systems that are judged to significantly con-
tribute to the risk levels of the installation in
question. Further assessment efforts at lower levels
can be focused on these systems, whereas the
remaining systems can be considered for other types
of maintenance activities. An assessment at Level 1
is recommended to be carried out in a qualitative
manner.

Level 3:

Level 2 refersto the corrosion group and/or ESD
segment level. An assessment at Level 2 is used to
identify groups at a level which is beginning to
become more meaningful and practical from an
inspection plan point of view. It is important to
define groups of components so that the assessment
for one component can be applied to all the others
within that group. Grouping is typically carried out
with reference to PFDs and P&IDs. It is likely that
different groups will be defined for the assessment
of probability of failure (e.g. different types of cor-
rosion groups) and consequence of failure (e.g. ESD
segments). Unlike an assessment at Level 1, an
assessment at Level 2 can be significantly time-con-
suming (the first time it is carried out). One of the
main reasons for this is that the definitions of such
groups are normally never readily available and are
therefore often generated manually.

An assessment at Level 2 can be carried out in both
a qualitative and a quantitative manner. Once these
groups are in place, it is possible to either carry out
the assessments based on representative cases of the
groups and transfer the results to Level 4 for plan-
ning of inspection points, or continue through Level
3 by linking parts to groups and adjust assessments
based on more detailed part information.

When working at this level, it is recommended to
plan the work based on well-defined, manageable
parts of the installation (preferably system by system
—Level 1).

Level 3refersto the pipetag / vessel part level. An
assessment at Level 3 is used to develop an inspec-
tion plan and is normally based on transferring
results from a Level 2 assessment down to a part
level. It may be relevant to analyse certain specific
parts, but a separate assessment of every part at this
level is not practical. A good line list is necessary in
order to carry out an assessment at this level. For the
same reasons as mentioned above, an assessment at
Level 3 can be time-consuming. Line lists do not
normally have links to the groups from the Level 2
assessment, so this has to be done manually.

An assessment at Level 3 is dependent on a good
electronic line list and good software support.
Assuming that the line list is complete and of a good
enough quality, the advantages of carrying out a
Level 3 assessment are that:

— All sizes of the part and materials are considered.
— It is more unlikely that parts will be overlooked.
— All parts of the vessel/tag are considered.

— It allows unusual cases, and well understood
equipment and degradation mechanisms to be
included separately.

— Identification of high-risk parts of the vessel
may save intrusive inspection.

— Separate degradation mechanisms found in
specific locations in the vessel/tag are evaluated
separately.

— Greatest precision in updating assessment with
inspection findings may be achieved.

When working at this level, it is recommended to
plan the work based on well-defined, manageable
parts of the installation (preferably system by system
and group by group).
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Level 4: Level 4 refersto the inspection point level. RBI
assessments at Level 4 are only carried out for
inspection points of special concern. Results from
assessments at Level 2 and/or Level 3 are usually
transferred down to this level where inspection
points are identified and chosen in isometric draw-
ings.

When working at this level, it is recommended to
plan the work based on well-defined, manageable
parts of the installation (preferably system by system
and group by group).

5.4 Governing Requirements

Constraints and control mechanisms in the form of different
governing documents, like maintenance and inspection philos-
ophies, as well as regulatory requirements should also be avail-
able to the RBI team. Risk Acceptance Limits are typically
derived from such documents.

5.5 Resources
5.5.1 Competence/Per sonnel

RBI assessment and inspection planning is a multidisciplinary
activity, and the following qualified and experienced person-
nel should be involved:

— Inspection engineers with hands-on experience of inspec-
tion of piping, pressure vessels, heat exchangers, both in-
service and during construction.

— Materials/corrosion personnel with expertise in materials
selection, corrosion monitoring and control, chemical
treatments, fitness-for-service assessments, coatings and
linings.

— Safety/consequence personnel with experience in formal
risk assessment covering personnel safety, economic and
environmental disciplines.

— Plant operations and maintenance personnel with detailed
knowledge of the installation to be analysed.

Furthermore, successful implementation of RBI requires com-
petent personnel carrying out the different roles and responsi-
bilities within the inspection discipline as a whole.
Communication of results from the RBI assessment team to the
inspection planning team is critical. Experience has shown that
close co-operation between the RBI analysis team and the
inspection planning team has been a very important success
factor. Ideally, these two teams should be completely inte-
grated.

5.5.2 Rolesand Responsibilities

The roles and responsibilities are organised differently by the
different operator companies, but in general the activities can
be split into the following tasks:

— Inspection Management

— overall planning of the inspection activities

— co-ordinating the inspection activities with the main-
tenance and operations superintendents

— hiring any necessary inspection consultant compe-
tence and resources to serve, accommodate, and main-
tain the inspection system

— supervising the inspection activities

— co-ordinating laboratory services, material testing,
sampling, etc.

— providing quality assurance of the inspection activities

— documenting and reporting of inspection findings and
results

— ensuring that experience feedback is used for annually
updating the scope and plan for future inspections

— evaluation of the plant condition

— maintaining and improving the inspection system.

— Inspection Planning

— establishing framework inspection programmes

— establishing detailed inspection programmes

— co-ordinating inspectors, equipment and performing
other logistic services related to inspection execution

— up-date inspection programmes based on inspection
results and changes of operational parameters

— gathering necessary documentation and information
to optimise the inspection programme

— documentation and reporting of inspection activities

— evaluation of the plant condition.

— Assisting in RBI assessments

— inspection execution & reporting

— managing and performing inspection work

— supervising NDT Operators

— making first-hand evaluation on the inspection site

— reporting to inspection management

— obtaining work permits relevant to inspection activities

— performing quality assurance on the work of inspec-
tion

— performing non-destructive testing (NDT)

— reporting completed testing to the senior inspector.

Requirements for inspection execution are handled by the
inspector qualification schemes, such as those in accordance
with ASNT requirements, and the European standard EN 473.
Requirements for in-service inspection personnel covering the
whole process from management through to execution, report-
ing and evaluation must be defined.

5.5.3 Procedures/Tools/Technology

Implementation of RBI requires appropriate procedures and/or
software tools.

It is an advantage to have well documented company RBI
working procedures before committing to, or developing soft-
ware solutions. Such working procedures should be part of the
basis for software specification/customization. It is also an
advantage to specify the data management needs when choos-
ing or developing software solutions. This can be done by
specifying and maintaining a conceptual information schema.

5.6 Information Gathering (Input)

Typical examples of input sources for carrying out the RBI
evaluations are:

— line list

— equipment list

— system descriptions manual

— engineering numbering system

— equipment data and vessel sheets

— piping data sheets

— layout drawings, Process Flow Diagrams (PFDs), Utilities
Flow Diagrams (UFDs), Piping and Instrumentation Dia-
grams (P&IDs), Process and Safety Diagrams (PSDs)

— Design, Fabrication and Installation (DFI) resume

— inspection/failure/replacement details

— inspection/failure/replacement history knowledge

— corrosion protection philosophy

— material design specification and selection report

— coating specifications

— insulation specifications

— Quantitative Risk Analysis (QRA)

— design accidental load analysis

— ESD logic diagrams

— mass balance sheets

— production data (past and future)

— key operation and maintenance personnel.

In the absence of such information, assumptions may be based
on judgement and experience. All such assumptions should be
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recorded. In case sufficient information is not available then
the use of RBI should be avoided.

Three main groups define the input data needs for carrying out
the risk-based analysis used as input to inspection planning:

— inspection data
— consequence data
— engineering/process data.

Some effort should be put in to understanding the sources of
information and streamlining the interfaces to these sources.

— Inspection data — Specifications should be made for what
is expected back from inspection activities in order to sat-
isfy the models used in the analysis. Each degradation
mechanism should have its own specification. Further-
more, procedures should be described for updating calcu-
lations. These procedures should include what kind of
statistical analyses need to be carried out, and how.

— Conseguence data — Specifications should be made for
what is expected from quantified risk analysis reports.
Safety consequence results from such analyses should be
reported in such a way that is ready to use for inspection
planning purposes. The challenge of transferring the
results to a detailed level (e.g. pipe tag) can be solved by
specifying requirements to the engineering disciplines that
generate line lists, P&IDs, PFDs, etc. The link between
low level components and higher level groupings should
be documented in a way that eases the inspection planning
work. This might also be the case for information regard-
ing economic consequence.

— Engineering/process data — Basic input data, such as
dimensions, pressure, temperature, can also be difficult to
manage, and will depend on the quality of the interfaces to
the engineering and operation disciplines that generate this
information.

5.7 Screening Assessment

The purpose of the screening process is to identify, at a higher
level (typically Level 2 and upwards), the elements that are
judged to make a significant contribution to the risk levels.
This ensures that further data gathering and assessment efforts
can be focused on these elements. Given an installation,
screening is typically carried out in a qualitative manner that
involves identification of risk on a system by system, group by
group, or major equipment item basis. On the basis of knowl-
edge of the installation history and future plans and possible
components' degradation, the consequence of failure and prob-
ability of failure are each assessed separately to be either “sig-
nificant” or “insignificant” (resulting in “high”, “medium” and
“low” risks), as seen in the matrix given in Appendix E.

Generally, low risk items will require minimal inspection sup-
ported by maintenance. Medium and High-risk items will
require a more detailed evaluation which is the subject of the
second stage of the working process. Inspection data is used
only as general guidance, as the screening is intended to iden-
tify systems, groups and equipment where it is cost-effective to
use more time-consuming detailed assessment. More guidance
on RBI screening is given in Appendix E.

5.8 Detailed Assessment

The elements with medium and high risk from stage one (RBI
screening) are the elements that need to be considered in more
detail —i.e. broken down to lower levels and evaluated with either
qualitative, quantitative or semi-quantitative methods. The objec-
tives of this stage of the assessment are to identify the relevant
degradation mechanisms, estimate the extent of damage, estimate
when inspection should be carried out, and propose what inspec-
tion technique should be used to ensure acceptable risk levels. It
is recommended to work at Level 2 (corrosion groups / ESD-seg-
ments) and transfer results down to Level 3 and/or Level 4.

Figure 5-3 shows the flowchart for carrying out detailed RBI
analysis.

Grouping, isk
classification and acceptance
risk analysis criteria
planning ndi

v
Hazard
identification
L TN

PoF
(Appendix A)

Appendix

Risk analysis

Risk evaluatio
(Section 4)

Medium/high
¥

Inspection and
monitoring
program
(Appendix F)

Figure5-3
Detailed RBI assessment wor king process

5.9 Planning

In many cases the results of the RBI screening and detailed
assessments are used as input to the final inspection planning
stage, where a different team of planners works at the inspec-
tion point level and may take into account other factors and
also consider logistics before finalising the plan.

The interaction between the planners and the RBI analysts may
result in more refined RBI assessments carried out for certain
parts and/or inspection points. Guidance on inspection plan-
ning is given in Appendix F.

This assessment provides a preliminary inspection plan,
including inspection methods and timings that are readily
updated as inspection data becomes available. A final execut-
able inspection plan will normally be developed based on this
preliminary plan, but also considering:

— Logistics, including available bed space, available person-
nel, need for specialised equipment.

— Need for interaction with maintenance activity.

— Release for inspection by operations personnel, including
extent of shutdowns necessary.

— Database setup, capabilities and equipment hierarchy and
possibly other factors that have not been covered by the
RBI assessment.
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The results from this part of the assessment provide the basis
for the final detailed inspection planning. A report must be
focused on the needs of the inspection planner. Typically, the
report will comprise the risk results collated with any interme-
diate calculations related to part and process data. Additional
consideration should be given to the data requirements and
capabilities of any inspection planning tools that are used.

The assessment and underlying assumptions should be docu-
mented, together with a combination of the following informa-
tion/data, as required, related to each item:

— Component/system identification.

— Materials of construction, fluid type, operational condi-
tions, design limits.

— Equipment/segment volumes, economic data related to
lost/deferred production.

— Inspection and operating history.

— Degradation mechanisms and failure mode, damage rate,
uncertainty and basis.

— Safety risk, economic risk and risk categories.

— Risk in relation to the Risk Acceptance Limit.

— Time to reach risk limits.

— Key indicators for risk change (temperature, process
changes).

— Recommendations that the part be subject to inspection,
maintenance activities or monitoring of process or other
parameters.

— Recommendations for additional activities in verifying the
data and assumptions used in the assessments.

5.10 Execution and Evaluation

The overall recommendations and guidelines presented in all
of the above need to be further customized.

For an analysis to be effectively implemented as a well-man-
aged inspection plan, the data needs to be transferred to an
inspection management database. The amount and extent of data
transferred and uploaded will depend on the capability of the
database as well as the data available; many databases not only
manage the detailed tag-based data, but also can carry out trend-
ing analyses, store pictures, documents, data files and videos, as
well as communicating directly with the NDT equipment.

Prior to transfer of data, the following issues should be consid-
ered:

1) Data quality: The quality of the data to be transferred
should be checked as far as possible prior to upload, as it
is usually easier to correct at that stage. Data relationships
(hierarchy) should be maintained as for the installation
asset register, to facilitate coordination with maintenance
data.

2) Working process: The working process for both data
upload as well as maintaining the data up-to-date with
inspection findings, plan updates, tag data changes, and
more, should be carefully evaluated. Maintenance of data
integrity is essential, as is the exclusion of errors, but other
points to consider are whether complex programming is
needed if data transfer is to be infrequent.

3) Updating: In case of updating the main asset database with
revised inspection plans, consideration must be given to
implementation of a formal change management process,
so that changes to plans and data are properly assessed by
competent personnel for their effects on installation safety
and operations.

4) Datastorage: Locations for data storage should be consid-
ered. In the life of an installation, a great deal of data and
information will be generated, and the pros and cons of
using the inspection management database, external data-
bases, or simple folder structures to manage the data
should be evaluated. The need for easy access to data in
case of a network failure or damage to server should be
included in the evaluation.

5) Infrastructure capacity: If the inspection management
database is to be made available with all functionality off-
shore or at remote locations, and the data server is to be
maintained at a distance, consideration as to whether the
data links will be sufficient to handle the necessary traffic,
in addition to normal operational traffic, must be given. It
may be necessary to implement a daily update from one
server to another when the network is quieter, as opposed
to live data in both locations.
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APPENDIX A
DEGRADATION MECHANISM S & POF ASSESSMENT

A.1 Introduction
The purpose of this appendix is to guide the RBI analyst to:

— Identify which degradation mechanisms can be expected
where.

— Determine damage rates and/or probability of failure for
some specific materials exposed to specified service con-
ditions.

— Present a number of simplified models for internal and
external degradation.

It is emphasised that these degradation models are not exhaus-
tive but are recommended to secure a consistent and docu-
mented methodology when better data is not available.

A.2 Degradation Mechanisms

The degradation of a component can take place externally and
internally. The rate at which the degradation takes place at the
two surfaces depends upon the combination of the following
parameters:

1) Material of construction

2) Contents of the part (product services) (for internal degra-
dation)

3) Environment surrounding the part (for external degrada-
tion)

4) Protective measures
5) Operating conditions.

Internal and external degradation mechanisms should be
defined for each part by reference to the guidance and tables
given in Sections A.6 - A.13. Assumptions used in these sec-
tions must be checked and confirmed to be applicable for the
circumstances related to the individual part. If the assumptions
are not valid, then specialist assistance should be sought to
evaluate the specific circumstances.

The applicable degradation mechanisms should be listed for
each part together with the reasons for selection.

Table A-1 gives the types of materials that have been discussed
in this document.

Table A-1 Definition of materials
Material Description Includes
Type

CS Carbon Steel Carbon and carbon-manganese steels, low alloy steels with SMY'S less than 420 MPa.

SS Stainless Steel Austenitic stainless steels types UNS S304xx, UNS S316xx, UNS S321xx or similar.
22Cr duplex UNS S31803 and 25Cr super-duplex UNS S32550, UNS S32750 stainless steels
or similar.
Super austenitic stainless steel type 6Mo, UNS S31254.

Ti Titanium Wrought titanium alloys.

CuNi Copper Nickel Alloys 90/10 Cu-Ni or similar.

FRP Fibre Reinforced Polymer Fibre reinforced polymer materials with polyester or epoxy matrix and glass or carbon fibre
reinforcement.

Ni Nickel-based alloys Nickel-based alloys.

Other Material other than the above | All other materials not described above.

A.3 Understanding PoF

This recommended practice is primarily intended to be used
for the planning of in-service inspection for offshore topsides
static mechanical pressure systems when considering failures
by loss of containment of the pressure envelope. Such failures
occur when the effect of the applied load (L) is greater than the
resistance (R) of the component or material (L > R). The resist-
ance Ris primarily related to the materials, the design, and the
in-service condition of the structure. The load L can be any
type of load: functional, environmental or accidental. The rea-
sons why (L > R) occurs are many, ranging from, e.g. poor
design specification, design errors, and material defects,
through to, e.g. fabrication errors, degradation in operation,
and other unknown events.

The total probability of failure (POFtyg) is the sum of the
probabilities of all events that can cause a failure. It can basi-
cally be summarized as follows:

F)OFTotaI = F)OFTechni cat F)OFAcci dental T I:)OFGross-error + F)OFUnknown

Where:

POFtechnical Natural uncertainties in design loads and
load bearing capacities. POFtechnjicq) is due
to fundamental, natural random variability
and normal man-made uncertainties.

POF accidental Accidental events. In addition to the func-

tional and environmental loads, there will be
“accidental” events that can affect the com-
ponents, e.g. dropped objects. These acci-

dental load events can be predicted in a
probabilistic form based on historical data.

Gross errors during design, fabrication, instal-
lation, and operation. Gross errors are under-
stood to be human mistakes. Management
systems addressing, e.g. training, documenta-
tion, communication, project specifications
and procedures, quality surveillance etc. are all
put in place to avoid human error. Gross errors
occur where these systems are inadequate or
are not functioning. It is difficult to predict the
probability of a gross error in a project. How-
ever, history shows that gross errors are not so
rare. Developing, applying and following up
the management system in addition to third
party checks can help avoiding gross error
leading to failure.

Unknown and/or highly unexpected phenom-
ena. Truly unimaginable events are very rare,
hard to predict and should therefore be a low
contribution to failure. There is little value,
therefore, in attempting to estimate these prob-
abilities. It is worth noting that even though
incredible events have low probability, they
can have very high consequences, thus increas-
ing the “risk”. However, interested parties are,
in general, more likely to accept consequences
of truly incredible events when they have
occurred.

POFGross—error

IDOFUnknown
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A.3.1 Quantitative Assessment Methods

When estimating the probability of failure in a quantitative
manner for the purpose of planning inspection, it is POFtechnical
that is normally addressed. Though it is unusual, POF pigental
can also be addressed. POF g, gggerror ad POFknown are not
addressed in quantitative evaluations. Using full probabilistic
models to estimate the PoF can become complex and time-con-
suming in the context of topside risk-based inspection. Simpli-
fied models are presented in this appendix.

A.3.2 Qualitative Assessment M ethods

When estimating the probability of failure in a qualitative man-
ner for the purpose of planning inspection, one can assume that
all elements are represented in the evaluation, given that expe-
rienced and competent personnel are involved.

A.4 Hole Size Template

This recommended practice uses a set of pre-defined hole sizes
that are related to those given for the degradation mechanisms.
The expected percentage of holes falling within each category
can be estimated or judged for each mechanism. Table A-2
shows the recommended hole sizes that are referenced in both
the consequence of failure and the degradation mechanisms
assessments. Appendix C gives guidance on how to adjust and
utilize this type of information when assessing the conse-
quence of failure.

Table A-2 Holesize category and the corresponding hole
diameters

Small Holes hole diameter < 5 mm

Medium Holes |5 mm < hole diameter < 25 mm
Large Holes 25 mm < hole diameter

Ffﬁﬁt?;fease) component diameter < hole diameter

A.5 Degradation Modelling and Probability of Fail-
ure (PoF) Evaluation

The purpose of the degradation modelling and probability of
failure evaluation is to assess:

current probability of failure for each tag,

evaluate the development of damage hence PoF, with
respect to time, and

expected damage that may be incurred by a component.

The expected damage rate models can be classified into three
types:

(a) Insignificant model (Section A.5.1)
(b)  Unknown model (Section A.5.2)
(c)  Rate model (Section A.5.3)
(d)  Susceptibility model (Section A.5.4)

The behaviour of these models is shown schematically in
Figure A-1.
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Figure A-1

Schematic curve of degradation modelling

A.5.1Insignificant M odel

For the component degrading according to the Insignificant
Model, no significant degradation is expected. The model allo-
cates a fixed probability of failure value (PoF = 103 per year),
regardless of time, allowing a risk value to be calculated. Inspec-
tion of the components described by this model is not necessary
except for checking that the premises have remained valid.

Hole sizes for analysis of consequences are given in Table A-3
and are considered generally applicable in offshore systems.

Table A-3 Holesizedistribution for “Insignificant” systems
% Distribution
EquivalentHole | Carbon Seels | Sainless Seel Titanium-
Diameter and Nickel- based Alloys
based Alloys
Small Hole 0 0 100
Medium Hole 0 100 0
Large Hole 100 0 0
Rupture 0 0 0

A.5.2 Unknown M odel

Where the product is an unknown substance, or the combina-
tion of materials and product has no defined model, then ini-
tially a probability of failure of 1 should be assigned and the
need for further investigation driven by the consequence of
failure — where a high consequence of failure will give a high
risk, indicating that it will be beneficial in spending further
time in investigation of product and materials.

The hole sizes required to calculate consequences are given in
Table A-4.

Table A-4 Holesizedistribution for “Unknown” systems
Equivalent Hole Diameter % Distribution
Small Hole 0
Medium Hole 0
Large Hole 0
Rupture 100

A.5.3 Rate M odel

The Rate Model is normally applicable when the damage
results in a local or general wall thinning of the component. It
assumes that with time the extent of damage increases, result-
ing in a decrease of wall thickness. This in turn manifests as an
increase in the probability of failure with time.

The rate of degradation, hence, the rate of decrease in the wall
thickness, is dependent upon a number of factors. These
include:
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— material properties
— wall thickness

— fluid properties

— operating conditions.

All these factors vary and a full probabilistic assessment
should consider every factor as a stochastic variable. In prac-
tice, however, the uncertainties associated with the degrada-
tion drivers (e.g. pressure, flow rate) tend to outweigh the
uncertainties of the other variables. This allows some simplifi-
cation to be used without significant loss of precision.

A simplified rate model can be described by distribution type,
mean and standard deviation. This appendix suggests these
parameters for different degradation scenarios.

The calculation of probability of failure can be carried out
using Monte Carlo simulation or the First Order Reliability
Methods (FORM) using distributions for all the most impor-
tant factors. These calculations are best carried out using com-
puter techniques and are likely to require a specialist in
mathematical and statistical techniques to develop the algo-
rithms. A number of suitable software tools are also available
that include these methods as part of RBI calculations.

Since the degradation increases with time, the development of
degradation can be measured by inspection, thus the inspection
results can be used to adjust the rate model to suit the actual sit-
uation.

A.5.4 Susceptibility M odel

The damage of components described by the Susceptibility
Model is triggered by an external event after a dormant period
of an unknown duration. Once triggered the damage occurs
very quickly. This model gives a fixed value for probability of
failure depending on factors relating to operating conditions.
For a given set of conditions that are constant over time, the
probability of failure also remains constant over time.

Since the mechanism is such that the damage can be triggered
at any time and thereafter proceed rapidly, the onset and devel-
opment of the damage are difficult to follow by inspection.
However, it is beneficial to monitor key process parameters,
such as excursions or a change of conditions that can trigger
degradation.

A.5.5 Sepsin Modelling Degradation

The damage models for the degradation mechanisms given in
this appendix follow the process given below. The same basic
steps should be used if alternative models or other degradation
mechanisms are applied in the RBI analysis:

1) Assess which mechanism is expected in a given case.

2) Determine damage rate and/or failure probability:

— Time dependent mechanisms require distribution type
with a mean value, standard deviation or equivalent.
PoF is derived from the rate and structural reliability
calculations.

— Susceptibility mechanisms do not have a rate, but PoF
is derived based on engineering judgement directly
from key parameters.

3) Determine damage morphology: three types are defined:

— Local: localised damage that does not interfere with
the load bearing capacity of the equipment wall. Prob-
ability of failure refers to a small leak at wall penetra-
tion.

— Uniform: damage of such a large area that affects the
load bearing capacity of the equipment wall. Probabil-
ity of failure refers to the state when the wall ligament

cannot accommodate the loading as calculated using
structural reliability analyses. Typically it results in a
large release.

— Cracking: a crack that penetrates the wall. A virtual
crack is assigned a single size and checked for “leak
before break”, giving leak or rupture failure respec-
tively.

4) Define hole sizes expected on failure:

— Expected hole sizes at failure for each degradation
mechanism are stipulated in accordance with a stand-
ard hole size distribution template.

A.6 External Damage

External damage is related to the external environment and
condition of the surface protection. The damage rate can either
be of the type “insignificant”, “unknown”, “rate” or “suscepti-
bility”. It is evaluated independently of any internal degrada-
tion and damage. It applies to all metallic materials with or

without coatings and/or insulation.

A.6.1 External Corrosion - Uninsulated

The external degradation models allow calculation of probabil-
ity of failure for different materials on the assumption that they
are exposed to the marine atmosphere, or are expected to be
wetted by seawater, e.g. deluge system. Seawater may also col-
lect on pipe supports and clamps and similar locations, pro-
moting corrosion damage on uninsulated piping.

A.6.2 External Corrosion - Coated

The corrosion rate may be reduced by applying coating on the
surface. The effectiveness of the coating can be assumed to be
near-perfect during the initial period, and thereafter it falls.
The deterioration pattern depends upon the coating system and
maintenance. The details regarding the coating specifications
and coating condition should be obtained from the client. In
case the details about the coating are not available, then treat
as if the coating is not present.
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Figure A-2
Coating degradation as a function of time

In general, coatings applied in accordance with NORSOK
standards or similar have a full protection period of five years
and no protection after fifteen years. This can be taken as a
default coating effectiveness model (Figure A-2). The deterio-
ration pattern can be changed to account for different coating
systems and maintenance. The degradation rate of the coated
structure is then equal to (100 — Effectiveness)/100.
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A.6.3 External Corrosion - Insulated

Surfaces under insulation are not readily available for visual
inspection, and if water penetrates the weather protection, high
salt can accumulate on the metal surface leading to possible
severe local corrosion.

In order to assess external damage under insulation or Corro-
sion Under Insulation (CUI) the details about the insulation
and the conditions of assessment must be collected and then
the assessment carried out. As a general guideline:

1) It is conservative to assume that all fibre-based insulation
is water-retaining, and damaged sufficiently to allow
water penetration, irrespective of what outer protection is
specified.

2) Personnel protection insulation may consist of a wire mesh
used to prevent physical contact with hot pipes; this will
not retain water, and the above assumption will be unnec-
essarily conservative.

3) Passive fire protective coating would not normally be
expected to retain water if in good condition; if this is
cracked and otherwise poorly maintained, water retention
is possible.

Likely areas for corrosion under CUI may be found by external
visual inspection of the insulation where water can penetrate
(such as faulty caulking or damaged cladding). CUI may be
detected by visual examination of the pipe surface after
removal of the insulation. Radiographic examination can be
used to view the pipe wall profile through the insulation,
thereby obviating its removal and reinstatement. Similarly,
radiographic and thermal imaging methods may be useful for
identifying water in the insulation. A coating under the insula-
tion will reduce probability of attack, but the deterioration of
the coating over time must be considered. The quality and con-
dition of coating and insulation work has to be assessed from
case to case. Strategise for corrosion control under insulation
will depend upon the condition and maintenance of coating
and insulation. Further information can be found in Corrosion
Under Insulation (CUI) Guidelines (EFC 55) published by the
European Federation of Corrosion [EFC, 2008].

A.6.4 Sepsin Modelling External Degradation

The calculation of external degradation is done by the follow-
ing steps:

1) Define the material type as given in Table A-1.

2) Determine the operating conditions applicable to the part
under consideration. Take into account temperature and
presence and condition of coating.

3) Go to relevant sections to calculate the degradation rate or
probability of failure as applicable.
A.7 Internal Damage

This section discusses some of the most relevant services,
materials and degradation mechanisms for internal damage.

The discussion is based on general knowledge gathered from
operating companies and open literature. All combinations of
materials and services have not been covered, and expert eval-
uations may be needed where these are missing.

Internal damage mechanisms are based on combinations of
material of construction, operating conditions and fluids flow-
ing in the pipe. As a guideline, the Product Service Codes used
on offshore topside systems, can give an indication of the type
of fluid that can be expected to flow in the pipe.

A.7.1 Product Service Code Definition

The objective of the Product Service Codes is to aid in deter-
mining the possible degradation mechanisms for the compo-
nent under consideration. This assessment is based on general
experience and fundamental knowledge of materials and serv-
ice. The outcome of the assessment is a conservative listing of
components with their possible degradation mechanisms.
Table A-5 lists the two character Product Service Codes and
the contents that are assumed as the basis for internal degrada-
tion models.

Often Product Service Codes different from those listed in
Table A-5 will be encountered while assessing installations.
For such conditions it is important that installation-specific
codes be checked and matched to the descriptions given in the
table. Incorrect evaluations with the degradation mechanisms
may occur if the fluids do not conform exactly to the descrip-
tions given in the table. Specialist advice should be sought if
there are discrepancies.

Although the product service codes are used to determine the
expected internal degradation mechanism, this is a simplifica-
tion and the limitations must be recognised, and accounted for
in each analysis:

— The product service code does not always provide suffi-
cient differentiation with respect to fluid corrosiveness. It
is necessary to review the system and split it into more
detailed areas, e.g. to identify where hydrocarbon gas is
dry and wet.

— The product service code may not reflect some operational
practices, e.g. closed drains may be used as a bypass system.

— The product service code may not reflect content, e.g.
closed drains may be used as a bypass system.

— Some of the product service codes are so unspecific or var-
iable that the contents must be assessed by suitably quali-
fied personnel.

— The materials listed are intended to give general and con-
servative results. The calculations can be improved if
more precise materials’ specifications are used.

— The models have limits on their applicability, and it should
be verified that the model is applicable to the situation at
hand; in all cases, there is an upper temperature limit of
150°C.

— Where the conditions given in this appendix do not match
with those found in the plant, specialist advice must be
sought.
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Table A-5 Product Service Code with descriptions and degradation mechanism group

Product
Service Code

Description

Degradation
Group

Al

Air Instrument

Compressed air system for pneumatic controllers and valve actuators and purging of electrical motors
and panels. Comprises dry, inert gas.

Insignificant

AP

Air Plant

Compressed air system for air hoists'winches, air motors, sand blasting, spray painting, air tools and
motor purging. Typically not dried, so parts may contain water vapour and condensation. Condensed
water can be considered as being fresh.

Waters

BC

Bulk Cement
Cement powder, generally in dry form.

Chemicals

BL

Cement Liquid Additive

May be proprietary liquids. Plasticisers, accelerators and retarders added asliquid to liquid cement to
adjust the flow and curing characteristics.

Chemicals

CA

Chemical, Methanol

Used to prevent and dissolve hydrates in water containing hydrocarbon gas systems. Should contain
less than 2% water by volume. May be used as water scavenger.

Insignificant

CB

Chemical, Biocide

May be proprietary fluid biocide such as glutaraldehyde, or chlorine (from electrolysis of seawater or
from addition of sodium hypochlorite, etc.).

Chemicals

CcC

Chemical, Catalyst
May be proprietary fluid catalyst for chemical reaction control.

Chemicals

CD

Chemical, Scale Inhibitor

May be proprietary scaleinhibitor used to prevent scale problems arising from BaSO, (typically down-
hole) and CaCO; (typically surface and heater problems).

Chemicals

CE

Chemical, Demulsifier or Defoamant

May be proprietary fluid defoamant / emulsion breaker for water content control in oil by aiding sepa-
ration of oil and water.

Chemicals

CF

Chemical, Surface Active Fluid

May be proprietary fluid surfactant with dual hydrocarbon and polar character and dissolves partly in
hydrocarbon and partly in agueous phases.

Chemicals

CG

Chemical, Glycol
100% glycol, which is not considered corrosive.

Insignificant

CH

Chemical, AFFF
Fire fighting foam additive to firewater.

Insignificant

Cl

pH Controller
May be proprietary chemical for buffers typically to raise the pH.

Chemicals

CK

Corrosion Inhibitor

May be proprietary fluid for injection as corrosion protection. Usually not corrosive in undiluted con-
centration.

Insignificant

CM

Cement High/Low Pressure
Cement mixed with a carrier, usually seawater, and used downhole. Likely to be erosive.

Chemicals

CN

Chemical, Mud Additive
Typically mud acids (e.g. HCI, HF).

Chemicals

CcO

Chemical, Oxygen Scavenger

Oxygen scavenger. (Typically Sodium bisulphite Na,S). Corrosiveness depends on type, and possibly
concentration and temperature. Moderate to low concentrations can be tolerated in a variety of mate-
rials, but high concentrations may be corrosive.

Chemicals

CP

Chemical, Polyelectrolyte/Flocculent
May be proprietary fluid flocculent for oil content control in produced water.

Chemicals

CS

Chemical, Sodium Hypochlorite Solution

Concentrated NaClO for supply to each consumer. Corrosiveness depends on concentration and tem-
perature.

Chemicals

Ccv

Chemical, Wax Inhibitor

May be proprietary wax inhibitor for use in produced liquids to hinder formation of waxes as temper-
atures are reduced.

Chemicals

Cw

Chemical, Glycol/Water (Rich Glycol to Regenerator)

Regeneration system to remove water from Glycol/Water. Part of the gas drying system. The systemis
in contact with hydrocarbons. This, and the rich part of the regenerator, is likely to be the most corro-
sive area of the system. Systemfluids are regularly checked for pH dueto Glycol breakdown.Note: lean
Glycol corrosiveness is dependent on water content and composition.

Chemicals
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Table A-5 Product Service Code with descriptions and degradation mechanism group (Continued)
Product e Degradation
Service Code Description Group
DC Closed Drain System Hydrocarbons
Hydrocarbon liquidsin drains from platform equipment and piping, collected in a closed vessel. Inter-
mittent use or low flow rates leading to stagnation. May have fuel gas blanket at low pressure. Liquids
comprise hydrocarbon oil, gas, water, in proportions according to the equipment drained. Thereis
potential for microbial action.
DO Drain, Open Waters
Drain from helideck, roof drain and drain fromtest lines, etc. Mostly seawater and rainwater, but some
oil likely. Under atmospheric pressure.
DS Drain, Sewer/Sanitary Waters
Closed system. Drain from living quarters containing domestic sewage.
DW Drain Water/Storm Waters
Open system. Accumulated water from sea spray and rain led to floor gullies.
FC Completion Fluid High/Low Pressure Chemicals
FJ Fuel, Jet Insignificant
Clean, water-free aviation fuel (kerosene) for helicopters.
GA Gas, Firefighting/CO, Insignificant
Dry, typically bottled, CO, used as extinguishing gas.
GF Gas, Fuel Insignificant
Process gas used to fuel compressors and generators. Dried hydrocarbon gaswith CO, and H,Sin the
same quantities as the process system.
GI Gas, Inert Insignificant
Inert gas, such as nitrogen or dry CO,. Note: some installations use exhaust gas for inerting storage
tanks with this product service code, and these should be considered as cold exhaust gas.
GW Gas, Waste/Flue Vents
Products of burning hydrocarbon gas or diesel fuel. Acidic combustion products may condense in
exhaust piping causing high corrosion rates.
MB Mud, Bulk/Solid Chemicals
Sorage of mud components prior to mixing.
MH Mud, High Pressure Chemicals
High pressure mud pumping systemfor deliverance of drilling and completion fluidsin normal use. May
contain well intervention fluids, completion and packer brine fluids, mud acids (HCI, HF), well stimu-
lation fluids, scale inhibitors, methanol, diesel, varying densities of byrites or other solids.
MK Mud, Kill Chemicals
Mud pumped into the well for well control purposes. May contain heavy densities of byrites or other
solids.
ML Mud, Low Pressure Chemicals
As MH.
OF Oil, Fuel (Diesel oil) Insignificant
Diesel fuel for usein cranes, generators and well pressure equalisation. Usually dry, but may contain
water and organic matter that settlesin low/stagnant points.
OH Oil, Hydraulic Insignificant
Clean, dry, filtered hydraulic oil for actuators.
OL Oil, Lubricating Insignificant
Clean, dry, filtered ail for lubrication purposes.
(0N Oil, SealClean, dry, filtered seal oil for gas compressors. May contain amounts of dissolved processgas.| Insignificant
PB Process Blow-Down Hydrocarbons
Wet hydrocarbon gas. Parts of system are vents and flare. Will contain CO, and H,Sin the same pro-
portions as the systems blown down. Normally purged with fuel gas at low pressure.
PL Process Hydrocarbons, Liquid Hydrocarbons
Untreated liquid hydrocarbons (post inlet separator).Contains some gas but mostly hydrocarbon liquid
with some water, dissolved CO, and H,S, potential for sand. May also contain small amounts of CO,
corrosion inhibitor, scale inhibitor, emulsion breaker and other chemicals. Water contains high levels
of dissolved saltsfromthereservoir. If water injection is part of the process, may contain bacteria that
can colonise stagnant areas.
PS Process Hydrocarbons, Vapour Wet Hydrocarbons
Wet untreated gas where water vapour is expected to condense into liquid. Contains CO, and H,Sin
the same proportions as the reservoir.
PT Process Hydrocarbons, Two Phase Hydrocarbons

Untreated two phase flow upstreamof inlet separator. Containsoil, gas, water, sand, also CO, and H,S
in the same proportions as the reservoir. May also have inhibitor and stabilisation chemicals injected
closeto wellhead. If water injection is part of the process, may contain bacteria that can colonise stag-
nant areas.
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Table A-5 Product Service Code with descriptions and degradation mechanism group (Continued)

Sorwoe Code Description Lo
PV Process Hydrocarbons, Vapour Hydrocarbons
Dry hydrocarbon gas where water is not expected to condense as liquid. (Post separator.) Contains
CO, and H,Sin the same proportions as the reservoir.
PW Produced Water System Hydrocarbons
Wiater from the production separators. It contains water with dissolved CO, and H,Sin the same pro-
portions as the reservoir, and some oil. Sand may be carried over from the separator.
SP Steam, Process Not Included*
SU Steam, Utility/Plant Not Included*
VA Vent, Atmospheric Vents
VF Vent, Flare Vents
WA Water, Sea Anti-liquefaction Waters
WB Water, Sea Ballast/Grout Waters
Oxygen rich seawater that may be treated with biocide/chlorination.
wC Water, Fresh/Glycol Cooling Medium Waters
A closed system where direct seawater cooling is not applicable. Fresh or desalinated water treated
with TEG, regularly checked for low pH arising from breakdown of the TEG.
WD Water, Fresh Potable Waters
Oxygen rich, chlorinated fresh water often with small amounts of salts added for palatability. Max Cl-
ions concentration 200 ppm.
WF Water, Sea Firefighting Waters
Closed seawater system treated with biocides/chlorination.
WG Water, Grouting Systems Waters
Used for make up of cementitious grout during installation or drilling operations. May be either raw
seawater or desalinated seawater.
WH Water, Fresh/Glycol (TEG) Heating Medium Waters
Heating medium providing required heat load to process and utility equipment.
Fresh or desalinated water mixed with TEG. May also contain corrosion inhibitor. Regularly checked
for pH due to breakdown of the TEG.
WI Water, Injection Water Injection
Injected water used for enhanced reservoir recovery. May betreated produced water, treated seawater,
or combination.
Wl Water, Jet Waters
Jet water supply for removing of sand from separators, cleaning of tanks etc. May be supplied from produced
water, fresh water, disinfected, or treated seawater. May also require addition of anti-scale chemicals.
WP Water, Fresh, Raw Waters
Desalinated, oxygen rich, untreated water.
wQ Water, Fresh, Hot (closed circuit) Waters
Fresh or desalinated, oxygen rich, untreated hot water for living quarter and equivalent.
WS Water, Sea Waters
Oxygen rich, seawater for distribution to the various platform users. May be treated with chlorination
to prevent biological growth within the system.
* Steam (SP & SU) are expected to have a normal operating temperature > 150°C.
Table A-6 Water categories - definition and description
Material Type Description
Raw Seawater Seawater: Untreated, normal oxygen, bacteria, marine flora etc.
Seawater + Biocide/ Seawater: Treated with UV/filtered or bactericide, chlorinated.
Chlorination
Seawater Low Oxygen Seawater: Deoxygenated (max. 50 ppb O,). No other treatment.
Seawzter Low Oxygen + Seawater: Deoxygenated (max. 50 ppb O,), treated with UV/filtered or bactericide. No chlorination.
Biocide
Seawater Low Oxygen + Seawater: Deoxygenated (max. 50 ppb O,) and chlorinated.
Chlorination
Seawater Low Oxygen + Seawater: Deoxygenated (max. 50 ppb O,), treated with UV/filtered or bactericide, chlorinated.

Biocide + Chlorination

Fresh Water Desalinated Water: Typically prepared by condensation of seawater. Basis for plant water for steam genera-
tion etc., low salt content, normal oxygen.
Closed Loop Closed loop systems: Desalinated systems that have intrinsically “low” oxygen content.

Exposed Drains

untreated (raw) seawater.

Seawater: Open systems that collect water from drains, sluices, deluge, etc., and are assumed to contain

Sanitary Drains

Fresh water: Drains from sanitary systems. Fresh water with high bacteria and organic matter content.
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A.7.2 Internal Degradation Mechanism - Sand Erosion

Degradation due to sand erosion gives general wall thinning
where the product flow impinges on the pipe or vessel wall,
such as at changes in flow direction, or areas where obstruc-
tions cause eddying, such as at valves or orifice plates. The rate
of wall loss by erosion increases with the quantity of sand in
the product and the product flow rate. Detection and estimation
of sand rate can be by acoustic monitoring, the examination of
coupons, or the frequency of separator jetting. Inspection for
the presence of erosion can be by internal visual, external ultra-
sonic or radiographic examination of the internal surface
where allowed by access and geometry.

A.7.3Internal Degradation Mechanism - Water Systems

Water systems use “water” of varying corrosiveness, ranging
from untreated seawater to potable water. The product codes
for the water containing systems are not sufficient to define the
water type with respect to corrosiveness, and do not account
for changes that can occur during processing; for example, in
a system “raw seawater” after treatment can become “fresh
water”.

A number of water categories that are commonly encountered
in offshore installations have been defined, as given in Table
A-6. It is necessary to determine the best match between a
water category and the Product Service Code used in each
water system, or part of a system. This can be established dur-
ing screening discussions and/or with reference to process
drawings.

Appropriate corrosion mechanisms have been assigned for
each of the water categories. These include:

— Uniform corrosion is assumed in carbon steels and the PoF
is derived from wall thinning rate.

— Local corrosion such as pitting and crevice corrosion that
is expected in stainless steels in oxygenated waters. These
degradation mechanisms return a PoF based on suscepti-
bility and constant over time for given operational param-
eters.

— Microbial corrosion (also called microbiologically-influ-
enced corrosion or MIC) in waters takes place where
organic life can be sustained and no effective biocides are
used.

Note that:

— Produced water is included with hydrocarbon systems.
— Water Injection systems use various types of treatment,
and must be considered on a case to case basis.

A.7.4 Internal Degradation M echanism -
Micraobiologically-Influenced Corrosion (MIC)

Bacterial growth in the presence of water and nutrients gives
rise to MIC, causing pits on internal surfaces. It is associated
with the water phase, and so is likely to be located where water
can drop into dead legs or other areas of stagnant flow. Thus,
in piping, the MIC generally takes place in side-lines, such as
small bore appurtenances for instrumentation, and not the main
pipe itself where flow rate is generally high enough to preclude
MIC. Under the conditions of low flow rates and internal dep-
osition, MIC has also been seen in main pipes. Since the cause
of MIC is biological, the absence of water, absence of nutrients
or presence of extreme temperatures will prevent or slow its
development.

MIC pits may be widely spaced within a system so detection
of damage is difficult, unless high coverage inspection is used.
Inspection of these pits will require extensive ultrasonic (less
unreliable), radiographic (reliable) or internal visual inspection
(reliable). It is therefore generally advisable to start by moni-
toring for the presence of microbes (bacteria sampling). This
can be by visual investigation of filters and stagnant bottom
sludges. More detailed analysis should also address the loca-

tion of biocide injection points and effectiveness of the bio-
cide. The detection of MIC in one part of a system suggests
strongly that it will be present in the remainder of the similar
systems on the installation.

A.7.5 Internal Degradation M echanism - Hydrocarbon
Systems

The multiphase hydrocarbon-water-gas systems, like produced
water and closed drains, must be evaluated with respect to the
presence of the hydrocarbons along with corrosion and crack-
ing respectively due to the dissolution of CO, and H,S, in
water. In some circumstances microbial corrosion can also
occur. Additionally, any sand that is entrained in the system
can cause sand erosion where the flow impinges on the pipe or
equipment surface.

The presence and composition of water varies through the
processing train hence, the Product Service Codes have limited
value in guiding expected degradation. It is thus necessary to
study the process flow to identify, split and group equipment
with similar environmental and operational conditions. The
following points should also be considered:

— Chemical treatment (inhibition) is commonly used to limit
CO, corrosion in carbon steel and injection points and
inhibitor performance must be evaluated.

— Hydrocarbon production processes are expected to change
over time and these must be considered when planning
inspection, e.g. lower pressure, water breakthrough.

— Hydrocarbon systems usually employ various types of
corrosion monitoring and have traditionally received high
inspection focus. Service data (condition, integrity and
process data) may be available for installations that have
been in service, and these data should be evaluated and
used together with the models given here.

Expected damage can be calculated for various degradation
mechanisms using the following factors for guidance:

— Assess the presence of water and its composition and pH.

— Assess the equivalent partial pressure of CO, and H,S
gases in a water phase.

— Assess possible presence and effects of MIC.

— Determine PoF due to HPIC/SOHIC due to presence of
H,S.

— Determine PoF due to SSC.

— Determine PoF due to CO,-corrosion.

— Assess effects of chemical treatments, internal organic
coatings and cathodic protection.

— Determine PoF due to sand erosion.

A.7.6 Internal Degradation Mechanism - Chemicals

Chemicals can be split into three groups:

— Proprietary chemicals - These include, but are not limited
to, corrosion inhibitors, flocculants, bactericides.

— Dirilling chemicals - These have limited interest on a pro-
duction installation.

— Identifiable chemicals - These are common chemicals, but
corrosiveness is dependent on concentration and temperature.

The first two groups may have chemicals given by trade names
only. In many cases they may be non-corrosive and innocuous
in service conditions; however, in other cases, particularly at
high concentrations, they can be highly corrosive and/or toxic.

The third group includes chemicals, for which general corro-
sion data is more readily available, although the possible vari-
ation in type and concentration implies that corrosiveness must
be evaluated on a case by case basis. These are typically sys-
tems that should be discussed during screening; the conse-
quence is expected to be low in most cases and many
components can be expected to be screened out with very little
further effort required.
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It is common that chemical systems can be assessed as either
“Insignificant” or “Unknown” systems as discussed earlier.

A.7.7 Internal Degradation Mechanism - Vent Systems

The vent system collects vapour phase from various parts of
the process. Each part of the vent system must be evaluated
with respect to what is being vented. Generally, the vent lines
will be subject to the same degradation mechanisms as vapour
phase in the equipment being vented.

Vent system equipment, such as knock-out drums may collect
vapours from several areas and should be considered with
respect to the composition of any liquid phases that they may
collect.

A.7.8 Internal Degradation Mechanism - Water Injection
Systems

Water injection systems usually use large volumes of treated
water. This may be based on seawater, produced water, or a
combination of these. Treatment typically includes de-oxygen-
ation or de-aeration, chlorination or similar biocide, pH buff-
ering, anti-scaling. Significant amounts of CO, may be
dissolved in the water. High injection rates imply that flow-
related damage can arise. A variety of materials are deployed
in water injection systems, and correct treatment (relative to
the materials) is essential. It is recommended that water injec-
tion systems be addressed on a case for case basis; however, in
many cases the water injection system can be evaluated as
equivalent to a water system and/or produced water.

A.7.9 Sepsin Modelling Internal Degradation M echanism

The user is advised to ensure that the conditions on the asset in
question match those listed in the section before using the
models; deviations should be referred to a specialist for advice.

The calculation of probability of failure due to internal degra-
dation follows the process below:

1) Define the material type, as given in Table A-1.

2) Define the appropriate Product Service Code and identify
the potentially corrosive contents. Refer to Table A-5.

3) Determine the service conditions applicable to the part in
question, comprising temperatures, pressures, amounts of
corrosive species.

4) Go to the relevant sections (Sections A.8-A.12) and calcu-
late the degradation rate or probability of failure as appli-
cable.

A.8 Carbon Steel
A.8.1 External Corrosion of Carbon Steel Piping

Carbon steels suffer marked external corrosion, but to mitigate
the problem they are usually protected by a coating.

A.8.1.1 External Corrosion of Uninsulated Carbon Seel Pip-
ing

External corrosion of uninsulated carbon steel piping is due to
exposure to marine atmosphere. Corrosion rate increases with
temperature and with coating breakdown. The external corro-
sion rate of uninsulated and uncoated carbon steel piping is a
function of temperature and is modelled as a normal distribu-

tion characterised by the mean and standard deviation (Table
A-T).

The external corrosion of uninsulated carbon steel piping is
assumed to result in “uniform wall thinning” occurring in areas
or “patches”. This can lead to bursts at the thinnest part of the
patch when the local stress exceeds the material’s strength.
The leak holes generated are normally small and usually occur
in connection with a patch. The hole size distribution in the
piping containing leak holes is given in Table A-8.

Inspection for atmospheric corrosion can be by external visual
inspection, concentrating on areas where weathering is most
likely or where water can collect, such as under clamps.

Table A-7 External corrosion rates of uninsulated carbon steel pi

ping

Temperature (T) Range Mean (mmvyear) Sandard Deviation (mmvyear) Notes
T<-5°C Not Applicable Not Applicable PoF = 1075
—5°C <T<20°C 0.1 0.05 -
20°C < T<100°C 0.3547 x In(T)-0.9334 0.3929 x In(T) -1.0093 -
100°C<T - - Surface drying occurs and will
affect the corrosion rate.
Refer to a specialist.

Table A-8 Holesizedistribution dueto external corrosion of
uninsulated carbon steel piping

Equivalent Hole Diameter % Distribution
Small Hole 90
Medium Hole 9
Large Hole 1
Rupture 0

Table A-9 External corrosion rates of insulated carbon steel piping

Temperature (T) Range Mean (mmyear) Sandard Deviation (mm/year) Notes
T<-5°C - - PoF =105
—5°C <T<20°C As 20°C 0.286 May overestimate rate, but fail-
ures found at low temperatures.
20°C < T<100°C 0.0067 x T+ 0.3000 0.286

100°C <T

Refer to a specialist.
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Table A-10 Holesizedistribution dueto external corrosion of
insulated carbon steel piping

Equivalent Hole Diameter % Distribution
Small Hole 80
Medium Hole 20
Large Hole 0
Rupture 0

A.8.1.2 External Corrosion of Insulated Carbon Seel Piping

The external corrosion of insulated carbon steel piping occurs
when the insulation traps moisture in its porous structure and
attacks the external wall of the piping. This results in the
external uniform or local corrosion defects. The rate of corro-
sion increases with the increase in the exposure to water and
increase in temperature. Above 100°C the wet insulation will
dry out, but in the process will concentrate salts. This will
result in accelerated corrosion rates during the period when the
temperature is rising. Subsequent cooling will also result in
rapid corrosion due to re-hydration of the deposited salts.

The external corrosion of insulated carbon steel piping is mod-
elled as a normal distribution with mean and standard devia-
tions, as in Table A-9, on the assumption that salt water (from
deluge) is wetting the insulation. If the insulation is shown not
to be wet, the model does not apply. The rates can be reduced
by increasing the coating efficiency.

CUI is expected to occur in patches where conducive condi-
tions occur. The damage is not expected to interfere signifi-
cantly with wall stresses and leak, rather than burst, is
expected. Hole sizes are expected as given in Table A-10.

and standard deviation. Table A-12 gives the description of the
corrosion rates by water type for given temperature and flow
conditions.

The corrosion due to water results in uniform wall thinning, but
this may become localised if internal scales form and break down
in patches. The hole size distribution is given in Table A-13.
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Figure A-3
Carbon stedl corrosionrates variation with flow rate of seawater

Table A-12 Corrosion ratesin carbon steel piping by different
categories of water

} : FPEETR— e Sandard
TabIeA 11 Holesize dlstrlb_utlon in carbon steel piping Material Type Mean Deviation
internally degraded by erosion (mm/year) (mmyear)
Equivalent Hole Diameter % Distribution Raw Seawater Flow dependent: Rates 0.1
Small Hole 0 from Figure A-3.
Medium Hole 0 Seawater + Biocide/Chlo- | Flow dependent: Rates 0.1
Large Hole 0 rination from Figure A-3.
Rupture 100 Seawater Low Oxygen 0.01 0.01
] Seawater Low Oxygen + 0.01 0.01
A.8.2Internal Corrosion of Carbon Steel Biocide
A.8.2.1 Internal Corrosion of Carbon Seel Piping - Erosion gﬁgggég‘v Oxygen + 0.01 0.01
The rate of erosion can be described by normal distribution. | Seawater Low Oxygen + 0.01 0.01
The mean of the distribution can be calculated according to the | Biocide + Chlorination
model given in the DNV-RP-O501 [DNV 2005b] and the coef- [ Fresh Water (Cl less than 025 0.1
ficient of variance is taken as 0.20. 200 ppm)
The damage morphology is “uniform” type and the hole size | Closed Loop 0.01 0.01
distribution is given in Table A-11. Exposed Drains Flow dependent: Rates 0.1
] o from Figure A-3.
A.8.2.2 Internal Corrosion of Carbon Seel Piping - Water Sanitary Drains Treat as MIC. Rates 01
The internal corrosion of carbon steel piping due to water cov- from Figure A-4.

ers corrosion due to different categories of water, as defined in
the Table A-6. Corrosion rates increase with the increase in
flow rate, oxygen concentration and temperature. The rates are
also applicable to carbon steel where an organic coating is
damaged. The use of TEG at concentrations of 30% in closed
systems is effective in reducing corrosion to very low rates.
Inspection can be by external radiography or ultrasonics to
measure wall loss.

The rate of internal corrosion of carbon steel piping due to
water can be described by normal distribution defined by mean

Table A-13 Holesizedistribution in carbon steel piping
internally degraded by aqueous corrosion

Equivalent Hole Diameter % Distribution
Small Hole 0
Medium Hole 0
Large Hole 100
Rupture 0
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Table A-14 Notesregardinginternal corrosion of carbon steel
piping in water systems

Consideration Notes

Galvanised
Steel/Zinc

Internal galvanisation is rarely effective in long-term
corrosion control, and so no credit should be given to
galvanised steel: it is treated as carbon steel. Beware
clogging of nozzles due to zinc corrosion products.

Cement
Linings

No credit should be given for these linings: it is
treated as carbon steel. Inspection should include
procedures for examining the condition of the lining.

Organic
Linings

Organic linings should be identified; their perform-
ance must be estimated on a case for case basis. A
degradation profile may be defined and applied to
the corrosion rates given in this document. A proce-
dure for defining a degradation profile is given in
external corrosion models.

Cathodic
Protection

The theoretical performance of sacrificial anode sys-
tems can be checked by reference to procedures such
as NORSOK and DNV-RP-B401, whilst monitor-
ing/inspection of the anode consumption should give
a good indication of their effectiveness in practice.
Note that, to be effective, anodes should be placed
so they lie in the water phase.

Galvanic
Corrosion

Galvanic corrosion may occur with certain material
combinations, typically between carbon steel and stain-
less steel. The extent of damage is dependent on the rel-
ative areas of the materials, and the resistivity of the
media. In some cases this is advantageous, for example
where pumps and valves with lower grade stainless
steel housings are used in carbon steel pipework, the
stainless steel will be “protected” by the carbon steel. In
other cases, for example where there is a large cathodic
area, high corrosion rates can be expected.

Correct assignment of anode and cathode for many
common material combinations is strongly affected by
local conditions, thus any abrupt changes in materials
should be identified and referred to a specialist for eval-
uation.

Welds Corrosion of welds in carbon steel water bearing
systems is variable. All or part of the weldment may
be attacked. Initial inspection should target welds
and parent materials. Inspection findings, if any, can
be reviewed to determine where future inspections
can be focused. These comments also suggest that
data from on line monitoring, e.g. corrosion probes,
iron counts, should be used with caution, preferably
as a supplement to some inspection.
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Figure A-4
PoF against temperaturefor microbial corrosion (MIC)

Table A-15 Hole sizedistribution in carbon steel piping
internally degraded by MIC

Equivalent Hole Diameter % Distribution
Small Hole 90
Medium Hole 10
Large Hole 0
Rupture 0

A.8.2.3 Internal Corrosion of Carbon Sedl Piping -
Microbiologically Induced Corrosion (MIC)

The microbial corrosion is generally not expected in other
materials than carbon steels in anaerobic hydrocarbon systems.
However, this should be evaluated for each system and the
conclusions and assumptions should be documented.

Figure A-4 shows a suggested plot for PoF as function of tem-
perature for the internal MIC corrosion of carbon steel pipe.
For a pipe under consideration, read the PoF value from the
figure and divide by wall thickness of the pipe (in mm).

The damage morphology due to microbial corrosion is “leak”
and the hole size distribution is given in Table A-15.

Table A-16 Holesizedistribution in carbon steel piping
internally degraded by CO, corrosion

% Distribution
Equivalent Hole Diameter Uniform Local

Corrosion Corrosion

Small Hole 0 50
Medium Hole 0 50
Large Hole 0 0
Rupture 100 0

A.8.2.4 Internal Corrosion of Carbon Steel Piping - CO, cor-
rosion

CO, corrosion of carbon steel piping takes place in the pres-
ence of the gas-water-hydrocarbon multiphase system. It is
associated with the water phase, and is therefore likely to be
located where water is consistently in contact with the metal
surface. Such areas are around the 6 o’clock position in piping;
however, CO, corrosion may also be seen around the 12
o’clock position where uninhibited water vapour condenses on
the metal surface. The corrosion is also likely in dead legs and
other water traps, including irregularities at welds. Complete
dehydration prevents CO, corrosion.

CO, corrosion rate increases with the increase in CO, content
(expressed as mole% or volume% in the gas phase) and total
pressure. It decreases with the increase in pH and effectiveness
of corrosion inhibitor. For example, methanol injection can
have an inhibition effect. It can either increase or decrease with
temperature, depending on the temperature and the presence or
absence of protective scales. Corrosion inhibitor failure can
often be tolerated for short periods, but extended lack of inhi-
bition may give rise to extensive degradation.

Coupons can be used to detect corrosion and monitor inhibitor
effectiveness. While carrying out the study, consideration must
be given to their location with reference to water content. Rate
measurement and inspection can be done by (1) internal visual
or external ultrasonic examination over areas for the uniform
thinning and (2) internal visual, extensive external ultrasonic
or radiographic examination of the internal surface for local
wall loss. In all cases, it is essential that hot spots be identified.

Due to the CO, corrosion, both “local” and “uniform” damage
(“uniform” refers to larger areas of damage, typically 6 o’clock
corrosion) can take place. For calculating the rate of corrosion,
NORSOK M506 model [Standards Norway 2005] or de Waard
and Milliams [de Waard and Milliams 1975; de Waard et al.,
1991; de Waard and Lotz, 1993] or similar can be used.

Local

For assessing the rate of “local” corrosion, use the calculated
mean value from CO, corrosion rate predictive model as the
mean rate with coefficient of variance 0.45 in a Weibull distri-
bution.

Uniform

For assessing the rate of “uniform” corrosion, use the (0.4 x
calculated mean value from CO, corrosion rate predictive
model) as the mean rate with coefficient of variance 0.8 in a
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Weibull distribution.
Chemical Treatment (inhibitor)

The inhibitor effectiveness should preferably be modelled as a
probabilistic distribution, e.g. as a Weibull distribution with
nominal efficiency as the mean and coefficient of variance
based on an evaluation of the performance in service. As a sim-
plification, the nominal inhibitor factor can be used to reduce
the mean corrosion rate used in the Weibull distributions given
above.

The hole size distribution due to the degradation by CO, cor-
rosion is given in Table A-16.

Table A-17 Hole sizedistribution in carbon steel piping
internally degraded by H,S

% Distribution
Equivalent Hole Diameter Sable Unstable
(“ Leak”) (“Burst™)
Small Hole 0 0
Medium Hole 100 0
Large Hole 0 0
Rupture 0 100

A.8.2.5 Internal Corrosion of Carbon Steel Piping - H,S
cracking

All forms of cracking due to H,S should be prevented by cor-
rect materials’ selection [EFC 2002a; EFC 2002b; NACE
International 2005; NACE International / ISO / ANSI 2001]. If
materials and welding are within limits set by these docu-
ments, probability of failure = 10-3, otherwise probability of
failure = 1.0 and detailed manual assessment will be required.

No further PoF calculations are required. Damage morphology
is “cracking”. The hole size distribution is given in Table A-17.

A.9 Sainless Sedl
A.9.1 External Corrosion of Sainless Steel

Stainless steels have generally good resistance to exposure in
marine atmosphere and suffer only incipient corrosion,
although local accumulation of salts can lead to severe corro-
sion, and such areas must be focused during inspection.

Where the stainless steel is insulated, the effect of salt water
trapped against the metal can result in pitting at moderate tem-
peratures. At higher temperatures, stress corrosion cracking
occurs in some stainless types under conducive conditions: i.e.
at areas of high stress, such as welds and heavy cold work.
Both local corrosion and cracking must be considered.

A.9.1.1 External Corrosion of Sainless Sedl - Uninsulated

Stainless steels generally have good resistance to atmospheric
corrosion, but the presence of deposits or crevices can lead to
local attack. Inspection should concentrate on identifying loca-
tions where such local attack might occur.

Table A-18 Holesizedistribution in externally corroded
uninsulated stainless steel piping

Equivalent Hole Diameter % Distribution
Small Hole 100
Medium Hole 0
Large Hole 0
Rupture 0

The coating effectiveness given in Figure A-2 can be used to
reduce the estimated probability of failure by multiplying the
uncoated probability of failure with a factor equal to (100 —
Effectiveness)/100.

The hole size distribution should be taken as given in Table A-18.

A.9.1.2 External Local Corrosion of Sainless Sesl -
Insulated

This mechanism presents itself on stainless steels as apparently
randomly distributed pits, albeit typically more predominant at
welds, and is associated with saline water retained by insula-
tion, deposits, etc. The probability of failure increases mark-
edly with temperature, depending also on the type of stainless
steel. Control of temperature is thus important. Attention
should also be paid to excluding water, by effective water-
proofing of the insulation. A coating on the steel will reduce
probability of attack, but the deterioration of coating over time
must be considered. After removal of the insulation, detection
can be made by visual or dye penetrant examination of the sur-
face. Once pitting has initiated it can progress rapidly to fail-
ure. Note that this type of damage is expected to arise under
similar circumstances as External Stress Corrosion Cracking.

The onset of local corrosion is controlled by temperature,
given that the conducive conditions are present. The probabil-
ity of failure per unit wall thickness for the different materials
is given as a function of temperature in Figure A-5. The hole
size distribution is given in Table A-19.

1) Select curve for material in Figure A-5. Read off failure
probability for given temperature.

2) Divide result by wall thickness in mm, to give PoF.

3) The coating effectiveness given in Figure A-2 can be used
to reduce the estimated probability of failure by multiply-
ing the uncoated probability of failure with a factor equal
to (100 — Effectiveness)/100, with a minimum of 10-3.

Stress corrosion cracking can also occur in stainless steels at
elevated temperatures. Inspection of the insulation condition
itself is a very important means of controlling damage under
insulation.
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Figure A-5
PoF for local corrosion of stainless steel under insulation

Table A-19 Holesizedistribution in externally and locally
corroded insulated stainless steel piping

Uncoated stainless steels can be expected to have a probability
of failure of 104 per mm wall thickness. Note that the exces-
sive presence of deposits, and water traps under clamps, labels
etc. should be given special attention and may justify manual
evaluation of the PoF.

Equivalent Hole Diameter % Distribution
Small Hole 100
Medium Hole 0
Large Hole 0
Rupture 0
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PoF for ESCC of stainless steel under insulation

Table A-20 Holesizedistribution in externally and ESCC
corroded insulated stainless steel piping

% Distribution
Equivalent Hole Diameter Sable Unstable
(“ Leak™) (“Burst”)
Small Hole 0 0
Medium Hole 100 0
Large Hole 0 0
Rupture 0 100

A.9.1.3 External Sress Corrosion Cracking (ESCC) of Sain-
less Seel - Insulated

This appears as cracking in areas with high tensile stresses,
typically at welds, and is associated with salt water retained by
insulation. The probability of failure due to ESCC increases
markedly with temperature, but is dependent on the type of
stainless steel; thus, control of temperature is important. Atten-
tion should also be paid to excluding water, by effective water-
proofing of the insulation. A coating on the steel will reduce
probability of attack, but the deterioration of coating over time
must be considered. After removal of the insulation, detection
can be made by visual or dye penetrant external examination.
Note that once ESCC has been initiated, it is expected to
progress rapidly to failure, and inspection is therefore not suit-
able for monitoring defect development.

The onset of ESCC is controlled by temperature, given that the
conducive conditions are present. The probability of failure for
different materials is given as a function of temperature in Fig-
ure A-6, with the hole size distribution given in Table A-20.
Note that material type 6Mo is not included in the figure: there
are suggestions that ESCC may be possible at elevated temper-
atures. If possible, a specialist should be consulted if this is
cause for concern.

The coating effectiveness given in Figure A-2 can be used to
reduce the estimated probability of failure by multiplying the
uncoated probability of failure with a factor equal to (100 —
Effectiveness)/100.

Before concluding on hole size, an assessment of leak-before-
break should be made, as duplex stainless steels may suffer a
toughness transition when subjected to low temperatures —
such as may be found during blow-down. This may lead to a
rupture of the part. Otherwise, the high toughness generally
found in stainless steels will prevent unstable fracture.

A.9.2 Internal Corrosion of Stainless Steel
A.9.2.1 Internal Corrosion of Sainless Seel - Water

This presents itself as pitting on stainless steel primarily at
welds and in crevices, such as at screwed connections. Control
can be by monitoring temperatures and water chemistry, as
increased temperature, increased salt content and increased
oxygen content will increase the likelihood of pitting. Inspec-
tion can be by visual, radiography or dye penetration of acces-
sible surfaces. Once damage has been initiated, it will progress
rapidly to failure and is therefore not suitable for inspection.

Degradation of stainless steels in water results in local attack,
typically pitting or crevice corrosion, the onset of which is
assumed to be controlled by temperature, given that the water
conditions are as specified in Table A-6. The probability of fail-
ure per unit wall thickness for the different materials and water
types is given as a function of temperature in Figure A-7. The
hole size distribution is given in Table A-21.

The assessment procedure is as below:

1) Select appropriate water category in Table A-6.

2) Select curve for material in Figure A-7. Read off failure
probability for given temperature.

3) Divide result by wall thickness in mm, to give PoF.
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PoF by water category for stainless steels

Table A-21 Holesizedistribution in stainless steel piping
internally degraded by aqueous corrosion

Equivalent Hole Diameter % Distribution
Small Hole 100
Medium Hole 0
Large Hole 0
Rupture 0

A.10 Copper-nickel Alloys
A.10.1 External Corrosion of Copper-Nickel Alloys

A.10.1.1 External Corrosion of Copper-Nickel Alloys -
Uninsulated

Most of the copper-nickel alloys are resistant to corrosion in
marine environment, hence, no external degradation is expected.

So a fixed probability of failure of 10-> should be assigned.

A.10.2 External Corrosion of Copper-Nickel Alloys-
Insulated

Most of the copper-nickel alloys are resistant to corrosion
under insulation, hence, no external degradation is expected.

So a fixed probability of failure of 10-3 should be assigned.
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A.10.3 Internal Corrosion of Copper-Nickel Alloys

A.10.3.1 Internal Corrosion of Copper-Nickel Alloys - Water

Many copper-based alloys have good or reasonable corrosion
resistance to quiet seawater, but high rates of corrosion (ero-
sion-corrosion) can occur in flowing seawater. This is proba-
bly due to a loss of protective scale as a result of shear stress at
the liquid-scale interface, and increased oxygen concentration
at the surface. The corrosion rate increases with an increase in
temperature and increase in the amount of particulate matter in
the water.

While little corrosion is expected in desalinated and potable
water categories, at times stagnant conditions supporting sul-
phate-reducing bacteria, can lead to high local corrosion rates.

This corrosion-erosion is not limited to bends and may occur
in straight sections also. The damage can be detected by wall
thickness measurements made by ultrasonic testing (UT) of the
area,

Determine the probability of failure as follows:

1
2)

3)

If flow rate is above 2 m/s then set PoF =1.0 and refer to a
specialist.

Identify water category from the systems and water cate-
gories in Table A-6.

If materials are not included in Table A-1, then set PoF
=1.0 and refer to a specialist.
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4) Select mean rate and standard distributions, as directed in
Table A-22.

5) PoF is calculated using the “uniform” damage morphology.

6) Select hole sizes as given in Table A-23.

Table A-22 Corrosion ratesin copper-based alloy piping by
different categories of water

environment, so a fixed probability of failure of 10-3 should be
assigned.

A.11.2 External Corrosion of Titanium - Insulated

No corrosion under insulation of titanium is expected, so a
fixed probability of failure of 10> should be assigned.

A.11.3 Internal Corrosion of Titanium

Table A-23 Holesizedistribution in copper-based alloy piping
internally degraded by aqueous corrosion

Equivalent Hole Diameter % Distribution
Small Hole 0
Medium Hole 0
Large Hole 100
Rupture 0
A.11 Titanium

A.11.1 External Corrosion of Titanium

A.11.1.1 External Corrosion of Titanium - Uninsulated

No external degradation of titanium is expected in marine

Standard . .
Material Type Condition |, Mean | 5 iotion | A.11.3.1 Internal Corrosion of Titanium - Water
(mm/year) (mm/year) . e . .
No degradation of titanium is expected in the water categories
Flow rate | 0.08 0.01 described, so a fixed probability of failure of 10~ should be
Raw Seawater <1ms assigned. To facilitate calculation of consequence the hole size
Flow ra/lte 0.2 0.1 distribution should be considered as given in Table A-24.
> 1 m/s
Flow rate 0.08 0.01 Table A-24 Hole sizedistribution in titanium piping internally
Seawater + Biocide / <1m/s degraded by aqueous corrosion
Chlorination FLOIV Ta/lte 0.2 0.1 Equivalent Hole Diameter % Distribution
S — s 0 0 Small Hole 100
Seawater Low Oxygen — 0.02 0.02 Medium Hole 0
Bei:gzgt:r ow xygen ' ’ Large Hole 0
Seawater Low Oxygen + 0.02 0.02 Rupture 0
Chlorination . .
Seawater Low Oxygen + 0.02 0.02 A.12 FibreRanforced Polymer
Biocide + Chlorination Design, fabrication, installation and testing should be carried
Fresh water 0.015 0.05 out in accordance with FRP piping specifications; supports for
pipe and heavy fittings, jointing design and construction
Closed loop 0.015 0.05 should be checked. FRP piping is susceptible to mechanical
Flow rate 0.08 0.01 damage due to being stood on, used as a support for ladders,
; <1m/s and damage due to welding spatter falling from welding and
Exposed Drains . . " . -
Flow rate 0.2 0.1 cutting operations. In addition, FRP is susceptible to degrada-
>1m/s tion of the polymer matrix due to exposure to ultraviolet radi-
Sanitary Drains 0.05 0.05 ation from sunlight and welding.

In the absence of sound degradation models, and unless the
analyst has access to experience with FRP, it is recommended
that FRP is allocated a low reliability, i.e. PoF =1.0, and calcu-
lated on this basis. This focuses resultant high risk equipment
for assessment by specialists.

The hole sizes for FRP required to calculate consequences are
given in Table A-25.

Table A-25 Holesizedistribution in FRP piping internally
degraded by aqueous corrosion

Equivalent Hole Diameter % Distribution
Small Hole 0
Medium Hole 0
Large Hole 0
Rupture 100
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A.13 Summary of Some External Degradation Mechanisms

Table A-26 External corrosion descriptions

associated with coating dam-
age and deterioration.
Enhanced in areas where wet-
ting is prolonged, including
condensation. Significantly
greater degree of corrosion
can take place around sup-
porting clamps.

Mechanism Material Morphology I nspection Guidance
Atmospheric Carbon steel Patches of damage leading to | Minimum surveillance is required to periodically con-
Corrosion smaller size holes. Usually firm initial assumptions, particularly coating condition.

Stainless steels
Nickel-based alloys

Incipient attack, but small size
holes associated with local
attack where geometry allows
damp salts to collect.

Visual surveillance is required to check conditions.
Attention focused on geometry, clips, supports, etc. that
can collect water and promote crevice attack. Coatings,
if used, should be checked.

Titanium

No damage expected.

Minimum surveillance.

Corrosion Under | Carbon steel

Insulation

Damage as patches of attack
where water can collect in
insulation. Coatings may be
used.

Damage controlled by water ingress through insulation.
Deterioration of any coating will affect overall resist-
ance. Visual inspection of weather protection, for leaks
to locate potential areas. RT and UT can be used for siz-
ing and monitoring.

Stainless steels
Nickel-based alloys

As above, welds likely to
have lower resistance that
parent material. Coatings may
be used.

As above. Monitoring of damage by inspection is not
recommended, due to rapid growth period. Corrective
maintenance, for damage and preventative maintenance,
of weather protection systems, is more important.

No damage expected.

Minimum surveillance.

Titanium
External Stress Stainless steels
Cracking Under (not 6Mo type)
Insulation

Surface cracks where water
can collect at elevated tem-
peratures under insulation.
Welds particularly suscepti-
ble.

Damage controlled by water ingress through insulation.
Deterioration of any coating will affect overall resist-
ance. Visual inspection of weather protection, for leaks
to locate potential areas. PT, RT and UT can be used to
find cracks. Monitoring of damage by inspection is not
recommended, due to rapid growth period. Corrective
maintenance for damage and preventative maintenance
of weather protection systems are more important.
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APPENDIX B
FATIGUE ASSESSMENT

B.1 External Mechanical Damage

Mechanical damage caused by vibration, ship/platform move-
ment, flow effects, or other sources, may cause fatigue crack
growth and fracture. For piping systems, the damage is often
located in local hot-spots, such as welded connections,
branches, clamps, or vessel nozzles, where the design or fabri-
cation gives a high stress concentration factor and restraint
may also increase loading locally.

Fatigue in piping systems caused by high frequency vibrations
(such as from reciprocating machinery) is expected to propa-
gate rapidly to failure once a crack is initiated, and is therefore
not readily amenable to monitoring and control by inspection.
In such situations, it is recommended that the local vibration
amplitude and the local stresses are measured, rather than cal-
culating the crack growth.

Where the source of vibration is low frequency, such as from
ship motion, then inspection may be used to measure the devel-
opment of damage.

B.2 Introduction

The failure probability due to fatigue and fracture, caused by
high and low frequency fatigue is assessed for a given compo-
nent, based on its geometry, dimensions, materials of construc-
tion, loading and other operational conditions.

Note:

This document differentiates between high and low frequency
fatigue and not high and low cycle fatigue.

---e-n-d---of---N-o-t-e---

B.2.1 Fatigue

What distinguishes fatigue from other failure mechanisms is
the uncertainty with respect to cumulative damage. In a weld-
defect free, thin-wall thickness piping system, subject to high
frequency stress ranges, virtually all of the fatigue life is spent
in the so-called initiation phase, where any direct measurement
of the progress is impossible. In the subsequent crack growth
phase, the time for the crack to travel through the thickness
may be short. Hence, for this case of fatigue, it is not feasible
to measure the remaining life, as one can do, for example, for
through thickness corrosion, where techniques of measure-
ment exist. Therefore, high frequency fatigue is classified as a
“susceptibility” type degradation mechanism.

However, various techniques are in existence to detect and
measure the size of fatigue cracks that are growing, provided
they are below a certain depth. Due to the difficulty in measur-
ing fatigue crack initiation, one has to resort to indirect measure-
ment, in combination with evaluation of contributing factors.

Indirect measurement of fatigue is obtained by measurement
of stress ranges subjected to the structural part in question.
With the fatigue-life diagram (S-N curve — graphical presenta-
tion of the dependence of fatigue life, N, on fatigue strength, S)
as reference, the effect of stress range on fatigue life is evident.
Stress concentration, caused by geometrical shapes, both
locally and globally, contribute to fatigue as they locally
amplify the stress ranges experienced by the material. It is pos-
sible to distinguish and quantify such geometrical factors with
respect to inspection methodology.

Due to the long time taken for crack initiation in a defect-free sec-
tion, compared to that for crack growth, it is crucial that the pipe
welds are defect-free to ensure adequate system fatigue life. If
welding flaws are present, the benefit of a long initiation phase
may be lost and therefore the fatigue lifetime of the joint very
much reduced. Such flaws may be introduced during the construc-
tion phase, as a result of sub-standard welding and inspection.

B.2.2 High Frequency L oad Ranges

With load ranges acting on components at more than 1 x 107
cycles per year, or approximately 0.3 Hz, cracks may grow
rapidly to critical crack size. The time interval between the
crack reaching a size where its probability of detection by
inspection is high, and the crack reaching a critical size where
leakage or unstable failure occurs, is very short — it can be in
the order of weeks. Fracture mechanics crack growth analyses
are of little use and high frequency fatigue can be considered
as a “susceptibility” model (there is either an intact pressure
boundary, or a failure is imminent), and so is not amenable to
measurement or monitoring the crack size by inspection. The
approach used for other susceptibility models in the Recom-
mended Practice is adopted, whereby measuring of the control-
ling parameters is recommended in place of NDT.

The physically measurable quantities of interest are the vibra-
tion velocities, stresses (strains) in the piping, and flaw sizes in
welds. The strain can further be converted to stress and com-
pared to appropriate S-N curves.

B.2.3 Low Frequency Fatigue

Low frequency cyclic loading, such as that caused by ship/
platform motions, infers a crack growth duration that is suffi-
ciently long to allow monitoring by NDT. An approach using
S-N curves or fracture mechanics analyses can be applied to
determine when to inspect.

B.2.4 Practical RBI Assessment of Fatigue

A guideline for a simplified assessment of potentially fatigue-
prone welds is presented in this section. As the problem of
fatigue cracking is generally concentrated at welded joints,
those are therefore the focus of this work. Other joining meth-
ods, such as adhesive or bolted joints, are not considered here.
The guideline covers how to distinguish fatigue-prone welded
joints of inadequate quality from welded joints of adequate
quality, by simple and fast visual examination methods. The
guideline also covers how remedial work shall be carried out
in order to modify inadequate welded joints to become ade-
quate with respect to fatigue susceptibility.

Measurement and analysis of fluctuating stress ranges are also
included.

This simplified fatigue evaluation guideline is a “go/no-go”
type of assessment, and it has been a clear goal that the assess-
ment of the welded joints shall be quick and not require exten-
sive training or equipment.

For the purpose of the guideline, the categorisation of welds as
“adequate” or “inadequate” has been introduced. It is recom-
mended that risk-based methods be used for ranking and deter-
mining where to concentrate the efforts.

B.3 Quantification of Probability of Failurein Thin-
walled Pipe

It is not feasible to adequately quantify a probability of failure
in a thin-wall piping system subject to high frequency fluctu-
ating stresses. This is due to the long initiation phase, which
determines the actual fatigue life of the structure and is diffi-
cult to measure or predict, compared to the short time to failure
once a crack is present. This can be seen in Figure B-1, where
fracture mechanics’ calculations have been used to demon-
strate potential crack depth as a function of time under several
loading conditions. These curves show that, by the time the
defect is of a size where the probability of detection suggests
that it might actually be detected (of the order of 2 to 4 mm),
the remaining time to failure is in the order of weeks or days.
For this reason, therefore, the degradation mechanism of high
frequency fatigue is given as “susceptibility”.
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Figure B-1
Fatigue crack depth asafunction of timefor several stressranges
and initial defect sizes

Whether fatigue failure occurs is governed by the (measurable)
stress ranges and indeed by the contributing geometrical fac-
tors, which can be evaluated. It should be safe to say that the
latter are the cause of the majority of fatigue failures experi-
enced in hydrocarbon processing plants to date.

The typical conditions that apply when fatigue failure is possi-
ble are moderate stresses, combined with contributing geomet-
rical factors, and flaws or defects.

High stress ranges will cause overload failures rather than
fatigue failures. Overload failures, and low-cycle fatigue fail-
ures, are generally not influenced by geometrical stress ampli-
fiers. Hence, the geometrical contributing factors are the most
important to address in the case of fatigue failures that do not
occur immediately.

B.4 SN Curves

The assessment assumes that an adequate S-N curve is availa-
ble for the material and joint configuration in question. To
date, this is most likely not the case if the pipe system is of a
corrosion resistant alloy. Previous test work by DNV indicates
that such materials render the pipes more fatigue resistant than
equivalent geometries in carbon steel.

However, the use of an over-conservative S-N curve may pro-
duce the initiation of unnecessary remedial work, or additional
support that may transfer the problem or create new problems.
DNV therefore recommends that, where the use of over-con-
servative S-N data is likely to give an excessive number of
remedial actions, the missing S-N data should be obtained by
a method analogous to the DNV work referred to above, at
least as limited verification points to indicate the presence of
the relevant S-N curve.

The acceptance criterion for stress ranges used in the draft
guideline is taken from a recommendation from The Welding
Institute [Gumey 1976] that if all stress ranges are below the
range corresponding to 107 cycles, then fatigue need not be
considered. For a stress range spectrum including ranges above
this value, stress ranges corresponding to less than 2 x 107
cycles are considered not to contribute to fatigue in a Miner-
Palmgren type of cumulative assessment. The guideline does
not consider cumulative assessments of stress spectra where
different stress ranges contribute differently to fatigue crack
initiation. The simplified approach of this guideline is to state
that all stress ranges should be below the limit for contribution
to fatigue crack initiation.

B.5 Assessment for Fatigue

The guideline below introduces and describes the assessment
cycle, which is given as a flow-chart route that shows the
required sequence of prioritised actions.

B.5.1 Application of the Guideline

This guideline is provided as a tool to quickly identify and per-
form remedial work on welds that are potentially fatigue-prone
by surface crack initiation (and growth).

It does not cover measures against failure due to insufficient
material thickness.

Guidance note:

— Potentially fatigue-prone welds are typically welds that join
an oscillating mass to a firm structure, such as valves on
branch pipes fitted to main flow pipes.

— Insufficient material thickness may result in overload failure
or low-cycle fatigue failure. These failure modes are gener-
ally not sensitive to inadequacy as defined herein.

— This guideline is based on distinction between welded joints
that are either:

— adequate
— inadequate.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

In the case of inadequate welds that are subjected to fatigue
loading, remedial action must be taken if failure is unacceptable.

B.5.2 Definitions

The following definitions are used in this guideline:
Definition

A welded joint that has the sufficient
smoothness and manufactured surface qual-

ity to withstand fatigue loading without
crack initiation from the surface.

Term
Adeguate joint

Assessment The complete work process for each critical area.

cycle

Check points Defined areas of the welds in which to con-
centrate the close, visual inspection.

Close visual Visual inspection for surface defects for

inspection selected, individual, welded joints.

Criteria Criteria apply to undercut, bulge and grind-
ing marks, which are factors that increase the
likelihood of fatigue crack initiation from the
surface.

Critical area Area where the consequence of failure is
unacceptable.

Direction of How to orientate the view to get the best

viewing ability to detect criteria.

Evaluation Comparing the occurring fluctuating stresses

with the appropriate S-N curve.

A survey to get the overview of the critical
area to know where to prioritise the close
inspections within that critical area.

A welded joint that does not have the suffi-
cient smoothness and manufactured surface
quality to withstand fatigue loading without
crack initiation from the surface.

General visual
inspection

Inadequate joint

Joint remedial  Modifying the appearance (i.e. geometry and

work surface) of the weld in order to change its con-
dition from inadequate to adequate quality.

Ranking (1) In order to determine where to start the work,
critical areas are ranked with respect to con-
sequence of failure.

Ranking (2) In order to prioritise within a critical area,
joints are ranked based on the severity of the
configuration before close inspections are
carried out.

Remedial action Modification work carried out to change the
status of a welded joint from inadequate to
adequate.

Types of welded Based on configuration, the connections are

connections of either type A, B or C.

Visual Using the human eye to distinguish an inad-

examination equate welded joint from an adequate

welded joint based on criteria.
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The assessment cyclefor acritical area

B.5.3 The Assessment Cycle Make a general ranking of the connections with respect to mass

The assessment cycle is shown graphically in Figure B-2. Con-
sider whether it is most effective to carry out all ranking and
inspection planning activities before beginning inspection.

B.5.3.1 General Inspection

Identify the potentially susceptible areas of the process plant,
and rank them in order of severity with respect to consequence.

Start with the area with the most severe consequence, and per-
form a general visual inspection. As part of the inspection,
check the presence of welded branches on the P&ID and iso-
metric diagrams, and highlight the welds of least favourable
profile on the piping diagram.

size and branch pipe size.

Guidance note:

— For the connection weld joint of a branch pipe with an
attached mass:

— aheavy mass is worse than a light mass
— asmall diameter is worse than a large diameter.

— A small diameter branch pipe connected to a large diameter

main pipe is worse than a large diameter branch pipe to a
small diameter main pipe.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

DET NORSKE VERITAS



Recommended Practice DNV-RP-G101, October 2010
Page 41

B.5.3.2 Close Inspection

In order to determine whether a joint is adequate or inadequate
for fatigue service, close inspections will have to be carried out
for each critical area.

Start with the most severe combination of mass to branch size,
and branch size to main pipe size, and perform the first close
inspection here.

Guidance note:

If the number of joints is limited, it may be more efficient to skip
this ranking and just start the close inspections immediately after
the survey inspection.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---
B.5.3.3 Types of Welded Connections Covered

A. Straight pipe-to-pipe welds.
B. Pipe-to-pipe branch connections.
C. Welded pipe supports.

B.5.3.4 Check Points, All Connections

I.  Weld toe.
II. Base metal close to weld toe.
III.  Shape of weld.
Additional check points for connection C:
IV. Corners.

B.5.3.5 Criteria

I.  No visual undercut permissible.

II.  No grinding marks at weld toe with other orientation
than perpendicular to the weld toe.

II. No bulge on weld material to give angle above 45° at the

weld toe.
IV. Special attention needed.
B.5.3.6 Method

Perform a visual examination of each weld at the check points

shown in Figure B-3 to Figure B-8. Use only visual methods,
and look from different angles to get the best view for the
defect in question. Create a shade or apply a torch as applicable
to reduce or increase the amount of light as required to get a
good view. Use a mirror in case of restricted access to all sides.

Conclusion

— If this visual inspection does not detect any defects as
given in this section, the weld joint is deemed adequate.

— The check points are shown in Figure B-3 to Figure B-8.

— Due to the shape of the corners, inspection viewing must
be carried out from both sides for all four corners.

— All of the weld must be inspected.

B.5.3.7 Direction of Viewing

This screening method is based on fast, visual inspection. In
order to get the right results, the direction of viewing must be
applied. The following viewing directions must be applied:

. Weld toe undercut:
Direction of viewing parallel to weld toe.

II.  Pipe surface condition:
Direction of viewing perpendicular to surface.

III. Weld cap profile:
Direction of viewing parallel to weld toe and weld.

IV. Corners:
Same as I, IT and III, but in two directions:

— Parallel to support.
— Perpendicular to support.
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FigureB-3
Inspection pointsfor branch weld

II: Inadequate due to
grinding marks parallel to
weld toe.

FigureB-5
Ground base metal at weld toe

IIT: Inadequate if o > 45°
Applicable to: A, B and C.

FigureB-7
Weld metal cap profile

B.5.4 M easurement of Stresses

In order to evaluate whether fatigue may occur, the applied

stress ranges must be measured.
Important notice:

I: Inadequate if visually
observable undercut

FigureB-4
Weld toe under cut

II: Adequate due to grinding
marks transverse to weld toe.

%=

Figure B-6
Ground base metal at weld toe

IV: Special attention to corners. View from
both sides.

In this sketch, arrows indicate directions of

viewing.
W///////////////////////////
—————.— > - S __.
Figure B-8

Special attention to cornerson welded supports

Guidance note:

— Any other location of measurement may impair the results.

— The gauge length of the transducer shall be orientated per-
pendicular to the weld toe.

—  Measurement closer than 10 mm, or on or across the weld

— Due to the stress amplification of inadequate geometry,

itself, will not provide results that can be used at all.

any inadequate welds should be modified to an adequate
condition before proceeding to measurement of stresses.
Visual observation of vibration levels may be misleading;
hence an appropriate transducer must be used.

Guidance note:

If surface temperature permits, hand held frictional strain gauges
can be used with good results. Alternatively, clip-on extensometers
may be used as well as permanently applied strain gauges.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

B.5.4.1 Location of measurement
Stresses shall be measured 15 mm away from the weld toe.

— The measurements shall be made on both sides of the weld,
or at the side of the weld that is considered of importance.
Several directions shall be measured as applicable.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

B.5.5 S-N Curve Selection

Measured stress levels must be compared to an acceptance cri-
terion.

The acceptance criterion for permissible stress range is derived
from the appropriate S-N curve, at 107 cycles [Gumey 1976].
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Figure B-9
Determining the highest permissible stress range from the SN
diagram

Evaluation

If an S-N curve is available for the actual material and geome-
try in question, then it should be used.

If such an applicable S-N curve is not available, select a fatigue
curve from DNV-RP-C203 [DNV 2005a], based on principal
geometry and loading picture.

Guidance note:
An alternative relevant publication to DNV Classification Note
30.2 [DNV 1984] may be used instead.

This assumes that the weld has an adequate condition.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---
Important notice;

— Ensure that stress concentration from weld geometry is
covered by the fatigue curve chosen as appropriate.

— Additional stress concentration from global geometry
(configuration) must be taken into account when compar-
ing the measured stress level to the S-N curve.

— If measured stresses are higher than the acceptance crite-
rion, stresses must be reduced, or if possible a more appro-
priate S-N curve for the material and geometry in question
should be used for a re-assessment.

B.5.6 Joint Remedial Work
Any inadequate joint must be upgraded to adequate quality.
Important notice:

— Joint remedial work shall be carried out as described either
herein, or in instructions provided, such as welding proce-
dures, repair procedures etc.

— No flame-cutting or other unsolicited methods are permis-
sible.

— Due to the uncertain nature of re-supporting, joint reme-
dial work shall always be carried out if fluctuating stresses
are present.

Guidance note:

— Introducing additional supports without performing joint
remedial work is ineffective. It may not solve the problem,
and the likelihood of new problems is high.

— If'stresses are above the acceptance criterion, then additional
supporting work or other modifications should be carried
out in addition to joint remedial work.

— If such additional work is performed, the assessment cycle
must be repeated for the affected area.

— Joint remedial work is categorised by the defects the work is
remedy for.

I. Undercut at weld toe.
II. Grinding marks in parallel with the weld toe.
III. Excessive weld cap profile.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

B.5.6.1 Removal of Undercut

Visually observable undercut is removed by grinding or dress-
ing. This process shall leave all marks transverse to the weld
toe.

I: Removal of undercut by grinding
Obtaining smooth transition

Figure B-10
Weld toe under cut removal

Guidance note:

If repair grinding marks are not left perpendicular to the weld toe,
the situation may be worse after the repair.

Undercut must not exceed 10% of the initial wall thickness after
grinding or dressing.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

B.5.6.2 Removal of Grinding Marksin Parallel with the Weld
Toe.

Grinding marks in parallel with the weld toe shall be removed
by grinding or dressing which leaves the marks transverse to
the weld toe.

B.5.6.3 Excessive Weld Cap Profile

Excessive weld cap material shall be removed by grinding,
leaving the finishing grinding marks transverse to the orienta-
tion of the weld.

Guidance note:

If there is insufficient weld material present to perform the
required joint remedial work, then more weld material must be
added in accordance with the appropriate welding procedure.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---
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APPENDIX C
COF ASSESSMENT

C.1 Understanding CoF

C.1.1 Introduction

Consequence of failure (CoF) is defined for all consequences
that are of importance to the operator, such as safety, economy
and environment. For the purposes of RBI, the consequence of
failure is defined as the outcome of a leak given that the leak
occurs.

Table C-1 gives an overview of the factors to consider when
evaluating the consequence of failure. In order to further
appreciate the different aspects which need to be considered
when carrying out a consequence analysis, some important
principles are presented below.

The consequences of a release that leads to a fire or explosion
demand different consideration from a release of a fluid or gas
that does not ignite. It is common practice to address the con-
sequence calculations for ignited and unignited releases sepa-
rately and hence their different outcomes with respect to
safety, economic and environmental consequences.

It is common practice to evaluate such consequences based on
leak rates. Leak rates are closely related to leak hole sizes, and
leak hole sizes are again dependent on degradation mecha-
nisms. Evaluations based on this type of information ensure
that the estimated consequences can more fully reflect the
actual circumstances of the leak. Expected hole size distribu-
tion may vary from a “pinhole”, to a complete breach of the
component, depending on the degradation mechanism.

Table C-1 Factorsto consider in consequence assessment
Ignited leak
Safety Consequence Economic Environmental
Consequence Consequence
Consider loss of life due | Consider the costs of: | Consider the
to: effects of:
— repair of damage
— Dburns to personnel to equipment and |— toxic gas
— direct blast effects structure release
to personnel — replacement of — smoke.
— indirect blast equipment and
effects to person- structural items
nel (missiles, — deferred
falling objects) production
— injuries sustained |— damage to
during escape and reputation.
evacuation.
Unignited leak
Safety Consequence Economic Conse- Environmental
quence Consequence
Consider loss of life due | Consider the costs of: | Consider the
to: effects of:
— deferred
— toxic gas release production — hydrocar-
— asphyxiating gas |— repairs. bon liquids
release spilled into
— impingement of the sea.
high pressure flu-
ids on personnel.

Evaluation of Consequence
of Failure

v v

Development and/or
Implemention of
Customised Methods/
Techniques
(Section C.3)

I |
v

Consequence of Failure
Assessment Methods
(Section C.4)

Identification and Review

of Any Existing Relevent

Analysis (QRA, TRA, RAM)
(Section C.2)

A 4

Transfer of Results to
Chosen Equipment Level of
Detail
(Section C.5)

FigureC-1
Overview of CoF working process

C.1.2 Evaluation of Consequence of Failure

The recommendations are based on working at assessment/
equipment levels of details 1 and 2 (system level and ESD-seg-
ment level) before transferring results to a lower assessment/
equipment level of detail. Figure C-1 illustrates the process of
evaluating the consequences of leaks.

C.1.3 System Review, Description and Modelling

This involves the review, description & modelling of the fol-
lowing (the first two points below are mostly relevant for
safety - personnel and environment - whereas point 3 is rele-
vant for economic consequences):

— Modules. Topsides of offshore installations are usually
built with discrete modules or levels, having specific func-
tions, and active and passive barriers that contain or miti-
gate effects of failures. It is therefore general practice to
address the consequences for each “module”. For each
module, key parameters are:

— the dimensions

— the ventilation rates (natural or forced)

— the type of barriers (walls, floor) applied. In particular
the explosion and fire resistance of the barriers needs
to be reviewed

— the number of ignition sources in the modules
(“equipment count”), in particular the number of
pumps, compressors and generators

— the number of hot work hours in relation to actual plat-
form practices

— configuration with regard to isolatable sections (see
next bullet point).
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— Isolatable Sections. The isolatable section (or inventory
group) is associated with the (maximum) amount of haz-
ardous fluid that can be released in the event of a leak. The
amount of hazardous fluid contained in an isolatable sec-
tion depends on the inventory of process equipment and
piping, and the location of emergency shut-in valves.
These valves (Emergency Shutdown Valves, or ESDVs)
serve to isolate a leak and hence contain the release of haz-
ardous fluid. ESDVs are generally found at the import and
export risers, and at strategic locations, e.g. to isolate the
separator(s), and the gas compression section. For each
isolatable section a representative fluid will need to be
chosen, i.e. the accidentally released fluid that will be
evaluated. A fluid is evaluated as flammable or toxic, but
it must be noted that some fluids (e.g. hydrogen sulphide)
are both flammable and toxic. Also, some fluids are mix-
tures (e.g. methane, ethane, carbon dioxide and hydrogen
sulphide), which require the use of “representative fluids”.
Care must be taken in selecting the appropriate represent-
ative fluid, in particular when a predominantly flammable
mixture (e.g. well gas) has a high concentration of toxic
fluid (e.g. hydrogen sulphide). In case the fluid is a mix-
ture of hydrocarbons, it is recommended to use the hydro-
carbon with highest mol%, or a “weighted” hydrocarbon
based on the average molecular weight of the mixture.

— Deferred production profiles. The amount of deferred pro-
duction will depend strongly on the design of the installa-
tion process system(s) and their interaction. Production
systems with several parallel trains can usually be oper-
ated with one train isolated so that the installation will be
able to produce at a reduced rate until the damaged train is
repaired and re-commissioned. This review involves
reviewing the production process from well to export
facilities, and determining what the effect on production
would be if a leak arose in each section of piping and each
piece of equipment, and developing the deferred produc-
tion profiles on this basis. Utilities’ systems should be
included because in many cases their failure will cause
failure of the process (e.g. water injection, instrument air,
chemical injection) or require shutdown (e.g. unservicea-
ble firewater).

C.1.4 Mass Leak Ratesfor Gas and Oil

The leak rate is a function of the fluid released (oil or gas),
phase, pressure and temperature. Mass leak rates (or release
rates) are given as a function of pressure and hole size in Figure
C-2 and Figure C-3, for gas and oil respectively, based on rep-
resentative fluid and gas densities. From the figures it can be
concluded that the release rates are substantially affected by
the hole size. This is the reason why separate event trees are
developed for different hole sizes.

Once the leak rates have been determined, the next step is to
model the dispersion of fluid. Pressurised gaseous releases will
mix with air; liquid releases can form aerosols (spray release)
or form as pools, which could evaporate. Dispersion is
required in order to form a flammable or toxic vapour cloud
which affects personnel and equipment. Dispersion calcula-
tions generally require the use of detailed computer simulation
models needing input concerning, for example, the volume of
the module, the air change rate, the density of the leaking fluid
and the flash fraction. The volume of the module can be cor-
rected for major “obstacles” present in the module (e.g. sepa-
rate rooms, large equipment). If the module is mechanically
ventilated, the air change rate can be based on the design
capacity of the HVAC system. If the module is naturally ven-
tilated, the air change rate is often a function of the geometry
of the module, wind speed and predominant wind direction.
Flash fraction refers to the fraction of volume released that is
gas phase, and is therefore equal to 1 for gas. The value for oil
will depend on the fraction of gas within the process stream.

For more information, especially regarding safety conse-

quences, see ISO 17776. It presents different tools and tech-
niques for identifying and assessing hazards and risks. It also
refers to a number of useful documents that supply more
detailed information on certain issues. It is also useful to
review any available QRAs, and preferably from different sup-
pliers as QRAs can be carried out in many different ways.
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Figure C-2
Mass leak rate gas (density = 20 kg/m3)
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Mass leak rate oil (density = 850 kg/m3)

C.1.5Hole Size Correction

When the event sizes are defined by initial release rate and not
hole size, then it will be necessary to determine the hole sizes
which relate to the release rates in order to allocate these con-
sequences. This will vary from segment to segment given that
the pressures and fluids may vary.

An approximation of hole size given the release rate and pres-
sure can be given as follows or, less precisely, from Figure C-
2 and/or Figure C-3.

Gas release (approximation for methane):

damy = |90 sg5 K
2C,P R
Where:
Q = Initial release rate in kg/sec.
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Initial temperature of the segment (K)

Discharge coefficient, usually 0.85 for gases
Initial pressure of the segment (N/m?)

Gas constant given by Cp/Cy; = 1.3 for natural gas
Gas constant (8.314 J/K.mol)

Ti
Cp
Pi
k
R

Liquid release:

4Q
aCp+20(P-P,)

d(m) =

Initial release rate in kg/sec.

D Discharge coefficient, usually 0.61 for liquids
= Liquid density (kg/m?3)
= Pressure of the segment (N/m?)

. = Atmospheric pressure, 105 N/m?2

C.1.6 Ignition Probability Correction

The probability of ignition is a function of concentration of gas
in a module, itself a function of leak rate and ventilation rate.
It is, therefore, necessary that the differences in hole size be
resolved before the same probability of ignition can be
assumed. Should there be differences that lead to a correction
of hole sizes, then the probabilities of ignition will also need to
be corrected.

The probability of ignition is a function of the concentration of
gas in relation to the lower explosive limit, and the number and
type of ignition sources. Since using a different hole size will
affect the calculated gas leak rate, then the probability of igni-
tion will vary with mass leak rate, a function of hole area.
Therefore, probability of ignition will vary with the square of
the hole diameter.

Therefore, adjustment of the hole sizes between the QRA and
RBI should have the ignition probabilities adjusted by the
square of the differences in hole size, following:

H 2
pin _ pion diameterce,
RBI — "QRA . 2
diameter
Where:
pign = Probability of ignition
diameter = Leak hole diameter

C.2 Identification and Review of any Existing Rele-
vant Analyses

C.2.1 Background

It is recommended to re-use any existing analyses. Examples
of typical analyses that may contain relevant information that
can be re-used in an RBI context are QRAs (Quantitative Risk
Analysis), TRAs (Total Risk Analysis) and RAM analyses
(Reliability, Availability and Maintainability). Re-use of
QRAs is the most common case.

It is recommended that qualified personnel are involved in the
process of identifying, reviewing and specifying any re-use of
such material. If feasible, the people responsible for the devel-
opment of the chosen material should preferably be involved.

In the case where a QRA or any such analysis is available, the
results can be used in the RBI. However, the following com-
ments must be made:

— If a QRA is available, the results may be used as input to
the RBI CoF analysis. However, often the QRA is focused
on safety consequences, which implies that the environ-
mental and economic impact will still need to be consid-

ered separately.

— It must be noted that QRA analyses are usually based upon

generic failure frequencies. RBI should not be based on
these generic data, since the failure frequency should be
specific to the degradation mechanisms of specific compo-
nents. Therefore, these generic failure frequencies should
be removed and replaced with the specific probability of
failure calculated using this Recommended Practice (see
Appendix A). Furthermore, the QRA may not apply the
same hole size distribution as those used in the Recom-
mended Practice, i.e. only the consequence assessment of
the QRA should be maintained; the failure frequencies and
hole size distribution should be replaced based on specific
degradation mechanisms (see Appendix A).

C.2.2 Guidelines— QRA / Personnel CoF

The following guidelines are proposed for the use of existing
QRAs in RBI analysis, and are applicable for personnel CoF
only:

1) Identify the segment limits used in the QRA. This should
be done in parallel/together with the first activity
described in Section C.1.3.

2) Obtain the event trees for the relevant segments.
3) Determine the risk level arising from inspectable events.

4) Remove the generic failure rate component from the event
tree. The QRA event tree will show a leak frequency as the
initiating event. This is based on historical or other data,
and should be removed. The end event frequencies should
be divided by the leak frequency to get the end event fre-
quencies given a leak. The PoF assessment is then used to
estimate the leak probability for the final risk assessment.

5) Check whether the hole sizes used in the QRA are relevant
to RBI. This implies that the RBI degradation mechanism
assessments need to be available. If the QRA hole sizes are
not readily available, these can be calculated by qualified
risk/process personnel or by using the simplified methods
outlined in Section C.1.5. If the QRA hole sizes are close
to those required by the RBI degradation mechanism
assessments, then the hole sizes need not be adjusted and
the event tree may be used directly (with correction for
leak frequency only). Otherwise,

— ecither use the event tree as is (with correction for leak
frequency only) by conservatively mapping hole sizes,

— or correct also for probabilities of ignition based upon
corrected hole sizes. Corrected probabilities of igni-
tion need to be calculated by qualified risk/process
personnel or by using the simplified method outlined
in Section C.1.6.

6) Tabulate corrected personnel CoF per segment with
respect to the four hole sizes (Table A-4).

7) Identify the part diameters present in the segment.

8) Assign CoF based on the hole size distribution for that
degradation mechanism, taking care that a hole size in
excess of the part diameter is not used.

C.2.3 Guidelines— QRA / Economic CoF

The following steps should be carried out to use existing QRA
results in RBI covering economic consequence assessments:

1) From the safety risk assessment, determine which end
events contribute to fire and explosion for each segment,
materials and degradation combination.

2) Determine what changes need to be made to the probabil-
ity of ignition based on hole size differences between
QRA and DNV-RP-G101.

3) Determine from the QRA the end event probabilities for
these events.
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4) Determine the likely extent of damage to equipment and
structure, using, for example, equipment count/value,
rebuilding time and cost.

5) Multiply the end event probabilities by the cost of that end
event, and sum up for the specific hole sizes for that seg-
ment, taking the values in the same distribution as the hole
size distribution to give the final economic consequence
for that segment & degradation mechanism.

C.3 Development and/or Implementation of Cus-
tomized M ethods/Techniques

C.3.1 Sepsin Consequence of Failure Assessment

Generally, the following steps are required to determine the
consequences:

— System description — define the system parameters of
interest for the CoF assessment. Generally the “system”
will consist of the topsides of an offshore installation, or
part of it.

— Development of an event tree as necessary.

— Calculation of the consequences for all end-event tree out-

— Calculation/estimation of event tree branch probabili-
ties.

— Calculation of the CoF contribution of all end-event
tree outcomes.

— Sum all CoF contributions to calculate the weighed
total expected consequences for safety, economics
and environmental impact.

1)  Some risk analysis may result in hundreds of event tree instances.

C.3.2 Development of an Event Trees

The calculation of the event tree probabilities is a complex
matter. The probability of ignition, given that a leak occurs, is
typically a function of the leak rate, concentration of flamma-
ble species, and the number of ignition sources within each
module.

The method described in this appendix covers calculations of
consequence of failure resulting from an ignited and an unig-
nited leak in terms of safety, economic and environmental con-
sequences.

Figure C-4, Figure C-5 and Table C-2 illustrate and explain an

comes. . . . .
L . . example of a simple event tree. More information and guid-
— For all combinations of isolatable sections, modules, leak . .
sizesD: ance on end events can be found in Sections C.3.3 and C.3.4.
Leak
L
No Yes
explosion?
L
No Yes
\ 4 v v
End End End
Event 1 Event 2 Event 3
FigureC-4
Simple event tree
m
m g I
a 3 CoF of End Events Contribution CoF
2 g2 Probability of
g' g S Occurrence | Safety Economics Environm. Safety  Economics Environm.
(=3
-~ <
Leak End Event 3 P3 B3 E3 P3xS3 P3x B3 P3x E3
(PoF =1.00) Yes Yes
End Event 2 P2 B2 E2 P2xS2 | P2xB2 | P2xE2
No
End Event 1 Pl Bl El PIxSl i PIxBl | PIxEIl
No
Total | PLXSD+H(PTXBI)+ (PIXEI)+
C"Fa (P2 x S2) +i (P2 x B2) +} (P2 x E2) +
© (P3xS3) i (P3xB3) | (P3xE3)
FigureC-5

CoF Calculation for simplified event tree: one event treefor each hole size
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Table C-2 Description of end eventsfor Figure C-4

End Event Description Occurrence
No. Probability
1 There is a leak, but neither igni- _
ere 1s a leak, but neither igni P= (1_ Plgn)

tion nor explosion occurs.

2 There is a leak, and the leaking
gas is ignited. However, there is
no explosion, only a fire.

P,=P X(l_PEsc)

Ign

3 There is a leak and the leaking

gas is ignited. This is followed A= P'gn X Pee
by an explosion, giving a blast
overpressure that exceeds the
design capacity of the blast
wall, causing damage to the
neighbouring module.
Where:
Pign = Probability of Ignition
Pes = Probability of Escalation
Leak
v I v
Unignited Ignited
(Section C.3.3) (Section C.3.4)
¥ ¥ v
Personnel Safety Environmental
(Section C.3.3.1) {Section C.3.3.2) Economic
(Section C.3.4.1) (Section C.3.4.2)
v v
Deferred Production Repairs
(Section €.3.3.3) (Section C.3.3.4)
(Section C.3.4.3) (Section C.3.4.4)
Figure C-6

Calculation of consequence of failure

C.3.3 Consequencefor End-Event Tree Outcome —
Unignited L eaks

Unignited consequences consider the effects of any toxic
release on personnel, the economic costs of deferred produc-
tion and repairs, and the environmental consequence of a lig-
uid spill in the sea.

C.3.3.1 Personnel Safety Consequences

Generally pure toxic substances are not present in large quan-
tities on offshore installations. The modelling is similar to that
for gas and oil, and involves release rate calculation (can be
estimated by using Figure C-2 and/or Figure C-3), dispersion
(and hence the gas concentration), and consequence/impact
assessment.

Note that nitrogen and carbon dioxide can have an asphyxiat-
ing effect since they replace the oxygen available in air. Hence,
in high concentrations (generally in confined areas), these
could cause fatal injury to personnel. The safety consequences
are determined by the remaining concentration of oxygen in
the air: a certain percentage of fatalities can be assumed in a
module if the oxygen concentration reduces to less than a cer-
tain vol%.

Hydrogen sulphide is a highly toxic substance, but generally
does not exist in pure form on an offshore installation. Hydro-
gen sulphide is mostly found as a component of a mixture pre-
dominantly of hydrocarbons. It is the major toxic gas
encountered offshore and it has a greater explosive limit range

than methane. The safety consequences for the non-ignited
event are determined by the concentration of hydrogen sul-
phide and the exposure time. The fatality rate is normally cal-
culated from a fluid specific probit relation, which requires the
concentration of toxic gas in the confined area (in this case the
module) and the exposure time as input. For carrying out sim-
plified RBI assessments, it may be an advantage to work with
a single value criterion, i.e. to relate the fatality fraction to the
concentration only. A person exposed to a hydrogen sulphide
vapour with a concentration between 500-1000 ppm (parts per
million) will suffer from eye irritation, vomiting and possibly
immediate acute poisoning [AIChE 1989]. LC50 values (i.e.
concentration at which 50% of exposed population is killed)
for 30 minutes’ exposure are in the range of 450 to 1600 ppm,
depending on which literature source is quoted.

C.3.3.2 Environmental Consequences

General

In considering environmental consequences, releases can be
classified as oil (including condensate), gas or chemical. These
are further discussed below.

Chemical releases are usually subject to legislative, or com-
pany imposed limits for releases into the environment. The
consequences of exceeding these limits are typically case by
case fines.

The measurement units for environmental consequences can
be volume or mass released, or units of currency.

The use of mass or volume released facilitates calculation, as
the contents, phase and volume of the ESD segment of the
process are used elsewhere in consequence calculations.

Liquid Releases

In the case where environmental consequences are to be meas-
ured in volume of liquids lost to the sea, then it is necessary to
estimate this figure for each relevant system and segment.

It will be necessary to determine the amount of liquid that will
fall into the sea and not be contained within bunding or by
plated decks and drains; this will depend strongly on the design
of the installation as well as the position of the leaking part, the
pressure within the system, the monitoring devices and the
volume that can be lost.

A coarse approximation that can be used: assume that all liquid
contained within a system or segment is released by a leak,
resulting in a pool of the same volume of liquid as was con-
tained within the system or segment. An estimation of the
capacity of the drains to handle such a volume without over-
flowing to the sea can be made if the decking in the area is
plated. Where the deck is made from grating, then the entire
spilled volume can be assumed to fall through; if plated deck
is beneath, then estimate the drains’ capacity as previously.

Where the estimated volume of liquids reaching the sea is
unacceptable, then a more detailed estimation can be made on
the basis of expected leak size and location. This will couple
the consequence estimation to the degradation mechanism for
leak size and location, and can account for slower leak rates
than that used in the coarse approximation.

The consequences of oil releases can be associated with polit-
ical repercussions, a damaged reputation and clean-up costs.
Environmental consequences from offshore topside oil leaks
are considered to present only minor damage to global and
local biotopes. Generally, the volume that can be released is
limited to the contents of the equipment and even more so by
the contents of an isolatable segment. Releases from pipelines,
drilling activities and from storage vessels represent a signifi-
cantly larger volume and are to be considered separately.

Direct costs related to oil releases are mainly related to the
clean-up costs if the spill drifts towards shore. The actual effect
will depend on the location of the field, oil type, oil drift con-
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ditions, temperature, evaporation, etc. For a given case, a fixed
money value per tonne of oil released may be used.

The cost of clean-up for ship accidents may vary between US$
700 to US$ 50 000 per tonne released, typically for accidents
close to shore. Offshore platforms are usually located several
miles offshore and, where no other basis is available, e¢.g. com-
pany goals; $10 000/ton is suggested as a conservative value
for application in a coarse evaluation: i.e. the cost consequence
for oil release, in monetary units per volume unit is given by:

Cenvironment = VRelease X(Cclean-up T CLost product)
Where:

VRelease = Volume of oil released into the sea

Ccleanup = Cost of cleanup, monitory units per released
volume units

Clost product = Cost of oil that is lost in the release, monitory

units per volume

Note that the Vggease can be adjusted to account for specific
factors on the installation, for example:

— The volume of oil released will be affected by the phases
in the isolatable segment. For example, in two-phase sys-
tem, the oil content will be less than total volume;

— Possible oil release resulting from systems such as pro-
duced water, oily water;

— Not all oil from a release may reach the sea: drains, floor-
ing (open, closed), etc. may reduce the volume reaching
the sea.

Gas Release

Gas releases to the atmosphere have received less attention
than oil releases and are more typically controlled releases sub-
ject to taxation or concessions for flaring or venting. Acciden-
tal releases may be subject to fines issued on a case by case
basis depending on specific circumstances.

Other Fluids/Chemicals

A number of chemicals are used offshore for inhibition, chem-
ical treatment etc. that may be harmful to the environment.
Chemical releases are usually subject to legislative, or com-
pany imposed limits for release of certain chemicals into the
environment. The consequence of exceeding these limits is
typically fines that are stipulated on a case by case basis
depending on the circumstances.

C.3.3.3 Economic Consequences: Cost of Deferred Produc-
tion

The value of deferred production is calculated as the value of
production per hour multiplied by the number of hours at the
reduced production rate. This can be expressed as a Net
Present Value using a suitable discount rate, or as a fixed cur-
rency sum.

The amount of deferred production will depend strongly on the
design of the installation process system(s) and their interac-
tion. Production systems with several parallel trains can usu-
ally be operated with one train isolated so that the installation
will be able to produce at a reduced rate until the damaged train
is repaired and re-commissioned. The value of deferred pro-
duction will therefore be less than for a single-train installation
where any leak will require full production stop during the
entire extent of repair.

The time-profile of deferred production for each part of the
pressure-retaining systems is preferably defined so that it can
be applied to all parts of that system or part-system.

The profile can typically include the time taken in repair and
the individual process and well characteristics for restoring
production from the stop or partial-production condition.

It is often necessary that a number of downtime profiles asso-

ciated with deferred production are defined such that each part
of the installation’s systems that has an effect on production
can be assigned a profile. These profiles describe the amount
of production that can occur from the time a leak begins, until
the completion of repairs and resumption of normal operations.
The profiles can then be used as representative for the loss of
production over time for individual equipment and piping.

The evaluations and estimates can be based on the PFDs and
P&IDs for the installation. They involve reviewing the produc-
tion process from well to export facilities, and determining
what the effect on production would be if a leak arose in each
section of piping and each piece of equipment, and developing
the deferred production profiles on this basis.

Utilities systems are also typically included because in many
cases their failure will cause failure of the process (e.g. water
injection, instrument air, chemical injection) or require shut-
down (e.g. unserviceable firewater).

The following steps can be applied:

1) Review the contents of the part. If hydrocarbon-contain-
ing, a leak is likely to give rise to an alarm and production
shutdown. There may be a delay whilst the area is
degassed and made safe. If the contents are non-hazard-
ous, then there may not be a shutdown, but if there is, then
there may be some time taken in finding and eliminating
the leak.

2) If there are parallel trains that can be isolated from the
leaking section then, after isolation, production may be
able to recommence at a lower rate — depending on the
capacity of the parallel trains.

3) The time taken to increase production from one level (e.g.
from run-up, partial run-up) to another is individual to the
installation and reservoir conditions, and is typically
determined through consultation with the operations per-
sonnel for the installation.

4) Estimate the repair or replacement times that are likely,
include availability of repair/replacement equipment,
dimensions of the piping and equipment to be repaired, the
service of the equipment (hazardous/non-hazardous),
materials of construction, the size of the leak and the com-
pany maintenance and repair strategy.

C.3.3.4 Economic Consequences: Cost of Repairs

Similar to ignited end events, it will be necessary to judge the
extent of damage within a module, and therefore the cost of
repairs and replacement, as a result of the leak. Very often
these are limited to the failing equipment/piping itself, or the
equipment/piping in its direct vicinity. Generally these costs
will be small compared to the cost of deferred production.

The cost of repairs in terms of deferred production is contained
within the production loss profiles described in Section
C.3.3.3, making sure that the specific repair methods are
addressed where these will have an effect on the repair time. In
addition, the costs of materials, man-time, mobilisation of per-
sonnel and equipment to the installation, provision of specialist
services, cleaning of the work area, and similar, may be esti-
mated in financial terms and added to the cost of deferred pro-
duction.

C.3.4 Consequencefor End-Event Tree Outcome—Ignited
Leaks

Ignited consequences consider the effects of an ignited gas or
liquid release on personnel, the cost of damage to the installa-
tion by fire and blast, the cost of deferred production and sub-
sequent environmental consequences.

C.3.4.1 Personnel Safety Consequences

The safety consequences are calculated based on the average
number of personnel present in the module that is impaired,
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either immediately (i.e. the leak occurs in this module) or
delayed (i.e. due to escalation). In calculating the average
number of fatalities, any difference in night and daytime pop-
ulation can be accounted for, as well as unusual operations
requiring significant increases in personnel numbers (e.g.
modification and operations simultaneously). As a conserva-
tive assumption, it can be conjectured that all personnel within
the impaired module at the release moment are fatally injured.

C.3.4.2 Environmental Consequences

In the case of ignited leaks, it is not expected that significant
volumes of liquids will be deposited in the sea during the fire.
However, the condition of the installation following an explo-
sion or a severe fire may be such that wells or storage tanks
will leak.

In addition, the large amount of smoke generated by such fires
may be a concern. As yet, there are no risk acceptance limits
developed or calculation methods for estimating the conse-
quence; this will have to be treated qualitatively. Financial
penalties may be applicable in certain cases.

Further, there may be a political element to the environmental
consequence once there has been press exposure. Considera-
tion can also be given to loss of reputation and loss of share
value.

C.3.4.3 Economic Consequences: Cost of Deferred Produc-
tion

It is likely that production will not be possible whilst repairs
take place. The downtime can be based on judgement. The cost
of the lost or deferred production is derived as product of
downtime and deferred production.

Production loss related to major damage caused by ignited
events is determined by the reconstruction and repair time,
which is plant/project specific. It is largely determined by
long-lead items such as compressors, pressure vessels and heat
exchangers made of special materials.

For ignited cases, the downtime can be related to the amount
of damage sustained, if no other data is available. A relation-
ship derived from the “Dow Fire and Explosion Index”
[AIChE 1994] is considered to give a reasonable correlation
between property damage and repair/outage time.

C.3.4.4 Economic Consequences: Cost of Repairs

When estimating the damage costs (cost of repairs and replace-
ment, as a result of a fire or explosion), it is necessary to judge
the extent of damage. Damage to the installation may be con-
fined to a single module, or if the fire or blast is of sufficient
magnitude, additional modules or the whole installation may
be damaged or lost.

— In the case of a jet fire, it is expected that any items within
the radius of the fire may be damaged or destroyed.

— In the case of a pool fire, all equipment that stands within
the pool can be considered damaged or destroyed.

— Where equipment subject to fire loading also contains sig-
nificant amounts of hydrocarbons, the effects of the fire
loading and duration can be used to estimate knock-on
effects. In these cases, passive and active fire protection
can be considered as mitigating factors.

— The blow-down capability, i.e. reducing pressure and
volume of fluid available to fuel the fire, may be consid-
ered for both the leaking equipment and other equipment
subject to fire loading; the effects of the fire can be
adjusted accordingly.

— Further mitigating factors, such as fire and gas detection,
deluge and sprinklers, together with the philosophy for
their use (e.g. deluge start on confirmed gas detection and
before fire detection), can be taken into account.

The costs can be taken from the project new-building data cor-
rected for inflation and net present value, or it can be estimated

on the basis of general industry knowledge. It typically
includes repairs and replacement of structural, electrical,
HVAC, control, piping, equipment (pumps, compressors etc.).
Note that the cost of deferred production is not included in the
repair cost.

C.4 Consequence of Failure Assessment Methods

C.4.1 Introduction

In the case where existing analyses are not available or are
judged inappropriate to use in the RBI context, then the conse-
quence of failure can be further assessed either in a qualitative,
quantitative or semi-quantitative manner. These assessments
methods are described in this section.

C.4.2 Quantitative Assessment Methods

Groups of equipment that have been defined can be further
assessed by using quantitative methods.

For unignited leaks, quantitative methods for assessing the
consequences of failures can be customized based on the
guidelines and descriptions given in Appendix C.3.3.

For ignited leaks, it is recommended to use existing assess-
ments, for example as described in Section C.3.4. If quantita-
tive methods are developed for ignited leaks, these should be
properly qualified, preferably by a third party.

C.4.3 Qualitative Assessment M ethods

When applying qualitative engineering-judgement methods, it
is recommended to carry out assessments by work-sessions as
described in Appendix E. It is recommended that the degrada-
tion assessment results are readily available. A customized
assessment form should be developed, taking care to include a
checklist with all relevant parameters and leaving enough
space to document the decision processes and discussions.

Examples of qualitative ranking scales which can be used for
the consequence of failure are shown in Section 4 of this RP’s
main body.

It shall always be assumed that a leak has occurred according
to the configuration given by the degradation mechanism
assessment.

It is important to keep a conservative mindset and also cross
check with and qualitatively “calibrate” against any existing
quantitative assessments in order to avoid unreasonable
results.

C.4.4 Semi-Q Assessment Methods

The customized assessment form can be further developed
with simple rules that can be used to assign CoF categories in
a “semi-qualitative” / “semi-quantitative” manner. If such a
method is developed and implemented, a work session as
described above should also be part of the implementation for
the sake of quality verification. An example of a starting point
for a semi-quantitative method is outlined below.

Example of Semi-Q method

A sketch for a simple semi-quantitative / semi-qualitative
method for CoF evaluation is suggested in the following. It is
based on combining information about fluid category and area
classification (with regard to levels of hazard).

Step 1 Classify areas on the installation. Table C-3 below
is a suggested starting point for classification of
areas on the installation. Should a QRA be availa-
ble (or other recognized sources of similar informa-
tion), a more detailed sub-classification should be
possible to establish if considered beneficial to the
planning process.
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Based on the area classification and Table C-4 to
Table C-6, the next step in the process is to consider
the specific product service codes and allocate CoF
categories (not ranges) based on installation-
specific knowledge. This should be done in the
form of (a) work session(s). This installation-
specific knowledge would have been documented
during the process of system review, description
and modelling (see Section C.1.3). Any decision
made to go beyond the ranges suggested in Table
C-6 should be documented and verified by a third
party (external consultant or expertise from other
parts of the organisation).

Step 2

Table C-3 Classification of areas

Areaclass -

(AC)* Description

ACO Hazardous area— QRA has not been carried out as a part
of design/engineering/modification.

AC1 Hazardous area — QRA carried out/utilized during
design/engineering/modifications. QRA based on rec-
ognized methods and preferably carried out by recog-
nized risk management team/company.

AC2 Non-Hazardous area.

*  More detailed sub-classifications can be established; for example
ACl.1, AC1.2, etc.

Table C-4 CoF categories

Category Description

(A) |Insignificant | A leak implies insignificant likelihood of
human injury, and insignificant environmental

and economic consequences.

(B) |Minimal A leak implies minimal likelihood of human
injury and minimal environmental and eco-

nomic consequences.

(C) |Low/Small/ | A leak implies small likelihood of human

Minor injury, minor environmental and economic
consequences.
(D) |Normal/ A leak implies likelihood of human injury, sig-
Medium nificant environmental pollution or significant
economic or political consequences.
(E) |High A leak implies high likelihood of human injury,

massive environmental pollution or very high
economic or political consequences.

Table C-5 Fluid categories

Fluid Description
Category
1 — Typical non-flammable water-based fluids.

— Non-flammable substances which are non-toxic
gases at ambient temperature and atmospheric pres-
sure conditions. Typical examples would be nitro-
gen, carbon dioxide, argon and air.

1I — Flammable and/or toxic substances which are lig-

uids at ambient temperature and atmospheric pres-
sure conditions. Typical examples would be oil
petroleum products. Methanol is an example of a
flammable and toxic fluid.

— Non-toxic, single-phase natural gas.

— Flammable and/or toxic fluids which are gases at
ambient temperature and atmospheric pressure con-
ditions and which are conveyed as gases and/or lig-
uids. Typical examples would be hydrogen, natural
gas (not otherwise covered under category D),
ethane, ethylene, liquefied petroleum gas (such as
propane and butane), natural gas liquids, ammonia,
and chlorine.

Table C-6 Fluid categories, area classes (AC) and CoF

. Location Class/ CoF Category
Fluid Category ACO AC1 AC2
1 D(E)* B-D(E)* A-D(E)*
II E C-E C-E
*  Some systems may have such an essential function that the CoF can be

“high”.

C.5 Transfer of Resultsto Chosen Equipment Level
of Detail

Once consequences have been evaluated at assessment/equip-
ment Levels 1 and 2 (system level and ESD-segment level), the
results can be transferred to a lower equipment level. Transfer-
ring results to a lower level involves:

— Linking tags and parts to the groups that have been defined
and evaluated in the previous activities. This work can be
time-consuming and error prone as it is often done manu-
ally. It is recommended to mark up drawings (P&IDs) and
break down the work into manageable packages.

— Adjusting the consequence assessments with regard to
potential hole sizes and the size of the tags and parts of the
lower level.
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APPENDIX D
RISK ACCEPTANCE

D.1 Risk Acceptance Limit — Concept

The role of inspection is to confirm whether degradation is
occurring, to measure the progress of that degradation, and to
help ensure that integrity can be maintained. The decision
process regarding when to inspect can be done in a quantita-
tive, qualitative or semi-Q manner and should be carried out
separately for each type of risk to be assessed.

The goal of maintenance/inspection program is to contribute in
maximizing availability and profit without compromising safety
(personnel and environment). The risk acceptance limit for plan-
ning inspection should therefore be based on using authority and
corporate/management targets related to availability, profit and
safety. Risk acceptance limits for inspection planning derived
from such targets must not be confused with pure technical/
engineering acceptance criteria such as acceptable wall thick-
ness derived from various engineering codes. Cross checking
with relevant codes is nonetheless recommended when develop-
ing inspection plans. Furthermore, when inspection results are
available, integrity may be evaluated based on such relevant
engineering or fitness-for-purpose codes.

D.2 Using the Risk Limit Concept — Challenges/
Important | ssues

Utilizing the risk limit concept to plan inspection for all the
static process equipment of an offshore installation presents
several challenges. The most important ones are the following:

— To be able to manage installation risk so that it lies below
the limits acceptable to the operator; the risk acceptance
limits for each type of risk should be defined.

— As there are several risk acceptance limits, it is necessary
to have a decision logic regarding the order of importance
of these limits in deciding which limit is to govern the time
to inspection. This order of importance should be recorded.

— Itis not practical to work according to this concept directly
at a component level. It will be necessary to make some
simplifications by generalising, averaging and/or transfer-
ring information from a higher level down to such a com-
ponent level.

— Authority and corporate/management targets related to
availability, profit and safety usually have a scope which
is beyond the issues covered by inspection. A method for
deciding an “appropriate” fraction of these targets needs to
be developed.

Risk Acceptance Limit

Y

L 2 v A

Quantitative Method
(Section D.3)

Qualitative Method
(Section D.4)

Technical
(Section D.6)

Semi-Q Method
(Section D.5)

! !

}

Acceptance Limit - Acceptance Limit -
Personnel Safety Risk Environmental Risk
(Section D.3.1) (Section D.3.2)

Acceptance Limit -
Economic Risk
(Section D.3.3)

!

}

Based on
Availability Target
(Section D.3.3.1)

Based on
Inspection Cost
(Section D.3.3.2)

FigureD-1
Methodsfor determining the risk acceptance limit

D.3 Risk Acceptance Limit - Quantitative M ethod

When applying quantitative methods, risk acceptance limits
should be established for each type of risk. These limits are
used to prioritize items for inspection, and derive the timing of
inspection such that inspection is carried out prior to the risk
acceptance limit being breached. This would allow either the
reassessment of the risk level based upon better information,
detailed evaluation of any damage, or the timely repair or
replacement of the degraded component. The derived inspec-
tion timing is calculated based on the specific characteristics of
the plant and components being analysed. An example is when
quantitative safety limits set by authorities are used to derive a
specific risk acceptance limit for a specific plant based on how
the inspectable items of the plant contribute to the total risk.
The risk calculated for these particular items can be compared
to the authority-based risk acceptance limits in order to time
their inspection.

D.3.1 Acceptance Limit — Personnel Safety Risk

When it comes to the risk acceptance limit related to safety, it
is common practice in some regions of the world to have safety
limits set by authorities. Operators need to carry out quantita-
tive risk analyses in order to determine whether or not the
safety levels on their plants are acceptable compared to the
authorities’ limits. In such cases and with the help of some sta-
tistics, it is possible to derive a risk acceptance limit based on
the following:

— The quantitative risk analyses usually present how process
accidents are estimated to contribute to the total risk (typ-
ically 30-50% contribution).

— Statistics regarding contribution of process accidents from
different types of equipment (about 30% of process acci-
dents occur in piping).

— Statistics regarding “inspectable” events. Historic data
shows that corrosion causes about 30% of piping failures
in the process system.
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The idea is to use this type of information to derive an accept-
ance limit which represents a fair share of the total risk accept-
ance limit set by the authorities. The derived limit needs to be
again divided among the components that are being planned
for. It is recommended to divide the derived limit by the
number of ESD-segments or corrosion groups in the process
system (Level 2 in the equipment hierarchy presented in Sec-
tion 5.3).

D.3.2 Acceptance Limit — Environmental Risk

The measurement units for calculated environmental conse-
quences can be volume or mass released, or units of currency
based on volume or mass and clean-up costs. The use of mass
or volume released facilitates calculation, as the contents,
phase and volume of the ESD segment of the process are used
elsewhere in consequence calculations. If clean-up costs and
fines are considered when calculating the economic conse-
quences and risks, then the environmental assessment is cov-
ered by the economic assessment. This approach is
recommended if a quantitative method is chosen to be used. If
the environmental risk assessment is kept separate from the
economic risk assessment, it is recommended to use qualitative
methods.

D.3.3 Acceptance Limit — Economic Risk

D.3.3.1 Based on Availability Targets

A method similar to the one used for safety acceptance limits
can be used for economic risk. Information on availability tar-
gets can be broken down in the same way and used as a risk
limit for planning inspection.

D.3.3.2 Based on Inspection Cost

When the degradation mechanism is well understood, it is pos-
sible to use an approach where inspection is carried out only
when it is “worth spending the money”. In other words, inspec-
tion is cost-effective when the economic risk and the cost of
inspection are in the same order of magnitude. When it comes
to the cost of inspection, it is not practical to give individual
estimates of the inspection cost related to every one of the rel-
evant parts. Average values should be used to begin with, and
if necessary, uncertainties can be included. At later stages of
the analysis, it might become relevant to look at individual
components in more detail.

D.3.4 Recommended Application of Quantitative M ethods

When applying quantitative methods, it is recommended to
give the safety limit first priority. The economic risk limit
based on inspection costs can then be used to decide on how
long inspection can wait. In other words combining these two
limits gives a cost-effective inspection plan without compro-
mising safety.

For the parts of the process where safety is not an issue, the

economic risk limit based on availability targets should be
used together with the economic risk limit based on inspection
cost. In other words, combining these two limits gives a cost-
effective inspection plan without compromising availability
targets.

D.4 Risk Acceptance Limit —Qualitative M ethod

When qualitative or semi-quantitative methods are being used,
a decision matrix should be applied. This decision matrix will
typically be a generic, company specific matrix which is likely
to be conservative. An example of such a matrix is shown in
Figure D-2 where the inspection interval is given by the num-
bers in the cells. It is recommended that such inspection inter-
vals be dynamic intervals subject to change based on qualified
assessments of inspection results.

Application of qualitative methods for acceptance limits and
inspection times requires highly experienced personnel, both
from a general point of view and from a plant specific point of
view. The principles described for quantitative methods apply
for qualitative methods also. Any judgement leading to an
inspection plan should take into account many of the same
matters considered when carrying out quantitative calcula-
tions.

One or several decision matrices covering the different risk
types should be developed for both rate models, susceptibility
models and any other types of models being considered.

D.5 Risk Acceptance Limit — Semi-Quantitative
Method

The following is suggested as a starting point for topside appli-
cations. If it is feasible, the acceptable probabilities of failure
should be adjusted/calibrated against the ones used on any of
the operator’s identical or similar installations that are known
to have adequate inspection management systems.

Guidance note:

— A leak in the main hydrocarbon system is a condition that
can compromise the integrity of the installation.

— A leak in the utility system is a condition that renders the
topside installation unsuitable for normal operations. The
acceptable PoF limit is therefore chosen to be less conserv-
ative than for HC systems.

— The values are based on project experience and engineering
judgement.

— It is assumed that the CoF is assessed semi-quantitatively
according to example given in Appendix C.4.4. Conse-
quence categories are according to Figure D-2. The PoF
assessment is assumed to have been carried out quantita-
tively or semi-quantitatively resulting in numerical values to
the PoF.

— See Appendix F for inspection timing.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---
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PoF
Ranking

PoF Description

(1) In a small population,

annually.

one or

more failures can be expected

(2) Failure has occurred several
times a year in the location.

annually.

during the life of the insta
of components.

operating company.

(1) In a large population, one or
more failures can be expected

(2) Failure has occurred several
times a year in operating company.
(1) Several tailures may occur

llation for

a system comprising a small number

(2) Failure has occurred in the

during the life of the insta

of components.

(1) Several failures may occur

llation for

a system comprising a large number

(2} Failure has occurred in industry.

during the life of the insta

of companents.

(1) Several failures may occur

llation for

a system comprising a large number

(2) Failure has occurred in industry.

CoF Types

Safety

No Injury

Time to Inspect (years)

4

Minor Injury
Absence < 2 days

Major Injury
Absence > 2 days

Single Fatality

Multiple Fatalities

Envirnoment

No pollution

Minor local effect.
Can be cleaned up
easlly.

Significant local effect.
Will take more than 1
man week to remove.

Pollution has significant
effect upon the
surrounding ecosystem
(e.g. population of
birds o fish).

Pollution that can cause
massive and irreparable
damage to ecosystem.

Busines

S

Mo downtime or asset
damage

< € 10.000 damage or
downtime < one shift

< € 100.000 damage or
downtime < 4 shifts

< € 1,000.000 damage
or downtime < one
month

< € 10.000.000
damage or downtime
one year

CoF Ranking

A

C

D

FigureD-2

Example of decision risk matrix

PoF
Ranking

Annual

Failure

Probability

5

1

10?

10

103

10"

CoF Ranking

FigureD-3

Probability of Failure acceptance limit (PoF jm,it) ver sus CoF category
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Table D-1 Probability of Failure acceptance limit (POF imit)
versus CoF category

Consequence category
Leakage type A B C D E
Leakage in utility system 102 | 102 | 102 | 103 | 10
Leakage in main/HC system 102 | 103 | 103 | 104 | 10°°

D.6 Risk Acceptance Limit — Technical Criteria
D.6.1 Probability of Failure Acceptance Limit

To allow the time-to-inspection to be calculated, it is recom-
mended that the risk acceptance limit is converted to a proba-
bility of failure acceptance limit (PoFy ;;,;;). This can be done
using the Figure D-3 and Table D-1. Depending upon the con-
sequence of failure category, the corresponding probability of
failure limit can be read. This limit should be expressed for
each type of risk considered. Note that the same part may have
more than one probability of failure limit, depending on the
consequence type.

D.6.2 Timeto Inspection — Simplified Method for Differ-
ent Degradation M odels

D.6.2.1 Rate model

The method presented in this section facilitates the calculation
of the time at which the PoF will equal the probability of fail-
ure acceptance limit (PoF ;o). This is also the latest time at
which inspection should be carried out to check that risk
acceptance limit is not exceeded.

The calculation is based on the given wall (t;) thickness, wall
thickness at which a release is expected (t;qgqge), mean damage
rate (OJyegn) and a confidence factor (&) to account for the
uncertainty in the rate of corrosion.

The time at which (PoF = PoFy ;,;¢) is given by:

Time to PoF,, , = at0 ;t

release

mean

Where:

to = Current wall thickness (mm).
This can be determined by inspection.

= Wall thickness at which a release is expected (mm).
This can be derived from first principles, or from
appropriate codes or formula such as ANSI/ASME
B31.3 ANSI/ASME B31.G, BS 5500, ASME VIII,
and DNV-RP-F101, using relevant operational
loads.

= Mean damage rate (mm/year).

This is determined using measured values, expert

judgement, or the guidance in Appendix A

Confidence factor.

treleasr—:‘

dmean

a =

The process steps are:

1) Determine the current wall thickness by inspection.

2) Determine the wall thickness at which a release is
expected.

a) Due consideration should be given to the degradation
morphology: code formulae generally assume a uni-
form wall thinning, although some include defect size
assessment. For localised damage that does not affect
the wall stresses, it may be acceptable to set the
release wall thickness close to, or as, zero; i.e. the

3)

4)

5)

6)

release due to uniform wall loss will occur at thicker
wall than local wall loss.

b) It may be desirable to include other wall thickness cri-
teria in the inspection plan, e.g. to check compliance
with authorities’ requirements. If other failure criteria
are defined, such as consumption of corrosion allow-
ance, the purpose of the evaluation should be consid-
ered and the consequences adjusted to suit, e.g. cost of
remedial action, rather than a release.

¢) Some code formulae include optional explicit safety
factors: it is suggested that these are removed for the
purpose of RBI as margins are implicitly included in
the calculations and vary with risk.

d) The code formulae give wall thickness requirements
for pressure retaining purposes. Other loads should
also be considered and a thicker limit should be stipu-
lated if the code suggests an impractically thin wall for
general thinning.

Determine the mean rate of corrosion (0ypegn) from meas-
ured values, expert judgement, or using the guidance in
Appendix A.

Determine the confidence factor (&) using the procedure
given below.

a) This simplified method uses pre-defined distributions,
as referenced in Appendix A, and assumes that the
mean damage rate is the only uncertainty variable.

b) Determine the maximum acceptable probability of
failure for the item using the consequence of failure
for that item and the type of risk (Section D.5).

¢) For mechanisms other then CO, corrosion:

The confidence curves are given for three coefficients
of variance (CoV) of corrosion rate only: 2.0, 1.0 and
0.33, representing high, medium and low spread re-
spectively. A rough guide to decide the applicable
CoV is given in Table D-2.

Select the curve in Figure D-2 that is appropriate to
the degradation mechanism, including a CoV. The
curves in Figure D-2 apply to normal or log-normal
distributions.

d) For CO, corrosion:

The confidence curve for CO, corrosion (Figure D-2)
is given for two cases: uniform corrosion and local
corrosion. These curves include the relevant CoV val-
ue. Depending upon the inspection results the correct
curve can be selected.

e) Use the selected curve, take the Probability of Failure
Limit (PoFy ;,;;) on the horizontal axis and read off the
corresponding Confidence Factor (&) on the other axis.

Calculate the value of (Time to PoFy ;,,;;) using the equa-
tion:

ato - treIease

Time to PoF;; . = r

mean

Determine the time to inspection. The inspection should
be scheduled to occur no later than the (Time to PoFy ;¢)-
It may be preferred to calculate the (Time to PoFy ;i) for
each risk type for the component of interest with the
inspection scheduled for the earliest result.
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Table D-2 Definition of confidence levels

Confidence Level

Description

High — Service conditions are well known and do not fluctuate appreciably.
(Confidence CoV = 0.33) — Inspection results show a consistent trend, with a high correlation coefficient when plotted against time.
— A highly efficient inspection method is used and the measured results are validated.
— Degradation models are derived from many data sources showing results that are generally consistent;
where probabilistic models are given, the standard deviation is low.
Medium — Service conditions are well known and fluctuations are of a moderate nature.

(Confidence CoV ~ 1.0) —

Inspection results show a consistent trend, with some scatter and a reasonable correlation coefficient
when plotted.

A normally efficient inspection method is used and the measured results are validated.

Degradation models are derived from only a small number of data sources showing results that are gen-
erally consistent; where probabilistic models are given, the standard deviation is moderate.

Low —

(Confidence CoV = 2.0)

Service conditions are not well known or have a considerable variation in pressures, temperatures or con-
centration of corrosive substances.

There are no inspection results, or if they exist then they show only a general trend, with extensive scatter
and a low correlation coefficient when plotted.

A fairly efficient inspection method is used and the measured results are validated.

Degradation models are derived from one data source only; where probabilistic models are given, the
standard deviation is high.

D.6.2.2 Susceptibility model

1.0
© [
5
5] [CoV =0.33
m -
L co, Local _.--
P 2 105
Q =
| =
[}
= | cov =1.0
5
O €O, Uniform
/”
LcoV =12.0

0.1

For a description of susceptibility models, see Appendix A. If
any of the acceptance limits is exceeded then immediate action
must be taken. This action may be one or a combination of:

— more detailed analysis

— assessment and repair of any damage

— change or treatment of the content so that it is less damag-
ing

— reduction of operating temperature

— exclusion of damaging environment (e.g. coating, lining,
exclusion of water from insulation)

— change of material type.

le-6 le-5 1le-4 1e-3 le-2 le-1 1e+0

Figure D-4

PoF,

o As previously mentioned, the onset and development of dam-
Limit age are not readily amenable to inspection. This means that the
economical acceptance limit should take other things than

Scale factor asa function of PoF it inspection costs into consideration.
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APPENDIX E
SCREENING

E.1 Introduction

It is recommended that the risk-based screening process is car-
ried out as a working session amongst suitably qualified per-
sonnel, including staff with specific knowledge of the asset in
question. The following type of personnel should be involved
(also see Section 5.5): materials/corrosion; inspection; proc-
ess/production; safety.

It is recommended that the materials degradation and damage
evaluation sheets, included with this appendix, are used during
the screening process to help guide discussion.

E.2 Probability of Failure

E.2.1 Introduction

Consider whether there is any possibility of failure, under the
known operating conditions and taking into account the
approximate chemical composition, the temperatures of the
fluids and the effects of time. The boundary between low and
high probability of failure has been set to approximately 103
per glear, i.e. no significant degradation is expected with PoF of

10~ or less.
Screening
€
3
=
~ =
~ =
Ly w Risk
E_E Assement
g 2 (Section E.4)
al s
=y
o™
Q
2
Acceptable | Unacceptable
CoF
(Section E.3)
L
Medium/High
v
Detailed
Assessment
Low
1
Planning
FigureE-1

Screening assessment for RBI process

It is not the intention to carry out a detailed evaluation, but to
assess whether these conditions are likely to give rise to negli-
gible degradation (“low”) or degradation rates that are not neg-
ligible (“high”).

Care should be taken to ensure that the consideration of proc-
ess conditions accounts for future variations as the reservoir
becomes depleted, such as increase in water cut, temperatures,
or H,S evolution. It is important also to account for likely
excursions in process parameters due to upset conditions.

Consider the following for present time, their change with
time, and what might happen in upset or start-up conditions.

Consider also historic events, including testing during con-
struction and commissioning, as well as past service. Do NOT
include consideration of consequence in the probability! Any
other causes of failure can be included in the assessment. This
can include any known or suspected abnormal conditions that
can cause concern.

Guidance note:

- Data requirements and screening guidance for probability of
failure are given in Appendix A which treats each degradation
mechanism.

- Appendix A should be consulted for the applicable mecha-
nism.

- Care should be taken when using the appendix for guidance
on probability of failure to ensure that the assumptions made
regarding the conditions under which the components operate
are applicable to the systems in question.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

E.2.2 External Degradation

Consider the probability of failure for each material that might
arise as a result of the external environment, taking account of
temperatures, coatings, the presence of water-retaining insula-
tion and the effects of time.

Prompt questions:;

— Coating: is there a coating, what type is it, what is its qual-
ity, how long does it take to degrade significantly?

— Insulation: is there insulation, does it retain water, is there
heat tracing (temperature effect on both internal and
external degradation)?

— Is there any data that indicates current condition — inspec-
tion reports, for example?

E.2.3 Internal Degradation

Consider the probability of failure due to combinations of
materials, fluids, gases, temperatures and pressures, also
including degradation due to erosion and the passage of chem-
icals within the systems. Consider also likely changes in the
use of the system — such as use of water injection pipework for
oil production.

Prompt questions:

— Consider possible degradation mechanisms arising from
materials’ and fluids’ combinations. What about CRA or
polymeric linings? Internal corrosion protection systems?
Internal anodes?

— What are the effects of temperatures and pressures, also par-
tial pressures? Note these may change through the system,
and metal temperatures can be affected by heat tracing.

— Consider excursions in all process parameters.

— Consider sand production rates, proppant production, acid
production.

— Consider water breakthrough over time.

— Consider increases in CO, with time if there is gas reinjec-
tion.

— Is there any data that indicates current condition — inspec-
tion reports, for example?

E.2.4 Fatigue

The probability of failure due to fatigue can be considered.
Areas where there are known or suspected problems should be
evaluated, for example small diameter side-branches of stainless
steel. The significance of vibration sources should also be con-
sidered, such as poor or damaged support systems, reciprocating
equipment, unbalanced rotating equipment and fluid hammer.
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Prompt questions:

— Are there areas where vibrations are expected, or have
been observed?
— Have any failures occurred?

E.3 Consequence of Failure

E.3.1 Introduction

Consider the following points for assessing the consequences
of failure. The worst case scenario regarding leak is usually the
best case to consider — do NOT include consideration of prob-
ability of failure in the consequence! If required, other conse-
quences (besides safety, economic, environmental) can be
assessed, such as the political consequence (in terms of
adverse press coverage or loss of share value) that could arise
from a spill or fire. The definitions of these other consequences
must be discussed during agreement of the acceptance limits.

E.3.2 Personnel Safety Consequence

Acceptance criteria at a tag level are not always intuitively
assessable in the screening session: experience shows that the
boundary between “low” and “high” safety consequence can
be taken as the possibility of personnel exposure leading to
injury and a lost-time incident. Typically the loss of any flam-
mable or toxic fluid or gas would be expected to give a “high”
safety consequence.

Prompt questions:

— What is the effect of a leak?

— Is the fluid poisonous?

— WiIll there be ignition and/or explosion that might affect
personnel?

— What is the likely population around any part of the system
that might leak — might there be deaths or injuries?

Guidance note:

- Arelease of a fluid that is normally accepted as being difficult
to ignite, such as diesel fuel, can still result in ignition due to
impingement on hot surfaces.

- High pressure leak may result in formation of a mist that can
readily ignite in the presence of equipment or work that may
generate sparks.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

E.3.3 Economic Consequence (Deferred Production,
Repairs)

A production shutdown would normally be expected to give a
“high” economic consequence. However, due consideration
must be given to the installation operational economics, such
as field production profile, system redundancies and penalties
that might arise from contractual production guarantees. The
release into the sea of any hydrocarbon liquid or process chem-
ical (unless specifically known to be benign, or of low volume)
would be expected to give a “high” environmental conse-
quence. Releases of gases into the air should be considered in
the light of local regulations.

Prompt questions:

— What is the likely reaction to the detection of a leak? Will

the platform shut down production, or partially shut
down?

— Will there be damage to the installation, by fire and/or
explosion, or acid attack, resulting in replacement costs
and lost production?

— Are there clean-up costs associated with the leak?

E.4 Risk Assessment

After assignment of the probabilities and consequences, the
system or vessel is assigned to detailed RBI or to maintenance
activities as shown in Figure E-2. The most severe result for
any of the consequence categories, taken with the most severe
result for the probability categories, is used to stipulate the
final outcome.

It is essential to assess whether the piping and vessels within a
system experience different conditions, such as the possibility
of water condensation within a vessel but not in the piping sys-
tems, and the effect of flow rates in piping and vessels on sand
erosion.

The recommendations for action, as shown in Figure E-2, are
developed on the basis that inspection is only effective in
reducing the probability of failure. There may be other causes
of failure with significant consequences that have not been
considered because they are not within the scope of inspection.

The results of the screening process are that systems, groups or
equipment items are assessed as having either ‘“high”,
“medium” or “low” risk:

— Items with medium and high risk should be evaluated fur-
ther (ref. Section 5.9).

— Items with low risk should be considered for maintenance
activity as noted in Figure E-2.

— High consequence items should also undergo checks for
degradation mechanisms not considered in the screening.

E.5 Revision of Screening

The screening process should be periodically revised as part of
the overall inspection management process to ensure that the
assumptions used in the evaluations remain valid. Changes in
process or other conditions may result in systems or equipment
moving to high risk and therefore should be subject to more
detailed RBI assessments.

E.6 RBI Screening Briefing

The following are prompt questions to aid thought and discus-
sions. These are by no means exhaustive:

— A combination of “High” probability and “High” conse-
quence necessitates a detailed RBI analysis.

— A score of “Low” for either is a recommendation for main-
tenance activity.

— A scope of “Low” for both is a recommendation for “No
Further Action”.

Note:

Note: if the assessment leaves any cause for doubt, or informa-
tion is lacking, a “High” rating should be assigned and further
assessment carried out.

---e-n-d---of---N-o-t-e---
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Figure E-2
Risk matrix for screening

Probability of Failure

Risk Categories and

5
MEDIUM RISK
4 Inspection can be used to
Significant | reduce the risk, but is unlikely
>107 probability to be cost-effective; the
3 of failure | cheapest solution is often to
carry out corrective
maintenance upon failure.
2
MEDIUM RISK
Consequence is high so
actions (such as preventative
Negligible maintenance) should be
1 >10° probability considered to ensure
of failure continued low probability as
small changes in conditions
can increase PoF and give
high risk.
Acceptable Unacceptable

Consequence of Failure

Screening Actions

consequence of failure

consequence of failure

A

B < D E
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E.7 RBI Screening Form

Installation:

Rev:

System No:

Description:

Function & boundaries:

Dependent systems:

Process & Materialsinformati

on

Product Material

Service Code

Op. Temp.°C
barg

Op. Press

Chemical information/Comment/Reference

Consequence evaluation

Conseguence

High/Low

Justification/r easoning/r eference

Safety

Economic

Environmental

Other

Praobability evaluation

Praobability High/Low

Modd (3)

Justification/r easoning/r eference

Internal

External

Fatigue

Notes/comments:

Further Actions:

Agreement to evaluation

Team

Date

Verification

Date
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APPENDIX F
USE OF INSPECTION AND MONITORING

F.1 Introduction

The RBI assessment is used to generate an inspection plan at
the desired level of detail. Once the probabilities and conse-
quences of failures are evaluated, and the risks are established,
it is necessary to decide whether or not to inspect, when to
inspect and how much to inspect. The assessments allow the
following parameters to be estimated for each part:

— Degradation mechanism, and hence possible inspection
methods, morphology of damage and the expected extent
or size of the damage.

—  When to apply the inspection — the time when the risk limit
is crossed. For the time-dependent rate models, inspection
should be scheduled such that the risk limit is not
exceeded, with adequate time allowed for keeping track of
degradation processes and for carrying out any remedial
action. The non-time-dependent mechanisms are not con-
sidered suitable for direct control by inspection, but may,
for example, require monitoring certain process parame-
ters and/or general visual inspection to check that any
premises used in the analysis remain valid, such as good
coating.

F.2 Development of inspection plan

The inspection plan should contain the following information
as a minimum:

— part identification

— drawing references

— expected degradation mechanism/morphology, location
and extent

— monitoring strategies for expected degradation

— inspection location / inspection point

— inspection method

— time to inspect

— reporting

— evaluation

— updates and corrections.

Reference should also be made to minimum operator qualifi-
cations, equipment type and calibration requirements, inspec-
tion procedure to be used, applicable codes and standards, and
other quality-related information.

When carrying out the final inspection planning, the following
points should also be considered:

— A component may be subject to different degradation
mechanisms that are expected to reach their risk limits at
different times. The inspection schedule should take
account of these differences by rationalising the timings
into suitable groups to avoid otherwise frequent activities
on the same components.

— The operator’s policy and/or legislation regulating the
operation of a field may set specific requirements with
respect to inspection. These requirements may be in the
form of:

— how often to inspect certain types of equipment
— acceptable condition after an inspection, i.e. wall
thickness limits.

— Access requirements.

— The need for shutdown of the process during inspection.
— Requirements for detailed inspection drawings.

— Reporting format and reporting limits.

F.3 Expected Degradation M echanisms/M or phology,
L ocation and extent

Check the expected degradation mechanisms for the compo-
nent in question and the location of damage.

— Damage type and expected location of damage (top/bot-
tom, welds, components).

— Internal/external damage.

— Variation of degradation with time.

F.4 Monitoring Srategiesfor Expected Degradation

Different types of monitoring strategies can be implemented to
address expected degradation due to defined mechanisms.
Monitoring strategies will produce monitoring data regarding
degradation rates or key indicators for risk change, such as
process changes.

Guidance note:

- Monitoring probes and coupons are generally not intended to
provide quantitative degradation rates, but rather to monitor
and ensure that the rates are within specified limits. They are
also used to monitor inhibitor performance.

- Monitoring of key process parameters that control the rate or
onset of degradation can be used to detect the changes in oper-
ating conditions, operational practices or reservoir character-
istics.

- Different types of degradation control strategies can be imple-
mented to prevent the expected degradation due to defined
mechanisms. Control strategies and the effectiveness of these
will be assessed in the PoF-analysis.

- Injection of corrosion inhibitor is a typical strategy for control
of degradation in offshore processing management.

- Inspection measures the extent of degradation and thus allows
comparing the condition revealed by inspection to the design
premises. Follow-up on deviation from design premises to
operational conditions is a part of Risk-based Inspection Plan-
ning.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

F.5 Inspection Location / Inspection Point

A hot spot is a defined part of the inspection object, area or one
of typical areas where damage is most likely to occur. The def-
inition of a hot spot is linked to a specified area where CVI or
NDT inspection techniques can be applied. GVI, and to some
extent CVI, inspection techniques will call for a wider defini-
tion of hot spots related to damage. The definitions of hot spots
will give guidance to the selection of inspection points.

F.6 Inspection Method

A number of intrusive and non-intrusive methods have been
developed to inspect pipes/other static equipment and take the
geometric measurements (diameter, wall thickness, metal loss,
crack and other defects).

Table F-1 has been developed as an aid to select inspection
methods and coverage based on the results from RBI analysis.
The sections below describe the contents of different columns
of the table.

The use of table is valid under the following assumptions:

— Where different methods are suggested for the same deg-
radation mechanism, the methods should be considered as
alternatives to each other.

— The inspection methods are used within their recognised
limitations with respect to dimensions and materials of
construction for the component subject to inspection.

— Inspection is carried out according to qualified procedures
and by qualified personnel.
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— All indications of defects found during inspection are
followed up by necessary actions to determine defect size
and need for increase in extent of inspection.

— When identifying a limited selection of hot spots, it should
be recognised that some of the degradation mechanisms
will have different PoF for the different types of hot spots
listed. The focus should be on the hot spots that are judged
to have the highest PoF, but samples of hot spots with a
lower PoF should be included for completeness.

— No differentiation is made between the various methods
listed for a damage mechanism with respect to PoF in this
table, i.e. all methods have been treated as having a PoD
of 1 if they have been found suitable to detect the expected
damage. Further differentiation in inspection efficiency
for the different methods can be made with reference to
PoD curves.

F.6.1 Damage M echanism:

The first column provides guidance for the expected damage
mechanism. The details about these mechanism can be found
in Appendix A and Appendix B.

F.6.2 Damage Description

The second column of the table summarises the outcome of the
damage mechanism. It also gives guidance for the location of
hot spots.

F.6.3 Inspection M ethod

The third column of the table recommends the most suitable
inspection method for detecting/ measuring the damage caused
by a particular damage mechanism.

The following abbreviations have been used.

GVI : General visual inspection

CVI1 : Close visual inspection

ET : Eddy current testing

ET-Remote : Remote Field Eddy Current

MT : Magnetic particle inspection

PT : Dye penetration testing

RT : Radiographic testing

RT-RTR : Real time radiography

uT : Ultrasonic testing

UT-Long range : Creeping/Head Wave Inspection Method
UT-Tubes : Internal Rotating Inspection System

(Ultrasonic)

Guidance note:

- Results from different inspection methods may not be handled
in the same data-set.

- Make sure the method, procedure, calibration etc. are the
same.

- Any error in the inspection method should be included in the
estimation of corrosion rates.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

F.6.4 I nspection Effectiveness

The inspection effectiveness that is required depends upon the
requirements of inspection. In this appendix the following
inspection effectiveness categories have been defined based
upon the examination of hot spots or suspect areas.

— Highly effective inspection is used to determine the actual
state of degradation when degradation activity is deter-
mined. The inspection method will correctly identify the
actual damage state in nearly every case.

— Effective inspection is used to determine the amount of
degradation activity when degradation activity is

expected. The inspection method will identify the actual
degradation with an uncertainty given by the number of
repeated inspections of the same system.

— Fairly effectiveinspection is used to determine if degrada-
tion activity is occurring when no significant degradation
is expected. The inspection method may give indications
if unexpected degradation activity occurs.

The columns four to six can be used as a guidance for the
inspection engineer to determine the percentages of hot spots
that need to be inspected in order to achieve the desired effec-
tiveness of the inspection.

Guidance note:

- The effect of PoD for the inspection method should be consid-
ered because a small damage may cause the risk to exceed
limit, yet such damage may not be reliably detected by equip-
ment having low PoD. In such an instance, other risk manage-
ment methods should be considered.

- In most cases it is recommended to use the category “Effec-
tive Inspection” in inspection planning. “Effective inspec-
tion” will contribute to the requested reduction in the
uncertainty of the degradation rate / damage state. A reduced
uncertainty in the damage state will contribute to reduce the
risk related to degradation damage.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

F.6.5 Selection Process

The probability of failure evaluation gives an estimation of
likely degradation mechanisms, together with their morphol-
ogy and the data required to estimate the resulting probability
of failure. This information can be used to optimise the inspec-
tion procedures and techniques, and to select which data
should be recorded so that the RBI analysis can be updated
after an inspection.

The choice of inspection method is based on optimising sev-
eral factors that characterise each technique:

— Confidence in detecting the expected damage state.

— Cost of technique/method, including manpower and
equipment.

— Extent of maintenance support required (scaffolding,
process shutdown, opening of equipment).

Normally, the technique that gives the greatest effectiveness in
detection should be chosen — see Section F.6.4. However, it
may be more cost-effective to apply a less efficient technique
more frequently, and the choice of technique can be based on
the following simple cost-benefit analysis:

1) Refer to Table F-1 for the confidence level for the tech-
nique chosen.

2) Estimate the cost of carrying out the inspection using the
chosen technique.

3) Determine the probability of detection (PoD) for the mean
extent of damage expected at the inspection time.

4) Select the technique with the highest value of:

PoD
(Cost x Confidence CoV )

The above method is applicable to the first inspection sched-
uled after the RBI analysis. Prediction of the next inspection
timing is estimated once the inspection has been performed,
and the above steps repeated using the inspection results.

Note that the inspection procedure should include strict
requirements regarding reporting of inspection results, so that
the data reported is relevant to, and can be readily used to,
update the RBI analyses and hence, plan the next inspection.
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F.7 Timeto I nspect
The time to inspect has been discussed in detail in Appendix D.

F.8 Evaluation

If internal or external corrosion is detected, then fixed key
points at a number of selected locations should be built to mon-
itor the corrosion growth at a frequency decided by the corro-
sion and inspection engineers; unless this can not be justified
within the remaining economic life of the line.

NDT measurements can also be taken in existing corrosion
monitoring points to substantiate corrosion coupon readings if
applied. This method should be used in all locations where
coupon results indicate corrosion in excess of the corrosion
design criteria.

Inspection data evaluation should include as a minimum:

— assessment of inspection findings

— estimation of existing minimum wall thickness

— estimation of corrosion rate

— remnant life calculations

— maximum Allowable Working Pressure (MAWP) calcula-
tions

— establishment of retiring thickness

— conclusions on integrity status

— recommendations as to further action.

The overall evaluation of integrity status as a result of inspec-
tion activity should be carried out and the findings of inspec-
tion, including the evaluations, shall be verified.

The effectiveness of the inspection activities should be
assessed periodically where the frequency and the revision of
planned activities should provide the continued assurance of
technical integrity. Reports of the effectiveness of the planned
activities in assuring the required integrity and reliability shall
be produced and reviewed by management, to ensure that the
inspection activities are achieving the required performance.

Part of the review should include the effectiveness of the
inspection procedures and routines in ensuring individual
equipment is maintained fit for service. This includes the
review of failures against the inspection routines to ensure that
the routines are adequate for monitoring of such failures.

F.9 Reporting

Data concerning the inspection method and calibrations should
be recorded on the report, together with inspector and qualifi-
cation level. Findings for each equipment item should be
entered into the inspection management database.

Inspection reports should give conclusions as to the nature of
the indication — relevant / not relevant, crack/planar, pits (with
dimensions), local wall thinning (dimensions), general wall
thinning (dimensions), crevice, etc. The corrosion and inspec-
tion engineer should evaluate the cause of such indications, the
inspector shall report only what is found. The precise location
of the indication shall be given in relation to a fixed datum, so
that the indication can be readily found for re-evaluation.
Sketches, photographs, screen pictures etc. should be included
in the report where these will aid in interpretation and record-
ing. Where the conclusions are “not acceptable” or “further
investigation”, these should be registered in such a way that the
follow-up actions are assigned, monitored and actively closed
out.

F.10 Updates/Corrections

On the basis that the inspection data has been evaluated and
found valid, the wall thickness should be updated to the meas-
ured thickness. The probability of failure should be re-calcu-
lated using the new thickness data but the original corrosion
rate.

Where trending of the data is considered valid and is expected

to continue into the future, then the wall thickness should be
corrected and a revised corrosion rate should be used to recal-
culate the probability of failure.

Guidance note:

The corrections can result in either an increase or a decrease in
the predicted probability of failure, depending on the inspection
outcome.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

F.11 Inspection and Monitoring Data Evaluation/
Analysis

F.11.1 General

Inspection results for process equipment usually comprise wall
thickness measurements and reports of coating condition.
Crack sizes are not normally monitored but repaired as soon as
they are found. In all cases, inspection data must be evaluated
carefully before it is used to correct the estimates. The follow-
ing are examples of issues to consider:

— The manner in which the data has been measured and
reported

— Are numerical values given for thickness or damage
depth?

— Is there an adequate reference to the original thick-
ness?

— Is the extent of damage to coatings given in relation to
a numerical scale?

— What inspection method has been used, and what is its
effectiveness in measuring the expected degradation?

— Has sufficient area of the part been inspected to pro-
vide confidence that the result is applicable?

— Can the results be related to identifiable locations
within the part?

— Are any past data points taken from precisely the same
location, so that trending might be meaningful?

— Has the inspection been carried out where the degra-
dation would be expected?

— The applicability of the data to the situation under evalua-
tion

— Is the data taken precisely from the part being evalu-
ated, or from the same corrosion group?

— Where within the part has the data been taken — thick-
ness measurements made on an elbow will not be cor-
related to the thickness of a straight pipe?

— The applicability of the data to the expected degradation
mechanisms

— Is the measurement location relevant for the expected
degradation mechanisms?

— Does the data relate to internal or external degrada-
tion?

— Does the data measure one or more degradation mech-
anisms (e.g. CO, corrosion and erosion simultane-
ously at an elbow)?

— Variations and confidence in inspection results — It is com-
mon that there is a wide scatter in ultrasonic wall thickness
measurements resulting from the inherent inaccuracy of
the technique, slight changes in calibration from one
inspection to the next, variations due to the operator, and
variations due to non-repeatability in location.

— Trending possibilities/limitations — Two-point trending
can show marked wall thickness loss rates or wall thick-
ness increase rates. Increasing the number of points used
in trending gives a better result, and it is strongly recom-
mended that all relevant data points be plotted so that the
best trend can be evaluated by eye as well as spreadsheet
algorithm.
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— Installation history — The evaluation must also include
knowledge of relevant installation history. For example, if
many years of operation with effective corrosion inhibi-
tion have shown almost no wall loss, yet recently the inhi-
bition equipment has failed, then the low corrosion rate
cannot be expected to continue into the future unless inhi-
bition is reinstated.

— Availability of baseline data — Where no baseline inspec-
tion data is available, it will be difficult to estimate a cor-
rosion rate as the actual original starting thickness may be
unknown and manufacturing tolerances are often large.
Note that a comparison between adjacent areas of dam-
aged and sound material can provide an adequate baseline
in some cases.

A general checklist for evaluation/analysis of inspection data
for use in inspection planning is given below. Together with
the points, the general materials knowledge discussed else-
where in this document should be considered.

F.11.2 Corrosion Monitoring Data

Corrosion monitoring data may be used in conjunction with the
inspection data to give a picture of the actual situation. The
type of data of interest may be:

— Corrosion coupons

— Direct corrosion rate measurement

— Monitoring of key process parameters

— Chemical analysis of the HC-fluid and the water.

Monitoring probes and coupons are generally not intended to
provide quantitative degradation rates, but rather to monitor
inhibitor performance or ensure corrosion rates are within
specified limits. However, data may be used for this purpose if
it is given critical evaluation:

1) Have the probes or coupons been located in the correct

position within the system, where the corrosion is
expected to occur?
The placement of a coupon on the top of a pipe where CO,
corrosion is expected to occur in the water phase running
along the bottom will give falsely optimistic results if the
coupon does not lie in the water.

2) Has the data been collected and reported correctly?

This includes the calculation of pH from samples, the cor-
relation of probe/coupon results with process conditions,
use of the correct procedure to measure material loss from
coupons or relate the signal change in a probe to corrosivity.

Where doubt exists in the use of these data, it should be dis-
counted and new good quality data collected under the super-
vision of an experienced corrosion engineer. In the meantime,
the corrosion rates estimated from the degradation models
should be applied until the new, validated data is available.

Monitoring of key process parameters that control the rate or

onset of degradation can be used to detect changes in the oper-
ating conditions that can affect the probability of failure.

Set points can be specified for relevant parameters and used for
triggering inspection based on the PoF limit, rather than regu-
lar inspections. For example, temperature is a key parameter
for external stress corrosion cracking of stainless steels under
wet insulation. Similarly, process instrumentation can be used
to indicate when the basis for the RBI analysis is no longer
valid — For example, measurement of export gas CO, levels
can be used as an indicator regarding the CO, content through-
out the process, with a reanalysis to be carried out when there
is a significant change.

F.11.3 Satistical Evaluation of Data

A number of statistical techniques may be used to evaluate the
data, the following may be most relevant:

— Regression (trending) analysis of wall thickness

— Estimation of statistical quantities (mean, standard-devia-
tion, skewness, kurtosis) for estimation of extreme values
[Kowaka 1994]

— Weibull analysis

— Statistical plotting.

In all cases it is recommended to plot the results in proper
graphs, as this will reveal any abnormalities in the data.

F.11.4 Grouping of Data

The data should be grouped appropriately. The following cat-
egories are examples of groups that can be relevant when eval-
uating/analysing inspection data:

— Material and service (or corrosion group/circuit)

— Component type; pipe, vessel, heat-exchanger, etc.

— Age of component if replaced

— Time period if there has been a change in process parame-
ters; water content and chemistry, temperature, fluid com-
position.

F.11.5 Data Quality Checks

Check the quality of the data. Remove data from the data-set
based on one or several of the following:

— Too high rate (i.e. failure within a few months)

— Data for measurement vs. component replacement and age
(check that replacement is taken into account)

— Measured thickness vs. nominal wall thickness (data
showing an increasing wall thickness may be removed
from data-set).

F.11.6 Application of Data between Corrosion Groups/Cir-
cuits

Corrosion rate data from one part of the plant may be used for
other plants if the conditions are comparable.
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Table F-1 Inspection and inspection effectiveness

Damage Mechanism Damage Description Inspection Method Highly Effective Fairly Comments
Effective Effective
Uniform & Local CO, |— Internal thinning of considerable areas or UT 100% of 30% of 10% of hot CO, corrosion is only a relevant mechanism
corrosion local internal wall thinning. RT hot spots hot spots spots for C-steel.
Flui " CVI Erosion-corrosion can be present if water con-
uid Systems Hot spots: Video inspection tent > 20% (full water wetting).
(PL, PT & PW) . Long Range UT If water content > 5% & < 20% be aware of
— Bottom of dead legs and other low points dead legs.
where water can accumulate. Be aware of potential erosion problems in
— Piping and parts of vessels where water well stream (PT).
can condense. . Be aware of potential MIC problems in semi
— Welds including HAZ in these areas process (PL, PT & PW).
should be focused on when selecting hot
spots for inspection.
— Turbulent areas expected to cause the
most turbulent flow.
Uniform & Local CO, |— Internal thinning of considerable areas or UT 100% of hot 30% of hot 10% of hot CO, corrosion is only an actual mechanism
corrosion local internal wall thinning. RT spots spots spots for C-steel.
Gas Svst PV CVI Gas can be considered as dry (no water wet-
as Systems (PV) Hot spots: Video inspection ting) if temperature is higher than 10°C above
Long Range UT dew point, but dead legs must still be consid-

— Bottom of dead legs and other low points
where water can accumulate.

— Piping and parts of vessels where water
can condense.

— Fluid areas in vessels.

— When selecting hot spots for inspection
focus should be on welds including HAZ
in these areas.

ered since they can have temperatures consid-
erably below main process operating
temperature.

Sulphide stress cracking
(SSC)

— Internal surface breaking crack.
Hot spots:

— Case to case depending upon the design
premises and welding QA-log.

Inspection meth-
ods to be chosen

from case to case.

Susceptibility type PoF-model. Not applica-
ble for periodic inspection activities.

SSC is an expected mechanism for all steel

grades.

All forms of cracking due to H,S should be
prevented by correct material selection.

Hydrogen Induced
Cracking (HIC)

Stepwise Cracking
(SWC)

Stress Oriented Hydro-
gen Induced Cracking
(SOHIC)

— Subsurface laminations or blisters paral-
lel to surface,

— Combination of such laminations/blisters
and subsurface with cracks normal or par-
allel to surface.

Hot spots:

— Welds including HAZ (only for SOHIC).
— History based on design premises and
rolling QA-log.

Inspection meth-
ods to be chosen

from case to case.

The total equipment surface should be consid-
ered as suspect area.

HIC, SWC and SOHIC are relevant mecha-
nisms for low-alloy rolled steels only. In gen-
eral these mechanisms are not recognised as
relevant for offshore process piping and ves-
sels. For particular instances where they are
considered as relevant, it has to be evaluated
whether they are applicable for periodic
inspection activities or not under the current
conditions.

Hydrogen-induced cracking is caused by nas-
cent hydrogen atoms (H°), usually produced
in aqueous hydrogen sulphide (H,S). Hydro-
gen atoms that enter the steel can cause
embrittlement and failure.
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Table F-1 Inspection and inspection effectiveness (Continued)

Damage Mechanism Damage Description Inspection Method Highly Effective Fairly Comments
Effective Effective
Microbiologically Influ- | — Internal local corrosion randomly distrib- uT 100% of equip- | 100% of hot Susceptibility type PoF-model.
enced Corrosion (MIC) uted. RT ment surfaces spots Probability of attack increases with reduced
in CS — Local thinning. CVI flow.
Video inspection The corrosion rates due to MIC can be high.
Hot spots: Magnetic Flux MIC can be occur in anaerobic hydrocarbon
Leakage (MFL). or water system when bacteria is present
— Dead legs. . along with sulphates, fatty acids or other
— Areas where debris can accumulate. nutrition.
Be aware that MIC can be an issue in connec-
tion with reproduction of injected seawater.
Be aware that MIC can be an issue for stabi-
lized oil systems, drain systems and water
injection systems.
Be aware the MIC can be an issue in the tem-
perature range from 0°C to 80°C.
Be aware that the use of flow improver and
other chemicals can contribute to MIC.
Be aware that biocide treatment might not be
effective on bacteria protected under debris.
Hence, debris cleaning activities have to be
performed to ensure effective biocide treat-
ment.
Microbiologically Influ- |— Internal local corrosion randomly distrib- MIC is generally not expected in other mate-
enced Corrosion (MIC) uted. rials than carbon steel in anaerobic systems.
in stainless steels — Local thinning. Under rare conditions MIC can be occur in
anaerobic hydrocarbon or water system when
Hot spots: bacteria is present along with sulphates, fatty
) . . acids or other nutrition.
— Welds including HAZ in dead legs and
areas where debris can accumulate.
Erosion — Internal wear of equipment surfaces due UT 100% of hot 30% of hot 10% of hot Erosion issues are described in DNV-RP-
to sand in process stream. RT spots spots spots 0501.
— Thinning over an area corresponding to CVI Key process parameters:
impingement. Video inspection Amount of sand, grain size and flow velocity.
UT Long range Be aware that valve type can be of importance
Hot spots: with regard to erosion.
i Installation-specific studies and careful evalu-
— High flow rate and local change of flow ation of local conditions can reduce the
rate. L number of hot spots in a corrosion circuit
— Local change of flow direction. down to only a few locations.
— Different configurations of bends.
— Downstream of choke-valves and other
control valves.
— Areas subject to impingement from jet-
nozzles.
General corrosion of CS |— Internal thinning. UT For water systems with higher predictability
in utility water systems RT in location of most severe corrosion, the
Hot spots: CVI extent of hot spots can be reduced.

— To be evaluated based on type of water
system.

Video inspection

Key parameters are concentration of oxygen
and Fe-ions in water.
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Table F-1 Inspection and inspection effectiveness (Continued)

Damage Mechanism Damage Description Inspection Method Highly Effective Fairly Comments
Effective Effective
Local corrosion of stain- | — Internal pitting. — CVI Susceptibility type PoF-model. Not applica-
less steels in utility water — UT ble for periodic inspection activities.
systems Hot spots: — RT Key parameters are concentration of oxygen
and Fe-ions in water.
— Welds including HAZ.
— Internal thinning in concealed faces form- |— Disassembly and Susceptibility type PoF-model. Not applica-
ing a crevice. CVI ble for periodic inspection activities.
— RT (Screwed con- Key parameters are concentration of oxygen
Hot spots: nections) and Fe-ions in water.
— Flanges, screwed connections and other
components forming crevices.
CUI, CS — Local corrosion of external surfaces — Deinsulation and | 100% of equip- | 100% of hot Inspection methods for screening for hot
under insulation. CVI ment surfaces spots spots: CVI, thermography, real time profile
— Thinning in patches. — RT RT or humidity measurements in insulation.
— Real time profile Not that field welds can be subjected to CUI
Hot spots: RT due to substandard surface treatment or insu-
— Longrang UT lation work.

— Penetrations through deck or wall.

— Unpainted surfaces and surfaces with
painting in poor condition.

— Areas subject to water ingress due to poor
installation or condition of vapour barrier
or design of equipment.

— Low points and water entry points.

— Corners where water can collect.

— Areas where water condenses.

Note that CUI has been seen independent of
insulation material used.

Note that presence and functionality of drain-
age facilities can be of importance to CUI.
Note that severe CUI may occur in the sec-
tions where pipe crosses through a wall or a
deck.

CUI, stainless steels

— Local corrosion and pitting of external
surfaces under insulation.
— Local pitting.

Hot spots:

— Welds including HAZ and areas subject
to heavy cold work that are unpainted or
with painting in poor condition, located in
following locations:

— Areas subject to water ingress due to poor
installation or condition of vapour barrier
or design of equipment.

— Low points and water entry points.

— Corners where water can collect.

— Areas where water condenses.

— Deinsulation and

CVI

— Deinsulation and

PT

Susceptibility type PoF-model. Inspection for
conditions causing corrosion followed by
actions to remove cause might give reduction
in PoF.

Inspection methods for screening for hot
spots: CVI, thermography or humidity meas-
urements in insulation.

Not that field welds can be subjected to CUI
due to substandard surface treatment or insu-
lation work.

Note that CUI has been seen independent of
insulation material used.

Note that presence and functionality of drain-
age facilities can be of importance to CUI.
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Table F-1 Inspection and inspection effectiveness (Continued)

Damage Mechanism Damage Description Inspection Method Highly Effective Fairly Comments
Effective Effective
ESCC under insulation |— External surface breaking crack. — Deinsulation and Susceptibility type PoF-model. Inspection for
ET conditions causing corrosion followed by
Hot spots: — Deinsulation and actions to remove cause might give reduction
. . PT in PoF.

— Welds incl. HAZ and areas subject to — Deinsulation and Inspection methods for screening for hot
heavy cold work that are unpainted or creep wave UT spots: CVI, thermography, humidity meas-
with painting in poor condition, located in urements in insulation.
following locations: Key parameters are material surface tempera-

— Areas squect to water ingress due to poor tures / operating temperatures.
installation or condition of vapour barrier Not that field welds can be subjected to ESCC
or design of equipment. due to substandard surface treatment or insu-

— Low points, corners and other places lation work.
where intruding water can collect. Note that ESCC has been seen independent of

—  Wet surfaces with chloride deposits. insulation material used.

Note that presence and functionality of drain-
age facilities can be of importance to ESCC.
External corrosion of — Uniform and local corrosion of external |— CVI 100% of equip- Inspection methods for screening for hot

uninsulated CS

surfaces.
— Thinning in patches.

Hot spots:

— Unpainted surfaces or surfaces with
painting in poor condition with the fol-
lowing conditions:

— Corners where water can collect.

— Areas where water condenses.

— Under deposits of dirt etc.

— Drips onto hot piping.

ment surfaces

spots: GVI.

Note that field welds and repair welds can be
subjected to external corrosion due to sub-
standard surface treatment.

Note that surface treatment maintenance is
vital for control of external corrosion.
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Table F-1 Inspection and inspection effectiveness (Continued)

Damage Mechanism Damage Description Inspection Method Highly Effective Fairly Comments
Effective Effective
External corrosion of — Local corrosion and pitting of external | — CVI 100% of hot — Inspection methods for screening for hot
uninsulated stainless surfaces. — PT spots spots: GVI.
steels or titanium — Local pitting. — Note that field welds and repair welds can be
: _ subjected to external corrosion due to sub-
]SEi)(()tnernal CTEVICE COTTO™ | Hot spots: standard surface treatment.
. . . . — Note that surface treatment maintenance is
— Discolouration. Welds including HAZ, vital for control of external corrosion.
areas subject to heavy cold work or areas
contaminated with CS material from
grinding etc., without painting or with
painting in poor condition and the follow-
ing conditions:
— Corners where water can collect.
— Areas where water condenses.
— Under deposits of dirt etc.
— Drips onto hot piping.
— Local thinning in concealed faces form- |— Disassembly and | 100% of hot — CVI to be followed up by disassembly or
ing a crevice. CVI spots NDT if visual indications of corrosion are

— RT (Screwed con- detected.

Hot spots: nections) — Note that design solutions and passivation

) . — CVI combined control can be of importance to local corro-
— Flanges and other details forming crev- with creep wave sion.
ices. or long range UT

— Under clamps.

— Under adhesive tape or other markings.
Oxygen contamination |— Internal thinning of considerable areas |— CVI — No PoF-model available for this degradation
corrosion — Local internal wall thinning. — UT mechanism.

— RT — Note that the combined effect of oxygen and
CO, on the corrosion rate will tend to increase
the overall rate.

— Be aware of the possibility of oxygen contam-
ination due to use of platform nitrogen as
purge gas.

Elemental sulphur corro- | — Local internal wall thinning. — CVI — No PoF-model available for this degradation
sion — UT mechanism.

— RT — Note the possibility of formation of elemental
sulphur due to a reaction with oxygen in a wet
gas environment.

— Note that if chloride is present the corrosion
rate can be accelerated.

Local corrosion in con- |— Local internal wall thinning. — CVI 100% of hot — No PoF-model available for this degradation
nection with injection or — UT spots mechanism.
mixing points Hot spots: — RT — Be aware that the corrosion rate can be accel-

— Injection and mixing points including
downstream piping and bends.

erated due to turbulence.
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Table F-1 Inspection and inspection effectiveness (Continued)

Damage Mechanism Damage Description Inspection Method Highly Effective Fairly Comments
Effective Effective
Galvanic corrosion — Local corrosion due to contact between CVI 100% of hot No PoF-model available for this degradation
different materials (Ref. the galvanic UT spots mechanism.
series). RT Consider the material design, control and
— Internal and external. focus the follow-up on isolation spool pieces.
Note the potential of corrosion of plugs with
Hot spots: reference to plug type and plug material.
— Areas on the least noble metal close to
material breaks.
Weld corrosion — Local corrosion due to use of deposited CVI 100% of hot No PoF-model available for this degradation
metal not according to specification. UT spots mechanism.
— Internal and external. RT Control and follow-up should be focused on
welding processes and deviation log.
Fretting corrosion — Local corrosion due to fretting. CVI 100% of hot No PoF-model available for this degradation
— Valid for both piping and vessels. UT spots mechanism.
— Internal and external. RT Control and follow-up should be focused on
equipment installation and operation.
Hot spots:
— To be evaluated based on Design, Fabri-
cation, Installation and Operation
(DF1&0) documentation.
Corrosion under plate — Local corrosion due to defects in plate UT 100% of hot No PoF-model available for this degradation
cladding cladding of equipment. CVI spots mechanism.
ET Focus on the control and follow-up on clad-
Hot spots: ding installations.
— To be evaluated based on DFI&O docu-
mentation.
Weld overlay corrosion |— Local corrosion due to defects in weld UT 100% of hot No PoF-model available for this degradation
overlay of plates, nozzles and flanges. CVI spots mechanism.
ET Control and follow-up to be focused on weld
Hot spots: PT overlay installations.
Severe corrosion has been seen due to weak-
— To be evaluated based on DFI&O docu- nesses of weld overlay.
mentation.
Flange corrosion — Local corrosion due to gasket deforma- CVT 100% of hot No PoF-model available for this degradation
tion or use of wrong gasket. spots mechanism.
Control and follow-up on preservation of
Hot spots: flanged connections. Focus on the correct
usage of gaskets and bolts.
— To be evaluated based on DFI&O docu- There is a possibility of corrosion of the outer
mentation. part of the seal assembly.
Bolt corrosion — Local corrosion due to defect in bolt CVI 100% of hot No PoF-model available for this degradation
material, galvanizing or to high utiliza- PT spots mechanism.
tion of threads. ET Severe corrosion of galvanized bolts can

Hot spots:

— To be evaluated based on DFI&O docu-
mentation.

occur resulting in degradation of galvaniza-
tion.
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Table F-1 Inspection and inspection effectiveness (Continued)

Damage Mechanism Damage Description Inspection Method Highly Effective Fairly Comments
Effective Effective
Fatigue — Internal or external cracking of cycli- — Measurement of Inspection for cracking will not give signifi-
cally- stressed components. oscillating cant reduction in PoF for components with
— Surface breaking crack from external sur- stresses unacceptable oscillating stresses, but inspec-
face or from pre-existing defect. tion for conditions causing vibrations
followed by actions to remove cause might
Hot spots: give reduction in PoF.
) . . ) Inspection methods for screening for hot
—  Welds in systems with cyclic loads in spots: GVI.
connection with: ) . Focus on the design, installation, supporting
— Clamped supports, branching points noz- and weld grinding.
zle attachments and other fixing points. There is a possibility of fatigue internally in
— Marked changes in dimensions. static equipment due to liquid slugs and ther-
— “Sockolets” for heavy equipment mal cyclic processes.
mounted to piping through smaller
dimension piping.
— Smaller diameter branching connections.
— Internal equipment vessels.
Brittle fracture — Severe defect due to uncontrolled mate- |— No PoF-model available for this degradation
rial embrittlement. mechanism.
Focus on the conditions that can lead to brittle
Hot spots: fracture.
— Hot spots to be evaluated based on
DFI&O documentation.
Internal damage to shell |— Internal defects due to design and fabrica- | — CVI 100% of hot No PoF-models available for these degrada-
and tube heat exchangers tion, installation or in-service stress fac- spots tion mechanisms.

tors.

There is a possibility of corrosion between
tube and tube sheet.

There is a possibility of cracking between
tube and tube sheet.

There is a possibility of deformation (crack-
ing) of tubes.

There is a possibility of corrosion if cracking
or damage to internal lining in channel / tube
sheet.

There is a possibility of damage (fatigue / tear
out) to the deviation sheet of the channel.
There is a possibility of damage to tubes and
tie rods due to lack of impingement protec-
tion.

There is a possibility of burst of tubes due to
hydrate formation.
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Table F-1 Inspection and inspection effectiveness (Continued)

Damage Mechanism Damage Description Inspection Method Highly Effective Fairly Comments
Effective Effective
Internal corrosion of CS | — Uniform and local corrosion of internal | — CVI 100% of equip- Inspection methods for screening for hot
vessels surfaces. ment surfaces spots: GVI.
— Thinning in patches. Field welds and repair welds can be subjected
to corrosion due to substandard surface treat-
Hot spots: ment.
. ) Surface treatment maintenance is vital for
— Unpainted surfaces or surfaces with control of corrosion.
painting in poor condition with the fol- If anodes are installed then the consumption
lowing conditions: of anodes can predict the corrosivity.
— Corners where water can collect.
— Areas where water condenses.
— Under deposits of dirt etc.
Mechanical damage — Internal or external local defects dueto |— CVI 100% of hot No PoF-model available for this degradation
mechanical impact under fabrication, spots mechanism.

installation or in service.

Follow-up to be focused on in-service
mechanical damage.

There is a possibility of mechanical damage
internally in static equipment due to liquid
slugs and thermal cyclic processes.

Be aware of the potential for severe defect due
to uncontrolled hydrate formation.
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